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Summary-The development and properties of inductively coupled plasma sources are discussed and 
their applications to spectrochemical analysis are reviewed. Comparisons are made with other types 
of plasma source. 

HIGH-FREQUENCY, ELECTRODELESS, 
INDUCTIVELY COUPLED PLASMAS 

In 1942 Babat published the results of his researches 
into the properties of electrodeless discharges.’ These 
researches became widely known when he published 
a later paper, in English,’ in which he described capa- 
citive electrodeless discharges excited by the electric 
field, and eddy electrodeless discharges excited by the 
alternating magnetic field, and drew a distinction be- 
tween them. The first type, in which the elementary 
conductance currents are not closed and are con- 
tinued by dielectric currents, he termed “E dis- 
charges”: the second type with elementary conduc- 
tance currents in the form of closed curves he termed 
“H discharges”. He considered this distinction could 
be justified only if the wavelength of the exciting oscil- 
lations exceeded the dimensions of the cell containing 
the plasma; otherwise it was without meaning. Babat 
made a number of other points which are of interest. 
The higher the frequency of the generator the lower 
the current and power consumption required to form 
a stable plasma. The higher the inductive leakage re- 
sistance between the inductor and the “gaseous turn” 
then again the lower the current and power consump- 
tion for stability. (It is presumed that this means tight 
inductive coupling). 

This paper was followed in 1961 by one by Reed3 
describing an inductively coupled plasma torch 
(ICPT) operating at atmospheric pressure on argon 
alone or mixed with other gases and powered by a 
l@kW H.F. heating unit operating at a frequency of 
4 MHz. The torch consisted of a quartz tube, with 
a brass base having a tangential gas entry, placed 
within the work coil of the generator. A pilot plasma 
was first formed by the insertion of a carbon rod 
into the torch, thus producing thermal electrons by 
the Joule heating effect of the alternating magnetic 
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field. This provided the initial ionization of the argon, 
enabling coupling to occur and a plasma to form. 
Reed thought that a tangential gas entry was necess- 
ary in order to create a vortex which would cause 
some of the plasma to flow counter-current to the 
gas flow and so maintain the plasma. The equivalent 
circuit of this H discharge approximated to that of 
a transformer with the secondary closed by the gas 
discharge. 

Reed followed this paper by another4 in 1961 in 
which he described a torch with three concentric 
tubes with a centre powder feed which he used for 
crystal growing. There followed a paper’ in 1962 des- 
cribing many of the physical properties of these plas- 
mas and suggesting their possible application as spec- 
tral sources for solids. 

Reed made only passing mention in these and in 
a subsequent patent6 of an annular plasma, finding 
that a doughnut plasma was formed at a frequency 
of 100 MHz and implying that this was undesirable. 
Although he claimed to inject solid particles into the 
plasma it would seem likely from the reviewers’ ex- 
perience that most of the material went round the 
outside of the plasma, forming a broad tail-flame. 

A patent application was made in 1963 (issued later 
as U.K.’ and U.S.’ patents) by Greenfield and his 
colleagues for a torch adapted for use as a spectro- 
scopic source. This consisted of three concentric 
tubes. The two outer quartz tubes were used to con- 
tain the plasma, and the inner tube, of borosilicate 
glass, was used to inject an aerosol through the plas- 
ma once this was formed. The torch was concentric 
with the work coil of the generator, which in this 
case was a 25kW 36-MHz generator. Argon was fed 
tangentially into the inner quartz tube, the H.F. field 
applied by the work coil and a pilot plasma produced 
by a Tesla coil or graphite rod. Once the plasma 
formed, argon was introduced tangentially into the 
outer tube to stabilize the plasma and keep it off the 
walls of the cell. A hole was then punched through 
the flattened base of the plasma by the introduction, 
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through the injector, of an aerosol in argon. The aero- 
sol entered the torch, passed through a tunnel of plas- 
ma, and a long narrow tail-flame resulted: it was this 
tail-flame which was used as a spectroscopic source. 

This device was described in a paper9 published 
in 1964 which constitutes the earliest reference to the 
actual use of this type of cell with an annular plasma 
and the utilization of the emission from the tail-flame 
remote from the intense continuous emission from the 
plasma. The same group recently stated that this cell 
was so successful that despite trying many other de- 
signs in the intervening decade they found no reason 
to change. lo The particular merits of this torch stem 
from the annular shape of the plasma which, as dis- 
cussed later, gives enhanced stability and sensitivity. 

Orders of magnitude for detection limits9 (D.L.) in- 
dicated that the source was capable of high sensi- 
tivity; no actual optimized D.L. were given. It was 
also established that the source exhibited freedom 
from matrix effects. The well-known interference of 
phosphorus and aluminium with the emission from 
calcium was completely eliminated. The introduction 
of gases, vapours, aerosols, liquids, powdered solids 
and slurries was accomplished. 

This paper was followed in 1965 by an account” 
by Wendt and Fassel of an ICPT with laminar flow 
for which was claimed the advantage of less turbu- 
lence and perhaps greater stability than was obtained 
with vortex flow. This torch was used with a 
3.4-MHz, 5-kW generator. It was further claimed that 
whereas tangential entry of the gases tended to cause 
sample particles to be thrown onto the walls of the 
cell, laminar flow did not. This is understandable for 
the solid type of plasma which they studied, where 
the sample aerosol flows round the outside of the 
plasma. In their torch the emission from a part of 
the plasma not in contact with the atmosphere was 
viewed through the quartz tube, and it was suggested 
that this reduced the N: radiation. D.L. were quoted 
and were very low. In view of the solid type of plasma 
employed it is probable that the use of an ultrasonic 
nebulizer contributed greatly to these low detection 
limits. 

Greenfield et al.” described the effect of gases, gas- 
flows and power on the emission from their system. 
They found that the intensity decreased. with the in- 
jector gas in the order Ar > Na > air > OZ. Oxygen 
had the advantage of removing C-C bonding. It was 
found that the intensity decreased with the plasma 
gas in the order Ar-Na > Oa-Ar > He > Ar, but that 
only a limited quantity of a diatomic gas, which re- 
quires to be dissociated, could be used with the power 
available (2.5 kW). It was concluded that a bigger 
generator was desirable to enable a plasma to be run 
on nitrogen alone. 

High-speed tine films of the plasma demonstrated 
that, without smoothing in the rectification circuit, 
the plasma was extinguished in every half-cycle of the 
mains frequency. This effect could be used instead 
of a chopper to allow a.c. amplification in a simple 

filter photometer. It was suggested that several of 
these instruments could be grouped around a plasma, 
allowing simultaneous determination of a number of 
elements. A further suggestion was that a stroboscope 
could be used to select one stage in the growth of 
the plasma and possibly select a particular source 
temperature. 

Later, in 1965, Greenfield et al. published13 some 
exploratory work on a larger (6.0 MHz, 25 kW) gener- 
ator using a cell and plasma configuration similar to 
that previously used. It was shown that the spectra 
changed from those expected from a flame to those 
obtainable from a spark as the power in the plasma 
was increased up to 6.4 kW, measured by a calori- 
metric method.r4 D.L. were given for a number of 
elements, and were one or two orders of magnitude 
better than those obtained with a d.c. arc. The need 
to find the correct observation height in the tail-flame 
in order to obtain maximum emission was noted. 
Practical analyses with the plasma torch were re- 
ported for the first time : these were the determination 
of aluminium in a phosphate rock with a 3-kW, 
36-MHz generator and an Optica CF4Nl spectro- 
photometer, and the determination of phosphorus in 
phosphate rock with a 25-kW, ~-MHZ generator and 
a Hilger and Watts Large Quartz Spectrograph. Coef- 
ficients of variation (COV) of 5% for aluminium at 
a level of 0.9% and 2.75% for phosphorus at a level 
of 15% were quoted. 

Dunken and Pforr’ 5 used a three-tube torch similar 
to that of Greenfield” with a l-2-kW, 40-MHz 
generator and an ultrasonic nebulizer. Liquids and 
solids were introduced into the plasma by means of 
an argon blast but it was not clear if the plasma 
was annular in shape. The atomic and ionic lines of 
the elements introduced were found in the spectrum 
and showed very good signal-to-background ratios. 

The torch described by Britske et ~1.‘~ consisted 
of a single tube having side-arms with quartz win- 
dows, powered by a 4-kW, 40-MHz generator. This 
torch had the disadvantage of fixed viewing positions 
and therefore any optimization of position would be 
fortuituous. The plasma was described as a long fila- 
ment (15 cm) surrounded by a weak glow; when the 
power was reduced the filament disappeared and the 
glow filled the tube uniformly. Only easily excited 
lines were observed in the glow, while lines with high 
excitation energies were excited in the filament. This 
discharge differs markedly from most ICPT and was 
later’ ’ compared with a capacitive discharge. The sta- 
bility was reported good, with only l-2% fluctuation, 
but the analytical sensitivity was low. 

An ultrasonic nebulizer with a facility for sample 
changing was used in conjunction with a 2.5-kW, 
36-MHz generator and plasma torch of three-tube de- 
sign, by Hoare and Mostyn.” The top of the outer 
tube was cut at an angle of 45” and it was claimed 
that this improved the stability of the gas-flows and 
led to more effective viewing of the emission. The 
authors also described a powder-injection system. 
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Using solution techniques, they determined boron and 
zinc in nickel alloys. The powder system, whilst very 
effective for qualitative work, was not very successful 
quantitatively. Freedom from matrix effects was re- 
ported. 

A practical application of the plasma torch about 
this time, was to the determination of wear metals.” 
The oils were injected, in a solvent, by means of a 
motor-driven syringe and a pneumatic nebulizer. Alu- 
minium, iron and nickel naphthenates were used as 
standards. 

A two-tube torch was used by Mermet and Ro- 
bin,” who demonstrated that greater sensitivity was 
obtained when an aerosol was injected into the plas- 
ma by means of a water-cooled injector, than when 
fed into the plasma gas stream. They found that with 
a low injector-gas velocity, the aerosol was entrained 
on the periphery of the plasma, while at higher veloci- 
ties it penetrated the discharge to give a darker zone 
at the centre. Thus it seems at these higher velocities 
to be an annular plasma. They also found that the 
amount of aerosol influenced the electrical properties 
of the plasma so that the power dissipated in it was 
dependent on the rate of generation of aerosol. The 
reviewers would not have expected this if the aerosol 
passed through the tunnel of an annular plasma. 
There are two observations which might explain the 
anomaly. The first is that the frequency used 
(1.6 MHz) is unusually low, so that the skin-depth 
is unusually large; the tunnel therefore may not be 
electrically screened. The second observation is that 
with an injector-gas flow-rate of less than 0.8 I./min, 
the aerosol all flowed round the outside of the plas- 
ma. At 1.0 l./min, the dependence of power on aerosol 
uptake was very marked, but at 15 l./min it was much 
less so. It might be, therefore, that with these injector- 
gas flow-rates, only part of the aerosol traverses the 
tunnel and the rest flows round the outside and that 
a higher injector-gas flow-rate would be required to 
ensure that all the aerosol traversed the tunnel. The 
authors also commented on the relative efficiencies 
of ultrasonic and pneumatic nebulizers and the effect 
of changing the gas-flow through them. 

Veillon and Margoshes” were the first to report 
the presence of matrix effects. They used a two-tube 
torch similar to that of Fassel” but omitting the cen- 
tral injector, which they claimed did not affect the 
performance of the torch. Clearly the significance of 
an annular plasma was not appreciated. It seems to 
the reviewers that the most likely explanation of the 
matrix effects is that the electrical properties of the 
discharge were modified by the sample aerosol flow- 
ing round it, thereby altering the power dissipated 
and hence the temperature. It is also possible that 
the temperatures encountered in this external path 
were insufficient to dissociate refractory species. 

The axial distribution of temperature, electron con- 
centration and argon continuum was studied along 
with the analytical lines and detection limits of alu- 
minium, calcium, cobalt, chromium, iron and silicon 

by Bandyukova et al.” They used a single-tube torch 
operating on argon, with a 4-kW, 40-MHz generator. 

An account of the ultrasonic nebulization of molten 
metal into the (previously described) torch was given 
by Fassel and Dickinson,23 now using a variable-fre- 
quency generator operating at 30 MHz, 2.5 kW (no- 
minal). With this equipment the authors determined 
arsenic and copper in tin-base solders. 

In 1969 Dickinson and Fasselz4 published an ac- 
count of their continuing investigations into the ana- 
lytical applications of plasma torches. They now 
clearly recognized the importance of an annular plas- 
ma and suggested that increasing the frequency of 
the generator would produce an annular plasma be- 
cause of the skin-depth effect. It was also suggested 
that introduction of material into the plasma pro- 
duced a mismatch between the plasma and generator, 
thus decreasing the amount of power transferred to 
the plasma. The use of a coupling unit was advocated. 
This enabled them to get three times as much mater- 
ial into the plasma as was possible with their previous 
equipment. These authors commented on the matrix 
effects reported by Veillon and Margoshes and sug- 
gested that these were due to the experimental condi- 
tions used by these workers. These comments were 
expanded recently by Larson et a1.25 who also ex- 
tended the work of Greenfield et ~1.~ on freedom from 
matrix effects. 

A new departure was that of Kleinmann and Svo- 
boda26 who used a low-power (12&220 W) generator 
at 40 MHz to power a single-tube torch with separate 
vaporization of the sample. In a later paper2’ it was 
demonstrated that this low-power plasma was not in 
local thermodynamic equilibrium, the electron tem- 
perature (11,400 K) being much higher than the gas 
temperature (about 2200 K). The electron density was 
4 x 10’4cm3. 

Two papers by Truitt and Robinson28,29 described 
the introduction of organic material into a torch simi- 
lar to that of Wendt and Fassel” but with a long 
outer tube. They also described a number of plasma 
conditions and claimed this torch gave a lower con- 
tinuum and greater freedom from band structure than 
that of Greenfield et al9 This was disputed by the 
latter workers3’ (with experimental evidence in the 
form of recorder tracings of spectra recorded with 
torches of various lengths) who suggested that the 
plasma conditions described by Truitt and Robinson 
were probably peculiar to the equipment used. The 
plasma did not appear to be annular and it was re- 
ported that the torch burned if power above 1.7 kW 
were used, a consequence of its length, no doubt. In 
the earlier paper, 3064A OH bands, Bahner series 
H2 lines, 28OOA OH, N2+, N-, NC, NO and Nz 
were found in the spectra. In the later paper, follow- 
ing the introduction of typical hydrocarbons, four 
molecular fragments were found in the spectra. These 
were C, H, C2 and CN. Under their experimental 
conditions the point of introduction of the sample 
made no difference to the emission. The addition of 
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nitrogen increased the CN and decreased the C line 
intensity. Oxygen diminished CN and CZ band in- 
tensities (because of oxidation to CO or CO,). When 
CO or CO2 was added their emission bands were 
not noticed. As well as the expected increase in emis- 
sion from C and Ar, the intensities of the CN and 
CZ band systems increased with power (this is un- 
doubtedly peculiar to the particular system used, 
since increased power usually causes increased disso- 
ciation). 

In 1970, Pforr and Aribot31 determined calcium, 
magnesium, titanium, iron and aluminium in quartz, 
using a powder-injection system. Borms et ~1.~~ com- 
pared an ICPT with flame emission. They had diffi- 
culty in operating their ICPT owing to lack of stabi- 
lity, but reported D.L. of 001-l ppm for a number 
of elements. They also reported that their analytical 
curves were linear over three orders of magnitude, 
that 1OOOppm of aluminium, sodium and phosphate 
did not interfere and that a lOOO-fold excess of cal- 
cium gave enhancement. 

In a short review on plasma sources Greenfield 
gave a table of spectra observed with a plasma torch 
operating with nitrogen, argon and oxygen coolant 
gases. He also listed the relative exposure-times to 
give comparable background in parts of the spectrum 
free from banding; these were, for the different cool- 
ant gases, nitrogen 60 set, oxygen 30 set and argon 
75 sec. Under favourable conditions COV of the 
order of Q3% were obtainable. 

A demountable, lain&u-flow torch was used by 
Dagnall et a1.34 to experiment with the injection of 
powders into an annular plasma. Nitrogen was used 
in the coolant. They found that only one direction 
of winding of the work coil (the opposite to that of 
the gas vortex) would allow coupling with the H.F. 
field. 

Kleinmann and Polej 35 reviewed capacitively cou- 
pled and inductively coupled high-frequency plasma 
torches and microwave torches, from the point of 
view of the requirements of a source and the type 
of discharge. In commenting on tangential and la- 
minar flow torches they, like Fassel,’ ’ overlooked the 
fact that particles are not thrown onto the torch walls 
by vortex flow if they are fed through the centre of 
an annular plasma. 

Triche et a1.36 introduced powders into a single- 
tube torch. The system was not quantitative and they 
had difficulty in penetrating the solid plasma. An at- 
tempt was made to predict the position of maximum 
emission according to the ionization potential of the 
element under examination. They found that they had 
to take into account the excitation potential as well. 
In a later paper 37 Triche and his colleagues examined 
the effect of mass transfer on the emission. 

A 6.6kW, 54-MHz generator with a three-tube 
torch and a water-cooled metal injector was used by 
Souilliart and Robin38 to determine rare earths in 
an iron matrix; they also gave tables of D.L. 

The extreme sensitivity and versatility of the ICPT 

was demonstrated in a paper by Greenfield and 
Smith,3g who in 1972 showed that determinations at 
the ppm level could be carried out on microlitre 
quantities of sample. Limits of detection for barium 
1.7 x lo-” g, and aluminium, 1.1 x lo-’ g, were ob- 
tained with precisions between 3 and 5%. 

In 1972, Boumans and de Boer4’ compared an 
ICPT with an argon-separated nitrous oxide-acety- 
lene flame and gave D.L. for an argon plasma. They 
found the stability of the plasma to be comparable 
with that of the flame. Theoretical reasons were given 
for their choice of a free-running oscillator rather 
than a crystal-controlled generator. They pointed out 
that the lowest D.L. was not always associated with 
the operating conditions that gave the highest line-to- 
background ratio. A compromise must be sought in 
both the choice of the carrier-gas flow and the obser- 
vation height when different elements are examined 
simultaneously. For some elements it was found that 
both line-to-background ratio and noise level tended 
to decrease if the observation zone was chosen lower 
in the tail-flame. Since a decrease in line-to-back- 
ground ratio and a decrease in noise level have oppo- 
site effects on the D.L., it transpired that D.L. of the 
elements considered did not vary markedly with the 
location of the observation zone. These authors also 
defined limits of detection, representing the curve in 
the vicinity of the D.L. as a straight line. The authors 
of this review take leave to doubt the universal vali- 
dity of this assumption at very low D.L. 

By using a monochromator with a nitrogen path 
between it and a plasma torch, Kirkbright et ~1.~’ 
were able to obtain D.L. of 1.7ppm for sulphur at 
a wavelength of 182.04 nm and 0.15 ppm for phos- 
phorus at a wavelength of 214.91 nm. The linear range 
for these two elements extended over five orders of 
magnitude, to above 1OOOppm. Soil extracts were 
analysed for phosphorus and COV of 3-7% were ob- 
tained. 

Fasse142 reviewed “Electrical Flames” and con- 
cluded that the D.L. which could be obtained with 
ICPT were, with few exceptions, comparable with, or 
greatly superior to, the best which could be obtained 
with flame atomic absorption, emission or fluores- 
cence. He also confirmed that a plasma similar in 
configuration to his own and that of Greenfield was 
free from the matrix effects experienced by Veillon 
and Margoshes.’ ’ 

In an extension of their previous work41 Kirk- 
bright et al. 43 determined iodine, mercury, arsenic 
and selenium. They reported some spectral interfer- 
ences and also some chemical interferences occurring 
in the nebulizer. 

Alder and Mermet,44 using a demountable three- 
tube torch, observed all the expected ArI lines but 
no ArII lines. The highest energy-level from which 
radiation was observed was about 15.4eV. When 
methane was injected, atomic C and H were observed, 
together with CZ and CN, but no emission from CO 
or CH (see refs. 28, 29). C2 was seen in cooler regions 
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of the tail-flame but not in the hot regions (see ref. 
13) indicating decomposition of the molecule. They 
commented that since the bond strength of Cz is 
6.25 eV and that of CH 3.47 eV they may be too un- 
stable to form. No enhancement of zirconium or haf- 
nium emission was found in an argon-methane plas- 
ma compared with one of pure argon; this implies 
that reduction of the oxides by atomic carbon does 
not take place and that the temperature and enthalpy 
of the plasma are sufficient to break strong oxide 
bonds. Similarly when lanthanum was introduced in- 
to an argon plasma, no bands due to lanthanum ox- 
ide were observed. Sulphur dioxide, hydrogen sul- 
phide, sulphur hexafluoride, bromine, chlorine and 
phosphorus were also introduced into the plasma, but 
the system was not suitable for determining sulphur 
or the halogens. 

Boumans et ~1.~’ considered the design of a genera- 
tor and torch in a paper which is referred to in the 
section on oscillators. 

Scott et al.46 used a three-tube torch with vortex 
stabilization without a “plasma gas” in what is de- 
scribed as a compact system. The aerosol was pro- 
duced by a pneumatic nebulizer and desolvation was 
not used. They hoped to replace the single-channel 
spectrometer used, by a thirty-channel instrument. 
With an input power of 1.3 kW one might presume 
a power in the plasma of between 650 and 900 W. 
Temperatures of 5000 K, at 18 mm above the load 
coil, were reported. Linear calibration curves were ob- 
tained over concentration ranges of five orders of 
magnitude. 

Using a similar generator to Boumans and de 
Boer4’ and a horizontal configuration of a similar 
three-tube torch with a wide-tube injector, Kornblum 
and de Galan4’ measured the radial distribution of 
temperature. They found that desolvation of the aero- 
sol was mandatory as a 2-kW plasma could not be 
sustained with a’ high input of molecular compounds. 
This is so much at odds with the observations of 
other workers” that the geometry of their cell and 
injector must be at least a contributory factor in this 
phenomenon. The reviewers suspect the use of the 
wide-bore injector. 

Dreher and Frank4* describe a demountable torch 
operating at atmospheric pressure in argon, which 
they used for emission spectroscopy in the vacuum 
ultraviolet. The source was ‘totally enclosed, with no 
gas flow. The power .was ,very low (250 W) and the 
cell had to be dismantledand cleaned after each expo- 
sure. 

Kirkbright and Ward49 constructed ideal models 
for an ICPT and for a flame. They concluded that 
the self-absorption effects were much less in a plasma 
than in a flame and that the sensitivity was much 
higher. As a consequence of. the former the plasma 
had a greatly extended linear working range. Other 
deductions made were that the maximum energy sup- 
plied to the analyte particles was 2.3 and O-001 J for 
the plasma and the flame respectively, that a plasma 

can handle a concentration range of five or six orders 
of magnitude against three for the flame and that con- 
centration ranges for the plasma can be increased by 
reducing the sample-uptake rate. Cu, Fe, Mg, Mn, 
Ti and Zn were determined in aluminium alloys with 
a flame and with a plasma. Non-linear calibration 
curves were obtained when using a flame without di- 
lution. Precisions of the order of 5% were obtained 
with the plasma, as against 10% with a flame. Kirk- 
bright reported this work at a later date in lecture 
form.5o 

Fassel and Kniseley” published a re-assessment of 
emission spectroscopy with ICPT as against flameex- 
cited atomic absorption, fluorescence and emission 
spectroscopy, and concluded that ICPT were superior 
on most counts. They agreed with Boumans and de 
Boer4’ that the ICPT-optical emission spectrometer 
system “constitutes a most promising excitation 
source for simultaneous multi-element analysis of so 
lutions”. 

Such a system, which has been in everyday use for 
practical analysis for four years, was described” in 
February 1975. The authors give details of an ICPT 
coupled to a 30-channel direct-reading spectrometer 
with fully automatic sequential sampling and read- 
out. The read-out is processed by an off-line com- 
puter. With this equipment they are able to do simul- 
taneous multi-element analysis at both trace and as- 
say levels on each exposure. 

Some important points in its design are discussed 

Low-pressure inductively coupled plasmas 

Papers have appeared describing ICPT operating 
at low pressure. One of these” describes a plasma, 
powered by a 42-60-kW, 0.54-MHz generator, which 
discharges into a vacuum chamber. In action it ap- 
pears to be akin to an ICPT version of a plasma 
jet. The authors measured the electron density, exci- 
tation temperature and the gas temperature in the 
jet region and in the jet nozzle. The gas temperatures 
were substantially lower than the excitation tempera- 
ture, indicating divergence from LTE, which is, of 
course, difficult to achieve at low pressure. 

Runser and Frank53 designed what they call a “ra- 
dio-frequency electrodeless differential pressure cell” 
for studying the emission spectra of organic mol- 
ecules. (All frequencies from 0.01 up to 30,OOOMHz 
are radio-frequencies. Most ICPT operate in the 
range 350 MHz and are more aptly described as 
high-frequency ICPT.) Pressure, power and flow-rate 
studies as well as gas measurements were made with 
this cell. Low and medium resolution spectra of aro- 
matic and non-aromatic chlorinated hydrocarbons 
and chlorinated pesticides were discussed. 

Inductively coupled plasmas in atomic-absorption spec- 
troscopy (AAS) 

Wendt and FasseP4 tirst reported the use of an 
ICPT as an atom reservoir in AAS. They used a multi- 
pass system with their previously reported torch.” 
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Low backgrounds were reported and some matrix in- 
terferences were also removed, such as the effect of 
phosphorus and aluminium on the absorption spec- 
trum of calcium. 

In 1967, Britske et ~1.‘~ briefly mentioned the use 
of their single-tube torch as an atomizer in AAS. 

Bordonali and Biancifiori,55 also in 1967, described 
an ICP for use as an atomizer in AAS. Powered by 
a lo-kW, ~-MHZ generator, the cell consisted of a 
single tube with a branch tube having water-cooled 
quartz windows. They claimed temperatures up to 
20,000 K, the possibility of varying the high-tempera- 
ture lifetimes of atoms, control of gases in the plasma 
and independence of maximum temperature with the 
composition of the gases. These authors published 
another paper in 1968 on the same subject56 and in 
1969 Bordonali, Biancifiori and Donatos7 described 
the determination of ytterbium in rare earths. These 
authors with Morello58 also determined Zn, Mn, Pb, 
Cr and Cu in ferrous metals. A U.S. patent was 
granted to Bordonali et al. in 1970.5g 

Greenfield et ~1.~’ designed and used a T-shaped 
torch as an atomizer in AAS. They claimed this to 
be a simpler method of achieving a long path-length 
than the use of multi-pass systems. They also used 
an ICP as a source in AAS. Some experimental results 
were given for copper in the atomizer mode and cal- 
cium, magnesium and copper in the source mode. 

Robin6i determined Al, La, Mg, Nb, Ta, Ti, Zn 
and W by an ICP used in the AAS mode. He reported 
that satisfactory results were obtained for aluminium 
and magnesium but that better results were obtained 
with a nitrous oxide-acetylene flame in AAS or by 
an ICP in emission mode. An ICP in emission mode 
was also better than a flame in AAS mode. Souilliart 
and Robin3’ also reported results obtained by an ICP 
in the AAS mode. 

The authors ,of the present review can, from their 
own experience, see little, if any, advantage in the 
use of an ICP in atomic-absorption spectroscopy. 

THE HIGH-FREQUENCY GENERATOR 

Type of oscillator 

The choice of oscillator lies between a free-running 
oscillator, an oscillator with capacitive tuning and a 
crystal-controlled oscillator. In the first type, the fre- 
quency of the oscillator is fixed by the values of the 
components in the tank circuit, which includes the 
work-coil. These values are modified by any changes 
in plasma impedance and in the coupling of the plas- 
ma to the work-coil. Variation of these parameters 
affects the frequency of operation but has only a small 
effect on the power transfer. No tuning is necessary. 
With the second type, the output circuit containing 
the work-coil must be tuned by a variable capacitor 
to the frequency of the tank circuit. If there is a 
change in impedance in the plasma any self-compen- 
sating change in frequency may be less than in the 
case of the free-running oscillator, depending on the 

degree of coupling of the two circuits. In the third 
type, the oscillator valve is driven, by a crystal, at 
a fixed frequency and any change in impedance of 
the plasma will produce a serious loss of power unless 
the output circuit is retuned. 

Some workers10*40 in this field argue in favour of 
a free-running oscillator whereas others46 favour a 
crystal-controlled unit. By arcane reasoning Bouman 
and his colleagues45 claim that the free-running 
generator which they use is self-compensating for 
small changes in impedance. 

Dickenson and FasseIz4 using a crystal-controlled 
oscillator, find that the introduction of sample mater- 
ial changes the electrical character of the plasma and 
therefore the effective impedance of the load-coil. This 
results in mismatching, causing instability or extinc- 
tion of the plasma unless the output circuit is retuned. 
On the other hand Greenfield et a/.” offer circum- 
stantial evidence for believing that there is no change 
of impedance when aerosols are injected through an 
annular plasma in their system, and practical evidence 
that there is little change in the frequency of their 
free-running oscillator. (Thorpe6’ has also com- 
mented that the addition of an injector gas through 
an annular plasma did not change the plate power 
or the grid current, indicating that the plasma was 
not affected.) Unlike Scott et a1.46 with a crystal-con- 
trolled oscillator, they need no complicated starting 
procedures for the equipment nor do they have the 
difficulty sometimes24 experienced in injecting large 
amounts of liquids and do not need to desolvate ex- 
cept to improve sensitivity. Boumans et ~1.~~ with a 
free-running oscillator, also seem to experience little 
difficulty in starting or in running the apparatus, but 
they desolvate the aerosol. It can be no more than 
conjecture, but it is possible that other factors, such 
as the amount of power in the plasma and the design 
of torch, may be the cause of these discrepancies be- 
tween workers of experience in this field, rather than 
the type of generator used. It must be said however, 
that, all other conditions being equal, complicated 
tuning procedures are not desirable if the equipment 
is ultimately to be operated by technicians. 

Power 

A study of Table 1 shows that most workers have 
used generators of between 2 and 5 kW (nominal). 
(S&700/, of this power will find its way into the plas- 
ma, depending on the coupling efficiency).2*3J0*62 
There has been a recent trend by at least two groups 
of workers40,46 towards low-powered (l-2 kW) com- 
pact generators, on the grounds of convenience in use. 
Greenfield et al. lo work with a large (15 kW) generator 
and cite a number of advantages more cogent than 
easy availability46 or licence to work inefficiently.63 
Amongst these advantages are greater sensitivity, fre- 
quent improvement in precision, elimination of band 
spectra and elimination of chemical interferences. To 
these advantages may be added the fact that higher 
powers enable diatomic gases to be used with more 
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Table 1. Typical generating equipment, torches and operating parameters 

Ref. Generator 

Power, Coolant Plas”la Injector 

kW Frequency, gas and Row. gas and flow, gas and flow. FIOW Type of 

(nominal) MHZ TYPO Nebulizer /./min I./min I./min pattern plas”l.? 

9 Radyne SC. 15 
11 Lepel T-5-3- 

MC-J-S 
13 Radyne 
18 Radyne SC. 15 
19 
21 Taylor-Winfield 

24 Lepel T-2.5-1 
MCZ-J-B 

34 Radyne S.C. 15 2.5 36 
30 Radyne R.D. 150 15 7 
38 STEL 6.6 5.4 

40 Philips 131202/01 2 S&70 Free running 

41 Radyne H30/P 5 36 
44 STEL 5060 6 54 

10 Radyne R.D. 150 

16 LG4 
20 STEL 

76 

46 International 
Plasma Corp. 
Model No. 

12&127 

25 36 
90 3.4 

25.0 6 
2.5 36 

l-2.0 40 
5.0 4.8 

2.5 30 

15 

4 
5 

15 

2.0 

7 Free running 

40 
1.6 

I5 

21 

Free runnine Pneumatic 

Free running Pneumatic 
Free running Ultrasonic 

Pneumatic 
Pneumatic with 

Frequency 
variable with 
coupling unit 
Free running 
Free running 

Free running 

Ultrasonic 

with 
desolvation 
Powder injection 
Pneumatic 
Ultrasonic 

with 
desolvation 
Ultrasonic 

with 
desolvation 
Pneumatic 
Ultrasonic 
with 

desolvation 
Ultrasonic with 
desolvation and 
pneumatic 
without 

Pneumatic 
Pneumatic and 
ultrasonic 
Powder 

Crvstal- 

injection 

Pneumatic 
co&rolled 

AI 17 
Ar 22 

Ar l&33 
AI 18 
Ar 8-13 
AI 30 

AI 17 

Nz 7.5 
N> 64 
Ar 7-20 

A: 15 

Ar 150 
Ar 7-22 

N2 2&70 

AI 5 AI 
Ar 04 Ar 05 

AI 23-43 AI 
AI 3 Ar 05 
AI 025-1.3 
AI 1.7 

Ar 075 

AI 7.5 
Ar 15 
Ar 7 

0 

0 
Ar 7 

AI l&35 

Sample 

introduced 
with plasma 

gas 
Ar 1.7 

Ar 05 
AI Y2 
Ar 2 

Ar 1.2-1.5 

Ar 3 
Ar 1.5 

AI 2-3 

Ar single gas flow ~ Laminar Column 
AI 20 AI 0.8 Laminar Column 

Water-cooled AI 15-20 AI 

Ar 10 0 AI 1.4 

Vortex Annular 
Laminar Column 

Vortex A”““lX 
Vortex Annular 
Vortex 
Laminar Column 

Laminar Annular 

Laminar Annular 
Vortex Annular 
Vortex 

Annular 

Laminar Annular 
Vortex Annular 

Vorter: Annular 

Laminar Column 

Vortex Annular 

freedom in the torch; furthermore the torch is not 
easily extinguished when high material loads, such as 
powders, are put through it. A disadvantage is that 
these generators are expensive and large, although the 
use of solid-state electronics may reduce their size. 

Frequency 

It now seems to be accepted by the principal 
workers in the field that it is desirable to use an annu- 
lar plasma. Production of an annular plasma is often 
attributed24*40*45,46 to the skin-depth effect whereby, 
as the frequency increases, the current is confined to 
a thinner skin on the circumference of the plasma. 
Thus it is claimed that frequencies of the order of 
30-50 MHz are desirable. 

Greenfield et a1.l’ have shown that the central hole 
can be produced as easily in a plasma at 7 MHz as 
in one at 36 MHz and have shown photographs de- 
monstrating that the two resultant annular plasmas 
are very similar. These authors are of the opinion 
that the tunnel effect is more a function of injector 
gas-flow than of skin-depth, and that since it is easier 
and cheaper to obtain high powers (which they fa- 
vour) at lower frequencies, the optimum frequency is 
probably quite low, perhaps in the range 5-10MHz. 
Some discussions of the optimum frequency (i.e., the 
frequency at which a specified temperature is ob- 
tained with the minimum power) are referred to in 
the section on temperature. In any case, the frequency 

chosen should be high enough for the skin-depth to 
be substantially smaller than the plasma radiuq5 both 
to ensure that the tunnel of an annular plasma is 
electrically screened so that the sample will cause only 
minimal variations in the plasma impedance, and to 
keep the volume over which the power is dissipated 
reasonably small so that the power density required 
to sustain the discharge does not demand excessively 
high power inputs. An optimum ratio of plasma ra- 
dius to skin-depth has been suggested4’j but doubts 
have been expressed on the validity of the assumption 
of the plasma’s similarity to a metallic cylinder64 and 
on the validity of the expression for the magnetic field 
appropriate for a very long coil when applied to a 
short one.” The application of the optimum ratio 
to torch design has sometimes led to an unstable plas- 
ma.” Table 1 shows some of the generator frequencies 
which have been used, along with other experimental 
details. 

INTRODUCTION OF LIQUIDS AND SOLIDS 
INTO THE PLASMA 

The plasma 

There is ample attestation4,42~62,65,66 to the irn- 
penetrable nature of plasmas and the tendency for 
injected streams of material to by-pass rather than 
penetrate them. This tendency to deflect injected flows 
has been explained67 in terms of excess of magnetic 
pressure inside the plasma. 
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Measurements of the radial distribution of the mag- sions of the cell are unimportant as the gas velocities 
netic field in the plasma, by means of magnetic pro- can be changed by altering the flow-rates. However, 
bes, have shown it to be at its greatest near the tube they emphasize that the bore and position of the in- 
walls, falling to a low value in the centre.68,6g Simi- jector are important. If the jet is too large or placed 
larly the magnetic pressure exhibits this drop towards too far away from the plasma the resulting “fan” will 
the centre. Chase6’ has pointed out that this drop not penetrate the plasma. They stress the greater im- 
from the boundaries to the axis will lead to an inward portance of the dynamics of the gas flow rather than 
radial flow of plasma by “magnetic pumping”. This that of the skin-depth in the production of an annular 
will build up the kinetic pressure at the axis and cause plasma. This view is supported by Thorpe.62 
an axial flow of plasma to both ends from whence 
it will return to the outer boundaries. In this way Nebulizers 

vortex rings will be formed, superimposed on the Most, if not all, workers introduce liquids into the 
main axial flow and the thermal expansion of the gas. plasma in the form of aerosols. These aerosols are 

Chase” later described how he had measured the produced either by the ultrasonic breakdown of the 
pressures in and around a vortex-free plasma by liquid surface or by use of pneumatic forces. In the 
means of probes and a micromanometer. He also ob- former case the liquid may be directed onto the sur- 
tained flow visualization and gas velocities by photo- .face of an ultrasonic transducer4’ or the ultrasonic 
graphing injected solid particles; the thrust calculated radiation may be focused through the liquid on to its 
from a model of the plasma was in agreement with surface.” A pneumatic, venturi nebulizer of the scent- 
the measurements. He concluded that in order for spray type can be arranged to spray directly through 
the injector flow to penetrate the plasma, the velocity an annular plasma,’ or to spray into a separate 
must exceed the magnetohydrodynamic (MHD) chamber (often a cyclone chamber to remove the 
thrust velocity. For an argon plasma at 10 kW a jet heavy droplets) and the aerosol piped to the injector 
of velocity of 15 m/set completely penetrated the plas- in the plasma torch. 3g,71 Direct injectors have to be 
ma, whereas with a velocity of 3 m/set it was com- of all-glass construction with long, fine, capillary 
pletely deflected. Once the injector velocity is greater tubes and are somewhat delicate and prone to 
than the MHD thrust velocity an annular or tunnel damage. 
plasma is formed and the injector stream passes There is little doubt that ultrasonic nebulizers give 
through the tunnel, forming a long narrow tail-flame. finer aerosols than do the pneumatic type and more 
It thus becomes possible to view the emission from material is conveyed to the plasma in unit time.20 
the tail-flame remote from the intense continuum of This is evidenced by the markedly superior limits of 
the plasma. This gives increased sensitivity. In addi- detection which can be obtained with these nebu- 
tion, since the sample particles flow through a tunnel lizers. However, they have one marked disadvantage: 
which is electrically screened, they do not influence sample-changing is difficult2’ and generally necessit- 
the plasma impedance. This leads to improved stabi- ates washing out the cell after each sample. This pre- 
lity. Since this principle was first established9 it seems eludes automatic operation. Attempts have been 
to have been recognized24~40~42 as the system giving made to overcome this problem by the use of pumps 
the greatest sensitivity and freedom from matrix ef- to change the sample. 33,45,72 Another approach was 
fects. The existence of the MHD thrust velocity may that of Hoare and Mostyn” who used a multicell 
vitiate the assumptions on which some estimates46,4g sample vessel. 
of residence times of sample atoms in the plasma have As might be expected, if the solvent water mol- 
been based. In particular it would be expected to de- ecules are removed by the use of a heated desolvator, 
crease the residence time in the tail-flame. an increase in sensitivity results. Ultrasonic,’ 1*40,72 

and pneumatic73 nebulizers have been built with de- 
Plasma cell solvators. Some workers45 have found it essential to 

It has been suggested” that it becomes easier to desolvate, otherwise the plasma may be extinguished 
form an annular plasma by the introduction of a se- since energy is removed by the dissociation of the 
cond gas stream which flattens the base of the ellip- water molecules. Others” find no such difficulty and 
soidal plasma and facilitates the entry of the injector are able to introduce relatively large quantities of sol- 
stream. The torches used by most workers have two vent molecules. The reason for this discrepancy may 
concentric silica tubes with a central injector. The gas lie not only in the power available, but in the geo- 
streams in the outer and inner tubes have become metry of the injector and the cell. Severa110,40s46 
known, respectively, as the coolant and plasma gases, workers have reported on the possibility of memory 
although the demarcation between them is slight, effects resulting from the use of desolvation tech- 
since either can be turned ofi without extinguishing niques. Greenfield and Smith39 have demonstrated 
the plasma and both must contribute to the plasma that it is possible to inject l-25 ~1 of solution from 
process. Indeed, Scott et a1.46 appear to have dis- a micropipette or a syringe into a pneumatic nebu- 
pensed with the plasma gas-flow although retaining lizer and for the resultant plug of aerosol to be in- 
its tube. jetted into the plasma. They determined’ aluminium 

Greenfield et al.” found that most of the dimen- chromium and copper at the ppm level in 25+1 
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samples of oil, diluted 1:2 with xylene, and aluminium 
and magnesium in organophosphorus compounds. 
They also demonstrated the presence of ppm quanti- 
ties of metals in ~1 samples of blood. Subsequently, 
Kniseley 74 also determined metals in blood by this 
technique. 

A useful review of nebulizers is given by Mavro- 
dineanu and Boiteux.75 

Introduction of solids 

The main difficulty in introducing powdered solids 
into a plasma is that of ensuring a constant, uniform 
feed of the material. It is doubtful whether this prob- 
lem has been solved in a completely satisfactory man- 
ner. Another difficulty is that of ensuring that all the 
material goes through the plasma and at such a rate 
that it is all volatilized. These problems are not criti- 
cal in crystal-growing a field in which powder-feed 
to a plasma is successfully used.4 

Greenfield et aL9 used a direct pneumatic nebulizer 
to inject powders and slurries through an annular 
plasma and reported the tail-flame as being intense 
and the plasma stable. They did not carry out any 
quantitative work. Hoare and Mostyn,‘* using a simi- 
lar torch, injected powders into what may have been 
an annular plasma from an agitated cup by upward 
gas displacement. The method was reported as quali- 
tatively successful but it seems that quantitative re- 
sults were not entirely satisfactory, in that the pre- 
parative history of the sample influenced the results 
obtained. Pforr31 also used a powder system similar 
to that of Hoare and Mostyn. Lifshits et ~1.‘~ fed 
iron and aluminium oxides into a plasma, via a cen- 
tral tube, in a stream of argon. They claimed a preci- 
sion of 5-loo/, for the determination of impurities in 
these oxides. 

Dickenson” injected powders into an annular plas- 
ma from a fluidized bed and this work was reported 
upon by Fasse1.42 Later, Dagnall et ~1.~~ used this 
technique and obtained COV of 65 and loo/,, re- 
spectively, for twenty lO-ppm additions of beryllium 
and boron oxides to a magnesium oxide matrix. They 
also used a swirl cup similar in principle to that ol 
Hoare and Mostyn.‘s 

All the methods of introducing powders into plas- 
mas suffer from segregation effects to varying degrees, 
because of the different densities and particle sizes 
of the powders under investigation. They also suffer 
from agglomeration and impacting of the powders. 
First-hand experience of the problems leads to the 
impression that the partial success so far gained has 
been obtained on carefully selected matrices, and that 
a general, practical solution to the several problems 
of injecting powders into plasmas and performin? 
quantitative analysis, has yet to be found. 

Separate vaporization 

Kleinmann and his fellow workersz6s2’ vaporized 
the sample before introducing it into the plasma; so- 
lids were volatilized by ohmic heating from graphite 

supports held by tantalum holders. They found that 
the emission was very dependent upon the shape and 
temperature of the support. Detection limits were 
very much better than with the d.c. arc. Kleinmann 
later” investigated the effects of pad temperature, of 
the molecular nature of cadmium and lithium com- 
pounds and of the presence of sodium, acids and com- 
plexing agents, on the spectral line intensity. 

Nixon et al.79 described a separate vaporization 
method with a tantalum filament and claimed to be 
able to examine 20-30 samples/hr. They also reported 
D.L. 2-3 times better than those obtainable with ne- 
bulized samples. 

Bazhov and his colleagues,80 in a method which 
may be thought of as a direct volatilization system, 
designed a horizontal plasma torch in which they in- 
troduced powders into the plasma in small graphite 
crucibles. They used a 40-50-MHz generator with 
1.5-kW output power to form the plasma, which was 
initiated by a second similar generator giving a flash 
discharge between two electrodes. At an argon flow- 
rate of 7,5 cm/set the discharge was ring-shaped. At 
5 cm/set it was egg-shaped. 

Morrison and Tahni*’ described the microanalysis 
of solids by atomic absorption and emission spec- 
troscopy. They used an H.F. furnace; in this device 
the sample was volatilized from a graphite crucible 
by induction heating and excited in a helium plasma 
formed by the same field. 

Temperature and other physical properties 

Reed3 calculated the local field strength from the 
properties of the plasma and thus obtained AT/T 
where AT is the difference between electron and mean 
gas temperatures. A value of lOa was obtained and 
from this and other circumstantial evidence he pre- 
sumed that the plasma was in LTE. He then went 
on to determine the temperature of the plasma spec- 
trographically. He calculated the variation with tem- 
perature of the intensity of an argon line, and noted 
that the maximum intensity would be produced at 
a temperature of 15,OCO K. He then found by an Abel 
inversion that the maximum emission occurred’ at a 
position off the axis. He concluded that this region 
was at the temperature of 15,000 K and that the tem- 
perature at the centre would exceed this. It could be 
estimated by the ratio of the intensity of this region 
to the maximum intensity. 

Babat,’ on the basis that the energy flow is directed 
from the central part of the discharge towards its peri- 
phery, predicted that the temperature of the gas 
should have its maximum value on the tube axis and 
its minimum value near the walls. 

Gol’dfarb and Dresvin,s2 however, argued that the 
electron temperature T, and the gas temperature 7 
become equal in a d.c. arc at a current of 10 A and 
this current corresponds to an electron density (n,) 
of x 10’6cn-3. They went on to compare an arc 
with an ICP and obtained an electron density of 
(0.651.2) x 1016cn-3 over the major part of the 



10 S. GREENFIELD, H. McD. MCGEACHIN and P. B. SMITH 

plasmoid. They inferred that Tg and T, were equal 
in their plasma, so this was in local thermodynamic 
equilibrium. They also concluded that the maximum 
temperature of the plasma was 9200-9700 K, the plas- 
moid had sharp boundaries at the tube walls and 
along the vertical, the temperature gradient at the 
tube walls was 5 x lo4 deg/cm, and in the region near 
the axis, the temperature and electron density de- 
crease. The highest temperature and electron density 
occurred about midway between wall and axis (at 
0.4-0.6 of tube radius). 

The existence of a maximum temperature (about 
9000K) at an off-axis position was also argued by 
Johnsons from a variety of temperature measure- 
ments. The explanation of this is that most of the 
power is dissipated in the outer skin-depth and if the 
plasma radius exceeds this, the centre is heated largely 
by radiation and thermal diffusion from the outer 
layer. Thorpe6* and Eckert64 also criticised Reed’s 
values of temperature. 

Gol’dfarb, Goikhman and Dresvin,85 and Gol’d- 
farb and Goikhman,86 in two similar papers, deter- 
mined temperature spectroscopically on the basis of 
absolute intensity of the atomic spectral lines, by the 
recombination continuum, by the molecular bands 
and by the H(B) line broadening. An ICP was used 
in argon, nitrogen, oxygen and air. It was found that 
the temperature was 6800K in nitrogen; between 
8300 and 8900 K in argon; 8650 and 9100 K in ox- 
ygen; 7200 and 7600 K in air, the electron densit- 
ies being 2 x 1014, 3.5 x 1015, 5.1 x 1015 and 
1.2 x 10” respectively. The lengths of the plasma 
were 2.6, 4, 2 and 2.7 cm respectively. There was a 
decrease in temperature towards the axis. 

Marteney et al. 87 determined the temperature of 
an argon plasma to be approximately 8500K by the 
measurement of line intensity ratios by the method 
of Boltzmann. They confirmed this figure by the 
measurement of absolute argon and argon-ion con- 
tinuum intensities. Radial measurements indicated a 
slight rise in temperature midway between wall and 
axis with the lowest temperature at the walls. Kasai 
et aLB8 measured the radial temperature distribution 
of a plasma by Boltzmann plots using line-to-line, 
line-to-continuum and continuum-to-continuum ra- 
tios, and found an off-axis peak. They reported a tem- 
perature of 12,000K on the plasma axis. 

Raizer,89 on the basis of the results of many investi- 
gations at several kW power, found that the tempera- 
ture of an argon plasma reaches 900&10,000K and 
that the distribution of temperature has in general 
a plateau at the centre of the tube, dropping off 
sharply near the wall. The plateau is not quite flat, 
however, and in the central part there is a slight dip 
of several hundred degrees, thus confirming the re- 
sults already mentioned. 82~88 Raizer also measured 
the electron densities and showed that the state of 
the plasma at atmospheric pressure is close to ther- 
modynamic equilibrium. He gave calculations of the 
plasma temperature, ohmic resistance and inductance 

as functions of the current in the solenoid, based on 
an infinitely long solenoid and metallic cylinder mo- 
del, which were in fair agreement with experimental 
data. He concluded that to a good approximation 
the plasma temperature does not depend on the fre- 
quency, or on the radius of the tube, but is deter- 
mined only by the number of ampere-turns and the 
electric and thermal conductivities of the gas, pro- 
vided that the number of ampere-turns is not large 
and that the temperature does not exceed 
13,00&15,000 K. One important conclusion reached 
by Raizer was that the power necessary to reach a 
given temperature increases quite rapidly with in- 
creasing temperature, even ignoring losses by radi- 
ation. He suggests that K the power input to the 
plasma, is proportional to Ty where y = 2.5-3. In ad- 
dition, the power required increases rapidly as a result 
of the increasing radiation loss. It was not clear which 
of the two factors plays the decisive role. 

Pridmore-Brown” came to roughly similar conclu- 
sions on the radial distribution of temperature. How- 
ever, his calculated temperatures did seem to show 
some dependence on frequency and on the radius of 
the tube as well as on the number of ampere-turns. 

Spectral measurements by Trekhov et aL91 also 
tend to confirm the work of these investigators, i.e., 

a temperature plateau of 9000-10,000 K with a slight 
dip in temperature towards the centre of the plasma. 
Also, the coincidence, within experimental error, of 
the ionization temperatures from the continuum and 
from the broadening of the HP line, and of the exci- 
tation temperatures, with the calculated temperatures, 
led these authors to believe the source was in LTE. 
Much the same pattern emerges from the work of 
Eckerte4 and Stokes.” Apsitg3 attempted to establish 
LTE in an ICP in steady state, by a relaxation meth- 
od which involved a study, with time, of the decaying 
plasma after switching off. He found a two-stage drop 
in electron temperature, first a loss of kinetic energy 
of the electrons rather than of the atoms and heavy 
ions and, in the second stage, recombination and 
cooling of the gas. The first stage in argon lasted 
N lo-’ set and material changes in the gas tempera- 
ture occurred over a period of - 10e3 set in the se- 
cond stage. He concluded that the electron tempera- 
ture can exceed the gas temperature by as much as 
250&1500 K in discharges of 1-lo-kW power, the dif- 
ference decreasing slightly as the power was increased. 
He also found that (K-q) in each cross-section of 
the discharge reached a maximum at the periphery 
and dropped rapidly towards the axis so that the cen- 
tral region is nearer to LTE than the outer. He found 
that when a gas was forced through the tube, (T,T,) 
along the discharge axis became asymmetrical with 
respect to cross-section and the largest difference in 
T, appeared on the side at which the cold gas entered. 

Talayrach et a1.g4 studied the bands arising from 
the radical 80 and used them to calculate the rota- 
tional temperature of the plasma. (It seems likely that 
synthesis of TiB2 was the prime object). A tempera- 
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ture of 55OOK was obtained from the lines of Ti, 
while the temperature of the argon was 7400 K. They 
concluded that the sample cooled the plasma. This 
may be correct, but it may be that the sample was 
in a region which was cooler in any case. 

The Abel inversion, by which a radial distribution 
of emission intensity is derived from the integrated 
values obtained experimentally, was discussed by 
Mermet and Robin.95 They used a method by which 
the integrated values are fitted, after smoothing, to 
a polynomial, the coefficients of which can be used 
to calculate the radial distribution. They then used 
this distribution to calculate the temperature; this re- 
quired observations and calculations for at least two 
(and preferably several) wavelengths. They also found 
a maximum temperature off the axis of the plasma. 

A plasma is normally heated by collision of charged 
particles and as the temperature rises this process be- 
comes less efficient owing to decreased resistivity. 
Dubovoi et al96 found for a very high-power 
(20@400 kW) plasma at low pressures a heating effi- 
ciency much higher than they would have expected 
for pure Coulomb conductivity. To explain this they 
suggested that a small-scale ion-acoustic instability 
can develop in the region of the skin layer and that 
this leads to an additional growth of the resistivity, 
to a corresponding increase of the H.F. energy ab- 
sorbed and to a more effective heating of the plasma. 
(Ion-acoustic waves are longitudinal and the expres- 
sion for their velocity resembles that for a sound wave 
in a gas composed of neutral particles with masses 
which are those of the ions: hence the name. They 
are not conventional sound waves, however, for their 
energy derives not from collisions, but from the elec- 
trostatic effects of the difference in the amplitudes of 
the electron and ion oscillations. An ion-acoustic in- 
stability is a consequence of the transfer of energy 
between the ion-acoustic wave and electrons having 
the same velocity as the wave.) 

Eckert and Pridmore-Brown97 compared the 
measured9* and calculated temperatures of column 
and annular plasmas. In the case of annular plasmas 
the experimental values were about 7000 K at the in- 
ner and outer boundaries, rising to about 
800&9OOOK in between. The calculated values fell 
to 1000-2000 K at the boundaries. Stokes (in a private 
communication to the authors) attributed these dis- 
crepancies to non-equilibrium conditions at the boun- 
daries, due to electron diffusion. The annular plasma 
referred to here was obtained by inserting another 
tube in the column and may not represent the condi- 
tions pertaining to an annular plasma formed by the 
action of an injector flow, where one might expect 
temperatures closer to the measured values. 

Some very interesting relationships are given in a 
paper by Rovinskii and Sobolev.99 They determined 
discharge parameters as functions of field frequency, 
via numerical solutions, for a steady induction dis- 
charge at atmospheric pressure without gas-flow; 
(note that the effect on temperature of the gas-flow 

is said to be small). 86 They give a theoretical estima- 
tion of the optimum frequency as being equal to 35/d2 
MHz. This is the frequency giving a specified maxi- 
mum temperature (T,,,) with minimal power input 
(IV) and the minimal number of ampere-turns per 
unit length of coil (I,); d is the diameter of the 
tube in centimetres. 

A simple relationship is also given between I, and 
T,,, which does not contain the frequency or the ra- 
dius : 

s 

Tm, 

0 

k(T)o(T) dT = $ 
(> 

2 

where k(T) and a(T) are respectively the thermal and 
electrical conductivities of the plasma. The skin-layer 
thickness is considered to be small relative to the tube 
radius. 

Soshnikov and his co-workers”’ point out that 
these relationships do not take into account plasma 
radiation and they give numerical results for an argon 
plasma at atmospheric pressure in a tube of internal 
radius 1.5 cm, at various frequencies and an axial tem- 
perature of 85OOK. The results show that the best fre- 
quency range is 51OMHz which is close to the figure 
previously obtained by Rovinskii and Soboley,99 
ignoring the radiation. However, they show that the 
importance of radiation increases rapidly with Z, and 
Wand the simple relationship becomes inapplicable. 

Medvid”’ made some observations on the effect 
of gas-flows on the size of a plasma produced by a 
2-kW generator at 3.5 MHz. Working with a torch 
which could be used with tangential or axial flow, 
he found that increasing the gas flow, in tangential 
mode, decreased the diameter, length and surface area 
of the plasma, while in axial mode the reverse was 
true. Thorpe6’ observed that the size of the plasma 
increased with increasing power and Capitelli et aLlo 

noted that the plasma was reduced in length when 
working with nitrogen. These workers gave theoreti- 
cal reasons why the heat transferred to A1203 par- 
ticles should be greater in a nitrogen than an argon 
plasma. They found experimentally a smaller increase 
than that predicted theoretically because of the 
shorter residence time in the shorter nitrogen plasma. 

Thorpe 62 also noted the effect of the thermal pinch 
on the size of the plasma when working ,with hydro- 
gen and nitrogen coolant gases, and attributed this 
pinch to the increased thermal conductivity of ni- 
trogen over argon and hydrogen over nitrogen. She 
observed that the radiation from the plasma increased 
considerably when mixtures of argon and hydrogen 
were used as plasma gases. 

The thermal properties of a plasma torch were dis- 
cussed by Trekhov et aLlo They assumed a central 
temperature and offered two different approximations 
to give the radial distribution of the temperature. 

NOMENCLATURE 

Raizer,89 whilst clearly recognizing the difference 
between electrodeless discharges in a stream and com- 
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Table 2. Analytical applications of the H.F. inductively 
coupled plasma torch 

Materials 

examined Typical elements determined RefeIe”CeS 

Metals and 
alloys 

Minerals 

Blood 
Oil 
Refractory 

oxides 
Organophos- 

phorus 
compounds 

Sal 
Deposits 

Effluents 

Mineral acids 

Rare earths 

Proteins 

B, Z”, As, Cu. Y, La. Nd, Dy, 
Lu, Hf. Mn, Pb, Cr. Fe, Mg Ti 

V, Ni. MO. Si Nb 
Al, P. Ca, Sr. Ba. Mg Ti, Fe, 
Si, Cr. Mn, Na 

Al, Cu. ‘Fe. Mg, Si, A$, Pb, P 
Al, Fe, Ni, Cr, Cu. Ti, Mg, M” 

Be. B. Ca, Mg, Ti, Fe, Al, Li, 
Cu. Ni, Pb, Na 

Al. Mg 
P 
Al, Fe, ZQ M$ Ca 

Zn. Ni, Al, Cd. Fe, Cr. Pb, 
C”, S” 
Ca. Sr. MO. Co, Ba. Zn, Ni, Cd, 
Cr. Pb, Cu. B. Mg V. Na. Mn, 
Ce. La, Al, Fe. Ti 

Yb 

Cd, Fe. V, Ba. Sr, Al, Mg. Si, 
Zn. Ni, Cu, Ca, Na 

IO. 18, 23. 38. 49, 58 

10, 13. 31. 33 

39, 74 
19, 39 
10. 34, 16 

39 
41 

IO 
10 

10 

57 

10 

bustion, claims there is a deep physical and mathema- 
tical analogy between a discharge in a gas stream 
and the process of flame propagation in a combust- 
ible mixture. Barnes,io4 on the other hand, has criti- 
cized the use of the terms “plasma torch” and “plasma 
flame” for systems which are not combustion pro- 
cesses. It seems to us that the value of these terms 
as descriptions of the appearance of the particular 
plasmas to which they refer outweighs considerations 
of linguistic rigour. It is doubtful if the suggestionlo 
that all plasma sources be called “plasma jets” is any 
improvement on the present usage, as there is a 
marked difference between “plasma jets” and inducti- 

vely coupled “plasma torches” on the one hand and 
microwave plasma and capacitively coupled plasmas 
on the other. 

ANALYTICAL APPLICATIONS 

It has been recorded in the review that ICPT have 
a wide linear dynamic range (some five orders of mag- 
nitude), high sensitivity and precision and freedom 
from many, if not all, true matrix effects. This, cou- 
pled with their freedom from contamination and abi- 
lity to run continuously for as long as power and 
gas are supplied, makes them remarkable emission 
sources. It is therefore surprising that so few practical 
analyses have been recorded. Some of these analyses 
are shown in Table 2 and in Table 3 are shown the 
best of the detection limits. These detection limits 
have all been obtained with ultrasonic nebulizers and 
desolvation and would be expected to be one or two 
orders of magnitude worse if pneumatic nebulizers 
without desolvation were used. 

CONCLUSION 

A study of the papers reviewed here and in Parts 
I and II shows the ICPT to be superior to both plas- 
ma jets and microwave torches if detection limit is 
the criterion. The sensitivity of the source, with few 
if any exceptions, is greater than that of either of the 
other two sources over the whole range of elements 
so far determined; the plasma jet in turn is rather 
worse than the microwave torch. The same may be 
said, but to a lesser degree, if precision is the basis 
of comparison. 

Table 3. Detection limits obtained with the H.F. ICP torch 

Element 

ICPT detection limtt. Wavelength. 
nyjml nm Element 

ICPT detection limit, Wavelength, 

“g/ml nm 

Aluminium” 

Antimony” 
Arsenic” 
Arsenic” 
Arsenic*’ 
Bar~um’“.to 

Calcium” 
Cerium4’ 
Chromium4’ 

Cobalt”’ 
Copper’o 
Dysprosium” 
Erbium” 
Europium” 
Europium” 
Gadolinium” 
Gallium” 
Germanium” 
Gold- 
Hafniumi4 
Holmium” 

Iron’0 
Lanthanum4’ 
Lead4’ 
Lithium4’ 
Lutetium”s 
Lutetium’” 

0.2 
200 

90 
IM) 
360 

002 
004 
5 
3 
ow2 
2 
03 
3 
0.1 
9 

IO 

3 
3 

10 
06 
4 

40 
10 
10 
03 
0.4 
2 
0.3 

10 
10 

The detection limits are 2~ for references 10, 24 and 40 and 6u for reference 38, where (I is the standard deviation 

396.2 
259.8 

235.0 
228.8 
278.0 
4554 
234.9 
249.8 

3261 
3968 
418.7 
3579 

345.3 
324.8 

353.2 
4008 
3820 
413.0 
342.2 
417.2 
265 1 
267.6 
339.9 
345.6 
372.0 
408.7 
4058 
6708 
347.2 
3507 

Magnesium” 0.01 
Maenesium4’ 0.2 
M&gane~e’~ 
ML?“@3”W’Q 

Merc~ry~~ 
Molybdenum40 
Neodymium” 
Niobiumz4 
Nickel” 
Palladium4o 
Phosphorus4o 
Praseodymium”’ 

Samarium” 
Silicon” 
Sodium” 
Strontiumz4 
Tantalu”~‘~ 
Terbium” 
Thoriumz4 
Thulium” 
Tin” 
Titanium4’ 
Tungsten’o 
Uraniumz4 
Vanadium40 
Ytterbium” 
Yttrium4’ 
ZincI 
Zinc” 
Ztrconium’” 

003 
0.6 

0.2 
IO 
10 

04 
2 

70 
30 

30 
30 

0.3 
oQO2 

70 
20 

3 401.9 
10 384.8 
30 

0.2 
1 

30 
0.2 
0.04 

0.06 
9 

16 
0.4 

2802 
2852 
257.6 
403.1 
253.7 
3798 
401.2 
405.8 
352.5 

363.5 
253.6 
390.8 

442.4 
288.2 
5890 
407.7 
301.2 
3509 

303.4 
334.9 
4co9 
409.0 
437.9 
3694 
371.0 
2138 
334.5 
343.8 

of the background. 
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When it comes to freedom from matrix effects, then 
both ICPT and plasma jets are inherently superior 
to microwave torches, since they both possess high 
gas temperatures; the ICPT is, in addition, free from 
contamination from electrodes. The linear range of 
the ICPT is greater than that of the plasma jet, which 
in turn is greater than that of the microwave torch. 
When it comes to cost the position is somewhat re- 
versed; plasma jets and their associated equipment 
are cheaper than microwave torches and their sup- 
plies, which in turn are cheaper than ICPT and gener- 
ators. 
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MULTIPARAMETRIC CURVE FITTING-I 

COMPUTER-ASSISTED EVALUATION OF CHELATOMEI-RIC TITRATIONS 
WlTH MEI’ALLOCHROMIC INDICATORS 
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Summary-A curve-fitting procedure has been developed for the photometric complex-formation 
titration of the metal-indicator complex MIn, which is assumed to predominate in solution. By means 
of a least-squares procedure the following five parameters were determined: the end-point, the absor- 
hance of the indicator complex &i.,.. the indicator concentration cl,,, the stability constants 
and, if possible, K,, . A modified version of Sillen’s Letagrop Vrid has been used for the mathematical- 
statistical approach of the non-linear model based upon the non-transformed function A =f(v). Ad- 
ditional information is obtained about the goodness of fit, indicating whether the chosen model with 
predominance of MIn, is correct or not. The use of the program is demonstrated by application 
to chelatometric microtitrations of zinc and lead with EDTA, using Naphthylazoxine 6s and SNAZOXS 
as metallochromic indicators. 

A number of authors’-7 have been engaged in solving 
the problem of determination of the equivalence 
point, finding a suitable formulation of the fundamen- 
tal equations or seeking optimum conditions for 
sharp end-point indication in photometric chelato- 
metric titrations. 

complexes7 MIn,,, MIn,,, MIn,. For a discussion 
of various effects on the shape of the titration curve 
he also used the transformation function a =f(cr). 

The theory of photometric titration with use of 
metallochromic indicators has been outlined in 
seveml basic contributions1”*“i7 Fortuin et al.’ de- 
rived a general equation of the type a =f(a) where 
a is the titration parameter and a = [In’]/c,,, for the 
case where a single metal-indicator complex of 1: 1 stoi- 
chiometry is formed. The theoretical discussion of the 
effect of various parameters on the shape of titration 
curves was illustrated by plots of families of curves 
calculated for different values of parameters Z&r,, 
K MY? cln and cm Ringbom and Wanninen’ applied 
conclusions from the theory of photometric titrations 
using acid-base indicators, and pointed out the useful- 
ness of pM for characterizing the system of a chelato- 
metric titration. The pertinent equilibria were also 
solved in theoretical discussions2,3 of visual end-point 
detection with metallochromic indicators in an 
attempt to characterize the sharpness of the indicator 
colour change. In both contributions the formation 
of a single MIn complex was considered and the plots 
of a =f(u) for various values of the parameters in- 
volved were also given. Kotrly developed the theory 
of photometric titrations for a case where the indi- 
cator forms a predominating complex MIn, (cf: ref. 
6) or a stepwise equilibrium system of three indicator 

Several authors9-‘7 have shown that MJn, also 
occurs in solution and that large systematic devia- 
tions may occur when titrations are performed with 
very dilute solutions. For simplicity, graphical extra- 
polation of the linear parts of the titration curve close 
to the equivalence point is commonly used to locate 
the end-point. A computer program for this type of 
end-point evaluation can be conveniently based on 
the application of a simple linear regression (e.g., see 
refs. 18, 19). 

In some theoretical papers it is supposed that the 
equivalence point is known and that the parameter 
functions a = f(a) or a = f(u) can be studied. How- 
ever, this condition is fulfilled only rarely in practical 
cases, and the evaluation of the end-point is some- 
times complicated and accessible only by means of 
a graphical extrapolation. 

An exception to graphical extrapolation is the 
approach by Sato and Momoki,” suggesting trans- 
formation of variables g(l - ~)/a = f(u) and using 
graphical linearization without the stability constants 
KMIn and KMy being known beforehand. Corrections 
are made for volume change and indicator con- 
centration and the paper appears to be, especially in 
practical cases, a most useful contribution. 

A number of papers4***21*22 use calculations of con- 
ditional stability constants, side-reaction coefficients, 
or their graphical interpretation, to explain the course 
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of the chelatometric titration curve. In all the papers 
the indicator concentration c,,, is supposed to be 
known. Chemical analyses using paper and thin-layer 
chromatography have revealed, however, that chela- 
tometric indicators are substances that often contain 
considerable amounts of impurities from raw mater- 
ials, synthesis by-products and various isomers. The 
removal of such impurities is difficult and sometimes 
impossible because of decomposition of the dye. In 
some cases the indicator is the only species of the 
mixture which reacts with the metal being titrated. 
A correction for indicator purity has not been taken 
into account in the calculations in any of these 
papers. 

Early attempts at computation of parameters from 
titration curves, including chelatometry, are described 
in the book by Dyrssen et a1.23 and are based on 
an application of Ringbom’s method.2’ Sato and 
Momoki24 selected an entirely different approach to 
the computer evaluation of a chelatometric titration 
curve involving the MIn chelate. They determined 
three unknown parameters: the end-point, the condi- 
tional stability constant KM,,,cond, and Kh(Y,Eond, with 
a least-squares fitting method using Deming’s subrou- 
tine for the minimization process. The algorithm was 
demonstrated for the titration of magnesium with 
EDTA, Calmagite being used as indicator. 

The change of absorbance during a chelatometric 
titration involving a metallochromic indicator form- 
ing a 1: 1 complex was calculated by means of a com- 
puter. 25 In addition to the absorbance, the transmit- 
tance, the free metal-ion and indicator concentrations, 
and the stability constants of the metal-titrant and 
the indicator-metal complexes were calculated. 

The present paper presents a new algorithm for the 
evaluation of a chelatometric titration curve when the 
MIn, complex predominates, and determination of 
the following parameters: the end-point, pin, log 
K M,nN and (if possible) log Z&v, and the absorbance 
of the indicator complex AmnN. Additional informa- 
tion about the goodness of fit indicates whether this 
model is correct or not. The least-squares method for 
the minimization process is based on a modified ver- 
sion of SillCn’s Letagrop Vrid.26 The statistical treat- 
ment is quite different from that suggested by Sato 
and Momoki,24 the fundamental equation being 
based on Kotrl$% approach6 but regression analysis 
is applied to the function A = f(v). The algorithm has 
been applied to the titration of zinc and lead, using 
Naphthylazoxine 6S and SNAZOXS as metallochro- 
mic indicators. 

THEORETICAL 

Equation of the photometric titration curve 

End-point indication in a chelatometric titration 
using a metallochromic indicator is based on the dis- 
placement reaction between the indicator complex 

MIn, and the chelate-forming ion of a titrant Y, 
which can be expressed by the overall equation 

MIn,+Y+MY+NIn (1) 

The equilibrium in equation (l), as written, presup- 
poses that the metallochromic indicator forms only 
one complex, MI+. This complex has a colour differ- 
ent from that of the free form In, which may repre- 
sent, however, a mixture of several differently pro- 
tonated indicator species. The equilibrium is consider- 
ably affected by the hydrogen-ion activity, as this con- 
trols the concentration of the active forms of both 
competing ligands Y and In. 

The chelatometric titration is usually carried out 
in a buffered solution. If the free indicator is predo- 
minantly in only one protonated form, e.g., HjIn, at 
a selected pH value, the absorbance of the titrated 
solution at a chosen wavelength, for a particular con- 
sumption of titrant v, is given by the equation 

A = die&MInJ + Ejl[HjIn]i (2) 

where d is the path-length of the cuvette, and l LN 
and l j1 are the molar absorptivities of the species 
MIn, and HjIn, respectively. The dependence of the 
absorbance A on consumption of titrant v is repre- 
sented by the photometric titration curve. 

As the total concentration of indicator cln is 

c In = [H&n] + NlJUn,J = cln ~1 + NCMIn,] (3) 

where o! = mjIn]/cl, is the fraction of indicator in 
the free form, equation (2) can be transcribed as a 
function of this relative variable: 

A = dc,,,.‘; - dc,, 

= A (mm) - f AWN) - A& (4) 

As indicated in equation (4), the colour transition 
of an indicator is defined by the limiting values of 
the absorbance, for a point CI = 0, i.e., ACMlnN,, where 
all the indicator is bound in the metal complex MIn,, 
and for a point a = 1 where the metallochromic indi- 
cator is completely converted into the free form In, 
i.e., A(,,,) 

If v ml of titrant are added to the original volume 
V, ml of titrand, the measured absorbance A__, should 
be corrected for the dilution by means of the factor 
g = V/V,, where V = V, + v: 

To determine the theoretical value of the absor- 
bance A from equation (4) for individual values of 
the titrant consumption v it is assumed that for the 
given set of conditional stability constants, i.e., 

K 
IN WJ 

MInN,cand = ,y-, pnqN 

K 
l3fY’l -~ 

MY,cand - p,qcyr-j 

(6) 

(7) 
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where conditional concentrations are expressed by 
Ringbom’s notation with respect to @I’], [In’], 
[MI&], [Y’], MY’], and for given total con- 
centrations 

cy = ac, = + WY7 (8) 
cM = IJI’] 

expression of CI = f(u) as a function of par- 
ameters is not possible, as it a real, positive 
root of a in CI of degree (2N + 1). Many 
authors prefer to express the inverse functions v = 
f(x) and a =f(oc), where a is the fraction 
of titrant consumed: 

VfY a = EM (11) 

fv being the molarity of the titrant. For a given equi- 
librium system the titration-curve equation can be de- 
rived in the form of transformed variable@ as follows 

1 
1 + 

K N 
bUn~.cond . &.c? 1 

K MY,cond cM 

K N 

+ 1 (12) 
The values of the conditional stability constants 
K MInN, cond and KMY, cond necessary for insertion into 
equation (12) can be calculated from the correspond- 
ing stability constants, provided that detailed infor- 
mation on all side-reactions is available. The side- 
reaction coefficients c(~, tlycHJ, etc., give a true picture 
of all competitive effects. The definitions of these coef- 
ficients,4*2 1 their dependence upon experimental con- 
ditions and the method of calculation (cJ ref. 22) are 
clarified in the literature quoted. 

Regression analysis 

When analysing experimental photometric titration 
curves it should be considered that in general the 
values of the following parameters are known either 
not at all or only approximately: the titrant consump- 
tion at the end-point, v,,, the indicator concentration 
c,“, the initial limiting value of the absorbance AM,,,, 
and the values of the stability constants KuInN and 
K . These five parameters have to be determined 
by%imerical analysis of the titration curve. 

The equation of the chelatometric titration curve 
is formulated as a function a = f(a), i.e., in terms of 
transformed relative variables and as an inversion 
function with respect to the original set of variables 
(u; A). Considering that the reading of the volume 
on a microburette has a smaller error than the read- 
ing of the absorbance A, it is convenient for the appli- 
cation of a least-squares fitting method to take the 

volume v as an independent variable and absorbance 
A as a dependent variable. However, an explicit for- 
mulation of the absorbance from the equation of a 
chelatometric titration curve is not possible, as a 
polynomial function of degree (2N + 1) would be 
obtained and an approximation method would be 
needed to find the particular real root of physical 
meaning. Therefore all previous authors usually 
worked with the inversion function v =f(a). 

In applying the method of least-squares in order 
to determine the five unknown parameters of a chela- 
tometric titration curve the assumption that the ori- 
ginal error distribution of dependent variable A,, is 
retained and that the original non-transformed func- 
tion A = f(v) can be used, should be fulfilled. An 
attempt was made to solve the problem by means 
of an indirect expression of a residuum A4 when for- 
mulating the optimization criterion.27 A more 
rigorous method is to use an approximation method, 
e.g., the Newton iterative method. 

In formulating the non-linear model it seemed con- 
venient to make a formal rearrangement of equation 
(12) to give (13) for the ith point on the titration 
curve : 

N 

vi=RC(‘- 
1 - Ui 

s.$- i-++.q+ w 
u” 

where 
(13) 

(14) 

s= K MInN,cond ’ ‘. &I 
K fY 

(15) 
MY,cond . 

T= 
1 

K MhN,cond .N.~lV,-l.fu 
(16) 

Q - %I. ” 
N.fy 

1 1 KMY,cond 

(17) 

(18) 

The chelatometric titration curve involves all the 
parameters to be determined in the expressions R, 
S, I: Q and Wand so it is advantageous to investigate 
the contributions of these particular expressions to 
the shape of a titration curve. The members R, S, 
‘I; Q and Ware useful for illustration how a change 
in the individual parameters can cause a change in 
the function U. 

According to the optimization criterion the func- 
tion U is given by 

U = C Wi(Ai - Ai,caJ’ = C Wi(AAi)' (19) 
i i 

where wi is the statistical weight, usually taken as 
unity. Absorbance Acal is calculated from the equation 

fh4 - u = 4(A) (20) 
and the modified Newton iterative method 

$J(A’~“‘) A(k+ 1) = A”’ _ 11 .- 

@( ACk’) (21) 
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SINST,ITMAX,EPS 

no 

Input 
data for genemiing 

1 
Generating points 
of curveA =f(v) 

Minimization subroutine letag ILiLzqzJ 

(parameters. their 
standard deviations 

Fig. 1. Schematic flow chart of the program NCHEL- 
LETAG. 

where n is a convergence coefficient, and r$’ is the 
first derivative of 4. For the initial approximation the 
experimental value A,,, is used for ~6’) in the iterative 
process. 

tion U defined by relationship (19). Block LASK, called 
by Rurik 7, reads in preliminary values for the parameters 
to be determined. STEG, called by Rurik 3 or 4, reads 
the general orders for systematic variation of parameters. 
(IK) means which parameter is to be varied, and by how 
much (W). LETA, called by Rurik 5, governs the systematic 
variation of the unknown parameters. Other blocks such 
as SKRIK or MIKO, PROVA, VRID, etc. are contained 
in the REST OF SUBROUTINE LETAG and their func- 
tion is explained in another contribution’s of this series. 

RNDNR-a standard routine for the generation of 
errors having a normal Gaussian distribution-was 
adapted from Communications of the Association for 
Computing Machinery, Algorithm 3 14 (1968). 

DATAdata input; some experimental constants des- 
cribing titration condition are read in, then the calculation 
of side-reaction coefficients ar,,rnR and c+,,~, follows and 
finally the matrix of titration data (u, A) or (u. T) is read 
in. The absorbance values are corrected for dilution and 
with regard to the reference solution. Titration curve 
points which are not contained in the interval (~(,,,r”, rmax) 
are then eliminated. 

UBBE-this routine calculates A,,, for each volume v 
and a given set of parameters by the Newton iterative 
method. Then follows calculation of the error-square sum- 
function U. 

Data input instructions 

Simulated or experimental input data can be evaluated 
by the NCHEL-LETAG program. For a given set of para- 
meters the absorbance ASIM, loaded by a calculated 
ERROR, is calculated for each volume u. Then a least- 
squares fit is applied to a set of (u; ASIM) and parameters 
XK( 1) ., XK(5) are evaluated. Such input data are illus- 
trated in Table la. (a) 1 card: SINST is optional and is 
the instrumental error of the measured absorbance; when 
experimental data are to be evaluated then SINST < 0 and 
the other data on this card are not read; EPSl is the 
absolute criterion of convergence of A,,, in the Newton 
iterative process; if (AC/, - Al”,;“) < EPSl then the iter- 
ation process terminates; EP2 is the n coefficient of con- 
vergence in the Newton iterative method; NX is the 

COMPUTER PROGRAM 

The schematic flow-chart of the program NCHEL- 
LETAG is given in Fig. 1. The program is written in For- 
tran and has been run on a Hewlett-Packard 2116 C com- 
puter, and is available on request. 

NCHEL-LETAG consists of a main program which 
reads in a title and the part of the input needed for a 
simulation of titration curve points, if requested. It then 
calls subroutines as follows and organizes outputs of deter- 
mined parameters, a table of curve fittings and a graph 
of curve fitting. 

LETAG-this routine, which is Sillen’s Letagrop Vrid 
adapted for a smaller computer and modified to the 
subroutine form,*’ performs the main minimization. The 
functional diagram of LETAG is given in Fig. 2. The 
subroutine contains “blocks” which are logical units; one 
of them, KNUT, is a switchboard to which the computer 
returns after fulfilling each task. Depending on which value 
for the control number Rurik it then reads, the computer 
jumps from KNUT to another block for a new task. The 
block DATA reads input data being called by Rurik 6. 
PUTS, a special block, follows the block DATA automati- 
cally (marked by a letter A) and may use these data to 
calculate some quantities which will be needed for further 
calculations. UBBE, called by subroutine LETAG or by 
the main program, calculates the error-square sum-func- 

+-!I 
I’“‘” 

UBBE L!k=-l 

Rest of subroutine letag 
I 

Fig. 2. Function diagram of minimization subroutine 
Letag. 
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Table la. Input data in case of previous simulation of titration curve are contained in principal parts A, B, C, and D 

Part A 
Data Explanation 

OQOl 0.008 0.9 5 0.31388 SINST EPSl EP2 NX XK(l) 
12.209 18.2 4.9314 0.17 2368 XK(2) XK(3) XK(4) XK(5) IR 

Part B 

2 20 0001 207.19 0.05 0.95 0 N VO FY VM ALMIN ALMAX ASB 
0.53 5.75 27 0.171 AI PH NB X5 
70 2.868 -3.0 _-3.0 A(1) A(2) A(3) A(4) for ind. 
10.26 6.16 2.67 2.0 A(1) A(2) A(3) A(4) for t.a. 
0.1050 0.2575 0.1200 0.2621 0..1350 0.2675 VA(l) VA(2). 
0.1500 0.2730 0.1650 0.2805 0.1800 0.2896 
0.1900 0.2967 0.2000 0.3048 0.2100 0.3137 
0.2200 0.3249 0.2300 0.3378 0.2400 0.3527 
0.2500 0.3698 0.2550 0.3791 0.2600 0.3890 
0.2650 03989 0.2700 0.4099 0.2750 0.4214 
0.2800 0.4332 0.2850 04454 0.2900 0.4580 
0.2950 0.4709 0.3000 0.4840 0.3050 0.4974 
0.3100 0.5051 0.3150 0.5120 0.3500 0.5200 VA(NB-1) VA(NB) 

Part C 

0~00000001 30 1 6 6 0.9 EPS ITMAX NGR XL YL UF 
(“V in millilitres”) NAZX 
(“Absorbance”) NAZY 
PB-SNAZOXS-EDTA system, 12. 11. 1973 Name of system 

Part D 

7 
5 5 
0.31 12.0 18.2 5.0 0.165 
1 1 1 I. 
3 
2 
1 0.003 
2 0.2 
5 
3 
4 
1 0.001 
2 0.06 
4 DO3 
5 0.001 
5 
3 
4 
1 0.003 
2 0.008 
4 0.006 
5 0.0008 continued 
5 3 
3 4 
4 1 oQOo1 
1 0.0002 2 0.0015 
2 0004 4 0.002 
4 0.0035 5 0.00025 
5 00005 5 
5 3 
3 4 
3 1 0.00006 
1 oQOO15 2 0.001 
2 0.002 4 0.0015 
4 0.00035 5 owO2 
5 5 

RURIK CALL LASK 
NK NBYK 
XK(l) XK(2) XK(3) XK(4) XK(5) 
ISKIN I J S(I, J) 
RURIK CALL STEG 
N 
IK W 
IK W 
RURIK CALL LETA l 
RURIK CALL STEG 
N 
IK W one iteration 
IK W 
IK W 
IK W 
RURlK CALL LETAs 

3 
4 
1 OwOO3 
2 00)075 
4 O+Nll 
5 OwOl 
5 
3 
4 
1 0&001 
2 OwO5 
4 owO5 
5 owOo5 
5 

etc. 
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Table lb. Output of program NCHEL-LETAG for simulated data from Table la 

PB-SNAZOXS-EDTA system, 12.11.1973 
Simulation for parameters 

SINST VEQ LKMIN 
0@0100 0.31388 12.209 

Condition of titration 
N vo FY AW 

LKMY 
18.200 

ALMIN 
2 20.0 000100 207.190 0.050 

PCIN AMIN 
4.931 0.1700 

ALMAX PH AI 
0,950 5.759 0.5300 

ALPH(IN)(IN(H))(H) 
0.188E + 02 
ALPH(Y)(Y(H))(H) 
0.1156E + 06 

INDICATOR : 

TIT. AGENT: 

Titration curve 

VW-) 
0.1050 
0.1200 
0.1350 
0~1500 
0.1650 
0.1800 
0.1900 
0.2000 
0.2100 
0.2200 
0.2300 
0.2400 
0.2500 
0.2550 
0.2600 
0.2650 
0.2700 
0.2750 
0.2800 
0.2850 
0.2900 
0.2950 
0.3000 
0.3050 
0.3100 
0.3150 
0.3500 

PKll 
7000 

PKll 
10.260 

Experimental 
AEXP 
0.2575 
0.262 1 
0.2675 
0.2730 

PK21 
2.868 
PK21 
6.160 

0.2805 
0.2896 
0.2967 
0.3048 
0.3137 
0.3249 
0.3378 
0.3527 
0.3698 
0.379 1 
0.3890 
03989 
0.4099 
0.4214 
04332 
04454 
0.4580 
0.4709 
0.4840 
0,4974 
0.505 1 
0.5120 
0.5200 

ALPHA 
0.2494 
0.2630 
0.2784 
0.2944 
0.3157 
0.3418 
0.3620 
0.3852 
0.4105 
04422 
0.4788 
0.5210 
0.5693 
0.5957 
0.6237 
0.6518 
0.6828 
0.7153 
0.7488 
0.7834 
0.8192 
0.8556 
0.8928 
0.9308 
0.9522 
0.9727 
0.9975 

PK31 PK41 
-3wO -3wo 
PK31 PH41 

2.670 2.000 

ASIM 
0.2569 
0.2629 
0.2682 
0.2721 
0.2809 
0.2915 
0.2971 
0.3060 
0.3160 
0.3245 
0.3386 
0.3528 
0.3684 
0.3797 
0.3892 
0.3970 
0.4087 
0.4216 
0.4340 
0.4449 
0.4605 
0.4705 
0.4836 
0.4992 

Simulated 
ERROR 

Total number of points: 27 Number of points used: 24 
Minimization process LETAG 
I=0 

I = 1 MINUSGROP 
U = 0.13454E - 03 
I = 2 MINUSGROP 
U = 0.68026E - 04 
I = 3 SIGY = 0.8783E - 02 

0.31000 12.0000 

0.31125 12.1523 

0.31225 12.1523 

U = @47436E - 04 0.31231 12.1603 
I = 4 SIGY = 0.1138E - 02 
U = 0.23582E - 04 0.31308 12.1743 
I = 5 SIGY = 0.1054E - 02 
U = 0.23305E - 04 0.31308 12.1726 
I = 6 SIGY = 0.1076E - 02 
U = 0.22890E - 04 0.31314 12.1710 
I = 7 SIGY = 0.1033E - 02 
U = 022591E - 04 0.31320 12.1683 
I = 8 SIGY = 0.1028E - 02 
U = 022533E - 04 0.31323 12.1668 
. . . . . 

i = 30 ’ ‘SIGY = 0.1045E - 02 
U = 0.21869E - 04 0.31306 12.1327 

- O.OGQ6 
00008 
0.0007 

- 00%J 
00004 
o%l19 
0.0004 
BOO12 
0.0023 

- owO4 
O.OOQ8 
00001 

-0.0014 
O.OQO6 
owO2 

-0.0019 
-00012 

0.0002 
OWO8 

-0wO5 
0.0025 

-0wO4 
-0.0004 

0.0018 

18.2000 

18.2000 

18.2000 

18.2000 

18.2000 

18.2000 

18.2000 

18.2000 

18.2000 

18.2000 

After 30 declared iterations at U value = 0.21869E - 04 and parameters: 
VEQ = @31306 k 000032 

LKMIN = 12.1327 f: 0.0285 
LKMY = 18.2000 

PCIN = 4.9469 &- 0.0065 
AMIN = 0.1593 + OW41 

x000 0.1650 

5wOO 0.1650 

4.9700 0.1650 

4.9640 01650 

4.9470 0.1649 

4.9470 0.1649 

4.9444 0.1644 

4.9436 0.1642 

4.9432 0.1641 

4.9469 0.1593 
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Table lb-continued 

Calcglated auxiliary values: 
Milligrams of metal: 064862E - 01 
Molar concentration of metal: 0.157E - 04 
Molar concentration of indicator: 0.113E - 04 

Table of curve fitting 
V(ML) A ACAL DEL A DEL A KV 
0.1050 0.2569 0.2571 -@0002 0.6157E - 07 
0.1200 0.2629 0.2619 oQO1o 0.9594E - 06 
0.1350 0.2670 0.2672 - 0.0002 0.3688E - 07 
0.1500 02721 0.2734 -0.0013 0.1584E - 05 
0.1650 0.2809 0.2810 -0+001 0.1775E - 07 
0.1800 0.2915 0.2901 0.0014 0.1875E - 05 
0.1900 0.2958 0.2969 -0.0012 0.1332E - 05 
0.2000 0.3050 0.3051 -o+lOO1 0.1962E - 07 
0.2100 0.3160 0.3146 0.0014 0.1877E - 05 
0.2200 0.3245 0.3252 -0.0008 0.5951E - 06 
0.2300 0.3386 0.3380 0.0006 0.4144E - 06 
0.2400 0.3528 0.3525 00003 0.1061E - 06 
0.2500 0.3676 0.3690 -0.0014 0.2034E - 05 
0.2550 0.3790 0.3784 OQOO6 
0.2600 0.3886 0.3882 00004 
0.2650 0.3970 0.3984 -00013 
0.2700 04087 04094 -o+KlO7 
0.2750 0.4216 0.4210 0%)06 
0.2800 0.4340 0.4330 00010 
0.2850 04449 04452 -00003 
0.2900 0.4605 0.4584 0.002 1 
0.2950 0.4705 0.4713 -0QOO8 
0.3000 0.4836 0.4848 -0.0012 
0.3050 0.4992 0.4989 oQOO3 

0.3051E - 06 
0.1603E - 06 
0.1791E - 05 
0.4793E - 06 
0.3924E - 06 
0.9845E - 06 
0.8974E - 07 
@4556E - 05 
0.5790E - 06 
0.1510E - 05 
0.1092E - 06 

ALPHA 
0.2669 
0.2838 
0.2954 
0.3098 
0.3342 
0.3637 
0.3757 
0.4013 
0.4317 
0.4552 
0.4942 
0.5334 
0.5742 
06057 
0.6322 
0.6555 
0.6876 
0.7232 
0.7573 
0.7877 
0.8305 
0.8583 
0.8944 
0.9376 

number of parameters to be read in for generation of simu- 
lated error; XK(l) is the value of the first parameter, i.e., 
equivalence point veq, in ml; XK(2) is the value of the 
second parameter, i.e., the concentration stability constant 
of the indicator complex, log K,,,,; XK(3) is the value 
of the third parameter, i.e., the concentration stability con- 
stant of complex with the titration agent, log K,,; XK(4) 
is the value of the fourth parameter, i.e., the total indicator 
concentration (-log q,); IR is the initial value for subrou- 
tine RNDNR and is the optional value from an interval 
(5; 6000), this interval is given by the word-length of the 
computer used and the algorithm RNDNR. 

(hi 1 card: N is the sioichiometric coefficient in the 
indicator complex MIn,; VO is the initial volume of solu- 
tion to be titrated, in ml; FY is the molar concentration 
of the titrant; VM is the atomic weight of the metal to 
be titrated: ALMIN is the lower limit G(...;_: ALMAX is 
the upper i@it amax; 

. . . . . . 
ASB is the correction to be made 

to the sample absorbance for the absorbance of the refer- 
ence solution. 

(c) 1 card: AI is the absorbance of the free indicator 
measured after the titration is completed; PH is the pH 
value of the solution to be titrated; NB is the total number 
of points on the titration curve; X5 is the absorbance of 
the indicator complex measured before the titration Ahllnp. 

(d) 1 card: A(l), ., A(4) are the four dissociation con- 
stants of the indicator acid; “- 3” is written in place of 
any dissociation constant not available. 

(e) 1 card: A(l), ., A(4) are the four dissociation con- 
stants of the titrant; “ - 3” is written in place of any disso- 
ciation constant not available. 

m A number of NBj5 cards: these contain the co- 
ordinates of experimental points on the titration curve: 
VA(I) is the volume u of titrant added; VA(I + 1) is the 
absorbance or transmittance value, depending on the 
switch 6. 

@) 1 card: EPS is the absolute criterion of convergence 
of function U; when Lr(“) < EPS then the minimization 
process is terminated; ITMAX is the number of iterations 

in the minimization process; NGR is the number which 
controls the plotter output; when it is not equal to zero 
then a graph-is printed-data for the plotter are given by 
XL for the length of the abscissa and YL for the length 
of the ordinatejin inches); UF is a fraction specifying yhe 
change in the iterative steps for all parameters after each 
iteration. 

(h) 1 card: NAZX, the description of the abscissa. 
(i) 1 card: NAZY, the description of the ordinate. 
0’) 1 card: descriptive title. 
(k) 1 card: 7, Rurik, which calls block LASK to read 

the initial estimation of the parameters to be determined. 
(1) 1 card: NK is the total number of parameters to be 

determined in the course of the LETAG minimization pro- 
cess; NBYK is the number of non-negative parameters to 
be determined. 

(m) 1 card: XK(l), ., XK(5), the initial guesses for the 
parameters to be determined. 

(n) 1 card: ISKIN is the number of matrix elements to 
be read in; I or J denotes the co-ordinates of a matrix 
element; S(1, J) is the value of a matrix element. 

(0) 1 card: 3, Rurik, which calls the block STEG where 
the minimization steps for each parameter are read in. 

(p) 1 card: N is the number of parameters to be varied 
in an actual shot. 

(4) 1 card: IK is the number of parameters for which 
the steps are read in; W is the value of a step; the pair 
(IK, W) is written for each varied parameter. 

(r) 1 card: 5, Rurik, which calls the block LETA where 
a systematic variation of parameters is performed. 

When the experimental titration curve is to be analysed, 
in part A, SINST is written equal to -1 and the values 
of parameters XK(l), . ., XK(5) are not written. Then fol- 
lows part C, which calls block DATA, part B and part 
D. 

Interpretation of output 

At the top of the table, the name of the titration system, 
the parameters for a simulation process and the titration 
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conditions are printed together with the values of SINST, 
the five parameters, N, VO, FY, AW, ALMIN, ALMAX, 
PH, AI, and the pK, values for the successive deprotona- 
tion of the indicator and the titrant, respectively, which 
are denoted as PKll, PK21, PK31, PK41. The proton 
side-reaction coefficients of the indicator and titrant are 
also printed as ALPHA IN(H) and ALPHA Y(H). 

Experimental and simulated values are given in the fol- 
lowing sequence: the volume of titration agent V(ML), the 
absorbance AEXP, the corresponding value of a, ALPHA, 
and last the simulated values of absorbance ASIM and 
calculated error ERROR if the simulation process is 
requested. Under the table the total number of experimen- 
tal points is printed and the number of points within the 
interval G(,~“, c(,,, which are selected for regression analysis. 

The outputs of the successive minimization processes 
can be controlled by switches and some parts of them can 
be omitted. The particular iterations are printed next and 
for each of them the standard deviation SIGY, the U-func- 
tion, and the approximations of all parameters are given. 

When the absolute criterion of the convergence of the 
U-function is fulfilled or when a declared number of ite- 
rations is reached, the minimization process terminates. In 
order to test the fit of the experimental points to the regres- 
sion curve, the final table of curve fitting is printed. 

EXPERIMENTAL 

Spectrophotometer 

A Spekol single-beam spectrophotometer (Zeiss, Jena) 
was equipped for photometric microtitrations with the 
multipurpose attachment TAL (cf refs. 27, 29-31) with a 
thermostated cell and equipment for simultaneous 
measurement of pH. The design and function of TAL has 
been described previously., 3’,32 The accuracy of the spec- 
trophotometric measurements was checked with standard 
solutions of potassium chromate and copper(I1) sulphate.33 
The pH of ihe titrand was recorded at-the beiinning and 
checked during the titration. with a Radiometer PHM 4d 
pH-meter (G2i2B glass electrode and saturated calomel 
electrode, calibrated with standard buffers34). 

The titration cell was a 50-mm path-length cuvette, 
total volume 23 ml (type C, Zeiss, Jena). All the measurc- 
ments were made at 25 f 0.1”. 

Burettes 

A Metrohm E457 500+1 microburette was used,’ its 
polyethylene capillary tip being immersed in the titrand. 
Metal and indicator solutions were measured out with 
home-made microburettes31 of 500 fi or 250 ~1 capacity, 
calibrated by weighing water delivered under medicinal 
paraffin (standard deviations for 25 deliveries of 200 and 
100 ~1 were 0.3 and 0.2 ~1, respectively). 

Reagents and solutions 

EDTA solution, O.OOlM. Prepared in doubly distilled 
water. Standardized against twice reciystallized lead(I1) 
chloride by photometric titration, using Naphthylazoxine 
6s as indicator. 

Naphthylazoxine 6s and SNAZOXS solutions, O.OOlM. 
Both indicators were purifieda and the effective con- 
centration of indicator was determined by the molar-ratio 
method with copper. 35 The disodium salts of the indicators 
were fully protonated on a cation-exchanger column in H+- 
form. 

Zinc(l1) solution, OQOlM. Prepared by dissolving 0.074 g 
of Zn(N03)z .6H,O in water and diluting to 250 ml. Stan- 
dardized by chelatometric titrations using Xylenol Orange 
as indicator. 

Hexamine bufir, OQ4M. Adjusted to pH 6.0 with 0.05M 
nitric acid and to ionic strength 0.02 with O.lM potassium 

nitrate. Purified by extraction with dithizone solution in 
carbon tetrachlorihe. 

The solutions titrated with O.OOlM EDTA alwavs con- 
tained the same amount of individual components and the 
same sample volume was used. The solution titrated had 
a constant ionic strength of 0.01 and pH 5.80 adjusted with 
hexamine buffer and potassium nitrate, and temperature 
25”. The solutions titrated had the same metal-ion con- 
centration C~ = 1.0 x lo-*M (except for investigation of 
effect of cI) and the same indicator concentration cln = 
I.0 x 10-5M (except for investigation of effect of cIn). 

Procedure 

Take an aliquot of metal-ion solution and a suitable 
portion of indicator stock solution in a calibrated 50-ml 
flask, add a few ml of buffer solution and make up the 
volume to 50ml with doubly distilled water. Transfer 
2O.OOml of this mixture into the titration cell, place this 
in the apparatus and adjust the equipment. Fill the refer- 
ence cell with a solution containing no indicator but the 
same amounts of all other components. Place the reference 
cell in the light-beam and adiust the meter scale (0 and 
lOO”/, T). Put the measuring cell into oosition and take 
rea&ng~ of absorbance (or t;ansmittan&) at the beginning 
of the titration and at every 10~1 (ever 5 ~1 in the vicinity 
of the end-point) of titrant added, until constant absor- 
bance is reached. About 35 points are usually read. 

A 
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Fig. 3. Photometric titrations of zinc(I1) with O.OOlM 
EDTA, using Naphthylazoxine 6s as indicator, at various 
wavelengths. cln = IO-*M, cZn = 1.045 x lo-‘M, pH 5.80 
(hexamine), I = 0.01 (KNO,), volume = 20 ml, d = 50.0 
mm, temperature 25”. Theoretical equivalence point: 0.209 
ml. Wavelengths, nm: (a) 500, (b) 525, (c) 540, (d) 450, 
(e) 550, cfl 425, (g) 565, (h) 575. Evaluations of the curves 

are listed in Table 2. 
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Fig. 4. Photometric titrations of zinc(I1) with OQOlM 
EDTA, using SNAZOXS as indicator, at various pH values. 
I = 550nm, cZn = 1.060 x 10m5M, tin 2 lo-‘M, I = 0.01 
(hexamine + KN03), volume t 20m1, d = 50.0mm, tem- 
perature 25”. Theoretical equivalence point: 0.212 ml, value 
of pH (adjusted with 1M HNO,): (a)‘ 4.72, (b) 5.34, (c) 
5.80, (d) 6.23, (e) 6.84. Evaluations of the curves are listed 

in Table 3. 

RESULTS AND DISCUSSION 

Photometric titrations of zinc(I1) and lead(I1) with 
0001M EDTA, using Naphthylazoxine 6s and SNA- 
ZOXS as indicators, were chosen as models because 
formation of MIn, complexes is expected. Both indi- 
cators form predominantly simple MIn, type com- 
plexes” and have been studied in our laboratory for 
several years. End-points were located by graphical 
extrapolation and also by numerical analysis of the 

curves. During the minimization process log KhlY was 
kept constant at a value taken from tables because 
MY was too stable for determination of KMY to be 
considered certain. 

The effect of choice of wavelength is demonstrated 
in Fig. 3. Only one component should absorb signifl- 
cantly so the difference between the molar absorptivi- 

. 
ties of the free mdicator ctn and its complex l MtnN 
should be as great as possible. The graphical and nu- 
merical evaluations of the curves are shown in Table 
2. The end-points evaluated numerically are slightly 
but negligibly earlier than those obtained graphically. 
The evaluation of the indicator concentration and sta- 
bility constant of the indicator complex was not sub- 
stantially influenced by the choice of wavelength. The 
standard deviations of both parameters had low 
values. In some cases subroutine Letag was not able 
to determine a standard deviation.26 

The effect of pH is shown in Fig. 4 and Table 3. 
At low pH the difference between the absorbance of 
the free form of the indicator and its complex is 
reduced and the sharpness of the titration curve is 
also decreased. However, at pH higher than 6.4, acid- 
base reactions interfere with the complexation equili- 
bria. The end-points of the five curves evaluated were 
not substantially influenced except for those at the 
two extreme pH values 4.42 and 6.85 and were in 
good agreement with the equivalence point. 

The evaluation of the indicator concentration was 
also not influenced by pH. Corrections for ~(,~(u) at 
various pH values led to the same value of Khlln,. 

The influence of indicator concentration is demon- 
strated in Fig. 5. The use of more indicator markedly 

Table 2. Calculated results for the titration data in Fig. 3 [logcr,,u,, = 1.47; log KYY = 16.15 (cf Ref. 27); log ~(,,~u) = 4.971 

1, End-point volume, ml 
am Graphical Numerical Rel. dev. % -log Cl” log &u”z 

425 0.211 0.2091 f 0.0021 0.05 4.91 * 0.03 13.04 f 0.09 
450 0.212 0.2086 f 00011 -0.19 4.91 12.82 
500 0.210 0.2095 + OQO17 0.24 4.85 13.06 + 0.14 
525 0.209 0.2091 f OQO12 0.05 4.98 13.91 * 0.19 
540 0.210 0.2087 f 0.0018 -0.14 4.89 f 0.04 13.03 + 0.12 
550 0.210 0.2081 f 0+)012 - 0.43 4.90 * 0.05 13.01 f 0.13 
565 0.208 0.2083 + 00318 -0.33 4.91 13.07 f 0.14 
575* 0.220 0.2173 f 00019 -0.81 4.91 f 0.05 13.29 k 0.14 

Average 0.210 0.2086 + OQOO5 -0.19 4.91 f 0.04 13.13 f 0.18 

* Results at this wavelength were not taken into account for the average value. 

Table 3. Calculated results for the titration data in Fig. 4 [log KMY = 16.15 (ct ref. 27)] 

End-point volume, ml 
PH log %llnl log aMy Graphical Numerical Rel. dev. % -log cl* log &en, 

4.72 2.29 7.01 0.210 0.2052 + 0.0015 - 2.74 4.87 * 0.05 12.15 
5.34 1.68 5.81 0.210 0.2168 f OQO23 2.26 5.00 12.55 
5.80 1.23 4.99 0.210 @2107 + 00015 -0.61 500 12.27 
6.23 0.84 4.30 0.210 0.2126 f OQO12 0.28 4.91 12.55 
6.84 0.39 3.51 0.208 0.2140 + 00032 0.96 4.80 12.09 

Average 0.210 0.2119 * oQO31 70.05 4.92 + 0.09 12.31 f 0.24 
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Fig. 5. Photometric titrations of zinc(I1) with OOOlM 
EDTA, using Naphthylazoxine 6S, with various con- 
centrations of the indicator. i = 555 nm, cZn = 1.065 x 
10m5M, pH 5.75 (hexamine), I = 0.01 (KNO,), volume 
z 20 ml, d = 50.0 mm, temperature 25”. Theoretical 
equivalence point: 0.213 ml; indicator concentration, M: 
(n) 1.78 x lo-‘, (b) 1.41 x lo-‘, (c) 1.20 x lo-‘, (6) 
1.0 x 10-5, (e) 0.79 x 10-5, v) 0.60 x lo-‘, (g) 

0.40 x 1o-5. 

improves the shape of the titration curve, mainly in The value of &KWy determines the curvature of 
the linearity before the end-point. The optimum the titration curve before the equivalence point and 
amount to use is related to the accuracy in reading c&W can only be determined from the titration 

A 

the absorbance. The indicator concentrations eva- 
luated correspond to the actual analytical con- 
centrations of the indicator in the solutions titrated. 
The indicator concentration does not influence the 
position of the end-point or the value of the stability 
constant of the indicator complex. 

The effect of the metal-ion concentration is demon- 
strated in Fig. 6. The evaluated end-points were in 
agreement with the theoretical values. No marked dif- 
ference was found between the graphical and numeri- 
cal approach. The SIGY valuez6 of the best curve 
fitting for a set of titrations of zinc(I1) with SNA- 
ZOXS as indicator had the same value as the stan- 
dard deviation of the absorbance, i.e., 00035. The 
worst curve fitting was found for a family of lead(I1) 
titrations, with the same indicator. Higher SIGY 
values indicate that the experimental points are sub- 
ject to greater errors or that the curve does not corre- 
spond to the suggested mathematical model, e.g., 
there may be consecutive complex-forming equilibria. 

CONCLUSIONS 

The application of the program is limited. When 
the shape of the titration curve contains a long linear 
part before the equivalence point the estimation of 
the parameter log KMY,cond is not reliable. This para- 

meter and log &.rlnN,Eond are ill-conditioned in the 
model. In such cases the log KMY,cond value is kept 
constant during the minimization process. 

0 120 240 

vol. Pl 

Fig. 6. Photometric titration of lead(I1) with OOOlM EDTA, using Naphthylazoxine 6S as indicator, 
for various metal concentrations. I = 555 nm cm z lo-‘M, pH 5.75 (hexamine) I = 0.01 (KNO,), 
volume zz 20 ml, d = 500 mm, temperature 25”. Metal ccncentration cpbr M: (a) 0.56 x lo- 5, (b) 0.83 x 

10-5, (c) 1.07 x lO-5, (d) 1.35 x 10-5, (e) 1.55 x 10-5, (f) 1.78 x 10-5. 
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curve with an acceptable accuracy when the curva- 
tures are large. In that case, however, the titration 
itself is inaccurate and no longer of analytical interest. 
When, as commonly in practice, we deal with “good” 
curves, it will hardly be possible to determine KMu, 
and only Km_. can be determined in particular cases 
(no impurities giving interactions, MIn, the only indi- 
cator complex formed in solution, & KMIn, < 104). 

A preliminary analysis of the metal-indicator and 
the metal-titration reagent system is necessary in 
order to obtain preliminary information on the 
stoichiometric coefficient N, the absence of consecu- 
tive equilibria, and all the competing equilibria occur- 
ring in the solution. For the NCHEL-LETAG pro- 
gram to be usable for evaluation of the titration curve 
it is necessary that the indicator complex predo- 
minantly formed is of the type MIn,. 
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Summary-The rate constant k of the reaction of ascorbic acid with &6-dichlorophenolindophenol 
(DCPI) in oxalic acid solutions is determined, by stopped-flow techniques. Four different methods 
are used to evaluate the results. The values and errors are compared statistically. The average of 
the rate constant is 56.5 x lo3 1. mole-‘. set- ’ and the overall standard deviation is 0.6 x lOa 
1. mole-‘. set-’ or 1.0% relative. The pH-dependence of the rate constant suggests that DCPI reacts 
with undissociated ascorbic acid. 

The reaction of ascorbic acid and 2,6-dichloropheno- 
lindophenol has been widely applied for the assay of 
ascorbic acid in various biological and food samples. 
The stoichiometry of the reaction was first proposed 
by Tihnans,’ the products being dehydroascorbic acid 
and the leuco-compound of the indophenol. The reac- 
tion is very fast and first-order in respect to each 
of the participants. To our knowledge no kinetic 
study of the reaction has been undertaken in order 
to determine the second-order rate constant. 

In the present investigation we have applied 
stopped-flow techniques to determine the rate con- 
stant and to study the effect of pH on the reaction. 
Oxalic acid solutions were used as reaction media, 
these being solvents commonly used for the extraction 
and isolation of ascorbic acid from natural or biologi- 
cal samples. 

EXPERIMENTAL 

Apparatus 

A Durrum stopped-flow spectrophotometer, model D- 
131, was used. The course of the reaction was displayed 
on the screen of a storage oscilloscope (Tektronix R 564 
B) and photographed with a “Polaroid” camera (Tektronix 
C-12). 

Reagents 

The solutions of ascorbic acid and 2,6-dichlorophenol- 
indophenol (DCPI) were standardized volumetrically, 
with a 5-ml burette and class-A glassware. All runs were 
performed at 27”, the temperature being thermostatically 
controlled. 

All solutions were prepared in distilled water from p.a. 
grade reagents. Ascorbic acid solutions were prepared from 
a O.lOOOM stock solution in 0.05 M oxalic acid. The 
buffers used were hydrochloric acid-potassium chloride for 
OH 1.3-2.0, 0.1 M potassium hydrogen phthalate-0.1 M hy- 
drochloric acid (or 0.1 M sodium hydroxide) for pH 2.2- 
6.0, 0.1 M potassium dihydrogen phosphate-O.1 M sodium 
hydroxide for pH 6.0-7.5. Solutions of DCPI were pre- 
pared from a I.0 x 10m3 M stock solution in a 210mg/l. 

sodium bicarbonate solution. The DCPI solutions were 
standardized titrimetrically against prestandardized solu- 
tions of ascorbic acid, or photometrically on a Beckman 
DK double-beam spectrophotometer with a l-cm cuvette. 
The molar absorptivity was taken to be 8.60 x lo3 
1. mole-‘. cm-’ at 522 nm’. 

Procedure 

The stopped-flow spectrophotometer was calibrated for 
zero and lCOO/O transmittance with water in the observation 
cell. All measurements were performed at 522nm which 
is the isosbestic point for DCPI at various pH values.’ 
In all experiments the light-path was adjusted to give a 
signal of 800mV with water in the observation cell (T = 
1). The course of reaction was followed with the storage 
oscilloscope and the trace on the screen was photographed 
with a “Polaroid” camera. 

Evaluation of the experimental data 

All concentrations of ascorbic acid and DCPI given in 
the tables and diagrams are the actual values in the react- 
ing mixtures at zero time after mixing. 

In order to avoid systematic errors which may have been 
introduced during the experimental work, or appear during 
the evaluation of the data, four different techniques were 
applied for the calculation of the second-order rate con- 
stant k. The analytical conditions in each case were 
adjusted in such a way as to ensure the applicability of 
the treatment used. 

Method A. For the bimolecular reaction 

A + B A Products 

the rate law is given by the equation 

-dA -dB 
p’ = t = k,J$, 

dt dt 

where k, the rate constant, applies to a particular set of 
reaction conditions such as temperature, ionic strength and 
pH. If a spectrophotometric method is used and the trans- 
mittance T of the reacting mixture is monitored as the 
reaction progresses, the following mathematical expres- 
sions are valid, provided that the reactant B is the only 
absorbing species at the wavelength used: 

log;= -r,.b.B, (2) 
0 

27 
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where <B = molar absorptivity of B (1. mole-‘. cm-‘), b = 
light-path (cm), V0 = output signal of the photomulti- 
plier at transmittance T= l(8OOmV in the present work), 
V= output signal of the photomultiplier at transmittance 
x and i?, = the instantaneous concentration of reactant 
B. 

Differentiation of equation (2) with respect to time, and 
substitution of dBJdt from equation (1) gives 

dV 

dt= 
k (.W, V, A, 

0.4343 
(3) 

where (Abs), is the instantaneous absorbance of the react- 
ing mixture, which is equal to ~a. b. B,. At V = 294.3 mV 
the value of (Abs), is 0.4343, the product (Abs),. V has its 
maximum value and the value of the quantity Q = 
(Abs), V/O.4343 remains independent of V for the range 
25@350mV.3 If the analytical concentration of B is 
adjusted to achieve the conditions above and A, p B. the 
simpler equation 

dV 
x= k.Q.Ao 

can be used to determine k. This can be done by measuring 
the slope dV/dt of the reaction curve at signal level around 
300mV where the change of V with t is linear. The slope 
of the line dV/dt =f(A,) is the product kQ. Since values 
of Q can be calculated at each value of V, the rate constant 
k can be evaluated from the slopes in the diagrams. 

Figure 1 is a typical oscilloscope picture of the reaction 
curves. A plot of dV/dt for the curves of Fig. 1, as a func- 
tion of concentration of ascorbic acid, is a straight line, 
the slope of which is a measure of the rate constant and 
equal to Qk according to the theory above. 

2 

P 
E 

B 

Fig. 1. Oscilloscope picture of the reaction of ascorbic acid 
and DCPI. DCPI, 1.0 x 10m4M in NaHC03 solution; 
ascorbic acid, (I), 5 x 10w3M; (2), 3 x lo-‘M; (3), 2 x 

10_3M; (4), 1 x lo-3A4; (5), 5 x 10-4M. 

50 msec /div 

Fig. 2. Typical oscilloscope picture fot the application of 
methods B and D. DCPI, 5.0 x 10m6M in NaHCO, solu- 
tion; ascrobic acid, 12.5 x lo- 5M in 0.025M oxalic acid. 

Table 1 lists the results of a series of eight such exper- 
iments evaluated by this method. The mean value of k 
is 55.9 x lo3 1. mole-‘. set- ‘. 

Method B. Starting from equation (3) and substituting 
l a = 8.60 x lo3 1. mole-l .cm-’ and b = 2 cm, we obtain: 

2.525 x 1O-5 dV 

V 
. dt = kA,B, (5) 

A plot of the left-hand side of this equation against A$, 
can be used to evaluate k, as follows. The slope dV/dt 
is measured at several values of K then B, is calculated 
at each V by calculating first the absorbance and then 
applying Beer’s law. Finally A, is calculated from 

A, = A,, - B, + B, (6) 

The starting concentrations A0 and B, must be of the same 
order. 

Three oscilloscope pictures, similar to the one shown 
in Fig. 2, were evaluated according to this method. When 
normalized, the results gave a linear plot for equation (5). 
Table 2 lists the results of 10 experiments which were eva- 
luated by this method. The mean value of k is 56.8 x 
10” 1. mole-’ .sec- ‘. The difference in the shape of the 
oscilloscope curves in Figs. 1 and 2 is due to the fact that 
the first shows the course of a pseudo first-order reaction, 
and the second that of a pure second-order reaction. 

Method C. The oscilloscope pictures used in connection 
with method A were evaluated differently in this method. 
Since concentrations A0 and BO are adjusted so as to create 
pseudo first-order conditions, with respect to B (A, 9 B,), 
equation (1) can be written 

dB 
- -k,,.B, 

x- 

Table 1. Values of k determined according to method A 

k, lo3 1. mole-‘.sec-’ k, lo3 1. moleK’.secL’ 
DCPI, 10-e M (corrected for Y) (corrected for Y and l nAA) 

5 
10 
30 
38 
39 
67 
69 

100 

51.0 
51.8 
54.4 
54.4 
52.7 
51.2 
51.7 

56.7 
54.9 
55.0 
57.3 
56.8 
55.0 
54.8 
566 

Mean k = 55.9 
Sk = 1.0 
Sk = 0.4 
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Table 2. Values of k determined according to Method B Table 4. Values of k determined according to Method D 

DCPI, Ascorbic acid, k, DCPI; Ascorbic acid, > k, 
1O-6 M 1O-6 M lo3 1. mole-‘. set-’ 1O-6 M lO-‘j M IO3 1. mole-‘. set-’ 

5 10 
5 25 
5 50 
5 125 
5 250 
9 50 

48 50 
90 50 

9 500 
68 81 

56.5 
54.3 
55.3 
56.3 
57.2 
59.1 
56.5 
56,5 
58.8 
51.5 

Mean k = 56.8 
Sk = 2.1 
St; = 0.7 

where kob = kA, z kAO is the observed rate constant. By 
the infinite time method,4 k,, can be determined from the 
oscilloscope pictures taken at different values of A0 and 
at constant concentration PO (in all cases A0 % B,). On 
plotting k,, against A,, we can calculate k from the slope. 
A plot of In (A, - A,) vs. t, for the reaction curves of 
Fig. 1, gives a set of straight lines. From the slopes, kob 
values are calculated for each concentration of ascorbic 
acid. A plot of ki, us. A0 gives k, since ,k,,s = kAO. The 
results of 6 such experiments are shown in Table 3. The 
mean value is k = 56.8 x lo3 1. mole-’ .sec-i. 

Method D. The course of a second-order reaction of A 
and B, which is first-order with respect to each reactant 
and obeys the stoichiometric equation A + B = products, 
can be described mathematically by 

1 Ao.B, -ln_= kt 
B, - A, Bo.A, 

Experimental data may be presented linearly either by 
plotting the left-hand side of equation (8) against t, or with 
less calculation by plotting log BJA, against t. The exper- 
imental data can also be evaluated without plotting, but 
just by solving equation (8) for k, after substitution of suc- 
cessive observed values of A,, B, and t.’ This is also a 
test for second-order reaction kinetics, which was justified 
in our case. 

A typical plot according to method D is linear. The 
final result of treating five such curves is shown in Table 
4. The mean value of k obtained by this method is 56.2 x 
IO3 1. mole-‘.sec-‘. 

Effect of pH on the reaction rate constant k 

The effect of pH was studied in four different exper- 
iments which were performed with various concentrations 
of the reagents DCPI and ascorbic acid. The pH range 
1.1-6.0 was covered by mixing buffered solutions of ascor- 
bic acid with solutions of DCPI in sodium bicarbonate 
(NaHCO, 210mgJ.). The pH range 6G7.5 was covered 

Table 3. Values of k determined according to Method C 

DCPI, 1O-6 M 

5 
29 
38 
39 
68 

100 

k, lo3 I.mole-l.sec-’ 

57.5 
55.8 
57.0 
57.1 
57.3 
55.8 

Mean k = 56.8 
at = 0.8 
Sk = 0.3 

5 10 
5 25 
5 125 
5 250 
5 500 

57.2 
57.2 
56.1 
54.6 
56.2 

Mean k = 56.2 
s, = 1.3 
.rk = 0.6 

by mixing aqueous unbuffered solutions of ascorbic acid 
with buffered solutions of DCPI. This procedure was fol- 
lowed to avoid prolonged exposure of the ascorbic acid 
to an alkaline environment, where it auto-oxidizes. 

The results of these experiments are shown in Fig. 3. 

RESULTS AND DISCUSSION 

Tables l-4 list the results of the evaluation of the 
experimental data according to methods A, B, C, and 
D as described above. In most of the cases shown 

in Table 1 the values of k were calculated by measur- 
ing dV/dt at V = 300mV on the reaction curve, 

where Q has its maximum value. In some cases where 
the starting concentration of DCPI was lower than 
2.0 x 10m5 M, the slope dV/dt was measured at 
V > 360 mV where Q < 294.3 mV and the linear part 
of the reaction curve is shorter. Both experimental 
conditions have their advantages and disadvantages, 
which are discussed elsewhere.3 Column 2 of Table 
1 lists the values of k corrected for a parameter Y 

Y=l-~+~ 
0 0 

appearing as a result of the substitution of A, for 
A, in equation (3). These are the “apparent” values 
of the rate constant k. A second correction was 
applied to the “apparent” values for the contribution 
of species other than DCPI, in the absorbance of the 

I I I I @‘Oh ] 

0 I 2 3 4 5 6 7 .3 

PH 

Fig. 3. Dependence of the rate constant k on the pH of 
the reaction mixture. 
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reacting mixture. This has a negative effect on the 
slope dV/dt which entails negative error in the final 
value of the slope kQ. The correction is based on 
the following considerations. In equation (3) magni- 
tude (Abs) refers to the absorbance due to DCPI. We 
found that at 522nm dehydroascorbic acid abbre- 
viated DAA) also absorbs, having a molar absorp- 
tivity eDAA = 526 1. mole- 1 . cm- ‘. This value is about 
6”/, of eDCP,. If the contribution of DAA to the absor- 
bance calculated from the oscilloscope pictures is con- 
sidered, equation (3) must be replaced by 

dV _ k (Abs):. V 

dt- .-Em 
(10) 

where (Abs)? is the instantaneous absorbance of the 
reacting mixture. Equation (10) contains all correc- 
tions applied for the calculation of the k values given 
in column 3 of Table 1. Equation (10) shows that 
the Q values for each V must be corrected for the 
factor 1 - ED,JED~PI, which has the value 0.939 for 
this particular case. The standard deviations of the 
means are calculated according to the equation 

s, = 
Z(k - ki)’ 

i N(N - 1) 
(11) 

and the standard deviations for the method by using 
the equation 

Sk = 

Methods A and C give better reproducibility than 
methods B and D. This is obvious, since the measure- 
ment of the slope dV/dt in method A is accurate, 
because of the relatively long part of the reaction 
curves that is used. Method B requires the measure- 
ment of dV/dt at different points of a curved trace 
such as that shown in Fig. 2, which is less accurate. 

The method of determining k,,,, by the infinite-time 
method involves many points on the reaction curves 
and consequently the values obtained are accurate. 
This enhances the accuracy of method C. Methods 
B and D require the computation of the product A& 
of two small numbers, one of which is read from the 
trace and the other is computed by using equation 
(6). The probable error in B, affects the accuracy of 
A, as well as that of the product A,& thus introduc- 
ing larger errors. 

We have calculated the weighted average of the 
mean k values by using the relation6 

(13) 

where wi is the number of degrees of freedom for 
the ith method. The value of this average is k = 

56.5 x lo3 1. mole-‘. set- ‘. The error associated 
with this average value was calculated by conven- 
tional methods of analysis of variance. The variance 
of the average k was calculated according to the equa- 
tion6 

Csfw. s;=-- 
CWi 

(14) 

The result of this calculation is sk = O-6 x lo3 
1. mole- ‘. set- ’ which is taken as the overall error 
for the average k. 

Referring to Fig. 3, the S-shaped curve is reminis- 
cent of titration curves and can be explained by the 
hypothesis that the main species participating is the 
product of a protolytic reaction. This suggests that 
the effect of [H’] on the reaction rate is indirect. 
Hydrogen ions do not participate directly in the reac- 
tion, but control the concentration of the reacting 
species in the mixture. Ascorbic acid acts as a weak 
diprotic acid with dissociation constants &I = 
6.17 x lo-’ and K, = 1.62 x lo-” (pK,, = 4.21, 

pK,* = 11.79) at 20”.$ If we consider only the first 
dissociation, the experimental data can be explained 
by the hypothesis that the active species is undisso- 
ciated ascorbic acid. The solid line in Fig. 3 is a theor- 
etical curve which was derived by multiplying the 
value k = 59.0 x lo3 1. mole- ‘. set-’ (extrapolated 
value of the experimental curve), by the ratio of the 
concentration of the acid form to the analytical con- 
centration of ascorbic acid, at each pH. The two lines 
of Fig. 3 do not overlap fully at higher pH. Two 
explanations can be given for this disagreement. First, 
the experimental value pK,, = 4.25 deviates from the 
theoretical (4.21) at higher pH values because of the 
effect of ionic strength. As stated above the measure- 
ments were carried out in buffers of relatively high 
ionic strength. Alternatively, the ascorbate ion may 
react with DCPI in a similar manner to ascorbic acid, 
but with a different rate constant, thus altering the 
overall value of the rate constant k. Both explanations 
can be justified by the experimental results. 
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Summary-Columns and papers of titanium arsenate have been utilized for chromatographic studies 
of several alkaloids in aqueous and mixed solvent systems. The results have been compared with 
those obtained with plain papers. A number of separations have been achieved on papers impregnated 
with titanium arsenate. Distribution coefficients of these alkaloids have been determined. A number 
of alkaloids have been separated quantitatively from nicotine on titanium arsenate columns. 

Analytical applications of inorganic ion-exchange 
papers have considerably increased in number during 
the last few years,lp4 but very few investigations of 
organic compounds have been made. Inorganic ion- 
exchange papers were first introduced in this field by 
Catelli,’ who performed chromatography of amino- 
acids on zirconium phosphate papers. Chroma- 
tographic studies of alkaloids6 on zirconium phos- 
phate papers in a limited number of solvent systems 
hwe been reported. As far as we are aware no further 
attempt has been made to utilize inorganic ion- 
exchangers for the separation of organic compounds. 

It has been found that titanium arsenate offers 
excellent ion-exchange properties and has a great sep- 
aration potential for metal ions.’ We decided to use 
titanium arsenate papers and columns for the separ- 
ation of alkaloids and this paper summarizes the 
results of our studies. 

EXPERIMENTAL 

All chemicals used were of analytical grade. 

Pwpartrtion of ion-c.vchange papers 

Whatman No. 1 paper strips (15 x 3 cm) were first 
dipped in 0.5M titanium(IV) chloride for 10 set and then 

dried on a sheet of paper for 15-20 min. The papers were 
then treated with 0.5M sodium arsenate solution for 2(t 
30 set to precipitate the_ ion-exchanger. The strips were 
again dried, washed with demineralized water to remove 
excess of reagents and finally dried at room temp. To check 
the reproducibility ‘of the paper three sets were prepared 
and chromatography was performed on each. The results 
were found to be reproducible. 

Preparation of solutions 

Alkaloids. Solutions (1%) of all the alkaloids were pre- 
pared in ethanol, except for nicotine, which was dissolved 
in demineralized water. 

Detection reagent. DragendorlTs reagent’ was used for 
the detection of alkaloids, which give a red-orange spot 
with this reagent. 

Chromatographic procedure 

Ascending chromatography’ was performed in ordinary 
glass jars (25 x 5cm). The solvent was allowed to travel 
11 cm from the point of application in all cases. The R, 
values of the front and rear limits of the spot (RL and 
R, respectively) were recorded to determine the actual pos- 
ition of the spot. The developed chromatogram was air- 
dried and the spots detected by spraying with the reagent. 
Results are given in Tables l-3. 

Determination of distribution coeflcients 

Ion-exchanger in the H’ form (0.5 g) was equilibrated 
at room temp (20 + 57 with solutions of the alkaloids, 

Table 1. RL and R, values of alkaloids on plain papers and titanium arsenate papers (TiAs) 

Solvent 5% NH&I I N HCI 

Plain paper TiAs paper Plain paper TiAs paper 

Compound R, RT RI RT R, RT R,. R, 

5% Acetic acid 

Plain paper TiAs paper 

R, R, RI RT 

10% Acetic acid 

Plain paper TiAs paper 

R, RT RI R, 

Quinine O-65 0.90 O-80 092 0.90 IGil 0.75 095 0% I aI 0.25 090 090 1aO @IO Oa 
( lnchonine 0.70 IGI 075 0.95 0.90 1al 075 095 0.90 100 0.15 070 0.70 090 0.20 0.m 

Brucine 0.60 o.io 040 060 - _ o-55 075 065 0.90 040 0.70 080 095 0.48 0.75 
Atropine 090 I.00 0.75 0.85 @90 I.00 085 095 O-90 IO0 0.80 090 090 IQ0 0.80 0.98 
Nicotine 090 I.00 0.75 0.90 0.90 1~00 000 065 0.90 IO0 0.00 020 0.90 IQ0 000 0.26 
Strychnine 070 0% 0.70 0.80 0.65 0.85 060 0.75 0.70 0.90 0.38 0.62 O-80 095 0.55 0.80 
Codeine 0.85 0.95 @SO 0.90 0.90 1~00 080 0.95 086 Iecl 0.75 0.95 0.90 I.00 0.80 0.98 

31 
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Table 3. Some binary separations of alkaloids achieved on titanium arsenate papers 

Solvent systems Separation achieved 

0.01 M HNO, 

0.1 M HNO, 

n-Butanol: acetic 
acid: water 

(2: 1:2) 

10% Acetic 
acid 

5% Acetic 
acid 

Ethyl acetate: 
water : pyridine 

(2:2:9) 

Ethanol: acetic 
acid 

(1:2) 

Ethyl acetate: 
acetic acid: 
water 

(75:0.9:0.9) 
n-Butanol:HNO,(lOO: 1) 

n-Butanol: HCl(100: 1) 
n-Butanol:HCl(lOO: 15) 
n-Butanol:HCl(lOO:S) 
Cyclohexane saturated 
with water 

in conical flasks. The total volume was adjusted to 5Omf Where I = amount of alkaloid applied and F = amount 
with the desired solvents. The amount of alkaloid remain- of alkaloid found in solution after equilibration. The 
ing in solution was determined spectrophotometrically.9 results are summarized in Table 4. 
The distribution coefficients were calculated according to 
the formula. Separation of other alkaloids from nicotine on titanium 

arsenate columns 
I-F 50 

K,=---x- Exchanger in the H+ form (1.5 g, 5GlOO mesh) was 
F 0.5 placed in a glass tube (bore 0.69cm). Binary mixtures of 

Table 4. Distribution coefficients (i03 ml/g) of alkaloids on titanium arsenate 

O-5 M HNO,: 0.5 M HNO,: 0.5 M HNO,: CH,COOC,H,: 
O.OSM WIM 0.5 M NH&NO, 0.5 M NH,NO, 0.5 M NH,NO, CH,COOH:H,O 
HNO, HCI 5”; CH,COOH 5% NH,NO, (Y:l) (l:I) (l:9) (75:9:9) 

Quinine 
Cinchmine 
Strychnine 
Brucine 
Nicotine 
Ephederine 
Codeine 

I.80 0.100 I .50 0.70 ooJ7 0.180 0.200 3siI 
0.80 0.100 TA 3.90 0220 0.120 0.263 TA 
I.50 TA TA TA @I81 TA TA TA 
2al I.50 TA TA TA TA TA TA 
TA TA TA TA TA TA TA TA 

0.5 I 0.49 7.90 7.90 0.51 I.50 I.50 TA 
WI86 0.43 0.186 @LOO 0.038 0.47 0.70 TA 

TA = total adsorption. 
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Table 5. Quantitative separations of some alkaloids from 
nicotine on titanium arsenate columns 

Alkaloid* 

Quinine 
Quinine 
Cinchonine 
Cinchonine 
Strychnine 
Strychnine 
Brucine 
Brucine 
Ephedrine 
Ephedrine 
Codeine 
Codeine 

Amount taken, Amount recovered, 
% I% 

1000 998 
1500 1490 
1000 1000 
1.500 1495 
2000 1998 
2000 2002 
2000 1990 
1500 1505 
2Oc0 1990 
1500 1496 
1000 1000 
2000 2004 

* Mixed with 2OOOpg of nicotine. 

solutions of nicotine (2COOpg) with other alkaloids (lOC!& 
2OOOpg) were passed through the exchanger. Alkaloids 
other than nicotine were eluted with 0.1 M nitric acid, 4& 
50 ml (flow-rate 0.5 ml/min) being required. Nicotine inter- 
acts strongly with the exchanger and cannot be eluted. 
For each new separation, a fresh column was used. Results 
of the separations are given in Table 5. 

RESULTS AND DISCUSSION 

A comparison of the R, values of the alkaloids on 
plain and ion-exchange papers reveals that in almost 
all the solvent systems the R, values are lower on 
the ion-exchange papers. The Rf values generally in- 
crease with increasing hydrogen-ion concentration. 
On the basis of the R, values, several separations are 
possible. Table 3 summarizes a number of binary 

separations. 
The effect of reagent concentration on R, was stud- 

ied by using papers of different composition; the R, 

values in general decrease with increase in the con- 
centration of reagent. It was found that papers im- 
pregnated with @5M titanium chloride and sodium 
arsenate solutions gave the best results. The affinity 
of various alkaloids for titanium arsenate in 10% 
acetic acid is in the order atropine > strychnine > 

brucine > cinchonine > quinine, which is the same 
as in the case of zirconium arsenate. However, the 
affinity trend observed in 1M hydrochloric acid on 
titanium arsenate is atropine > cinchonine > 
quinine > strychnine > brucine, which is different 
from the trend obtained on zirconium phosphate with 
the same solvent. It may be concluded that it is the 
anion of the exchanger which is responsible for the 
adsorption of the alkaloids. 

Distribution coefficients of the alkaloids on 
titanium arsenate in various solvent systems were also 
determined and compared with the R, values 
obtained on titanium arsenate papers. It is interesting 
to note that the sequence of K, values is the reverse 

of the R, values in almost all systems. 
Codeine, atropine, strychnine, quinine and 

cinchonine have been recovered quantitatively from 
synthetic mixtures with nicotine, on titanium arsenate 
columns. Therefore titanium arsenate is specifically 
useful for the removal of nicotine impurities from a 
mixture containing a number of alkaloids. 
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RCsum&Le prelevement analytique (organique et dam certains cas inorganique), de masse inferieure 
a 5 mg, est attaque par voie humide, dans un micromatras, en vue de la mise en solution des elements 
A doser. Le titane, le platine, le palladium, le molybdene et le phosphore sont doses par colorimetrie 
spectrophotometrique en mettant respectivement en oeuvre les reactions suivantes: formation du com- 
plexe Ti(IVt_Tiron; formation de l’ion [PtClJ- par reduction de l’ion [PtCl,]‘- par le chlorure 
stanneux; formation de l’ion [PdI,]‘- ; reduction menagte de Mo(V1) en presence d’ions thiocyaniques; 
formation du complexe phosphovanadomolybdique. 

La colorimetrie de precision deja mise en oeuvre dans 
notre Service depuis plusieurs annees pour le micro- 
dosage du fluor, l-2 du phosphore’ et du silicium3 
y est Cgalement appliquee a nombre d’autres microdo- 
sages dont, notamment, ceux du titane, du platine, 
du palladium et du molybdene, dans les composes 
orpaniques et certains composes inorganiques, aprb 
attaque par voie humide. Par ailleurs, le domaine 
de son application au microdosage du phosphore 
dans de semblables composes y est sensiblement 
Clargi. 

Les reactifs utilises sont des produits classiques, 
commerciaux, qui presentent I’inconvenient dun 
manque de specifite; neamnoins, lorsque les produits 
soumis a l’analyse contiennent simultanement 
l’element a doser et des elements g&ants, la quantite 
de ces derniers que peut contenir un prelevement 
microanalytique est si petite qu’en general leur inter- 
ference sur le resultat du dosage est negligeable ou 
faible et peut alors &tre Climinee grace a une correc- 
tion appropriee ou a une legere modification du mode 
operatoire. 

En vue d’appliquer a la microanalyse des methodes 
colorimetriques jusqu’ici reservees a l’analyse de 
traces et dont, de ce fait, la sensibilite est trop Clevee, 
nous avons ete conduits a prelever 2 ou 3 parties 
aliquotes sur les solutions obtenues aprts attaque par 
voie humide; ces parties aliquotes fournissent le 
meme nombre de resultats de dosage dont on effectue 
la moyenne qui est adoptee comme resultat definitif. 
Cette facon d’operer permet d’eviter que I’analyse sur 
des parties aliquotes entraine une reduction de la 
precision des resultats; elle permet, en outre, en 
jouant sur la diminution du volume des fioles jaugees 
definissant le volume initial de la solution obtenue 

apres attaque par voie humide ou sur l’augrnentation 
du volume de chacune des parties aliquotes, soit de 
diviser par 10 la masse des preltvements milligrammi- 
ques du domaine microanalytique classique, soit d’ef- 
fectuer les determinations de tres faibles teneurs. 

Un autre intCrCt de cette methode est de permettre 
le dosage de nombreux elements, hors series, avec un 
meme appareillage qui, a l’exception du spectropho- 
tometre, est peu couteux; cet appareil doit permettre 
la determination des absorbances a un ou deux mil- 
litmes d’unite pres. 

Les complexes ou ions color% auxquels il est fait 
appel pour les dosages colorimetriques sont indiques 
ci-aprb ainsi que les reactions qui permettent de les 
obtenir. Les references bibliographiques sont citees 
dans le tableau II. 

Titane. Le Tiron (dihydroxybenzene-1,2 disul- 
fonate de sodium-3,5), forme un complexe jaune avec 
le titane(IV) a pH 4,7; par ailleurs, l’addition d’acide 
oxalique permet d’eviter l’hydrolyse des sels de titane. 

Platine. Le chlorure stanneux reduit l’ion 
[PtCl,12- en ion [PtClJ2- jaune. 

Palladium. L’iodure de potassium forme un ion 
complexe [pd1412-, rose brunatre, avec le palladium- 
(II); l’iode produit est elimine par reduction par le 
sulfite de sodium. 

Molybdine. La reduction menagee de MO(W) par 
l’iodure de potassium en presence d’ions thiocyani- 
ques donne lieu a la formation de MO(V) color6 ‘en 
jaune; l’iode produit est elimine par reduction par 
le sulfite de sodium. 

Phosphor-e. La methode deja mise en oeuvre,’ qui 
fait appel au complexe phosphovanadomolybdique, 
est adapt&e en vue de son application Clargie au 
domaine de la d&cimilligrammanalyse. 

35 
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PARTIE EXPERIMENTALE 

L’attaque, du type micro-Lorenz”’ ou micro-Lorenz 
modifie, est effectute en micromatras, du type “Kjeldahl” 
(capacite du bulbe: 16 ml), sur une rampe de mineralisation 
a gaze avec collecteur de fumees. Le chauffage au gaz peut 
&tre avantageusement remplace par un chauffage tlectrique 
a faible inertie thermique (les dispositifs du type “grille 
ilectrique” trouves sur le marcht ne permettent pas, en 
effet, un refroidissement rapide des matras). A cette fin, 
conviennent des fours Clectriques tubulaires de 18 mm de 
diametre inttrieur, disposes comme l’a decrit Bigois.’ 
L’ebullition est regularisee par l’introduction d’un petit 
morceau de plaque de verre fritte (porosite no 1). La sub- 
stance est pesee en tube p&se-substance de Lieb,“” en 
microampoule a un capillaires” (a briser sous la surface 
du liquide) ou eventuellement en sachet de terphane.’ Afin 
de pouvoir utiliser une microbalance Clectronique ou une 
ultramicrobalance permettant des pesees tres precises 
(extension a la decimilligrammanalyse), le p&e-substance 
peut btre remplact par une micronacelle de platine. L’en- 
semble nacelle-prelevement analytique est tare puis la 
nacelle est introduite horizontalement a l’interieur du 
matras a l’aide de longues pinces droites a extrtmitis plates. 
Elle est alors renversee de telle sorte qu’une quantite maxi- 
male de produit tombe dans le bulbe du matras. Elle est 
ensuite retournee dans la position initiale et extraite du 
matras toujours horizontalement en Cvitant qu’a aucun 
moment elle ne touche les parois de ce dernier. Sa nouvelle 
peske fournit, par difference avec la premiere, la masse de 
substance tombee dans le matras. 

Apres attaque par voie humide (cf: tableau 1) le contenu 
limpide de chaque matras est dilue avec de l’eau* et 
transvast 

-soit dans une fiole jaugee de capacitt F (25, 50 ou 
IOOml), dont le volume est ajuste avec de l’eau et de 
laquelle seront prelevtes des parties aliquotes pour la colo- 
rimetrie, 

-soit directement dans des fioles de colorimttriet de 
capacittfdans lesquelles on peut d’ailleurs avoir prealab- 
lement introduit un reactif (acide oxalique dans le cas du 
dosage du titane). 

Le terme “solution d’attaque” dtsigne la solution 
obtenue aprts attaque de l’echantillon par voie humide, 
et dans le cas de prtlevement de parties aliquotes, apres 
dilution et ajustement du volume dans la fiole jaugee de 
capacite F. 

L’option pour I’emploi ou non d’aliquotes est fonction 
de plusieurs facteurs dont le principal est la sensibilitt de 
la methode colorimetrique utilisee; en general, pour le phos- 
phore et le molybdene, l’emploi d’aliquotes n’est pas 
recommande. 

En mbme temps que sont effectuees les attaques par voie 
humide, sont prepares des “blancs de solution d’attaque” 
en utilisant les memes reactifs, ainsi que le sachet de ter- 
phane si celui-ci doit &tre employ&, et en suivant le m&me 
mode operatoire (avec dilution eventuelle lorsque la 
mtthode comporte des preltvements de parties aliquotes) 
que pour les attaques proprement dites; la seule difference 
est qu’il n’est pas proctdt a l’introduction dans le matras. 
de substance a analyser. En effet, si l’influence desdits r&c- 
tifs est negligeable dans les cas des dosages du titane, du 
platine et du phosphore a l’tchelle milligrammique, elle 
ne l’est plus dans ceux des dosages du palladium et du 
molybdtne; il faut alors en tenir compte. 

* De l’eau bouillante doit Ctre employee lors des dosages 
du phosphore et du titane. Riactfs 

t Le terme ‘Yiole de colorimetrie” designe la fiole jaugee 
dans laquelle est preparee la solution du complexe color& 

Les reactifs sans mention speciale sont des reactifs Pro- 

objet des mesures colorimetriques. 
labo “pour analyses”, les reactifs employ&s tant pour l’atta- 
que par voie humide que pour la colorimttrie sont unique- 

$ C’est cette possibilite de travailler dans des conditions 
identiques qui permet d’tlargir le domaine d’application 

ment cites sous la rubrique “attaque”. L’eau utilisee est 
distill&e au laboratoire dans un appareil en acier inoxyd- 

de la colorimetrie. able. 

A cette fin, il suffit alors d’introduire Cventuellement 
dans chacune des fioles de colorimetrie les reactifs 
employ& pour une attaque proprement dite aprbs leur 
avoir fait subir un traitement identique a celui des condi- 
tions d’attaquejj. Les quantites de rkactifs a introduire doi- 
vent &tre telles que leurs concentrations finales soient 
egales entre elles dans toutes les fioles de colorimetrie (cf 
remarque ci-apres). 

La colorimetrie est effect&e sans recours a une courbe 
d’etalonnage;’ son usage est remplact par celui de solu- 
tions &talons cf tableau 2), contenant chacune une quantite 
connue (p mg) de l’eltment a doser, introduite dans la fiole 
de colorimetrie sous la forme de u ml dune solution titree 
approprite, prbparees en mCme temps que les solutions 
inconnues contenant P mg de l’tlement a doser. La solu- 
tion inconnue est introduite dans une fiole de colorimetrie 
f sous forme de solution d’attaque soit en totalite (son 
volume est alors s), soit sous forme d’aliquotes (de volumes 
al, a2.. ai.. a, ml) prelevtes par pipettage dans la fiole 
F oti la solution totale (de volume s) a ete prealablement 
dilute. 

La solution &talon &ant toujours preparee en triple, en 
vue d’ameliorer la precision, soit d’, d” et d”’ les absor- 
bances correspondantes et soit D celle de la solution incon- 
nue, toutes mesurees par rapport a l’absorbance de la solu- 
tion d’essai a blanc de rkactifs (cette derniere est p&par&e 
comme une solution &talon, a l’exclusion de l’addition de 
solution titrte). La quantite inconnue P est calculee a partir 
de p par une simple regle de proportionnalitt, d’apres la 
formule : 

PD 

= (d’ + d” + d”‘)/, 

11 est recommandable que p et P aient des valeurs voi- 
sines; cependant, en ce qui concerne les elements con- 
sidtres dans le t&sent travail. la loi de Lambert-Beer &ant 
assez bien suivie, la precision reste acceptable s’il arrive 
que l’tcart croisse entre les valeurs de p et P, sous reserve 
que p demeure a l’inttrieur des limites indiquees pour P 
dans le tableau 2. 

Remarque. Lorsque les parties aliquotes prelevees ont 
des volumes a,, ai. .a,, differents (a, > ai. z a,), elles 
contiennent des quantites de reactifs d’attaque differentes, 
proportionnelles a leurs volumes respectifs. Lorsqu’il s’est 
avert, au tours de l’etude prtliminaire, que l’influence des 
reactifs d’attaque n’est pas negligeable, on s’arrange pour 
que la quantite totale de reactifs d’attaque soit &gale, dans 
chacune des fioles de colorimetrie, a celle que contient l’ali- 
quote a1 dont le volume est le plus tlevt. 

A cette fin, on introduit: 
-w = a, ml de “blanc de solution d’attaque” dans les 

“solutions d’essai a blanc de reactif’ et les solutions 
&talons, 

-w=a,-a,=O,w=a,-aiouw=a,-a,mlde 
“blanc de solution d’attaque” dans les solutions inconnues, 
lesquelles contiennent deja respectivement a,, ai ou a, ml 
de solution aliquote. 

Pendant le temps (t) qui doit s’ecouler entre la fin de 
la preparation des solutions (&Ions, inconnues, d’essai a 
blanc) de colorimttrie et les lectures au spectrophotometre 
(cf tableau 2), les fioles sont laisdes en attente a la tem- 
perature ambiante et a l’abri de la lumiere (bien que cette 
derniere precaution puisse &tre superflue dans le cas de 
certains dosages). 
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Titane 

Attaque. Acide sulfurique (p.s. = 1.83); acide nitrique 
(p.s. = 1,38); eau 0xygWe (110 ~01). 

Colorimdtrie. Acide oxalique: solution aqueuse B 25%. 
-Ammoniaque (p.s. = 0,90). 
-Solution tampon ?I pH 4,7: solution aqueuse contenant 

68 g d’ac&ate de sodium NaCH,COO. 3H20 (ou g dtfaut 
50 g d’acCtate de potassium KCH,COO) et 30 ml d’acide 
acttique (p.s. = 1,05) par litre de solution. 

-Tiron: solution aqueuse g 4% prtparke au moins 4 a 
5 h avant emploi. La solution doit &tre incolore; elle ne 
se conserve que quelques jours g l’abri de la lumitre. La 
qualitk du Tiron est tr&s importante; le Tiron “Prolabo” 
a toujours donnt satisfaction. 

-Papier pH permettant de dkterminer le pH a 95 uniti 
p&s. 

-Solution titrite de titanelm” g 1 mg/ml: chauffer, B 200” 
au bain de sable jusqu% dissolution compltte (durke: 
environ 90 mn). 1.668 e. de dioxvde de titane our Prolabo 
(le lot utilisk s&t &rgde puretk suffisante), 10 g de sulfate 
d’ammonium et 55 ml d’acide sulfurique (p.s. = 1,83). Ajus- 
ter g 1 litre avec de l’eau. La solution est stable pendant 
plusieurs mois. 

-Solution titrCe de titane B 0,02Omg/ml: diluer avec 
de l’eau une partie de la solution prtckdente. 11 n’est pas 
recommandk de pr6parer et de conserver une solution g 
O,OlOmg/ml par simple dilution de la solution a 1 mg/ml; 
en effet, la solution ainsi obtenue ne serait stable que pen- 
dant une quinzaine de jours (probablement parce que son 
pH est 1Cgkrement plus tleve: 2 au lieu de 1.5). 

Platine 

Attaque. Acide sulfurique (p.s. = 1,83); acide nitrique 
(p.s. = 1,38); acide chlorhydrique (P.S. = 1,19). 

Colorimdrie. Chlorure stanneux: solution B 10% 
prtparte tous les 8 jours. Peser 50g de chlorure stanneux 
cristallisC, SnCl, 2H20, ajouter 80 ml d’acide chlorhydri- 
que (p.s. = 1,19) et compltter ti 5OOml avec de l’eau; faire 
chauffer kventuellement jusqu’8 temp&ature voisine de 

1’8bullition si la solution est hydrolyde; elle devient alors 
limpide. Arr&ter aussit6t le chauffage et laisser refroidir. 

-Fil de platine pur (a 99,95x) d’environ 0,05 mm de 
diamktre. Ce diamCtre doit rester faible: la durte de disso- 
lution d’un fil de 0,5 mm de diamktre, par exemple, serait, 
en effet, beaucoup trop longue dans les conditions d&rites. 

-Solution titrke de platine zi O,lOOmg/ml: introduire 
dans un micromatras 1OOmg de fil de platine prbalable- 
ment grillt au rouge, dans la flamme d’un bet Bunsen, 
I ml d’acide nitrique (p.s. = 1,38) et 1 ml d’acide chlorhy- 
drique (p.s. = 1,19). Faire bouillir sur la rampe de mintrali- 
sation jusqu’g Cvaporation presque B sec. Laisser refroidir 
et recommencer l’opbration jusqu’g dissolution compl&e 
du platine; 3 ou 4 additions d’acides nitrique et chlorhydri- 
que sont nCcessaires. Faire ensuite bouillir 3 ou 4 fois avec 
1,5 ml d’acide chlorhydrique jusqu’g disparition des 
vapeurs nitreuses. Evaporer chaque fois presque B set sauf 
la dernitre pour laquelle le volume rCsidue1 doit &tre de 
1 ml environ. Transvaser quantitativement le contenu du 
matras dans une fiole jaugtte de 1 litre et ajuster avec de 
l’eau. 

-Solution titrke de platine a O,OlOmg/ml: diluer avec 
de l’eau une partie de la solution pr&cCdente. 

Palladium 

Attaque. M&mes rbctifs que ceux utilisCs pour le platine. 
Cdorimhtrie. Ammoniaque (p.s. = 0,90). 
-1odure de potassium- solition g 50% p&par&e tous 

les 15 iours. Verser dans une fiole 2.5 ml d’ammoniaque 
(p.s. =“0,90), 250 g d’iodure de potassium et de l’eau -en 
quantiti: suffisante pour dissoudre l’iodure. Compltter & 
500ml avec de l’eau. Conserver la solution g l’abri de la 
lumitre. 

-Sulfite de sodium anhydre Merck p.a.: solution 
aqueuse a 48% renouvelCe par prkparation tous les 2 jours. 

-Mousse de palladium g 99,9x. 
-Solution titrCe de palladium g 0,100 mg/ml: introduire 

dans un micromatras 100 mg de mousse de palladium, 1 ml 
d’acide chlorhydrique (p.s. = 1,19) et 1 ml d’acide nitrique 

Tableau 1. Attaques par voie humide 

E* m* Type de substances analysQs 
Optrations successives effectuires 

en micromatras 

Ti 0,5 a 5 Substances organiques 

183 Substances inorganiques (nitrures, 
borures et boronitrures 
de titane. .) 

Pt et Pd 185 Substances organiques 

MO 183 Substances organiques et 
quelques substances inorganiques 
(produits de recherche) 

0,8 ml H,SO, + 3 ti 4 gouttes HNO,; Eb* = 15; 
2 fois 2 g 3 gouttes HNO,; Eb = 15 + 15; 
3 fois 3 g 4 gouttes H,O,; Eb = 15 + 15 + 30; 
1,5 ml H,O bouillante; Eb = 0. 
0,8 ml HNO, + 3 g 4 gouttes H,O,; Eb = 10; 
0,8 ml H,SO, + 3 g 4 gouttes H,O,; Eb = 15; 
3 fois 3 g 4 gouttes H,O,; Eb = 15 + 15 + 15; 
1,5 ml H,O; Eb = 20. 
0,8 ml H,SO, + 3 9 4 gouttes HNO,; Eb = 15; 
2 fois 2 a 3 g&ttes H<O,; Eb = 15-4 15; 
2 fois 0.7 ml HCl: Eb = 8 + 10 
lmlHCl;Eb=d. 
cf: Titane “organique”. 

P 44 g 5 Substances organiques cJ Titane “organique” 

* Signification des symboles. 
E: ElCment do&. 
m: Masse du pr&vement analytique en mg. 
Eb: Durbes GCbullition exprimkes en minutes; ces durCes sont don&es g titre indicatif; les vapeurs nitreuses 

doivent Ctre totalement chas&s lors de la dernibre addition d’acide chlorhydrique ou d’eau oxygknke; laisser refroidir 
aprtis chaque Cbullition (d’oti l’int6rCt d’un systeme de chauffage g faible inertie thermique). Eviter toute Cvaporation 
a sec. 
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(p.s. = 1,38). Porter a l’bbullition sur la rampe de mintrali- -1odure de potassium: solution aqueuse a 4% renou- 
sation jusqu’a evaporation presque a sec. Laisser refroidir, velee par preparation quotidienne. 
introduire 1 ml d’acide chlorhydrique et faire bouillir jus- -Thiocyanate de potassium: solution aqueuse a 12”/,. 
qu’a ce que l’tvaporation rtduise le volume au l/3 de sa -Sulfite de sodium anhydre Merck p.a.: solution aqueuse 
valeur initiale. Recommencer Top&ration 2 ou 3 fois jusqu’a a 1% renouvelee par preparation tous les 2 jours. 
disparition complete des vapeurs nitreuses. Transvaser le -Solution titree de molybdene a 0,100 mg/ml: peser 
contenu du matras dans une fiole jaugee de 1 litre et ajus- 0,184Ogde molybdate d’ammonium (NH&Mo,O~~.~H~O 
ter avec de l’eau. et ajuster a un litre avec de I’eau. 

-Solution tit&e de palladium a O,OlOmg/ml: diluer 
avec de l’eau une partie de la solution precedente. Phosphore 

MolybdPne 

Attuque. M&mes reactifs que ceux utilises pour le titane. 
Colorimktrie. Acide chlorhydrique (p.s. = 1,19). 

Attaque et colorimhtrie. MCmes reactifs pour les preleve- 
ments decimilligrammiques que ceux anterieurement 
decrits pour le niveau milligrammique’ et pesages sans 
problemes sur une ultramicrobalance grace au transvase- 

Tableau 2. Colorimetrie 

E* 

* I* 
F, ml J ml P, mg DO* :m &I t* R* 

Ti’Oa ’ ” 25, 50 ou 100 50 401 a 0,09 0,l a 0,9 
0,09 a 0,18 0,45 a 0,9 

PQ4 B Ih 25, 50 ou 100 50 0.02 a 0,40 0,03 a 0,7 

Pd”,‘s 25, 50 ou 100 50 0,015 a 0,15 0,06 a 96 
0,15 a 0.25 0,3 a 0,5 

Mo’Ob 

P 

100 0,03 a 0,4 0,06 a 0,8 
44 a 0,8 0,4 a 0,8 

200 0,l a1 0.07 a 97 

50 0,02 a 93 0,06 a 0,9 

410 dl2h 

406 >45mn 

408 >45mn 

475 2h30mn 

410 >30mn 

410 >30mn 

Acide oxalique:‘3 1 ml 
A ml 
Ajuster a pH 4-5 
(NH, 13M et 7M, H,SO, 3,5M) 
v= 35 ml 
Tampon: 5 ml 
Tiron: 5 ml 
H,O 
A ml 
HCl 6M: 15ml 
V = 40ml 
Chlorure stanneux: 5 ml 
Hz0 
Am1 
wml 
HCl6M: 2ml 
V=4Oml 
Iodure de potassium: 5 ml 
Sulfite de sodium: 2ml 
Hz0 
Am1 
wml 
Iodure de potassium: 5 ml 
Thiocyanate de potassium: 10 ml 
HCl 6M: 50ml 
Sulfite de sodium: 1 ml 
Hz0 
Am1 
H2S04 18M: 2,8 ml 
(2 ml seulement pour les 
solutions inconnues) 
V = 170ml 
Laisser refroidir 
Molybdate d’ammonium: 10 ml 
Metavanadate d’ammonium: 10 ml 
Hz0 
Am1 
wml 
Molybdate d’ammonium: 2 ml 
Mttavanadate d’ammonium: 2 ml 
Hz0 

* Significations des symboles non d&finis dans le texte: 
E: element dose. 
F: capacitt de la fiole dans laquelle est dilue le contenu du matras dans le cas de prelevements aliquotes. 
f: capacite de la fiole jaugee utilisee pour la colorimttrie. 
P: masse d’element a doser. 
DO: absorbance. 
e: Cpaisseur de la cuve de colorimttrie. 
1: longueur d’onde a laquelle est effectuee la mesure. 
t: temps d’attente avant la lecture de l’absorbance sur le spectrophotometre. 
R : reactifs. 
V: volume approximatif de solution a obtenir apres addition d’eau. 
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Tableau 3. Exemples de resultats 

E Compose 
Teneur en element, %* 

m, mg Xi X T 

Ti Dichlorure de titanockne 2,863 
3,415 
2,239 
5,204 
2,023 

Diborure de titane 1,280 
1,170 
1,650 
2.940 
1,750 

Pt Acetylacetonate de platine 4,525 
3,969 
3,447 
3,106 
2,138 

Produit de recherche A 2,520 
1,470 
1,446 
0,914 
0,859 

Pd Acetylacttonate de palladium 4,015 
2.583 

Produit de recherche B 

MO Acetylacetonate de 
molybdenyle 

Compose de recherche C 

P Triphtnylphosphine 

4,623 
3,498 
3,024 
3,453 
3,896 
2,500 
2,468 
2,727 
2,139 
1,455 
1,035 
2,097 
2,325 
2,704 
2,831 
3,196 
2,329 
2,668 
4,133 
4,822 
0,398 
0.436 
0,970 
0,870 
0,830 

19.2 
19,3 
19,l 
19,5 
19,2 
69,5 
69,l 
69,3 
68,4 
69,7 
50,o 
49,3 
49,l 
49,6 
49,6 
238 
23,4 
23,3 
23,l 
23,3 
34,7 
35,2 
35,4 
35,1 
34,7 
17,4 
17,3 
17,3 
17,6 
17,5 
29,4 
29,8 
29,2 
29,3 
29,7 
26,0 
25,9 
25,5 
25,9 
25,8 
11,9 
11,9 
11,8 
11,8 
11,6 
12,o 
11.8 

19,3 

69,2 

49,5 

23,4 

35,0 

17,4 

29,5 

25,8 

11,8 

19,24 
- 

68,99 

4960 

23,55 

34.93 

1744 

29,41 

25,78 

11,81 

xi: Resultats trouves. 
x: Moyenne des resultats trouvts. 
7! Teneur calculee. 

ment dans le matras a l’aide dune micronacelle de platine 
(cf: au dessus) ou a l’emploi de sachets de terphane. 

Attaques par voie humide 

Diverses methodes sont mises en oeuvre selon l’eliment 
a doser, elles sont r&parties dans le tableau 1. 

Colorimetrie 

Les conditions de la colorimetrie sont indiquees dans 
le tableau 2, mais il reste toujours possible de modifier 
la capacite de la fiole utilisee pour la colorimetrie sous 
reserve de modifier egalement les volumes des rkactifs qui 
y sont introduits. Les rkactifs sont introduits dans la fiole 
jaugbe de capacitefdans l’ordre indique dans la colonne 
R de ce tableau. Trois sortes de solutions sont ainsi 

preparees de facon similaire: solutions inconnues, solutions 
&dons, solutions d’essai a blanc. 

Toutefois, introduire dans la fiole de colorimetrie 
dans les cas des solutions inconnues 

(1) soit le volume total A = s de la solution d’attaque, 
soit lors de prtlevements de parties aliquotes des volumes 
A = al . A = ai.. A = a,, de solution d’attaque avec 
a,> . > ai...> a, 

(2) si ntcessaire des ,volumes w = s - s = 0, w = a, - 
a, = 0, w = a, - a,. . , w = aI - ai.. w = aI - a,, de 
“blanc de solution d’attaque” selon que A = s, A = a, . , 
A = ai.. , A = a,; lorsqu’il s’est averi: que l’influence des 
rbctifs d’attaque est negligeable, on n’ajoute pas de 
“blancs de solution” dans les fioles de colorimetrie (w = 0 
dans tous les cas), qu’il s’agisse de solutions inconnues, 
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de solutions &talons ou d’essai k blanc, 
-dans les solutions &talons 

(1) un volume A = u de solution titrCe 
(2) Cventuellement un volume w = a, ou w = s de “blanc 

de solution d’attaque” selon que l’on pro&de, ou non, au 
pr&vement de parties aliquotes, 
-dans les solutions rfessai ci blanc 

si nkcessaire, un volume w = a, ou w = s de “blanc de 
solution d’attaque”. 

Cal&s 

Teneur centtsimale en kltment E: 

xOA = 
PXFXIOO 

m x ai 

avec 

PXD 

’ = (d’ + d” + d’“)/3 

Lorsqu’il n’est pas pro&d& au prtkvement de parties 
aliquotes, la formule s’krit plus simplement 

P x loo 
x% = ~~~ 

m 

RESULTATS ET DISCUSSION 

Quelques r&hats rep&e&&ifs de la mCthode 
sont report& dans le tableau 3. 

Nous avons etudii: l’influence de la prCsence simul- 
tanCe d’C1Cments g&nant le dosage de 1’ClCment con- 
siditrC, dans les produits soumis & l’analyse, au fur 
et B mesure que les problkmes se sont prbentks; leurs 
listes report&es, ci-apr&s, ne sont done pas exhaustives. 
Les teneurs en ClCments g&nants sont de l’ordre de 
grandeur de quelques dixiimes de milligrammes pour 
1 ou 2mg de pr&wement analytique. 

Dosage du titane 

As, B, Br, Cl, Co, Cu, F, Hg, K, N, Na, P, Pt, 
S, Sb, Se, Sn ne g&nent pa (cf: kgalement Yoe” et 
Clark13). Ba ne gEne plus apres filtration prCalable 
de la solution d’attaque. Fe, I, MO, Pd gi?nent. 

Dosage du platine 

Al, Br, Cl, Fe, K, N, Na, Ni, P, S, Ti ne g&nent 
pas. Cs, Pd et Rb g&ent. 

Dosage du palladium 

As, B, Br, Cl, I, MO, N, P, S, Sn, Ti ne g$nent 
pas. Se g&e. 

Dosage du molybdhe 

As, B, Br, Cl, Cs, F, Hg, I, K, N, Na, P, S, Sb, 
Sn ne g&nent pas. Ag, Pd, Pt, Se g$nent. Si ne g&e 
plus aprks filtration en vue d%liminer le prCcipitt: qui 
apparait lors de la dilution du contenu du matras. 

Dosage du phosphore 

Ag, B, Br, Ca. Cd, Ce, Cl, Co, Cu, F, Fe, Ga, Hg, 
I, K, La, Li, Mg, MO, N, Na, Nd, Ni, Pb, Re, S, 

* Le travail sur l’klimination de l’effet ginant de As a 
CtC effect& en collaboration avec M. Nabias (Service Cen- 
tral de Microanalyse). 

Sb, Se, Sn, Te, Th, Ti, V, Zn ne g;nent pas. Ba, Ru 
ne genent plus apr&s filtration prCalable de la solution 
d’attaque. 

Ir g&e mais Ge et W ne gcnent pas dans tous 
les cas; l’influence de leur prksence dkpend vraisemb- 
lablement de la forme molCculaire sous laquelle ils 
passent en solution qui dkpend elle-m$me des compo- 
sitions et structures des composCs soumis g l’analyse. 

En prksence de Pd, Pt, Rh, la solution d’attaque 
est color&e en jaune ce qui conduit g l’obtention de 
rCsultats lkgerement error& par exc& 11 est cepen- 
dant possible de leur apporter une correction, fonc- 
tion de la teneur en Pd, Pt, Rh; c’est ainsi que la 
prCsence de 0,6mg de Pd, Pt ou Rh donne lieu B 
des corrections nirgatives respectives correspondant B 
0,014,0,004 et 0,007 mg de phosphore. Ces corrections 
irtant faibles, il suffit de connaitre approximativement 
la teneur en Pd, Pt ou Rh pour les calculer. 

L’effet g?nant de Si est Climini? (apr& filtration 
Cventuelle de la solution d’attaque) comme l’indique 
Charlot”’ en effectuant la colorimCtrie en milieu 
acide nitrique (remplacer 2 ml de HzS04 18M par 
12 ml de HNO, 13M lors de l’emploi de fioles de 
200 ml) et en effectuant la lecture d’absorbance g une 
longueur d’onde de 420 nm au lieu de 410 nm; la loi 
de Lambert-Beer est alors un peu moins suivie. 

L’effet g&ant de As est klimint: en ajoutant au con- 
tenu du matras apr&s attaque 2ml d’eau, environ 
100 mg de bromure de potassium” p.a. et en portant 
ii l’ttbullition pour bien concentrer le liquide. Ce 
liquide doit &re incolore et le co1 du matras clair 
(le chauffer lCg&ement, g cette fin, si n&cessaire, avec 
un bet Bunsen*). 

CONCLUSION 

Les mCthodes spectrophotom&triques, assocites g 
une attaque par voie humide des compos& a analyser 
sont faciles ?I mettre en oeuvre et susceptibles de s’ap- 
pliquer aux microdosages d’un grand nombre 
d’ClCments, dans les substances organiques et cer- 
taines substances inorganiques, non seulement sur des 
prCl&vement milligrammiques mais souvent, &gale- 
ment, dCcimilligrammiques. Elles rendent done de 
prCcieux services, dans les laboratoires de microana- 
lyse, du fait de la tendance actuelle d la diversification 
croissante des dosages ClCmentaires qui leur sont 
demand&. 
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To study equilibria in solutions containing several metals 
and ligands, we must know the concentrations of the 
various species. Generally, as the formation of the com- 
plexes is a function of acidity, a convenient way of repre- 
senting the distribution of species is to plot the function 
aj = f(pH), where aj indicates the degree of formation 
of the jth species. If the formation constants of all the 
species and the analytical concentrations of the various 
components (metals and ligands) are known, they can be 
used to calculate distribution diagrams, which will (a) faci- 
litate choice of experimental conditions for obtaining bet- 
ter values for the formation constants, (b) give the pH for 
maximum formation of certain species, (c) indicate which 
complexes are formed to a negligible extent. 

In the last ten years various programs have been pub- 
lished for dealing with equilibrium systems; the most im- 
portant are HALTAFALL’, COMICS2 and EGUIL.3 
HALTAFALL and COMICS use simple iterative methods, 
and EOUIL uses the Newton-Ranhson method. As a rule 
the Newton-Raphson method is’preferable as it requires 
fewer iterations; on the other hand, each of its iterations 
requires a longer calculation time, the program is more 
complicated and therefore requires more computer 
memory space, and finally, the program sometimes 
diverges more easily than other iterative methods. 

We have developed a practical and simple program 
(DISDI) for obtaining quickly the distribution diagrams 
of systems containing up to one metal and two ligands, 
producing various species in equilibrium. 

METHOD 

The mass balance equations for the most complex case 
are 

M = m + cp /3,,, mp a4 br h” 

A = a + & &,, rnp a4 b’ h” 

B = b + XI Pwrs mp a4 b’ h” 

H = h + 1s /Iwls mp a4 b’ h” 

where M, A, B and H are the analytical concentrations 
of the metal, the two ligands and the hydrogen ions re- 
spectively, and the small letters indicate the free con- 
centrations of these species. 

All iterative methods require an initial guess. Starting 
at low pH, where we can assume that there is little forma- 

iA function y = f(x) is said to be monotonic in a cer- 
tain range if, as x increases within this range, the change 
of y is always of the same sign, or zero, but not positive 
in one part of the range and negative in another. 

tion of complexes, we have 

m0 =M 

a0 = A/(1 + cb! h”) 

b” = B/(1 + c/3; h”) 

where the /3: terms represent the protonation oconstants 
of the two ligands. Successive approximations are obtained 
by means of these equations: 

mi = mi - , @W,,~, + W 

ai = ai - I (A/&,I~ + 1)/z 

bi = ‘Ji - I (B/Bca,c + 1)/2 

This iterative method is similar to the one used by Perrin 
and Sayce for the program COMICS [mi = mi-, (M/ 
M...,,..)“*; x-(x+1)/2 if .xh 11. For successive ooints. __._. . 
we generally use the preceding-value of the free con- 
centration as the initial value: 

ml = m,_,;a\ = a,_,;bt = b,_, 

If we consider, on the other hand, that m = g,(pH), 
a = g,(pH) and b = g,,(pH) are monotonic continuous 
functionst. we can apply a simple method of interpolation 
to obtain an approximate value of mok (and analogously for 
a\ and bt): 

rnf = rnk-i - (rnke2 = mk-i)RW 

R = (PH, - I - pH,)&H,- z - PH, - 1) 

If the pH intervals are kept constant (R = l), we can 
simplify the equation to: 

mO,=m_ L 1 - (a2 - mk-,W 

where W is a correction factor for non-linear functions. 
We should take a different Wfor every point, but in prac- 
tice we obtain a good approximation by giving W a value 
of 0.85. 

RESULTS 

The program has been written in FORTRAN IV in two 
versions. In the first, DISDI, it calculates the con- 
centrations of all the species present over a given pH range, 
starting from the analytical concentrations of the com- 
ponents, the formation constants, the initial pH, the pH 
increments and the pH range, and prints them in tabular 
form together with the degree of formation aj = Cj/M 
(for the species containing the metal) and aj = Cj/A or 
aj = Cj/B (for the species that do not contain the metal). 
The second, DISDI*, besides doing the same as DISDI, 
prints out the distribution diagram. To show species 
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Table 1. Some characteristics of the programs COMICS, 
EQUIL, DISDI and DISDI* used on a CDC 6600 

computer 

Program S Tco Tea M D M-D 

COMICS 176 1.2 170 19.2 9.6 9.6 
EQUIL 429 2.6 8&190 14.8 4.1 9.6 
DISDI 154 1.2 100 9.3 0.3 9.0 
DISDI* 237 1.6 135 17.0 76 9.4 

S: number of cards. For the program COMICS and 
EQUIL there is a little difference from the original 
number, but only in the data input. 

Tco: compilation time, sec. 
Tea: calculation time referred to the program DISDI 

(= 100). 
M: total number of memories (K storage locations) 

required for the programs in the version used. 
D: total number of memories required by dimensions 

assigned to the variables. 
M - D: difference between the total memories and those 

required by dimensions assigned to the variables. This par- 
ameter is more significant than either D or M because 
the dimensions can be easily varied according to the 
requirements of the program user. 

formed in a minor or negligible quantity, a graph of log 
c1 = f(pH) can also be printed. 

These two programs have been applied to more than 
30 different systems and have never shown any conver- 
gence problem. They have also been compared with 
COMICS and EQUIL. DISDI used many fewer iterations 

than COMICS for most of the points, and although 
EQUIL converged faster, the calculation time was not 
lower. Table 1 gives some data for DISDI, DISDI*, 
COMICS and EQUIL. 

In testing the program DISDI*, the dimensions used 
for the distribution diagrams were 32 x 23 cm, but were 
later reduced to 25 x 17 cm, which is sufficient in most 
cases. If the iterative process is stopped when the differences 
M - Waler A - A,,, and B --B,,,, are less than 0.01% 
(and not OOOl’X as for the data reoorted in Table 1) the 

II 

number of iterations and hence the calculation time is 
reduced by 20-60’~, with a difference of 0.001, at most, 
in -log Cj 

DISDI is simple to use, does not greatly encumber the 
computer memory and is rapid. The more complex version, 
DISDI*, has the advantage of giving immediate repre- 
sentation of the species distribution in the system consi- 
dered. 

The complete listing of the program DISDI* is available 
from the authors on request. 

Acknowledgements-We thank Dr. C. Rigano for the valu- 
able advice he has given us in developing the programs, 
and the C.N.R. for financial support. 
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Summary-A simple computer program (DISDI) has been developed for obtaining the distribution 
diagrams of the species in solutions containing up to one metal and two ligands. It has been compared 
with the programs COMICS and EQUIL. 
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Although substoichiometric isotope dilution analysis is see whether a similar method could be used for the deter- 
considered most useful at trace element levels, it can also mination of the total concentration of iron in rocks with 
be advantageously used for the precise determination of satisfactory precision and accuracy. 
major components.’ This is so because the two most im- The method for biological material is based on wet-ash- 
portant factors for the overall precision of such a method, ing of the sample with nitric acid and sulphuric acid and 
i.e., the reproducibility of the substoichiometric separation subsequent extraction of iron from 3M sodium chloride 
and the counting statistics, may both be kept at a very medium and back-extraction with dilute nitric acid. A pro- 
low variabhty where relatively large amounts of an element cedure similar to that of Starj, and RuiiEka3 is then fol- 
are to be determined. In a previous work by the authors’ lowed. A substoichiometric amount of EDTA is added, 
it was shown that the determination of iron in biological 
reference materials could be carried out with high precision 

and the solution is applied to a cation-exchange column, 
where the excess of iron is retained, while the Fe(III)- 

at the concentration levels concerned. It was decided to EDTA complex passes through quantitatively. 
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it was shown that the determination of iron in biological 
reference materials could be carried out with high precision 

and the solution is applied to a cation-exchange column, 
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Table 1. Concentration of iron in five U.S. Geological Survey standard rocks, determined by substoichiometric radioiso- 
tope dilution (% Fe) 

Mean value 

Relative standard 
deviation, % 

Expressed as % FerO, 
Johansen and Steinnes,“ 

neutron activation 
Fleischer,’ recommended 

value 
Flanagan,‘j average 

: value 

Andesite Basalt Granite Granodiorite 
AGV-1 BCR-1 G-2 GSP-1 

4.71 9.30 189 300 
4.71 9.39 1.90 2.95 
4.72 9.28 1.91 3.01 
4.71 9.43 1.88 3.00 
4.79 9.31 1.95 3.00 
4.81 9.32 1.92 3.01 

4.74 9.34 1.91 3.00 

0.97 0.62 1.26 0.78 

6.78 13.35 2.73 4.29 

6.75 1340 2.65 4.31 

6.80 13.51 2.77 4.33 

Diabase 
W-l 

7.78 
780 
7.83 
7.87 
7.80 
7.85 

7.82 

0.45 

11.18 

11.12 

11.09 

After some preliminary experiments it appeared that the 
method, with some small modifications, could be applied 
to the determination of total iron in rocks after hydro- 
fluoric acid dissolution of the sample. 

Apparatus 
EXPERIMENTAL 

Counting equipment. A scintillation counter with a 75 x 
75 mm NaI(T1) crystal. 

Cation-exchange columns. Tubes of 12 mm internal dia- 
meter filled with Dowex 5OW-X8, 10&200 mesh, NaC- 
form, to give a 50-mm height of resin bed. The column 
is prepared by treating the resin in the II+-form with an 
excess of 1M sodium hydroxide and washing with water 
until the eluate is neutral. 

Reagents 

The reagents used were pro analysi grade. 
EDTA solution. Prepared by dissolving the disodium salt 

of EDTA in water. The solution was standardized against 
Fe(II1) solutions of known concentration, according to the 
substoichiometric procedure given below. 

59Fe tracer. A solution of specific activity 3000 mCi/g 
was diluted with 0.1 M hydrochloric acid to a concentration 
of about l&i/ml. 

Boric acid solution, 30 mg/ml. 

Procedure 

Weigh accurately about 50 mg of finely divided rock 
powder into a 100-m] Teflon beaker. Add 10 ml of concen- 
trated hydrofluoric acid, 2 ml of concentrated nitric acid 
and 1.00 ml of 59Fe tracer solution. Evaporate the mixture 
to complete dryness on a hot-plate. Then add 5 ml of 
6M hydrochloric acid and 1 ml of boric acid solution and 
evaporate to dryness again. Dissolve the residue in 5 drops 
of concentrated nitric acid and 15 ml of 4M sodium chlor- 
ide, then extract with 15 ml of isopropyl methyl ketone. 
Back-extract the iron with 15 ml of O.OlM nitric acid. TO 
the resulting solution add a known volume of EDTA solu- 
tion corresponding stoichiometrically to an amount of iron 
(y) which is about 60% of the estimated amount of iron 
in the s~~tnplc (1 molecule of EDTA corresponds to 1 atom 
of Fe). 

Allow the solution to stand for 1@15 min at 3O-#Y’, 
and then pass it through the cation-exchange column 

(flow-rate about 0.5 ml/mitt), taking care to transfer the 
solution quantitatively to the column. Wash the column 
with two 5-ml portions of water. Measure the activity of 
the combined eluates (A,) with the scintillation counter, 
and the activity of 1.00 ml of 59Fe tracer solution diluted 
to the same volume (activity A3. Calculate the amount 
of iron (x) present in the sample from the relationship x = 
Y AdA,. 

The reagent blank, determined in the same way as de- 
scribed above, was found to be insignificant when working 
in the concentration range in question. 

RESULTS AND DISCUSSION 

The method was tested on five U.S. Geological Survey 
standard rocks with composition ranging from basaltic to 
granitic and with iron contents in the range 1.9-9.3x. 
These standard rocks have been analysed in many labora- 
tories by a variety of analytical techniques, and their iron 
contents can be assumed to be well known. Before this 
work the same rocks were analysed in the authors’ labora- 
tory by a radiochemical neutron-activation method4 
assumed to yield results of high accuracy. A comparison 
of the results obtained by substoichiometric isotope dilu- 
tion with the literature values is given in Table 1. The 
agreement with the recommended values is within 1.5% 
relative in all cases. A similarly good agreement is evident 
with the work of Johansen and Steinnes,“ except in the 
case of G-2 where the neutron-activation values seem to 
be about 34% low. 

The good agreement with the literature values seems to 
indicate that no significant systematic errors were present 
in the analyses. The relative standard deviation is about 
0.51% for iron contents exceeding 3%. This implies that 
the quality of data obtained by the substoichiometric iso- 
tope dilution method described in this work would be as 
good as that of most data produced by the conventional 
methods of rock analysis. The present method may not 
be well suited for routine analyses, but could be a useful 
supplement in cases where the results obtained by other 
methods are to be checked. 
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Summary-Iron is determined in rocks by an isotope dilution method involving dissolution with hydro- 
Huoric acid, extraction of iron(II1) chloride into isopropyl methyl ketone, stripping with dilute nitric 
acid, and substoichiometric separation of the Fe-EDTA complex on a cation-exchange column. The 
precision and accuracy are 1.5% relative or better, as indicated by analyses of some U.S. Geological 
Survey standard rocks. 
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The significant differences in the stabilities of the EDTA 
complexes of thorium and the rare earth metals can, in 
principle, be exploited for sequential determination of these 
ions. Thorium can be conveniently titrated at uH 20 fol- 
lowed by the rare earths at pH_5.5. Such a-procedure, 
however; meets with difficulty in practice. The indicator 
suitable for this oH range is Xvlenol Orange (X0). The 
free indicator is lemon-yellow and its complexes red-violet. 
After the initial titration of thorium, however, the Th- 
EDTA complex produces a pink colour when the pH is 
raised to 5.5, thus making titration of the rare earths im- 
possible. Pfibil and Vesely’ ascribed this colour to the 
formation of a ternary complex Th-EDTA-X0 and sug- 
gested the use of excess of acetylacetone to prevent its 
formation so that the rare earths could be titrated. We 
have found kojic acid to be a similar masking agent for 
this purpose and its use is described in this note. Though 
the use of ligands such as DTPA or TTHA obviates the 
need for such a masking agent, the ready availability of 
EDTA makes its use still attractive. 

EXPERIMENTAL 

Reagents 

Rare earth solutions. Rare earth metal oxides (puri- 
ty > 99.9%) were dissolved in nitric acid and the solutions 
standardized bv EDTA titration with hexamine as buffer 
and X0 as indicator. 

Thorium solution. Thorium nitrate (299.9% was dis- 
solved and the solution standardized with EDNA. 

Xylenol Orange. A freshly prepared 0.5% solution of 
sodium salt in water. 

Kojic acid. The BDH (biochemical grade) product was 
recrystallized from alcohol (with animal charcoal added) 
to give buff needles. 

All other reagents were analytical grade. 

Procedure 

Dilute the sample solution containing about 1Omg of 
thorium and 5@60 mg of rare earth metals to about 200 ml 

and adjust the pH to 1.9-2.0 with ammonia or nitric acid, 
using a pH-meter. Add a few drops of X0 and titrate 
slowly with 0.05M EDTA till the colour changes from pink 
to lemon-yellow. Add kojic acid (solid) equivalent to about 
ten times the thorium content and stir well to dissolve 
it. Raise the pH to 5.5 (pH paper) with a saturated solution 
of hexamine. Titrate further with 0.05M EDTA till the pink 
colour again completely changes to yellow. 

Analysis of monazite. Isolate thorium and rare earth 
metals from the sample as oxalates by the method of 
Schoeller and Powell2 Carefully ignite to the oxides at 
65@700”, dissolve these in hydrochloric acid (to keep cer- 
ium in the 3+ state) and make up to standard volume. 
Titrate a suitable aliquot as above. 

RESULTS AND DISCUSSION 

Our potentiometric studies on mixed-ligand chelates of 
thorium have revealed that kojic acid forms a colourless 
ternary complex with Th-EDTA at a pH as low as 4.5, 
and can be used to suppress the formation of the pink 
Th-EDTA-X0 chelate. If kojic acid is added after the first 
end-point, sequential titrations qf mixtures containing dif- 
ferent amount of Th4+ and Ln3+ can be successfully 
accomplished (Table 1). 

The advantage of kojic acid over acetylacetone is its 
higher solubility in water and thus it can be used for higher 
concentrations of thorium. The colour change is quite 
sharp and no heating is necessary as in the case of acetyl- 
acetone. However, the heavier rare earths, if present in 
amounts higher than that of thorium, have been found 
to interfere in the thorium determination. The method has 
been found to work successfully for monazite, which 
mainly contains lanthanum, cerium, neodymium and pra- 
seodymium, the validity being established by titration of 
a second aliquot of solution with DTPA for comparison. 
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Table 1. Determination of thorium and rare earths in synthetic mixtures and 
monazite 

Taken Found Difference 
Th R.E. Th R.E. Th R.E. 

12.91 
51.64 

123.5 
12.91 
12.91 
12.91 
12.91 
78.4, 
13.07 
7.82 

Monazite 

22.7,(La) 
455&a) 

36,l,(Ce) 
31.5,(Pr) 
47,2,(Pr) 
30.4,(Nd) 
156O(Nd) 
35,4,(Sm) 
74.1,(La) 

12.91 
51.7, 

123.5* 
12.91 
12.91 
13.06 
13.06 
78.4, 
13.07 
7.95 
6.86% 
6.86% 

22.7, 
45.7, 

- 
36.14 
31.50 
47.5, 
30.4, 
15.67 
35.4, 
74.05 
43.5,%t 
43.6,% 

- -0.04 
+0.1, +0.1, 

- 
+@l, +0.30 
+0.1, +00, 

+ 0.0, 

+0.13 -0.1, 
(DTPA method) 
(Present method) 

* After titration, kojic acid was added and pH raised to 5.50. No pink colour 
appeared. 

t Rare earth mixture as in monazite (La-22.7, mg Ce-36.4, mg, Pr-3.68 
Nd-11.06 mg) expressed as La. 
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Summary-Kojic acid can be used instead of acetylacetone to form a ternary complex with Th-EDTA 
that is more stable than the corresponding Xylenol Orange ternary complex, thus making it possible 
to titrate lanthanides with EDTA at pH 5.5 after titration of thorium at pH 2. 
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Copper-sensitive membrane electrodes have been used pH measurements. A Metrohm Multidosimat E 415-10 G 
several times recently as potentiometric sensors in com- was used for the titrations. A Radiometer K 401 saturated 
plexometric titrations, r-i’ both of copper ions, and of calomel electrode was used as the reference electrode. The 
other metals with copper as the indicator ion. Several elec- indicator electrode was made by mounting a l-mm thick 
trodes are at present commercially available. In our studies crystalline plate, 5 mm in diameter, at the end of a glass 
a new type of electrode has been used, in which a single 
crystal of chalcocite--a copper(I) sulphide-has been 

tube, by means of silicone rubber. An Ag/AgCl electrode 

employed as the membrane. 
was immersed in the internal solution containing cop- 
per(H) chloride. 

EXPERIMENTAL 

Rcqents and apparatus 

A Radiometer PHM 26 pH meter was used for poten- 
tial measurements, and a Radelkis OP-206 pH meter for 

* Institute of Mathematical Machines, University of 
Warsaw. 

All reagents were of analytical grade, except tetraethyl- 
enepentamine (TETREN) (Koch-Light) which was further 
purified.r3 Solutions were prepared with twice-distilled 
water. The copper(I) solutions were prepared from CuCl 
and the Cu(I)/Cu(II) ratio was determined by redox poten- 
tial measurement. \ 

The numerical calculations were carried out on the 
GIER computer of the Dept. of Numerical Calculations 
of this University. 
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RESULTS AND DISCUSSION 

When calibrated in copper(B) solution prepared by suc- 
cessive dilution, a strictly Nernstian relationship with 29- 
mV slope was obtained down to pCu = 5. With the cop- 
per(I1) ion buffer-the so called pCu buffers“?-a linear 
plot was obtained over a much broader range, namely to 
below lo-“‘M (Fig. 1). Buffers perfectly suitable for such 
purposes were obtained by varying the pH of a lo-‘M 
Cu*+ solution containing a fivefold amount of TETREN. 
The shape of the curve calculated by using the HALTA- 
FALL program, l5 is in good overall agreement with the 
experimental results, but the position of the curve along 
the pCu axis depends significantly on the numerical values 
of the constants, which differ when taken from various 
references. This is especially severe at low pH values, where 
formation of protonated complexes makes the data less 
reliable. 

Beside the dependence on the copper(I1) ion activity, 
with a slope of about 29mV per decade, a dependence 
on the activity of copper(I) ions has also been found, with 
a slope equal to 53 mV per decade. These results suggest 
that the following relationship holds for the copper elec- 
trode: 

RT 
E = EO + -ln[ac,+ + ~~~~+,c~+(~c~~+Yl 

F (1) 

When 

and 

%.+ d Kc,z+,c,+ aQp+ ( P2 (2) 

RT 
E”’ = E” + -lnZ&+,,,+ 

F 
(3) 

then an equation for the potential as a function of the 
activity of copper(I1) ions can be obtained, having the form: 

E = E” + glnac,.+ 

O- 

-lW- 

t 
v) 
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z 

d -3oo- 
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Fig. 1. Calibration curve for copper electrode in lo- ‘.\I 
Cu. 5 x 10m3M TETREN. @lM KNO,. Curve l--exner- 
imental, 2-theoretical ace: to Paoletti et a1.,20 stheoieti- 

cal act. to Ringbom.21 
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Fig. 2. Potential-pH diagram for copper electrode in O.lM 
acetate buffer-curve 1 and for l0-3M Cu-EDTA, IO-‘M 
EDTA solution--curve 2. The unprimed curves are exper- 
imental, the primed are calculated with the HALTAFALL 

program. 

When the activity of copper(I) ions is relatively high, 
i.e.. of the order of lo-‘-lO_sM calculated on the basis 
of stability constants of the chloride complexes,‘6 and 
the activity of copper(I1) ions is as low as possible, the 
second term in the brackets in equation (1) may be neg- 
lected and the value of E” estimated. On the other hand 
from equation (4), in conditions when the copper(I) activity 
can be neglected, the value of E”’ can be determined. Sub- 
stituting these values into equation (3) gives the selectivity 
coefficient Kc,2 + cu + as lO_““. Using the Schmidt- 
Pungor procedure” and literature data’*,i9 on the solu- 
bility products of Cu,S and CuS one obtains a selectivity 
coefficient value of 

Kc,~+,c~+ = p,,,,,sy = lo-6.6 (5) 

\ %OC”S/ 

which is in good agreement with our experimental findings. 
In these experiments the effect of chloride ions on the 

response of the chalcocite electrode’i is significantly low, 
most probably because the membrane does not contain 
Ag,S. 

To establish the best conditions for the titration of cop- 
per with EDTA and TETREN in various buffers the poten- 
tial vs. pH relationships were determined, by using different 
copper to titrant ratios. Such diagrams are shown in Fig. 
2 for the acetate buffer. The experimental points are indi- 
cated by small circles, and the solid lines are calculated 
by the HALTAFALL program from published values for 
stability constants of Cu-EDTA complexes. Satisfactory 
agreement was obtained only in the absence of EDTA as 
a ligand. A similar discrepancy was found by Vesely” for 
the copper(I) selenide electrode, while Ross and Frant’ and 
Hansen et al_4 who used the copper(I1) sulphide mem- 
brane, did not mention such electrode response. Thus we 
can assume that the presence of copper(I) ions originating 
from the membrane is responsible for this behaviour. The 
experimental titration curve for copper(I1) ions with EDTA 
in an acetate buffer (Fig. 3, curve I), with the theoretical 
curve (curve 2) indicates that after the end-point an ion 
at constant activity must control the measured potential. 
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Table 1. Complexometric titration of copper with the copper- 
sensitive electrode 

I I I 
0 4 8 12 

Volume of O,OiM EDTA, ml 

Fig. 3. Titration curves of 10e3M Cu(I1) with EDTA in 
O.lM acetate buffer, pH 5. Curve l-experimental, curve 

2-theoretical. 

At the beginning of the titration (f = 0) the electrode 
potential (neglecting activity coefficients) is given by the 
equation: 

RT 
Ef=, = E" + -ln[Cu2+]1~2Kc,l+,c,+ 

F 
(6) 

while after the end-point (f = 2) the copper(I1) concentra- 
tion is so strongly depressed that the potential should be 
described by the equation: 

RT 
Efz2 = E" + ?ln[Cu+] 

Thus the total potential change in the titration is equal to: 

Ku’1 
ME,,, = EI=Z - EJ=O = ~05910gCCu~+,~,~KCU~+,Cu+ (*) 

When the potential change AEo.? in a titration was mea- 
surcd. and the selectivity coefficient was assumed to be 

Titrant 

Copper, mmole 
Error, 

Buffer pH Taken Found “/, 

EDTA Borate 9.2 0.1000 oG999 -01 
01000 0.1003 +0.3 

Ammonia 9.0 0.1000 oG999 -0.1 
O.lOcO oG999 -0.1 

Acetate 4.5 0.1000 0.1001 +o-1 
0.1000 0.1000 0 

TETREN Borate 9.2 0.0987 0.0987 0 
0.0987 oQ991 + 0.4 
00973 0.0977 +04 

Ammonia 9.0 0.0987 0.0986 -0.1 
0.1104 0.1109 +05 

Acetate* 4,5 0.0973 0.0968 -0.5 

*In presence of equimolar A13+ and Fe3+. 

equal to 10-6’6, the concentration of copper(I) ions was 
calculated to be 10-‘0’6M, which corresponds to a poten- 
tial of -35 mV us. SCE. This is in good agreement with 
the potential found from the titration curve after the end- 
point (f= 2). 

Such differences between experimental and calculated 
values were not observed when TETREN was used as 
titrant. In spite of the fact that none of the stability con- 
stants of the copper(I) complexes is known, it seems 
reasonable to assume that TETREN binds univalent cop- 
per much more strongly than does EDTA. When EDTA 
is used as titrant, however, an ammoniacal buffer is desir- 
able, because of the strong tendency of ammonia to com- 
plex copper(I). 

The experimental results from titrations with both 
titrants are presented in Table 1. They are relatively accu- 
rate and TETREN can also be used in the presence of 
other cations, such as iron or aluminium. 

A similar decrease in the potential break at the end- 
point was also observed in EDTA titrations of other ions 
(Pb”, Zn2+, Ca2+ ) when copper was used only as the 
indicator ion. However in those cases the accuracy was 

t 

(b) 

PH Fmction titroted 

Fig. 4. (a) Potential-pH diagram for the copper electrode. Curve 1-10-6M Cu(NO&, curve 
2-10e6M Cu(NO,),. 5 x 10e4M Zn-TETREN, 5 x 10e4M TETREN, curve 3-10-6M Cu(NO&, 
10m3 M Zn-TETREN, 10m3M TETREN. (b) Titration curve of 10e3M Zn(NO,), in presence of lo-‘M 

CU(NO,)~ with lo-‘M TETREN in borate buffer, with a copper membrane electrode. 
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Table 2. Complexometric titration of various metals with the copper-sensitive electrode 

Titrant Ion determined Buffer PH 

Metal, mmole 
Error, 

Taken Found % 

EDTA 

TETREN 

Ca2 + 

Pb2+ 

Zn2 + 

Cu2+ + Pb2+ 
Cu2+ + Zn2+ 

Borate 

Hexamine 
Hexamine 

Borate 
Ammonia 
Borate 
Borate 

Ammonia 9.0 

9.2 

67 
7.0 

9.2 
9.0 
9.2 
9.2 

0.1011 0.1017 + 0.6 
0.1011 0.1017 + 0.6 
0.1011 0.1019 +o+ 
0.1027 0.1031 +0.4 

0.1025 0.1024 -0.1 
0.1040 0.1046 f0.6 
0.1038 (Cu + Pb) 0.1037 -0.1 
0.1025 (Cu + Zn) 0.1026 +0.1 
0.1025 (Cu + Zn) 0.1031 +0.6 
0.05194 (Cu) DO503 1 -3.1 
0.1040 (Zn) 0.1050 +1.0 

also quite satisfactory (Table 2) when the titration condi- 
tions (buffer and pH) were selected on the basis of the 
potential-pH diagrams; such a diagram for the zinc- 
TETREN system is given in Fig. 4, together with the exper- 
imental titration curve, which in spite of its asymmetry 
may be advantageously used in practical analytical 
titrations. 

Mixtures of ions may also be titrated in the same way. 
Satisfactory results were obtained using an ammoniacal 
buffer for the copper-zinc system. However when the bor- 
ate buffer was used, advantageous because it complexes 
metal ions only weakly, the precipitate formed at the 
beginning and persisting nearly up to the end of the 
titration prevents determination of individual ions (e.g., 
Cu2+ and Pb2+). 
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Summary-The membrane electrode based on a synthetic chalcocite (Cu,S) single crystal responds pri- 
marily to the activity of copper(I) ions in solution. The experimental selectivity coefficient with respect 
to copper(I1) ions is in good agreement with the value calculated on the basis of solubility products 
of both sulphides. The electrode has been calibrated with metal-ion buffers containing a strongly com- 
plcxing &and. TETREN, and can be used as an indicator in titrations of copper with EDTA and 
TETREN. Comparison of an experimental titration curve with one calculated with the aid of the 
program HALTAFALL showed good agreement in the case of TETREN, but there were discrepancies 
for the EDTA titration, which are attributed to the presence and complexation of copper(I) ions. 
The electrode has also been applied in metal titrations with Cuzc as indicator ion, though the potential 
changes observed were smaller than predicted. All titrations showed errors less than 1%. 
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Acetylacetone has been used for the extraction of gal- 
lium’~’ but the extraction was not quantitative. Gallium 
and indium have been separated with acetylacetone3 but 
the process was time-consuming as it involved several 
steps. The complexes of gallium, indium and aluminium 
with trifluoroacetylacetone4 have been separated by gas 
chromatography. Benzoylacetone and dibenzoylmethane’ 
have also been used for the extraction of gallium. The 
synergistic extraction6 of gallium with thenoyltrifluroace- 
tone (TTA) and tetraphenylarsonium chloride is also 
reported, but the pH range for extraction was rather nar- 
row. TTA has been used for extraction and determination 
of many elements,’ and it is now shown that it affords 
clean-cut separation of gallium at microgram levels. The 
gallium can be determined by a Rhodamine B method. 

EXPERIMENTAL 

Reagents 

Gallium nitrate solution. The octahydrate (0.563 g) was 
dissolved in 1OOml of distilled water containing 1% of 
nitric acid. The solution was standardized gravimetrically.8 
The stock solution was diluted tenfold (gallium con- 
centration 98 pg/ml). 

Z-Thenoyltripuoroacetone solution in xylene, 0.03M. 
Rhodamine B solution, 0.5% in 6M hydrochloric acid. 

General procedure 

An aliquot (2 ml) of gallium nitrate solution was diluted 
and its pH adjusted to 4.5-6 with O.OlM nitric acid and 
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Fig. 1. Absorption spectra of Ga-Rhodamine B in ‘ITA- 
xylene. A. Ga-Rhodamine B in TTA-xylene 0s. reagent 
blank. B. Reagent blank us. xylene Ga = 2.81 x 10m4M, 

TTA = 3 x lo-‘111. 
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O.OlM ammonia solution in a total volume of 25 ml. It 
was then shaken in a separatory funnel for about 10min 
(wrist-action shaker) with 10ml of 0.03M TTA in xylene. 
The two layers were allowed to settle and separate. The 
aqueous phase was carefully withdrawn. The colourless 
organic layer was then shaken with 10ml of 6M hydro- 
chloric acid containing @5% of Rhodamine B, for about 
10 min.’ The two layers were allowed to separate. The red- 
dish violet complex of gallium was measured photometri- 
cally at 565 nm against a reagent blank. 

RESULTS AND DlSCUSSlON 

Spectral properties 

The absorption spectrum of a solution of Ga(IIIkTTA 
complex [Ga(III) =-2812 x 10m4M] shows strong absor- 
bance at 565 nm (Fin. 1). The reagent blank shows no 
absorbance at this‘ w&elkngth. The-molar absorptivity is 
1.07 x lo3 1. mole-’ .cm-’ at 565 nm. 

Extraction of various amounts of gallium at pH 4.56.0 
and measurement of the absorbance at 565 nm showed that 
the system conforms to Beer’s law over the gallium con- 
centration range 2-6Ong/ml. The colour is stable for at 
least 24 hr. 

Effect ofpH and other parameters 

The extraction was studied over the pH range l-9 (Fig. 
2). The results show that the optimum pH is 45-6.0. 

All other factors being kept constant, the concentration 
and volume of the reagent were varied (Table 1). It was 
observed that the extraction of 196 pg of gallium was com- 
plete with 1Oml of 0.03M TTA in xylene, but incomplete 
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Fig. 2. Extraction as a function of pH. 
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Table 1. Effect of reagent concentration [Ga(III) = 196 pg; 
pH 5.01 

L-m;], TTA added, Absorbance Extraction, 
ml at 565 nm % 

0.010 10 0.260 86.7 
0.015 10 0.260 86.7 
0.03 10 0.300 100 
0.045 10 0.305 100 
0.060 10 0.305 100 
0.030 2.5 0.100 33.3 
0.030 5.0 0.170 56.7 
0.030 7.5 0.230 76.7 
0.030 10 0.300 100 
0.030 15 0.200 
0.030 20 0.150 

at lower concentrations of reagent. There was no signifi- 
cant increase in the absorbance when the concentration 
of reagent was increased from @Ol to 006M. The use of 
varying volumes of 0.03M reagent showed that the extrac- 
tion was quantitative with 10 ml of reagent. 

The period of equilibration was varied from 2 to 20 min. 
The extraction was quantitative after 8 min of equilibration 
(Fig. 3). It is therefore recommended that the mixture be 
shaken for at least 10min. 

Ammonium, sodium, potassium, calcium and magne- 
sium nitrates were tested as salting-out agents in the con- 
centration range I-3M, but none enhanced the extraction. 

E&t of other ions 

Several ions were examined for their effect on the extrac- 
tion of gallium. The tolerance limit was taken as the 

Time, min 

Fig. 3. Extraction as a function of period of equilibration. 

amount required to cause a f2% error in the gallium 
recovery (Table 2). The ions showing strong interference 
were EDTA, citrate and ascorbate. Several masking agents 
were used to eliminate the interference of some ions, e.g., 
copper and osmium were masked with potassium cyanide, 
bismuth, chromium aluminium, uranium, and zirconium 
were masked with sodium fluoride, iron was masked with 
alkali metal phosphate, cerium was masked with tartrate 
and indium was masked with thiocyanate. 

The proposed method possesses several advantages, as 
it is possible to separate gallium from indium, thallium 
and aluminium, with which it is usually associated. The 
method is selective, as it is possible to separate gallium 

Table 2. Effect of diverse ions on determination of gallium [Ga(III) = 98 pgcg; 0.03M TTA; pH = 451 

Foreign ion Added as 

Tolerance Tolerance 
limit, limit, 

&l Foreign ion Added as w 

Ag+ 
Pb2 + 
Hg2+ 
Tl+ 
cu2+ 
Cd2 + 
Sb3 + 
Au3+ 
Bi3 + 
Pd2 + 
pt4+ 
Ir3 + 
Rh3+ 
os8+ 
Ru3+ 
Fe3+ 
Cr3+ 
A13+ 
Zn2 + 
Mn2+ 
co2 + 
Ni2+ 
uo:+ 
Th4+ 
Zr4+ 
Ce4+ 
Be2+ 
Sr2+ 

AgNO, 
WNW, 
&Cl, 
TNO; 
CuSO,. 5Hz0 
3CdS0,. 8H,O 
SbCl, 
HAuCl,. xH,O 
Bi(NOa)s 
PdC12 
H,PtCl, .xH,O 
IrCll 
RhCi, 
oso, 
RuCl, 
FeCl, 6H20 
CrCl, 
Al(NO,), . 9H20 
ZnSO,. 7H,O 
MnCl, .4H,O 
CO(NO~)~. 6H20 
NiS04. 6Hz0 
UO,(NO,), .6H,O 
T?I(NO~)~. 4H,O 
Zr(N03)4 
WS0‘J2 

Be(NO,), . 4H20 
SrCl, 2H20 

500 
2ocQ 
3ooo 
2ccO 

500” 
2ooo 
loo0 
1000 
5oob 

loo0 
2ooo 

800 
2ooo 
500” 
500 
5w 
500” 
lGQb 

2500 
2ooo 
5ooo 
2oob 
500 
5oob 
500’ 

2ooo 

Ba2+ 
Li+ 
Rb+ 
cs+ 

$4’ 

In3+ 
Ti4’ 
Re’+ 
Mo,O,:- 
wo:- 
vo; 
SeO: - 
TeO: - 
F- 
I- 
Br- 
CN- 

EDTA4- 
Cit3 - 

Ascorb- 

BaCl, .2H,O 
LiCl 
RbCl 
CsCl 
GeCl, 
SnCI,. 2H,O 
InCl, 
Ti(S04)2 
KReO, 
(NH,),Mo,O~~. 4H20 
Na,WO, 
NH4V03 
Na,SeO, 
Na,TeO, 
NaF 
KI 
KBr 
KCN 
KSCN 
Na,S,O, 2H20 
Na,SO, 
Na2S04 
EDTA(disodium salt) 
Citric acid 
Tartaric acid 
Malonic acid 
Ascorbic acid 

loo00 CH,COO- CH,COOH 

10000 
loo00 
5ooo 

z 
5oob 
5ood 
500 

2ocO 
1000 
2ooo 
1000 
500 

1000 
5oGO 
2ooo 
2ocO 
5ooo 
5ooo 
2ooo 
5ooo 

lO8OCJ 
None 
None 

500 
5ooo 

None 
10000 

Interference eliminated by masking with alkali metal (a) cyanide, (b) fluoride, (c) phosphate, (d) thiocyanate and 
(e) tartaric acid. 
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from a large number of elements at trace concentrations. 
The method is rapid as the extraction and determination 
require only 30 min. Concentrations as low as 1.96 &ml 
can be determined. The results are reproducible. The aver- 
age recovery of gallium is 99.9 f 0.1% (relative standard 
deviation 1.0%). 
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Summary--Gallium can be quantitatively extracted at trace levels with 2-thenoyltrifluoroacetone in 
xylene at pH 4.56.0. Gallium is determined in the organic phase photometrically by complexation 
with Rhodamine B. The system conforms to Beer’s law (at 565 nm) in the concentration range 2-59 pg/ 
ml. The complex is stable for 24 hr. Salting-out agents have no effect on the extraction. Gallium 
can be extracted and determined in a single extraction in presence of many elements associated with 
it, such as indium thallium and aluminium. 
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Several reagents have been suggested for the spectrophoto- 
metric determination of osmium.1-6 Practically all the 
methods deal with the problem of interfering constituents. 
The methods available are dependent upon various factors 
such as temperature, acidity, concentration of the reagent 
and certain other anions and cations. However, none pro- 
vides a method for the selective determination of osmium 
in the presence of the other platinum metals. In most, a 
prior separation of osmium as volatile osmium tetroxide 
is required. The present paper deals with the use of 2- 
amino-3-hydroxypyridine (AHP) as a chromogenic reagent 
for the spectrophotometric determination of osmium. This 
reagent has already been successfully used for the deter- 
mination of iron’ and ruthenium(III).* AHP reacts im- 
mediately with osmium(IV), (VI) and (VIII) solutions in 
the cold, forming different coloured species according to 
the acidity. The characteristics of the complexation have 
been studied spectrophotometrically and AHP has been 
used for selective and sensitive determination of osmium. 

EXPERIMENTAL 

Reagents 

Standard osmium(Vll1) solution. A l-g ampoule of 
osmium tetroxide (Johnson Matthey) was broken beneath 
the surface of about 1OOml of 4M sodium hydroxide in 
a glass-stoppered flask, as described by Ayres and Wells.’ 
The red-orange solution was washed into a I-litre volu- 

metric flask, made up to volume with doubly distilled 
water, and standardized by the modified method of Klob- 
bie.” 

Osmium(V1) and osmium(W) solutions. Obtained by dis- 
solving potassium osmate and potassium chloro-osmate in 
concentrated sodium hydroxide solution and hydrochloric 
acid respectively. 

Standard reagent solution. Obtained by dissolving an 
appropriate quantity of AHP in 95% v/v ethanol or meth- 
anol or in 10% v/v acetic acid. The solutions were kept 
in coloured glass bottles in a cool place. Under these con- 
ditions the solutions remain stable for up to six months. 

All other chemicals used were of analytical reagent qua- 
lity. 

Preliminary investigations 

On mixing the AHP solution (in alcohol or acetic acid) 
with osmium(VIII), (VI) or (IV) solutions, an immediate 
colour development takes place in the cold, the nature of 
the species formed depending only on the acidity and not 
on the oxidation state of the osmium. 

The absorption spectra of freshly prepared AHP solu- 
tion in ethanol and of the osmium complexes formed under 
various conditions are shown in Figs. 1 and 2. The reagent 
absorbs only in the ultraviolet region, showing maximum 
absorption at 235 and 3OOmn, the corresponding molar 
absorptivities being 2.05 x lo4 and 1.90 x lo4 1. mole-‘. 
cm-‘. The absorption maxima of the complexes 
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from a large number of elements at trace concentrations. 
The method is rapid as the extraction and determination 
require only 30 min. Concentrations as low as 1.96 &ml 
can be determined. The results are reproducible. The aver- 
age recovery of gallium is 99.9 f 0.1% (relative standard 
deviation 1.0%). 
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Several reagents have been suggested for the spectrophoto- 
metric determination of osmium.1-6 Practically all the 
methods deal with the problem of interfering constituents. 
The methods available are dependent upon various factors 
such as temperature, acidity, concentration of the reagent 
and certain other anions and cations. However, none pro- 
vides a method for the selective determination of osmium 
in the presence of the other platinum metals. In most, a 
prior separation of osmium as volatile osmium tetroxide 
is required. The present paper deals with the use of 2- 
amino-3-hydroxypyridine (AHP) as a chromogenic reagent 
for the spectrophotometric determination of osmium. This 
reagent has already been successfully used for the deter- 
mination of iron’ and ruthenium(III).* AHP reacts im- 
mediately with osmium(IV), (VI) and (VIII) solutions in 
the cold, forming different coloured species according to 
the acidity. The characteristics of the complexation have 
been studied spectrophotometrically and AHP has been 
used for selective and sensitive determination of osmium. 

EXPERIMENTAL 

Reagents 

Standard osmium(Vll1) solution. A l-g ampoule of 
osmium tetroxide (Johnson Matthey) was broken beneath 
the surface of about 1OOml of 4M sodium hydroxide in 
a glass-stoppered flask, as described by Ayres and Wells.’ 
The red-orange solution was washed into a I-litre volu- 

metric flask, made up to volume with doubly distilled 
water, and standardized by the modified method of Klob- 
bie.” 

Osmium(V1) and osmium(W) solutions. Obtained by dis- 
solving potassium osmate and potassium chloro-osmate in 
concentrated sodium hydroxide solution and hydrochloric 
acid respectively. 

Standard reagent solution. Obtained by dissolving an 
appropriate quantity of AHP in 95% v/v ethanol or meth- 
anol or in 10% v/v acetic acid. The solutions were kept 
in coloured glass bottles in a cool place. Under these con- 
ditions the solutions remain stable for up to six months. 

All other chemicals used were of analytical reagent qua- 
lity. 

Preliminary investigations 

On mixing the AHP solution (in alcohol or acetic acid) 
with osmium(VIII), (VI) or (IV) solutions, an immediate 
colour development takes place in the cold, the nature of 
the species formed depending only on the acidity and not 
on the oxidation state of the osmium. 

The absorption spectra of freshly prepared AHP solu- 
tion in ethanol and of the osmium complexes formed under 
various conditions are shown in Figs. 1 and 2. The reagent 
absorbs only in the ultraviolet region, showing maximum 
absorption at 235 and 3OOmn, the corresponding molar 
absorptivities being 2.05 x lo4 and 1.90 x lo4 1. mole-‘. 
cm-‘. The absorption maxima of the complexes 
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Table 1. Characteristics of complexes 

Characteristics 

OS-AHP complex in the absence 
OS-AHP complex in 50% ethanol of ethanol 

3M HCl 3M NaOH 3M CH,COOH 3M NaOH 

Colour Green Red-violet Green Violet 
L nm maX’ 600 540 600 550 
Adherence to Beer’s law, ppm O-153 S15.3 G-14.3 c14.3 
Molar absorptivity at &ax 1. mole-’ cm- ’ 5.2 x lo3 8.4 x lo3 9.0 x lo3 7.0 x lo3 
Molar ratio of reagent required for total 

complexation 4 20 8 10 
Composition M :L 1:2 1:3 1:3 1:3 

remain unaltered irrespective of the proportions of the 
reactants, indicating the formation of only one complex. 

To find the effect of heating on the completeness of 
complexation, the solutions were heated on a boiling 
water-bath and the absorbance was measured after differ- 
ent intervals of time. The absorbance was constant and 
maximal even without the heating, showing that heating 
is unnecessary. 

Variation in the order of addition of the reactants had 
no effect. The order used during investigations was osmium 
solution, interfering ions (if any), AHP, followed by adjust- 
ment of the acidity. 

Solutions containing osmium and appropriate quantities 
of AHP were prepared at different pH values (sodium ace- 
tate-acetic acid buffer). The complex precipitated at pH 
between 2 and 8. It was observed that two distinct col- 
oured species are formed at very high and very low pH. 
The intensity of colour of the complexes remains constant 
over the range 1.&6.OM hydrochloric acid or sodium hyd- 
roxide. Further studies were therefore made with 3M acid 
or alkali. 

Effect of reagent concentration, adherence to Beer’s law and 
sensitivity 

To a constant amount of osmium solution were added 
varying molar ratios of AHP at different acidities and in 
different media. The plot of absorbance (at &,) vs. con- 
centration of the ligand shows that the amount of reagent 
necessary for complete complexation varies with the condi- 
tions and the medium. The range of application of Beer’s 
law and the molar absorptivities were calculated (Table 
1). The optimum range is 3-13 ppm. 

Composition of the complexes 

Various methods, viz. continuous variations,” mole- 
ratio’* and slope-ratio,i3 were used to ascertain the com- 
position of the complexes. The metal combines with the 
ligand in different stoichiometric ratios under different 
working conditions (Table 1). Ion-exchange studies showed 
that the complexes were anionic. In the absence of further 
evidence, no structure can be proposed for the complexes. 

Recommended procedure 

To a suitable aliquot, containing l&100 ng of osmium, 
in a lo-ml standard flask, add 3 ml of 0.1% AHP solution 
(in ethanol or 10% acetic acid). Adjust the acidity of the 
solution to 3M by adding cont. hydrochloric or acetic acid, 
or the alkalinity to 3M by adding sodium hydroxide solu- 
tion Dilute to the mark, mix, and measure the absorbance 
at 1 max for the complex, us. a water blank. Preparation 
of a reagent blank is not necessary. 

Effect of diverse ions 

To a suitable aliquot containing 100 pg of osmium and 
various amounts of foreign ion, an excess of AHP was 
added and the recommended procedure followed. The 
results are summarized in Table 2, the tolerance limit being 

Table 2. Effect of diverse species 

Os-AHP complex Os-AHP complex in the 
in the presence of absence of kthanol. 
50% ethanol. limit limit of tolerance. 
of tolerance, ppm FPm 

Foreign 
species 3M HCI 3M NaOH 3M CH,COOH 3M NaOH 

Fluoride 5M) 

Borate 
Citrate 

Phosphate 
Persulphate 
Nitrite 
Cyanide 

Thiourea 
Bromide 
Iodide 
Sulphite 
Thiocyanate 

Thiosulphate 

500 
80 

500 
80 
20 
50 

80 
500 
500 
200 

50 

Acetate 
Chloride 
Ru(III), Rh(III), 
Pd(II). Ir(II1) 

P@V) 
Cu(I1) 
Hg(II) 
Zn(II) 
Cd(I1) 
Ni(II) 

Mn(II) 
AI(III) 

500 
200 

5 
IO 

20 
20 
20 
30 
20 

IM) 
20 

MdII) 25 

Sc(II1) 20 

Ba(II) 50 

Mo(VI) 25 
snrvn 25 
Fe&) 10 
In(II1) 10 
Pb(II) 100 

Gd(III) 50 
UW) 25 
Co(I1) 25 

500 500 
50 500 
50 400 
50 50 
50 50 

80 500 
loo 50 

50 500 
50 50 

interferes very seriously 

50 500 
50 4Oa 
50 50 
50 20 

interferes 
very 50 

seriously 

500 ~ 
250 300 

5 5(30’) 
50 50 
50 zqso*) 
SO 2q5w 
50 loo 
50 2q50’) 
25 80 

I&l 200 
25 50 
50 100 
25 50 
50 100 200 

50 zqso*) 25( 100;) 

50 2q5w 25(lw) 
25 25(lW) 25003) 
25 100 loo 
25 100 loo 
50 loo 

100 100 
50 50 

IW 
400 
300 

50 
50 

400 
so 

400 
50 

5w 
400 

80 
20 

IM) 

3w 

5(20’) 
50 
2q50*) 

zqsot) 
loo 

2q50*) 
8qlCO’) 

200 
250 
250 

25 

200 
100 

50 
La(III) 50 100 100 100 

EDTA interferes interferes 30 pm& 30 pm& 

* Masked with 3 ml of O.OlM EDTA. 
t Masked with 400 ppm of iodide. 
0 Masked with 400 ppm of fluoride. 
$ Masked with 100 ppm of fluoride. 

taken as the concentration causing an error of not more 
than 3%. The interference of most ions can be avoided 
by choosing the conditions for colour development. 

The interferences caused by various cations, including 
platinum metals, can be avoided by making use of the 
common masking agents, viz. EDTA, fluoride, citrate, tar- 
trate, etc. Typical results are also summarized in Table 
2. 
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210 230 250 270 290 310 330 

Wavelength, nm 

Fig. 1. Absorption spectra of AHP (1 x lo-‘M) in 
ethanol. 

01 I I I I I I I 
400 450 500 550 600 650 700 

Wavelength, nm 

Fig. 2. Absorption spectra of osmium-AHP complex in 
l--SO% ethanol/3M HCl; 2-50x ethanol/3M NaOH; 
%SO% ethanol/pa 4; 4-3M acetic acid; %3M NaOH. 

Table 3. Determination of osmium in synthetic mixtures 
in acetic acid medium 

OS II Ru Pd Osmium found, ppm 
added, added. added. added, 

iw PPm PPm PPm 3M CH,COOH 3M NaOH 

IO.0 II @I 0.55 9.85 983 
100 II 2.2 I.40 9.84 9.81 
100 15 55 0.55 9.16 9.78 

Determination of osmium in various synthetic mixtures 

As naturally occurring ores of osmium are not easily 
available, synthetic mixtures similar to these in composi- 
tion were prepared and the amount of osmium was deter- 

mined by taking an appropriate sample aliquot, adding 
3 ml of O.OlM EDTA and 3 ml of 0.1% AHP solution in 
acetic acid, adjusting the acidity with acetic acid or sodium 
hydroxide, diluting to 10ml and measuring the absor- 
bance. The results are summarized in Table 3. 

DISCUSSION 

Several reagents, such as anthranilic acid,4 sulphanilic 
acid,s 3-nitroso-2,6-pyridinedio13 and 2-amino-I?-naphthol- 
3,6-disulphonic acid, i4 have been used for the spectro- 
photometric determination of osmium. 1-Naphthylamine- 
3,5,7-trisulphonic acid, is though a good analytical reagent, 
requires at least 4 hr heating for maximum colour develop- 
ment. Other well-known reagents either require controlled 
conditions of heating and pH or a prior separation of 
osmium as volatile osmium tetroxide from other platinum 
metals. Similarly certain reagents, though quite sensitive, 
lack selectivity and require strict control of pH conditions. 
AHP overcomes many of these difficulties to a consider- 
able extent. 
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For the determination of macro amounts of tungsten gravi- 
metric methods are preferred. In the most frequently used 
tungstic acid method, the precipitate is contaminated’” 
with antimony, chromium, iron, molybdenum, niobium, 
phosphorus, silica, vanadium, tantalum and tin present in 
the sample, and these have to be removed or accounted 
for. The generally used co-precipitation agent cinchonine 
is costly. The tungstate precipitation methods suffer from 
several interferences’” and the precipitate should be finally 
ignited to tungstic oxide. The oxinate method suffers inter- 
ference from molybdenum, titanium and uranium and is 
also otherwise unsuitable.3 All these methods require some 
hours for a single determination. 

The volumetric methodsibare based on reduction to W(V) 
or (III) and reoxidation to W(VI), under an inert atmos- 
phere. Some methods precipitate tungsten as lead tungstate 
and estimate the lead in the precipitate4 or in excess,’ or 
precipitate tungsten oxinate and estimate the oxine.6 All 
these methods are tedious, subject to several interferences 
and give inconsistent and unreliable results.2b 

Tungsten(V1) can be reduced to tungsten(V) by mercury 
metal’ in hydrochloric acid in the presence of thiocyanate. 
We now describe a simple titrimetric method for the direct 
determination of the tungsten(V) with iron(II1). 

EXPERIMENTAL 

Reagents and solutions 

Tungsten solution. Sodium tungstate was dissolved to 
give a mg/ml level solution which was standardized by 
the oxine method. 

Potassium thiocyanate, 5 M. 
Mercury. Purified with nitric acid.g” 
I,ori(lll) solution, ca. 0.01 M. Iron(III) chloride was dis- 

solved in 0.1 M hydrochloric acid and standardized.gb 
Further dilutions (to 0.05 and 0.02 M) were made, the solu- 
tions being adjusted to be 4 M in hydrochloric acid. 

Procedure 

Solution containing 580mg of tungsten was placed in 
a separating funnel, and adjusted to be 0.4 M in potassium 
thiocyanate and 4 M in hydrochloric acid, in a final 
volume of 25ml. This solution was shaken with 2ml of 
mercury for 2 min’ (3 min if silicic acid was present). The 
mercury was run off, and the aqueous phase was trans- 
ferred auantitativelv to the titration vessel with 4 M hydro- 
chloric’acid. _ 

Titration to a visual end-point. A flask was used for the 
titration, and the solution, made up to about 100 ml with 
4 M hydrochloric acid (for > 20mg of tungsten) was 
titrated with standard iron(II1) solution of appropriate 
concentration, with vigorous mixing by hand or, for 
> 40mg of W, magnetically, with dropwise addition at 
1520sec intervals towards the end-point (red colour of 
iron thiocyanate). 

Titration to a potential end-point. A beaker was used 
and the titration solution had a volume of about 1oOml 
and was 7 M in hydrochloric acid. It was titrated with 
standard iron(II1) solution, with magnetic stirring. The 
potential was measured with a tungsten wire electrode 
against an SCE. Equilibration of potential took 2-3 min. 

RESULTS AND DISCUSSION 

Tungsten(V) or (III) has to be protected from atmos- 
pheric oxidation unless stabilized, e.g., by complexation 
with thiocyanate. Fluoride and nitrate should be absent.’ 
The tungsten(V) in the complex is quantitatively oxidized 
by iron(II1). The thiocyanate is not oxidized and acts as 
the indicator. Stronger oxidants oxidize the thiocyanate 
as well. 

Titration to a visual end-point. Large amounts of tartrate, 
citrate, phosphate, acetate and up to 0.5 g of sulphate do 
not interfere, but oxalate does so slightly (Table 2). The 
end-point cannot be detected in the presence of EDTA. 
In the maximum amounts usually encountered in tungsten 
determinations, iron, nickel, chromium, zirconium, bis- 
muth, antimony, cerium, aluminium, lead and calcium do 
not interfere (Table 3). Uranium (10mg) and vanadium 
(5 mg) are tolerated. Arsenic spoils the mercury, and cop- 
per is precipitated as cuprous thiocyanate but up to 5 mg 
can still be tolerated. Niobium and manganese give high 
errors. Because of the colour of their thiocyanate com- 
plexes, molybdenum, cobalt and rhenium interfere with the 
end-point. Molybdenum can be tolerated up to only 50 pg. 
Silicic acid does not interfere if the solution is magnetically 
stirred during the titration, to prevent adsorption of the 
iron thiocyanate complex. 

Titration to a potential end-point. The tungsten wire elec- 
trode gives a sharp potential rise at the end-point. It is 
poisoned irreversibly by copper, needs regular cleaning” 
and takes 2-3 min to give a constant reading. A platinum 
electrode does not work. The tungsten electrode is cleaned 

Table 1. Titration of tungsten(V) with iron(II1) 

Tungsten, 
mg 

Visual Potentiometric 
Found, Found, 

mg mg 

5.00 5.02 
1oQO 9.99 
15.00 14.98 
20.00 19.99 
3oGO 29.98 
4OQo 39.92 
50.00 49.93 
60.00 60.05 
80.00 79.87 

4.99 
10.01 
14.98 
20.01 
30.07 

49.93 
59.97 
79.87 



57 SHORT COMMUNICATIONS 

Table 2. Effect of some anions on titration of 2000 mg of tungsten(V) with iron(III) 

Salt added 

Sodium tartrate* 
Potassium citratet 
Sodium phosphate* 
Sodium acetate? 
Sodium oxalatet 

Sodium sulphate* 

Visual end-point Potentiometric end-point 
Amount W found, Error, Amount W found, Error, 
added, g mg % added, g mg % 

20 19.97 -0.15 1.0 19.99 -0.05 
2.0 19.99 - 0.05 1.0 19.08 -46 
2’:; 1999 - 0.05 2.0 17.76 -11.2 

20.01 + 0.05 1.0 19.97 -0.15 
2.0 21.22 +6.1 1.0 18.59 -7.0 

(or 1.0) 
0.5 20.01 + 0.05 1.0 19.99 - 0.05 

* Added before formation of the tungsten thiocyanate complex. 
t Added after formation of the tungsten thiocyanate complex. 

Table 3. Effect of other elements on determination of by being rubbed occasionally with fine emery paper and 
20.00 mg of tungsten with iron(II1) washed with hydrochloric acid. 

Sulphate, acetate and tartrate do not interfere but 
citrate, oxalate and phosphate in large amounts interfere 
increasingly in that order (Table 2). Besides the elements 
stated as non-interfering in the visual titration, cobalt, 
rhenium, niobium and manganese also do not interfere 
(Table 3). Interference by molybdenum is avoided by 
titration in 9 M hydrochloric acid and in the presence of 
a small amount (0.2-0.5 g) of ammonium, potassium, 
sodium, calcium or aluminium chloride. In the absence 
of any of these salts, there is no potential jump even if 
the acidity is increased to greater than 9 M or the chloride 
concentration to 9 M at an acidity of 7 M. The salts in- 
crease AE/AVin the order Na+ < KC < Ca2+ z NH: < 
A13+. 

Visual end-pint Potentiometric end-point 
Amount W found. Error. Amount W found. Error, 

Elements added, mg mg % added. mg me % 

19.99 -0.05 - 2001 +0+x 
Ni(II) 50 19.97 -0.15 50 LX?05 +0.25 
Fe(III) 50 20-01 +o.os 50 20.01 +oa5 
Zr(IV) 25 19.97 -0.15 20 20-05 + 0.25 
Bi(II1) 50 1999 -0.05 20 2001 +005 
SqIII) 20 2001 +0.05 20 19.97 -015 
Ce(IVl 20 19.99 -0.05 20 19.97 -0.15 
c$nj 
Al(II1) 
Pb(II) 
c&j 
WI) 
VW) 
As@II)* 
MnfIIl 

20 1999 -005 20 
20 20.01 +005 20 
20 19.99 -0.05 20 
IO 19.99 -0.05 IO 
IO 19.99 - 0.05 I 
5 19.99 -005 1 
5 2023 +I.15 - 

20 21.39 + 7.0 20 
5 2003 +0.15 - 
IO 18.92 - 5.4 10 
_ 10 

20 
_ I 

19.95 
20.66 
20.01 
20.01 
19.97 
19.95 

19.97 

19.97 
19.97 
19.97 
19.95 

-025 
+ 3.3 
+005 
+a05 
-015 
- 0.25 

- 

-0.15 

-0-15 
-0.15 
-0.15 
-0.25 

* Spoils mercury. 
t Poisons tungsten wire electrode. 
$ End-point cannot be detected. 

Titration to a visual end-point takes < lOmin, needs 
lower acidity, and tolerates citrate and phosphate, whereas 
that to a potentiometric end-point tolerates molybdenum, 
cobalt, rhenium, niobium and manganese and more sul- 
phate. 

The method gives accurate and reproducible results. In 
five determinations of 2Omg of tungsten the visual end- 
point method gave a standard deviation of 0.012 mg. 

The wide applicability of the method is shown by satis- 
factory analysis of several alloys (Table 4). 

Table 4. Analysis of various samples 

Visual end-point Potentiometric end-point 
W added, W found W added, W found, 

Matrix/sample composition* mg mg mg mg 

1. Fe(75), Cr(3.8), Mo(0.05), 20-00 20.03 2000 19.95 
V(1.0) 

2. Fe(75), Cr(6), V(0.3) 2@00 19.99 2000 20.03 
3. Fe( 170), Cr(SO), Ni( 17.5), 1oGO 10.03 10.00 10.03 

Mn( 1.25) 
4. Fe(90.8), Cr(21.6), Ni(21.6), 500 4.98 

Mo(2.5), Co(166), Mn(1.3), 
Nb(5.0) 

5. Fe(50), Cr(6), Mo(1.5) - - lO+xl 9.97 
6. Ferrotungsten A, 75.2% Wt 75.26, 75.06, 

75.16% - 75.47% 
7. Ferrotungsten B, 73.3% Wt - 73.21, - 73.41, 

- 73.41% - 73.41% 
8. High speed steel BCS - 19.75, - 19.71, 

241/l, 19.61% Wt - 19.75% - 19.83% 

*Numbers in brackets are mg of the element in the aliquot analysed. Samples l-5 are analogous to Fast-cutting 
steel, High-speed steel, Midvale HR, Heat-resistant alloy and Cristite respectively. 

t Reported value. 
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Recent’s’ mass-spectrometric examination of age-induced 
deterioration of polystyrene-divinylbenzene copolymer 
ion-exchangers has indicated the presence of a small 
number of carboxylic acid functions in addition to the sul- 
phonate or quaternary ammonium sites to which the resin 
owes most of its exchange capacity. These carboxyl groups 
may arise from the oxidation of ethyl groups, introduced 
by formation of the analogous resin from ethylstyrene,3 
a common contaminant of commercial divinylbenzene.4 
Such oxidation can occur at the sulphonation stage of 
manufacture,5 although it may continue to occur after sul- 
phonation is complete. It is possible, too, that some 
divinylbenzene is incorporated into the polymer chain at 
one end only,’ leaving a readily oxidized ethylenic group 
on the polymer. When the resin is subjected to low pres- 
sures and moderately high (- 15Oq temperatures, such as 
are required for the operation of a mass spectrometer, 
some of these carboxyl groups become detached from the 
polymer matrix and are manifested by a peak at m/e = 44 
in a mass spectrum, corresponding to the formation of 
the species CO:. Such reactions are discussed fully else- 
where.‘,’ Interpretation of the mass spectra in these terms 

allows an explanation of hitherto anomalous character- 
istics of carrier-free radioisotope distribution between ion- 
exchangers and aqueous phases. 

In order to obtain information about the carboxyl 
exchange function in resins, a study has been made of the 
distribution of metal ions between aqueous phases at con- 
stant ionic strength and the resin, as the pH of the system 
is varied. Polystyrene-divinylbenzene copolymers having 
sulphonate or quaternary ammonium functional groups 
were used. Attempts were made, on the one hand, to intro- 
duce additional carboxyl groups by oxidation and, on the 
other, to eliminate by esterification those already there. 
For comparison purposes some copolymer lacking either 
of the aforementioned major functional groups was also 
examined. 

Commercially available resins from the Permutit Co. 
Ltd., the Dow Chemical Co. and Rohm and Hass were 
examined in the course of the work described and, 
although most of the results reported here refer to 
products from the first-mentioned source, resins from 
all three manufacturers showed the same general charac- 
teristics. 
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EXPERIMENTAL 

Zeo-Karb 225 (SRC 15, 8% DVB, lO&200mesh) was 
washed 3 times with 2M hydrochloric acid, then with 2M 
sodium chloride till free from acid and finally with water 
till free from chloride. It was dried at 80” for 8 hr; capacity 
4.18 meq/g. 

Bio-Rad AG50WX8 (400 mesh) was converted into the 
sodium form with 1M sodium perchlorate, washed with 
distilled water and dried at 80”. 

De-Acidite FF (SRA 71, 7-9x cross-linked) was treated 
in sequence with 2M hydrochloric acid, water, 1M sodium 
hydroxide, 1M sodium perchlorate and water. It was dried 
at 80”. 

Polystyrene resin (8% DVB, 15-50 mesh) was treated in 
a manner analogous to that used for the Zeo-Karb 225. 

Carrier-free 144Ce/‘44Pr, ‘iY and *%r were obtained 
from the Radiochemical Centre, Amersham, and used as 
supplied. 

The distribution measurements were made by adding 
known amounts of resin (50mg for cation-exchanger and 
1OOmg for all others), to clean, dry polyethylene bottles. 
The appropriate volume of aqueous phase containing the 
radioisotope and made up to the correct ionic strength 
(0.5) with sodium perchlorate solution was added to give 
a total volume of 40 ml. Samples were prepared in batches 
and equilibrated for 18 hr at 21 + 0.5”, after which the 
contents of the polyethylene bottles were transferred to 
centrifuge tubes and the resin phases separated from the 
aqueous phases. The supernatant liquid was used for 
radioassay and the distribution ratio, 

#_$(%+5, 

where C:, is the count-rate of the aqueous phase per unit 
volume before and C, that after equilibration with resin 
m is the mass of resin, in g, and 6 is the swelling factor6 
for the resin, was calculated. The swelling factor has been 
taken as unity in the present case in view of the experimen- 
tal conditions used. The pH of each aqueous phase was 
taken after equilibration with the resin. 

Some of the resin samples were treated with acidic 
potassium permanganate solution as follows: 10 g of condi- 
tioned resin were treated with saturated potassium per- 
manganate solution in 1M sulphuric acid for 1 hr at 25”. 
The resin was then well washed with water and treated 
with nitrous acid to remove the last traces of permanga- 
nate, after which the resin was packed into a column, 
washed with water, 2M hydrochloric acid, water, 0.5M 
sodium hydroxide, water, 0.5M sodium perchlorate and 
finally water. The resin was air-dried as before. In an 
attempt to remove carboxyl groups from other samples, 
some experiments were done with resin which had been 
treated with diazomethane to esterify the carboxyl groups. 
Conditioned resin (5 g) was suspended in ice-cold ether. 
Diazomethane was liberated by the addition of ethanolic 
sodium hydroxide solution to N-nitroso-N-methyltoluene- 
p-sulphonamide at 30” and passed through the suspension 

Table 1. 4 obtained at two pH values as a function of 
varying weights of Zeo-Karb 225 resin equilibrated with 
a constant volume (40 ml) of 0.5M NaClO, containing car- 

rier-free ‘44Ce 

1 0.020 20197 8057 4410 75 179 
2 owe 20197 4897 2252 78 199 
3 0.060 20197 3403 1667 83 185 
4 0.080 20197 2762 1318 79 179 
5 0.100 20197 2207 1045 82 183 

of resin in ether for 8 hr; the resin was then filtered off, 
washed with distilled water and dried at 80“ for 8 hr. 

RESULTS AND DISCUSSION 

Values of 4 are presented in Table 1 for systems contain- 
ing free 144Ce(III) and varying weights of Zeo-Karb 225 
resin. It is seen that for a given pH, 4 is independent 
of the weight of resin used and also of the resin loading 
which is, however, very light. The results suggest that 
physical adsorption of a general type is unlikely to be re- 
sponsible. It may be noted that I#J is considerably higher 
at the higher pH, an observation consistent with the cre- 
ation of additional exchange sites as the pH is increased. 

Results for the distribution of ‘44Ce(III) between Zeo- 
Karb 225 and 0.5M sodium perchlorate over a range of 
pH are given in Fig. 1. In the pH range 2-3.5, 4 is nearly 
constant, which is in keeping with the availability of sul- 
phonate exchange sites, but above pH 4 it rises appreciably 
with increasing pH. It is seen that addition of very low 
concentrations of inactive Ce(II1) suffices to reduce or eli- 
minate the additional resin capacity, which must conse- 
quently be very low. 

When the distribution of ‘44Ce(III) between permanga- 
nate-treated Zeo-Karb 225 and 0.5M sodium perchlorate 
is examined (Fig. 2) it is seen that the pH-dependent in- 
crease in 4 occurs at a lower pH; this is consistent with 
the introduction of additional carboxyl groups, some of 
which may be more readily ionized than those initially 
on the resin. Subsequent reaction of permanganate-treated 
resin with diazomethane did not significantly alter the dis- 
tribution pattern. The effect of diazomethane-treatment on 
r#~ for Zeo-Karb untreated with permanganate was also 
negligible (Fig. 3). In neither instance was the overall resin 
capacity affected by the treatment. The behaviour of Bio- 
Rad AG50WX8 is substantially similar to that of Zeo- 
Karb 225 but the increase in 4 is not so pronounced in 
the former (Fig. 4). The anion-exchanger De-Acidite FF 
exhibits (Fig. 5) behaviour somewhat similar to that of 
Zeo-Karb 225 and Bio-Rad AG50WX8 with a significant 

25- 

20- 

15- 

IO - 

5- 

I I I I I 
2 3 4 5 6 7 

PH 
Fig. 1. Distribution of Ce(III) between Zeo-Karb and 0.5M 
NaClO,. warrier-free 144Ce(III); q -lO-5M Ce(II1); 

A-5 x lo- 'M Ce(II1). 
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Fig. 2. Distribution of carrier-free ‘%e(III) between Zeo- 
Karb 225 (treated with KMnO,) and 0.5M NaClO,. 

suppression of the effect when IO-‘M carrier is added. 
The very much lower values of #J in this case are consistent 
with the carboxyl functions under discussion being the 
only negatively-charged fixed sites on the matrix. It is to 
be expected that anion-exchangers will exhibit only a slight 
effect of this kind since even though there may be carboxyl 
sites within the resin matrix, the Donnan potential should 
still operate to the exclusion of cations, because the overall 
fixed-site charge will be positive. Thus the observed cation- 
capacity probably results essentially from surface sites. 

In Fig. 6 it is seen that the polystyrene_DVB copolymer 
beads exhibit a pH-dependent distribution at &values 
much lower than those for cation-exchangers, but similar 

6 ‘0 - 

.o - 
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I_ 
2 3 4 5 6 

PH 

Fig. 3. Distribution of carrier-free 144CeQII) between Zeo- Fig. 5. Distribution of Ce(III) between De-Acidite FF and 
Karb 225 and 0.5M NaClO,. *Untreated resin; A- 0.5M NaClO,. Marrier-free 144Ce(III); A-lo-‘M 

diazomethane-treated resin. Ce(II1). 

0 I I I I I 
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PH 

Fig. 4. Distribution of Ce(III) between Bio-Rad AG50WX8 
and 0.5M NaClO,. -Carrier-free 144Ce(III); A-10-6M 

Ce(II1). 

to those for De-Acidite FF. Again, it was found that the 
‘effect of treatment with permanganate is to lower the pH 
at which the increase in 4 occurs. As with the anion- 
exchanger but for a different reason, namely lack of resin 
porosity. this is likely to be a surface effect. 

Ce(lI1) would not be expected to hydrolyse at pH < 6, 
but if oxidation to Ce(IV) occurred then hydrolysis could 
perhaps account for the observations reported in Figs. l-6. 
Experiments in which a reducing agent (hydroxylamine or 
hydrazine) was incorporated in the aqueous 144Ce(III) 
showed that oxidation and subsequent hydrolysis was not 
responsible. Similar series of experiments were done with 
89Sr and 9’Y and the various resin samples available, and 
all results were comparable with those reported for Ce(II1) 
except that, in every case, 4 was lower and the increase 
in the region of pH 4-6 was less pronounced for the 89Sr. 
This behaviour is to be expected if carboxyl groups are 
responsible. 

Earlier processes for the preparation of resins led to the 
formation of appreciable levels of carboxyl groups on a 
nominally monofunctional sulphonate cation-exchanger’ 
but it is tacitly assumed that more recent techniques pro- 
duce entirely monofunctional resins. The exhibition of 
similar cation-exchange behaviour by anion-exchangers 
and hydrocarbon beads supports the premise that carboxyl 
groups still persist in polystyrene-based exchangers, but 
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3 4 5 6 7 

rather than hydroxide precipitation as hitherto assumed. 
Likewise, the previously obscure’ affinity of “Y absorbed 
from sodium carbonate solutions by Dowex-1 may be 
explained. Tervalent lanthanides are not appreciably 
absorbed by a strong base anion-exchanger from nitric 
acid of a wide concentration range but at low acidity and 
in the presence of lithium nitrate absorption occurs readily 
and in an order expected for a cation-exchanger; a separ- 
ation of 14’Ba from 14’La by eluting the former with 3-4M 
lithium nitrate was proposed.’ While other factors such 
as changes in activity coefficients and electrolyte inversion 
may be important in this instance, the participation of car- 
boxy1 groups cannot be ruled out on the available evidence. 
Finally, there are several nuclear reactionsiO~” in which 
the required product-nuclide has a normal oxidation state 
higher than that of the parent following a change in atomic 
number, e.g. ‘Li(p,n)‘Be, io9Ag(d,2n)io9Cd and 
“6Cd(n,y)“7Cd+ “‘In Carrier-free separations of the 
required product from’ the target might usefully be 
achieved in some instances by using the secondary cation- 
exchange capacity of an anion-exchanger. 

J 

PH 

Fig. 6. Distribution of carrier-free ‘44Ce(III) between hyd- 
rocarbon beads and 0.5M NaClO,. *Untreated hydro- 
carbon beads; A-hydrocarbon beads treated with 

KMnO,. 

at very low levels. Thus the effect is only likely to be mani- 
fest under conditions where (1) there are very small 
amounts of ion available for exchange, to avoid saturation 
of the capacity and (2) the cation-exchange is not obs- 
cured by a normal exchange function such as is available 
on sulphonated polystyrenes. Thus evidence from the 
literature is most likely to come from studies in which 
anion-exchangers and trace amounts of ions are involved. 

The freeing of i4’Ba from its daughter i4’La by passing 
the mixture through Dowex-1 in the hydroxide form’ may 
well result from retention of the La(II1) on carboxyl groups 

1. 

2. 
3. 

4. 

5. 
6. 
I. 
8. 
9. 
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Summary-The pH-dependent distribution of carrier-free radioisotopes between aqueous phases at 
constant ionic strength and polystyrenedivinylbenzene type exchangers reveals the presence of a 
secondary exchange function attributable to carboxyl groups. Cation- and anion-exchangers of the 
sulphonate and quaternary ammonium types possess this additional cation-exchange capacity which 
is, however, relatively very low in currently available commercial resins. Its influence on separations 
involving radioisotopes of high specific activity is discussed. 
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LE DOSAGE DE L’ETAIN DANS LES SEDIMENTS PAR 
SPECTROPHOTOMETRIE D’ABSORPTION ATOMIQUE* 
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L’Ctain dans les stdiments agit comme collecteur de 
mktaux lourds et joue done le rale d’indicateur de zones 
min&ralisCes en prospection gkochimique. On le rencontre’ 
dans le rkseau silicatt, dans la cassiterite enrobke dans le 
silicate et dans la cassiterite aistment accessible. Comme 
c’est sous cette dernitre forme qu’il est intkressant du point 
de vue gkochimique et comme sa teneur moyenne’ dans 
les ldiments est de l’ordre de 7 ppm, il nous fallait trouver 
une mkthode sensible, prtcise et rapide nous permettant 
de le doser sous cette forme dans environ 20000 Bchantil- 
lons par annke. 

Plusieurs auteurs3-5 ont utilisk dans leur mtthode de 
l’iodure d’ammonium pour sublimer Etain. La grande dif- 
ficult& de cette attaque &side dans le fait qu’il apparait 
difficile d’obtenir des rksultats rkpktitifs puisque la tem- 
pirrature thkorique de sublimation5 de l’oxyde stannique 
en prksence d’iodure d’ammonium se situe entre 425 et 
475” et que la temperature de condensation de l’iodure 
stannique form& se situe aux environs de 145”. Le danger 
de perdre une partie du produit de la sublimation est grand 
si la tempkrature du chauffage est trop Clevte et par contre 
un chauffage insuffisant peut conduire B une libkration in- 
complkte de l’ttain. Ces problkmes ont CtC rksolus g&e 
?I la conception dans nos laboratoires d’un assemblage que 
nous appelons “appareil de sublimation<ondensation”. 
Cet appareil est constituk d’un four “Thermolyne” dont une 
paroi est remplacte par une plaque de fonte. La tempera- 
ture B la surface de la plaque se rapproche de celle que 
l’on retrouve B l’intkrieur du four auquel est superpol 
un boitier rtfrigkrir g l’eau courante. De cette faGon, on 
peut contrsler la tempkrature de la sublimation et de la 
condensation tout en volatisant Etain de quarante kchan- 
tillons simultantment. Nous donnons une description 
dttailke de cet appareil g la figure 1. 

PARTIE EXPERIMENTALE 

Spectrophotometre d’absorption atomique Varian Tech- 
tron mod&le AA-5 COUPE A un numbriseur DI-30, un brQ- 
leur air-adtyl8ne de 10 cm modtle AB-51 de Varian Tech- 
tron et une cathode creuse d’ttain ASL No. CA 739. 

Appareil de sublimation-condensation schkmatist B la 
figure 1. 

Conditions opPratoires 

Longueur d’onde: 
Courant de la cathode: 
Fente: 
D6bit d’aspiration: 
Position du brdleur : 
Nature de la flamme: 
Pression d’air : 
D&bit d’hydrogkne: 

2246 nm 
8mA 
15o/lm 
5 ml/min 
9 
air-hydrogkne riche 
9.5 l./min & 18 lb/PO’ 
13.5 l./min ?I 10 lb/pa’ 

* Publik avec la permission du Ministre des Richesses 
naturelles. 

RPactfi 

Acide chlorhydrique concentri. 
Acide ascorbique. 
Iodure d’ammonium. 
Chlorure stannique. 
Solution d’acide ascorbique ri 1% dans Pacide chlorhydri- 

que 114. 
Solution de rig&e. Sublimer 50 g d’iodure d’ammonium 

pendant 20 mn g 550”. reurendre le rCsidu avec la solution 
h’acide ascorbique B ‘12 dans l’acide chlorhydrique 1:4 _ _ 
et ktendre ?I un litre avec la mcme solution. 

Solution Be’tain & fOOOpg/ml. Dissoudre 0,295 g de 
SnCl,. 5H,O dans 100 ml d’acide chlorhydrique 1:4. 

Solutions e’talons. PrCparer cinq solutiom &tenant res- 
pectivement 42, 0,5, l,O, 2,0 et 3,0&ml d’ttain par dilu- 
tion de la solution g 1000 pg/ml d’ktain avec la solution 
de rbglage. 

Mode opkratoire 

Calciner l,Og d’tchantillon dans un creuset de porce- 
laine pendant une heure g 550”. Introduire khantillon 
calcink dans une kprouvette en Pyrex de 25 ml et ajouter 
0,5 g d’iodure d’ammonium. MBlanger les deux substances 
en agitant bien l’kprouvette et la d&poser dans l’appareil 
& sublimation-condensation. Laisser sublimer pendant 
20 mn & 550”. Retirer l’tprouvette de l’appareil et reprendre 
le produit de la sublimation avec lOm1 de la solution 
d’acide ascorbique B 1% dans l’acide chlorhydrique 1:4. 
Agiter, filtrer sur un papier Whatman No. 40 et recueillir 
le filtrat dans une autre Bprouvette de 25ml. Rtgler le 
numkriseur au ztro avec la solution de rtglage ou de l’eau 
dkminkralitie et ttalonner l’appareil d’absorption atomi- 
que. Pour toute dilution de la solution de khantillon, 

“km B” coupe 

Fig. 1. Appareil de sublimation-condensation. I-Four 
“Thermolvne” type 6020 tour& de c& de facon B ce aue 
la Porte &I fou;-soit dans la partie supkrieuie; Z---en&e 
d’eau froide; 3---condensateur en acier inoxydable permet- 
tant l’introduction de 40 Cprouvettes; 4-sortie d’eau; 
5-isolant d’amiante de l/4-po. d’kpaisseur trouk en qua- 
rante endroits et recouvrant la plaque chauffante; bfer 
angle retenant l’isolant autour de la plaque chauffante; 
7-rtgulateur de tempbrature Dubuque III; SAprouvette 
en place pour la sublimation; 9-plaque en fonte ayant 
B sa surface 40 cavitks kpousant la forme du fond d’une 
bprouvette (cette plaque occupe la place de la Porte du 

four). 
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20 

II 
30 

Fig. 2. Influence de la duke de sublimation sur la 
rkupkration de Main dans un minerai de cassitkrite. 

utiliser la solution de rtglage. Lire directement la con- 
centration d’btain dans l’khantillon sur le numkriseur. 

RFSULTATS ET DISCUSSION 

Tempirature et d&e de la sublimation 

On a mitlangi: 1 g d’tchantillon B 0,5 g d’iodure d’am- 
monium et on a chauffk pendant 20 mn. Tout comme Hef- 
fernan et al.,’ on a observe que la sublimation est complkte 
k 500” et stable jusqu’g au moins 600”. Nous avons optC 
pour une tempkrature de 550” afin d’obtenir une sublima- 
tion entikre. Pendant la sublimation, la tempkrature au 
milieu de l’kprouvette ne d&passe pas 65” alors qu’elle n’est 
que de 35” dans la partie supkrieure. Le systtme de 
rkfrigkration est done tout g fait efficace et permet une 
condensation maximum de l’iodure stannique form& 
Comme l’indique la figure 2, une duke de sublimation 
de 20mn est amplement suffisante pour obtenir une rtac- 
tion totale. 

Choix et conditions de la flame 

On a calculk la sensibilitt inverse pour diffkents types 
de flamme et les rtsultats apparaissent au tableau 1. La 
flamme hydrogbne-azote est celle qui nous donne le plus 
de sensibilitk mais les interfkrences cationiques y sont 
cependant beaucoup plus importantes qu’avec une flamme 
air-hydrogkne. 6,7 De plus, on obtient un signal plus 
stable avec une flamme air-hydrogtne de sorte que, malgri: 
une sensibilitk infkrieure, la limite de dktection est la m8me 
que pour une flamme hydrogkne-azote. Ainsi, notre choix 
s’est port& sur une flamme air-hydroghne et la flamme 
rkductrice s’est avkrke la plus sensible. 

Etude des interfk’rences 

Les interfkrences Gune part causkes par les cations en 
solutions ont ttt: &dikes par plusieurs auteurs5p6**m” et 
sont en gCntra1 peu importantes dans une flamme air-hy- 
drogdne; d’autre part, les seuls cations que l’on peut 
trouver en solution aprbs une sublimation g l’iodure d’am- 
monium sont peu nombreux et sont ceux qui sont rapide- 
ment extractibles B froid dans une solution d’acide chlor- 

Tableau 1. Sensibiliti: inverse de l’btain dans diffkrentes 
flammes 

Flamme 

Sensibilitt inverse 
en pg/ml pour 1% 

d’absorption 

air-adtyltne 33.3 
oxyde nitreux-acttyltne 25.0 
air-hydrogkne 2.0 
hydrogkne-azote 1.0 

‘t 
I I I I I I 

I 2 3 4 5 

% de I, 

Fig. 3. Influence de I, et de l’acide ascorbique sur l’absor- 
bance de l’ttain. A-Solution de 5 ppm de Sn + 7; de If. 
B-Solution de 5 ppm de Sn dans une solution d’acide 

ascorbique g 1% + % de I,. 

hydrique I:4 ou ceux qui peuvent former des oxydes qui 
se subliment en laissant des iodures solubles. Pour ces deux 
raisons notre Ctude des interfirrences n’a port& que sur l’in- 
fluence des produits de la sublimation. 

Aprks la sublimation, on retrouve en solution NH:, I- 
et I,. L’absorbance d’une concentration donnCe d’Ctain 
augmente linkairement avec la concentration &ions 
ammonium tandis qu’elle n’est pas affect&e par la prksence 
d’ions iodure. L’influence de l’iode est illustrke & la figure 
3. 

Dans le but d’augmenter la sensibilitk de la mkthode, 
on a concentrk Main en solution en diminuant le volume 
recommandk de la solution d’acide chlorhydrique I :4. Les 
courbes II et III de la figure 4 reprtsentent les rksultats 
obtenus en reprenant le produit de la sublimation par 5 
et 10ml respectivement de la solution acide. On se rend 
compte qu’il n’y a rien B gagner 9 vouloir concentrer la 

IO 

2 

I 2 3 4 5 

pg/ml de Sn 

Fig. 4. Influence globale de toutes les substances ajoutkes 
sur l’absorbance de l’ttain. I-Etain p&sent dans une solu- 
tion d’acide chlorhydrique 1:4. II-Etain prksent dans une 
solution d’acide chlorhydrique 1:4 contenant 7% de 
NH,1 + 3% Iz et 1% d’acide ascorbique. III-Etain 
p&sent dans une solution d’acide chlorhydrique 1:4 con- 
tenant 3.5% de NH,1 + 1.5% I, et 1% d’acide ascorbique. 
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Tableau 2. RBcup&ation des ajouts 

NumCro de Teneur, Ajout, Teneur trouvke, 
l’tchantillon ppm ppm ppm 

18330 14 0 14 
18330 14 2.5 17 
18330 14 5.0 19 
18330 14 10.0 22 
18330 14 15.0 28 
18330 14 25.0 36 

solution d’6tain en diminuant le volume de la solution 
d’acide. En effet l’accroissement du signal dti & la plus 
grande concentration d’ktain est annulkpar la diminuiion 
causCe par l’augmentation des sels en solution. L’examen de 
ces trois courbes nous laisse entrevoir que l’influence totale 
des substances ajoutees est surtout lite g la quantitt de 
sels en solution et non pas aux espt?ces elles-m&mes. Ceci 
implique que la quantitt d’iodure d’ammonium employke 
pour la sublimation doit &tre la m&me pour chacun des 
Cchantillons et que les solutions &talons doivent contenir 
les m&mes quantitks d’ions ajoutts que l’on retrouve dans 
la solution de reprise des &chantillons apr& sublimation. 
La courbe III reprtsente done la courbe d’etalonnage cor- 
respondant aux solutions obtenues par la m&hode pro- 
pode. 

R&up&aration 

Une sirie de sublimation de cassittrite pure a irt& faite 
par cette mCthode et la r&up&ration variait entre 85 et 
100%. De plus des essais sur la r&up&ration d’ajouts ont 
Cte effect&s et les resultats sont p&en& au tableau 2. 
Nous prbsentons en outre au tableau 3 une comparaison 
de nos r&ultats avec les valeurs recommandCes pour une 
douzaine d’ttalons gtologiques internationaux et 18 encore 
les rCsultats sont t&s acceptables. Enfin, le tableau 4 nous 
indique une reproductibilitC satisfaisante de la mkthode. 

Tableau 3. Dosage de l’ttain dans diffbrents Btalons 
gCologiques 

Echantillon 
Valeur admise, Valeur obtenue, 

ppm ppm 

AGV- 1 4.2 4 
BR 8 8 
DT-N 5 3 
G-2 1.5 1 
GH 10 7 
GM 4.6 5 
GSP-1 6.3 6 
JG-1 3 3 
sy-1-o 11 9 
sy-2-o 2.5 4 
sy-3-o 4.8 6 
TB-1 6 5 

Tableau 4. ReproductibilitC de la mCthode 

Nombre de Valeur moyenne, Ecart 
Echantillon dosages ppm relatif, % 

RC-1 133 2.4 25.9 
MB-l 79 6.4 15.5 
SN-1 30 8.0 13.6 
G-1016 12 24.6 7.8 

Les rksultats pr&sentCs ont Cti: ohtenus g partir de quatre 
Cchantillons do& pour l’ttain par des techniciens dif- 
f&rents & des jours diffkrents et avec des appareils diff&ents. 

Conclusion 

M&me si l’addition d’acide ascorbigue abaisse lb&e- 
ment l’absorbance de la solution, elle apour effet de &bi- 
liser le sianal 6mis et de rkduire d’environ 509/, l’iode formb 
donnantainsi une solution limpide pouvant’&re atomiste. 
On doit remarquer en outre que la stabilitk des solutions 
contenant de l’iode n’est que de 2 ou 3 jours. On note 
en effet une augmentation de l’absorbance d’environ 2% 
par jour et elle est r&guliere du moins pour les dix jours 
qui suivent la prtparation des solutions. 

Cette mCthode a d&ji BtB utilitie pour l’analyse de plus 
de 20000 6chantillons de ldiments de ruisseaux et les 
rksultats se pretent bien B l’interpr&ation gkochimique 
grlce & la prtcision qu’elle peut fournir pour les basses 
teneurs. Cette mtthode pourrait aussi se prCter au dosage 
de Ktain dans les ~01s. Nous envisageons actuellement de 
doser l’antimoine & partir de la meme solution et nous 
devrions presenter des rbsultats sous peu B ce sujet. 
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R&urn&On d&it une mkthode simple, rapide et reproductible pour doser 1 & 50 ppm d’ttain prtsent 
dans des skdiments. L’btain present dans l’tchantillon sous forme de cassiterite est sublimk en prksence 
d’iodure d’ammonium. L’iodure stannique form6 est dissous dans une solution d’acide chlorhydrique 
contenant de l’acide ascorbique. L&in en solution est finalement do& par spectrophotom&trie d’ab- 
sorption atomique. Aucune interfbrence n’a ttC observte et la m&hode a Ctk &prouvCe en analysant 
quelques &talons gbologiques. Dans tous les cas les r&ultats obtenus concordent avec les valeurs recom- 
mandkes. Un technicien peut analyser 250 Cchantillons par jour en suivant la m&hode propoke. 
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DETERMINATION OF ADRENALINE AND NORADRENALINE BY 
RESONANCE RAMAN SPECTROMETRY 

MOHAMMED S. RAHAMAN* and MICHAEL D. MORRIS 

Department of Chemistry, University of Michigan, Ann Arbor, MI 48104, U.S.A. 

(Received 25 February 1975. Accepted 25 March 1975) 

Conventionally, determination of adrenaline and norad- 
renaline in urine and other matrices is carried out by fluor- 
imetry after conversion of the catecholamines into the tri- 
hydroxyindoles. is2 The method suffers from certain disad- 
vantages. First, as with other fluorimetric methods, it is 
susceptible to interference from a variety of quenching 
agents. Second, many pharmaceuticals give fluorescent 
products, which may interfere. Finally, adrenaline and nor- 
adrenaline are not differentiated by the procedure. How- 
ever, adrenaline alone will undergo the initial oxidation 
in acidic solution, so noradrenaline can be determined 
by difference. 

In the past few years, resonance Raman spectrometry 
has emerged as a sensitive and selective probe for many 
molecules of biological interest.3 Most workers have con- 
fined their studies to molecules which themselves can show 
resonance-enhanced Raman spectra. A few attempts to pre- 
pare derivatives suitable for resonance Raman spectro- 
metry have been reported.4*5 

Moreover, the potential of resonance Raman appears 
to have been largely overlooked by analytical chemists, 
although the technique is simple, offers high resolution and 
freedom from the quenching effects which plague fluores- 
cence.6 The principal drawback of resonance Raman spec- 
trometry is the fact that conventional spectrometers cannot 
distinguish between Raman scattering and fluorescence. 
With the advent of convenient instrumentation for fluores- 
cence-rejecting techniques such as coherent anti-Stokes 
scattering, ‘3s inverse Raman spectrometry,g and time- 
resolved Raman spectrometry”‘~” the fluorescence prob- 
lem appears tractable. 

In the present communication we report the application 
of resonance Raman spectrometry to the determination of 
adrenaline and noradrenaline as the aminochromes. Aerial. 
oxidation of these molecules, catalysed by copper( is 
well known.” The technique is simple, applicable to con- 
centrations as low as 1 x 10m6M and allows determination 
of adrenaline and noradrenaline on a single sample. 

EXPERIMENTAL 

Apparatus 

A Spex 1401 double monochromator, a cooled RCA 
C31034A photomultiplier and both d.c. and photon-count- 
ing detection systems were used for these experiments. Slit- 
widths of 4OOpm (9cm-‘) were employed. Scan-rates of 
2&50 cm- i/min were used. The excitation source was a 
Coherent Radiation CR-5 argon-ion laser. Melting point 
capillaries were used as sample containers, with conven- 
tional transverse excitation and observation at 90” to the 
incident radiation. Absorption spectra were obtained with 
a Cary 14 spectrophotometer. 

* Present address: Department of Chem. & Chem. Eng. 
Michigan Technological University, Houghton, Michigan 
49931. 

Reagents 

Adrenaline hydrogen tartrate and noradrenaline hydro- 
gen tartrate were obtained from the Sigma Chemical Com- 
pany and used as received. Stock solutions of these rea- 
gents were stored under refrigeration and replaced at fre- 
quent intervals. All other reagents were of ACS reagent 
grade. 

Procedure 

The aminochromes were prepared by addition to the 
catecholamines of stock copper(I1) sulphate, ammonium 
chloride and potassium nitrate solutions to make the solu- 
tions O.OlM in cupric ion, 0.04M in ammonium ion, and 
005M in nitrate. The pH of the resulting solution was 
adjusted to 5 with ammonia. Raman scattering intensity 
was measured at 1480 cm-’ (adrenaline) and 1430 cm-’ 
(noradrenaline), the nitrate 1050~cm-’ line being used as 
an internal standard. Ar+ 4965-nm excitation is optimum, 
but Ar+ 488.0nm may be used. 

RESULTS AND DISCUSSION 

Absorption spectra of the aminochromes formed are 
shown in Fig. 1. The compounds have similar spectra, but 
the adrenaline product shows higher absorption. In the 
absence of ammonium ion similar spectra were observed, 
but with lower intensities, implying incomplete oxidation. 

The resonance Raman spectra of the adrenaline and nor- 
adrenaline aminochromes are presented in Fig. 2. In addi- 
tion to these bands, weaker bands occur around 1680, 
1625, 1100 and 500 cm- ‘. The two bands of the adrenaline 
species at 1480 and 1465 cm-i and the single band of 
noradrenaline at 1430 cm-i allow ready differentiation of 
these compounds. Interpretation of these spectra is in pro- 
gress and will be reported at a later date. 

400 600 

Fig. 1. Absorption spectra of aminochrome systems, 
pH = 5. l-l x 10e4M adrenaline; 2-l x 10e4M 

noradrenaline. 
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I I 

kir% 
Av, cm-’ 

Fig. 2. Resonance Raman spectra of aminochromes, 1, = 
4965nm. l-l x 10w5M adrenaline; 2-l x lo-‘M 

noradrenaline. 

Table 1 shows analytical data for these solutions. The 
working curve is linear over the range 5 x 10v6-2 x 
10-4A4. Above the IO-‘M level, the precision of the 
measurements is about f 3%. Although signals are detect- 
able down to about the 10m6M level, the noise in our 
system is too great to allow analytical use of the signals 
below about 5 x 10-6M. More sophisticated signal condi- 
tioning could probably lower the detection limits and the 
limit of the useful concentration range. 

Our current studies have been limited to synthetic solu- 
tions. We have carried out some preliminary experiments 
on urine matrices. Prior concentration of the catechol- 
amines by the conventional technique of adsorption on alu- 
mina and elution with acid’ is necessary to bring the con- 
centrations to a usable level. This step also serves to 
remove fluorescent substances from the sample. Our results 

Table 1. Concentration dependence of aminochrome 
resonance Raman scattering 

Adrenaline Noradrenaline 
C, IO- 5M &mqd~NO; c> 10-5M &-,ple/~NO; 

0.45 0.032 0.55 0.025 
I .05 0.082 1.00 0.045 
1.60 0.122 4.0 0.140 
2.03 0.158 6.0 0.205 
3.00 0.230 7.5 0.260 
6.0 0.47, 9.0 0.30, 
7.0 0.56, 10.0 0.35, 
8.0 0.64, 

10.0 0.80, 

show that adrenaline and noradrenaline from urine sam- 
ples are detectable by this technique. Studies of various 
clinical specimens are now in progress to determine the 
relative merits of the resonance Raman and fluorimetric 
approaches to catecholamine determination. 

1. 

2. 

3. 
4. 

5. 

6. 

7. 

8. 

9. 
10. 

11. 
12. 
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Summary-Aminochromes of adrenaline and noradrenaline show resonance Raman scattering at 1480 
and 1430 cm- 1 respectively, with Ar’ excitation. Scattering intensity is a linear function of con- 
centration. Detection limits are 1 x 10m6M. Both catecholamines can be determined in a single measure- 
ment. 
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SUR L’ETAT D’OXYDATION DE L’o-TOLIDINE 

CAMELM GHJMICESCU et FLORICA DIMA 

Facultt: de Pharmacie, Iassy, Roumanie 

(Rew le 12 ftvrier 1974. R&is& le 19 dkembre 1974. Accept& le 27 mars 1975) 

La benzidine et ses d&i&s dtveloppent par oxydation des 
colorations bleue ou jaune. ‘-‘I Dans le cas de l’o-tolidine 
(dimkthyl-3,3’ benzidine), l’oxydation par V5+ conduit, sui- 
vant le pH, & des colorations variables. La figure 1 montre 
qu’g pH > 3 la coloration est bleue, tandis qu’elle est jaune 
& pH infkrieur. L’oxydation de la benzidine et ses d&iv&s, 
en particulier de l’o-tolidine, a fait l’objet de nombreux 
travaux tendant B blucider le mkanisme de la r&action 
et la structure des d&iv&s obtenus. Celle du colorant bleu 
form& n’ttait pas encore prkiste. 

Par spectrophotomktrie infrarouge (Unicam SP 200) 
en nujol, nous avons constatt l’existence des bandes d’ab- 
sorption caractkristiques de la fonction imine (1X%1570, 
1620-l 640, 33W3350 cn- ‘) ainsi que celles de la fonction 
-NH, (660, 680, 1260, 162G-1640, 3200-3500 cm-‘). Ces 
rksultats, en accord avec ceux prkddemment obtenus,“’ 
confirment pour le d&iv& form6 une structure de mono- 
quinone imine. 

Notre etude a ttC poursuivie par potentiomttrie et pho- 
tomttrie au tours de l’oxydation de l’o-tolidine k diffkrents 
pH par plusieurs oxydants ainsi que de la rkduction du 
d&iv& jaune, terme final de la rtaction. 

Oxydation de Po-tolidine 

Divers oxydants ont &k utilisk: K&O,, I,, KMnO,, 
K,Cr,O,, NaNO,, NH,VO,. Seul, le persulfate a permis 
la mise en Cvidence, au tours de l’oxydation quantitative, 
de deux sauts de potentiel. 

(a) A pH > 3, par exemple & pH = 4,0 en tampon 
a&ate-acide acktique, l’oxydation de l’o-tolidine en solu- 
tion 0,005M par le persulfate 0,005M montre deux virages 
respectivement pour 2,7 et 5,65 ml de solution oxydante, 
soit par molkcule d’amine l’khange final de deux electrons 
(figure 2). Les m&mes rksultats ont Cti: obtenus en solutions 
0.02M. 
(h) A pH < 3, en acide sulfurique par exemple (PH = 

1,5-2) pour des solutions 0,OlM d’o-tolidine et de persul- 
fate, le track de la courbe de titration (figure 3) montre 
Cgalement deux sauts de potentiel correspondant respecti- 
vement g khange d’un (virage de la coloration du jaune 
au brun), puis de deux (virage du brun B l’orange) tlectrons 
par mole #amine. 

Lors du premier virage, les colorations diffkrentes 
obtenues d pH > 3 ou pH < 3 peuvent s’expliquer, ti 
pH < 3, par dismutation de l’o-tolidine oxydke en bleu d’o- 
tolidine. 

E 

pH= 3 
pH=2.5 

.pH=2 
pH* 3.6 

pH= I.5 
pH=l 

Fig. 1. 

L’oxydation de l’o-tolidine (O,OOSJQ) par des quantitbs 
croissantes de persulfate (O,OOSM) a it6 suivie Cgalement 
par spectrophotomktrie B 597 nm (coloration bleu) ou 434 
nm (coloration jaune). Les lectures, aprks 5 minutes, ont 
permis le track du graphique, reprksentant les valeurs d’ex- 
tinction en fonction du volume de solution oxydante 
(figure 4). 

On voit que l’extinction due ?+ la coloration jaune 
(courbe 2) augmente jusqu% reaction compkte et tquimol- 
Bculaire entre l’o-tolidine et K&O,. la coloration finale 
est jaune. 

L’extinction due & la coloration bleue (courbe 1) qui 
se forme intermkdiairement augmente jusqu’g consomma- 
tion de 0,5 mole K&O8 puis diminue: le colorant bleu, 
Ctat intermkdiaire de la r&action s’oxydant ensuite en 
d&iv& jaune. 

bleu d’o - tolidine jaune d’o -tolidine 0 -tolidine riduite 
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290 - 
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230 - 
220 - 
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ml K2SPOa 0.005M 

Fig. 2. 

E 

1.6 - 

0.6 - 

0 0.25 I I.5 2 2.5 3 4 

ml KaS,Oa oOOSM 

Fig. 4. 

Riduction du produit Boxydation (2 pH > 3) de Po-tolidine 
(colorant jaune) 

Le jaune do-tolidine a Cte prepare en traitant 5 ml d’o- Le meme resultat a BtC obtenu en titrant potentiomttri- 
tolidine 4005M par 2 ml de solution tampon acetateacide quement la solution do-tolidine oxydte par le thiosulfate 
acttique pH = 4,0,5,65 ml K2S,0s 0,005M et 18 ml d’eau. 0,OlM. La courbe de titration (figure 6) montre encore un 

Par titrage potentiometrique a l’aide de la solution a seul saut de potentiel correspondant au virage du jaune 
1,5x d’iodure de potassium, la courbe de titration montre au bleu. L’equivalence a egalement Cte obtenue avec 
un seul saut de potentiel (figure 5), la coloration de la Na,S,O, 0,l ou 0,002M. Dans tous les cas, la reduction 
solution virant du jaune au bleu. quantitative correspond k l’echange dun electron. 

240 - 

230 - 

220 - 

210 - 

200 - 

190 - 

I60 - 

170 - 

160 - 

2 I50 - 

140 - 

130 - 

120 - 

50 . I I 
40. I I’ 1 11 11 I I 

I 2 3 4 56 7 6 9 IO 

ml KaSaO, 
OOIM 

I I II I I I I I 
I2 345678 

ml KI 1.5%. 

29ml KI 1-5%,X25ml KIO~0~,10ml KI0025M 

Fig. 5. Fig. 3. 
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tie1 est la plus nette. A pH > 3, les deux sauts de potentiel 
correspondent g la formation de deux compos&: un color- 
ant bleu, forme intermtdiaire d’oxydation avec perte d’un 
Clectron, et un colorant jaune correspondant g la perte 
de deux Electrons. A pH < 3, deux sauts de potentiel ont 
Cti: observks mais la coloration demeure jaune, la form.e 
bleue intermkdiairement form&e subissant une dismutation. 
La rCduction du .jaune d’o-tolidine. forme finale d’oxyda- 
tion, s’effectue par l’iodure ou le thiosulfate avec un seul 
saut de potentiel correspondant au retour au colorant bleu. 

70 
60 
50 
40 
30 

I I I 

01 0.3 0.5 0.7 I I.2 I4 I.6 1.6 2 

ml Na2S, 0, O.OlM 
(f 8 1.07) 

0.48ml Na2S203~O~01M=0~5ml Na2S2030.01M 

Fig. 6. 

Avec les r&serves d’usage, on peut proposer le schkma 
rbactionnel suivant: 

1. 
2. 
3. 
4. 

8. 
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W. M. C. Clark, B. Cohen et H. D. Gibbs, Publ. Health 
Repts. Suppl., 1926, 54, 1. 
D. Tarvin, H. R. Todd et A. M. Buswell, J. Am. Water 
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R&w&-L’oxydation de l’o-tolidine s’effectue en deux temps avec formation successive d’un colorant 
bleu puis d’un colorant jaune correspondant respectivement chacun B la perte d’un klectron. La rkduc- 
tion de la forme jaune en colorant bleu a tgalement lieu avec &change d’un tlectron. 
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ANALYTICAL DATA 

SENSITIVE TESTS FOR NITRITE THROUGH AZO-DYE FORMATION 
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and 

MOHAN KATYAL 

St. Stephen’s College, University of Delhi, Delhi 110007, India 

(Received 2 April 1975. Accepted 28 April 1975) 

Nitrite reacts with sulphanilic acid, forming the diazonium 
cation I. When the cation is coupled with pyridinols (2- 
amino-3-pyridinol, 2,3-pyridinediol and 5-&l&o-2,3-pyri- 
dinediol), the red azo-dves II-IV result. Their formation 
is used in detection and determination of nitrite (or nitrate 
after its reduction with zinc dust). The method affords 
more sensitivity and selectivity than many of the similar 
methods’,’ of nitrite detection. 

mo,s NH* + wo;+pw+- 

iI) 

(Ill) when R- Ii 

‘(IV1 when R. C, 

loo00 each of Cl-, Br-, I-, NO;, ClO;, SzOi-, thiourea; 
7500 of C,O:-; 7000 of SO:-; 5000 each of F-, tartrate; 
4GOO of citrate; 3500 of SOi- ; 2500 each of BOi-, PO:- ; 
1200 of In3+; 1000 of Mg’+; 800 each of Ca’+, Sr*+, 
Ba’+; 120 each of A13+, UO:+, Fe3+ and 100 of Sc3+. 
With 2-chloro-3-pyridinol, the tolerances are: loo00 each 
of Cl-, Br-, I-, CNS-, NO;, S,Oi-, SO:-, thiourea; 
7500 of C@-; 5000 each of F-, SO:-, tartrate, citrate; 
4000 of BO:-; 1000 each of Ca*+, Sr’+, Ba’+, A13+, 
PO:-, 600 of UO:+; 500 of It?+; 150 each of Mg*+, 
Fe3+ and 100 of Sc3+. In certain cases, the red colour 
fades after some time, and for determinations, the absor- 
bance should be measured immediately. In presence of 
Fe3+, the red colour soon changes to that of hydrous ferric 
oxide. With all pyridinols, CL?+ interfered by producing 
a violet colour with the dye. Bivalent Zn, Cd, Hg, Co and 
Ni produced a magenta colour. It seems probable that 
in these cases the metals displace the hydrogen atom of the 
-OH group in the dye molecule (II. III or IV) and subse- 
quently co-ordinate through the nitrogen atom of the diazo 
group marked with an asterisk. 

EXPERIMENTAL Nitrate determination in water samples 
Solutions of the pyridinols were prepared by dissolving Evaporate the water sample to an appropriate volume. 

500 mg in 1OOml of ethanol. Other solutions employed To 1 ml of the sample solution, add 1 ml of ammonia solu- 
were: 1% w/v sulphanilic acid in 30% acetic acid, ammonia tion, 2 ml each of the sulphanilic acid and 2-amino-3-pyri- 
solution (1 + 1) and Song/ml nitrite (sodium nitrite was dinol solutions, and finally make up the volume to 10.0 ml. 
used). All other solutions were prepared from reagent Measure the absorbance at 480 nm. Construct a calibration 
grade chemicals in doubly distilled water. curve. 

Procedure for detection of nitrite 

Place a drop of the nitrite solution on a spot-plate, add 
2 or 3 drops of ammonia solution and 1 drop each of 
the sulphanilic acid and 2-amino-3-pyridinol solutions, 
whereupon a red colour develops instantaneously. With 
the other two pyridinols, the order of addition should be 
nitrite, sulphanilic acid, pyridinol, ammonia. 

With 2-amino-3-pyridinol as coupling agent, the toler- 
a&e limits (in pg/ml) of various ions are: 10000 each of 
Cl-, NO;, ClO,-, SO:-, SO,O;-; 7500 of A13+; 7000 of 
F-, 5000 each of II, CNS-, BO:-, PO:-; 4000 each of 
Br-, SO:-, C,O:-, tartrate, MOO:-, thiourea; 3500 of 
citrate; 1500 each of Mg2+ In3+, Fe3+; 1000 each of 
Ca’+, Sr’+, Ba2+; 280 of UOz+ ; 200 of PbZ+ and 50 
of Sc3+. With 2,3-pyridinediol as coupling agent, they are: 

The method has been successfully employed in deter- 
mination of the nitrite content of water samules from wells 
and pumps. 

The limits of identification are 0.02 pg/ml (with 2- 
animo-3-uvridinol) and 0.01 ualml (with the other two nvr- 
idinols). ‘i;he limits of dilut& are 1:5 x 10’ (with.2- 
amino-3-pyridinol) and 1: 10s (with the other two pyri- 
dinols). The molar absorptivities are 2.8 x 10“ 
lmole- ‘.cm- ’ at 47G485 nm (2-amino-3-pyridinol); 1.4 x 
lo4 at 445460 nm (2,3_pyridinediol); 2.1 x lo4 at 46&475 
nm (5-chloro-2,3_pyridinediol). 
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_Summary-The diazonium cation resulting from the interaction of nitrite with sulphanilic acid is cou- 
pled with pyridinols to give red azo-dyes. Compared to many other colour reactions employed for 
detection of nitrite, the present systems afford greater sensitivity. Many ions do not affect the colour; 
thus detection and determination are selective. The method is applied in determination of nitrite in 
water samples. 
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PRELIMINARY COMMUNICATIONS 

THE DEPERMINATION OF WEAK ACIDS IN AQUEXXJS SOLUTION BY 

CATALYTIC THEFMOMEX'RICTITRIMFrY 

E. J. Greenho+ and A. A. Shdi 

Chemistry Department, Chelsea College, University of London, Nanresa 

Road, London, SW3 6LX 

(Eeoeived 16 Ootober 193. AooeDted 31 Ootober lga) 

Acetone and acrylonitrile are convenient indioator reagents for use in the determination 

of weak organic acids in non-aqueous solution by the,method of catalytic thermometric 

titrimetry. The end-points of the titrations are indicated by a sharp rise in temperature 

caused by the heat evolved in the titrant-catalysed dimerizationof acetone 
1 and anionic 

polymerizationof aorylonitrile,*respectively. Vaughan and Swithenbsnk' have shown that 

the presence of water in the sample solution has an adverse effect on the end-point 

sharpness when acetone is used as the thermometric indicator, aa it is recommended that 
the water content of the acetone, which is used as both the indicator and the sample 

solvent, should not exoeed 0.296. Water and alcohols are regarded as being undesirable 

impurities in monomers undergoingpolymerizationby an anionic process because they are 

proton donors and terminate the growing polymer chain~.~ However, it has been shown* that 

acrylonitrile functions effeotively as a thermometric indicator when the solution being 

titrated contains up to about 1% of water end/or 5% of methanol. The titrents used in 

conjunction with the acrylonitrile indicator themselves contain alcohols, and the alcohol 

content of the solution at the end-point is, therefore, dependent on the volume of titiit 

added. 

In the present investigation, it has been established that weak acids can be determ- 

ined in low concentration in aqueous solution by using the previously-described thenno- 

metric procedure with acrylonitrile as the thermometric indicator* and a dipolar aprotic 

+ 
To whom requests for reprints should be addressed. 
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solvent, dimethyl sulphoxide, as a co-solvent. Titration curves for glycine, cysteine, 

valine, benzoio acid, phenol, resorcinol, oxalic acid, phosphorous acid, phosphoric acid 

Preliminary Communications 

and boric acid are shown in Fig. 1. It can be seen that sharp end-point inflexions ae 

obtained in the determinations ofO.1 mmoleamounts of strong and weak acids in aqueous 

solution, in concentrations ranging from 1 to 10%. The volume of the 0.55 titrant required 

toneutralize O.lmmoleof a dibasio acid is 0.4 ml, while the volume of water in a 1% 

aqueous sample is about 1 ml. If sn aqueous 0.5g titrsnt were used for the titration of a 

296 aqueous sample, containing about 0.5 ml of water, the solution after neutralization 

would contain less than 1 ml of water. Thus the possibility arises of using aqueous 

titrants, and this was investigated. In Fig. 2 are shown the titration curves obtained when 

2% aqueous solutions of a&nine, phenol, resorcinol, benzoic acid, phosphorous acid and 

phosphoric acid are titrated with 0.5g aqueous potassium hydroxide. The end-point inflex- 

ions are distinct but there is a sharp rise in temperature preceding the inflexion, i.e. 3 

during the neutralizationof the acid. This can be attributed to the exothermic heat of 

mixing of the water in the titrant with the dimethyl sulphoxide in the titration solution. 

In contrast, the addition of propan-2-01 to a mixture of water, dimethyl sulphoxide and 

acrylonitrile results in a fall in temperature at the neutralizationstage in most of the 

titrations shown in Fig. 1. 

I 

0.34 Fbtassium hydroxide in propan-2-olfil. (1 division = 0.5 ml. 1 

Fig. 1. The catalytic thermometric titration of acids in aqueous solution with 0.53 

potassium hydroxide in propan-2-01. 

a, glycine 0.5%); * b, cysteine (2%); c, valine (2%); d, benzoic acid (2%); e, phenol (2%); 

f, phenol (10%); g, resorcinol (2%); h, resorcinol (10%); i, oxalic acid (2%); j, phosph- 

oric acid (1%); k, phosphorous acid (1.1%); 1, boric acid (1%). 

Conditions: titrsnt is added at 0.2 ml/min to a mixture of the aqueous sample containing 

O.lmmoleof the acid, 4 ml of dimethyl sulphoxide and 2 ml of aorylonitrile. 

* 
Concentration in aqueous solution. 
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Fig. 2. 

- 
a 

0.5M FbtassiumhyMcii aq/hd.(ldiiion =O.Sml. 1 

The catalytic thermometric titration of acids in aqueous solution with C.5g 

aqueous potassium hydroxide. 

Conditions: as in Fig. 1, apart from the titrant. The acid samples are 2% aqueous solut- 

ions. a, a&nine; b, phenol; c, resorcinol; d, benzoic acid; e, phosphoric acid; 

f, phosphorous acid. 

It has been established' that the measured reaction stoichiometry of resorcinol is 

dependent on the titrant and the solvent system when the catalytic thermometric procedure 

is used. Thus, resorcinol is determined as a monofunctional acid in solvents that promote 

the ionization of the potassium hydroxide titrant, and as a difunotional acid in solvents 

in which potassium hydroxide exists mainly as an ion-pair, In the solvent mixtures used in 

the present study, resorcinol shows sn intermediate reaction stoiohiometry of about 1.5, 

although a value of 1 might have been expected in the presence of the strongly cation-solv- 

ating &methyl sulphoxide. Apparently, hydrogen bonding with water reduces the 'ionizing 

power of the former solvent. The effect of the proportions of water, dimethyl sulphoxide 

and acrylonitrile on the measured reaction stoichiometry when resorcinol is determined in 

these mixtures will be discussed in a later contribution. In the present study, phosphoric, 

phosphorous and oxalic acids are titrated as dibasic acids while boric acid is determined 

as a monobasic one. 

One advantage of using this catalytic thermometric procedure in preference to visual- 

indicator or potentiometric titrimetry is that weak acids in aqueous solution can be titr- 

ated directly. Before determining very weak acids by the visual-indicator or potentiometric 

methods it is usually necessary to enhance their acidities, either by extracting them into 

sn appropriate non-aqueous solvent, as in the case of phenols, or by adding reagents, such 

as formaldehyde to amino-acids and msnnitol to boric acid. 

The exothermic reaction marking the end-point in the titrations is unlikely to be a 

simple anionic polymerization process because, as noted above, water and alcohols terminate 
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the growing polymer chains. Zilkba end Feit 596 have shown that chain transfer aud cyauo- 

ethylation reactions ooour when sodium and potassium alkoxides axe used a8 oatalyets for 

the polymerizationof acrylonitrile in the presence of methanol, and they identified the 

cyancetbylationproduot of methanol and acrylonitrile in the polyzerizationmixtures. In 

their evaluation of quaternary ammonium hydroxides as polymerisation catalyste, they 

deduced that water can function aa a chain transfer magent in thepol.yzerization of acrylo- 

nitrile. !l?he reeulte of these iuveetigatiom suggeEtt that chain trenefer and cyauoetbyla- 

tion reactions, involving water aud/or propen-2-01, are responsible for the temperature 

rise marking the end-point in the titrations discussed in the present communication. 

1. G. A. Vaughan and J. J. Swithenbank, Aualyst, 1965, j0, 594. 

2. E. J. Greenhow aud L. E. Spencer, w., 1973, iE, 90. 

3. A. Parry in A. D. Jenkins end A. Ledwith, Reactivity. Mechanism and Structure in 

Polymer Chemistq, p. 369, Wiley, London, 1974. 

4. E. J. Greenhow and R. Sargitt, Prcc. Sot. Anal. Chem., 1973, lo, 276. 

5. B, A. Feit and A. Zilkha, J. ADDS. Polymer Sci., 1963, 1, 287. 

6. A. Zilkha audB. A. Feit, w., 1961, I, 251. 

7. Idem, J. Polymer Soi., 1961, $?, 231. 
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A HOVEL C0I0uE REACTIOH FOB ALDEHYDFS Am, PETOBES 

ILL. B8j8j* 

Department of ChemirtrJr and BIochemi8try, PUnjab AgrlcultUral Universlt~, Mhiana, Iladia 

(Bweind 23 Seutamber 1975. Aooetied 24 COtOber 1975) 

During 8oma experiment8 with ethanolamine it maa fouui that when formsldehydr =I addrd 

to It, followed by formic acid, the re8ction 18 exoth8rmio rlth in8t8ntan8ou8 productlcn of 

a yellor oolo~r. !fhlr ncvel OO~OUE re8Otioll W88 further itlVC8ti&Od, with diff8r8nt 

allphatio and aromatic ald8bda8 and mineral aold8. The 8Ub8tmOe8 te8ted included reduoing 

8-8 (@uzc8a, &aotow, x.y108e, ribom and laofor), aliphatlo 8ld8hyd88 (formmld8hyd8~ 

butjr8ld8yd8, orOtoil8ld8lyd8, OitrOll8lkl and 4OrOtiU), hCkr~Oli0 8IdClydeO (iurfwal), 

arcmatio aldrhyder (ben~ald8bJde, o_ andpbydrOzybanzald8hyd8, vanillla, 

pdlmat~~ok~lde~e, aai8aldek@a and olnnamalde~d8) ati kOtOll88 (acatono, m8tly1 

irobutyl ketone, dlmadone, quinone, and lavulinio acid). All @Va a pO8itiW r88atioll. 

Tb colotrr ~88 obtalrmd whetbrthe aldehydr or ketone va8 fir8t tmated with 

8thmol8Pille, fOllOw8d b fOrmi aOid,or fOrmi 8oid -8 l'e8Otad with 8th8nOlamiru followed 

byth8 aldehyde orkatcn8, but tha inf8rNitr ~88 hlgherbythe fir8t @&hod. Addlticm of 

-0888 Of fOrdO 8oid Or 8li&ilt War&i@ illCrC88Cd the 8eU8itiVitJ. At low oonc8nttntlon8, 

a y8llow oolortr '~8 w~allj obtained, but at higher COnCCntr8tiOD8 of fmId8hyd8, 

OrOtonaldo~e, oi-ldehyda and furf~ral, an interwe rad oolo~r war obt8ined. Addition 

of alkali genarcrllj dacrea8ed the colotk lnteeity; in 8ome 08~8 the oolour dirppe8red. 

Eleotrcn-r8leasing group8 rmoh a8 hydrcayl,dlmetbjkmlno or a double bond ocnjU&ad with tha 

car-1 ~Oup,itlO~8Cd th. 8CMitiV%t~. Th~8pdlmatbjl8minoben8aldshydo, oinuamslde~o 

and crotonaldeb3_de &we vary 8enrltive raaoticm8, the first bein# doteot8bl.C l v8ts at th8 

0.5* Iowl. 

Aminc-acid8, phanol8 &amlnophenol, oateohin, oatoohcl, pyr~gallol), l 8tOr8 (ethyl 

aoetata), amide8 (dimathylformamlde,, a8paragine, glutamino), hydrasixnr, urio 8oid, 81ooho& 

(i?.lO8itOl, @lWliOl, liaSlOO1) and fOrPi 8Oid @V8 UC ruCrOtiOn. 

fnw8tigstiCn8 Of the alllr~iC8~ u8a ami th8 WOh8nim Of tbi8 colmar XVaOtiOm ara is 

progra88. Tb colom raaotion doe8 not involve quinone foruttlon rlnce aliphrrtio 00m~crtadr 

8bO @a-/a a p8itiW mction. It18 Very liketth8ttha r88atiOn~OO8ad8~~Ohiff'8 

ba8e fonrtlon, 8ince no oolorpr reaCtlou ~88 ob88rved when th8 prodwt obtairud 8fter 

addition of 8ldebyd8 to et&nolaaiim a8 reduoed with LUlH4. Probably the &hiff'8 b888 

i8 rapidly oonvwted into axaaolidine deriv8tir.8' whioh rerot with fOrmi aoid to form 

OOlOUred OWl~und8. The reacticnappeerotobe gre8tlyaccelerated inthe pra8ence Of 

f~rmlo acid, which oould not be replaoed by mlaer81 aoid8, and no ooloa ~a8 obtainad withottf 

it. 

Reformme 
1. Y. Sanku, J. Am. Chom. Soo. 1945, a, 1515. 

l Pre8ent 8ddre88 : Tea Bewaroh A88OOlatiOn, Tocklal *padmanta 8t8tiom, J-hat 78500& 
A888& IUdi8. 
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CEROMATOOR4PHIC SEPAEATIOB OF OPTICAL Isop[EBs BY KEAES OF OUl'E&spBEBIs 

CfXPIIGx FOEMATIOB REACl'IOlfS 

J. Ceil and J. Inoridy 

Inotltuto of Anelytloal Chm18tryt Univer8ity of Chomlo8lEngineering, 
Ve55prem, Hungary 

(Rooe~ivad 13 S8DtOmb8r 1975. Aocwted 10 0otob.r 1975) 

If 'I88 llhown @8l'1i@r that there are diff8r@nCOfi between tti rrtabillty oonmtantr of 

Outer-5pbsre complexer formed b.OtWWn the & snd L-form! Of 8n a8JpwtriO anion 8nd an 

optiorrlly active oob8lt(III) oation. 192 Thir type of mtareoreleotivr ocmplex formation 

reaotionr has not 50 far been wed for chracatogr8phfa sep8ration of optioal i8olaer8. 

In okw uperimeat8 the outer-ophere oomplex-forartion reaction5 between tha Opti 

8OtiPs [CO(eD)3)k oation (on . et~lem6dlamino) and the a 8nd LforM of 85p8rtiO 8nd 

nndello aoidr wera lnvwttgted by potentiomatrio titration 8,rd ion-exoh8nge~ m8thod8, and 

tha stability oonrtente of tha outer-5phere oomplare were detarmlwd. For 8f4partid 8oid 

the 8tabtlity constant5 uare logg, . 3.06 2 0.01 for the D-aqmrtato oomplox, and 1~ g, I 

2.24 + 0.01 iOr th. L-85pert8tO OomplOX. 

On th8 barie of the dlffennoe betusen the atability constant8 of thor oomplexw 8 new 

ligrad-dLpleoement obroclrtogrcrphio awtbrxi was developed for tha sepsmtiw of the optioal 

iDoWr5 Of 8Sp5rtio 8nd 5mndeliO acid. FrcQ the NIUlt6 of our experiment8 it W88 

rafrbli5hed th8t the n8tUre and concentration of the dirpl8csmnt anion (5Ulphat8, chloride, 

perahlorat8) in the elrunt, and the p& 8ro very important factor8 affecting the selcmtivity 

8lld 6ffiOienoy Of 8Op5r8tion Of the Optical i5omOrlI. 

Figure 1 8how5 the 55pantion of the b 8nd tfoxw of 88partio aoid on 8 -8k4 aoidio 

ocrtion-ercbango cerrln oolm loaded rith the D-form of optically aotivo [Co(anj313+. 

Stepri8r alution with 0.116 and 0.715u_ rodirn sulph8te ~8s used for the wpantion. The 

mWldOli0 acid i5olOOr8 WOm 8imitilj l'O801W3d. 

BBFBRBncBs 

1. K. Oglno 8nd U. S8ito, Bull. Chem. 900. JBWn, 1967, & 826. 

2. K. Ogino, @&., 1969, 4, 447e 

Absorbffmi 

(580nm 

A 
e 
! 

Fig. 1. Separation of optic81 
i8CQ8r8 Of aOprrrti0 acid On a 
Bio Rax 70 oatio~cha~ oolurm 
loedrd with D-(Co(od),] oationr. 
Column 8150 7.2 10.6 mn; flow- 
r8te 28 PLI/~YP. 

25 50 ml 
, 
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LETTERS TO THE EDITOR 

C0LoRIKETRIC DKX’ERMINATICN OF NYSTATIN 

Bemntly a oemmicration’ dealing rith a new aolorimetrio method for analy818 of the 

polyone antibfotie nyatatin 8a8 publiehed. That oozmnmiaation, I feel, highlight8 and 

rOfleot8 8OB8 ilBpOPt8llt hot8 p8rtdli~ tO llyIt8tb W?J.iOh 8N Of PrtiOUhr ht8r88t to 

aMlf8tS 8nd r8qUir8 PdUtlw Out. 

Yo8t publiccrtioru (inolrding that of Amer et.) give the impr888ion thet ny8tatiB 18 

8 8ingl8 OollpOund. Thlr, in ?8Ot, i8 not tru8, a8 i8 r8fl8Oted by th8 rork Of Sh8nin2 8nd 

Borornki u.3 FUl’thWWW8, the ratio and (gO88ib~) th8 nature Of the conrtitWnt8 i8 

variabl8 .4 Ky8tatln lr a natural mtabolite of micro-oxg8nlsm8 arl8ing through aeooudary 

met8bolin, vhieh m88ns that there ir 8 high lilcrlihood of impuritie8 being 888ooisted vlth 

th8 rub8tanoe. 

KOW O? th8 lit8ratUF8 on aIaal.yOiO Of ny&8tin d8ftne8 the OOmpolritiOn Of the 8Ub8tanw 

te8t8d. Ken08 oap8ri8on8 of wthod8 of analysis should be treated with Qaution. The 

lit8rature al80 oontaina little or nothlng on the iat8rmediatr pmdu0t8 o? th8 ohmi 

r88otioM bed for quelitative and quantitativ8 8n8ly8ir o? Ilgcrtatin. I? th8 nature of 

matin 88r8 bett8r hrO8n then mOr8 8eMitiv8 8nd 8p8OifiO rthodr Of l naly8ia OOUld be 

d8viImd. 

Some author85~6 have reportrd ma88 8peOtraDetry 6tUdi88 and given ?r8gWIXtatiOn eoheer8 

based (apparently) 8ll the 88SUUlptiOll that v8tatin 28 a 8illgle OOmpOti. The intrrpretation 

O? th.M) N8lllt.ta 18 th8P8fOr8 ah0 OwlI t0 qU88tiOn. 

Tvo oth8r faoton, 818 worthy of mention. it ha8 b88n reported that ny8tatin i8 

8l.WirMs-eOtive and ?Ol’W m108118..’ tire 8hould therefore be tak8n wh8n speotrephotometrio 

8Xperim8Xlt8 ar8 OOndUOted. Seoondly, much o? the rurk reported on the moleoular mode o? 

8oflon of nptafia ha8 been done vith material of undefined composition. 8,9 

In my opinion any reported rork (partioularly of an analytioal natme) 8hould try te 

include the oomposition o? the nystatin ueed, 

Analytioal Uheabtry Dqwtuat 
Cholna College of Soi8noe and Teohnology 
Kamr8u Rord, Lordou, SW3 6fx. 
2 S8pt8mber 1975 

B.Z. CEOWDiGtY 
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IMPROVEMSlfF Ilf SAMPLE PBEPAUTIOIO FOR ALPEA I.JQUlD-SCIETIIJATIOlf SPECTROSCOPY 

sinoe the publlo8tion o? our 9qm,’ nplutonlrn and UnniLm Dotrr8ialation in 

&wironmntal Sampl.8: Cabined Solvent Extnotion - Liquid Solntillation lkthod,” u8 hav8 

develo9.d an lm9rovomant I* on8 o? the 8lulJtio81 rt8pr that reeultr in a aim9li?io8tion of 

tb prooeduro 88 roll a8 a oon8iderabl8 inonarr in it8 nllabilitj and reproduoibilitj. 

In Prooodw, the paragraph l ntitl8d hriap with u8rohlorio acid, a wthod ID 

drmr1b.d for eomrertf~ a ~Ixod aitnta-perohlonte 8y8t.m into th8 perohlonte, in rhloh 

.888ntimll$ all th@ perohloric 8cld i8 wapor8t.d to yield 8 1it)riU perohlomto ?Wiom. 

'Ia h8vO 2101 mpl8o.d thil 8tep with 8n SvSpOlUtiOll 8t oontroll8d t*M~r8tUlW. ma found 

thrt the ?WiOU 8t8p OOo88iOl181t r.EmltOd in tb lWmOv81 Of 80 much psrahloric 8oid tb8t 

IOn of tb plutoniu ~88 convertad into 8 ?o= not amtmbl~ to r8oovory br axtnotion imto 

thr USintill8tOr OOnt8iniw di(i?-ot&rlhex&bo8phoric 8Oid (u., t]u ertr8Otiva 

8Ointill8tOr). k ru~paot tht tka plutoniro ~88 being preoipitated 88 8n oxide or bydroua 

oxide 811~30 it fr porriblo to precipit8te iron oxide duriaa tka llthiu pemohlorate ftuiar. 

BO8Ult8 Obt8inOd OVOr 8 PriOd Of 8 ?eW mOlIth# in OIIC IrrboxMory indiO8tO th8t 8ll 

uporiaIood OQentor ?8il8 to NaoV8r 100% of th8 plutomi~ 8bout on0 out of ten time8 In 

tm 8t.p; th0 f811WO l'8ta i8 8OmWh8t hi,@Ur for Cm itW~riW%d OpOlF8tOr. 

Our prwent prooeddurr, which rlimla8k8 the difficulty 888ooi8trd with the '&Ion 8te9, 

i8 88 ?OllOWS. Tha 0.s frrtirry amine nitntr eolution i8 8trlpprd with 8n qua1 volw 

o? 8 8olution that 18 1.s in lithim perchlorate and 0.325 - 0.3zq! in 9erohloric 8cid. 

&l th. 8trippin& O~rpitiOn th8 8miM nitr8tO 18 oouvortrd into pCWOhlor8t~, r@b8i~@ 80. 

equitnl8IIt 8Wtd Of sitriO aoid t0 the 8qUaOtlr pb88e. %O 8trip 8OlUtiOll i8 thOn ha8ted 

b ndi8lIt h@8t8r8 8t 8 OOlltrOlbd tI3QiCtr8tUXW Of 1% - 170' for 30 - 60 dn t0 rO8loW th. 

nitrio aoid. WIN8 at111 warm, the oonoentrcrted produat (8bout 8 qwrter o? the origin81 

VOluW) i8 dilut8d 899rOXb8te~ ISi with 8 2.5$ / W V 8OlUtiOtl Of 8Odi- PWOXjlrrlpbatO. 

Ths final 8olutlon 18 8pproxiMtrly 3y, in Prchlor8tr and 0.05 - O.ioU_ In perohlorio 8oid. 

9lUtOni\mi8 extnotrddirwt~ frm thi8 801UtiOI3 intotb 8xtraatin 8OilltilbtOr. Im, 

Or@niC lOinti1l&Or IMP9b 9r+l'Od in thi8 my h88 good pl&ls-hOi#ht, 9U28@-8h8gl, and 

rwrw zwolution Ohrrr8OtOri8tiO8. Plutoalom raoowrj by thi8 prooedura hs routlnoly 

ken lOO%, within OOUntilyl 8t8ti8tiO8. A rlmilar prooedwa ha8 bwn dorign8d for obtsinirrg 

91utOnirr ti 0th.r 8lph8-8mitti~ nuollder in 8 perchlonte wditr for UtnOtiOB intO UI 

8rtnotiV8 rointill8tor for go88 81phr-OOUSltiQ5 In 8 bOt8 liquid-sointillatioa OOuntrr, 8d 

8 method o? 8trippiv m thir 8Ointill8tOr 8nd rO-extr8OtiX# intO 8 8Cilltill8tol: for 81ph8 

8pWtrO8Om h88 boon devaloprd. ThO8e procodurO8rillb. I'O~rtOdBOM iriluiB8 

forthooaiag publio8tlon. 

Chomie8lDovelopwnt Sootion 
O8k aid@8 ~8tiOMl bbont~ 
08k EMgo, Terme8880 37830, U.S.A. 
25 8wtomber 1975 

W.J. y-11 

1. U.J. YaIJanll, D.T. lkrrar, 8nd LB.= ‘?8bnt8, 1974, 11, 1231. 
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TALANTA MINI-REVIEW* 

CHEMICAL PHASE-ANALYSIS OF ORES AND ROCKS 

A REVIEW OF METHODS 

H. F. STEGER 

Mineral Sciences Laboratories, Canada Centre for Mineral and Energy Technology, 
Department of Energy, Mines and Resources, Ottawa, Canada 

(Received 25 March 1975. Accepted 27 March 1975) 

Summary-The methods employed in the chemical phase-analysis of rocks, ores and their treatment 
products are reviewed. An attempt has been made to be. critical, selective and thorough in the choice 
of methods available in the literature, in order to provide a convenient manual for workers interested 
in this aspect of analytical chemistry. 

Chemical phase-analysis (also called rational or prac- 
tical analysis) is the determination, by a chemical dis- 
solution technique, of the distribution of an element 
in an ore or rock on the basis of minerals or oxi- 
dation states. The goal of the analysis is the selective 
dissolution of one or more minerals present in the 
ore, but because no solvent is completely selective 
in its action, a quantitative separation is seldom 
achieved and it is necessary to correct the result to 
allow for the partial dissolution of other minerals. 
Because the reactivity of a mineral with a particular 
solvent varies from specimen to specimen, a truly con- 
stant correction is not possible and an error of l-100/, 
is considered to be acceptable. 

The importance of chemical phase-analysis to the 
mining industry, e.g., in process control, and to hyd- 
rometallurgists has ensured its being a valuable aspect 
of analytical chemistry. Chemical phase-analysis has 
enjoyed an appreciable increase in interest since 1960. 
Reviews, both comprehensive and partial, have 
appeared at irregular intervals in the literature of the 
Soviet Unionlp6 but unfortunately English transla- 
tions are not available and access to the original is 
often difficult. The need for a review in English was 
apparent. 

During the preparation of this manuscript, a book 
entitled “Chemical Phase Analysis” appeared in 
print.’ Although there must of necessity be some dup- 
lication, the aim and contents of the present review 
and of the book are significantly different. This review 
considers only the phase-analysis of ores and rocks 
and is intended for publication in the open literature 
as a guide for analysts to the methods employed. The 
references given herein were selected on the following 
basis. Emphasis was placed on methods developed 

Crown Copyrights reserved. 
* For reprints of this Review see Publisher’s announce- 

ment near end of this issue. TALMR2. 

within the past 25 yr. Most older methods have since 
been modified (and are included in the modified form) 
or appear in standard analytical texts such as Low,~ 
Hillebrand and Lundell,g and Maxwell. lo References 
to Soviet journals which are not readily available to 
Western readers are omitted wherever subsequent 
publication of the method has occurred in a more 
widely circulated journal. 

References in this review are made to the English 
edition of Soviet journals wherever possible. Recourse 
to the Russian edition was necessary where the Eng- 
lish edition either does not exist for the complete 
series of a journal or was not reasonably accessible 
to the reviewer. 

Finally it must be mentioned that information on 
procedures of chemical phase-analysis may be hidden 
away in the body of papers and is, therefore, effecti- 
vely inaccessible because titles and references do not 
convey its existence. It is suggested, therefore, that 
future authors should strive to prevent the recurrence 
of this problem by deliberate mention of chemical 
phase-analysis either in the abstract or, preferably, in 
the title of their publication. 

SUMMARY OF METHODS 

Aluminium 

The bauxite minerals, gibbsite Al(OH)3, boehmite, 
AlO( and diaspore, AlO( can be determined 
on the basis of different rates of dissolution in potas- 
sium hydroxide solution or sulphuric acid under con- 
trolled conditions.’ ‘J’ Sodium hydroxide solution 
and hydrochloric acid can be used if only the gibbsite 
component is determined.‘3,14 Gibbsite, boehmite 
and diaspore can be separated by successive chlorina- 
tions with carbon tetrachloride vapour at 400, 500 
and 600” respectively.” The AlC& formed at each 
temperature is distilled and collected in ammonia 
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solution. The accuracy of the method is improved if 
the result for a mineral is corrected for the partial 
conversion of other minerals at a particular tempera- 
ture. ’ ’ 

Aluminium phosphate minerals such as crandallite, 
millesite, etc., are easily separated from kaolinite by 
dissolution in boiling hydrochloric acid (1 + l).” Ap- 
proximately 1% of the aluminium in kaolinite also 
dissolves. 

Antimony 

Antimony oxides and sulphides in ores can be 
separated by treatment with tartaric acid.” The sul- 
phides are not attacked. A method for selectively 
determining Sb, Sb,03, Sb,S, and Sbz04 + Sb?O, 
in pyrometallurgical samples has been developed.” 
The method is subject to an error of 2-3x. 

A method of determining certain beryllium 
minerals in beryllium ores and concentrates has been 
described.20 Helvine, 3(Mn,Fe)O. 3BeO. Si02. MnS, 
and danalite, 3(Fe,Zn,Mn)O. 3BeO. 3Si02 (Fe,Zn)S, 
are dissolved in 3% hydrochloric acid. However, 5 
15% of the beryllium vesuvianite, 2(Mg,Mn,Zn)O. - 
6CaO. 4BeO. Al,O, .6SiO,, also dissolves. The resi- 
due is roasted at 7W800” and the remainder of the 
vesuvianite becomes soluble in hydrochloric acid 
(1 + I). Beryl, 3BeO.A1,0, .6SiO,, and chrysoberyl, 
Be0 Al,O,, are determined in the final residue after 
fusion. 

Bismuth 

Bismuth oxide minerals can be extracted from ores 
by treatment with a 5% thiourea solution in 0.5N 
sulphuric acid2’ or a 3% phenylacetic acid solution 
in 04M hydrochloric acid.22 Native bismuth in the 
residue is dissolved with @lM silver nitrate in O+ 
l.OM nitric acid. Bismuth sulphides are then decom- 
posed with nitric acid or hydrofluoric acid-nitric acid 
mixture. An error of approximately 20”/, is obtained 
for individual bismuth components. 

Calcium 

Free CaO is extractable from Ca,(PO,),, CaF,, 
CaCO,, CaSO, or calcium silicate ores with an 
aqueous sucrose solution. 23,24 Calcite, CaCO,, can 
be selectively dissolved in the presence of fluorite, 
CaF,, by 510% acetic acid.25,26 Approximately 0.3% 
of the fluorite also dissolves and, therefore, the appro- 
priate correction should be made to the calcite result. 
This method is applicable to both fluorspars and 
complex sulphide ores. 

Carbon 

Carbonate and carbonaceous carbon in rocks and 
ores is readily determined. Carbonates are decom- 
posed by heating with hydrochloric or phosphoric 
acid and the liberated carbon dioxide is absorbed in 
dilute barium hydroxide solution” or in a preweighed 

tube containing anhydrous magnesium perchlorate. 
The residue may be treated with chromium trioxide 
in phosphoric acid to oxidize the carbonaceous car- 
bon to carbon dioxide,27 or the carbonaceous carbon 
may be assumed to be the difference between the total 
and carbonate carbon. The latter method becomes 
unsatisfactory when the sample contains much car- 
bonate carbon and little carbonaceous material.28 

Copper 

Native copper, cuprite and tenorite. Cuprite, Cu,O, 
can be selectively extracted from ores which contain 
native copper and tenorite, CuO. by dilute hydro- 
chloric acid in ethanol plus stannous chloride,” or 
by a hot saturated potassium iodide solution.30 The 
native copper is then dissolved with a solution of fer- 
ric chloride in 3M hydrochloric acid. Tenorite is 
given by the difference between the total copper and 
cuprite + native copper. 

Cuprite can also be extracted with a 1% aqueous 
solution of unithiol, sodium 2,3-dimercaptopropane- 
l-sulphonate.31 The residue is treated with a 1% solu- 
tion of unithiol in 5% ammonium chloride to extract 
tenorite. The native copper is dissolved in nitric acid. 
The cuprite result must be corrected to take into 
account the solubility of tenorite and native copper, 
5 and 9% respectively, in the 1% unithiol solution. 

Copper sulphides and oxidation products. Oxidized 
copper minerals can be extracted from sulphide ores 
with a reagent consisting of 2g of sodium sulphite 
and 1 g of phenylacetic acid in 20ml of acetone and 
100 ml 3% H2S04.32 Native copper in the residue is 
dissolved in 15% ammonium carbonate or bicar- 
bonate solution. The copper sulphides may be dis- 
solved in acid or analysed for mineral phases as in 
the next section. 

Treatment of copper ores with a 1% unithiol solu- 
tion dissolves azurite, CU~(CO~),(OH)~, malachite, 
Cu2(C03)(0H),. and cuprite. Chrysocolla, Cu2H2- 
Si,O,(OH),, can be extracted from the residue with 
a 2% sodium sulphite solution in 3% sulphuric acid 
or extracted together with tenorite with a 1% solution 
of unithiol in 5% hydrochloric acid. Copper sulphides 
are unattacked. An error of 3-Q& depending on the 
copper content of the ore, is expected. 

Malachite can be extracted from copper ores with 
a 10% sodium potassium tartrate solution in 10% 
sodium hydroxide solution in a nitrogen atmos- 
phere.34 The residue is treated with this reagent in 
an oxygen atmosphere to dissolve cuprite. The residue 
contains the copper sulphides. 

Copper sulphides. The following methods apply to 
copper sulphide ores from which oxidized forms of 
the copper sulphides are either absent or have been 
previously extracted (vide supra). Successive treatment 
of the ore with 2% ferric sulphate in 5% sulphuric 
acid and a saturated silver sulphate solution in 5% 
acetic acid will dissolve bornite, Cu,FeS,, and chalco- 
cite, CU,S.~~ The residue is treated with a 1: 1 hyd- 
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rochloric acid-nitric acid mixture to dissolve chalco- 
pyrite, CuFe!$. 

Bornite, chalcocite and covellite, CuS, can also be 
extracted from ores with a 2-3% potassium cyanide 
solution35,36 or with an acidic solution of 
thiourea.37,38 Only 0.07% of the chalcopyrite dis- 
solves. The analytical results are corrected to take 
into account either the incomplete dissolution of the 
mineral(s) being determined or partial dissolution of 
other minerals. The phase-analysis for malachite, 
chalcocite, covellite and chalcopyrite by the successive 
use of sulphuric acid, ferric sulphate in sulphuric acid 
and potassium cyanide has been critically assessed and 
errors arising from the partial selectivity of the sol- 
vents have been estimated.39 

Chalcocite can be separated from bornite, covellite 
and chalcopyrite by a 5% solution of unithiol in 5% 
ammonia solution.40 A correction for the slight solu- 
bility of the last three minerals must be made. An 
error of &So/& depending on mineralogical composi- 
tion, is expected. Chalcocite can be determined in 
mixtures with bornite by dissolution in neutral silver 
nitrate solution.41 This method, however, is only 
semiquantitative. A scheme has been devised whereby 
a copper ore may be analysed for chalcocite, covellite, 
bornite, chalcopyrite, stannite [Cu,FeSnS,], bour- 
nonite [PbCuSbS,] and the tetrahedrite-tennantite 

group C(Cu,Fe), ,(As,Sb),S, ~1.~’ 

Germanium 

The germanium compounds that are present in 
coal-ash may be determined43 if the sample is treated 
successively with O.lM ammonia to dissolve GeO, 
(including that in solid solution with SiO& 0.3M 
EDTA to dissolve CaGeO, and MgGeO,, 3M 
sodium hydroxide to dissolve aluminium germanates, 
and IM oxalic acid to dissolve Fe,Ge,O,,. The final 
residue, which consists of silica and mullite, 3A1,03 . - 
GeO,. SiOz, is dissolved in nitric acid, hydrofluoric 
acid and phosphoric acid. The result for a particular 
germanium compound must be corrected to take into 
account the partial solubility of other germanium 
compounds in the solvent. 

Indium 

Indium compounds in metallurgical dusts can be 
determined as follows.44 The dust is treated succcssi- 
vely with water to extract In,(S04)3, a 3% bromine 
solution in methanol to dissolve In,S, and 3M hy- 
drochloric acid to dissolve In,O,. The components 
are determined with an error of approximately 3%. 

Iron 

Fe, FeO, Fe,03 and Fe304 in reduced ores. Metallic 
iron can be selectively extracted from reduced iron 
ores with a solution of mercuric chloride in water45 
or alcohol, 46p48 by aqueous copper sulphate solu- 
tion 49p52 ammonium dithiocyanatoargentates3 or 
lead chloride54 or by bromine in alcohol.55-58 The 
use of bromine in alcohol is superior to that of mer- 

curie chloride or silver thiocyanate.59 Further, the use 
of bromine in methanol is preferable to that in eth- 
ano16’ 

Metallic iron can also be determined indirectly (a) 
by conversion into FeS and subsequent determination 
of H2S on acid treatment6’ and (b) measurement of 
the hydrogen evolved by the dissolution of metallic 
iron in an acid.62 The latter technique gives a metallic 
iron content with an error less than 3%. 

To determine Fe0 and Fe203 in reduced iron ores, 
a sample from which metallic iron has been removed 
is dissolved in hydrochloric acid in an inert atmos- 
phere. 46,56,57 The iron(B) in solution is determined 
either by titration with dichromate46 or vanadate,57 
or spectrophotometrically.56 The same solution is 
analysed for total iron, and iron(II1) is obtained by 
difference. The error in determining each oxidation 
state is l-2%. 

Free Fe0 can be distinguished from Fe(I1) in mag- 
netite, Fe30e4* Metallic and total Fe0 are extracted 
from the sample with a 6% ferric chloride solution. 
The metallic iron is readily determined (uide supra) 
to give total FeO. Another sample is treated successi- 
vely with ethanolic stannous chloride and a 4% ferric 
chloride solution to dissolve Fe,O, and metallic iron. 
The magnetite in the residue is collected magnetically 
and dissolved in hydrochloric acid in an inert atmos- 
phere. The Fe(B) in the magnetite is determined as 
stated above. The error in these determinations is l- 

5%. 
Magnetite is selectively extracted from mixtures 

with hematite, Fe,O,, by 1% hydrochloric acid in 
phosphoric acid and an oxidant such as hydrogen 
peroxide or permanganate. 63,64 Approximately 1% of 
the hematite iron is also dissolved. 

Ferrous and ferric iron in rocks and ores. For the 
determination of ferrous iron, the sample is decom- 
posed with sulphuric-hydrofluoric acid mixture either 
with the exclusion of air and direct determination of 
ferrous iron65p68 or in the presence of a known excess 
of ammonium vanadate,69,70 potassium permanga- 
nate,’ ’ -72 potassium dichromate73 or silver perchlor- 
ate74 and indirect determination of ferrous iron by 
back-titration of the oxidant. The sample decomposi- 
tion in the presence of excess of ammonium vanadate 
was found to be very reliable.75 For samples that dis- 
solve in the acid mixture with great difficulty, fusion 
with sodium fluoroborate is recommended.76~77 The 
use of platinum crucibles, however, yields low results 
for ferrous iron.‘* It should be noted that the deter- 
mination of ferrous iron is subject to error in the 
presence of Ti(III), V(III), Mn(IV), sulphides and 
organic matter. 

Ferric iron in rocks and ores is, in general, assumed 
to be the difference between the total and ferrous iron. 
Ferric iron in acid-soluble samples can, however, be 
determined directly.79,80 After dissolution of the 
sample in hydrochloric acid (1 + 1) in an inert atmos- 
phere, ferric iron is titrated with EDTA at pH 1.2-2.0. 
The error is 0.63% depending on the iron content 
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and nature of the sample. The presence of Bi, Tl and 
large amounts of Cu interferes in the titration. Sul- 
phides and higher oxides of Mn and V interfere dur- 
ing decomposition. 

Iron oxides in iron sulphide ores. Hydrogen will 
easily reduce iron in iron oxides, silicates and other 
oxygen-bearing minerals to metallic iron but it will 
only slightly attack pyrite.” The metallic iron may 
then be removed by aqueous copper sulphate solu- 
tion. Magnetite is easily separated from chalcopyrite 
with phosphoric acid. *’ Pyrrhotite can be extracted 
from mixtures with Fe0 and Fe,O, by bromine in 
alcoho1.83 

Iron sulphide ores. Pyrrhotite can be determined in 
the presence of pyrite by dissolution in 4% stannous 
chloride solution in 6M hydrochloric acid.84 The in- 
ertness of pyrite to this reagent is variable, however, 
and appreciable errors can arise.*’ Pyrrhotite, chalco- 
pyrite and bornite can be extracted from ores with 
bromine in methanol.86 Pyrite in the residue is dis- 
solved by hydrogen peroxide in methanol. An error 
of approximately 2% is obtained. 

Lead 

A method for the determination of lead minerals 
in ores has been developed.s7@ The sample is treated 
with 25% sodium chloride solution to dissolve angle- 
site, PbS04, and then with 15% ammonium acetate 
solution in 3% acetic acid to dissolve cerussite, 
PbC03. Successive treatment of the residue with 2% 
sodium hydroxide solution and ammonium acetate 
solution extracts the combined lead of crocoite, 
PbCrO,, and wulfenite, PbMoO& Mimetite, Pb,- 
(AsO,),Cl,pyromorphite,Pb,(PO,),Cl,andvanadinite, 
Pb,(VO,),Cl, are then extracted with a 25% solution 
of sodium chloride in 0.5% hydrochloric acid [con- 
taining approximately 5 mg of mercury(I1) per litre to 

inhibit the dissolution of galena].88 The galena, PbS, 
in the residue may be dissolved either with a 25% 
solution of sodium chloride in 6% ferric chloride solu- 
tion or with hydrogen peroxide.s8 The final residue 
contains beaverite, Pb(Cu,Fe,A1),(S04)2(OH)6, beu- 
dantite, PbFe,(AsO,)(SO,)(OH),, and plumbojaro- 
site, PbFe6(S04)4(0H),, and is dissolved in hydro- 
chloric acid (1 + 3). 

The determination of cerussite by 15% ammonium 
acetate in 3% acetic acid gives high results for ores 
containing galena, pyrite and organic matter.” The 
addition of ascorbic acid will suppress the oxidation 
and dissolution of galena. 

Galena may be determined in mixtures with betek- 
hinite, Cu,e(Fe,Pb)S,, by dissolution with 4% hydro- 
gen peroxide in 4M ammonium acetate in 5% acetic 
acid.“’ Because of the slight dissolution of betekhinite 
in this reagent, the determination is subject to an 
error of 14%. 

Manganese 

Manganese carbonate minerals can be selectively 
dissolved in the presence of manganite, MnO,, by 

6N ammonium sulphate acidified with sulphuric acid 
to pH 2.” Manganite in the residue is dissolved with 
a 2% solution of sulphosalicylic acid in O.l-l.ON sul- 
phuric acid. 

The treatment of carbonate-oxide ores with 1% 
acetic acid completely dissolves manganocalcite, 
(Mn,Ca)C03, and 78% of rhodochrosite, MnCO,, 
and oligonite, (Fe,Mn)C03.” The complete dissolu- 
tion of rhodochrosite and oligonite is accomplished 
with 8% sulphuric acid. Manganese oxides are separ- 
ated from manganese silicates in the residue, with 
15% hydrochloric acid. The results for manganocal- 
cite, rhodochrosite and oligonite must be adjusted to 
take into account the 78% solubility of the last two 
in 1% acetic acid. 

Mercury 

Mercury compounds in pyro- and hydrometallurgi- 
cal products may be determined semiquantitatively. 
Leaching of the sample with 5% nitric acid selectively 
dissolves HgO. Metallic mercury in the residue is 
extracted with nitric acid (2 + 1). HgS in the residue 
is then dissolved in a 5% sodium hydroxide-5% 
sodium sulphide solution. The compounds may be 
determined with an error of less than 20%. 

Molybdenum 

Molybdenum oxide, MOO,, can be extracted from 
roasted molybdenite ore with 2(rSOo/, ammonia solu- 
tion.g4,95 The molybdenite, MoS,, in the residue is 
then roasted to Moo3 and determined as above or 
is assumed to be given by the difference between total 
MO and the MoO,.‘~ 

The partial roasting of MoSz at 45&550” gives a 
product which contains Mo(IV) and Mo(V1) as well 
as sulphide and sulphate.g6 MO(W) compounds, 
MOO, and MoO$O&, are dissolved in boiling 20% 
sodium hydroxide solution. Mo(IV) can be deter- 
mined in the residue. Sulphate is extracted from the 
roasted MO& on heating with 15% hydrochloric acid. 
Sulphide in the residue is determined by oxidation 
to sulphate. 

Nickel, cobalt 

Chondritic meteorites (and lateritic nickel ores) can 
be analysed for the metallic, sulphide and silicate 
phases of nickel and cobaltg7 Metallic nickel and 
cobalt are dissolved in a 12% solution of mercuric 
chloride in 6% ammonium chloride solution, in an 
inert atmosphere. The sulphides are extracted from 
the residue with 2% bromine in methanol. The sili- 
cates are decomposed with hydrofluoric acid. The 
error in the determination is approximately 1%. 

Ascorbic acid-hydrogen peroxide selectively dis- 
solves Ni, Co and Cu sulphide minerals in rocks.98 
A total and sulphide-phase metal determination per- 
mits the calculation of the distribution of metal(s) 
over the mineral phases in the rock. 
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Silicon (quartz in silicates) 

Quartz in silicates may be determined as follows.“’ 
The sample is roasted at 60@650” and treated with 
a 1:3 mixture of nitric and hydrochloric acids to dis- 
solve oxide minerals. The residue is heated to 25@ 
275” with freshly prepared pyrophosphoric acid to 
dissolve the silicates. The quartz is then dissolved 
with hydrofluoric-sulphuric acid mixture. An error of 
0.5% is claimed. 

Quartz may also be determined in rocks by pyro- 
sulphate fusion followed by fluorosilicic acid treat- 
ment.“’ The latter must be repeated if much feldspar 

is present in the sample. A decrease in the recovery 
of quartz with each dissolution stage must be taken 
into account in calculating the result for quartz. Both 
pyrophyllite, A12Si,0,,(OH), and zircon. ZrSiO,, 
offer significant resistance to this procedure. 

Sulphur 

Elemental sulphur in OWS and mirzerals. 

Karchmer”’ has reviewed several methods for the 
determination of elemental sulphur. In addition, spec- 
trophotometric102~103 and chromatographic104~‘0s 
methods are available. In the spectrophotometric 
method, the elemental sulphur is extracted from the 
sample with a solvent such as carbon disulphide or 
acetone and the absorbance due to sulphur is mea- 
sured at the appropriate wavelength. The presence of 
other sulphur compounds may interfere. Also sulphur, 
if present in the amorphous form, may be incomple- 
tely dissolved. lo1 

After extraction from the sample with acetone, ele- 
mental sulphur is determined by thin-layer chromat- 

ography. lo5 A carbon disulphide extract of the 
sample may be analysed for both elemental and xan- 

thate sulphur.lo4 Total sulphur in the extract (in a 
fixed volume of carbon disulphide) is determined by 
oxidation of all sulphur compounds to sulphur diox- 
ide. Xanthate sulphur is determined in a second por- 
tion of extract by thermal decomposition of all com- 
bined-sulphur compounds. All measurements are by 
gas chromatography. Elemental sulphur is the differ- 
ence between total and xanthate sulphur. 

Sulphide. Sulphide in the presence of sulphate is 
usually determined by evolution of hydrogen sulphide 
on treatment of the sample with acid.82,‘06 Sulphate 
may then be determined directly as barium sulphate 
or as the difference between total and sulphide sul- 
phur. Sulphide may also be determined by pyrolysis 
of the sample, mixed with reduced copper, at 700 
in a stream of nitrogen.“’ Oxidized forms of sulphur 
are converted into sulphur dioxide, which is collected. 
Sulphide forms CuS which, of course. gives hydrogen 
sulphide on addition of acid. 

Pyrrhotite sulphur can be determined in the pres- 
ence of pyrite sulphur by its evolution as hydrogen 
sulphide by a 4”/, stannous chloride solution in hydro- 
chloric acid (1 + 1). 84 This reagent may, however, 
also partially decompose pyrite and it is recom- 

mended that a solution of hydrazine in 4N sulphuric 
acid be used instead.85 

A mixture of hydrofluoric and hydrochloric acids, 

used at slightly elevated pressure, decomposes pyro- 
chlore, (Na,Ca),(Ta,Nb),O,(OH.F), and microlite, 
(Na,Ca)2(Ta,Nb)20,(0,0H,F), but only slightly 
attacks simpsonite, A14(Ta,Nb)3(0,0H,F),+108 Hyd- 
rofluoric acid (4M) dissolves 98”/, of microlite but 
only 7715”~ of columbiteetantahte.iO” Correction for 
the degree of dissolution of these minerals in this re- 

agent permits the determination of the distribution 
of TazO, and Nb,O, in microlite and columbite-tan- 

talite, (Fe,Mn)(Ta.Nb),O,. with an error of 226%. 

Tin 

A method has been developed for differentiating 
and determining free cassiterite, SnO,, cassiterite 
occluded in the silicate lattice and silicate-bound tin 
in rocks.“’ The sample is decomposed with a 2:1 
hydrofluoric-hydrochloric acid mixture and subse- 
quently heated with ammonium iodide to give total 
tin. Lattice-bound tin is determined by decomposition 
with the same acid mixture and subsequent heating 

with hydriodic acid to dissolve the freshly formed tin 
oxide. The rock is heated with ammonium iodide to 
determine the free cassiterite. The difference between 
total and free cassiterite and lattice-bound tin is the 
occluded cassiterite. An error of 5-20”/,, depending 
on tin content, is obtained. 

Stannite. Cu,FeSnS,, may be selectively decom- 
posed in the presence of cassiterite with concentrated 
nitric acid.“’ bromine in ethanol or carbon tetra- 

chloride’ ” or sodium nitrate in glacial acetic acid.’ I3 

The cassiterite may be determined directly in the resi- 
due or by difference between total and stannite tin. 
The error in the determination is l-2”, 

Ilmenite, FeTiO,, titanomagnetite, (Fe,Ti),O, and 
sphene CaTiSO,. may be extracted from mixtures 
with rutile. TiO,, with a 2% solution of sodium fluor- 
ide in 8 M hydrochloric acid.’ l4 Because l-2’% of the 
rutile also dissolves, the results for these minerals 
must be corrected accordingly. Sphene can be deter- 
mined in the presence of ilmenite and titanomagne- 
tite. The sample is reduced in a stream of hydrogen 
at 880 and then treated with 1M hydrochloric acid 
to dissolve iron oxides. Subsequent treatment with 
a 1.50/, solution of sodium fluoride in 8M hydro- 
chloric acid dissolves sphene, leaving ilmenite and 
titanomagnetite in the residue. Rutile, if present, also 
remains in the residue but may be determined as 
above. The error in these determinations is l-100/ 
depending on the mineral and its content in the ore. 

Members of the wolframite group, ferberite, 
FeWO,, and huebnerite, MnWO,, can be determined 
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in scheelite. ’ ’ ’ The sample is first roasted at 400” 
to oxidize all ferrous minerals soluble in hydrochloric 
acid, other than wolframite, to their ferric counter- 
parts, and is then completely dissolved in concen- 
trated hydrochloric acid, in an inert atmosphere. Fer- 
rous iron in the solution represents ferberite. Also, 
experimental studies 1 ’ 5 indicate that huebnerite is the 
only manganese mineral of appreciable amount in 
scheelite and, therefore, the determination of manga- 
nese will yield the huebnerite content of the scheelite. 

Uranium 

The ratio of U(IV) to U(W) in rocks and ores can 
be evaluated.’ 16,117 The sample is decomposed with 
a non-oxidizing acid in an inert atmosphere. U(N) 
is precipitated with cupferron, Ti(IV) being used as 
carrier, and is determined by fluorimetry.“’ Other- 
wise, U(W) is separated from U(IV) by extraction as 
an anionic phosphate complex with a So/, solution 
of tri-n-octylamine in benzene’ I6 or xylene.’ I7 A 
total uranium determination gives by difference the 
amount of the oxidation state of uranium not deter- 
mined directly. The error in the determination is 2- 

3%. 

Zinc 

Oxidized zinc minerals such as smithsonite, 

ZnCO,, willemite, Zn,SiO, and hemimorphite, 
Zn,Si,O,(OH), H20, are easily separated from 
sphalerite, ZnS, by dissolution in boiling 5% acetic 
acid.’ I9 The result must be corrected for the 510% 
of ZnS which also dissolves. The error in this deter- 
mination is 1 l&l 5% for the oxidized minerals and Z- 
5% for ZnS. ZnS is easily determined in the presence 
of zinc spine1 by dissolution in acidic hydrogen per- 
oxide.’ 2o The error in the determination is approxi- 

mately 3’j/,. 
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Summary-An automated method for the determination of submicrogram amounts of selenium in 
vegetation is described. A weighed sample of vegetation is digested with a 4: 1 nitric-perchloric acid 
mixture, and made up to a known volume. The digested sample is placed in a Technicon sampler 
and reacted with sodium borohydride solution. The selenium converted into the gaseous hydride is 
swept by an argon stream into a gas-liquid separator. The mixed gas stream is passed through a 
heated quartz cell, positioned in the light-path of an atomic-absorption spectrophotometer. The absorp- 
tion by the atomized selenium is recorded. The method is capable of analysing 50 samples a day 
by the use of a calibration curve or 25 a day by the standard addition technique. A relative standard 
deviation of better than 10% and a detection limit of 0.025 pg/g were obtained. 

There is a need for a simple, precise and fast method 
for determining selenium in biological materials for 
pollution monitoring and surveillance. The most com- 
monly used and recommended method for trace levels 
of selenium is based on the formation of the piazse- 
lenol complex with diaminonaphthalene and its sub- 
sequent extraction into a non-polar solvent such as 
hexane. The fluorescence of the extract is measured 
at a specific wavelength.‘*’ The method involves time- 
consuming procedures such as distillation with bro- 
mine before the complexation, or coprecipitation with 
arsenic.’ It demands more than average analytical 
skills to obtain accurate results and is not ideally 
suited for high-volume routine work. 

The application of flame atomic-absorption tech- 
niques to selenium determination has been reported.4 
The sensitivities of the various flame methods are not 
sufficient to measure selenium levels much below 
1 ppm. Improved sensitivities have been achieved by 
directing the flame into long tubes held in the path 
of the hollow-cathode light-beam,3 but the stability 
of the signals deteriorates and offsets the advantage. 

Dagnall et al.’ measured the atomic fluorescence 
of selenium and obtained a limit of detection of 
0.1 pg/ml . 

Better sensitivities were achieved by the carbon-rod 
atomization technique designed around the principle 
of the graphite furnace described by L’vov,~ Mass- 
mann7 and West.’ Baird et ~1.~ have determined 
selenium in different matrices by this technique. The 
technique is not very precise and is subject to matrix 
interferences that are difficult to control. 

The ability of selenium and a few other elements 
of groups IVA, VA and VIA of the periodic table 
to form volatile hydrides, has been used recently for 
their separation and measurement by atomic-absorp- 

tion spectrophotometry.“-i2 The subject has been 
recently discussed in a paper on the determination 
of arsenic in air particulate matter.i3 The present 
method uses a similar approach for the determination 
of selenium in vegetation samples. 

EXPERIMENTAL 

Reagents 

Sodium borohydride (Fisher Scientific Company, 98% 
pure) solution, 1% w/v in distilled water; perchloric acid, 
70%; nitric acid, cont.; hydrochloric acid, cont. All the 
acids used were analytical-reagent grade. A 4:1 mixture 
of nitric and perchloric acids was used for sample decom- 
position. 

A lOOO-ppm stock solution of selenium was prepared 
by dissolving 1 g of selenium (analytical-reagent grade) in 
a minimum quantity of hot nitric acid and diluting to 1 
litre with distilled water. 

Apparatus 

Aluminium metal blocks, 26 x 11 x 4cm, drilled with 
40 holes (3 cm deep) to accommodate 18 x 150 mm test- 
tubes, were used as test-tube holders as well as a uniform 
means of heating for sample decomposition. 

The sampler, with a 40-sample capacity, and the propor- 
tioning pump used were obtained from Technicon Corpor- 
ation. Other components used were a gas-liquid separa- 
tor, a c-2 l./min flowmeter in the argon line and appro- 
priate tubings, connectors and mixing coils to build the 
proportioning pump manifold. The complete system is 
illustrated in Fig. 1. 

A Varian Techtron model AA5 atomic-absorption spec- 
trophotometer equipped with an ASL selenium hollow- 
cathode lamp and a (W & W Electronics, Switzerland) 
linear-log integrating recorder was used. The recorder 
range was set at 2 mV full-scale deflection. The quartz tube 
was 1Ocm long and 1Omm in internal diameter with a 
17-cm long and 4-mm bore inlet tube fused at the mid- 
point. The quartz tube had hooks, O.Scm from each end, 
to serve as anchors for the Heating wire. It was wound 
with approximately 2 m of No. 75 chromel-C heating wire 
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Fig. 1. Diagram of autoanalysis system for selenium determination. 

(resistance 3.48 Q/m) and insulated by wrapping with 
asbestos tape and a layer of asbestos cord. Insulated ter- 
minals were provided for the power supply. The finished 
cell was mounted on the burner head of the spectro- 
photometer and secured by metal clips. This allowed the 
use of burner alignment controls to position the quartz 
cell in the optical path. The temperature of the heated 
cell was controlled by means of a 0&14OV variable trans- 

former. 

Procedure 

Exactly 0200-g portions of vegetation samples pre- 
viously dried at 80” and ground to 40-mesh were weighed 
in duplicate into 18 x 150 mm borosilicate glass test-tubes 
calibrated at the lo-ml mark and placed in the aluminium 
block. Then 0.100 ml of I GO-ppm selenium standard solu- 
tion was dispensed into one tube of each pair from a 2-ml 
microburette or with an Eppendorf pipette, and 4ml of 
nitric-perchloric acid mixture were added to each test- 
tube. The aluminium block containing 40 test-tubes was 
heated at 125” surface temperature until the organic matter 
was completely oxidized or, preferably, overnight. Distilled 
water was then added to the test-tubes to bring the volume 
to within 1 ml of the calibration mark. The contents of 
the test-tubes were allowed to cool to room temperature 
and the volumes were brought to the lo-ml mark with 
distilled water. The test-tubes were sealed with “parafilm” 
and the contents were thoroughly mixed. Blanks and stan- 
dards were incorporated in the batch and taken through 
the entire decomposition procedure. 

The solutions were poured into sample-cups held in the 
sampler tray. The instrumental parameters were optimized 
and are shown in Tables 1 and 2. The entire system, except 
the sampler. was turned on and allowed to equilibrate, 
with the reagents being pumped, the argon flow adjusted 

Table 1. Atomic-absorption spectrophotometer settings 
(Techtron model AA-5) 

Wavelength 196.0 nm 
Slit 3OOpm 
Lamp current IOmA 
Mode absorbance 
Scale expand no expansion 
Damping 4 (maximum) 
Exhaust vent closed 
Recorder sensitivity 2 mV full-scale deflection 
Recorder chart speed 5 mm/min 

to optimum, and the sampling probe taking up distilled 
water from the wash-well. The recorder pen was set at 
the base-line and the sampler was then switched on for 
unattended operation. 

The zero-selenium vegetation sample was prepared by 
taking a low selenium sample through the prescribed diges- 
tion procedure with added amounts of bromine and hydro- 
bromic acid to volatilize any selenium. The halides were 
fumed off and the digested material was treated like a nor- 
mally decomposed sample. 

The concentration of selenium in the samples was calcu- 
lated by using the following expression: 

cb 
W&4 = (a _ bjW 

where a = peak height due to sample + added selenium 
b = peak height due to sample only 
c = the amount of added Se (pg) 

W = weight of the sample (g) 

RESULTS AND DISCUSSION 

Eflect of acid matrix on selenium signal 

The absorbance of a lo-ppb (parts per billion) 
selenium standard in various acid matrices was deter- 
mined to ascertain their suitability for hydride gener- 
ation and to select the acid concentration for opti- 
mum performance. Table 3 contains the results of this 

Table 2. Technicon system 

Sampler 

Sample tray 40-position 
Cam 2-lobe 
Sample time I min 
Wash time 2 min 

Proportioning pump 

Sample or wash 3.90 ml/min 
6M HCl 0.42 ml/min 
Sodium borohydride 

solution 2.00 ml/min 
Air 3.90 ml/min 
Distilled water 3.90 ml/min 
Reaction coil 29-turn, 1,8-cm diam. 
Argon flow 400 ml/min 
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Table 3. Effect of various acid matrices on A.A. signal 

Acid 

HzS04 (B&A Reagent A.C.S. 96%) 
HCl (B&A Reagent A.C.S. 37%) 
HNOa (Malhnckrodt 70%) 
Fuming HNO, (Fisher Reagent A.C.S. 90%) 
HClO, (Fisher Reagent A.C.S. 70%) 
H$O,-HCl (1:4) 
HClO,-HNO, (1:4) 

Absorbance for 
10 ppb selenium in 
20% acid solution 

0.042 
0.05 1 
0.0078 
0.0055 
0.023 
0.054 
0.0035 

study. Hydrochloric acid seems to be the best for the 
purpose. Figure 2 shows that 6M is about the opti- 
mum concentration. However, it was the least suitable 
acid for sample decomposition. Various acid mixtures 
were tried for sample decomposition. Halogen acids 
had to be excluded from this operation because of 
the volatility of selenium in such media. The choice 
was narrowed down to the use of sulphuric-nitric or 
perchloric-nitric acid mixtures. After preliminary 
experimentation, it was decided to use a 4:l mixture 
of perchloric and nitric acids for the digestion of vege- 
tation because it gave relatively complete digestion 
of organics at reasonably low temperature. A stream 
of 6M hydrochloric acid was introduced into the sys- 
tem just before the confluence of sample and the 
sodium borohydride streams to provide a suitable 
medium for proper hydride generation. 

Effect of sodium borohydride concentration on selenium 
signal 

Figure 3 shows that 0.5% w/v sodium borohydride 
concentration is the optimum, but a 1% solution was 
used in this work because sodium borohydride in 
solution undergoes gradual breakdown with time. 
The potency of a 1% solution was adequate after 4-5 
days of storage under refrigeration. One pellet of 
sodium hydroxide added for each lOOmI of sodium 
borohydride solution slowed down the rate of decom- 
position. 
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Fig, 2. Effect of HCI concentration on sensitivity (IO-ppb 
Se standard). 

Effect of argon flow and cell temperature 

The argon flow-rate adjustment is very 
this method. Too low a flow yields good 

critical in 
sensitivity 

but noisy signals while too high a flow-rate consider- 
ably reduces the sensitivity. The temperature of the 
quartz cell is also important as too high a tempera- 
ture causes loss of sensitivity. This is apparent from 
Figs. 4 and 5. The argon flow-rate chosen as best 

Fig. 3. Effect of NaBH, concentration on sensitivity (lo- 
ppb Se standard). 
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Fig. 4. Effect of argon flow-rate on sensitivity (lo-ppb Se 
standard). 



42 Table 4. Effect of interfering elements on 

41 
selenium determination 

Element added, ppm Recovery, “/ 

K 20 107 
P 20 107 
Fe 20 81 
Al 20 99 
cu 2 21 
Pb 2 86 
As 2 83 
As 20 26 
Ni 2 80 
Bi 2 90 
Bi 20 53 

301 I I I I 
Sb 2 78 

25 30 35 40 45 50 Sb 20 49 

volts (0.~) supplied to IO-cm quartz cell 

Fig. 5. Effect of quartz cell temperature on sensitivity (IO- 
ppb Se standard). 

Indicated element was added to a 20-ppb 
selenium solution in HClO,-HNO,. A 20- 
ppb Se solution was run alongside as the 
reference standard. 

compromise between signal and noise was around 
4OOml/min. The optimum temperature range was 

length is perhaps determined by the burning hydro- 

570 & Zo”, controlled by means of a variable trans- gen slug inside the cell rather than by the length of 

former. 
the cell. The entrained air-hydrogen flame is visible 
at the two ends of the open cells. The addition of 

EfSect of quartz-cell size on selenium signal an air-line to the manifold is necessary and improves 

Three other cells were tried besides the one used 
the signal strength considerably. The cell with quartz 

in this work. Two open-ended cells 16 and 28 cm in 
windows does not show any burning hydrogen slug 

length, constructed in the same way as the IO-cm cell, 
inside the cell, which is probably the cause of the 

were investigated. A 16-cm cell with end-windows of 
weaker signal. The removal of the air-line reduces the 

quartz and having an inlet and an outlet tube adja- 
signal by approximately 50%. 

cent to the ends, was also studied. All were operated Effect of the oxidation state on selenium signal 

at the specified temperature (570 + 20”). It was The absorbance signals of 5, 10 and 20 ppb Se(IV) 
expected that the 28-cm cell would give rise to the and Se(V1) standards were recorded under similar ex- 
highest peak, but the lo-cm cell generated a signal perimental conditions. Se(V1) was prepared from 
which was 25% higher than that from either the 16- Se(IV) by oxidation with potassium ~rmanganate. 
cm or the 28-cm cell under similar conditions of oper- The Se(W) absorbance signals were approximately 
ation. The latter two gave about the same peak 66% lower than the corresponding Se(W) signals. 
heights. The 16-cm cell with quartz windows gener- Vegetation samples spiked with 100ng of Se(IV) 
ated a negligible peak which was lower by an order and Se(V1) were taken through the digestion pro- 
of magnitude than that obtained with the IO-cm cell. cedure and the absorbance signals were recorded. Six 
These observations suggest that the effective path- replicate measurements gave the ratio of signal peak- 

Table 5. Performance of standard addition US. standard curve methods of computation for same sample with interfering 
elements added (final volume 10 ml) 
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Cu. Zn. Mn. Ph. NI 
added. )i9 of each 

Peak height 
chart drvisions* 

Se. w/c! 
Std. addn. Std. cwve 

Si3IIlpk 
Sample + IO0 ng SC 

Sample 
Sample + 100 ng Se 

Sample 
Sample + 100 “g Se 

Sample 
Sample + 100 ng Se 

Sample 
Sample i 100 “g Se 

Sample 
Sample + 1oOng Se 

Sample 
Sample + IOOng Se 

50 Se ng 
IOOng Se 
200 Se ng 
Blank 

0 45.5 33 5 06X 0.70 
0 79.0 

5 48.0 340 0.71 I),74 
5 R2.0 

IO 37,o 29.5 0.63 0.62 
10 66.5 

20 240 21.0 057 0.37 
20 45.0 

40 12.0 8.0 @75 0.18 
40 20-O 

60 9.0 6.0 0.75 @I4 
60 I 5.0 
100 6.5 5.0 065 oe95 
100 Il.5 

0 155 Mean = 0.677 @g/g 
0 32.5 S.D. = 0.066 uug/g 
0 66.0 R.S D = 9.8% 
0 0.0 

* 100 chart divisions = 0,200 Absorbance. 
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Table 6. Within-run and day-to-day precision of the selenium measurement 

Sample No. Se, wls 
Date 

analysed 
Mean, S.D., R.S.D., 
Ml9 w/s % 

6328W 0.39 0.48 040 30/7/14 
0.37 0.40 3117174 
0.40 0.40 618174 0.42 OGIl 9.8 
0.42 0.39 818174 
0.45 0.45 2218174 
0.52 045 2618174 

602OW 0.28 0.33 0.31 
0.28 0.29 0.29 all on 0.293 0,021 7.2 
0.26 0.31 0.29 2517174 

heights due to the added amounts of Se(IV) and 
Se(V1) of 1.2:1, suggesting that the vegetation matrix 
caused some conversion of Se(V1) into Se(IV). How- 
ever, selenium is known to occur in its most common 

oxidation state (i.e., +IV) in its organo-complexes. 

Interferences 

Some of the interfering elements likely to occur in 
decomposed vegetation, and their effect on selenium 
determination are given in Table 4. Copper happens 
to be the worst interferent, causing strong signal 
depression at the 2-ppm level. This concentration cor- 
responds to 1OOppm of copper in the solid sample. 
Levels higher than this are unlikely to occur in nor- 
mal vegetation samples. Up to a lo-fold amount of 
copper and other metals in solution may be compen- 
sated for by the addition technique, as evidenced by 
the results in Table 5. 

Attempts were made to eliminate interfering metals 
by an on-line ion-exchange technique, but the results 
were not very encouraging. Dowex 5OW, a strong acid 
cation-exchange resin, was used to cope with the rela- 
tively high acidity of the sample stream, but without 
much success. Separation of selenium by co-precipi- 
tation and distillation was found to be cumbersome 
and time-consuming. 

All results were obtained without background cor- 
rection because when a hydrogen lamp was used there 
was no absorption at 196nm. Standard solutions 
were run with and without digestion, to study loss 
of selenium during decomposition. No significant 
losses were observed. 

Zero-selenium vegetation samples were run to con- 
firm the absence of background interference. 

Precision and accuracy 

The standard curve was linear up to 30 ppb. The 
range may be extended by using different sample ali- 
quots or adequate dilution. Undigested and digested 
standards gave signal peaks of equal height, suggest- 
ing that there is no loss of selenium due to volatility. 

The 5, 10 and 15 ppb selenium peaks were high 
enough for a 0.5 ppb level to be easily measured, 
giving a peak of two chart divisions above the base- 
line noise. This corresponds to a selenium level of 
0.025 &g in a vegetation sample, based on a 0.2-g . 
sample in lOm1 of solution. The difference in peak- 
heights for samples with and without addition of 
selenium (10 ppb) was the same as the peak height 
for the digested 1Gppb standards. Thus in the 
majority of cases, there is no evidence of interference 
due to matrix background. Problems could arise, 

however, with vegetation samples contaminated with 
interfering metals such as copper, nickel, etc. Table 
5 clearly illustrates this point and at the same time 
demonstrates the value of the standard addition tech- 
nique in compensating for these interferences. 

The relative standard deviation (R.S.D.) by the 
standard addition technique shown in Table 5 is 9.8% 
which is quite satisfactory. Triplicate analyses of 52 
different vegetation samples by the standard addition 
technique, run in batches of seven a day, gave an 
overall S.D. of 0.025 pg/g, calculated as the square 
root of the mean variance. The highest and the lowest 

Table 7. Comparison of the automated method results with those of fluori- 
metric and neutron-activation methods 

Se, ppm 

Sample No. Present method N.A. Fluorimetric 

5524W 
5537w 
5580W 
5713w 
5740w 
5956W 
5963W 
5974w 

0.11 0.14 * 0.03 0.10 
0.47 0.41 k 0.08 0.40 
0.15 0.14 f 0.03 0.15 
0.15 @13 f 0.03 0.14 
0.06 O-07 f 0.02 0.05 
0.11 0.12 * 0.03 0.10 
0.42 0.47 
0.67 0.56 f O-09 0.56 
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,mean Se values were 0.673 and 0.027 pg/g. Individual selenium in vegetation and possibly other types of 
‘relative standard deviations ranged from 0 to 28%, matrices. A single-point standard-addition compen- 
but showed no correlation with the selenium content. sates for interferences, although most uncontaminated 
The analyses of NBS Orchard Leaves standard gave samples can be analysed twice as fast by the use of 
results in good agreement with the certified value. a calibration curve. The argon flow-rate is critical 
Table 6 contains information which supplements within narrow limits. The high signal-to-noise ratio 

*these findings and also suggests that within-run preci- obtained allows further amplification of the signal 
sion is better than day-to-day precision. The use of should lower detection limits be desired. The method 
an electrodeless discharge lamp and R106 photomul- can be performed on a semiautomatic basis by 
tiplier tube instead of R213 may considerably increase manual presentation of the sample solution to the 
the signal-to-noise ratio. system. 

Table 7 shows a satisfactory overall agreement 
between results obtained by this method and those 
obtained by neutron activation and fluorimetry. 
These samples were selected for this study because 
the neutron activation data were already available. 
The fluorimetric method used was a modification of 
the AOAC14 procedure using diaminonaphthalene 
complexation. The results for a further 18 samples 
showed equally good agreement between the fluori- 
metric and atomic-absorption results. 
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(Eingegangen am 28. Januar 1975. Angenommen am 10. Juni 197.5) 

Zusammenfassun~Die Atomabsorption in einer Graphitrohrktivette wurde zur Bestimmung der 
Loslichkeit des Cadmiumoxinates bei verschiedenen freien Oxinatkonzentrationen [L] verwendet. Die 
Loslichkeitskurve log[Cd],, pL kann mit den Bildungskonstanten ji, B2, /Ia und dem Loslichkeitspro- 
dukt I&, deren Logarithmen der Reihe nach 7,34, 1344, 17,96 und -21,39 (p = O,l, Tetramethylam- 
moniumnitrat, 25”) betragen, beschrieben werden. In mit Wasser geslttigtem Chloroform tritt neben 
dem CdL,(H,O), bei hoheren Oxinkonzentrationen ([HL],, > 5 10e2M) CdL2(HL), auf. Die Logar- 
ithmen der Sattigungskonzentration [CdL,(H20),],,, bzw. der Adduktbildungskonstante p”A in der 
organischen Phase betragen -6,88 bzw. 3.33. Die Rolle des Dihydrates bei der Extraktion von Cd(B) 
wird diskutiert. 

Die Anwendbarkeit der flammenlosen Atomabsorp- 
tion zum Studium des Extraktionsgleichgewichtes von 
Cu(II)-Oxinat in Anwesenheit von 0,lM Tetramethyl- 
ammoniumnitrat wurde ktirzlich bewiesen.’ Da atom- 
absorptiometrisch wie such radiochemisch die 
totale Metallkonzentration [M], erhalten wird, mu13 
zur Ermittlung von Stabilitatskonstanten schwerliis- 
lither Komplexe ein Zweiphasen-System untersucht 
werden. Prinzipiell hat man zwei Mijglichkeiten: 
entweder die Ermittlung des Verteilungsverhaltnisses 
q = [M],J[M], (0: organische Phase) zwischen zwei 
fliissigen Phasen, in Abhlngigkeit der freien Ligand- 
konzentration [L], oder die Bestimmung der Liislich- 
keit bei verschiedenen CL]-Werten. Die Auswertung 
der beiden Kurven log q, pL bzw. log Ml,, pL liefert 
dann die Gleichgewichtskonstanten. Extraktionsmes- 
sungen haben den Vorteil, da13 sich im allgemeinen 
ein konstanter q-Wert schnell einstellt. Schwierig- 
keiten treten aber dann auf, wenn sich wlhrend der 
Verteilung des Metalls eine in beiden Phasen 
schwerlosliche Verbindung bildet. Das war der Fall 
in dem hier untersuchten System. Wenn Cd(I1) mit 
Oxin extrahiert wird, bildet sich an der Phasengrenze 
ein Niederschlag2 von CdL2. 2H20. Wasserfreies 
CdL, lost sich in Chloroform, welches Oxin enthalt 
und an Wasser gesattigt ist. Die Losung ist aber nicht 
stabil und es bildet sich fortwlhrend CdL, .2H20. 

Abbildung 1 zeigt die zeitliche Abnahme der Kon- 
zentration des gel&ten Cadmiums bezogen auf die 
Anfangskonzentration. Die Letztere sinkt innerhalb 
von 2 his 3 Stunden auf cu. die Halfte, wobei die 

* Part I--Talanta, 1974, 21, 539. 

Abnahmegeschwindigkeit in erster Linie von der 
Oxinkonzentration abhlngt. 10e4M CdL,-Lbsungen 
sind tiber llngere Zeit nur bei sehr hohen Oxinkon- 
zentrationen ([HL], > 45M) haltbar. Die Anwen- 
dung von so stark konzentrierten HL-Losungen bei 
Gleichgewichtsstudien ist jedoch ungiinstig. Man mul3 
n&nlich annehmen, dal3 die Aktivit;it des Oxins mit 
seiner Konzentration nicht mehr iibereinstimmt. Wie 
die Abb. 1 zeigt, bildet sich die feste Phase relativ 
langsam. Bei den Extraktions-bzw. Rtickextraktions- 
versuchen kann sich daher ein partielles Gleichge- 
wicht zwischen den beiden fltissigen Phasen einstellen, 
sodal nach einigen Minuten ein konstantes q beo- 
bachtet wird. Mit einer 0,lM Oxinliisung konnte 
man3 sogar bei einer Extraktionsdauer von einigen 
Minuten, Extraktionsausbeuten von 100% erzielen. 

1 2 3 4 * 0 

Abb. 1. Zeitliche Abnahme der Cadmiumkonzentration in 
Lijsungen des entwasserten Cd-Oxinates in oxinhaltigem 

Chloroform. 
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Nach unserer Ansicht ist es jedoch thermodynamisch 
sinnvoller, die Gleichgewichtsversuche ausgehend aus 
der stab&en Verbindung CdLz *2H1U durch- 
zu%hren. Mit dieser ~hwer~~s~ichen Verbindu~~ 
kijnnen aber nur L~s~ichkc~tsu~te~suchungen anges- 
tellt werden, d-h. es muB die zweite der oben 
genannten Mijglichkeiten realisiert werden. 

Liislichkeitsbcstimmungen zwecks Bestimmung von 
Stabilit~tskonstanten wurden bereits an eincr 
IhnIichen Verbindung (ZnL,-2H@) radiochcmi~b~ 
durchgef~hrt. Nach unserer Kenntnis wurden die 
Bruttostabilit8tskonstanten flz und /& von Cd-Oxinat 
in rein w;iBrigem Medium bisher noch nicht bes- 
timmt. In der Datensammlungs “Stability Constants” 
wird fiir log p2 ein geschstzter Wert” von (2 Iog fl, - 1) 
angegeben. Bisher wurden au& die LBsIichkeit des 
CdL,~ZH,O in Chloroform sowic seine Verteiluag 
swischen Chloroform und Wasser nicht untersucht. 
Wie splter gezcigt wird, sind aber diese Daten fir 
die Interpretation von Verteilungsmessungen sehr 
wichtig. Zudem kann Cadmium mit der flammenloscn 
Atomabsorption in einer ~raphitrohrk~vette sehr 
emp~ndlich bestimmt werden. Daher schien uns das 
System Cd&. 2HtOjH,U bzw. CWCl, sehr geeignet 
urn die Anwendbarkeit der Atomabsorption in der mes- 
senden Komplexchemie weiter zu prlifen. 

Verwendeter Atomabsorptionsspektrophotometer, pH- 
Einstabmesskette xmd pH-Meter wurden bereits besch- 
rieben.’ Zur Messung der optischen Dichte von CdL7- 
LBsungen diente ein Einstrahl-Spektrnphotometer (VI& 
cam). 

CdL, .2H,O und CdL, wurden nach gravimetrischen 
Standardmethoden hergesteilt. Man benutzte doppelt- 
destilliertes Wasser, Tetramethylammoniumnitrat” 
[Me,N]NO,. [Me,N]OH und HNO,, welche sich 
bei der Priifung in der ~raphitro~rk~~~ette als Cd-frei 
erwiesen. Chloroform (Merck) wurde kurz vor dem 
Gebrauch durch Ansseh~ttejn mit Wasser a~koholfre~ gee 
waschen und mit Wasser geettigt. 

Ahnahw des Cd-C;ehnltes,frisch priipuriwtrr CdLZ-Lijsurzyrn 

Es wurden verschieden konzentricrte OxinlBsungen (0,05 
und O,lM) in alkoholfreiem. an Wasser geslttigtem thloro- 
form hergestellt. Tn einem Teil der Lljsungen wurde CdLl 
ge&.t, und mit der iibrigen L&ung Fi%te man die Refer- 
enzkiivette. Die Abnahme der Cadmium kou~e~t~dl~on (s. 
Abb. 1) wurde in der Kiivette durch Messung der opt&hen 
Dichte bei 380 und 390 nm direkt verFolgt. Die gemessenen 
opt&hen Dichten 0580 und D,,, m&en allerdings korri- 
giert werden. da sich wlhrend der Messungen festes 
CdL, .2HZ0 hildete, welches Lichtstreuung verursachte. 
Die relative Konzentration wurde mit (D;.-D,,)/Di,:, gleich- 
gesetzt, wobei ff,+ die anf&ngliche optische Dlchte bei der 
betreffenden W~lle~~nge und D,,, den Beitrag der Licht- 
streuung bei der gleichen WelienlLnge bedeuten. ‘Zur 
Ermittlung von L),_, wurde angenommen. da0 das Raleigh’- 
sche Gesetz nlherungsweise gilt, d.h. da0 zwischen D,,, 
und log 1 eine lineare Beziehung best&t. Fiir die lineare 
Extrapolation heniitigte Koeffizienten ermittelte man 
durch die gleichzeitige &Messung der optischen Dichte bei 

den zus&tzlichen Wellenl%ngen von 500 und 600 nm, bei 
welchen das gettiste Cadmiumoxinat kein Licht m&r 
absorbiert. Proben aus ssmtlichen L&ungen wurden nach 
gewisser Zeit (ca. 2 Wochenf an einem Membran~~ter (Sar- 
torius lt6@5, PorengriiBe 96 tlm) filtriert gewogen. das 
LZisungsmittel abgedampft und die RiickstInde in soviel 
Salpetertire auFgdGst. da13 nach Protonierung des Oxins 
noch 0,lM freie Salpetersiure vorlag. Der Cadmiumgehalt 
wurde schlieRlich nach dem unten beschriebcnen Pro- 
gramm atomabsorptiometrisch ermittelt (log [Cd],,,, wird 
in Abb. 4 mit ~leichgewichtsdatel~ verglichen). 

[Me,N]NO, wurde’ als Inertsalz bei der Riickextrak- 
tion von Cu(lIt-Oxinat gewIhlt, da es sich bei 400” his 
500’ aus der Kiivette verfliichtigte und die Cu-Bestimmung 
nicht stiirte. 

AlIerdings mu~te-we~en sich widersprecl~enden 
Angaben’- I’ iibcr die Fl~cht~gke~t von Cadmium 
.-gepriift werden, ob eine Zersetzungsstufe mit einer Tcm- 
peratur zwischen 400” und 500” gentigend tief liegt damit 
keine nennenswerten Cadmiumverluste auftreten. Urn dies 
festzustellen, wurden Cadmiumbestimmungen mit je IO 
hfw. 20~1 einer 5. IO-*M Cd(NO,),-Lijsung in O,lM Sal- 
petersLure mit dem fotgenden Programm ausgeftihrt: i. 
Trocknen: 9fi”, 30-60 Sek; 2. Abdampfen von HNO, : 136’, 
30 Sek; 3. Therm&he Zetsetzung durch Temperaturer- 
htihung van 138” auf T, w:dhrend cu. 60 Sek; 4. VervollstLn- 
digung der thermischen Zersetzung: Tb, 60 Sek; 5. Atomis- 
ierung:” 1900^ 10 Sek. 

Zur Berechnurzg der Cd-Verluste, welche in der 4&n 
Stufe auftraten, wurde eine Eichung bei ‘& = 300” (“/:, Ver- 
lust = 0) vorgenommen, wobei die Peakhiihen (76 ABS) 
bezogen’ aufdie Basidinie bei T4 verwendet wurden. Diese 
Versuche zeigten, da8 merkliche Cadmiumverluste erst 
oberhalb 500;’ auftraten. Alle sp%teren Bestimmungen 
wurden mit ‘T, = 450” ausgefiihrt. Zur Berechnung der 
Cadmiummenge Q muBte jeweils die entsprechende 
optische Dichte D in ein paraboiischcs Eichpolynom Q = 
11 + hD + cf)’ cingesetzt werden, da eine LinearitLt 
zwischen Q und L) nicht einmal in e&em engen Mel3bereich 
bestand. 

Mit diesem Programm wurden nun Eichkurven bei ver- 
schiedenen LampenstrGmen aufgenommen. Der Einflua des 
Lampenstromes auf die Eichkurven ist sehr ausgeprtigt (s. 
Abb. 2). Die starke Abnahme der ntei3baren optischcn 
Dichte mit der zunehmenden Belastung der Hohlkatho- 
dcnlampe wird vermutlich durch Selbstabso~tionsverbrei- 
terttng der ~nl~ssionsljnie verursacht. Man arbeitete in der 
Regel mit Lampenstrijmen von 9-10 mA, da hier zwischen 
Emplindlichkeit und Schwankung des Basissignals das 

Ahh. 2. EinfluB vom Strom der Hohlkathodenlampe auf 
die Emp~ndl~~hkeit der Cadmil~mbestimmung in der 

~raphitrohrk~v~tt~. 
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giinstigste Verhaltnis vorlag. [Me,N] NO, beeinflul3t nicht 
in nachweisbarem Ma13 die gemessenen optischen Dichten. 
In der Folge wurden daher Eichliisungen ohne 
[Me,N]NO, verwendet. 

Auf die stlndige Bentitzung des Deuterium-untergrund- 
kompensators wurde ebenfalls verzichtet. da offensichtlich 
keine nicht-spezifische Absorption vorlag. Gelegentlich 
wurden jedoch mit der Deuteriumlampe Kontrollmes- 
sungen durchgefiihrt. 

Ausfiihrung der Liislichkeitshestimmungen im Wasser 

Es wurden 10 bis 30 mg CdLz.2HZ0 in je 10 ml einer 
Oxinlosuns beieegeben. deren nH-Wert mit HNO> bzw. 
[Me,N]OH und deren ionale Sflrke mit [Me,N]Nb, auf 
0,l eingestellt war. Vorversuche auf einer Schiittelmaschine 
mit ca. 200 Schiittelbewegungen pro Minute zeigten, dal3 
ein Gleichgewicht zwischen fester und fltissiger Phase in- 
nerhalb einer niitzlichen Frist-besonders im neutralen 
und alkalischen Gebiet-mit geniigender Genauigkeit 

nicht angenahert werden konnte. Alle Loslichkeitsbestim- 
mungen wurden daher unter den folgenden standardis- 
ierten MeBbedingungen ausgeftihrt. 

Je 6 der anfangs genannten AnsPtze wurden in Ytllen- 
glasern von ca. 30-ml Fassungsvermogen auf einem Gestell. 
welches mit einem Vibromischer in Bewegung gehalten 
wurde, 5 Tage bei 25” equilibriert. Die Pillenglaser 
enthielten noch zusatzlich zur besseren Dispergierung der 
festen Phase in der Losung einige kleine Glasperlen. Der 
Vibromischer wurde mit einer solchen Amplitude 
betrieben, da0 das feste Oxinat standig in Dispersion blieb. 
Diese Technik gewahrleistete eine recht schnelle Einstel- 
lung des Auflosungsgleichgewichtes. Dieses wurde in 
meisten Fallen nach 24 Stunden erreicht. In allen Fallen 
wurde [Cd], nach 3 Tagen konstant und war fur verschie- 
dene CdLz. 2HzO-Praparate und verschiedene 
CdLz 2H,O-Mengen innerhalb der Fehlergrenzen bei glei- 
them pL-Wert immer dieselbe. Man erhielt zudem eine 
sehr gute Reproduzierbarkeit. Die durchschnittliche, ein- 
fache Standardabweichung einer MeBserie unter stan- 
dardisierten Versuchsbedingungen betrug 6,2x und nie- 
mals wurde IO”/;, tiberschritten. Diese entspricht einer ein- 
fachen Standardabweichung des log [Cd],-Wertes von 
0,028. 

Nach Ablauf von 5 Tagen wurden die pH-Werte 
gemessen (fiir Eichung der MeDkette s. Zitat’). Die 
durchschnittliche, einfache Standardabweichung u(pH) in- 
nerhalb einer Serie (6 Ansatze) mit je gleicher Kon- 
zentration an IHLl, und HNO, bzw. rMe,N]OH betrug 
bei geniigende; Pufferkapazitat (pH < 5,s bzw. pH > 8,9) 
0.013. Da diese ungefahr dem MeBfehler der pH-Messung 
in einer und derseiben Losung entspricht, w&de pL rn6 
dem Mittelwert der pH-Werte innerhalb einer Serie be- 
rechnet, wobei die ktirzlich ermittelten’ Protonierungskon- 
stanten K, und Kz von L- benutzt wurden. Nach dem 
Fehlerfortpflanzungsgesetz betragt die Reproduzierbarkeit 
[ = cr(pL)] 2u(pH) fur pH < 4,3. und I CT (pH) fur pH > 9 
[fur dazwischenliegende pH-Werte: 20 (pH) > o(pL) > 1u 

(pH)l. 
Nach erfolgter pH-Messung wurden die Proben noch- 

mals 6 Stunden equilibriert und hierauf durch einen Mem- 
branfilter (Sartorius 11107, PorengrGsBe 0,2 pm) abfiltriert 
und das Filtrat durch Zugabe von konz. Salpetersaure auf 
0,lM angesluert. Obwohl in saurer Losung keine Cad- 
miumverluste infolge Cd-Absorption an GefaBwlnden auf- 
treten.13 wurden die atomabsorptiometrischen Cd-Bestim- 
mungen gleich anschliessend ausgefuhrt. Notigenfalls 
wurden die angesauerten Filtrate mit 0,lM Salpetersaure 
weiterverdtinnt. Die Konzentration der Eichlosungen 
wurde jeweils der zu bestimmenden Cadmiumkon- 
zentration angepaDt, sodaB fur gleiches Einspritzvolumen 
der zu analysierenden Proben bzw. der Eichlijsung un- 
gefahr gleich grolje Absorptionssignale resultierten. Jede 

Probe wurde mehrfach eingespritzt. wobei die einges- 
pritzten Cadmiummengen variiert wurden. 

Bei der Ausfuhrung der Liislichkeitsbestimmungen 
wurde der Kontaminationsgefahr besondere Aufmerksam- 
keit geschenkt: samtliche benutzten Glaswaren wurden mit 
einer S;iuremischuna von ie 2M Salpeter- und Salzsaure 
vorgereinigt und rnii doppklt-destilliertem Wasser gespiilt. 
Weiterhin wurde das Referenzelektrolyt der kombinierten 
pH-Elektrode haufig gewechselt. 

Bestimmung der Ltislichkeit van CdL, .2H,O in Chloroform 

Die Loslichkeitsversuche wurden genau auf die selbe Art 
und Weise wie in wll3rigem Medium durchgefiihrt. Es 
wurde die eingesetzte Oxinkonzentration [HL], variiert, 
wobei je zwei AnsPtze mit der gleichen [HL],-Kon- 
zentration jedoch mit verschiedenen CdLz.2HzO-Ein- 
waagen gemacht wurden. Die Filtrierung der Proben 
erfolgte ebenfalls durch ein Membranfilter (Sartorius 
11605, PorengriiDe 0,6 pm). 

RESULTATE UND DISKUSSION 

Der Logarithmus der atomabsorptiometrisch be- 
stimmten, totalen Cadmiumkonzentration log [Cd], 
im Wasser ist in Abb. 3 gegen den negativen Logar- 
ithmus der freien Oxinatkonzentration pL aufge- 
tragen. Da die Loslichkeit nicht nur bei kleinen, son- 
dern such bei hohen Konzentrationen [L] des freien 
Oxinations L- zunimmt, mu13 neben den Partikeln 
Cd*‘, CdL+ und CdL, such das koordinativ gelt- 
tigte CdL; beriicksichtigt werden. Die Loslichkeit 
betrlgt daher bei einer bestimmten Oxinatkon- 
zentration: 

[Cdl, = [Cd] + [CdL] + [CdLJ + [CdL,] 

= KoIIL12 + P, ‘KOICLI 
+ P*.& + B3.Ko.CLI (11 

In dieser Gleichung bedeutet KS0 das Loslichkeitspro- 
dukt des Cdaxinates (= [Cd]. CL]‘) und 1, die 
Bruttostabilitltskonstante (= Cd(L)J[Cd] [L]” mit 
n = 1, 2, 3). 

Die Ermittlung dieser Konstanten aus den Loslich- 
keitsdaten erfolgte rechnerisch, wobei aber gewisse 

Abb. 3. Lijslichkeit des Cd-Oxinates (CdL, .2H,O) als 
Funktion der Konzentration des freien Oxinations (25°C. 

p = 0.1). 



Aspekte der graphischen “curve fitting”-Methode von 
Sillen’4 berticksichtigt wurden. Die Auswertung und 
die Abschatzung der Reproduzierbarkeit (Standardab- 
weichung, 0) von den Konstanten sollen nun kurz 
beschrieben werden. 

Wenn unter den Partikeln Cd2+ stark dominiert, 
hangt log [Cd], von pL gemaD Gleichung (1) linear 
ab (Assymptote A,): 

log [Cd] = log KS0 + 2.pL (A,) 

Die Punkte in stark sauerem Gebiet mit pL > 8,2 
(s. Abb. 3) ergaben eine Neigung von 1,90 f 912, was 
die Molzahl 2 des Oxinations pro Cd in der Auf- 
losungsreaktion eindeutig bestltigt. 

Bei sehr hohen Oxinatkonzentrationen herrscht 
CdLi vor, sodal die Funktion log [Cd],, pL die 
Assymptote A, annlhert: 

log[CdL,] = log/& ‘K,, - pL (A21 

Die Messungen mit pL < 4.5 (s. Abb. 4) liegen an 
einer Regressionsgerade mit der Neigung von -0.95 
f 0,09. Das Cadmiumoxinat geht also in diesem 
Gebiet durch Aufnahme von 1 Mol Oxination pro 
Cd in Liisung. Damit ist die Arbeitshypothese gem&l3 
Gleichung (1) bestatigt und kann beibehalten werden. 

Zur Bestimmung von log I3 und log K,, werden 
die Assymptoten A, und A, durch die Geraden Gr 
und G2 angenahert, deren Schwerpunkte Fr, jar) und 
tXI,T2) aus den oben genannten Punkten bestimmt 
und deren Neigung 2 bzw. - 1 gesetzt wird: 

y, = log[Cd],,, = y1 + 2.(.u, - jz,) (Gil 

yz = ~w&dl,,, = Y2 - (~2 - x2) (6) 

Hierbei wurde pL im Gebiet G, bzw. G2 mit x1 bzw. 
x2 bezeichnet. 

Der Schnittpunkt S12 der beiden Geraden G, und 
Gz fallt innerhalb der Fehlergrenzen mit dem Schnitt- 
punkt der beiden Assymptoten Al und A2 zusammen. 
Fur diesen gemeinsamen Punkt gilt daher die fol- 
gende Beziehung [2] : 

Die erhaltenen Konstanten wurden schlieljlich in 
Gleichung (1) eingesetzt und log[Cd], berechnet (s. 
voll ausgezogene Linie in Abb. 3). Die berechnete 
Kurve ergibt eine recht gute Ubereinstimmung mit 
den experimentellen Punkten und zeigt ein Minimum 
bei pL = 5,4. Das gelijste Cd ist hier zu 75, 15 bzw. 
10 Mol % in Form von CdL2, CdL’ bzw. CdL; 
vorhanden. Die Assymptote log j2. &, (s. Abb. 3) 
kann daher durch experimentell bestimmte Punkte 
nicht angenahert werden, was eine graphische Bestim- 
mung von log & und log /?r verunmiiglicht. Im all- 
gemeinen ist die graphische Auswertung anwendbar, 
wenn (log p2/p, - log p3/p2) gr%er als 2 ist, wie 
z.B. im Falle4 von Zn(I1). 

Die Resultate von den Liislichkeitsversuchen in 

3*pL,* = log@3 = 2.2, - yr + x2 + y2 (2) 

Die Schwerpunkte @r, pr) und cjs,, J+) betrugen 
(8,916 f 0,026, -3,554 & 0,030) und (2,741 _+ 0,013, 
- 6,164 _+ 0,051). Gleichung (2) ergab mit diesen ‘“d,, 

Werten log p3 zu 17,96 f 0,08. t 

Da der Ordinatenabschnitt y’; der Geraden Gi mit 
dem Ordinatenabschnitt der Assymptote Al inner- 
halb der Fehlergrenzen zusammenfallt, gilt Beziehung 
(3), welche zur Berechnung von log KrO verwendet 
wird : 

y’; = log&, = y1 - 2.51, (= -21,39 + 906) (3) 

Der Ordinatenabschnitt y’; der Geraden G2 betragt: 

y; = log KS0 */I3 = L2 + J1, (= - 3,42 _+ 0,05) (4) 

[Diese Beziehung ermijglicht natiirlich keine Kon- 
trolle der bereits erhaltenen Werte fur /& und KS,,, 
da sie von Beziehune (2) nicht unabhangia istl. 1~ I I_ - 

Abb. 4. Liislichkeit des Cd-Oxinates (CdL,.2H,O) in 
Chloroform in AbhLngigkeit der Oxinkonzentration 
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Der gefundene Wert fur log Ks,, stimmt mit dem 
Literaturwert l 5 von -21,96 (p = 0, 25”) tiberein, 
welcher in einer Flllungstitration potentiometrisch 
bestimmt wurde. 

Urn j?r und p2 zu erhalten substrahiert man [Cd] 
und [CdL,] von [Cd], und ermittelt die Koeffizienten 
A und B der resultierenden Beziehung (5): 

1 
=A+B.Zirj (5) 

A bzw. B bedeutet /I2 .K,,, bzw. j?r *KS,,. Damit A 
geniigend genau erhalten wird, diirfen nur Punkte 
einbezogen werden, fur welche [Cd], die minimale 
Lijslichkeit [Cd],,,i, nicht mehr als (5-lO)-fach 
iiberschreitet (s. MeDbereich 3 in Abb. 4). 

1% B2 = log(AK,cJ 

IL 1[0,434*dA)/A1’ + [a(log &,)]‘I I” (6) 
log PI = log (P/K,,) 

+ 1C0,434*a(B)/B12 + [a(log KS,)]‘1 1’2 (7) 

Mit den MeIjpunkten im Gebiet 3 erhielt man log 
p2 zu 13,44 f 0,08 und log /I, zu 7,34 f 0,07. 

Aus FSillungstitrationen6*r5 ermittelte man fur log 
PI die Werte 7,2 (JJ = 0.01, 20”) bzw. 7.78 (J = 0, 
20”). Der abgesch&te Wert6 fur log p2 von 13,4 (p = 
O,Ol, 200) stimmt erstaunlich gut mit dem hier experi- 

mentell bestimmten Wert tiberein. 

(25°C). 
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Chloroform sind in Abb. 4 eingezeichnet, und die 
Auswertung wurde folgendermagen durchgefuhrt. 

Die totale Cadmiumkonzentration [Cd],,,, einer 
Chloroformliisung, welche sich mit der festen Phase 
CdLz -2Hz0 im Gleichgewicht befindet, an Wasser 
ge&ittigt ist und deren Oxinkonzentration [HL]” 
betrlgt, Kann wie folgt beschrieben werden: 

WI,,, = CCdLI, + CCdLHLI, 
+ CCdWUIo (8) 

Bei hoheren [HL],-Konzentrationen dominiert das 
Diaddukt, sodal sich die Funktion log[Cd],,O, 
log[HL], der Assymptote A’r annahert: 

bfCdl,,,(CHLl,, -+ -x 1 = logCCdL,l,,,. 
+ log Ird, + 2.logCHL],, (A’;) 

Hier bedeuten: 
/Ji = [CdL,(HL),],/[CdL,];[HL]$ die Addukt- 
bildungskonstante in der organischen Phase; 
[CdLJ,,, die Slttigungskonzentration des Dihy- 
drates in Chloroform. 

Bei sehr niedrigen [HL],-Konzentrationen wird 

CW,o von der [HL],-Konzentration unabhlngig 
und man et-halt eine zweite Assymptote: 

logCCdl,,oWLl, - 0) = hiSdLl,,s (4 

Der Schnittpunkt SP beider Assymptoten liefert die 
Adduktbildungskonstante: 

log PY = -2.log[HL],,,, (9) 

Die Neigung der Geraden log[Cd],,O, log [HL], bei 
log[HL], 2 - 1,3 betrlgt 1,85 + 0,39 d.h. 2 innerhalb 
der Fehlergrenzen, was die Bildung der Spezies 
CdL,(HL), bestatigt. Bei -2,3 I log[HL], I -2 
wird [Cd],,, von der Oxinkonzentration unabhangig 
und entspricht CCdLI,,, (logCCdL,lo,, = 

-6,882 If: 0,056). Bei log[HL], 5 -2,3 erhalt man 
schlecht reproduzierbare Werte fur [Cd],,,, was 
wahrscheinlich auf die Entstehung neuer Spezies 
durch hydrolytische Spaltung zuriickzufuhren ist. Zur 
Berechnung von log $A aus der Beziehung (9) wurden 
die Assymptoten A’j und A”, wie vome durch Geraden 
mit der Neigung 2 bzw. 0 und den experimentell 
bestimmten Schwerpunkten (- 1,039 f 0,028, 
- 5,628 + 0,086) bzw. (-2,150 + 0,029, 
-6,882 + 0,056) angenahert. Man erhielt aus dem 
Schnittpunkt dieser Geraden log pi zu 3,33 + 0,16. 
Die abgeschiitzte Standardabweichung enthalt den 
fortgepflanzten Fehler von log[CdL],,s und vom 
Schwerpunkt der A‘j reprbentierenden Geraden. Der 
Verlauf von log[Cd],,O, log[HL], in der NPhe des 
Schnittpunktes deutet darauf hin, da13 die Spezies 
CdL, . HL in vernachllssigbar kleiner Konzentration 
auftritt. Eine Ermittlung ihrer Adduktbildungskon- 
stante ist daher nicht moglich. Das Auftreten der Spe- 
zies CdL,(HL)* wurde bei Extraktionsver- 
suchen3*r6v” ebenfalls beobachtet. Die Stabilitlt des 
Adduktes konnte jedoch aus Verteilungsmessungen 
nicht ermittelt werden. Merkwiirdigerweise bildet sich 
beim Zn-Oxinat nur ein Monoaddukt1s,19 mit dem 
Logarithmus 2,17 der Adduktbildungskonstante. 

In Abb. 4 sind such zwei log[Cd],,O-Werte 
eingezeichnet, welche in der Mutterlauge von 
CdL, * 2H,O-Flllungen aus Losungen von wasser- 
freiem Cadmiumoxinat (s. such Abb. 1) gemessen 
wurden. Da man durch Flllung bzw. Auflosung prak- 
tisch die gleichen [Cd],,O-Werte erhielt, handelt es sich 
bei diesen Angaben mit absoluter Sicherheit urn 
Gleichgewichtskonzentrationen. 

Mit den ermittelten Daten kann nun such die Ver- 
teilung von Cadmiumoxinat zwischen Chloroform (0, 
organische Phase) und Wasser (kein Index) richtig in- 
terpretiert werden. Die folgende Skizze zeigt die wich- 
tigsten Stufen der Komplexbildung, ausgehend vom 
Aquokomplex Cd’+ bzw. vom dehydratisierten Cd- 
Oxinat CdL2d. 

L- 

BI 

[ CdL,.PH,O ) ‘- - 
Mf% 

Fillung Aufbung: [CdL,&, 

Cdl;* & {d;,.Pn,o, 

Fdllung 

CdL; 

CdL,(HL), 

(01 

i 

KA 

CdL,(HL),’ 

I 4HL:K, 
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Die bisher nicht difinierten Konstanten bedeuten: 
/IA = [CdL,(HL)J[CdL,]. [HL]’ = die Addukt- 

bildungskonstante im Wasser. 

K, = [CdL,],/[CdL,] = Nernst’-sche Verteilungs- 
konstante des neutralen Komplexes. 

K, = [CdL,(HL),]J[CdL,(HL)J = Nernst’-sche 
Verteilungskonstante des Diadduktes. 

K,: = [CdLJHL),], . [H]‘/[Cd] . [HL]ff = Extrak- 
tionskonstante. 

Die Extraktion von Cd(H) kann entweder durch 
Verteilung des neutralen Komplexes CdL, mit ansch- 
liessender Adduktbildung in der organ&hen Phase, 
oder durch primlre Adduktbildung in der wX3rigen 
Phase mit nachfolgender Verteilung des Adduktes 
beschrieben werden. Obwohl die zweite Miiglichkeit 
bisher bevorzugt wurde,“,” schlagen wir den ersten 
Reaktionsweg vor, da dieser iiber experimentell nach- 
weisbare Stufen verlluft. 

In dieser Arbeit konnten b,, lj2, b3, K,, und FL 
sowie die SBttigungskonzentration [CdL,],,s in der 
organischen Phase aus Liislichkeitsversuchen ermit- 
telt werden. Zudem kann KN aus diesen Daten ber- 
echnet werden. Die Verteilung von CdL, stellt sich 
ngmlich so ein, dal3 seine Aktivitlt bezogen auf den 
gemeinsamen Standardzustand des festen Oxinates in 
beiden Phasen gleich wird. Somit kann KN dem 
Verhlltnis der beiden Slttigungskonzentration 

[CdL2],,s bzw. [CdL2], gleichgesetzt werden: 

K, = CCdM,,s/CCdLl, 
= CW,o(CHLlo+ WKso~B, (10) 

[CdL2],,s bekommt man durch Extrapolation der 
bei verschiedenen [HL],-Konzentrationen bes- 

timmten Liislichkeiten von CdL2. 2H20 in Chloro- 
form. Die direkte Bestimmung scheitert an der Hyd- 
rolyse (s. vorne) des Cadmiumoxinates in Abwesen- 
heit von Oxin. Mit den bereits mitgeteilten Daten 
erhielt man fir log KN 1,07 f 0,l I. Bei dieser Fehler- 
angabe handelt es sich urn einen maximalen Fehler, 
da er durch Fehlerfortpflanzung abgeschltzt wurde. 
Der niedrige K,-Wert deutet darauf hin, daIJ sich eine 
hydratisierte Spezies zwischen den beiden Phasen ver- 
teilt. Wenn man die Koordinationszahl 6 als gegeben 
annimmt, kann es sich nur urn CdL2(H,0)2 handeln. 

bedeutet daher die Verteilungskonstante 

~dLi(H,0),]JCCdL,(H20),]. Wir verzichteten 
jedoch auf Angabe der koordinierten Wassermo- 
lekiile, da diese in der messenden Komplexchemie 
gewiihnlich weggelassen werden. Ahnlich verhllt sich 
das Zinkoxinat mit einem K,-Wert’” von 101.41. 
Dagegen diirfte bei Kupferoxinat kein Wasser als 
Ligand vorhanden sein, da der K,-Wert’ 1O3.38 
betrlgt. 

Eine Bestimmung von KN durch Extraktion kann 

nicht ausgefiihrt werden, da CdL, bei keinem [L], 
[HL],-Wertepaar als in beiden Phasen gleichzeitigdom- 
inierende Partikel auftritt. Diese Bedingung trifft auf 
CdL,(HL), noch weniger zu, da die Konzentration 
von HL im Wasser nicht geniigend hoch gewlhlt 
werden kann. [HL] betrlgt maximal 5.10m3M, sodaI 

die Adduktbildungskonstante im Wasser mindestens 
10hz6 betragen sollte, damit das Verhlltnis 
[CdL,(HL),]/[CdL,] auf 100 steigt. Es ist aber sehr 
unwahrscheinlich, da13 die Adduktbildungskonstante 
in Wasser mehr als lOOO-ma1 griiljer ist als in Chloro- 
form. Die Zerlegung der leicht mel3baren Extraktions- 
konstante KF in P2, DA und KA kann daher nicht 
durchgeftihrt werden. Die Auftrennung von K,- wurde 
trotzdem versucht,‘h,‘7 wobei ein K,-Wert von 104,’ 
verwendet wurde, welcher als VerteilungsverhBltnis 
qCd (= [Cd],,JCd]J ermittelt worden ist und somit 
sicherlich zu niedrig ist. Gleichzeitig ist das angege- 
bene Produkt lj2 .bA (= K, im Zitat”) zu hoch. 
Nichtsdestoweniger stimmt das Produkt K,,, lj2. PA 
bzw. K,.. Nach unserer Ansicht sollte K, bei 

CdL,(HL), wesentlich gr6l3er sein als bei einem 
Monoaddukt, wie z. B. ZnL,HL bzw. ZnL;HL’ 
(HL’ = X-Hydroxychinaldin), welche einen abge- 
schgtzten, minimalen K,-Wert” von 103*’ bzw. 

104,’ besitzen. Das Zentralion ist ngmlich in 
CdL,(HL), vollstlndig vom voluminBsen in Chloro- 
form gut l&lichen Oxin umhiillt, was einen grossen 
K,-Wert ergeben sollte. 

Urn unsere Daten mit Literaturangaben zu ver- 
gleichen berechneten wir daher mit den hier be- 
stimmten pz, PA und K, die Extraktionskonstante K, : 

K, = B2. PA. KA/K:L K: 

= f12.fli.KN/K;,_.K; (I 1) 

wobel KHL (= [HL],/[HL]) die Nernst’-sche Vertei- 
lungskonstante des Oxins ist. Diese Beziehung ergibt 
fiir log K, - 63 Radiochemisch3s” wurden aus 
Verteilungsmessungen Werte von -6,l bzw, - 5.3 
gefunden. 

Eine wichtige Regel kann nun fir die Anreicherung 
von Cd(I1) aus verdiinnten Lijsungen durch Extrak- 
tion mit einer HL-haltiger Chloroformlijsung abgelei- 
tet werden: [Cd],,<, darf im Laufe der Extraktion den 
Wert [CdLJ,,,; (1 + /i$ .[HL]z) nicht iiberschreiten, 
da sonst eine Flllung von CdL, .2H,O auftreten 
kann. Die Entstehung der festen Phase geht allerdings 
kinetisch sehr trgge vor sich, soda0 in einer “schnellen 
Extraktion” hiihere Anreicherungen erreicht werden 
kiinnen. Anreicherungsmethoden, welche mit iiberslt- 
tigten Liisungen arbeiten. sind jedoch stiiranftillig, da 
der pliitzliche Beginn einer Kristallisation von vielen 

zufglligen Faktoren abhlngt. 
Entwgssertes Cd@)-Oxinat l&t sich in H,O- und 

HL-haltigem Chloroform relativ gut. Es handelt sich 
such hier urn iibersgttigte Liisungen. falls die Cad- 
miumkonzentration [Cd],,, den oben angegebenen 
Grenzwert iiberschreitet (d.h. [Cd],,, > 10~“,*8.(l + 
103,33. [HL]“)). Dies konnte durch ein Impf-Exper- 

iment eindeitig bewiesen werden: eine 1.2.1 O- “M 
Liisung von dehydratisiertem Cd-Oxinat, in Chloro- 
form welches an Wasser ges;ittigt und an HL 0,lM 
war, zeigte wshrend 24 Stunden keine Abnahme des 
Cd-Gehaltes. Nach dem Impfen mit CdL2. 2H10 
sank aber [Cd],,, innerhalb von c’u. 2 Stunden auf 
die Hllfte (s. Abb. I). 
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Wie aus der vorliegenden Arbeit ersichtlich ist, 
kBnnen aus Lijslichkeitsbestimmungen alle benijtigten 

Informationen gewonnen werden, welche zur Ausar- 
beitung von FBllungs- bzw. Extraktionsmethoden fiir 
die Anreicherung von Metallionen notwendig sind. 
Aus Lijslichkeitsversuchen kann beurteilt werden, ob 
eine einzige Spezies gleichzeitig in zwei verschiedenen 
Liisungsmitteln bei einer bestimmten Ligandkon- 
zentration die dominierende Partikel ist, und damit 
ihre Nernst’-sche Verteilungskonstante als Vertei- 
1ungsverh;iltnis des Metalls direkt bestimmt werden 
kann. Dadurch kBnnen Unsicherheiten bei der Inter- 
pretation von Verteilungsdaten vermieden werden. 

Das Hauptproblem besteht bei Liislichkeitsuntersu- 
chungen in der geniigenden Annlherung des Gleich- 
gewichtes zwischen der Liisung und der festen Phase. 
Dies wird am besten erreicht, wenn die feste Phase 
in kristalliner Form vorgegeben wird. So vermeidet 
man ngmlich die Bildung von iiberlttigter Liisungen, 
und die Trennung der Phasen nach dem Equilibrieren 
gestaltet sich such leichter. Zur Separation beider 
Phasen sollten unbedingt Membran-Filter eingesetzt 
werden, da diese eine sichere und schnelle Trennung 
.ermBglichen. Die Bestimmung des aufgelijsten Metalls 
kann in vielen Flllen mit flammenloser Atomabsorp- 
tion durchgefiihrt werden. Jedenfalls hat sich diese 
Technik fiir die Bestimmung von Cadmium sehr gut 
bewBhrt. 
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Summary-Under normal conditions, the reduction of uranium(VI) at a platinum electrode, in acid 
solutions, is masked by the reduction of the hydrogen ion. If the working electrode is subjected to 
hydrogen evolution (at a current density of about 7 A/cm2 for 90-120 min) the Hads on the platinum 
surface, acting as a bridge in the electron transfer, shifts the reduction wave of uranium(VI), in 1M 
sulphuric acid solutions, to potentials (E, ,? c - @03 V) less negative than that of the hydrogen discharge 
(about -0.25 V). The wave corresponding to the reduction of uranium(V1) to uranium(W) is well 
shaped, diffusion-controlled, and can be used for the determination of uranium down to 2 x IO-‘M 
or 3 x 10e6M if a rotating electrode is used. Interferences arise from those ions with similar E,!, 
[i.e., Cu(I1) and Bi(III)], or from those such as permanganate and dichromate, which oxidize the 
Hadp on the platinum electrode. Because of the time required for the electrode pretreatment, the deter- 
mination is time-consuming but in some respects it appears a useful improvement over the DME. 

A mercury electrode is often used for the polar- 
ographic or coulometric determination of 
uranium(W),’ but sometimes it is preferable to use 
solid electrodes.2*3 Zittel and Miller4 have employed 
graphite, in the pyrolytic and glassy carbon form; the 
latter provides the better definition. Inconclusive 
results have been obtained with a boron carbide elec- 
trode.5 

The platinum electrode, the commonest among 
solid electrodes, has severe limitations because of the 
evolution of hydrogen at the potential needed for the 
reduction of uranium(V1). A ring platinum electrode’ 
has been used for the determination of uranium(V1) 
in sulphuric acid solutions at pH 3.2. Davies et aL3 
have reported a coulometric determination of 
uranium(V1) in hydrochloric acid media with a plati- 
num-gauze electrode, but they resorted to a small 
amount of bismuth(II1) to increase the hydrogen over- 
voltage at the electrode. 

The present note demonstrates that the platinum 
electrode, both smooth and platinized, can be used 
for the direct determination of uranium(W) in 
strongly acidic solutions and in the presence of 
diverse ions, when it has been subjected to a vigorous 
reduction. A rotating platinum electrode or one with 
periodical renewal of the diffusion layer has been 
employed. It is possible by combining this and an 
earlier method,6 to determine simultaneously 
uranium(W) and uranium(IV), whereas, with rare 
exceptions, the DME fails. 

The proposed techniques are sensitive, easy to work 
and give good reproducibility in various acidic media. 

Apparatus 
EXPERIMENTAL 

The voltammetric behaviour of uranium was investi- 
gated in a cell with periodically renewed diffusion-layer 

electrode (DLPRE).’ The voltammograms for analytical 
applications were also measured with a rotating platinum 
electrode. 

The dropping mercury electrode used had the following 
characteristics: m = 1.24 mg/sec, td = 4.75 sec. 

The mean voltammetric currents were recorded with a 
three-electrode system. Electrochemical measurements 
were made with a PAR Mod. 170 Electrochemistry System. 
The potentiostatic current-time curves were measured on 
the screen of a Tektronix Type 502 dual-beam oscilloscope. 

The reference electrode was a saturated mercury(I) sul- 
phate electrode connected with the polarographic cell 
through a glass bridge with a sintered filter, filled with 
saturated sodium sulphate solution. The auxiliary electrode 
was a platinum electrode with an area of 1 cm2. The plati- 
num working microelectrode, when necessary, was pla- 
tinized by cathodic treatment at a current density of 1.2 
A/cm’ in a 3% solution of chloroplatinic acid containing 
0.025% of lead acetate. 

Unless otherwise specified, measurements were per- 
formed at 25 + 0.1”. The ionic strength was kept constant 
with an inert salt. Solutions were deaerated with purified 
nitrogen. All potentials reported are referred to the satu- 
rated calomel electrode. 

Reagents 

All chemicals used were of reagent grade. 
Uranium(W) solutions were prepared by electrolytic 

reduction of uranium(V1) at a mercury-pool electrode, and 
standardized by permanganate titration. 

Preliminary work 

Effects of the pretreatment of the smooth platinum elec- 
trode. The current-voltage curve (scan-rate 60 mV/min) 
from + 0,225 to - 0.300 V. at a smooth nlatinum electrode 
(DLPRE), of deaerated 1M sulphuric* acid solution is 
shown in Fig. lB, curve a. 

To see whether the hydrogen evolution really makes it 
impossible to obtain a reduction wave for uranium(V1) at 
the platinum electrode, we tried to pretreat the electrode 
so as to displace the hydrogen discharge to more negative 
potentials. The pretreatment consisted of: (a) cleaning of 
the electrode in hot nitric acid (1 + 1) for about 10 min; 
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Fig. 1. A: Voltammograms of 1M HNO, during pretreat- 
ment. B: Voltammograms of 1M HISO before (curve a) 

and after (curve b) pretreatment. 

(b) dipping the electrode in the polarographic cell contain- 
ing deaerated 1M nitric acid and making repeated record- 
ings of the current-voltage curves in the cited potential 
range with a slow scan-rate (130 mV/min). In the course 
of this tedious operation (it took 3-4 hr), the hydrogen 
discharge shifted towards negative potentials, by about 
0.1-0.2 V as seen in Fig. lA, which shows the electroreduc- 
tion of platinum oxides. The comparable curve for deaer- 
ated 1M sulphuric acid solution is curve b in Fig. 1B. 

When a platinum electrode, so pretreated, is dipped in 
a deaerated 1M sulphuric acid solution, 7 x 10m4A4 in 
uranium(VI), the voltammogram shown in Fig. 2 (curve 
a) is obtained. 

Under the same conditions, the reduction at the DME 
takes place at the same potential (Fig. 2, curve b). This 
seems to confirm the impossibility of obtaining a reduction 

ooov 

I +A 

1 
-O.IOV c I 

I 

h 0 

Fig. 2. Voltammetric curves of 7 x 10e4M uranium(V1) 
after the pretreatment of Fig. 1 (curve a) and the sub- 
sequent cathodic treatment at - 2 V for 1 min (curve c); 

the same solution polarographed with DME (curve b). 

0 

$: 
Fig. 3. Voltammograms of 8 x tom4 uranium (VI) in 1M 
H2S0, for increasing duration of cathodic pretreatment: 
a=Omin,b=5min,e=15min,d=30min,e=60 

min, f = 120 min. g = 180 min. 

wave for uranium(V1) at the platinum electrode; however, 
if the electrode is polarized at - 2 V for 1 min (at a current 
density of about 4 A/cm2) the well-shaped cathodic wave 
shown m Fig. 2 (curve c, Erfz = -0.080 V) is obtained 
temporarily. 

The polarization may be carried out after pretreatment 
in nitric acid or directly in the sulphuric acid solution of 
uranium(V1). The latter is easier and was the procedure 
adopted. 

We assume that hydrogen adsorbed on the electrode sur- 
face plays an important role in the detection of the catho- 
dic wave of uranium(V1). 

Figure 3 shows the voltammograms obtained with a 
smooth platinum electrode in a deaerated 1M sulphuric 
acid solution that is 8 x 10m4M in uranium(VI), when the 
applied voltage changes from +0.225 to -0.3OOV, (scan- 
rate 60 mV/min) after hydrogen evolution at about -3.2 V 
(at a current density of 7 A/cm’) for the periods indicated 
in Table 1. As deducible from Fig. 3 and Table 1, the 
reduction wave of uranium(V1) is already well shaped after 
hydrogen evolution for 60 min, and after 120 min there 
is no sensible improvement. Essentially the same results 

Table 1. Effect of the electrode hydrogenation on the 
reduction wave of uranium(V1) 

Curve in Hydrogenation 
Fig. 3 time, min E V l,Z. L p.4 

: 0 5 
: 30 15 

e 60 
f 120 
g 180 

not detectable useful hardly 
- - 0.063 0.082 

- 0.052 
-0.032 
- 0.03 I 

-- - 
8.75 8.40 

8.80 
8.75 
8.70 

Electrolyte: IM H,SOI, 8 x 10-4M UO:+. 
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Fig. 4. Voltammograms of 8 x 10m4M uranium(W) in IM 
H,S04 under optimal condition of pretreatment. 

are obtained when the hydrogen evolution is performed 
with current densities of s-9 A/cm’; at lower current 
densities a more protracted time of prehydrogenation is 
necessary. 

Under these conditions no anodic current arises from 
hydrated oxides of uranium.‘,l” 

The cathodic wave for uranium(VI), obtained through 
sufficiently prolonged hydrogen evolution (120 min) is well 
shaped (Fig. 4) (E,,, = - 0.032 V), and strictly propor- 
tional to uranium(V1) concentration down to 2 x 10e5M. 
The best-shaped waves were obtained when the curves 
were registered for increasingly negative potentials, after 
the working electrode had been held for 1 min at the star- 
ting potential of +0.225 V. 

Potentiostatic curves obtained at potential values 
between -0.030 and -0.2OOV show that the mean reduc- 
tion currents of uranyl ions remain practically constant 
for about 80 min, when the platinum electrode has been 
prehydrogenated at a current density of about 7 A/cm’ 
for at least 90 min. Then gradually the cathodic wave shifts 
towards negative potentials, so that it is necessary to repeat 
the hydrogenation cycle. The regenerative cycle (type B) 
described by Gilman ” is not sufficient to give a well- 
formed cathodic wave of uranium(V1). 

Efict of the supporting electrolyte. Various supporting 
electrolytes, including hydrochloric, nitric, perchloric and 
phosphoric acids, were tried with the prehydrogenated 
electrode. 

Hydrochloric acid and its mixtures with other acids sup- 
pressed the reduction wave of uranium(V1); this can be 
attributed to the complexing action of chloride ions on 
platinum oxides,” and consequent modification of the 
electrode surface. 

In perchloric acid the cathodic wave of uranium(V1) is 
sufficiently well-shaped and diffusion-controlled; however, 
it is very near to the hydrogen discharge (in 2M perchloric 
acid E ,,2 = -0,105 V). 

The same results were obtained for nitric acid medium, 
in the presence of sulphamic acid. 

Phosphoric acid gives a well-formed and diffusion-con- 
trolled cathodic wave for the reduction of uranium(V1) 
(in 0.66M phosphoric acid E,,, = 0.00 V), but in this elec- 
trolyte, seemingly, the hydrogen is not so strongly 
adsorbed on the electrode surface as for sulphuric acid 
medium and subjection to a new hydrogen evolution does 
not provide quite reproducible results. 

Concentrations of sulphuric acid greater than IM were 
tested and good results were obtained up to 5M (in 4M 

sulphuric acid E 1 ,2 = +@015 V); however. when the clec- 
trode prehydrogenation is performed in such strongly aci- 
dic solutions, it is best to minimize the etl’ects of oxygen 
by screening the platinum counter-electrode from the solu- 
tion with a sintered disk. 

Efict ofplatiniziny the electrode. Electrodes which have 
been platinized for 2-8 set behave like the smooth clec- 
trode and do not shorten the hydrogenation times required. 
Electrodes platinized for > 15 set distort the wave because 
the capacity of the electrodeesolution condenser system is 
too high. 

Procedure ,fbr the pretreatnwrlt qf’ the rlwtrodc 

In order to obtain a well-formed cathodic wave for 
uranium(V1) at a platinum electrode it is necessary to hyd- 
rogenate the electrode itself. Such a pretreatment must be 
carried out in sulphuric acid with or without uranium(V1). 
During the voltammetric measurements it is convenient 
to avoid any handling of the solution that may cause the 
electrode to come into contact with air. because of the 
possible oxidation of adsorbed hydrogen. 

The best conditions are the following: with nitrogen pas- 
sing through a known volume of 1 M sulphuric acid. keep 
the assembly (DLPRE or RPE) at constant cathodic cur- 
rent and a current density of about 7 A/cm’ for at lcast 
90 min. 

In the rest of this paper any reference to the electrode 
pretreatment means such experimental conditions. 

RESULTS AND DISCL’SSION 

Voltammetric behaviour 

The reduction of uranium(V1) at a pretreated plati- 
num electrode is diffusion-controlled, as shown by the 
dependence of the mean limiting current on the con- 
centration of uranium(VI), and on the temperature 
over the range 2&W. The temperature coetficient of 
the half-wave potential of the cathodic wave is + 1.93 
mV/deg. The mean limiting diffusion current increases 
by 1,45%/deg. 

The oscillographic investigation shows the limiting 
current follows the equation’ 

i,=KC 
where 

K = nFAD/r + nF AD”‘(Zt,‘,/,2 - 1.5t~~‘)jn’ ‘t,,,, 

and n, F, A, D, C have their usual meaning. r,, is 

the washing period of the electrode (0.025 set). tt,, 
the period between two subsequent washings (5 set), 
and r the radius of the platinum sphere (0.0972 cm). 
Substitution of the value of D obtained from a 
DME13,14 in the same solution, allowed evaluation 
of n from which it was concluded that the 
uranium(W) reduction is represented by: 

UO:+ + 4H+ + 2e- --+ U4+ + 2Hz0 

The ratio AE/Alog i/(G - i) is 50 mV. whereas 29.5 
mV is expected for a reversible process. 

At an ionic strength of 3, and an acidity of O.lL2N. 
E 112 shifts by - 123 mV per pH unit in accordance 
with the proposed process. 

The experimental necessity of the hydrogenation of 
the electrode for the uranium(W) reduction process 
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to occur, correlates with the presence of adsorbed hy- 
drogen (Ha& on the platinum surface. Something of 
the sort has been found for the VOz+/‘V3’ couple.15 

By analogy, it is reasonable to suppose that the 
mechanism of UO;’ reduction implies the interven- 
tion of Hads, which acts as a “bridge” in the electron 
transfer. The electroreduction of UO:+ to U4+ on 
the DME, in the same experimental conditions,13s14 
at the same potential as on a non-hydrogenated plati- 
num electrode (W,,, 1 - 0.190 V, see Fig. 2), may be 
explained on this basis, since hydrogen is not 
adsorbed on mercury in the potential range consi- 
dered. 

Because both VOzf and UO:+ are affected by 
Hads, we suppose the formation of the hydrogen 
bridge involves a decrease in the bond energy between 
the central metal atom and the co-ordinated oxygen 
atoms, these bonds being broken during the reduction 
process. It is more difficult to explain the need for 
a prolonged hydrogenation before reduction of the 
uranyl ion. Two types of Hada have been 
observed, “J 7 one very active, the other less so; a 
surface rearrangement (time-dependent) of the active 
hydrogen to the less active has also been reported.17 
This may imply that the less active Hads is involved 
in the uranium(V1) electroreduction. However, un- 
avoidable competitive adsorption of contaminants 
from the solution poisons the platinum electrode and 
the subsequent deactivation causes a change in the 
mechanism of the electroreduction of hydrogen 
ions” and hinders the rapid combination of Hads. 

ANALYTICAL APPLICATIONS 

Voltammetric determination of uranium( VI) 

Uranyl ions, in strongly acidic solutions other than 
hydrochloric acid, give a well-shaped anodic wave at 
a hydrogenated platinum electrode. The limiting cur- 
rent is strictly proportional to the uranium(V1) con- 
centration, and thus the voltammetric determination 
of uranium(VI) is feasible. Sulphuric acid is the most 
convenient medium. 

The proposed method gives reproducible results for 
uranium(VI) concentrations down to 2 x lo-‘M if 
the DLPRE is used. 

As an analytical example we deal with the deter- 
mination of uranium(V1) in 1M sulphuric acid with 
an electrode prehydrogenated for 120 min as pre- 
viously indicated (Eli2 = -@032 V). 

Depending on the nature of the interfering ions the 
hydrogenation of the electrode can be carried out pre- 
viously or directly in the test-solution. 

The effects of foreign ions on the determination of 
uranium(V1) are summarized in Table 2. Since the 
reduction of cadmium(I1) occurs at Eljz 2 -022V, 
it does not interfere if the electrode is previously hyd- 
rogenated. When the electrode hydrogenation is per- 
formed in the presence of chromium(II1) and man- 
ganese(II). it is convenient to isolate the platinum 

Table 2. Effect of diverse ions on the determination of 
uranium(V1) 

Cation 

Tolerance 
limit, 
mg Anion 

Tolerance 
limit, 
mg 

Aluminium 
Bismuth 
Cadmium 
Calcium 
Cerium(IV)* 
Chromium(II1) 
Cobalt(I1) 
Copper(I1) 
Iron(III)t 
Magnesium 
Manganese(I1) 
Nickel 
Silver 
Titanium(IV) 
Thorium 
Zirconium 

100 
0.2 

30 
100 

6 
50 
50 
0.1 

100 
100 
50 
5 

10 
100 
100 

Acetate 
Arsenate 
Borate 

100 
70 
70 

ChlorideS 0.1 
Fluoride 20 
Molybdate 0.1 
Nitrate loo 
Perchlorate 100 
Phosphate 100 
Vanadates 5 

Initial solution: volume 40 ml, UO:+ 50 pg/ml, IM 
H,SO,. 

*El,, for reduction wave of Ce(IV) z + I.1 V. 
tE,,, for reduction wave of Fe(II1) c +@4 V. 
$ Only on prehydrogenated electrode. 
$E,,, for reduction wave of V(V) I: +0.7 V. 

counter-electrode from the solution to avoid the for- 
mation of dichromate and permanganate ions, which, 
by oxidizing the Hads, prevent the appearance of the 
reduction wave of uranium(V1). The reduction of 
titanium(IV) takes place at about -0.18 V and does 
not interfere. Silver(I) gives a cathodic wave due to 
reduction to metallic silver (E,,, LI +0.3 V) and if the 
electrode hydrogenation is performed in its presence 
a black deposit of metallic silver forms. Fluoride shifts 
the cathodic wave of uranium(V1) to more positive 
potentials, but owing to its corrosive effects, it was 
not further investigated. The half-wave potentials of 
copper( molybdenum(V1) and bismuth(II1) are 
close to that of uranium(V1) and consequently these 
species interfere. 

Rotating platinum electrode. The use of the rotating 
platinum electrode gives the same results as the 
DLPRE, if previously hydrogenated (Fig. 5). The 
wave-heights are strictly proportional to the uranium 
concentrations and the sensitivity of the method is 
increased by about an order of magnitude, allowing 
the determination of uranium(V1) down to 3 x 
10-6M. 

Recommended procedure. Perform the determina- 
tion with nitrogen bubbling through the solution. 
Pretreat the working electrode as previously indi- 
cated, in 40 ml of 1M sulphuric acid. Replace 15 ml 
of the acid with 15 ml of deaerated test-solution. 
Record the polarogram of the solution over the 
potential range from +0.20 to -0.30 V at a scan-rate 
of 6(r120 mV/min. When the rotating platinum elec- 
trode is used, it should rotate at about 800 rpm. 
Determine the uranium(V1) by the standard addition 
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Fig. 5. Voltammograms (hydrogenated RPE) of 5 x 
IOm5M (a), 1 x 10e4M (b) and 2 x 10e4M UO:* in 1M 

HzS04. 

method. Amounts of 0.2-9.5 mg of uranium(V1) were 
determined with a relative standard deviation of 2% 
0.3% and a relative error of 2.1%. 

Simultaneous voltammetric determination of 
uranium( V I) and uranium(1 V) 

The electro-oxidation of uranium(IV), at a pla- 
tinized platinum microelectrode in strongly acidic 
solutions, has already been reported.6 A smooth plati- 
num electrode, hydrogenated according to the present 
paper, enables the oxidation wave of uranium(IV) to 
be obtained. The two methods differ in the half-wave 
potential of the oxidation process: in 1M sulphuric 
acid E,,, = +0*575 V for the platinized electrode, 
and +0.910 V for the smooth hydrogenated elec- 
trode; logarithmic analysis of the ascending part of 
the wave yields a straight line with slope of 85 mV, 
compared with 130 mV previously found. 

+ 0.95V +0*85 V 

I I 
I ~IJA 

/ 
/ 

- 
/ 

_A, -0 

/ 

prj; 

The present method offers the following advantages 
over the preceding one: (a) a simplified procedure 
because platinizing is unnecessary (appreciable im- 
provement in the analysis of radioactive samples); (b) 
removal of the interference due to vanadium(IV), 
since it does not take place on the smooth elec- 
trode;” (c) direct determination of uranium(IV) in 
the presence of small amounts of iron(I1) (E,,, = + 
0.45 V). 

From the foregoing it is possible to perform a 
simultaneous determination of uranium(IV) and (VI) 
in strongly acidic media, for which no literature refer- 
ences have been found. 

In Fig. 6 is shown the voltammogram of 1.30 x 
low3 M uranium(V1) and 9.20 x 10m4,U uranium(IV) 

in 1M sulphuric acid; it was obtained with a smooth 
electrode (DLPRE), prehydrogenated for 120 min, the 
applied potential changing from -0.275 to + 1.20 V 
at 30 mV/min. 

Because of the electro-oxidation of Huds at the 
potential needed for the oxidation of uranium(IV) 
(> +0.85 V), the determination must be performed 
by means of calibration curves. The recommended 
procedure is similar to the preceding one, but as a 
precaution the potentials are run from negative to 
positive; the scan-rate can be increased up to 120 
mV/min. The rotating platinum electrode gives the 
same reproducible results. 

1. 

2. 

3. 

4. 

5. 
6. 

7. 
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Summary-A review is made of the progress achieved in the last 15 years in the field of trace characteri- 
zation of powders by direct atomic-absorption spectrometry. The studies covered include the develop- 
ment of novel atomization devices, modification of existing atomic-absorption spectrometers, and the 
use of closed-cavity vaporizers. A description is given of the capsule-in-flame and circular-cavity furnace 
type atomizers designed on this principle, of the procedure employed in powder-sample analysis and 
of some analytical features of the methods used. In conclusion, various modern analytical methods 
are compared as to the possibilities they offer for the determination of ultratraces in solids, and sugges- 
tions are made concerning the possible role of atomic-absorption spectrometry. 

Direct trace characterjzation of various powder 
materials is undoubtedly one of the most urgent, and 
at the same time most complicated, problems in 
atomic-absorption spectrometry and analytical chem- 
istry. This problem has been the subject of con- 
tinuous study in our laboratory for about 15 years, 
but only now can we be satisfied that promising ways 
for its solution finally appear to be seen. 

In this work we will consider briefly the most im- 
portant steps made in this direction in the past, and 
we will then try to review the progress achieved in 
some areas of interest, including the most recent 
achievements. In conclusion we will discuss the role 
of atomic-absorption spectrometry among other 
methods of instrumental analysis in the solution of 
this problem. 

METHODS OF ATOMIZATION OF 

POWDERED SAMPLES 

Using the conventional technique of atomic- 
absorption analysis of liquids’ for direct trace charac- 
terization of powdered samples is impossible primar- 
ily because of the inapplicability of the nebulizer- 
flame type atomizer for these purposes. Although 
attempts of this kind involving the pulverization of 
the powder mixed with solid propellant,’ delivery of 
the powder to the burner channel by a miniature 
spiral conveyor3 or nebulization of a suspension4 

* Presented as a Talanta Award Address at the Session 
of the Scientific Council on Analytical Chemistry of the 
Acadcnq of Sciences of the USSR, February 1975, Ver- 
nadsky Institute of Geochemistry and Analytical Chem- 
istry, Academy of Sciences of the USSR, Moscow. USSR. 

were undertaken, no definite achievements were 
claimed. 

We believe such a technique to be in principle in- 
adequate for a total solution of this problem, on the 
following grounds. First, the absolute limits of detec- 
tion of elements in the flame are too high to provide 
the desirable detection limits for impurities in 
powders. Indeed, in order to reach a relative detection 
limit of 10m6% by means of high-temperature 
flames (for which the average absolute limit of detec- 
tions of elements is about 10-s g/set), the powder 
sample should be introduced into the flame at a rate 
of about 1 p/set, which is inconceivable on both tech- 
nical and economical grounds (the material being fre- 
quently quite expensive). Secondly both theoretica15s6 
and experimenta17-9 studies show that sufficiently 
complete vaporization of aerosol particles of medium- 
and low-volatility substances in a flame requires 
thorough grinding of the powder to a size below 1 m. 
This operation is complicated and time-consuming 
and carries the risk of contaminating the sample dur- 
ing the pretreatment. Therefore the only practicable 
means of vaporization of powder samples remains up 
to now the use of the graphite furnaces of various 
types employed widely in the emission analysis of 
powders. 

Another aspect of the problem of developing an 
atomizer capable of determining as large a number 
of elements as possible, consists in providing condi- 
tions favouring the existence of the sample vapour 
in the atomized state in the analysis zone (analytical 
cell). Experiments show that this may be achieved by 
employing either a hot inert medium inside the fur- 
nace or a high-temperature flame. Thus one may con- 
ceive at least two different types of atomizer, using 

109 



110 B. V. L’vov 

Fig. 1. Graphite cuvette. 1. Graphite tube furnace. 2. 
Graphite electrode with sample. 3. Step-down transformer 

(3 kW). 4. Step-down transformer (1 kW). 

the graphite vaporizer in combination with either a 
furnace or a flame. 

The first type of atomizer based on an indepen- 
dently heated graphite electrode with the sample, 
combined with a graphite-tube furnace (the graphite 
cuvette), was described in 1959.10*” Electrode-heating 
with a d.c. arc, used in the initial version,10-‘2 was 
later replaced by a simpler and more effective a.c. 
heating with a step-down transformer (Fig. 1).5*13 The 
second conceivable type of atomizer, utilizing the 
combination of a graphite rod with a MCker burner, 
was realized in 1969 (Fig. 2).14 Replacing the air- 
acetylene flame employed in the first experiments14 
by the nitrous oxide-acetylene flame15 permitted 
extension of this method to the determination of ele- 
ments of low- and medium-volatility. 

While the two atomizers are primarily applied in 
the microanalysis of dry residues from liquid samples, 
they have also been used in the analysis of powders. 
Powder samples were placed in the channel ofa graphite 

Fig. 2. Furnace-in-flame atomizer. 1. Graphite rod with 
sample. 2. Mtker burner. 3. Flame. 4. Cross-section of light 

beam. 5. Step-down transformer (3 kW). 

electrode introduced into a graphite furnace,5*6s16-20 
or in the channel of a graphite rod mounted in the 
flame.14s20 

Later, several other powder atomizers, representing 
modified versions of the cuvette or the furnace-in- 
flame type were described. The atomizers of the first 
type are vertical-crucible2’-30 and horizontal-tube 
furnaces31-34 heated by a.c.21-24 or rf25-30 current, 
while those of the second type utilize the method of 
vaporization of powder samples from an iron 
screw34’35 into the flame of a slot-burner, and the 
method of vaporization of solid samples from a 
graphite microprobe36 introduced into the flame of 
the MCker burner. In contrast to the graphite cuvette 
and the furnace-in-flame types, in the case of these 
atomizers21-36 vaporization of the sample and heat- 
ing of the analytical zone are performed by a single 
heater. This not only limits the possibility of separate 
control of the sample-vaporization regime and of the 
temperature in the analytical zone in order to ensure 
optimum conditions for the analysis of particular 
samples, but also does not provide the temperature 
required for the atomization of many medium- and 
low-volatility elements. Therefore despite the success- 
ful utilization of these atomizers for the solution of 
some problems in the area of powder analysis, they 
are still inferior to the cuvette and the furnace-in- 
flame in terms of power of detection and range of 
elements determined. 

MODIFICATIONS TO 
ATOMIC-ABSORPTION SPECTROMETERS 

The application of the cuvette and the furnace-in- 
flame atomizers for the analysis of powder samples 
entailed considerable changes in the design of other 
typical units of the atomic-absorption spectrometers 
used, viz. the recording system, optical system and 
light sources. The reasons for this are as follows. 

First, in contrast to affairs in the conventional 
flame version of the method, the absorption signal 
resulting from a powder sample vaporized by means 
of the atomizers described above may represent a 
pulse of a fairly arbitrary shape with several peaks 
(Fig, 3). As shown in 1968,37S38 the only parameter 
of such a signal which is connected unambiguously 
with the content of the element in a sample is the 
pulse area, i.e., the integrated absorbance. 

QA = “Adt 
f 

(1) 
0 

measured during the total time 71 of vaporization of 
the element in question. This quantity is proportional 
to the total number of atoms of the element q. in 
the sample and the average time of residence of the 
atoms ~~ in the analytical cell: 

QA = A072 a ~072. (21 

The magnitude of A, is actually the absorbance for 
the hypothetical case in which all atoms of the ele- 
ment in question which passed through the analytical 
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Fig. 3. The recording of an absorption pulse for the Sb 
231.1 nm line with antimony vaporized out of graphite 

powder with a furnace-in-flame atomizer. 

cell are considered to be residing in it at the same 
time. 

The pulses can be integrated either by weighing 
the parts of the chart corresponding to the area of 
the pulses recorded by a recording potentiometer, or 
by using electronic integrating devices. The latter 
method possesses higher precision and speed. 

Secondly, the determination of low concentrations 
of an element in the presence of an excess of the con- 
comitant components in the sample has specific fea- 
tures associated with the appearance of considerable 
non-selective optical interference resulting from par- 
tial scattering and molecular absorption of the light- 
beam by the vapour of the matrix. The substantial 
role of this interference in the case of the graphite 
cuvette was pointed out even in the very first works 
on the subject.’ ‘,12 The author5 proposed a method 
for their automatic correction involving simultaneous 
.-cording of absorption from light-sources emitting 
line and continuum radiation (Fig. 4). This suggestion 
was based on the work by Koirthyohann and Pick- 
ett39 who employed successive measurement of 
absorption of light from the same two sources to cor- 
rect for non-selective interference in the flame. The 
research carried out by the author and his co- 
workers40*41 serves as a basis for the further realiza- 
tion of the method of correcting for non-selective in- 
terference in commercial spectrometers.42 

I I 

Fig. 4. Deuterium background corrector. 1. Hollow-cath- 
ode lamp. 2. D,-lamp. 3. Rotating chopper. 4. Mirror. 5. 

Absorption cell. 

The third feature which is primarily specific for the 
cuvette consists in a limited aperture of the traversing 
light-beam (as compared to the flame) and a strong 
continuum background from the hot furnace walls. 
These factors result in a considerable increase of noise 
in the recording, i.e., in deterioration of the capability 
of low-level signal detection. The most efficient way 
to sidestep this limitation lies in the use of brighter 
light sources. 

With this purpose in mind, Kirillova, Levikov and 
L’vov5 used spherical radiofrequency lamps (Fig. 5) 
of the type employed for the optical pumping of 
lasers.43 At present. a wide assortment of such lamps 
suitable for the analysis of more than 30 elements is 
manufactured in the USSR.44 

To increase the brightness of conventional hollow- 
cathode lamps, Bodretsova, L’vov and Mosichev5,45 
proposed to use radiofrequency (60 MHz) rather than 
d.c. current for the lamp-supply. Later, Dawson and 
Ellis4’j showed that the same effect can be attained 
by feeding the lamps with a high-amplitude pulsed 
current of a few hundred Hz frequency. A compara- 
tive study4’ of the characteristics of hollow-cathode 
lamps supplied with pulsed and continuous currents 
revealed considerable advantages of the pulsed-power 
supply when the graphite cuvette was used. Owing 
to their relative simplicity and versatility, both these 
techniques turned out to be preferable to using the 
boosted-output lamps proposed earlier by Sullivan 
and Walsh.48 

The brightness of the light-sources chosen as a 
result of these studies, viz. of the spherical radiofre- 
quency and hollow-cathode lamps supplied with rf 
or pulsed current, exceeds, on the average, by two 
orders of magnitude that of the d.c. hollow-cathode 
lamps, and in most cases turns out to be sufficient 
for practically complete elimination of interference 
originating from the hot furnace and for compensa- 
tion for the loss of light in its passage through the 
cuvette. 

LIMITATIONS OF CONVENTIONAL 
METHODS OF POWDER 

VAPORIZATION FROM THE 
CHANNEL 

At the beginning of the 70’s we not only possessed 
two essentially different atomizers capable of atomiz- 
ing powder samples but also had at our disposal quite 
efficient means of recording absorption signals of 
arbitary shape against the strong non-selective inter- 
ference from the matrix and radiation interference 

4’ 3 i 

Fig. 5. High-intensity line-source with a spherical elec- 
trodeless lamp. 1. Lamp inside an RF-coil. 2. Protective 

screen. 3. Radio-frequency generator. 4. Power supply. 



112 B. V. L’vov 

from the graphite heaters. However, despite the fact 
that both atomizers were successfully utilized for the 
analysis of some powder materials,4g the general state 
of the art could hardly be considered satisfactory. 

Indeed, the application of both atomizers was 
limited to cases of determining highly-volatile ele- 
ments in less volatile material where fractional vapor- 
ization of impurities could be used. Pulse vaporiza- 
tion of medium-volatility and low-volatility elements 
from volatile matrices resulted in uncontrollable 
losses from the sample because of swelling and ejec- 
tion of the powder from the channel as a result of 
violent liberation of vapours produced by highly- 
volatile components present in the sample. 

Another serious drawback of both atomizers con- 
sisted in their capacity being limited to samples of 
bnly a few mg in weight, because of inefficient heating 
in the vaporizer channel. This produced an adverse 
effect on the representativeness of sampling and the 
relative limits of detection. 

Both these drawbacks are to a certain extent inher- 
ent in all vaporizers used in practical spectral analysis 
where the vaporized sample is delivered to the ana- 
lytical zone through a hole provided for this purpose 
over the cavity with the sample. Therefore they could 
be eliminated only by designing a vaporizer of a com- 
pletely new kind which would preclude the possibility 
of uncontrollable mechanical losses of the sample 
from the cavity while at the same time providing effi- 
cient heating and transport to the analytical zone of 
much larger amounts (up to a few tens or even 
hundreds of mg) of the substance being analysed. 

As frequently happens, the solution to this problem 
was quite close. Indeed, every experimenter working 
on emission spectral analysis is familiar with the 
phenomenon of partial diffusion of the sample vapour 
through the walls of graphite electrodes.” We also 
try to overcome this drawback of graphite in atomic- 
absorption measurements with graphite furnaces. For 
example, to eliminate vapour losses caused by diffu- 
sion through the walls of the graphite cuvette, the 
walls were lined with tantalum or tungsten foil,13 
and later the walls were coated with pyrolitic carbon 
impermeable to gas.5 

The essence of the solution to this problem found 
and realized by the author together with Katskov and 
Kruglikova51*52 consisted of vaporizing powder sam- 
ples in a closed cavity with graphite walls permeable 
to gases (Fig. 6). The porosity of the graphite used 

(b) 

*** 

Fig. 6. A simplified representation of the conventional (a) 
and proposed (h) methods of powder vaporization. 1. Fur- 

nace. 2. Powder sample. 

Fig. 7. Capsule-in-flame atomizer. 1. Capsule. 2. Graphite 
washer. 3. Meker burner. 4. Flame. 5. Light beam. 6. Step- 

down transformer (3 kW). 

as material for the heater now changed from a draw- 
back to an advantageous property. It should be noted 
that using this property of graphite in analytical work 
is not novel. Indeed, there are reports on the appli- 
cation of graphite capsules for the extraction of gases 
from metals,53 and of porous graphite partitions to 
separate the zones of sample vaporization and exci- 
tation in the hot hollow-cathode discharge.54*55. 
Nevertheless, the problems solved in those works 
appear to be much more modest than the one that 
faced us. 

THE DESIGN OF ATOMIZERS 
INVOLVING SAMPLE 

VAPORIZATION FROM A 
CLOSED CAVITY 

To apply the proposed principle of vaporization 
in practical work, it was necessary to design heaters 
for the furnace-in-flame and cuvette atomizers com- 
bining the use of large samples, fast and complete 
vaporization of the element of interest from the 
sample, and efficient use of the sample vapour for 
measuring absorption, with simplicity of the analyti- 
cal procedure and reliability of the equipment. As a 
result of comparison of various solutions to this prob- 
lem, the following atomizer designs were chosen. 

The furnaces used in the furnace-in-flame atomizers 
are ordinarily hollow cylinders (capsules) aligned 
along the spectrometer optical axis (Fig. 7). The effec- 
tive volume of the cavity can be varied from 45 to 
60 mm3 by changing the diameter. Owing to the large 
ratio of the heated surface of the sample to its volume, 
such a shape of capsule ensures fast and uniform heat- 
ing and vaporization of samples at a maximum rate 
of vapour diffusion through the furnace walls. The 
sample vapour emerging from the capsule walls is car- 
ried by the laminar flow of the flame gases and enters 
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the analytical zone through which the light-beam 
passes. 

The material chosen for the capsules was fine- 
grained graphite combining satisfactory gas per- 

meability (05-0~9 cm’/sec) with high mechanical 
strength and purity. 

The capsule with the sample is mounted horizon- 
tally between two cylindrical graphite washers with 
holes for passing the light-beam above the capsule. 
The washers serve to deliver current from a step- 
down transformer and preclude the ejection of mater- 
ial during vaporization. The washers are set inside 
water-cooled holders. To facilitate replacement of 
capsules and to exclude the possibility of their defor- 
mation because of expansion of the graphite, one 
of the holders is spring-loaded and can be moved 
along the optical axis. 

The burner with the flame can be shifted in the 
direction perpendicular to the optical axis. The 
burner has interchangeable nozzles of the Meker type 
with 60 holes and can be used with the acetylene-air 
or acetylene-nitrous oxide flame. The actual choice 
of flame, just as in the case of element-determination 
in solution, depends on the volatility of the metal 
and the thermal stability of the compounds forming 

Fig. 8. Stand for the capsule-in-flame atomizer, 

(a) 

(b) 

0 

i 
cm 

Fig. 9. Circular cavity furnace; (A) assembled. (B) dis- 
mantled. 1. Casing. 2. Inner tube. 3. Stopper. 

in the course of vaporization. To prevent oxidation 
of the capsules, a reducing flame is used. The total 
gas flow-rate does not exceed 6 l./min. There is no 
danger of the flame striking back at any combination 
of the component flow-rates. The general view of an 
atomizer stand is shown in Fig. 8. 

The furnace with a circular cavity5r turned out to 
be the simplest and most efficient combination of the 
graphite cuvette with a new kind of vaporizer. The 
furnace consists of a casing, a tube and a stopper 
(Fig. 9). The sample to be analysed is placed in a 
circular cavity about 1 mm wide between the casing 
and the tube. The total volume of the circular cavity 
is about 150mm3. When the furnace is heated, the 
vapour of the sample passes through the porous walls 
of the inner tube (made of porous graphite) and enters 
the analytical zone traversed by the light-beam. Thus 
the direction of motion of the sample vapour in this 
case is to some extent opposite to that from the cavity 
to the analytical zone in the capsule-in-flame 
atomizer. 

To exclude partial loss of vapour through the outer 
furnace walls, the casing and the stopper are made 
of uniform pyrolytic carbon impermeable to gases. 
To preclude the vapour emerging from the furnace 
from condensing on the graphite washers, transverse 
holes are cut at the ends of the furnace, through 
which the vapour is forced by convection to flow in 
the vertical direction. 

The dimensions of the circular-cavity furnace are 
chosen so as to make it interchangeable with the cap- 
sulc. To minimize the oxidation of the outer furnace 
walls, reducing flames can be used, just as in the case 
of the furnace-in-flame atomizer, or an argon sheath 
can be used. In the latter case, the furnace can bc 
isolated still more effectively from the atmosphere by 
shielding the space between the holders with a protec- 
tive screen. 

Note that although the same heater is used here 
both for sample vaporization and for maintaining the 
analytical zone at a high temperature, the design of 
the circular-cavity furnace, because of the different 
heat capacities and thermal insulation of the inner 
and outer tubes, provides a possibility of heating the 
inner zone before the vapour to be analysed starts 
to enter it, conditions which are optimal for complete 
dissociation of thermally stable oxides. 
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Fig. 10. A device for loading the powder sample into the 
capsule. I. “Plexiglass funnel” 2. Capsule. 3. Vibrating stand. 

ANALYTICAL PROCEDURE 

In most cases where these atomizers are used for 
analysis of solids it is expedient to mix the sample 
with graphite powder. By preventing the sample in 
the cavity from melting or sintering into a bead, the 
presence of graphite thus provides a faster and more 
complete vaporization of impurities. In the case of 
low-melting matrices graphite reduces the possibility 
of direct leakage of the melt through the vaporizer 
walls. Besides, in the powder analysis graphite acts 
as a diluting agent (similar to the solvents used when 
analysing solutions) thus permitting the sample to be 
brought to the optimum mass. 

Grinding the sample and simultaneously mixing it 
with graphite can be conveniently performed with a 
laboratory-type vibrating mill with several containers 
lOOm1 in volume mounted on it. The containers and 
the grinding balls are made of “Plexiglass” to reduce 
the contamination hazard. The procedure of grinding 
and mixing takes about $10 min. When determining 
abundant elements. one should first run a blank 
analysis on pure graphite to check for possible con- 
tamination of the ground sample by impurities present 
in “Plexiglass” or remaining on the surface of the balls 

and of the container because of incomplete cleaning 
after the previous samples. 

The samples are loaded into the capsules by means 
of the device shown in Fig. 10. The capsule (after 
a preliminary burn-cycle), or the circular-cavity fur- 
nace with the stopper removed, is mounted in the 
holes of a stand fixed onto an electromagnetic vibra- 
tor. A preset amount of the ground material is placed 
with a measuring scoop of about 40mm3 capacity 
into a “Plexiglass” funnel. When the vibrator is turned 
on, the material will uniformly fill the cavity. The 
upper part of the capsule cavity (not less than 3- 
5 mm) is then filled with pure graphite powder, pre- 
venting the sample from coming into contact with 
the graphite washer. 

The capsule thus prepared is fixed between the 
graphite washers on the atomizer stand. and the 
measurements are begun. The flame is moved under 
the capsule, and the heating is turned on. The inte- 
grated absorbance is measured by means of an elec- 
tronic integrator. The integration time is chosen in 

advance in accordance with the volatility of the ele- 
ment of interest and the vaporizer heating power 
selected. On completion of the absorption pulse in- 
tegration, the heating is switched off and the flame 
moved aside. After cooling the capsule is taken out 
of the atomizer stand and the next capsule with the 
sample is put in place. The capsule should be cleaned 
from the remains of the sample and subsequently 

ignited, after which it may again be used in the 
analysis. 

This procedure of sample loading and absorbance 
measurement refers equally to the circular-cavity fur- 
naces, the only difference consisting in the possible 
use of a weak argon flow as a shielding atmosphere 
for the furnace. 

With the heating power limited to 1 kW for the 
capsule and 2 kW for the circular-cavity furnace, each 
is capable of withstanding several tens of measure- 
ments. 

THE ANALYTICAL CHARACTERISTICS 
OF THE METHODS 

Elements determined 

A list of elements determined with the capsule-in- 
flame atomizer5’ is presented in Table 1. The high 
efficiency of heating and vaporization of material 
placed in the capsule enables reliable determination of 

Table 1. Absolute sensitivity and relative detection limits 
of elements with the graphite capsule-in-flame atomizer 

Characteristic 
amount of cle- 

ment corres- Relative 
Heating ponding to detection 

LiW. power. Q\ = I%abs x sec. limit+ 
!?,!V kW Flame* 4 % 

Ag 328-l O-5 AA 3 x lo-“’ 1 x 10.” 
Al 309.3 l-7 NA 8 x lo-“’ 3 x 10.” 
Au 242 8 I-O ADA 8 x IO-‘” 3 x 10-o 
Bi 306.9 0.5 AA 3 x 10-9 I x 10-i 
Be 234.8 I.4 N-A 3 x lo-” I x lo-- 
Ca 422 7 I? NA 3 x lo-” I x 10.’ 
Cd 228.X o-3 AA 4 x lo-‘1 I x lo-’ 
Co 2407 I.6 A-A 3 x lo-“1 2 x 10-o 
Cr 357.9 2.0 N-A 6 x IO-” 3 x 10-7 
Cu 324.8 I.0 A-A 3 x lo-“’ 2 x 10.” 
Eu 459.4 2.2 N-A 3 x lo-” 2 x 10.” 
Fc 248.3 I.5 A-A 2 x lo-“’ I x 10-o 
Ge 265.2 1.4 N-A I x 10-a 4 x 10-S 
In 303-9 o-7 AA 2 x 10-h 
Mg 2852 o-4 AA 

; “, ;“,::: 
I x 10-7 

Mn 279-5 o-5 A- A I x 10-l” 4 x 10-1 
MO 313-3 24 NA 2 x lo-“’ 3 x lo-” 
Ni 232.0 1.8 A-A 2 x IO-‘” I x lo-” 
Ph 283.3 0.5 A-A 2 x 10-q 6 x IO-” 
P 2135 0.8 NA 6 x IO-’ 2 x lo-” 
Pt 2659 I.4 A-A I x 10-n 4 x 10.’ 
Sh 231.1 0.5 A-A 2 x 10-9 7 x lo-” 

Si 251.6 2.0 NA I x 10-9 I x lo-’ 
Sn 286.3 0.5 NA 6 x IO-’ 2 x lo-‘ 

Ti 364 3 2.6 N-A I x 10-q I x 10-i 
v 318-4 25 NA I Y lo-’ I Y lo-‘ 
Zn 213-8 0.8 AA 4 Y lo-” 2 x lo-’ 

* A-A = air/acetylene; N-A = nitrous oxide/acetylene. 
t The detection limit was evaluated by the Zs-criterion 

where s is the standard deviation of blank measurements. 
It corresponds to operation of a “Saturn” spectrometer 
in the double-beam mode in the absence of non-selective 
absorption, at 40-mg sample weight. 
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Fig. 11. Recording of absorbance for the Ti 364.3 nm line 
when determining titanium in standard samples with a 
capsule-in-flame atomizer. 1. Magnesite brick (1.5 x 
10-20/0 Ti). 2. Dolomite (2.8 x 10-20/0 Ti). 3. Manganese 

ore (5.8 x 10m2% Ti). 

of such low volatility elements as titanium, vanadium, 

molybdenum and silicon, which boil at temperatures 
in excess of 3500” to be carried out. The time needed 
to extract an impurity, depending on its volatility and 
heating characteritics, varies from a fraction of a 
second to a few tens of seconds. As an illustration, 
Fig. 11 presents recordings for titanium determined 
in various materials at a maximum allowable power 
of 2.6 kW. A further increase of capsule heating power 
in order to determine elements forming the most ther- 
mally stable carbides (hafnium, niobium, tungsten and 
so on) turns out to be impossible because of the fast 
burn-out of the capsule. From the data available, 
about 50 elements can be determined in this way. 

The range of elements that can be determined with 
the circular-cavity furnace is more limited (Table 2). 
This is due to the lower limiting temperature to which 

Table 2. Absolute sensitivity and relative detection limits 
of elements with the circular-cavity furnace atomizer 

Line. 

nm 

Characterlstlc 
amO”“f of ele- 
ment corres- Relative 

Heating PUlSC pending to detection 
power. duratmn. Q = I% abs x sec. limit 

kM WC 4 
0, 

” 

Ag 328.1 
Al 309.3 
Ca 4227 
Cd 228.8 
Co 240.7 
Cr 357.9 
Cu 3247 
In 303.9 
Mn 2795 
NI 232.0 
Pb 283.3 
Sh 231.1 

Sn 2863 
Zn 213.9 

I.0 6 
30 10 
2.2 10 
1.0 7 

3.6 12 

39 15 

3.0 9 
2.0 10 
2.0 4 
3.7 15 
I.0 6 
20 10 
2.0 6 
1.0 4 

7 x 10.1’ 2 x 10-9 
2 x lO~L1 8 x IO-’ 
5 x lo-” 2 x 10-g 
7 x lo-” 2 x lo-‘” 
2 x 10~” 7 x 10-a 
5 x 10.” 2 x 10-7 
9 x 10~1’ 3 x 10-y 
8 x 10~” 3 x 10-8 
4 x 10~13 1 x 10-9 
9 x 10~” 4 x 10-y 
4 x 10.” 1 x 10-u 
1 x 10~” 5 x 10-s 
4 x 10.” I x lo-’ 
1 x lo-‘3 2 x IO.“’ 

* The detection limit was evaluated by the Zs-criterion 
where s is the standard deviation of blank measurements. 
It corresponds to operation of a “Saturn” spectrometer 
in the double-beam mode in the the absence of non-selec- 
tive absorption, at IOO-mg sample weight. 

Table 3. Illustrating the analysis of powder samples with 
the graphite capsule-in-flame atomizer 

Matc& 
analysed 

Elements 
determmcd 

Non-selective 
interrerencc 

lmpurlty 
content. “:, 

AlJO, 
NW, 
LiOH. 120, 
HIO,. 
Li,CO, 

KH,PO, 

B&O,. 

Sr(NCU, 
Sulphur 
Sic. Si,N, 
SIOi 
FCWlfC 
Carbon & 
glaphitc 
matcr1a1 

Cu. M;. t\ 
Al. Cu. Fc 
Al. Ph 

Al. Fc. Na. 
Ni 
Co. Cu. Fc 

FC 
FC 
Cu 

CO 
Set Tahlc I 

the circular cavity can be heated compared with that 
for the capsule cavity. It may be assumed that 30 
elements can be determined with this atomizer. 

Materials analysrd 

Tables 3 and 4 give lists of materials which have 
been analysed with the capsule-in-flame atomizer.52 
It includes chemical reagents, rocks, metals. slags, 
semiconductors, carbon and graphite materials. Non- 
selective spectral interference is not an obstacle to 
analysis provided it is corrected for automatically. Ex- 
perimental determinations of impurities in substances 
of organic nature (biological material, tissue, paper, 
technical oil, etc.) did not reveal any sample loss dur- 
ing the preliminary pyrolysis of organic substances 
in the capsule cavity, so the method can be extended 
to these materials. 

The circular-cavity furnace has so far been used 
only to determine impurities in graphite powder51 
and in silica. However, the method can apparently 
also be employed as successfully in other cases where 
the volatility of the impurities of interest exceeds by 
far that of the major components of the matrix. The 
possibility of extending the method to volatile mater- 
ials is limited by the extremely strong non-selective 
absorption of the light-beam after partial vaporiza- 
tion of the matrix. This may result in a practically 
complete absorption of the light-flux. 

Table 4. Trace characterization of powder samples by dif- 
ferent methods 

Matrrml 

Open-hearth slag’ 
Open-hearth slag* 
Manganese ore* 
Ztrconium dioxide’ 
Fusible quartz 
Granite gneiss 
Tantalum 

Result of Result of 
chemical AA-analysis 

or spectral (CapWle- 
Element dctermmation. in-flame). 

dctcrminrd “<> a0 

\ 4-5 Y lo-’ 4.0 x lo-’ 
P 4.3 x 10-I 4.5 x 10~’ 
CO 4.0 x 10-a 5-o x 10-2 
Sh 1.2 Y 10-4 I4 x 10-4 
\il l-4 Y 10-4 1.6 x lO-4 

Co I.0 x 10-4 o-9 x lo-’ 
FC 5.0 Y 10-L 4.0 x lo- 2 

* Standard samples 
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Fig. 12. Recording of absorbance for the Cd 228.8 nm line 
when determining 7 x lo-&& Cd in silica. with a circular- 

cavity furnace. 

Sensitiaity and detection hits 

The absolute amounts of elements corresponding 
to integral values of 1% absorbance in 1 set are pre- 
sented in Tables 1 and 2 for both atomizers. A com- 
parison of these data with the corresponding data49 
available for the furnace-in-flame atomizer and the 
graphite cuvette shows them to be in good agreement, 
thus indicating that replacing the conventional vapor- 
izer (the channel with a hole) by a closed-cavity type 
did not reduce the absolute sensitivity of the two 
methods. This is equally true for a comparison of 
the absolute detection limits provided by the modified 
and original atomizers. 

At the same time, the possibility of using l@lOO 
times larger samples than previously possible5’i4 per- 
mits the relative sensitivity and relative power of 
detection to be raised by this factor. The recording 
(Fig. 12) of the determination of cadmium in silica 
at the level of 7 x 10-s”/; illustrates the inherent 
capabilities of the circular-cavity furnace. 

CaMration and accuracy 

As noted above, measuring the absorbance QA per- 
mits, in principle, exclusion of the effect of the kinetics 
of liberation and transport of the analyte to the ana- 
lytical cell. on the results obtained. The necessary 
requirements to be met here are the completeness of 
extraction of the element from the sample, constant 
time of residence of the atoms in the analytical cell 
and a linear dependence of absorbance on the atom 
concentration n over the range of variation of n in 
the course of vaporization of the element. 

If the conditions above are satisfied, the 
spectrometer readings can be calibrated by means of 
any substance containing a known amount of the ele- 
ment to be determined, including pure solutions 
transferred into the capsule or the circular cavity. The 
calibration method which was found to be most con- 
venient from the practical standpoint involves the use 

of several standards of graphite containing the ele- 
ments of interest in the range 10-3-10~7% (for the 
circular-cavity furnace additional standards with im- 
purity contents down to n x 10m9% were prepared). 

The correctness of the analyses performed with this 
calibration technique was checked many times on 
samples with known impurity content. As an example, 
Table 4 presents the results of such a comparison 
obtained with the capsule-in-flame atomizer. 

The most serious sources of systematic error may 
come from incomplete extraction of the element in 
question in the course of fractional vaporization of 
impurities from a sample, and from deviation of the 
A =_@I) relationship from linearity. The effect of the 
first of these sources of error can be revealed and 
eliminated by increasing the vaporizer heating rate, 
while that of the second can be readily eliminated 
by reducing the heating power to the level at which 
the maximum values of A remain within the range 
of linearity between A and n. It should be noted, how- 
ever, that the effect of non-linearity on the value of 
QA is always much smaller than in the case of pulse- 
peak recording.38 

Precision 

The scatter of the measurement data about the 
mean value, for both methods, is mainly associated 
with non-homogeneous distribution of the element of 
interest in the powder sample. For instance the rela- 
tive standard deviation of determination of 3 x 
lo-’ g of lead with the capsule-in-flame atomizer was 

4% when samples were taken from an aqueous solu- 
tion of lead nitrate by means of a micropipette (sam- 
pling error 2.5%). When lead was determined in stan- 
dard powder samples prepared by repeated dilution 
of the original standard (3 x 10e3% lead) with pure 
graphite powder, the relative standard deviation was 
8% for a sample with 1 x lO-3% lead, and 14% for 
a sample with 3 x 10m4% lead.56 

Taking into account the decisive effect of sample 
inhomogeneity on the precision, sample-weighing can 
be replaced by the faster and simpler method of tak- 
ing a fixed volume of powder. The error of volume- 
sampling is about 4%56 at a scoop capacity of 
40 mm’. One should, of course, consider possible dif- 
ferences between the apparent density of the mixture 
to be analysed and that of the standard (pure 
graphite). 

Thus, on the average, at element contents 10-20 
times the detection limit, the relative standard devia- 
tion is 5100/, for a homogeneous sample. For sam- 
ples with inhomogeneous impurity distribution the 
error increases. 

The precision reached with the circular-cavity fur- 
nace is, on the average, the same. 

Speed of analysis 

In the determination of elements in several samples, 
the major part of the time is taken up by the prep- 
aration of the substances to be analysed and their 
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Table 5. A comparison of instrumenta! methods for direct 
determination of impurities in powder samples* 

Methods compand 

Characteristic CF-AAS DCA-ES SSMS NA 

Total number 
or elements 50 60 15 70 

Detection limit (%) 10~*-10~’ IO-‘-IO-6 IO-~-IO-’ IO~‘-IO-v 

Possibility of multi- 
elemental analysis - + + + 

Reliability of simplifed 
calibration techniques + f f 

Speed of analysis + _ f 
Precision + _ + 
Reprensentativeness of 

sampling f f _ + 
Possibility oi non- 

destructive analysis - _ + 

Simplicity of equipment 

and analytical 

procedure + + _ 

Equipment cost + + 

*The advantage of the method (or methods) over the 
others with respect to each feature is specified with the 
signs (+) or (f ) depending on the actual degree of this 
advantage. 

t With a sample of l-log irradiated for 1 hr by a ther- 
mal neutron flux of 1.8 x 10” n.crC2. set-‘. 

loading into the vaporizer cavity. We have suc- 
ceededs’ in cutting down this time by grinding and 
loading several samples at a time. Thus, determina- 
tion of 10 elements in 10 samples, with use of an 
electronic integrator, takes 5 hr, including the time 
needed to prepare and load the samples, to change 
hollow-cathode lamps, and to set the chosen analyti- 
cal lines, so the mean time taken for one determina- 
tion is 3min. 

THE STATE OF THE ART 

The problem of direct trace and ultratrace charac- 
terization of powder samples is solved in modern ana- 
lytical chemistry more or less successfully by several 
methods of instrumental analysis, among them emis- 
sion optical spectroscopy, activation analysis and 
mass spectrometry. 57-63 It is instructive to compare 
the methods of atomic-absorption analysis described 
in this work, in particular its more versatile version 
employing the capsule-in-flame atomizer (CF-AAS) 
with the methods above. Of the various methods used 
in activation, optical emission and mass spectrometric 
analysis we will choose for our comparison the most 
efficient versions, i.e., neutron activation (NA), emis- 
sion spectrography with a d.c. carbon arc (DCA-ES) 
and spark-source mass spectrometry (SSMS). The 
most essential characteristics of these methods are 
compared in Table 5. 

The most promising results in the trace characteri- 
zation of powder samples are undoubtedly obtained 
in spark-source mass spectrometry and especially in 
neutron-activation analysis, the latter providing non- 
destructive analysis of the samples with the maximum 
representativeness of sampling. The methods of opti- 
cal emission and absorption spectroscopy are inferior 

both in the number of the elements covered and in 
the power of detection. (An exception is the circular- 
cavity furnace, which has potential detection-limit 
capabilities which in some cases considerably exceed 
those of the non-optical methods.) 

At the same time, in some respects optical spec- 
troscopymay turn out to be preferable to the non-optical 
methods. For example, the relative simplicity of the 
equipment and procedure in spectral analysis makes 
this easy to learn and operate by personnel of 
medium and low qualification, and the cost of the 
equipment is moderate, i.e., $10,00&20,000 for the 
optical as compared with $50,00@100,000 for the 
non-optical methods. Note that it is these factors that 
are responsible for emission spectroscopy being more 
popular than the non-optical methods of analysis. 

As for a comparison of the emission and atomic- 
absorption methods of analysis, one should bear in 
mind the following considerations. The most serious 
limitation of the atomic-absorption method which 
manifests itself most of all in the analysis of expensive 
high-purity materials is the impossibility of simul- 
taneously determining a group of impurities of inter- 
est. At the same time, in speed and precision, as well 
as in the reliability of the simplified calibration tech- 
niques (e.g., involving synthetic standards based on 
graphite powder) the atomic-absorption method pos- 
sesses certain advantages over emission spectroscopy. 
This is associated with differences in the techniques 
of recording analytical signals (by photoelectric and 
photographic means) and with the much greater effect 
of the matrix on the conditions of atomization and 
spectral excitation in emission as compared with 
atomic-absorption spectroscopy. 

The considerations above suggest that despite some 
limitations of the atomic-absorption method it should 
become no less popular in the trace characterization 
of powder samples than in other areas of analytical 
chemistry where the atomic-absorption technique has 
already gained recognition, i.e.. the determination of 
major components and of traces of elements in solu- 
tions, and in microanalysis. It will apparently find 
widest application in the research groups which are 
not directly connected with specialized analytical 
laboratories and which are therefore interested in 
solving their particular analytical problems without 
outside help. 

Further progress in atomic-absorption spectroscopy 
depends to a considerable extent on the avail- 
ability of commercial equipment to perform such 
analyses and further accumulation of experimental 
data supporting the capabilities of the method. One 
may hope that considering the present popularity of 
atomizers utilizing resistance furnaces in the field of 
microanalysis, the techniques described in the present 
paper will be recognized in the very near future. 
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RisumtGLa methode decrite s’applique au microdosage du silicium dans les composes organosilicies 
stables (solides ou liquides a faible tension de vapeur). Le compose contenant du silicium est pyrolyl 
dans une atmosphere d’azote chlore a 1 100”. ce qui donne lieu B la formation quantitative de tetrachlor- 
ure de silicium qui passe en phase gazeuse. Stpare du chlore en exds par condensation dam un 
piege froid a -78” suivie dune evaporation fractionnee, le tttrachlorure de silicium (Eb = 56,s”) est 
inject& dans la flamme protoxyde d’azote-acetylene d’un spectrophotometre d’absorption atomique. 
L’inttgration de la variation de transmittance mesurte, en fonction du temps, fournit une valeur numeri- 
que qui permet de determiner la masse de silicium contenue dans le prtltvement analytique. Les 
resultats obtenus sont satisfaisants. 

Le dosage du silicium dans les composes organosi- 
licies n’a pas fait l’objet de nombreux travaux a 
l’echelle microanalytique; Reverchon et Legrand les 
ont britvement rappel&.’ 

Diverses methodes de “mineralisation” de ces com- 
poses conduisent a l’obtention du silicium a doser, 
combine sous forme de silicates; ce sont, par exemple, 
la combustion dans l’oxygene, suivant la technique 
de Schiiniger, soit en fiole de polyCthylene,2 soit en 
fiole de nickel,’ ou l’attaque par le peroxyde de 
sodium en bombe de Wurzschmitt.3 En ce qui con- 
cerne le dosage du silicium dans les silicates ainsi 
form&s, il semble qu’a l’echelle microanalytique la 
methode la plus appropriee soit le titrage de l’ion 
silicomolybdique par colorimetrie spectrophotometri- 
que.‘*3 

La spectrophotometrie d’absorption atomique sem- 
ble Cgalement se preter au titrage du silicium combine 
sous forme de silicates, mais, malgre l’emploi de 
lampes a cathodes creuses alimentees par un courant 
de haute intensite et de flammes a protoxyde d’azote 
acetylene, a hautes temperatures et fortement reduc- 
trices, l’application de cette methode demeure des 
plus delicates du fait de sa faible sensibilite, surtout 
lorsque les solutions a titrer contiennent moins de 
10 pg/ml de silicium, comme c’est le cas en microana- 
lyse organique; c’est pourquoi, nous n’avons pu appli- 
quer cette methode classique, telle quelle, au microdo- 
sage du silicium dans les composes organiques. 

Une possibilite d’augmenter la sensibilite du dosage 
du silicium par absorption atomique a CtC developpee 
par Trudell et Boltz;4 ces auteurs mettent en oeuvre 
la formation de complexe silicomolybdique, l’extrac- 

tion de celui-ci, puis la precipitation du silicomolyb- 
date par un exds de nitrate de plomb; le dosage du 
silicate se ram&e ensuite au dosage, par absorption 
atomique, de l’exds de plomb restant. 

Cette methode permet de doser des quantites de 
silicium comprises entre 0,s et 7 fig, a l’aide de 
courbes d’etalonnage, tandis que ces valeurs limites 
s’elevent a 10 et 200 pg lorsque les solutions aqueuses 
d’ions silicates sont injectees directement dans la 
flamme du spectrophotometre d’absorption atomi- 
que; elle oblige, cependant, l’operateur a effectuer des 
extractions et des centrifugations successives, augmen- 
tant, de ce fait, la duree de la determination et la 
rendant plus difficile a appliquer, en raison de la mul- 
tiplicite des operations qu’elle comporte. 

Toutes les methodes citees impliquent un traite- 
ment du silicate forme, apres mineralisation, en vue 
de sa mesure quantitative, suivant divers principes 
d’analyse, ce qui conduit a un mode operatoire dis- 
continu. 

Afin de pouvoir appliquer directement le principe 
de l’absorption atomique au dosage specifique du sili- 
cium a l’echelle microanalytique, il nous est apparu 
interessant de combiner cet element, initialement 
port6 par une substance organique siliciee, dans une 
molecule gazeuse, grace a une “mineralisation” 
appropriee. L’injection de ce gaz silicie dans la 
flamme du spectrophotometre permet alors d’effectuer 
la mesure d’absorption sur la totalite des molecules 
siliciees contenant le silicium du prelkement analy- 
tique alors qu’en solution aqueuse, la mesure n’est 
effectuee, pratiquement. que sur un dixieme de cette 
quantite. 
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Now avons choisi le tetrachlorure de silicium 
(point de fusion: -68,3”; point d’ebullition: 56,8”) 
comme molecule gazeuse intermediaire*. 

La mineralisation correspondante est effect&e par 
pyrolyse des preliivements des composes organiques 
silicies dans une atmosphere chloreet. Dans les com- 
poses oxygenes, le tetrachlorure de silicium peut se 
former a partir de la silice (qui peut &tre produite, 
intermediairement), en presence de carbone et de 
chlore, suivant la reaction d’Oerstedt:j 

SiOl + 2C + 2C12-+SiC14 + 2C0 

Le carbone est, ici, engendre in situ par la pyrolyse 
de la substance organique. 

Dans les composes non oxygen&s, le tetrachlorure 
de silicium peut se former directement par chloration 
du silicium ou des silanes form&s lors de la pyrolyse 
du prtlevement microanalytique. 

PRINCIPE 

Le prelevement microanalytique (2W700 pg) est 
pyrolyst a 1100” dans une atmosphere d’azote chargee 
en chlore; la chambre de pyrolyse est, ensuite, balayee 
par un courant d’azote chlore, puis par de I’azote pur. 
Le tetrachlorure de silicium forme est condense dans 
un piege refroidi a -78” rempli de grains d’alumine 
frittte. 

L’exces de chlore retenu dans le piege est s&pare 
du tetrachlorure de silicium par elution dans un cour- 
ant d’azote annexe; le tetrachlorure de silicium est 
volatilise par rkchauffage du piege, entraM par le 
courant d’azote annexe et introduit dans la flamme 
protoxyde d’azote-acetylene du spectrophotometre 
d’absorption atomique, apres avoir traverse une gar- 
niture de laine d’argent sur laquelle il est prealable- 
ment debarrasse du chlore residuel. 

La transmittance du rayonnement de la lampe a 
cathode creuse, apres absorption dans la flamme du 
spectrophotometre d’absorption atomique, varie lors 
de la presence dans cette derniere, de silicium Clemen- 
taire provenant de la dissociation thermique du 
tetrachlorure de silicium. La variation de cette trans- 
mittance en fonction du temps est integree, dans l’in- 
tervalle de temps correspondant a la presence du sili- 
cium dans la flamme. L’experience montre que le 
logarithme de la grandeur numtrique obtenue par in- 
tegration varie lineairement en fonction du logar- 
ithme de la quantite de silicium (10 a 60 pg) initiale- 
ment present dans le prtlevement analytique. 

* En fait, il est possible que d’autres chlorures de silicium 
volatils se forment egalement au cows de la “chlorocarbo- 
pyrolyse” du prelevement analytique, ci-apres decrite, ce 
dont il sera fait ttat dam notre expose. En vue d’en simpli- 
fier I’ecriture, nous n’y citerons conventionnellement que 
le tetrachlorure de silicium. 

t Nous proposons de denommer chlorocarbopyrolyse te 
traitement dun preltvement analytique, en atmosphere de 
chlore (avec ou sans addition de charbon), visant a l’obten- 
tion du chlorure dun Clement initialement combine dam 
la substance inorganique ou organique de ce prelevement, 
en vue de son dosage. 

$Non representee sur la figure. 
5 Carbone Lorraine (France). 

PARTIE EXPERIMENTALE 

Appareillage (Figure 1 ) 

Dispositifde purijcation de Pazote. Un tube d’azote com- 
prime pourvu dun manodetendeur alimente les deux cir- 
cuits d’azote principal (chlorocarbopyrolyse de la sub- 
stance) et annexe (injection du tetrachlorure de silicium 
dans la flamme du spectrophotometre d’absorption atomi- 
que). Chacun des deux circuits est pourvu d’un regulateur 
de pression constitue par un tube en T plongeant a profon- 
deur reglable dans une Cprouvette remplie d’huile de vase- 
line pure a travers laquelle l’exces de gaz s’echappe dans 
I’atmosphere. 

Afin d’obtenir de l’azote rigoureusement pur, il traverse 
dam chacun des deux circuits un tube purificateur (25, 8) 
garni de fragments de fils de cuivre obtenu par reduction 
d’oxyde de cuivre en “fils” port& a la temperature de 490 
dans un four tubulaire (9, 26) puis un tube absorbeur 
(IO, 24) comportant une garniture d’amiante sodee et de 
perchlorate de magnesium, assurant la retention du diox- 
yde de carbone et de I’eau; le gaz traverse, ensuite dans 
chacun des circuits, un rotametre (1 1, 23) dont l’un (23) est 
muni dune vanne a pointeau, permettant un reglage fin 
du debit gazeux, la vanne (13) permettant le reglage du 
circuit d’azote charge en chlore, et passe par une vanne 
a commande electromagnetique (12, 18). 

GhnPrateur de chlore. Le chlore est produit par Clectro- 
lyse dune solution de chlorure de sodium dans un melange 
eau-acide perchlorique (volume a volume) entre deux elec- 
trodes de platine (plaques de platine de 200 mm’ dont 
l’une est disposee dans un compartiment separe de la solu- 
tion par un verre frittt de porosite no 4 et de surface egale 
a 10 mm’). 

Le chlore issue de l’electrolyseur (14) traverse un tube 
dessicateur a perchlorate de magnesium (15), puis est con- 
dense dans un piege constitue par un tube en U de 6 mm 
de diametre interieur refroidi a -78” par le systerne 
acetone-carboglace (16). Une heure d’electrolyse sous une 
intensitt de 2 A permet de preparer la quantite de chlore 
necessaire a une semaine de travail. 

Le chlore, ainsi produit par electrolyse, est purifie par 
passage dun courant d’azote pendant 30 mn dans le pitge 
refroidi; l’azote charge des impure& du chlore se degage 
dans une solution de soude par I’intermediaire du barbo- 
teur (17). 

Le courant d’azote passant a travers le piege se charge 
de 6% de chlore. en volume. 

Tube ti pyrolysr. Le tube a pyrolyse (3) en carbone 
vitreux de qualite V25g, a 750 mm de longueur et 15 et 19 
mm de diamttres; son extremite d’amont est ouverte et 
son extremite d’aval, initialement fermee, est per&e dun 
orifice de 0,3 mm de diamttre; if est protege de l’oxydation 
par fair par un tube en silice transparente (4) de qualite 
Wee, de 26 et 22 mm de diametres. Ce dernier comprend 
un evasement garni de polychlorure de vinyle permettant 
de rtaliser, en amont, un joint etanche entre lui-mime et 
le tube de carbone. 

A cette fin, on introduit dans l’evasement une solution 
de polychlorure de vinyle (initialement en poudre) dans 
le tetrahydrofurane que l’on chauffe ensuite doucement afin 
&&vaporer le solvant. 

Le tube a pyrolyse comporte 3 parties essentielles: 
-une partie d’amont refroidie par un refrigerant (7) de 

100 mm de longueur, constitue par un bloc de laiton a 
double parois oti circule un courant d’eau froide, 

-une chambre a pyrolyse de SO mm de longueur port&e 
a une temperature de 1100” par un four electrique appro- 
prie (6), 

-une chambre de reaction de 360 mm de longueur. 
portee par le four (5) g 1 lOO”, contenant, dans sa partie 
d’aval, un tampon conducteur thermique de 50 mm de 
longucur constitue par une feuille rectangulaire de carbone 
“Papiex” (de 50 x 100 mm) enroulee sur elle-meme. suivie 
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Fig. 1 

d’une garniture de feutre de carbone* de 150 mm de lon- 
gueur qui se sature supertkiellement de chlore, lors du 
passage du courant d’azote chlork. 

Le tube k pyrolyse est compltti: par un systhme A pous- 
soir (2) d’introduction de la nacelle porteuse du prtlkve- 
ment analytique dans la chambre de pyrolyse; il est con- 
stitui par un barreau cylindrique de carbone, de qualite 
spectrographique de 8 mm de diamktre. A son extrCmitC 
d’amont, le barreau est perk et filet&, ce qui permet d’y 
introduire. de fixer et de protkger par un bouchon de car- 
bone fileti: un aimant cylindrique de fer doux; son extrkm- 
it& d’aval est crew&e de faGon g constituer une cavitk 
cylindrique coaxiale servant de logement aux nacelles de 
platine, porteuses des prtlkvements analytiques. 

Le tube g pyrolyse comporte, en outre, un dispositif de 
balayage dtbouchant dans l’atmosphkre par un ajutage B 
robinet s’adaptant par un rodage conique & l’orifice d’in- 
troduction de la nacelle (1) et permettant de balayer l’air, 
introduit en mzme temps que le prilkvement analytique 
dans ladite nacelle de platine, B l’aide du courant d’azote 
principal. 

Condensation du t~rruchlarure de siliciurn. A la sortie du 
tube g pyrolyse, le tttrachlorure de silicium est condensk 
dans un pi&ge en verre “Pyrex” (19X plongk dans un bain 
a - 78” constitui: par le systkme a&tone-glace carbonique. 
Ce pitge est un serpentin, rkalisk avec une canne de 150 
mm de longueur et de 9 et 6 mm de diamktres, enroulk 
en h&lice autour d’une branche verticale; il est rempli d’alu- 
mine frittte (qualitk ALCELt) de granulomttrie 20-30 
mesh, prkalablement calcinie B 1000” pendant 2 hr. 

Un enroulement chauffant constitut par 8 m de fil de 
cuivre de 0,35 mm de diamttre bobink sur le pikge parall- 
tlement B son axe vertical et aliment6 sous 10 V, permet 
de rkchaufler celui-ci en vue d’kvaporer le tktrachlorure 
de silicium. 

Rhtention du More. Entre le pitge et le spectropho- 

* Carbone Lorraine (France). 
t Desmarquet (France). 
$ Lyon-Alemand, Paris. 

tomktre d’absorption atomique est dispost un tube purifi- 
cateur (22) de 8 et 11 mm de diamttres et de 150 mm 
de longueur, rempli de laine d’argent,$ qui absorbe le 
chlore rtsiduel, susceptible de rester mklangt au tttrachlor- 
ure de silicium, avant l’injection de ce dernier dans la 
flamme du spectrophotomttre. Les barboteurs (17 et 21) 
permettent d’absorber le chlore en ex&s balayC par I’azote, 
dans une solution alcaline (soude 6N). 

Vannes Plectromagne’tiques ci commande autornatique pro- 
grammie. Les vannes klectromagnktiques (12 et 18) B trois 
voies sont commandtes par des minuteries Crouzet dont 
les temps sont rtglables. La vanne (18) permet de balayer 
le pibge (19) soit par le courant gazeux principal sortant 
du tube g pyrolyse, soit par le courant d’azote annexe. 

Appareillage de mesurc 

Spectromttre d’absorption atomique (Unicam SP90 skrie 
1) avec une lampe g cathode creuse au silicium (intensitk: 
6 mA; largeur de fente: 0.08 mm; longueur d’onde 2516 
A); mesure effect&e en transmittance. Enregistreur Kipp 
et Zonen BC 5 (12 gammes de tension, Cchelle utiliste: 
5 mV). Inttgrateur Kipp et Zonen BC 1, couplt B l’enregi- 
streur pour l’intkgration des courbes pendant I’enregistre- 
ment. 

L’introduction des gaz s’effectue dans la chambre de 
prkmklange des gaz par un tube droit en acier inoxydable 
de 1 mm de diamktre intkrieur remplacant le dispositif de 
n&bulisation. Du fait de la pression qui rtgne dans la 
chambre de prkmttlange, il est nitcessaire d’introduire l’a- 
zote de balayage du pi&ge sous une pression de 0,8 bar; 
une vanne rkglable intercake entre la partie amont du cir- 
cuit d’azote et le rigulateur de pression, permet l’utilisation 
de ce dernier sous une telle pression. 

Protoxyde d’azote: qualitt industrielle, tube de 6 m3 
1ivrC sous pression de 40 bars; dtbit 5 l./mn sous pression 
de 4 bars. 

AcktyMne: qualitt industrielle, tube de 4 m3, livrt sous 
pression de 15 bars; dkbit 0,25 l./mn sous pression de 1.5 
bar. 
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Mode ophutoire 

L’appareillage de mintralisation itant balayC par le 
courant d’azote principal. le spectrophotomttre est mis 
sous tension; une demi-heure est suffisante pour obtenir 
un rayonnement stable de la cathode creuse. 

La flamme protoxyde d’azote-adtylkne est. alors, 
allumke, pendant 20 mn, afin que I’appareil de mesure 
atteigne sa tempkrature de regime; durant ce temps, une 
“minkralisation” prtliminaire d’un prCltvement analytique 
est effect&e dans I’appareil, ce qui permet la mise en con- 
dition nkessaire du dispositif de mintralisation. 

--Commander la vanne (I 8) (position basse) afin de faire 
balayer le pikge (19) par le courant d’azote annexe; refroi- 
dir ce pikge. 

-1ntroduire la nacelle porteuse du pr&%ement analyti- 
que dans le tube B pyrolyse par l’orifice (1) et la poser 
dans le logement du poussoir (2); boucher l’orifice (1) avec 
son capuchon i ajutage B robinet et ouvrir ce dernier afin 
de faire balayer la partie antkieure du tube B pyrolyse 
par le courant d’azote principal; ce courant s’tcoule ainsi 
directement dans l’atmosphkre, la vanne (18), en position 
basse, ne lui permettant pas de traverser le tube B pyrolyse. 

--Fermer le robinet du capuchon B ajutage. . 
-Etablir le d&bit de uvrolvse (31 ml/mn) d’azote chlori: 

pendant 2 mn par com&nde de ia vanne (i2) et fermeture 
du courant d’azote annexe par la vanne (18). 

-1ntroduire rapidement la nacelle au centre de la 
chambre de pyrolyse en dkplacant le poussoir $ l’aide d’un 
aimant extkrieur. 

---Rktablir le courant d’azote pur (56 ml/mn) au bout 
de 3 mn par commande de la vanne (12) (position basse); 
le laisser circuler pendant 5 mn. 

--Commander la vanne (I 8) (position haute) afin de faire 
balayer le pikge par le courant d’azote pur (80 ml/mn) 
pendant 5 mn. temps nkessaire 6 l’klimination quasi totale, 
par vaporisation et Clution, du chlore IiqutfiC dans le pitge. 

-Extraire le poussoir de la chambre de pyrolyse 21 I’aide 
de l’aimant exttrieur. 

-Refroidir le poussoir g l’extkrieur du tube, par souf- 
flage d’air cornprim& sur toute sa longueur, au moyen 
d’une rampe per&e de trous. 

-Rkhauffer le pitge, B la fin de ce temps. 
-Allumer la Bamme protoxyde d’azote-acktyline du 

brirleur du spectrophotomktre. 
-1njecter les gaz de balayage dans le spectromttre par 

commande du robinet a trois voies situ& en aval du pikge. 
-Remettre le compteur de l’intkgrateur g z&o; l’intkgra- 

teur fonctionne lors du passage de tktrachlorure de silicium 
dans la flamme. 

-Relever le nombre indiqut par le compteur de l’int- 
kgrateur dks le retour du traceur de I’enregistreur B la ligne 
de base initiale. 

L’analyse dure environ 25 mn. 
Courhe d’dralonnage. L’appareil est ttalonnk chaque jour 

par l’analyse de substances-types organosilicikes dont la 
teneur en silicium est connue et dont les masses de prkPve- 
ments doivent itre telles qu’elles correspondent & des 
masses de silicium comprises entre 1 et 60 pg. 

Si N reprksente le risultat numkrique lu sur le compteur 
de l’intkgrateur et si .Y est la masse de silicium, exprimke 
en pg. l’expkrience montre que la courbe d’ktalonnage peut 
stre representke par une kquation bilogarithmique qui est 
linkaire lorsque la masse de silicium est inftrieure a 60 
pg et qui s’kcrit 

log N = ulogs + h 

dans laquelle a est la pente de la droite d’ttalonnage tracke 
sur papier <t coordonnkes bilogarithmiques et b son 
ordonnCe li I’origine (valeur de log N correspondant ?I 1 
pg de silicium). 

Pour une quantitk de silicium supkieure i 60 pg la 
courbe s’inlli-chit vers une asymptote horizontale, ce qui 

correspond B la saturation de la Hamme par les espkces 
silicites. 

La valeur de la pente a de l’kquation d’ttalonnage a 
pour ordre de grandeur 0,900, mais peut varier d’environ 
+ 0.1 principalement en fonction de la qualiti des gaz 

de la flamme. 
Essai b hlunc. L’essai g blanc de l’appareil en fonctionne- 

ment (qui doit toujours &tre effectui. apr& l’analyse d’un 
compost silicik) ne doit pas donner lieu a un comptage 
numkrique de plus d’une quinzaine de pas du compteur 
de l’intkgrateur, ce qui correspond B une quantitk de sili- 
cium de l’ordre de grandeur de l-1,5 pg. 

Dans le cas oh le comptage d’essai B blanc est suptrieur 
B une quinzaine de pas, il importe de poursuivre le 
balayage du tube B pyrolyse, par un courant d’azote chlok, 
jusqu’8 obtention d’un comptage “B blanc admissible”. 

DISCUSSION 

Pesage et ordre de grandeur de la masse drs prPlPve- 
mefzts analytiques 

Le pesage est effectut: B I’aide d’une balance tlectro- 
magnktique Mettler ME 22 qui permet de peser A 
0,5 pg prks les prklkvements microanalytiques en 
nacelles de platine. La masse des prCKvements analy- 
tiques doit &re comprise entre 200 et 700 pg suivant 
la teneur en silicium, afin que la masse du silicium 
dosCe soit elle-m&me comprise entre 1 et 60 ,ug. 11 
est B remarquer que les nacelles de platine perdent 
en moyenne de IO&200 pg de leur masse par analyse 
du fait de l’attaque de platine par le chlore. 

L’ordre de grandeur dCcimilligrammique des 
prklkvements analytiques permet, d’une part, de com- 
biner quantitativement le silicium sous forme de 
tktrachlorure de silicium lors de la chloropyrolyse de 
substances organiques, et, d’autre part, de n’injecter 
dans la flamme du spectromktre que des quantitks 
de produits siliciks telles que la loi d’ktalonnage bilo- 
garithmique reste linkaire. 

L’expkrience montre, en effet, lorsque la masse des 
prkl&vements analytiques dkpasse I mg, notamment 
dans le cas des substances OLYI un atome de silicium 
est lik A 1 ou 2 atomes d’oxygkne (triphknlysilanol, 
par exemple), que la minkralisation n’est pas quantita- 
tive et donne done lieu B des pertes de silicium; en 
outre, il apparait alors un phCnom&ne de m&moire 
perturbant l’analyse suivante. 

Essai a hlanc 

Sous r&serve de maintenir les masses des prtkve- 
ments entre les limites dtfinies sous la prkiidente 
rubrique, aucun phknomkne de mkmoire ne se mani- 
feste au tours d’une sCrie &analyses. Le rCsultat 
positif d’un essai g blanc ne peut provenir, exclusive- 
ment, que de l’appareillage et, particulikrement, du 
tube B pyrolyse. En effet, il s’avkre que le renouvelle- 
ment de la garniture du tube j pyrolyse (papier et 
feutre de carbone) donne lieu B un rksultat d’essai 
Li blanc qui. exprime en masse de silicium, peut 
atteindre 15.-20 pg, mais que ce “blanc” peut dispar- 
aitre si I’on prend la prkaution de balayer le tube 
pendant 24 hr par de l’azote chlort. 

Remarquons qu’une 1Cgkre attaque du tube de silice 
protecteur du tube de graphite vitreux au voisinage 
de son extrkmitk d’aval est kgalement susceptible de 
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donner lieu A l’obtention d’un rksultat positif d’essai 

B blanc. 

Pyrolyse clr la suhstancr oryarliyue 

Le prklkvement analytique est introduit dans la 
chambre de pyrolyse port&e A une tempkrature d’en- 
viron 1100” au sein d’une atmosphkre d’azote chlork. 
Les gaz de pyrolyse siliciks traversent le feutre de car- 
bone oh le chlore adsorb6 permet d’achever la chlo- 
ration quantitative du silicium donnant naissance B 
un composk chlorC volatil. 

Par contre, les produits solides de la pyrolyse sus- 
ceptibles de retenir du silicium sous forme de rksidus 
dans la nacelle de platine, ou de dCp8ts, sur les parois 
du tube de graphite, ne sont au contact du courant 
d’azote chlork, sous un dCbit de 21 ml/mn, qu’en la 
prksence kventuelle de faibles quantitks de charbon 
amorphe produit par la pyrolyse qui, d’ailleurs, g 
1 lOO”, se graphitise lentement en perdant sa rCactivitC. 

11 est remarquable que le remplacement du feutre 
de graphite par une garniture de charbon amorphe 
du type Degussa (tel que celui qui est employ& par 
exemple, pour le microdosage de l’oxygkne d’aprirs 
le principe de Schiitze-Unterzaucher) conduit g une 
rktention irritversible de silicium, sous la forme prob- 
able de carbure de silicium, du fait de la grande rkac- 
tivitk du charbon employk. 

Par ailleurs, il n’a pu ttre dkmontri: de facon for- 
melle que le produit chlori: du silicium form& lors 
de la chlorocarbopyrolyse soit exclusivement con- 
stituC par du tttrachlorure de silicium; cependant, si 
lors de la pyrolyse primaire, il peut se former des 
mono, di. ou trichlorosilanes, ceux-ci en passant sur 
la garniture de feutre de carbone, saturke de chlore 
B 1100” devraient gtre transform&s en tktrachlorosi- 
lane; de m&me, l’exds de chlore disponible par rap- 
port ?I la quantitk de silicium A combiner rend peu 
probable la formation de composks tels que l’hexach- 
lorodisilane (Si&J ou l’octochlorotrisilane (Si,Cl,) 
etc. 

Le balayage du tube A pyrolyse par un courant 
d’azote, sous d&bit relativement Clevk de 56 ml/mn, 
permet d’entra?ner le chlore en excks ainsi que le 
tktrachlorure de silicium dans le pi6ge froid oti ce 
dernier se solidifie; l’expkrience montre qu’un tel dkbit 
est nkessaire afin d’kviter toute rktention des com- 
PO&S chlorks du silicium au sein du dispositif de min- 
Cralisation, ce qui donnerait lieu soit A une aug- 
mentation de la durke d’analyse, soit g un phknombne 
de m&moire au sein du dispositif de minkralisation. 

Condensation des gas de pyrolyse et rtkhaujjkge du 
pisge 

Le pikge refroidi & - 78” contient une garniture d’a- 
lumine frittke qui n’a pratiquement pas de propriCtCs 
adsorbantes, mais permet de retenir par filtration 
l’akosol de ttttrachlorure de silicium susceptible de 
se former par condensation et d’&tre entraini. par le 
courant d’azote sous le dCbit plus klevk (80 ml/mn) 
utilisk en vue de chasser du pikge la majeure partie 
du chlore simultarkment condense k l’Ctat liquide. 

L’Climination du chlore est effectivement nkcessaire 

afin d’kviter les effets nuisibles de sa pritsence dans 
les gaz (dont la vapeur de tirtrachlorure de silicium) 
qui sont introduits dans la flamme du spectromktre 
d’absorption atomique. Le chlore gazeux serait, en 
effet, susceptible de rkagir sur l’acktylkne alimentant 
cette flamme pour former des compois trks explosifs 
et, en outre, si sa concentration ttait trop ClevCe, de 
favoriser la recombinaison partielle du silicium atomi- 
que, produit par dissociation thermique du tktrachlor- 
ure de silicium suivant la r&action d’bquilibre 

Sic1 ,*Si + 2C1, 

Quant au chlore rksiduel subsistant dans le pikge, 
il est CliminC, en phase gazeuse, aprks vaporisation 
du condensat, par passage dans le tube absorbeur B 
garniture de laine d’argent (qui n’est renouvelke 
qu’une fois par semaine), sit& avant le spectropho- 

tomktre. 
La valeur (20 ml/mn) et la Constance du dCbit du 

courant d’azote injectant les gaz issus du pikge froid 
dans la flamme du spectrophotomktre conditionne la 
vitesse de passage du tktrachlorure de silicium dans 
cette flamme de faGon reproductible, en fonction du 
temps. 

Dosage du silicium duns le te’trachlorure de silicium 

Le dosage du silicium par absorption atomique est 

effectuk dans une flamme protoxyde d’azote- 
acktylkne. L’obtention de rksultats reproductibles est 
conditionnke par le maintien difficile de la Constance 
absolue des conditions de mesure du signal fourni 
par le systkme spectromktre-intkgrateur lors des dif- 
fkrentes analyses effectukes au tours d’une m&nie 
journke de travail. 

Le rkglage Clectronique de l’appareil d’absorption 
atomique doit impkrativement permettre l’obtention 
d’une rkponse trirs stable, et en particulier, d’une 
excellente ligne de base. Cette condition est r&alike 
grlce B la limitation de l’intensiti: d’alimentation de 
la lampe g cathode creuse au silicium g 6 mA, du 
choix de la tension d’alimentation du photomultipli- 
cateur, telle que son gain ne dkpasse pas 6, et du 
choix de la sensibilitk de l’enregistreur correspondant 
a 5 mV pour la pleine khelle. Une plus grande sensi- 
bilitk conduirait, en effet, B un comptage par l’intkgra- 
teur d’un nombre plus grand, pour une meme quantitk 

de silicium A doser, mais donnerait lieu simultan- 
kment A une d&rive importante de la ligne de base, 
pendant chaque mesure, incompatible avec la prkci- 
sion requise des rksultats. 

La plus grande difficult& r&side dans la nkcessitk 
de maintenir la Constance des caractkristiques physi- 
ques et chimiques de la flamme protoxyde d’azote- 
acktylkne pendant la duke d’une sCrie d’analyses. On 
dispose, B cette fin, de dkbitmktres permettant de 
mesurer les dCbits du comburant et du combustible 
sous des pressions bien dktermirkes. 

Par contre, la qualitk du combustible Cvolue au 
tours de l’utilisation d’une mEme bouteille; corrklati- 
vement, la teneur en acktylkne s’appauvrit pour un 
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Tableau I mEme dkbit et le pouvoir rkducteur de la flamme 
dkroit provoquant une perte de sensibilitk de l’appar- 
eillage de mesure qui se traduit par une variation du 
coefficient de pente de la droite d’ktalonnage. Pour 
pallier cet incondnient, les bouteilles d’adtyltne ne 
sont pas utililes en deqa d’une pression de 6 bars. 

RESULTATS 
La mkthode et l’appareillage dkrits permettent 

essentiellement de doser le silicium dans les composks 
organiques stables, solides ou pCiteux de tension de 
vapeur suffisamment faible pour que reste nkgligeable 
toute perte par vaporisation partielle du prS?vement 
analytique lors de son introduction dans le tube g 
pyrolyse sous I’effet du contrebalayage par le courant 
d’azote. 

Dans le Tableau 1 sont rassembks des rksultats du 
dosage du silicium dans des composks organiques 
contenant exclusivement, outre le silicium, du car- 
bone, de l’hydrogkne et de l’oxygkne; le silicium peut 
y ttre lik soit g des atomes de carbone, soit, simultan- 
Cment, g 1 ou 2 atomes d’oxygkne, soit g l’hydrogkne, 
soit m&me g un autre atome de silicium. 

Divers produits analysks sont des composks de 
recherches pour lesquels, a dkfaut de la structure mol- 
kulaire, la formule brute est communiquke. 

La prkcision des rksultats (exprimke a contrario en 
erreurs absolues) n’atteint pas toujours celle qui est 
admise pour le dosage des kkments courants en mic- 
roanalyse organique klkmentaire. 

CONCLUSION 

Le prksent travail est une approche en vue de la 
mise au point d’une mkthode de microdosage auto- 
matique rapide du silicium dans les composks organi- 
ques, voire inorganiques. 

Elle a montrC la possibilitk de faire entrer le sili- 
cium dans un mokcule gazeuse, le tktrachlorure de 
silicium, aiskment transfirrable en phase gazeuse du 
site de traitement (“mintkalisation” dans les cas des 
composks organiques) du prklkvement microanalyti- 
que au site du mesurage effectuk sur la molkcule de 
transfert. Elle a, d’ores et dkjk, permis d’obtenir des 
r&hats satisfaisants, dans le cas des composis 
organiques siliciks, en ce qui concerne la duke un- 
itaire d’une d&termination du silicium dans une sCrie; 
la prkision absolue des r&&tats des dosages reste 
en deqB de celle qu’il eht ktC souhaitable d’atteindre 
bien qu’elle puisse Ztre considkrke comme dija satis- 
faisante, eu Cgard g la masse atomique du silicium, 
lorsqu’elle est cornparke a la prkcision classique des 
microdosages du carbone, de I’hydrogkne, de l’ox- 

ygkne et de l’azote dans les composks organiques. 
par ailleurs, I’accroissement de sensibilitk du 

dosage du silicium que permet d’atteindre l’injection 
de la totalit& du silicium ii doser, sous la forme de 
mokcules silicikes gazeuses, dans la flamme d’un spa- 
tromi‘tre d’absorption atomique, autorise g penser 
que cette mkthode est susceptible d’gtre appliquke au 
dosage de traces de silicium dans des substances 
organiques ou inorganiques sous ritserve d’effectuer 
prkalablement une mise au point approprike du dis- 

TriphCnylsilane* 

(C,&,,Si) 0.4 Ii IO.97 
0.468 10.47 

IO.69 0.505 
0.344 
0.479 

IO.40 

10.52 
0.472 
0.50X 

IO.49 
IO.59 

0.485 IO.41 
0.306 IO.95 
0.337 IO.45 
0.241 IO.46 
0.331 9.94 
0.453 IO.02 
0.249 IO.12 
0,3X3 IO.37 
0.279 10.38 

0,267 
0.434 
0.259 
0. I9 I 
0.376 
0.29 I 

10.50 
9.X2 

IO.16 

Triphenylmbthylsilane* 

(C,,H,BS~) 

10.23 

0.234 
0.345 
0.19x 

+a14 
+a15 

+0.34 
-0.74 

Tnphbnylsilanol 

(C,,H,,oSi) 

IO.16 

IO.3 I 
IO.03 
IO.31 

6.92 
6.71 
6.16 
6.5X 
6.56 

+ 0. I 5 
- 0. I 3 
+0.15 

Compod de recherche’ 

(C,,H,&) 

6.71 +0.21 

0 

0.184 
0.273 
0,248 6.44 
0.38X 6.X6 
0.496 6.60 
0.280 6.50 
0.2x2 6.77 

0. I 3 
-0.15 
- 0.27 
f0.15 
-0.1 I 
-0.21 
+ Ml6 

0.325 
0.371 
0.463 

9.42 + WY 
x.4 I -0.92 
X.98 -0.35 

0.498 
0.552 
0.731 
0.642 
0.277 
0.427 
0.699 

7.33 +0.1x 
7.25 +a10 
7.25 +0.10 
7,37 +0.22 
8.01 +0,X6 
7.26 +0.1 I 
6.X2 -0.33 

0,288 9.17 +0.72 
0.22X 7.x9 - 0.56 

Composb de recherchet 
organosilane 
(teneur nulle en oxy&le) 

Compost de recherchet 
organosilanol 
lCahHssOSi) 

9.33 

7. I 5 

Compod de recherchet 
organosilanol 

G,H,,Sio,) 

X.45 

X.48 

10.87 

7,21 

16.X9 

Compost de recherchet 
O~g~IlOSll~llC 

0.540 X.26 
11.44x X.33 
0.333 
0.301 

s.32 
8.74 

0.243 8.44 

-0.22 
-0.15 
-0.lh 
+ 0.26 
- 0.04 

0.259 
0.18X 

10.75 
10.x3 

-0.12 
0.04 

0.362 7.12 - 0.09 
0,310 7.32 +o.i I 

0,255 
0.38 I 
0,261 
0,403 

17,lh +a27 
I 6.X0 0.09 
17.24 +a35 
16.26 - 0.63 

Compose de recherche 
(C,,H,,o,Si) 

ComposC de recherchet 
triphtnylvinylsilane 

TnmkthyltriphCnyl- 
disilane 

Les produits marquts (*) ou (t) ont &t respectivement 
mis g notre disposition par Messieurs les Professeurs Calas 
et Corriu. Nous les en remercions vivement. 

m = masse du prkkvement; Aa% = (Si% trouvi - Si% 
calcult). 

positif de traitement (chlorocarbopyrolyse) du 
prirkvement analytique. 
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Summary-Methods are reviewed for the determination of the following constituents of copper refinery 
slimes: aluminium, antimony, arsenic, barium, bismuth, calcium, cobalt, copper, gold, iron, lead, magne- 
sium, manganese, molybdenum, nickel, platinum metals, selenium, silicon. silver, sulphur, tellurium, 
tin and zinc. 

Twenty-five years ago the writer outlined the analysis 
of copper refinery slimes.’ Since then, a large expan- 
sion of world copper production has occurred, bring- 
ing with it a substantial widening of the range of ele- 
ments in refinery slimes.2,3 In the same period, many 
notable improvements in analytical procedures have 
been made; even completely new techniques such as 
atomic absorption have been introduced. A review 
of current practices in this specialized but important 
sphere might be useful to analysts who are concerned 
with complex metallurgical products. 

In spite of the availability in recent years of high- 
speed pulverizing equipment and improved mixing 
devices, the preparation of a representative slime 
sample remains a time-consuming operation. Usually 
a number of sample portions are taken from the wet 
slime, combined and dried at lOSo, lightly pulverized 
if necessary to break up small lumps, and given a 
brief mixing. After reduction of the sample bulk to 
a convenient size by riffling or similar means, the 
material is pulverized to pass a lOO-mesh screen. 
Occasionally a small portion, largely metallic copper, 
may not pass through the screen; this fraction, and 
the main portion, must then be weighed and analysed 
separately. Finally, the 1Wmesh material must be 
thoroughly mixed, an operation which is usually the 
weakest link in sample preparation. The frequent 
presence of metallic substances, and the range of spe- 
cific gravity of slime constituents, from approximately 
1 for the organic matter of electrolyte additives to 
over 21 for platinum, make imperative a complete 
mixing of the finely-pulverized sample. 

The inherent heterogeneity of slimes, and the high 
value of this material in most copper refineries, leads 
many chemists to prefer, for most constituents, disso- 
lution of a 5- or 10-g sample, dilution to standard 
volume, and withdrawal of a suitable aliquot, rather 
than a direct weighing of a 0.5-l g sample. 

Table 1 shows the range of constituents of copper 
refinery slimes. The data for alumina, barium, lime, 
magnesia, and silica in the anode mud from the elec- 
trolysis of blister copper may appear surprising. 
Usually the content of these constituents is very low, 

but it can be enhanced by additions from slag inclu- 
sions, refractories, fluxes, mould washes, or dust from 
an adjacent tailings area. 

For most constituents of slimes, decomposition is 
effected by a suitable combination of acids, followed 
if necessary by fusion of any insoluble residue with 
carbonate, bisulphate or peroxide. For antimony and 
arsenic, the sample is heated in a Pyrex flask with 
a mixture of sodium sulphate, sulphuric acid, and a 
small piece of filter paper. Selenium and tellurium 
are brought into solution with nitric acid and potas- 
sium chlorate, with heating on a water-bath, followed 
by several evaporations with hydrochloric acid to eli- 
minate nitric acid. It is often necessary to remove 
antimony, arsenic, selenium and tin from a slime 
sample; these may be readily volatilized by several 
evaporations with a mixture of hydrobromic and , 
either sulphuric or perchloric acid. 

Table 1. Range of constituents of copper refinery slimes 

Aluminium oxide 
Antimony 
Arsenic 
Barium 
Bismuth 
Calcium oxide 
Cobalt 
Copper 
Gold 
Iron 
Lead 
Magnesium oxide 
Manganese 
Molybdenum 
Nickel 
Platinum metals 
Selenium 
Silica 
Silver 
Sulphur 
Tellurium 
Tin 
Zinc 

% 

u-10.1 
tr.-8.3 

0.1-5.6 
tr.-0.1 
tr.-1.2 
tr.a.6 
tr.a.2 
11-82 

0.02-2.5 
tr.-I.4 

0.2-23.8 
tr.a.5 
tr.a.2 
tr.a.2 
tr.452 
tr.-1.5 
1.5-28.4 
0.2-13.6 
1.1-38.1 
1.8-11.8 
0.1-8.0 
tr.-7.0 
tr.a.8 

0zJton 

6729 

tr.437 

321-11100 

tr. = trace 

125 



126 R. s. YOUNG 

Table 2. AAS data for copper refinery slimes 

Wavelength, 
nm 

Sensitivity, 
&ml Flame 

Aluminium 309.3.396.2 
Antimony 206.8.2176.23 1.2 
Arsenic 193.7 

Barium 553.6 
Bismuth 223.1 
Calcium 422.7 
Cobalt 2407 
Copper 324.8 
Gold 242.8 
Iron 248.3 
Lead 217.0,283.3 
Magnesium 285.2 
Manganese 279.5 
Molybdenum 313.3 
Nickel 232.0 
Palladium 247.6 
Platinum 265.9 
Selenium 1960 

Silicon 251.6 
Silver 328.1 
Tellurium 2143 
Tin 286.3 
Zinc 213.9 

0. I 
0.2 
0.05 
0.3 
0.1 

0.3.0.5 
oQo5 
0.05 

0.1 
0.5 

poor 

of03 
0.5 

0.02 

NOA 
AA 

all flames 
absorb strongly 

NOA 
AA 
AA 
AA 
AA 
AA 
AA 
AA 
AA 
AA 

AA or NOA 
AA 
AA 
AA 

all flames 
absorb strongly 

NOA 
AA 
AA 

AA or NOA 
AA 

AA = Air-acetylene flame. 
NOA = Nitrous oxide-acetylene flame. 

In the presence of a substantial excess of a ferric 
salt, an ammonia/ammonium salt buffer will precipi- 
tate antimony, arsenic, bismuth, lead, selenium, tellur- 
ium, and tin. Treatment with sulphur dioxide and 
hydrazine hydrochloride in l&200/, hydrochloric acid 
medium will precipitate tellurium and gold. 

The technique of atomic-absorption spectrophoto- 
metry is used extensively in the analysis of slimes, 
and Table 2 gives the wavelength, sensitivity and 
flame for these determinations. The acidity of stan- 
dards and unknowns should match approximately, 
and sometimes the metal compositions should be 
roughly similar. 

Interferences are removed by hydrobromic-sul- 
phuric acid evaporation, separation by precipitation 
with ammonia, and sulphur dioxide treatment; elec- 
trolysis with a mercury cathode will then leave alu- 
minium virtually alone in the solution. Final deter- 
mination can be carried out photometrically with alu- 
minor-r, at 525 nm,4 or gravimetrically.5S6 

Aluminium can be determined by atomic absorp- 
tion; standards and samples should contain about 
0.1% potassium or sodium.‘,’ 

Antimony 

After volatilization of tervalent arsenic from hydro- 
chloric acid solution at 108”, antimony can be dis- 
tilled at 165” and determined volumetrically with 

potassium bromate5 or photometrically with Rhoda- 
mine B at 565nm.4,5 

Antimony can be determined by atomic absorp- 
tion; the acidity and metal composition of standards 
and unknowns should match approximately if bis- 
muth and zinc are present.’ 

Arsenic 

Tervalent arsenic can be distilled from a hydro- 
chloric acid solution at 108” and determined volu- 
metrically with iodine or photometrically by the 
hydrazine sulphate-ammonium molybdate procedure, 
at 660 or 840nm.4,5 

The element can be determined by atomic absorp- 
tion, using the line at 193.7 nm, but instrumental sen- 
sitivity is poor in this spectral region and little infor- 
mation exists on interferences. 

Barium 

Treatment of the sample with aqua regia, hydro- 
fluoric acid, and evaporation to fumes of sulphuric 
acid, followed by dissolution in water and filtration, 
will leave barium sulphate in the precipitate together 
with lead sulphate, silver chloride, and a certain 
amount of the gold and platinum metals. Fusion with 
sodium carbonate, dissolution in water, and filtration 
will leave as a precipitate the carbonates of barium 
and lead. Dissolution of this precipitate in hydro- 
chloric acid and treatment with hydrogen sulphide 
will precipitate lead, silver, gold and the platinum 
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metals; barium in the filtrate can eventually be preci- 
pitated as sulphate. 

Barium can be determined by atomic absorption, 
preferably with about 1000 pg/ml of potassium added 
to sample and standard solutions. 

Bismuth 

After removal of interferences by addition of hydro- 
bromic and sulphuric acids, evaporation, and sulphur 
dioxide treatment, a precipitation with ammonia will 
leave bismuth with iron. Dissolution of this precipi- 
tate in hydrochloric acid and treatment with hydro- 
gen sulphide will isolate bismuth; final photometric 
measurement by the thiourea method is done at 
420 nm.4*5 

Bismuth can be determined by atomic absorption 
without interference from an excess of antimony, cop- 
per, iron, lead, tin, or zinc.* 

Calcium 

This element, together with magnesium, is usually 
determined in the sample portion taken for alu- 
minium. The filtrate from the final removal of 
aluminium hydroxide, described earlier, contains the 
calcium and magnesium. Ammonium salts are 
eliminated by evaporation with nitric acid, and the 
residue is dissolved in water containing a few drops 
of hydrochloric acid. A sodium hydroxide-sodium 
cyanide buffer is added, and, with Calcon as indicator, 
calcium is titrated with standard EDTA solu- 
tion 5.9,10 

Calcium can also be determined by atomic absorp- 
tion; addition of lanthanum chloride will overcome 
the interference of aluminium. 

Cobalt 

Cobalt can be conveniently determined in the solu- 
tion remaining after the electrolysis of copper, de- 
scribed later, by the nitroso-R-salt photometric pro- 
cedure, at 520nm. 4,5 The only interfering element in 
slimes which must be considered is nickel, if it occurs 
in amounts substantially more than 25 times that of 
cobalt. For such samples, it is preferable to remove 
nickel by means of dimethylglyoxime and destroy 
organic matter by evaporating the filtrate with nitric 
and sulphuric acids before proceeding with the 
nitroso-R-salt reaction. 

Atomic absorption can be employed for cobalt; 
copper, iron, magnesium, manganese, molybdenum, 
nickel, and silicon do not interfere. 

Copper 

This element is nearly always the major constituent 
of anode slimes, and the electrolytic procedure is the 
most appropriate. This necessitates the removal of 
elements which deposit, wholly or partially, on the 
cathode in a nitric-sulphuric acid solution. Silver is 
initially removed as chloride, and an evaporation with 
hydrobromic-sulphuric acid mixture volatilizes anti- 
mony, arsenic. selenium and tin. Sulphur dioxide and 

hydrazine hydrochloride in hydrochloric acid precipi- 
tate gold and tellurium, and in the presence of an 
excess of a ferric salt an ammonia precipitation will 
remove bismuth. 

If platinum metals are present in significant quanti- 
ties, the preliminary acid treatments will volatilize 
ruthenium and osmium; iridium is not deposited from 
a nitric-sulphuric acid electrolyte. Platinum and rho- 
dium can be removed by digesting the sample with 
hot sodium nitrite solution at pH 1.5, neutralizing 
with sodium hydroxide to pH 10 to precipitate cop- 
per and other base metals, and filtering. A reprecipi- 
tation passes the platinum metals except palladium, 
into the filtrate.” The palladium is readily separated 
from copper by dimethylglyoxime in 3% hydrochloric 
acid. 

The amount of molybdenum in slimes is too low 
for this element to be deposited to a significant extent 
on the cathode along with the copper. 

For a rapid control determination, atomic absorp- 
tion can be used; aluminium, calcium, cobalt, iron, 
lead, magnesium, manganese, nickel, silver, tin and 
zinc do not interfere. 

Gold 

In most slimes, gold is best determined, together 
with silver, by a combined wet and fire assay. Treat- 
ment with sulphuric acid and mercuric sulphate dis- 
solves copper and other base metals, silver is precipi- 
tated with a chloride solution, and the residue is fil- 
tered off. The precipitate is transferred to lead foil 
in a scorifier, an addition of test lead, borax and silica 
is made, and the sample is heated in an oxidizing 
muffle until the basic oxides are slagged. The contents 
of the scorifier are poured into a mould, then the 
lead button is placed in a cupel and heated until only 
the gold-silver bead remains. Gold and silver are 
parted in a porcelain cup first with 25 M (1 + 6) and 
finally with 8.5 M (1 + 1) nitric acid; the gold residue 
is dried, ignited and weighed. 

When the gold content of the bead is less than 
ten times the platinum content, much of the latter 
remains with the gold on parting. For these rare occa- 
sions, the bead is dissolved in aqua regia and evapor- 
ated several times with hydrochloric acid to eliminate 
all nitric acid. The sample is digested with a hot 
sodium nitrite solution at pH 2, then the solution 
is neutralized with sodium hydroxide to pH 8 and 
boiled; the residue is filtered off, ignited in a porcelain 
crucible at 900” and weighed as pure gold.” 

Gold can be determined by atomic absorption; no 
interferences are normally encountered. 

Irorr 

After elimination of interferences by evaporation 
with hydrobromic-sulphuric acid and precipitations 
with hydrogen sulphide and ammonia, iron can be 
determined titrimetrically with potassium dichromate 
or photometrically with l,lO-phenanthroline, ‘at 
508 nm.4S5 
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Atomic absorption can be used for iron; no interfer- 
ence is caused by aluminium, cobalt, copper, magne- 
sium, or nickel. 

Leud 

Lead may be conveniently determined by evaporat- 
ing a sulphuric acid solution of the sample to fumes, 
filtering off and washing the precipitate, dissolving the 
lead sulphate in hot concentrated ammonium acetate 
solution, and discarding the residue of silica, gold, 

silver chloride etc. Evaporation of the lead acetate 
solution with sulphuric-nitric acid to fumes will give 
a final precipitate of lead sulphate. Polarography may 
also be used to determine lead in slimes.13 

Lead may be determined by atomic absorption; no 
interference arises from copper, iron, tin or zinc. 
There is less flame background at 283.3 nm than at 
217.0 nm. 

Magnesium 

This element is usually determined, like calcium, 
in the sample taken for aluminium. After the latter 
has been separated as hydroxide and the filtrate con- 

_ taining calcium and magnesium made up to a con- 
venient volume, an aliquot is withdrawn. Ammonia- 
ammonium chloride buffer and Eriochrome Black T 
indicator are added, and the solution is titrated with 
standard EDTA solution. This gives calcium + mag- 
nesium; the volume of EDTA used in the titration 
for calcium alone, described earlier, is deducted to 
give the amount of EDTA required for magne- 
sium.‘,‘” 

Atomic absorption may be used advantageously for 
magnesium; no interference arises from copper, iron, 
tin or zinc. The sensitivity is high; a value of 0.005 pg/ 

ml is frequently quoted.a,‘4 

Manganese 

By oxidation with bromine, manganese can be pre- 
cipitated with an ammonia ammonium salt buffer, 
cobalt, copper, nickel and zinc passing into the fil- 
trate. After.dissolution of the precipitate in acid, treat- 
ment of the solution with hydrogen sulphide, and 
filtration, manganese is obtained in the filtrate, free 
from any element which will interfere with the potas- 
sium periodate photometric procedure.4,5 

Manganese can be measured by atomic absorption; 
no interference can normally be expected from the 
calcium, cobalt, copper, iron, lead, magnesium, 
molybdenum, nickel or zinc in slimes. 

Molybdenum 

Interferences are removed by addition and evapo- 
ration of hydrobromic-sulphuric acid mixture and 
precipitation_with sulphur dioxide. Addition of &en- 
zoinoxime to the cold oxidized filtrate to complex 
molybdenum, followed by a chloroform extraction 
and destruction of the chloroform with nitric-sul- 
phuric acid mixture will isolate molybdenum for sub- 
sequent determination by the thiocyanate-stannous 

chloride photometric method; an isopropyl ether 
extraction to concentrate the colour for measurement 
at 540 nm is usually desirable.4~s~1 ’ 

Atomic absorption offers an alternative technique 
for molybdenum; negligible interference may be 
expected from copper, iron, lead, manganese, nickel 
or tin. 

Nickel 

Most copper slimes have a nickel content of 0.1 
8%; if a chemical method is desired, the gravimetric 
dimethylglyoxime procedure is preferred, following 
the determination of copper by electrolysis. 

For lower concentrations of nickel, the photometric 
dimethylglyoxime method with measurement at 
530nm, after copper removal, is thoroughly reliable. 

A few slimes contain such a high quantity of nickel 
that electrolytic deposition on a platinum cathode, 
from an ammoniacal solution containing ammonium 
sulphate is preferred. 

Atomic absorption may be used to determine 
nickel; no interference will be encountered from alu- 
minium, calcium, cobalt, copper, iron. lead, magne- 
sium, manganese, molybdenum, silver, tin or zinc. 

Platinum metals 

With a few exceptions, the platinum metals in cop- 
per slimes are almost entirely platinum and palla- 
dium. They are usually determined by a combined 
wet and fire assay.12 

An appropriate sample is dissolved in the manner 
described earlier for gold. Slimes nearly always con- 
tain more than ten times as much silver as gold + 
platinum metals, but if not, sufficient silver as nitrate 
or sulphate should be added initially to give this ratio. 
After the filtration, the filtrate, which contains a good 
part of the palladium, is retained. The precipitate, 
which contains all the gold and platinum, is scorihed 
and cupelled as described previously for gold. The 
gold-silver-platinum bead, containing a small quan- 
tity of palladium, is parted in hot concentrated sul- 
phuric acid. The residue contains gold and platinum: 
silver and palladium are in the filtrate. Silver is deter- 
mined as chloride, and palladium with dimethylglyox- 
ime in 3% hydrochloric acid. The major part of the 
palladium, in the original filtrate, is also determined 
with dimethylglyoxime but with a reprecipitation to 
remove occluded ions. If the palladium content is low, 
it may be measured photometrically by a dimethyl- 
glyoxime-chloroform method, at 375 nm.” 

The residue of gold and platinum from the sul- 
phuric parting, after weighing, is dissolved in (U/ULJ 
regia. Gold is determined by sodium nitrite, as de- 
scribed earlier. The balance is platinum, possibly with 
traces of iridium and rhodium. The platinum figure 
may be confirmed by adding aqua regia to the filtrate 
from the gold separation, evaporating to dryness. and 
then adding hydrochloric acid and evaporating to 
dryness again, this last step being repeated several 
times. The residue is dissolved in I”,, hydrochloric 
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acid containing several grams of sodium acetate, and 
platinum is precipitated by formic acid.’ 1 If the plati- 
num content is low, it can be measured photometri- 
cally with stannous chloride, at 403 nm.5 

Atomic absorption can also be used to determine 
the platinum metals; very few elements interfere. 

Selenium 

This element is almost invariably determined in 
slimes by precipitation from concentrated hydro- 
chloric acid solution with sulphur dioxide. After prior 
removal of silver as chloride, and of lead as sulphate 
if necessary, passage of a stream of sulphur dioxide 
into a 7(r90% hydrochloric acid solution will precipi- 
tate only selenium and gold. Treatment of this pre- 
cipitate with nitric acid will dissolve the selenium, 
leaving gold as a residue. Repeated evaporations of 
the selenium-containing solution after additions of 
hydrochloric acid, followed by a repetition of the pre- 
vious precipitation by sulphur dioxide from concen- 
trated hydrochloric acid will yield pure 
selenium.5*11~‘6 The filtrate and washings from the 
precipitation of selenium + gold should be retained 
for the tellurium determination. 

Selenium can be measured by atomic absorption, 
but the sensitivity for this element is poor. The 
selenium content of slimes is nearly always above 
the preferred range for a photometric method, but 
if the latter is applicable, the 3,3’-diaminobenzidine 
procedure is thoroughly reliable.4,5s’6 

Silicon 

The classic gravimetric method of dehydration with 
perchloric acid and volatilization of silica with 
hydrofluoric acid remains the preferred chemical 
procedure for most slimes.” 

The element can also be determined by atomic 
absorption; no interference occurs from aluminium, 
calcium or iron. 

Silver 

Silver is usually determined by the wet and fire 
assay described for gold. The element may also be 
found by the conventional precipitation and weighing 
of silver chloride, if the first precipitate is leached with 
ammonia solution to dissolve silver and leave impuri- 
ties behind. 

Silver may also be determined by atomic absorp- 
tion; no interference occurs from aluminium, bismuth, 
calcium, cobalt, copper, iron, lead, magnesium, 
manganese, molybdenum, nickel, tin or zinc. 

Sulphur 

The classic gravimetric procedure, oxidation of sul- 
phur to sulphate followed by precipitation with bar- 
ium chloride, remains the preferred procedure for this 
complex material. The sample is treated with potas- 
sium bromide and bromine, then nitric acid, the solu- 
tion is evaporated to dryness, the residue moistened 
with hydrochloric acid and then heated to dryness 

again (this step being repeated several times), and 
finally the residue is treated with hydrochloric acid, 
the solution is diluted, and the precipitate filtered off 
and washed. Because the precipitate contains insolu- 
ble sulphates in addition to silica, it is digested for 
30 min in boiling sodium carbonate solution, filtered 
off and washed, and the filtrate is added to the ori- 
ginal filtrate. 

If the slimes contain an appreciable amount of anti- 
mony, this should be removed by digesting for an 
hour in warm 20% hydrochloric acid solution with 
ingot-iron filings, before adjustment of the acidity to 
about 1% hydrochloric acid and precipitation of bar- 
ium sulphate in the usual manner. 

Tellurium 

Tellurium is nearly always determined by precipi- 
tation from dilute hydrochloric acid with sulphur 
dioxide. After the removal of selenium and gold in 
concentrated hydrochloric acid medium by sulphur 
dioxide, dilution to about l&200/, hydrochloric acid 
and the addition of hydrazine hydrochloride will pre- 
cipitate tellurium. 

Atomic absorption can be used to determine tellur- 
ium; no interference is normally encountered from 
aluminium, antimony, cobalt, copper, iron, lead, mag- 
nesium, selenium or zinc. 

Tin 

After isolation by distillation, tin can be readily 
determined titrimetrically or photometrically. With 
slimes, the same sample can usually serve for arsenic, 
antimony and tin. From hydrochloric acid containing 
a reducing agent, arsenic is distilled at 108” and anti- 
mony at 165”; if hydrobromic acid is then added to 
give a 3: 1 mixture of hydrochloric and hydrobromic 
acids, tin can be distilled at 145160”. 

In the distillate, tin can be determined titrimetri- 
tally with iodine after reduction by metallic nickel. 
For a small quantity of tin, the photometric dithiol 
procedure is rapid and reliable; measurement is made 
at 530 nm. Polarography offers another suitable tech- 
nique for tin in slimes.13 

Tin can also be measured by atomic absorption; 
a large excess of antimony will interfere. 

Zinc 

If a chemical determination is desired, the classic 
potassium ferrocyanide titrimetric method may be 
employed for higher levels of zinc, whereas for traces 
a photometric procedure using dithizone is satisfac- 
tory. 4*5 In both cases the analysis is carried out on 
the solution remaining after the electro-deposition of 
copper. 

Atomic absorption may be used to determine zinc, 
conveniently after the electrolysis of copper. The 
remaining constituents in the sample, aluminium, cal- 
cium, cobalt, iron, magnesium, manganese, molyb- 
denum, and nickel, do not interfere. 



130 R. S. YOUNG 

1. 
2. 

3. 

4. 

5. 

6. 

7. 

REFERENCES 

R. S. Young, Anal. Chim. Acta, 1950, 4. 366. 
G. Bridgstock, E. M. Elkin and S. S. Forbes, Trans. 
Can. Inst. Mining Met. 1960, LXIII. 523. 
H. J. Bovey and S. Marks, S. @ican Chem. Processing. 
1969, 4. 28. 
E. B. Sandell, Calorimetric Determination qf Truces of 
Metals, 3rd Ed., Interscience, New York, 1959. 
R. S. Young, C1rernical Analysis in Evtractiur Metal- 
lurgy, Griffin, London, 1971. 
V. N. Tikhonov, Analytical Chemistry qf’ Alumir~itrm. 
Nauka. Moscow. 1971. 

10. T. S. West. Cor~~p/c.\-o,~~c~t,~~~ with EDT.4 rmd R&ted 
Reugrnts, 3rd Ed., B.D.H. Chemicals, Poole, 1969. 

I I. W. F. Hillebrand, G. E. F. Lundell, H. A. Bright and 
J. I. Hoffman, Applied Inorgarlic Analysis, 2nd Ed., 
Wiley, New York, 1953. 

12. F. E. Beamish, The Analytical Chemistry qf’thr Nob/r 
Met&. Pereamon. Oxford, 1966. 

13. W. T. Elweli and I. R. Scholes. Analysis of Copper and 
its Allow, Pergamon, Oxford, 1967. 

14. V. N. Tikhonov. Analytical Chemistry of Magwsium, 
Nauka, Moscow, 1973. 

15. A. I. Busev. Adytical Chemistry of Molyhdrmun, 
Halsted, New York, 1971. 

W. T. Elwell and J. A. F. Gidley. Atomic’-Absorption 
Spectrophotometry, 2nd Ed., Pergamon, Oxford, 1966. 

16. I. I. Nazarenko and A. N. Ermakov. Analytical C/w- 
mistry of Seknium nnd Tellurium, Halsted. New York. 

8 R. J. Reynolds and K. Aldous, Atomic Absorption Spec- 1973. 
troscopy, Griffin. London. 1970. 17. L. V. Myshlyaeva and V. V. Krasnoshchekov, Amzlyti- 

9. H. A. Flaschka, EDTA Titrations, 2nd Ed.. Pergamon, cu/ Chemistry qf’ Silicon, Halsted. New York. 1974. 
Oxford, 1964. 



T~lo,~a. Vol. 23. pp. 131~135. Pergamon Press. 1976. Prmted m Great Bntam 

DETERMINATION OF TRACES OF CADMIUM IN 
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Summary-Concentrations of cadmium of the order of 0.1 ppm in alloy steels containing large con- 
centrations of chromium and nickel (ca. 17 and 13% respectively), about @l”; of copper and a number 
of metals at low concentrations, were determined by anodic stripping voltammetry with a hanging 
mercury-drop electrode in IM hydrochloric acid. Cadmium was separated on Dowex 5OW-X8 cation- 
exchanger in a medium at pH 1.3 containing excess of EDTA. Mercury-film electrodes cannot be 
used for this determination, because the peak for cadmium is distorted by evolution of hydrogen 
on the electrode support. The relative standard deviation of the determination of 044 ppm of cadmium 
in steel is 3.2% and the confidence limits for 95% probability are 044 k 0.02 ppm. The error in 
the cadmium recovery does not exceed + 8%. 

The content of cadmium in special alloy steels 
employed in nuclear technology is very significant 

because of its very high neutron-absorption cross- 
section. The amounts of cadmium typically present in 

these steels are so low that they cannot be determined 

by conventional atomic-absorption spectroscopy in 
this complex matrix. However, this metal is readily 
determinable by anodic stripping techniques with 

mercury electrodes.’ 3’ The main drawback of strip- 

ping techniques is the poorer selectivity compared 
with atomic absorption spectroscopy. This problem 

can sometimes be overcome by employing mercury- 

film electrodes, which yield much sharper stripping 
peaks. However, in such complicated matrices as 

steels containing large amounts of alloying metals, 
preliminary separation of interfering elements is 

usually necessary. In this study, stripping voltammetry 

employing mercury-film and hanging mercury-drop 

electrodes was combined with an ion-exchange separ- 
ation. 

EXPERIMENTAL 

Reagents 

All chemicals employed were of p.cl. purity (Lachema, 
Czechoslovakia), except for hydrochloric and nitric acids 
which were labelled as chemicals for semiconductors. Solu- 
tions were prepared with redistilled water and were found 
to be free from traces of cadmium determinable by strip- 
ping voltammetry; all the chemicals contained trace con- 
centrations of lead and copper. which, however, were low 
enough not to interfere in the determination of cadmium. 

A standard 1-mg/ml cadmium solution was prepared by 
dissolving 1QOoOg of spectrographically pure metal in 

IOml of concentrated hydrochloric acid with addition of 
several drops of hydrogen peroxide. Excess of peroxide was 
expelled by boiling for 10 min and the cooled solution 
was diluted to 1000 ml with redistilled water. Less concen- 
trated standard solutions were prepared from this stock 
solution immediately before use. 

For the cation-exchange separation procedure, Dowex 
5OW-X8 resin (SO/lo0 mesh) was employed. The column 
used was 1 cm in internal diameter and 7cm high. 

The solutions were deaerated before electrolysis, with 
nitrogen which had been freed from oxygen by passage 
through a heated column packed with copper filings and 
through traps containing a solution of a vanadium(I1) salt 
and amalgamated zinc. 

Apparatus 

The stripping voltammetric determinations were carried 
out with the LP-60 (Laboratorni pfistroje. Czechoslovakia) 
and PO-4 (Radiometer, Denmark) polarographs with a 
two-electrode circuit, using a saturated calomel reference 
electrode. Measurements with the hanging mercury-drop 
electrode (HMDE) (Metrohm. Switzerland) were carried 
out on 4Oml of so&ion in the Metrohm electrolysis cell. 
The measurements with mercury-film electrodes (MFE’s) 
were carried out in a lo-ml electrolysis cell (Radiometer, 
Denmark). In all cases, the solutions were stirred during 
the pre-electrolysis with a glass stirrer, driven by a Radi- 
ometer synchronous motor at a speed of ca. 600 rpm, and 
a I-min rest period followed the pre-electrolysis before the 
potential scan. 

MFE’s were prepared in the laboratory by depositing 
mercury on a graphite or glassy carbon support. Spectral- 
grade graphite (Kablo, Czechoslovakia) was impregnated 
with paraffin for 4 hr at 100” in vacua Then a rod 3 mm 
in diameter was cemented in glass tubing with silicone- 
rubber cement and the electroactive disk area was polished 
with metallographic papers (2/O, 4/O, 6/O; SIA, Switzerland) 
and with damp velvet. A 3-mm thick rod of glassy carbon 
(Le Carbone Lorraine, France) was cemented in glass tub- 
ing and polished similarly. Mercury was used as a contact 
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Table 1. Typical composition of alloy steel studied, with the half-wave potentials on mercury 
and the stability constants of the complexes with EDTA for the individual components 

Stability 
Half-wave potential constant of the 

Approx. cont., on Hg, EDTA chelate, 
Component % V us. SCE log P” 

Fe > 60 Fe(III): T (IM HCl) Fe(II1): 25.1 
C 0~035-0~040 
Mn 0.9 Mn(II): -+ (2M HCl + Mn(I1): 13.98 

2M KCl) 
Si 0.4 
P 0.015 - 
S 0.020 
Cr 17.5 Cr(II1): - 0,99- Cr(III): 23.4 

(1M HCl)4 
Ni 13.5 Ni(II): - 1.1 Ni(II): 18.56 

(HC104, pH @2)4 
MO 2.4 Mo(VI): - 0.14 Mo(VI): various 

-0.53 complexes with 
(1M HCl)4 log p from 7.5 to 

35.1 
cu 0.10 Cu(II): 1 -0.33 Cu(I1): 18.8 

(2M HCl + 2M KCI) 
co 0~01@0~030 co(II): + (2M HCl + Co(I1): 16.3 

2M KCl) 
N 0.030 
Cd < 0.000 1 Cd(II): - 0.66 (1 M HC1)4 Cd(U): 16.6 

1 reduction wave merges with the current of mercury anodic dissolution; -+ no reduction 
within the accessible potential range. 

for these electrodes. A mercury film was deposited on the 
polished support either in situ, according to Florence,3 at 
the chosen pre-electrolysis potential, with mercuric nitrate 
added to the sample solution to yield a final concentration 
of mercury of 2 x lo-‘M, or beforehand by a 3-min elec- 
trolysis at E between - 0.2 and - 1.5V in a solution 1M 
in nitric acid and 10-3~10-2M in mercuric nitrate. 

All measurements were performed at 20 + 2”. The 
potentials are referred to the SCE at the experimental tem- 
perature. Small volumes of cadmium standard solutions 
were delivered from Hamilton syringes. 

RESULTS AND DISCUSSION 

A typical steel composition for the analysis is given 

in Table 1. Of the components given, the non-metallic 
elements will obviously not interfere in the electro- 
chemical determination. If stripping of cadmium is 
carried out in the usual manner’** in an acidic 
medium, then the half-wave potentials of the metals 
present (the third column of Table 1) indicate that 
Mn(ll), Cr(lll), Ni(l1) and Co(l1) will also not inter- 
fere, provided that the pre-electrolysis potential is 
made as positive as possible for this determination 
(about - 0.8 V). Fe(IlI), which arises from oxidation 
of Fe(l1) formed during the pre-electrolysis, Mo(V1) 
and Cu(ll), which have stripping peaks which lie 
between - 0.1 and - 0.2 V, must be removed. 

Cation-exchange separation 

It can be seen from the fourth column of Table 1 
that the chelates with EDTA can be utilized for 
the separation on a cation-exchanger. If the medium 
is made sufficiently acid for the Cd-EDTA chelate 

to dissociate, Cd*+ ions will be retained on the resin, 
while the more stable Cu(l1) and Fe(ll1) chelates will 
pass through the column because of their negative 
charge. It is obvious that Cr(lll), Ni(l1) and Mo(V1) 
will also be separated in this way. We used this princi- 
ple previously for the separation of indium, cadmium 
and lead.6 

The separation of cadmium and copper, which is 
critical because of the small difference in the stability 
constants of the corresponding EDTA chelates, was 
studied in detail. The resin in the H+-cycle was first 

0 0 

Cd 0 0 

IOO- 0 O 
0 

z 0 

80- 

i 
C 
6 
e 60- 
P 

5 

g 40- 

Fig. 1. The separation of 10 pg of Cd and 20 pg of Cu 
on Dowex 50 W-X8 cation-exchanger as a function of pH. 

For the conditions see the text. 
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Fig. 2. The separation of 1 pg of Cd from IOOOpg of Cu 
on Dowex 50 W-X8 cation-exchanger at pH 1.23. 1.25 x 
lO_‘M EDTA; HMDE; 15 min pre-electrolysis at -0.8V; 

scan-rate, 400 mV/min. 

washed with 200ml of an acetate buffer at the given 
pH and 1.25 x 10e3M in EDTA. Then 200ml of a 
O.lM acetic acid-l.25 x 10m3M EDTA solution 
containing known amounts of cadmium and copper, 
with pH adjusted to the required value with dilute 
nitric acid, was passed through the column at a rate 
of 3 ml/min. The column was washed again with 
300 ml of the acetate buffer at the required pH (and 
1.25 x lo- 3M in EDTA) and then cadmium was 
eluted with 40 ml of 1M hydrochloric acid. Cadmium 
and copper were then determined in the eluate by 
anodic stripping with the HMDE (pre-electrolysis 
potential and time, - 0% V and 10 or 15 min, respect- 
ively, scan-rate, 400 mV/min, the concentration being 
determined by the standard addition method). The 
dependence of the separation of 10 pg of Cd and 20 pg 
of Cu on the pH is given in Fig. 1, and the separation 
of 1 pg of Cd from 1OOOpg of Cu at pH 1.23 is 
depicted in Fig. 2. Therefore, the separation can be 
performed over the pH range 1.2-2.0. At these pH 
values Fe(III), Cr(III), Mo(V1) and possibly Ni(I1) will 
still be firmly complexed and will not be retained on 
the resin. The concentration of EDTA in practical 
analyses should be as high as possible, in order to 
complex all the major components. 

Repeated separations of 1 gg of Cd from 1OOOpg 
of Cu showed that the reproducibility of the cadmium 
recovery is generally better than 7”/, relative and that 
the recoveries are on average 7% higher than the 

theoretical value. There is no difference in the results 
whether the standard addition is made before or after 
the ion-exchange separation. 

Anodic stripping determinations 

The determinations of cadmium in the eluate from 
the ion-exchanger column, 1M in hydrochloric acid, 
by use of the HMDE, gave good results (see the pre- 
vious section). However, as the actual amount of cad- 
mium measured in the analyses of the steel samples 
is less than a twentieth of this, an attempt was made 
to use MFE’s, which are known to have a lower 
detection limit and yield much sharper peaks.‘s2 Mer- 
cury was deposited on polished impregnated graphite 
and glassy carbon supports both before the deter- 
mination and in situ (see Experimental). However, 
satisfactory results were not obtained because of a 
general drawback of MFE’s, namely, the interfering 
effect of the support. It has been shown both for 
graphite’ and glassy carbons that, owing to hetero- 
geneity of the support surface, mercury is deposited 
in the form of tiny droplets rather than as a smooth 
film. On the uncovered support surface hydrogen is 
evolved at more positive potentials, especially in aci- 
dic solutions, obscuring stripping peaks more nega- 
tive than about -0.7 V. The cadmium stripping peak 
appears on the voltammetric curve, but is distorted 
and the sensitivity is poor. No significant difference 
was found between the results obtained with impreg- 
nated graphite and with glassy carbon. We did not 
even succeed in reproducing Florence’s results3 in the 
neutral medium of O.lM potassium nitrate, for which 
the author reported perfect cadmium peaks. The 
results are slightly better when the mercury film is 
deposited before the determination, as the film is 
thicker and hence the support coverage is higher. 
However, it must be concluded that mercury-film 
electrodes are unsuitable for the determination of very 
low concentrations of cadmium; on the other hand, 
the determinations of elements yielding more positive 
stripping peaks (e.g., Pb, Cu, Bi, etc.) give excellent 
results.g An example of the determination of 1 pg of 
Cd and 1 pg of Cu on a mercury-film electrode is 
given in Fig. 3. 

Therefore, the HMDE was used for the measure- 
ments on steel samples. 

The determination of cadmium in steel samples 

The ion-exchange separation and the stripping 
measurement were carried out on steel samples under 
the conditions described above. The pH for the 
cation-exchange separation was adjusted to 1.3 and 
the EDTA concentration was ten times that in the 
previous measurements, i.e., 1.25 x lo-‘n/i, in order 
to complex Fe, Cr, Cu and Cd quantitatively (l-g 
steel samples were used). The solution was boiled 
briefly before the pH adjustment to enhance the for- 
mation of the inert chromium-EDTA chelate. It was 
again found that there is no difference between the 
results obtained with the standard addition made 
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Fig. 3. The stripping voltammogram of 1 brg of Cd and 
I c(g of Cu in 10 ml of 1 M HCI on a mercury-film elec- 
trode, Impregnated graphite support. mercury deposited 
insitu;2 x 10-5MHg2*; IO min pre-electrolysis at - O%V; 

scan-rate, 400 mV/min. 

before and after the ion-exchange separation. There- 
fore, a small volume of a standard cadmium solution 
can be added to the eluate after recording of the vol- 
tammetric curve of the sample, and a parallel deter- 
mination of the sample plus the standard addition 
can be omitted. Typical voltammetric curves obtained 
for a steel sample and the blank are given in Fig. 4. 

It can be seen from Fig. 4 that the steel also contains 
some lead. However, for the determination of lead, 
the conditions of the cation-exchange separation 
would have to be modified, as the retention of lead 
on the resin is not quantitative (owing to the very 
similar values of the stability constants of the copper 
and lead EDTA chelates, log pcu = 18.8, log &,, = 
18.3). The separation from copper and iron is quanti- 

tative. 
The results of four parallel determinations of cad- 

mium in steel are given in Table 2. The reproducibi- 
Iity of these particular determinations is excellent, bet- 
ter than achieved in separations with pure cadmium 
and copper solutions. It can thus be expected that 
the reproducibility will generally not be worse than 

~xIO-~A 

I 

Cd 

4 

I 5 x fO-7A 

-0.2 -0.4 -0.6 -0-s -02 -0.4 -0 6 -O@ -0.4 -0.6 -0.8 

VlSCE 

(0) (b) (c) 

Fig. 4. The stripping voltammetric curves for the deter- 
mination of cadmium in alloy steel after cation-exchange 
separation. (a) blank; (b) the sample; (c) the sample with 
0.1 pg of Cd added to the electrolysed solution. pH during 
the cation-exchange, 1.3; EDTA concentration, 1.25 x 
IO-‘M. Cadmium was eluted with 40 ml of 1M HCl; 
15-min pm-electrolysis at -08 V on the HMDE; scan- 

rate, 400 mV/min. 

that described for the separation of pure cadmium 
and copper, i.e., ca. 7% 

Unfortunately, a suitable standard was not avail- 
able for checking the accuracy of the method. There- 
fore. the procedure was carried out with several 
sample solutions containing various amounts of 

added cadmium. The relative error in the cadmium 
recovery did not exceed + 8%. 

Therefore, the following procedure can be recom- 
mended for the determination of traces of cadmium 
in alloy steels. 

Pass 200 ml of a solution containing 40 ml of 0-5M acetic 
acid and 5 ml of 0.05M EDTA adjusted to pH 1.3 with 
dilute nitric acid, through a column I cm in diameter, con- 
taining the Dowex SOW-XX cation-exchanger (StrlOO 
mesh) in the H’-form, at 7 ml/min. 

Dissolve I g of the steel in a warm mixture of 10 ml 
of concentrated hydrochloric acid-4 ml of concentrated 
nitric acid and 10ml of water. If niobium is present in 

Table 2. Results of four parallel determinations of cadmium in steel. For 
conditions see text 

No. 

Relative Confidence 
standard limits (95’:; 

Cd found, ppnz X _Yj - x deviation, probability, 
xi Ppm ppm 5; ppm 

I 0.44 O@O 

2 o-43 - 0.01 
0.44 3.2 044 * 002 

3 0.45 + 0.01 

4 0.46 + O-02 
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the sample, add I-2 ml of concentrated hydrofluoric acid heights are measured as indicated in Fig. 4: the inflexion 
to this solution and heat the mixture again. Transfer the points on the curve before and after the cadmium peak 
cooled solution to a lOO-ml volumetric flask and dilute are connected by a straight line and the vertical distance 
with water to the mark. is measured from this line to the top of the peak. 

Add to a lo-ml aliquot 50 ml of 0.05M EDTA and 40 ml 
of O.SM acetic acid. dilute with water to cn. 200 ml and 
boil for 10 min. After cooling, adiust the volume to 200 ml, 
and the pH to 1.3 with dilute nitric acid. Pass the sample REFERENCES 
solution through the column at 5 mlimin and then wash 
the rcsm with-300 ml of a solution containing 5 ml of 1. F. Vydra, K. Stulik and E. JulPkovB, Ekctrochemical 
0.05M EDTA and 60 ml of 0.5M acetic acid and adjusted Stripping Analysis, Horwood, Chichester, in the press. 
to pH 1.3 with dilute nitric acid, at the same flow-rate. 2. R. Neeb, Inverse Polarographir und Voltammetrie. Ver- 
Then elute the cadmium with 40 ml of 1M hydrochloric lag Chemie, Weinheim, 1969. 
acid. Transfer the eluate, or an aliquot thereof, to the elec- 3. T.-M. Florence, J. Electroanal. Chem., 1970, 27. 273. 
trolysis cell and deaerate by passing nitrogen for 15 min. 4. A. A. V16ek. Chem. Listy, 1956, 50. 400. 
Electrolyse at - 0.8 V US. SCE for 15 min with stirring 5. L. G. Sill& and A. E. Martell, Stability Constants of 
and 1 min further without stirring, at the HMDE. Record Metal-Ion Complexes. Chemical Society Special Publi- 
the voltammogram from - 0.8 to - @2 V at 400 mV/min. cations 17 and 25. London. 1964 and 1971. 
During the whole procedure pass nitrogen over the solu- 6. J. Doleial, P. Povondra, K. Stulik and Z. Sulcek, Col- 
tion. lection Czech. Chem. Commun., 1964, 29. 1538. 

Add @l or 0.2 pg of cadmium to the solution in the 7. D. N. Hume and J. M. Carter, Chem. Anal. (Warsaw), 
electrolysis cell (use a syringe to add as small a volume 1972. 17. 747. 
as possible) and repeat the stripping determination. Calcu- 
late the cadmium content from the difference in the peak- 

8. M._%ulikova’, J. ElectroanaL Chem.,_ 1973, 48, 33. 

heights before and after the standard addition. The peak- 
9. R. Sourek, B. Flanderkovi and K. Stulik, Chem. Listy, 

in the press. 
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STUDIES ON SYNTHETIC INORGANIC 
ION EXCHANGERS-V 

PREPARATION, PROPERTIES AND ION-EXCHANGE BEHAVIOUR OF 
AMORPHOUS AND CRYSTALLINE THORIUM TUNGSTATE 
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Summary-Amorphous and crystalline thorium tungstate have been prepared by mixing O.lM thorium 
nitrate and O.lM sodium tungstate under different conditions. The physico-chemical properties, chemical 
stability, composition, TGA, DTA, X-ray, infrared absorption and ion-exchange behaviour of thorium. 
tungstate are reported and discussed. Distribution coefficients of metal ions on thorium tungstate 
have been determined at pH 2-3 and 5.5-6.5. Selective ion-exchange separations of bismuth and mercury 
from other metal ions have been achieved on a column of thorium tungstate. 

The importance of synthetic inorganic ion-exchangers 
has been reviewed.’ In our earlier papers,2-5 thorium 
phosphate was studied as an ion-exchanger. The pres- 
ent report deals with amorphous and crystalline thor- 
ium tungstate as an ion-exchanger. 

This compound has been examined for ion- 
exchange properties by Turnov and Kovba6 and by 
Qureshi et al.’ The latter prepared non-crystalline 
thorium tungstate having composition Th(OH), 
(HWO,), . nH,O. They found that the distribution coef- 
ficients were higher for Ga3+, In3+, Zr4+, Pb2+ and 
La3+ but they did not investigate the effect of heat 
treatment on these exchangers. Although crystalliza- 
tion of inorganic ion-exchangers is tedious and diffi- 
cult, crystalline thorium tungstate offers many advan- 
tages. We have prepared and investigated a number 
of both amorphous and crystalline thorium tungstates 
of varying compositions, the crystalline variety being 
the more stable for column operation. The crystalline 
thorium tungstate prepared by us permits ion- 
exchange separations much superior to those reported 
by Qureshi.7 The crystalline thorium tungstate is 
stable in water, methanol, ethanol, acetone, dilute 
mineral acid and dilute alkalis at room temperature 
and can be used in these media for analytical sepa- 
rations of metal ions. 

Reagents 
EXPERIMENTAL 

All chemicals were of analytical reagent grade. 

Apparatus 

For separation studies, a glass tube (bore 1.1 cm) was 
filled with log of thorium tungstate (hydrogen form) on 
a glass-wool support. The column length was 4.5cm; the 
flow-rate was 0.2 ml/min for all separations. 

Preparation of thorium tungstate 

Thorium tungstate was prepared by adding 0.1 M thorium 
nitrate in 1M nitric acid dropwise to O.lM sodium tung- 

state in different volume ratios, with constant stirring. The 
mixture was kept at room temperature (for crystalline 
material) or digested on a steam-bath (for the amorphous 
product) for several hours. Then the product was filtered 
off and washed with water till the pH of the filtrate was 
2.5-3, and dried over phosphorus pentoxide. If the crys- 
talline product was washed until the pH was > 3, it became 
amorphous. Even on digestion for 140 hr on the steam- 
bath, the product was amorphous, but the crystalline var- 
iety was obtained after standing for only 12 hr at room 
temperature. 

Composition 

The products were analysed by standard methods.8-9 
and the results are shown in Table 1. Qureshi rt al.’ 
reported compositions varying from 1: 1 to 1: 1.8 Th: W. 

Heat treatment 

Thorium tungstate (batch No. 9) was heated in an elec- 
tric muffle furnace for l-hr periods at various temperatures 
up to looo”. The colour of the sample changed with tem- 
perature, from colourless at room temperature, to yellow 
at 400” and deep green at 900”. Samples of batches 1 and 
9 were subjected to thermogravimetric analysis at a heat- 
ing rate of 8”/min with a MOM (Hungary) thermobalance. 
Figures 1 and 2 show the TGA and DTA curves. The 
influence of heat treatment of the ion-exchange capacity 
was also determined. 

pH titration 

Topp and Pepper’s method was employed,1° 500 mg of 
thorium tungstate (batch 9) being shaken with 1OOml of 
solution containing different amounts of MOH (M = Li, 
Na and K) for three days at 30 f 2” with intermittent 
shaking. After attainment of equilibrium the pH was mea- 
sured. The experiment was repeated in the presence of 
sodium chloride, the total sodium concentration being kept 
at O.lM. The results (identical for both experiments) are 

. shown in Fig. 3. 

ion-exchange capacity 

The exchange capacity was determined by titration of 
hydrogen ion eluted from the exchanger (1 g) in hydrogen 
form by sodium chloride solution, with Methyl Orange 
as indicator. The capacity was also determined by batch 
operation by shaking 1OOml of 1M alkali metal or 
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Fig. 1. Thermograms (TGA) of thorium tungstate. 
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Fig. 2. DTA curve for thorium tungstate (batch 9). 

ammonium chloride with 1 g of sample for 4 days with 
intermittent shaking, and titrating 50ml of the solution 
with standard alkali. 

Disfribution coeficients 

The distribution coefficients (Kd) of metal ions were 

determined by shaking 500mg of exchanger with 50 ml 

14 

12 /- .-.- .-.-.-. 
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‘I, 8 : / 

:c: 
0 12 3 4 5 6 7 B 9 IO II 12 

OH- added, meq/0,5g exchanger 

Fig. 3. pH-titration curve for thorium tungstate (batch 9) 
with O.lM NaOH or NaOH + NaCI. 

of 2 x 10-4M metal ion solution (5 x 10-4M for bismuth, 
uranium, vanadium and thorium) intermittently during 3 
days at 27 f 2”. The distribution coelhcients were deter- 
mined at pH 2-3 and 5.5-6.5, the pH being adjusted with 
dilute perchloric acid. The K, values were calculated from 

K = Amount of element in exchanger ml of solution 
<I 

Amount of element in solution 
X 

g of exchanger 

Uranyl ions were determined spectrophotometrically with 
hydrogen peroxide.” All other cations were estimated by 
titration with 2 x 10e3M EDTA.9m’2 

RESULTS AND DISCUSStON 

Preparation and composition 

The molar ratio of the reagents used in the prep- 
aration of the exchanger has little effect on the ion- 
exchange capacity and the composition of the 
exchanger (Table 1). A poor yield was obtained of 
batch 10, which was also difficult to filter. 

Properties 

The amorphous products are white powders and 
the crystalline varieties are colourless. X-Ray diffrac- 
tion data for crystalline thorium tungstate are given 
in Table 2. 

The exchanger (batch 9) remains unaffected after 
contact for up to 72 hr at room temperature with con- 
centrated ammonia solution, nitric acid, sulphuric 
acid, perchloric acid (60%) and sodium hydroxide 
solution. Batch 9 was also stable in ethanol, acetone 
and acetic acid for up to 60 hr at room temperature. 

Table 1. Preparation and composition of thorium tungstate 

Batch 

0.M Th (NOa),.4H,O Digestion 
in 1M HNOs:O.lM temperature, 

Na, WO, in H, 0, v/v “C 

pH of 
Digestion the Th:W in the 

time mother product 
hr liquor (by analysis) Type 

114 
1:4 
1:4 
I:6 
1:6 
116 
1:6 
1:4 
1:6 
1:8 

80 + 5 
80 & 5 
80 f 5 
80 * 5 
80 * 5 
80 + 5 
8Ok 5 

30 
30 
30 

12 1.2 1 :4.0 Amorphous 
4 I .3 1 :4.5 Amorphous 

48 I.2 1:4,6 Amorphous 
24 1.4 114.4 Amorphous 
4 1.4 1:4.4 Amorphous 

48 1.5 114.6 Amorphous 
140 I.5 1:5.7 Amorphous 
12 1.1 114.7 Amorphous 
12 I.5 1:6.2 Crystalline 
24 2.6 I :4.8 Crystalline 
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Table 2. X-Ray powder diffraction data 
for thorium tungstate (batch 9) 

0 d, A Intensity 

18.90 2.38 W 
2080 2.17 W 
22.35” 2.02 S 
24.10 1.89 vs 
24.75” 1.84 MS 
28.03” 1.64 MS 
33.30 1.40 W 
34.65” 1.36 W 
35.15” 1.32 W 

W = weak, S = strong. MS = medium 
strong, VS = very strong 

The sample became yellow after a few days in concen- 
trated hydrochloric acid at room temperature or after 

refluxing with 1N mineral acid. 
The solubility of the exchanger was determined as 

reported earlier.’ Thorium was determined spectro- 
photometrically with thoron at 545 nrnl’ and 
tungsten with thiocyanate at 420 nm.” The solubility 
is shown in Table 3. 

Both amorphous and crystalline thorium tungstate, 
when heated at high temperature (-800”) became 
green. On heating above 100”, the colour changed 
from white to grey. The weight loss of thorium tung- 
state on heating is due to elimination of water and 
ceases above 6.50” (Fig. 1). There is an endothermic 
change at 10&300”, and an exothermic peak at 5OG 
580”, corresponding to formation of oxides (Fig. 2). 
At 650”, the weight loss is 12.43%. On the assumption 
that the composition of batch 9 after heating to 650” 
was ThOz . 6W03, it was calculated that 13 moles of 
water were present per mole of exchanger. For batch 
1 the result was 4.6 moles of water, on the basis of 
a composition of Th0,.4WO, at 750”. 

The infrared spectrum of batch 9 had three well- 
defined peaks which were similar to those reported 
by Qureshi.’ On the basis of the spectra of thorium 
oxide and sodium tungstate,13-14 we can postulate 
that the first and second peaks (at 282@2990cm- ’ 
and 150@17OOcm- ‘) are due to interstitial water 
molecules. The third peak (at 30@900 cm- ‘) corres- 
ponds to the metal-oxygen bonds, probably in a poly- 
meric compound. 

Table 3. Chemical stability of thorium tungstate (batch 9) 

Solvent 

Dcmineralized water 
Perchloric acid, 3% 
Perchloric acid, 60% 
Nitric acid, 0.1 N 
Nitric acid, 1 N 
Hydrochloric acid, 

O.lN 
Hydrochloric acid, 

1N 
Sulphuric acid, 0.1 N 
Sulphuric acid, 1N 

Thorium, Tungsten, 
mg/lCOt?JI q/l00 ml 

0.00 - 
OQO 0.82 
0.016 0.00 
OGO OGO 

Decomposed to yellow product 

0.00 0.12 

0.012 
0.006 3.36 

Decomposed to yellow product 

The pH-titration curves of thorium tungstate 
resemble those of titanium tungstate.’ 5 

Ion-exchange capacity 

The exchange reaction is slow, about 32 hr being 
required for attainment of equilibrium with 1M 
sodium chloride in batch operation. In column oper- 
ation the rate of exchange is a function of the salt 
concentration in the feed stock. The ion-exchange 
capacity for univalent and bivalent cations is shown 
in Table 4. The capacity increases as the radius of 
the hydrated ion decreases, as expected. 

The exchange capacity decreases as the temperature 
of heat treatment of the exchanger increases. The 
amorphous thorium tungstate (batch 1) is more stable 
than the crystalline form (batch 9) towards heat, but 
both lose all ion-exchange character if heated to 500”. 

Distribution coeficient studies and ion-exchange 
separations 

Some distribution coefficients are shown in Table 
5. Thorium is totally adsorbed from 5 x 10m4M solu- 
tion as was the case with thorium phosphate.3 Com- 
parison of the selectivity based on the K, values of 
metal ions on our thorium tungstate and thorium 
phosphate3 ion-exchangers shows that bismuth and 
lead are more strongly adsorbed than other metal 
ions in both the exchangers. 

The K, values change with pH of the metal ion 
solution, as in the case of other inorganic ion- 
exchangers, especially with strontium and cobalt. The 

Table 4. Ion-exchange capacity of thorium tungstate at pH 5.5-6.5 

Metal 
ion 

Hydrated Ion-exchange capacity, meq/g 
ionic radius. 

A Batch 1 Batch 4 Batch 6 Batch 8 Batch 9 

Li+ 3.4 0.17 0.22 0.20 0.18 0.12 
Naf 2.1 0.27 0.30 0.30 0.29 0.28 
K’ 2.3 0.34 0.35 0.35 0.35 0.35 
NH: 0.34 
Rb+ 0.36 
cs+ 037 
Mg’+ 7.0 0.13 
Ca’+ 6.3 0.26 
ST’+ 0.29 
Ba2+ 5.9 0.38 
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Table 5. Distribution coefficient values of metal ions on 
thorium tungstate (batch 9) at 27 f 2°C 

Metal Ionic radius, 
A 

K, (initial K, (initial 
ion pH 2-3) pH 55-6.5) 

Zn2+ 0.74 37 80 
Mg*+ 0.65 28 460 
Cd’+ 0.97 98 98 
Pb2+ 1.21 310 190 

:;I: 0.99 0.92 131 59 551 170 
Sr2+ 1.13 3 709 
Mr?+ 0.80 90 464 
Ni2+ 0.69 54 325 
coZ+ 0.72 96 585 
Hg*+ 1.10 0 7 
La3 + 1.15 50 
A13+ 0.50 0 
Th4+ T.A. 
vo2+ 5 
LJ0:+ 0 
Bi3 + 4OcO 
Fe3 + 100 

T.A = Total adsorption. 

Table 6. Separation of bismuth or mercury from some 
other metal ions on a thorium tungstate (batch 9) column 

at 27 f 2” (flow-rate 0.2 ml/min) 

Mixture Effluent, Taken, Found, Error, 
separated ml mg mg % 

;$+ 
Zn*+ 
Bi3+ 

Mg2+ 
Bi3+ 

Ca2+ 
Bi3 + 

;::+ 

Ni2+ 
Bi3+ 

Pb2+ 
Bi3+ 

Hg2+ 
cu*+ 

Hg2+ 
Ni’ + 

Hg2+ 
co2+ 

Hg” 
MnZC 

30 
25 

30 
25 

25 
25 

25 
25 

25 
25 

30 
25 

25 
25 

25 
25 

40 
25 

25 
20 

25 0.665 
25 0.176 

25 0.665 
25 0.260 

25 0.665 
25 0.23 1 

0.412 
1.21 

0.508 
1.21 

0.43 
1.21 

0.45 
1.21 

0.099 
1.21 

0.288 
1.21 

0.368 
I.21 

0.375 
1.21 

1.53 
1.21 

0.665 
0.228 

0.424 +3 
1.19 -2 

0.502 -1 
1.21 0 

0.42 -2 
1.17 -3 

0.45 0 
I.25 +3 

0.094 -5 
1.25 +3 

0.284 -1 
1.25 +3 

0.362 -2 
1.21 .* 0 
0.376 -2 
I.25 +3 

1.49 -3 
1.97 -3 

0.661 -1 
0.234 +3 

0.682 +3 
0.170 -3 

0.661 -1 
0250 -4 

0.68 1 +2 
0.236 +2 

selectivity of our thorium tungstate is in general quite 
different from that obtained by Qureshi rt ~1.’ On 
the basis of the K, values, some separations of binary 
mixtures were attempted. Reasonably quantitative 
separations of bismuth or mercury from some other 
metals are shown in Table 6. Bismuth was eluted with 
1% potassium iodide solution in 0.03M sulphuric 
acid, after the other ion had been eluted with 0.15&f 
nitric acid. Mercury was eluted first with 10m3A4 
nitric acid, followed by elution of the second ion with 
0.15M nitric acid. 

The Kd values show that crystalline thorium tung- 
state is a useful ion-exchanger and many interesting 
separations are possible, especially of bismuth. The 
method of preparation of inorganic ion-exchangers 
has a considerable effect on the degree of hydration 
and the composition of the exchanger since these fac- 
tors are responsible for the shape and size of the cavi- 
ties inside the exchanger and for other properties of 
the exchanger. The exchanger also has good regen- 
eration capacity, so it can be used repeatedly in 
column operation. 
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Summary-The chemistry of the iron(II1) derivatives of 4,7-dihydroxy-l,lO-phenanthroline has been 
studied in detail. Oxidation of the intensely red tris(4,7-dihydroxy-l,lO-phenanthroline) iron (II) ion 
results in a grey compound, tris(4.7-dihydroxy-l,lO-phenanthroline)iron(III), which is stable below 
pH 10. Above pH IO the grey compound is partially converted into an amber compound in which 
the ratio of phenanthroline to iron is 2 : 1. The amber compound is the conjugate base of a purple 
2: 1 compound with pK, = 9.77. The visible absorption spectra of the three species at various pH 
values are reported. For 4,7-dihydroxy-l,lO-phenanthroline pK,, as determined by ultraviolet absorpt- 
ometry, is 12.62 + 0.2. 

The usefulness of 4,7-dihydroxy- 1 , 1 0-phenanthroline 
as a reagent for the spectrophotometric determination 
of iron in highly alkaline solutions was shown by 
Schilt, Smith and Heimbuch.’ In recent publica- 
tions2s3 we have reported on the use of tris(4,7-dihyd- 
roxy-l,lO-phenanthroline) iron(I1) as a reagent for the 
spectrophotometric determination of dissolved 
oxygen, and of the tris(4,7-dihydroxy-I,IO-phenan- 
throline)iron(III,II) couple as a low-potential oxida- 
tion reduction indicator. In the present paper we report 

on the nature of the iron (III) derivatives of 4,7-dihyd- 
roxy-l,lO-phenanthroline. 

Oxidation of the red tris(4,7-dihydroxy-l,lO- 
phenanthroline)iron(II) ion by air or by potassium 
ferricyanide results in a grey iron(II1) compound 
which is stable in solution below pH 10 and insoluble 
below pH 8. The grey compound is slowly converted 
into an amber compound in solutions of pH greater 
than 10, the rate of conversion increasing with tem- 
perature and concentration of alkali. The iron(II1) 
compound exists solely in the amber form in solutions 
in which the concentration of sodium hydroxide is 
2M or greater. Addition of acid to solutions of the 
amber compound results in the reversible formation 
of a purple compound, the transition range being pH 
8%-115. The purple compound is insoluble below 
pH 6.5. Solutions of the purple compound slowly 
decompose over a period of about one day to yield 
the grey compound. A graphical representation of the 
inter-relationships of the iron derivatives is shown in 
Fig. 1. 

EXPERIMENTAL 

Reagents and solutions 

4,7-Dihydroxy-l,lO-phenanthroline. Prepared by the 
method of Snyder and Freie? with improvements by Poe.S 

* Present address: Department of Chemistry, University 
of Minnesota. Duluth, Minnesota 55812, U.S.A. 

The final product, recrystallized from 6M hydrochloric 
acid, contained 95% w/w 4,7-dihydroxy-l,lO-phenanthro- 
line and 5% w/w hydrogen chloride, as determined by 
titration. Reagent solutions were prepared by adding a 
minimum amount of ammonia or sodium hydroxide to 
the recrystallized material in demineralized water. 

Ferricperchlorate solutions. Prepared by dissolving elec- 
trolytic iron in hot, concentrated perchloric acid and dilut- 
ing to a known volume with demineralized water. 

Other chemicals were from commercial sources. 
Bufir solutions. Prepared according to Bates6 Buffers 

at pH 10 and 11 contained sodium carbonate and sodium 
bicarbonate; those at pH 12 and 13 contained sodium hyd- 
roxide and potassium chloride. 

Apparatus 

A Corning No. 476022 triple-purpose glass electrode and 
a saturated calomel electrode were used in conjunction 
with a Beckman Zeromatic SS-3 pH-meter. The pH-meter 
was calibrated against NBS buffers of pH 6+36,-9.18 and 
12.45, prepared as described by Diehl’ and corrected for 
temperature as described by Bates.8 

Fe’*+ DHP 

4 
Fe (n I( DHP), _ 

red 
FeUII,(DHP)31stoble pi-l W3-12) 

Naz%O, grey 

Fe (III 1 (DHP)* 
amber 

- Fe(IL7 )lDHPjZ 

lstoble at pH 12-14) OH- 
purple 

pH 9_,. 5 (unstable, pH 6 5-10) 

I pH-12 

Fe’+ + DHP 

Fig. 1. Summary of the inter-relations of the iron com- 
pounds of 4,7-dihydroxy-l,lO-phenanthroline. 
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Fig. 2. Absorption spectra of the amber and purple iron(W) derivatives of 4,7-dihydroxy-l.lO-phenanth- 
reline. See text for preparation of solutions. 

PH 
7.25 
7.76 
8-93 
990 

10.67 
11.90 
12.90 
13.80 

Beckman DU and Gary 14 sp~ctrophotometers were 
used. Spectrosil cuvettes with lQO-cm path-iengths were 
used throughout. 

Ksible absorption spectra and composition of the grey, purpk 
and amber iran (III) derivatives of 4,7-dihydrory- 1 ,I O- 
ph~~~l~hr~i~~~ 

Specrra a~ pH 6-14. To 0.022f g of 4,7-dihydroxy-i.1~ 
phenanthrol~ne dissolved in 10 ml of 3.16.M sodium hyd- 
roxide were added 10.5ml of 1.00 x lO-‘M ferric per- 
chlorate. The excess of iron, precipitated as ferric hydroxide, 
was filtered off and the solution diluted to 5OGO ml. A 
series of 500-ml aliyuots of this solution was taken aad 
the pH adjusted over the range 6-14 with hydrochloric 
acid or sodium hydroxide; the resulting solutions were 
diluted to 2XKl ml with demineralized water. The visible 
absorption spectra were recorded and the PI-I of each solu- 
tion remeasured, Fig. 2. After 14 days the absorption spec- 
trum and pH of each solution were recorded again, Fig. 
3. 

Spectra in highly &uline solurions. Aliquots of I.0 of 

IOOM sodium hydroxide, IOGO ml of 3.37 x tO_jM 4,7- 
dihydroxy-I,?O-phenanthroIine and 1.00 mI of 3.363 x 
IOT3M ferric perchlorate were placed in 25-mt volumetric 
flasks, diluted to volume and the visible absorption spectra 
recorded after I br and 1 day, and again after heating 
at 80” for 2 hr. The spectra obtained after I day are shown 
in Fig. 4. 

Continuous varhtions studies. Volumes of 3.37 x 10.. “M 
4,7-dihydroxy-i.iO-ph~nanthroline and 3.363 x tW3M 
ferric perchlorate, such that the sum of the two was con- 
stant, were delivered into 25-ml volumetric flasks, each 
flask containing the same buffer, chosen appropriately for 
the grey, amber and purple compounds respectively (see 
next few paragraphs), and diluted to volume. Any precipi- 
tate which formed was removed by centrifuging. The 
absorbance was then measured and the measurements in- 
terpreted in the usual way.’ The results. together with in- 

Colour of solution 
purple 
purple 
purple 

amber 
amber 
amber 
amber 

formation on the absorption in tbc visible region. arc given 
in Table I. 

Purple compound. The solutions produced on mixing 4,7- 
dihydroxy-l,lO-phenanthroline and iron (III) perchlorate 

0 350 450 550 6.50 

Wavelenqth, nm 

Fig. 3. Absorption spectra of the amber and grey iron(III) 
derivatives of 4,7-dihydroxy-1.10”phenanthroline. See text 

for preparation of solutions. 

CurvLz 
7 
8 
9 

10 
11 
12 
13 
14 

1’f-t 
7-91 
7.88 
8.02 
8.87 

IO.38 
I1,83 
12.90 
13*80 

dolour of sotution 
grey 
grey 
grey 
grey 
grey 

amber 
amber 
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I I 
500 600 

Wavelength, nm 

Fig. 4. Absorption spectra of the iron(III)-4,7-dihydroxy-l,lO-phenanthroline compound in solutions 
of sodium hydroxide. Spectra obtained on day following preparation of solutions. Concentration of 
iron: 1.35 x 10d4M; concentration of 4,7-diOH-phen: I.35 x 10-3M. Concentration of sodium hydrox- 

ide, M: 1, 0.2; 2, 0.5; 3, 1.0; 4, 2.0; 5, 4.0. 

are purple at pH 7-9.5, or amber at pH > 10.5. The 
absorption spectra at various pH values are shown in 
Fig. 2. 

The solutions for the continuous variations study of the 
purple compound were prepared by adding phenanthroline 
and iron(II1) to 5 ml of 5.OM sodium hydroxide, heating 
in a hot water-bath to promote formation of the iron com- 
pound and coagulation of the small amount of ferric hyd- 
roxide formed, and then adding just enough 1OM hydro- 
chloric acid to cause precipitation of the purple compound, 
immediately neutralizing with dilute sodium hydroxide 
solution to yield a purple solution, and adding 50 ml of 
borate buffer (38 g of sodium tetraborate decahydrate per 
litre, pH 8.65). The solutions were finally diluted to 25.00 
ml with demineralized water and the absorbances at 533 
nm measured. The purple compound is 1 : 2 metal : ligand, 
Table 1. 

Amber compound. Spectra obtained immediately after 
mixing 4.7-dihvdroxv-1.10~nhenanthroline and iron(II1) in 
0.2-2.0M’ sod&m hydroxide were identical, Fig. 4,‘ curve 
4. After 1 day the composition of the solutions in 0.2-l,OM 
sodium hydroxide had changed to yield mixtures of the 
grey and amber compounds, Fig. 4, curves 1, 2, and 3, 
while the spectrum of the solution in 2.OM sodium hydrox- 
ide remained unchanged. Heating the solutions produced 
no further changes in the spectra. From these spectra and 
other observations, it is apparent that on mixing the 
phenanthroline and iron (III) in highly alkaline solutions 
the amber compound is formed first. If the concentration 
of sodium hydroxide is less than 2M, some conversion of 
the amber compound into the grey compound occurs. The 

ratio of amber to grey compound at equilibrium depends 
on the relative amounts of iron, phenanthroline and alkali 
present, the last of these having the greatest effect. 

In the continuous variations study, the solutions were 
prepared in 0.2M sodium hydroxide. Absorbance measure- 
ments at 470 nm were made immediately following prep- 
aration, before appreciable conversion into the grey com- 
pound could occur. The amber compound is also I : 2 
metal : ligand (Table 1). 

Grey compound. The spectra are shown in Figs. 3 and 
4. The spectra of the grey compound obtained from the 
purple compound on standing for two weeks at pH 8-10 
were identical with the spectra of the grey compound 
obtained by oxidation of tris(4,7-dihydroxy-l,lO-phenanth- 
roline)iron (II) with oxygen. 

In the continuous variations study, the pH used was 
9.4, obtained by mixing equal volumes of 2M ammonia 
solution and 2M ammonium chloride. After preparation, 
the solutions were heated at 75” for 2 hr to ensure com- 
plete conversion of the iron compound into the grey form, 
and then cooled. The absorbance of each solution was then 
measured against a water blank at 526 nm. The grey com- 
pound is 1 : 3 metal : ligand (Table 1). 

Acid dissociation constant of the purple compound. The 
rapid and reversible interconversion of the purple and 
amber compounds is governed by the hydrogen-ion con- 
centration. The acid dissociation constant was determined 
spectrophotometrically. 

A stock solution of the amber compound was prepared 
by dissolving 0.0456 g (204 x lo-“ mole) of 4,7-dihyd- 
roxy- 1 , 1 0-phenanthroline in dilute sodium hydroxide solu- 

Table 1. Composition, and absorptivity in the visible region, of the 
iron derivatives of 4,7-dihydroxy-l,lO-phenanthroline 

Metal ion Colour 
Mole ratio Absorptivity,* 
Phen : Fe ;. map nm 1. mole.- 1 cm- 1 

Fe(I1) 
Fe(II1) 
Fe(II1) 
Fe(II1) 

Red 
Grey 

Purple 
Amber 

3:1t 520t 1.48 x 104t 
3:1 527 3.27 x 10’ 
2:1 533 3.15-3.40 x 103 
2:1 465 3.10 x lo3 

*At Ana2 calculated on the basis of iron concentration without 
consideration of dimerization through hydroxy bridges. 

t From reference 1. 



Fig. 5. Effect ofp1-I on the ultraviolet absorption spectrum 
of 4,7-dihydraxy-l,lO-phenanthrolinr;, Concentration af 
4,7-dihydroxy-l,lO@enanthroline: YXI x IU5M. Ionic 
strength: 1.0. pH: K. 9.10; 2, 959; 3, 1012; 4, 1062; 5, 
lf$B; #, 11.30; 7, f202; 8, 12-55; 9, IS-M; IO. 13-66. 

tion and adding X0 ml of I+0 x IO-“M ferric perchlartrte 
(2.0 x lop4 mole). The solution was heated almost to bail- 
ing to promote formation of the iron compound and the? 
excess of iron was filtered off as ferric hydroxide. The Al- 
&ale was diluted to rxactly IO0 ml wit.h fOIM sodium hyd- 
%%tide zmd water so that &c final ~o~~~~~a~~#~ #f s3d~~rn 
&&oxide was ZM, SoEutious for abwrbawz mezwwe- 
ments were prepared by adjusting ZGO-ml aliquots of the? 
stock solution to the approximate desired pH, adding, 2 
ml of the appropriate buffer (ammanis-ammonium chlar~ 
ide) to cover the pH range 6-12.0, and diluting to 2Nx1 
ml with demineralized water. This gave an ionic strength 
af approximat&g 04 in each sdution. The absorbance of 
eae’ii so~ufion af 533 nm was measured within XI min after 
preparation* The pW of each sofudoa was then checked. 

To evaluate the dissociation constant, K,, from the 
absorbance us. pH data, use was made of the equation 

which is derived from the ~~ernat~~l equation definhg 
the overall acid d&sac&on cor&ant of a multlprot;c acid+ 
K, = K,K,..,.,&, where b is the member of protons in- 
volved, A,, is the absorbance when the compound is 100% 
protonated (i.ti.? in this case, all in the purple form). AA 
is the absorbance when the compoutrd is lOOo/, dissociated 
(all in the amber form), and A,,, is the absorbance when 
both the acid (HA) and anion (A-) are present. The plot 
of ~ogK+& - ~~~~~~~~~~~ - A*)-J 1;s- pH is rinear wNI ti 
sfope of Q% $5 = a-I!, and the intercept occurs at pW 9.72 
Thus onty one proton is involved and pKA = 9-77 at XI” 
and an ionic strength equal to O-4, 

Ultraviolet absorption spectrum qj” J,7-dihydrox~l,lO~ 
phenanthroline and estimation qf pK3. Uitraviolet absorp 
tion spectra of 4,7-dihydroxy-I,IO-phcnanthroline VY~R 
obtained over the range from pH 9.1 to 50&f sodium hyd- 
roxide. Tire Bird acid dissociation constant, K,_ was esfj- 
mated From the spcctrophotometric data. 

To each of thirtean SO-mi voiumetris; flasks were added 
5QO ml of 5XKI x 1F4M 4,7-dihydmxy- 1,I 0-phenanthr*- 
line, i0 ml of ammania/ammonium chloride buffer solution 
or the amount of sodium hydroxide necessary to adjust 
the pH to the desired value, and I*OM potassium chloride 
to a vohzme of 5W0 ml to ma&a& the ionic s&~gtb 

at 1. The ultraviolet absorption spectrum of each solution 
was obtained between 2.50 and 40 nm against a blank 
of distilled water. The pH of each solution was measured 
a&X the spectra WS-c recorded. 

The speCtra are shown in Fig. 5. Two isosbestic paints 
are present, 81 274 and 347 nm. Absorbance data at 286 
and 360 nm were subjected to the logarithmic treatment 
described in the preceding section, The values of pKJ (and 
b, number of protons involved) obtained were 12.68 (h = 
0.95) and 12-51 (h = l%M), respective&. The average value 
of pK, = 1262 is believed to be accurate to 102 and 
ap@ies to aqueous _X&tiffns of 4,3-dibydroxg- I, ICE- 
~~~~~~~~~~~~~ hauing cm ionic strength of f and a tem- 
perature of approximatcig Zs”, The condusion that only 
one proton is involved is supported by alkalimetric 
titration in a mixture of propan-2-01 and dimethylsulphox- 
ide.” 

The ultraviolet absorption spectrum oF 4,7-dihydroxy- 
~,~~pbenantbr~~i~~ in the presence of iron(IIlf was afso 
ob&aiaed as a f~~ct~ou of $3, Two sets of six solutions 
each 5+‘B x 1 O- ‘M in 4,7-dihydroxy- 1, ~~-~b~~~~th~~~~nc 
and I-67 x IO.- ‘M in ferric perchlorate were prepared at 
integral pH values from 9 to 14. Tu one set was added 
2.0 ml of sodium hydrosulphite solution (200 mg/ml) per 
50 ml. The spectra of the reduced form were not obtained, 
owing to absorption by hydrosulphite at wavelengths 
shorter than 380 nm. The spectra of the sotutions contain- 
ing no h~~ros~~ph~te were simifar to the: spectra of uEXom- 
bined $~~ihydroxy-l,iO-phenantizroEine at corresponding 
values of pH, Fig. 5. A Iogarithmic treatment of the absar- 
bance data at 287 and 360 nm gave an average value of 
pK3 = 11.9. This value is considerably lower than that for 
the uncombined phenanthroline, and is reasonable from 
the standpoint that the ironffI1) Son should exert a con- 
siderab& electroH-Fvithdr~~~~ng e&cc The exact v&tes of 
pK j and & under these cond&ioions were rtox obtained, 
owing to incomplete formation of the ironjf11) compound 
and equilibration of the iron(liII) compound between the 
grey and amber forms. 

WE adopt f*r the protonate~I, neu~r& and &SO- 
ciated forms of ~,7-difiydroxy-1.,1O-phenanthro~inie the 
designations H,(DHP)+, H#,X!P), H(DHP)-, and 
@HP)*-, and for the constants nssociated with the 
successive dissociation steps the s~yrnbols K ir Kz 
and K,. V&ES far K, _ K, ancS & in ! :t d&.-n- 
Wz%%Z sCwi0X3 were reprw.l by 3SSieS and Wil- 
Earns” &xi = 255 2 005, pK, = 7-28 f oa, 
pK, = 113 k 0.1). The value of pK, in aqueous 
solution is 12*6, according to the work reported in 
the preceding section. 

Fossibk structures for Ihe proQx?ated, neeutr&, artd 
singly-c&-ged anionic forms are shown on the next 
page. Of EhG structures i, If, Hi, the last two appear 
most likely inasmuch as the positive charge on a ring 
nitrogen atom allows for better dissipation of the 
charge in the resonating electron system. Further, 
structure il Is preferred over structure III because of 
the deetrostaatic repulsion dewIoped by pro~onating 
both nitrogem azoms s~rn~~~a~eo~~~y- 

Structure V has been shown to be the actual struc- 
ture of the neutral compound by interpretation of’ in- 

frared spectra.’ 241 3 
We believe structure VI to be correct for the s&$J! 

charged anionic form. This belief is based on the 
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j=p-JXO~-“~] no structures for the purple and amber derivatives 
of 4,7-dihydroxy-l,lO-phenanthroline. The ratio of 

x .HN H+ H” 
phenanthroline to iron in both is definitely two to 

I II In one, however, and they are interconverted by the loss 
H,(DHP)+ or gain of a single proton. 

r&&-!-d + H+ 

The dissociation constant, pK, = 9.77, for the pro- 
ton involved in this interconversion is associated with 
a hydroxy group bound directly to the iron atoms. 
The evidence for this is: (1) the second acid function, 
K,, operates in the precipitation of both the com- 

PI ?u.t.” 
HIDliP)- 

bined and uncombined phenanthroline at about pH 

11 

8; (2) the third acid function, K,, is still present in 

KS the iron(II1) compound although the value. for K3 
is somewhat altered [pK, = 12.6 (no iron present); 

-0 - o- 

CQ5 

pK, = 11.9 (iron(II1) present)]; (3) no change in the 

,-; \N/ + I++ visible absorption spectrum of the iron derivatives of 
4,7-dihydroxy-l,lO-phenanthroline is produced by the 

VIII 
(oHPI’- 

dissociation of the hydroxy proton on the phenanth- 
roline ring (KS); (4) no change in the ultraviolet spec- 
trum of the iron(II1) derivatives at wavelengths 

observations that the ultraviolet spectrum of 4,7- 
dihydroxy-l,lO-phenanthroline is hardly affected by 
the presence of iron, and that the third acid function 
K, is still present in the iron(II1) compound, 
although the value is somewhat altered (see preceding 
section). Thus the compound exists in the same form 
in both the uncombined and combined states. The 
presence of structure VII in the iron derivative is 
highly unlikely, leaving only structure VI as the logi- 
cal choice. 

The amber iron (III) derivative of 4,7-dihydroxy- 
l,lO-phenanthroline is analagous to the brown iron- 
(III) derivative of l,lO-phenanthroline. Both com- 
pounds are formed by direct addition of salts of iron- 
(III) to solutions of the phenanthroline, and the ratio 
of phenanthroline to iron in each is two to one. 
Gaines, Hammett and WaldenI isolated the brown 
derivative of l,lO-phenanthroline and reported a 
composition corresponding to the binuclear hydroxy- 
bridged species IX. Later investigators suggested 
structures X and XI on the basis of magnetic data 
and infrared spectra. Reduction-potential and pH 
measurements of aqueous solutions favour structure 
IX.15 In the arguments which follow we have assumed 

shorter than 400 nm accompanies the conversion of 
the purple into the amber compound. 
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In recent papers’,* we have reported on the use of the 
iron(I1) derivative and on the nature and inter-relations 
of the three iron(II1) compounds (grey, amber, purple) of 
4,7-dihydroxy-l,lO-phenanthroline. In the present paper we 
report on the character of the tris(4,7-dihydroxy-l,lO- 
phenanthroline)iron(III,II) couple and an application of it 
as a visual oxidation-reduction indicator for titrations in 
alkaline solutions with standard ferricyanide. 

EXPERIMENTAL 

Reagents 

Buffer solutions were prepared according to Bates.3 
Those at pH IO and 11 contained sodium carbonate and 
sodium bicarbonate; those at pH 12 and 13 contained 
sodium hydroxide and potassium chloride. 

Solutions of potassium ferricyanide were prepared by 
dissolving 3.3-3.4 g of the anhydrous reagent-grade mater- 
ial in approximately 180 ml of buffer. The pH of the result- 
ing solutions was adjusted to the desired values by the 
addition of hydrochloric acid or sodium hydroxide, if 
necessary. After the pH was adjusted, the solutions were 
diluted to 200ml with water. 

Measurement of formal reduction potential 

The reduction potential of the tris(4,7-dihydroxy-l,lO- 
phenanthroline)iron(III,II) couple in the alkalinity range 
from pH 10 to 3.2M sodium hydroxide was measured by 
following the potential of a bright platinum foil electrode 
in the titration of sodium hydrosulphite in appropriately 
buffered solutions containing enough of the phenanthro- 
line-iron compound to give a separate feature on the 
titration curve. The standard oxidizing agent, potassium 
ferricyanide, was prepared for each titration in a solution 
identical in pH or alkali concentration with the solutions 
being titrated.The titrations were performed under an atmos- 
phere of nitrogen. 

A representative titration curve is shown in Fig. I. 
Values for the formal reduction potential at various pH 
values are given in Table I. 

Formal reduction potentials in solutions outside the pH 
range reported could not be determined; at lower pH, the 
oxidation of sodium hydrosulphite with potassium ferri- 
cyanide proceeded too slowly near the equivalence-point; 
in higher concentrations of alkali, the potential drifted con- 
siderably. 

RESULTS AND DISCUSSION 

The formal reduction potential does not change appre- 
ciably over the pH range 10-13. The more negative values 

* Present address: Department of Chemistry. University 
of Minnesota, Duluth, Minnesota 55812, U.S.A. 

obtained in I-3.2M sodium hydroxide cannot be explained 
simply on the basis of the dissociation of an acid, and 
the drift observed indicates that the conversion 

(4,7_diOHphen), Fe(II1) -+ 

/OH\ 
(4,7-diOHphen), Fe 

\ / 
Fe(4,7-diOHphen), 

‘OH’ 

is involved. The rate of this reaction increases with increas- 
ing alkalinity. Under the conditions of the titrations, some 
5-10 min elapsed from the time that the tris(4,7-dihydroxy- 
l,lO-phenanthroline)iron(III) was first formed until the 
mid-point of the titration was reached. Thus, the condition 
that the concentrations of the oxidized and reduced forms 
of the couple be equal at the mid-point was not met. The 
values obtained in solutions in which the concentration 
of sodium hydroxide was 1M or greater therefore do not 
represent the formal reduction potential of the tris(4,7- 
dihydroxy-l,lO-phenanthroline)iron(III,II) couple. Because 
the conversion is slow at pH 13, and slower at pH 12, 
and occurs hardly at all at pH 10-11, the values reported 
in Table 1 closely reflect the true formal reduction potential. 

I 
I 

1 I I I 
0 4.00 8 ,oo 12.00 

Potassium ferricyanide, ml 

Fig. 1. Titration of sodium hydrosulphite plus tris(4,7- 
dihydroxy-l,lO-phenanthroline)iron(II) with potassium fer- 
ricyanide at pH 11. Potassium ferricyanide, 0.0514M; 
sodium hydrosulphite, 09423 g; 4,7-dihydroxy-l,lO- 
phenanthroline, 0.0621 g (0.278 mmole); ferrous 
ammonium sulphate hexahydrate, 00346 g (0.088 mmole). 

147 
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Table 1. Formal reduction potential of the tris(4,7-dihydroxy-l,lO-phenanthro- 
line)iron(III,II) couple as a function of pH 

Conditions 
Formal reduction 

potential, V us. N.H.E. Temperature, “C 

pH 10 
pH 11 
pH 12 
pH 13 
l.OM NaOH 
2.0M NaOH 
3.2M NaOH 

- 0.064 28 
- 0.063 27 
-0.053 27 
- 0,070 28 

(-0.105, -0.115, -0.199)* 25 
(-0,33)* 
(- 0.260)* 25 

* Serious drift owing to the slow conversion of the iron(II1) form of the couple 
into another species. 

Because of the errors inherent in these measurements, 
it seems best simply to average the values obtained at pH 
10-13. We report therefore the value of the formal reduc- 
tion potential over the pH range 10-13 to be -0.06V 
us. the normal hydrogen electrode (N.H.E.). The value we 
reported earlier, -0.1 I V in 1M sodium hydroxide,’ was 
obtained before the significance of the drift was appre- 
ciated, and is wrong. A value of -0.13 V vs. N.H.E, was 
reported earlier by George, Hanania and Eaton,“ inciden- 
tally to a discussion of the reduction potentials of haemes 
and haemoproteins; no details were given other than that 
the pH was z 10. 

This reduction potential is astonishingly low. The formal 
reduction potentials of almost all the iron-phenanthroline 
couples previously reported fall in the range from +0%5 
to + 1.26V vs. N.H.E. Although those values were deter- 
mined in acid solution, the phenanthroline-iron(III,II) 
couples do not involve hydrogen ions and the formal reduc- 
tion potentials are independent of pH, e.g., for the simplest 
member of the series, the ferriin-ferroin couple: 

Fe(l,lO-phen):+ + e- = Fe(l,lO-phen)i+; E” = + 1.06V 

The lowest value previously reported is that of the 
iron(III,II) couple of 3-carbethoxy-4-hydroxy-l,lO- 
phenanthroline, E” = +0.71 V vs. N.H.E.5 

Use in the determination of hydrosulphite 

The tris(4,7-dihydroxy-l,lO-phenanthroline)iron(III,II) 
couple serves well as a visual indicator in the titration 
of sodium hydrosulphite with potassium ferricyanide in 
O.l-3.2M sodium hydroxide media. The colour change at 
the end-point is very sharp, one drop or less of 0.05M 
potassium ferricyanide being required to change 70ml of 
solution from a distinct pink to practically colourless. 

Preparation of indicator solutions. A 2% solution of 
tris(4,7-dihydroxy-l,lO-phenanthroline)iron(III) was pre- 
pared by dissolving 0.125 g of 4,7-dihydroxy-l,lO- 
phenanthroline and 0.0669 g of ferric nitrate enneahydrate 

in lOm1 of a solution containing 1 ml of 16M sodium 
hydroxide. 

Results. Variable results were obtained when solid samples 
of sodium hydrosulphite were titrated, indicating that the 
samples had undergone various degrees of oxidation before 
titration. Reproducible results were obtained when aliquots 
of a solution of sodium hydrosulphite in 2M sodium hy- 
droxide, protected from air in, and delivered from, a Mach- 
lett burette, were titrated. The amount of indicator used 
had no effect on the position of the end-point, Table 2. 
The stoichiometry presumably corresponded6,’ to the reac- 
tion 

S,O:- + Fe(CN)z- + 40H- 

= 2SO:- + Fe(CN)z- + 2H,O (1) 

The indicator also functioned well in the titration of 
ferricyanide with hydrosulphite, the latter being delivered 
from a Machlett burette, but the results were not repro- 
ducible. The amount of sodium hydrosulphite required to 
reach the end-point varied inversely with the time taken 
to complete the titration, probably because of the slow 
oxidizing action of potassium ferricyanide on the sulphite 
produced in the oxidation. The reduction potential of the 
sulphate-sulphite couple in 1M sodium hydroxide is given 
as - 0.93 V by Latimer, and that for the ferricyanide-ferro- 
cyanide couple as Q36V.s The oxidation of sulphite in 
alkaline solution is therefore thermodynamically favoured. 
By direct test it was found that sodium sulphite in 2M 
sodium hydroxide is indeed slowly oxidized by potassium 
ferricyanide. 

Neither sodium thiosulphate nor sodium sulphite inter- 
feres in the direct titration with potassium ferricyanide. 
Under the conditions specified, sodium thiosulphate is not 
oxidized at all by potassium ferricyanide, a very surprising 
finding inasmuch as the reduction potential of the sul- 
phite-thiosulphate couple in alkaline solution is very low 

Table 2. Titration of sodium hydrosulphite with potassium ferricyanide, visual end-point 

Sodium hydrosulphite 
Volume of 0.0520M potassium 

Form Taken indicator, drops ferricyanide required, ml Recovery, % 

solid 0.1487 g 3 29.58 90. I 
solid 0.1698 g 2 31.70 84.6 
solid 0.1707 g 2 32.08 85.1 
solution 40.00 ml 1 29.90 74.7, 
solution 4OQO ml 1 29.9 1 74.7, 
solution 4OQO ml 1 29.90 74.7, 
solution 40.00 ml 10 29.93 74.8, 
solution 40.00 ml 10 29.89 74.7, 
solution 40.00 ml 0* 29.95 74.8, 

* Potentiometric end-point. 



SHORT COMMUNICATIONS 149 

(- 058 V) and that of the tetrathionate-thiosulphate 
couple is 0.08V.8 Although sulphite is produced by oxi- 
dation of hydrosulphite with ferricyanide, it does not inter- 
fere in the determination because the rate of oxidation of 
hydrosulphite is much greater than that of sulphite under 
the conditions specified. However, it is imperative that the 
solution of hydrosulphite be stirred efficiently while titrant 
is being added. Inefficient stirring leads to high results, 
owing to the slow oxidizing action of ferricyanide on sul- 
phite. If the solution is continuously or fairly regularly 
stirred. the error is less than 0.3%. but if stirring is virtually 
omitted, errors of up to almost + 5% occur. 

Tris(4,7-dihydroxy-1-lo-phenanthroline)iron(II) failed to 
function as an indicator in titrations of cobalt(H) sulphate, 
ascorbic acid, and sodium hypophosphite with potassium 
ferricyanide, and functioned very poorly as an indicator 
in the titration of sodium hydrosulphite with potassium 
octacyanomolybdate(V1). Addition of octacyanomolyb- 
date(VI) to a solution containing the indicator gave an amber 
colour, and the end-point, from amber to yellow, was so 
gradual that it was almost impossible to detect. It is sus- 

petted that formation of a mixed complex, possibly 
dicyano-bis(4,7-dihydroxy-1,lO-phenanthroline)iron(II), is 
involved. 
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Summary-The formal reduction potential of the tris(4,7-dihydroxy-1,lO-phenanthroline)iron(III,II) 
couple is - 0.06 V in the pH range l&l 3, not - 0.11 V as reported earlier. The couple forms an excellent 
visual oxidation-reduction indicator for the titration of sodium hydrosulphite with potassium ferri- 
cyanide in alkaline solution. 
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It is often necessary to calculate the equilibrium concentra- 
tion of each species in a multicomponent system of metal 
ions and ligands. As a rule, the starting data are the total 
(analytical) concentration of each reactant, the stability 
constant of each complex and the pH of the final solution. 
Some programs have been described for solving this 
problem.‘*’ 

The following iterative method is used in the computer 
program COMICS:’ the equilibrium concentration of each 
species is found at the kth approximation ([At]); from these, 
the total concentration of each of the reactants is calculated 
(A?“); then the (k + l)th approximate equilibrium con- 
centrations are determined by the equation: 

[A!“] = [A:] $ I’* c, 1 (1) 

where A:“’ is the total concentration of the ith reactant. 
With this program it turns out that the iterations do not 
always converge. Therefore it is of interest to examine the 
criteria for convergence in a more general case. 

The present work will consider a somewhat modified 
program which gives improved intermediate results. Let us 
write the jth complex formation reaction in the following 
way: 

ii, m;jAi = I(A,),,(A,),~...(A~M)mMI (i.= l,...,N) (2) 

The concentration of this complex is given by: 

cj = p, fi [Ai]“>~ (j= 1 ,...,N) (3) 
i=* 

where Ai are the M different reactants, which may be metal 
ions, complexing agents, H+ and OH- ions; mij are the 
stoichiometric coefficients of the ith reactants in the jth 
complex; pj is the cumulative stability constant and cj the 
equilibrium concentration ofthe jth complex. For the system 
described by equations (2) and (3) it is possible to set up M 
equations for the material balance: 

ATOT = CA,1 + 5 mijcj (i = I,. , M) (4) 
j= 1 

where ATOTi is the total concentration of the ith reactant. 
Following COMICS,’ the approximation to ATOT, given 
by the kth iterative step will be denoted by ACALC;. 
Using equations (3) and (4) it will be shown that 

ACALC! = [A”] + i mijPj. i [A”]“” (5) 
j=1 i= 1 

(i= l,...M) 

The (k + I)th iteration is obtained by modifying the method 
employed in COMICS,’ from which the following general- 
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It is often necessary to calculate the equilibrium concentra- 
tion of each species in a multicomponent system of metal 
ions and ligands. As a rule, the starting data are the total 
(analytical) concentration of each reactant, the stability 
constant of each complex and the pH of the final solution. 
Some programs have been described for solving this 
problem.‘*’ 

The following iterative method is used in the computer 
program COMICS:’ the equilibrium concentration of each 
species is found at the kth approximation ([At]); from these, 
the total concentration of each of the reactants is calculated 
(A?“); then the (k + l)th approximate equilibrium con- 
centrations are determined by the equation: 

[A!“] = [A:] $ I’* c, 1 (1) 

where A:“’ is the total concentration of the ith reactant. 
With this program it turns out that the iterations do not 
always converge. Therefore it is of interest to examine the 
criteria for convergence in a more general case. 

The present work will consider a somewhat modified 
program which gives improved intermediate results. Let us 
write the jth complex formation reaction in the following 
way: 

ii, m;jAi = I(A,),,(A,),~...(A~M)mMI (i.= l,...,N) (2) 

The concentration of this complex is given by: 

cj = p, fi [Ai]“>~ (j= 1 ,...,N) (3) 
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where Ai are the M different reactants, which may be metal 
ions, complexing agents, H+ and OH- ions; mij are the 
stoichiometric coefficients of the ith reactants in the jth 
complex; pj is the cumulative stability constant and cj the 
equilibrium concentration ofthe jth complex. For the system 
described by equations (2) and (3) it is possible to set up M 
equations for the material balance: 

ATOT = CA,1 + 5 mijcj (i = I,. , M) (4) 
j= 1 

where ATOTi is the total concentration of the ith reactant. 
Following COMICS,’ the approximation to ATOT, given 
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Table 1. Calculation of the equilibrium concentrations in a multicomponent system. The total concentration of each 
reactant is equal to 5 x 10m3M. pH = 8.0. The stability constants were taken from refs. 4 and 5. 

Equilibrium concentrations below JO-‘M were not included. NTA is the tertiary anion of nitrilotriacetic acid 

Equilibrium Logarithm of 
concentration, stability 

10-6M constant 
Composition of species 

H OH Cd cu Zn NTA NH, 

1 919.6 
2 65.1 
3 1.0 
4 - 
5 _- 
6 - 
7 393.8 
8 700 
9 305 

10 23.1 
II 416 
12 64.4 
13 11.5 
14 0.91 
15 - 
16 146 
17 0.73 
18 79,4 
19 0.74 
20 - 
21 329 
22 
23 3380 
24 1270 
25 20.8 
26 - 
27 
28 3660 
29 49.6 
30 3160 
31 1.42 x 1O-5 
32 562 

2.65 - 
4.75 
6.19 
7-12 
6% - 
5.14 - 
4.15 -. 
7.65 - 

IO.54 - 
1267 - 
2.37 - 
4.X I 
7.31 - 
9.46 -. 

16.12 - 
6.47 - 

2.3 
4.4 

14.37 -. 
15.44 - 
9.80 - 

15.3 - 
12.68 - 
IO.45 - 
14.6 - 
9.73 1 
5.0 1 

- 
- - 
- - 

- 
- - 

- 1 
- 1 

1 
1 
I 
1 

- - 
- 

-- 
- 
- 
- 

- - 
- 

4 - 
1 - 
1 1 
1 - 
3 - 
4 

1 
- 1 

- 
-- 

1 1 
- 
- - 

I 

- 
- 
- 

1 
1 
1 
1 

1 
1 

- 

1 
- 

- 

1 
- 

- 

- - 

- 
- 
_-_ - 

- -. 
- - 
I 
1 
1 
I 

- - 
- 
- 

I 
1 
1 

.- I 
-- 2 
- 1 
1 1 

- 1 
- 1 
- - 
- 
- 
I 

- 1 
- - 

I 
2 
3 
4 
5 
6 
1 
2 
3 
4 
1 
2 
3 
4 

-- 

- 

- 
-- 
- 
- 

I 
-_ 

- 
1 

ization of equation (1) is obtained: In conformity with condition (1 l), equation (9) for the first 

[A”“] = [A”], A$As 
1 ,1 

l/P iterative cycle may be rewritten: 

(6) c; = (1 - h)([Ai] + E;) - [Ai] = E: - h([AJ $ E:) (12) 

where [A”] and [A:“‘] are consecutive approximations to Owing to condition (1 I), a value of p may be selected such 

the equilibrium concentration of the ith reactant. Let us that: 

write [A:] as 
]h([AJ + $‘)I < k$‘/ or k!j < ]eyi (13) 

[A;] = Ai + 6: (7) If [Afl and e: were already chosen, these values in the 

It follows from equations (5) (6) and (7) that 
(k + 1)th iteration would be determined by equation (8). 
Furthermore: 

<!+I = 

L 1 

ATOT, 1 /P IcyI > Ie! I > > /Ef( 

[Ai] + E: + f llzij. pj. fi ([As] + c:)mr1 
j=1 i=, i [Ai] + E: + f pnijj?, fi ([AJ + c:)mrJ 

IL;/ = * j= 1 111 
x (CM + 4 - [M (8) ATOT, 

Dividing the numerator and the denominator of the first 
bracketed expression in equation (8) by ATOT,, one obtains 
for the first iteration: 

1 
ci= 2 Cl 

l/P 
(iAil + 6) - CM (9) 

where 
V M 

I[Aill + letI + i ~ijfij i ([A,] + E~,PJ 
s-- 

j= L 1=1 
ATOTi 

ICAJI + It-O1 + t piijbj fi ([Ail + <P)“‘*J 
s--- 

j= t i=, 
ATOT; 

[AJ + ej’ + c mij. a,. n ([A{] + e:)‘“,~ < I_!’ 

= ’ 
(14) 

j= L Lp = --__- L= 1 
ATOT, 

> 0 (IO) 
It follows from equation (14) that the value of p may be 

It is known3 that for L > 0: fixed for all iterations and depends only on the value of L. 

(L)-*= 1 --ii where limh=O 
It also follows from equations (14) and (8) that p generally 

(11) 
e-7 Increases as nzij Increases. 
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Table 2. Dependence of pX on the quantity of CL?* added to a “buffer” system of ZnX-/Zn’+ 
(Cznx* = 0.3M; CNTA = 0.2M) 
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0 
Total [Cu”], M 

2 x lo-‘+ 5 x 10-4 1 x 10-3 2 x 1o-3 

pH = 6.00 px= 10.10 10.10 10.10 10.11 10.11 
pH = 1OQO px = 7.79 7.19 1.19 7.80 7.80 

An iterativecomputer programwas developed to calculate 
the equilibrium concentrations of all species in a system of 
many competing complexation reactions in a single phase; 
this program is based on equations (5) and (6). The total 
analytical concentration of each reactant was used as a first 
approximation of its equilibrium concentration. 

The use of generalized forms for the equations of complex- 
ation reactions [equation (2)] and a series of other trans- 
formations made it possible to reduce the number of 
commands to 55 from the 140 used in COMICS. It 
decreases the number of iterations and the computer time. 
The usefulness of this program has been proved on a series 
ofmulticomponent systems. As an example the results of one 
of these calculations is given in Table 1. 

For the parameter p(i) it is enough, as a rule, to employ 
the largest stoichiometric coefficient of the ith reactant in 
equation (2). The rate of convergence slows up slightly as 
p(i) increases. For the system given in Table 1, for example, 
the parameters p(i) were chosen in accordance with the 
above; then the parameter for each reactant of the same 
system was arbitrarily assigned the value p = 5. The number- 
of iterations increased in the latter case From 151 to 476. 

It is Frequently necessary to fix the concentration of one 
reactant (either metal or ligand) of a system in such a way 
that it does not change during the course of a reaction. 

Traditionally. a large excess is introduce& so that its 
concentration is not altered substantially by the reaction. 

A new procedure6 using an auxiliary “buffering” system 
eliminates this necessity. For example, let [X3-J be fixed 
throughout the course of the reaction 

cu2+ + x3- $ cux- (15) 

where X3- is the tertiary nitrilotriacetate anion, 
N(CH,COO):-. The auxiliary reaction 

Zn’+ +X3- * ZnX- (16) 

for which the stability constant B is expressed by 

Pm = 
CZnXl 

[Zn2+][X3-] 

may be used to fix the concentration of X- 
From (17) is obtained 

CznXl 
1% hx = PX + log CZn2 + ] 

(17) 

in the system. 

(18) 

Equation (18) shows that it is possible to fix various low 
concentrations of X3- by use of relatively large concentra- 
tions of ZnX- and Zn’+. Copper(I1) ions may be added to 
this “buffer” solution as long as Ccuz+ < [Zn”],[ZnX-] 
and reaction (15) will proceed with [X3-] constant. 

The program COMPLEX was used to calculate the 
equilibrium concentrations in the system described by 
equations (15) and (16), taking into account the possible 
hydrolysis of all reactants. The results, as presented in 
Table 2, demonstrate that a wide range of total Cu2+ 
concentrations cause no change in [X3-]. 

Acknowledgement-The author thanks A. Lichtman and 
Ch. Tobias for their valuable assistance. 

REFERENCE’S 

I. D. D. Perrin and I. G. Sayce, Talanta 1967,14. 883. 
2. G. A. Cumme, ibid., 1973, 20. 1009 and references 

therein. 
3. G. M. Fichtengoltz, A Course in Di@rential and Integral 

Cahhs, Vol. 1, p. 22. Nauka, Moscow, 1966. 
4. K. B. Yatzimirskii and V. P. Vasilyev, Instability 

Constants of Complex Compounds, (in Russian), Moscow, 
1959. 

5. L. G. Sillkn and A. E. Martell, Stability Constants, 2nd 
Ed., Chemical Society, London, 1964. 

6. G. Ginzburg, in the press. 

APPENDIX 

The computer program COMPLEX is used to read data, 
to make consecutive approximations for adjusting the 
equilibrium concentrations of reactants and complexes and 
to print the results after a satisfactory degree of convergence. 
The listing of the program includes a description of the 
input data. In this program the Following variables were 
used: 
NE Number of separate experiments. 
M Number of reactants (up to 18). 
TITLE(I) Array used to print headings. 
ATOT Analytical concentration of each reactant. 
AK(I), A(I) Equilibrium concentration of I-th reactant, 

as used by iteration, and as calculated. 
ACALC(1) Calculated total concentration of I-th 

reactant. 
N Number of complex species in system 

under study (including protonated and 
hydrolysed forms). 

MNLJ) Number of units of reactant (I) in com- 
plex (J). 

MOH(J), MH(J) Number of hydroxyls and protons in 
complex species (J). 

C(J) Equilibrium concentration of J-th com- 
plex. 

E(J) Logofcumulative stability constant of J-th 
complex. 

SUM(J) Conditional stability constant of species(J) 
at a given pH in the log form. 

TERM(J) The same, but in the exponential Form. 
Y1(I) Degree of convergence of the I-th reactant. 
Y2(I) Absolute difference between real and 

calculated total concentration of I-th 
reactant. 

BK(I) Parameter p (see text) For I-th reactant. 
INDEX Index = 0 for all cards bearing pH values, 

up to last card when index = 1. 
Computer program COMPLEX 

C INPUT DATA 
Cl NUMBER OF SETS OF EXPERIMENTS TO 

BE RUN (12) 
C2 NUMBER OF REACTANTS AND OF COM- 

PLEX SPECIES FORMED (INCLUDING PRO- 
TONATED AND HYDROLYSED FORMS), (212) 

C 3 A SERIES OF CARDS WITH THE TITLE OF 
REACTANT, ITS TOTAL CONCENTRATION 
AND PARAMETER P (A5,E15.3,F10.5) 
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C4 A CARD FOR EACH COMPLEX SPECIES NUMBER OF HYDROXYL IONS, THE NUM- 
LISTING THE LOGARITHM OF THE CUMU- BER OF PROTONS (F10.3,2012) 
LATIVE ASSOCIATION CONSTANT OF THE C5 A SERIES OF CARDS BEARING PH AND 
SPECIES, THE NUMBER OF MOLECULES OF INDEX. INDEX = 0 FOR ALL BUT LAST CARD 
REACTANT (I), (2) ETC. UP TO (Is), THE OF EXPERIMENT WHEN INDEX = I (FlO.4.11) 

PROGRAM COMPLEX (INPUT,OUTPUT1 
DIYENSION TITLE(20~rATOT(18) rY1 (181 rHAf18r501 rY2(18) ,E(SOl, 

lA(18) rAK(l8) sMOHf50) rMH(50) rTERM(50) rC(SQ) rACALC(ltl) sBK(lS) 
100 FORHAT(4012) 
101 FORHAT~A5rE15.3,F10.5) 
103 FORMATtF10.3rSX~2212) 
104 FORMAT(F10.4,Il) 

READ 190,NE 
DO 1 IK=l*NE 
READ loO.MvN 
DO 2 I=lrM 
READ lOlrTITLE(I) *ATOT tBKf1) 
YltI)=ATOTII)*,0001 

2 A(I)=ATOT(I) 
DO 3 J=lrN 

3 READ 103,EfJ) s (MA{ IIJ) rI=lrM) ,NOH(J)rMHfJ) 
13 READ 104,PHtINDEX 

NIT=0 
DO 4 J=lsN 
SUM=E(JI-MH(JfOPH*MOH(J)a(PH-I4,) 

4 TERM{ J) =IO,**SUN 
93 CONTINUE 

DO 25 J=lrN 
25 C(J) = TERM(J) 

DO 5 J = 1rN 
00 5 I = 1rM 

5 C(J) = C(J)*AlI)**MA(ItJ) 
NIT=NIT+l 
DO 6 I=lrM 
ACALCfI) = A(I) 
DO 36 J = 1rN 

36 ACALC (I) = ACALCfI) * MA(I,J)*C(J) 
AK(I)=A(I)~(ATOT(II/ACALC(I)~~~~l./BK(I)) 

6 Y2fI)=AEStACALCfI)-ATOT( 
IFtNIT-1999!16r16s7 

7 PRtNl 205qPH 
GO TO 11 

16 DO 9 I=lrM 
IFfYl (I)-Y2(1)) 149999 

14 DO 17 IN=lrM 
17 A(IN)=AKfIN) 

GO TO 93 
9 CONTINUE 

PRINT 209rPHgNIT 
11 PRINT ~o~~(I~I~K~I)~TITL&~I)~ATOT(I)~A~I)~I=~~M) 

PRINT 207, (TITLE(I) rI=lrM) 
DO 12 J=lrN 

12 PRINT 208* C(J)~ELJIIMH(J)~MOH(J)*(MA~~~=~~H) 
IF(INDEX.NE.l)GO TO 13 

1 CONTINUE 
205 FORMAT{//* Ptl=*,F7.3r*OX~” ITERATION DID NOT CONVERGE*/) 
206 FORMAT~Il0,F10.5.A10~2El5~3~ 
207 FORHAT(/~XI*C*~SXI * LOG EETA*r3Xs* H*,4X,*OH “I 180A5/) 
208 FORMAT(2E11.3r1215) 
209 FORMAT{//* PH=**F7.3r40X**NUM5ER OF ITERATION=“rI4/) 

STOP 
END 

Summary-An iterative method and a computer program are presented for calculating equilibrium 
concentrations of all species in a multicomponent system of many competing complexation reactions. 
The initial data required are: pH, total concentration of each reactant, stability constant of each 
complex, and pK, values. Convergence of the iterations is proved. As an example a system of 7 reactants 
and 27 complexes is given. A second example for the use of this program, including so-called “ligand 
buffering”, is also shown. 
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THE SIGNIFICANCE OF THE CrO:- e HCrO, EQUILIBRIUM 
IN THE DETERMINATION OF CHROMIUM(V1) 

BY FLAME SPECTROMETRY 

M. S. CRESER and R. HARGI~ 

Department of Soil Science, University of Aberdeen, Old Aberdeen, Scotland 

(Received 24 February 1975. Accepted 22 May 1975) 

It is widely known’~’ that the sensitivity (1% absorption) 
for Cr(III) may be significantly different from that for 
Cr(V1) when chromium is determined by atomic-absorp- 
tion spectrometry in an air-acetylene flame. However, it 
is not often realized that the atomic-absorption of Cr(V1) 
is pH-dependent. This fact has been mentioned briefly by 
Angino and Billings,3 quoting a private communication 
as source, but the extent of, or reason for, the pH effect 
has not been investigated in detail. The purpose of this 
communication is to establish that the chromatedichro- 
mate equilibrium is responsible for the pH-effect and to 
investigate the extent of possible interference in some of 
the flames which are used for the determination of chro- 
mium by flame spectrometry. 

of Cr(V1) solutions changes quite significantly over the pH 
range >8 in the air-acetylene flame, and the effect is even 
more pronounced in the air-hydrogen flame. The extent 
of the effect can be reduced, but not eliminated, by decreas- 
ing the fuel-to-oxidant ratio, or by increasing the fuel and 
oxidant flow-rates. 

If the solutions had stood for more than 1 hr, the absor- 
bance of the Cr(II1) solutions at pH above 6 could be 
increased by shaking them immediately before nebuliza- 
tion. This is a clear indication that the shape of the Cr(II1) 
curves is attributable to precipitation. 

EXPERIMENTAL 

Reagents 

With the nitrous oxide-acetylene flame, there was no 
detectable pH-effect when the Cr(V1) solutions were nebu- 
lized. Provided the Cr(II1) solutions were shaken vigor- 
ously immediately before nebulization, even the effect of 
precipitation on the absorbance of these solutions could 
be virtually eliminated by use of the hotter flame. Cr(II1) 
and Cr(V1) also gave similar sensitivities in this flame. 

Chromium (VI) and (III) stock solutions, 1000 m/ml. Pre- 
pared from analytical-reagent grade potassium chromate 
and chromic potassium sulphate respectively. 

Buffer solutions. A series of buffer solutions was prepared 
from sodium acetate or ammonium acetate with acetic 
acid, ammonia or sodium hydroxide added as appropriate 
to adjust the pH, so that after lOO-fold dilution, the final 
solutions covered the pH range 3-9. 

Over the pH range 3-9, when the total level of Cr(V1) 
is low (as is normally the case when the element is deter- 
mined by atomic-absorption spectrometry), the equilibrium 

Apparatus 

Atomic-absorption spectrophotometer. An EEL model 240 
with normal flat-top lOO-mm air-acetylene and 50-mm 
nitrous oxide-acetylene burners, and a chromium hollow- 
cathode lamp (357.9 nm). 

The flame conditions used were as follows: 
Air-acetylene. Air flow, 6.0 l./min; acetylene flow, 

1.1 l./min; height of measurement (above burner), 5 mm. 
Air-hydrogen. Air flow, 66 l./min; hydrogen flow, 9.7 l./ 

min; height of measurement, 3 mm. 
Nitrous oxide-acetylene. Nitrous oxide flow, 7.0 l./min; 

acetylene flow, 3.3 l./min; height of measurement, 4 mm. 

xxx-x-x,x 
IX 

1Lx -L x-x 

t 
6 
9 
51 
8 

Procedure 

A series of solutions was prepared containing 4ng/ml 
of Cr(II1) or Cr(VI), and covering the pH range 3-9. Each 
solution also contained 4ng/ml of lithium, to act as an 
internal standard. The pH of each solution was measured 
immediately before the nebulization. 

_-_ 
‘0, . P 

RESULTS AND DISCUSSION 

2 3 4 5 6 

PH 

7 8 9 IO 

The effect of pH on chromium atomic absorption at Fig. 1. Effect of pH on chromium atomic absorption; A, 
357.9 nm at optimum heights and fuel flows when solutions Cr(III), air-acetylene; x. Cr(VI), air-acetylene; 0, Cr(VI), 
of Cr(II1) and Cr(V1) were nebulized into air-hydrogen and air-hydrogen; Cr(III), air-hydrogen; 0, Cr(VI), nitrous 
air-acetylene flames is shown in Fig. 1. The absorbance oxide-acetylene. 
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Fig. 2. Distribution diagram for CrO:- (---) and 
HCrO; (--.-.) as a function of pH for 4 pg/ml Cr(VI). 

constants quoted by Perri@ show that the equilibria gov- 
erning the anionic forms present at significant levels are: 

HCrO; $ H+ + CrO:- 

Cr,O:- + Hz0 = 2HCrO; 

The equilibrium constants for these two equilibria are 
3.24 x IO-’ and 3.03 and IO-’ respectively at 25”. Com- 
bining the dissociation constant expressions with the mass- 
balance for Cr(V1) species leads to a quadratic equation 
for [HCrO;].5 This may be solved provided the total 
Cr(V1) concentration and the pH are specified. The theor- 
etical effect of pH on the concentrations of HCrO; and 
CrO:-, calculated by this method for a 4-pg/ml Cr(VI) 
solution, is shown in Fig. 2. At this concentration the 
Cr,O:- concentration is not significant. The results indi- 
cate that unless the sensitivities for Cr as HCrO; and 
CrO:- are identical. a change in absorbance might be 
expected as the pH as increased from 5 to 8, which is 
in close agreement with the results reported above. Assum- 
ing that all of the chromium is present as HCrO; at pH 3 

and below and as CrO:- at pH 9 and above, it is possible 
to calculate the sensitivities for chromium in the two forms. 
Summation of the absorbances of the two forms calculated 
from these sensitivity values and the data in Fig. 2, gives 
theoretical curves which are indistinguishable from the em- 
pirical curves shown in Fig. 1, thus confirming the hypoth- 
esis that the CrO:- + HCrO; equilibrium is responsible 
for the effect. 

To confirm that the results were not attributable to in- 
terference from the ions used in the preparation of the 
buffer solutions. the effects of sodium and ammonium ions 
and acetic acid on the absorbance of chromium(VI) soiu- 

tions were studied. The pH of the solutions used lay in 
(or was adjusted to) the range 25-4.2. No effect was found 
at levels up to twice those employed in any of the diluted 
buffer solutions used. Moreover, plots of absorbance us. 
pH over the range 4-7 were found to be the same for 
the air-hydrogen flame, whether the pH was adjusted with 
sodium acetate/acetic acid or with ammonium acetate/ace- 
tic acid, again confining that the effect is indeed due to 
variation in pH. The lithium internal standard gave results 
which showed that no solvent-matrix interaction caused 
any interference. 

Conclusion 

Variation in pH can cause a small but significant inter- 
ference when CrfVI) is determined by flame spectrometry 
in an air-acetylene flame. The interference due to the 
HCrO; + CrO:- equilibrium is much more severe when 
the air-hydrogen flame is used, and in this instance accu- 
rate pH buffering of sample and standard solutions is 
essential unless strongly acidic or strongly basic solutions 
are being nebulized. This flame is often used to determine 
chromium by atomic-fluorescence spectrometry, where the 
problem should be equally as severe as that encountered 
in atomic-absorption spectrometry. 
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Summary-Chromium atomic absorption for Cr(VI) solutions in the air-acetylene and air-hydrogen 
flames is pH-dependent, but not in the nitrous oxide-acetylene flame. The effect is shown to occur 
as a result of the HCrO; z$ CrO:- equilibrium, and may cause significant errors in the determination 
of chromium by atomic-absorption spectrometry unless the pH of sample and standard solutions is 
controlled. 
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EFFECTS OF AUXILIARY COMPLEX-FORMING AGENTS ON THE 
RATE OF METALLOCHROMIC INDICATOR COLOUR-CHANGE-III* 

MECHANISM OF THE COLOUR CHANGE OF TAC IN NICKEL-EDTA TITRATKONS 

GENKICHI NAKAGAWA, HIROKO WADA and 0s.u~~ NAKAZAWA 

Laboratory of Analytical Chemistry, Nagoya Institute of Technology, 
Showa-ku, Nagoya 466, Japan 

(Receives 14 May 1975, Accepted 22 May 1975) 

In chelatometric titrations of nickel, the indicator colour- 
change at the equivalence point being usually slow, the 
titration should be done at about 80” or higher. In our 
previous work,’ it was found that the addition of a small 
amount of l,l~-phenanthroline improves the rate of indi- 
cator colour-change of TAC [2-(2-thiazolylazo)-4_methyl- 
phenol] or Xylenol Orange. 

In the work described in this paper the rate of the substi- 
tution reaction of Ni--TAC with EDTA or l,lO-phenan- 
throline was studied, and the mechanism of the indicator 
colour-change is discussed. 

EXPERIMENTAL 

Reagents 

TAC was purified by vacuum sublimation. 
A nickcl(II~ solution was prepared from reagent-grade 

nickel nitrate. 
EDTA was recrystallized from water. 
l,lO-Phenanthroline was dissolved in dioxan purified as 

described earlier.* 
2+Morpholino)ethanesulphonic acid (MES) mixed 

with potassium hydroxide solution was used as buffer. 
Ail other reagents used were of reagent grade. 

The rate of the sllbstitution reaction was measured un- 
derthefollowinnconditions:oH 5.7~63(0.01 M MES buffer): 
ionic strength 5.1 (KNO,);‘dioxan =‘20% v/v; 25 f 1’: 

Substitution reacrion of nickel-TAC chelate with EDTA. 
A solution (100 ml) that was 5.25 x 10e6 M in nickel and 
1.53@ x 10-4M in TAC was placed in a 50-mm photo- 
metric cell, and 1 ml of 1.0-2.0 x IO-‘&f EDTA solution 
was added rapidly by syringe with stirring. The absorbance 
of the solution at 590 nm (the absorption maximum of the 
Ni-TAC chelate) was measured as a function of the reac- 
tion time. 

Substitution reaction of nickel-TAC chelate with IJO- 
phe~nth~o~~~e. The following solutions A and 3 were 
mixed, and the absorbance at 590nm was recorded as a 
function of the reaction time by the stopped-flow method. 
The dead-time of mixing was about 20 msec. 
Solution A: Ni = I.05 x 10-‘M, TAG = 3645 x 
10-4M. 
Solution B: I,lO-phenanthroline = 2Q-200 x 10s5M. 

* Parts I and II: see references 1 and 2. 
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RESULTS AND DISCUSSiON 

Substitution reaction with EDTA 

In the presence of a large excess of TAC, nickel forms 
a I:2 chelate quantitatively over the pH range from 5.7 
to 6.3. When a large excess of EDTA relative to nickel 
is added, the following substitution reaction proceeds to 
completion. 

Ni(TAC)2 + EDTA = Ni(EDTA) + 2TAC (1) 

The rate law is expressed as 

d[NiR,] 
- -- = k,(,,,,u, W%I dt 

where R is the fully dissociated form of TAC and kO(R,Y.M 
is the conditional rate-constant involving the con- 
centrations of TAC. EDTA and hydrogen ion. By repre- 
senting the absorbances at the reaction times 0, t and co 
by Aa, A, and A,, we obtain equation (3) from equation 
(2): 

log(A,- A,)= - 
k 
E t + log (A, - 4% ) (3) 

The plots of log (A, - A,) us. the reaction time (t) yielded 
straight lines for at least 90”% of the total reaction at the 
various ~n~ntrations of TAC, EDTA and hydrogen ion 
used, thus the reaction was pseudo first-order with resoect 
to NiR,. The conditional- rate-constants kccR y H) _ were 
obtained from the slones. The data summarized in Table 
1 indicate that the values of k,o,y,,, are proportional to 
the concentration of EDTA and the reciprocal of the con- 
centration of TAC. The plots of k,,,, us. [H’] gave a 
straight line with an intercept on the y-axis. .Hence 

where [Y’] is the total concentration of EDTA not com- 
bined with nickel ion, and we propose the following 
reaction mechanism. 

( 

NiR, + H +--_NNiR” + HR (51 

NiR+ +Y’k’NiY*-+HR (6) 

( 

NiR, + H, 0 z== NiR(OH) + HR (7) 

NiR(OH) + Y’ k NiY’- + HR + OH- (8) 

The equilibria (5) and (‘7) precede the reactions (6) and 
(8), and the reaction of NiR’ or NiR(OH) with EDTA 
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Table 1. First-order conditional rate-constants k,(,,,.,, 
(25”C, p = 0.1, dioxan 20% v/v. Ni 5.25 x 10m6 M) 

100 1.50 5.81 3.64 
5.87 3.13 
5.94 2.99 
6.03 2.43 
6.16 2.21 

2.00 5.84 2.55 
5.94 2.10 
6.31 1.30 

2.25 5.80 2.43 
3.00 5.94 1.42 

1.50 1.50 5.78 5.67 
5.84 5.42 
5.88 4.82 
5.94 4.10 
5.98 4.19 
6.07 3.62 
6.20 2.96 

200 1.50 5.76 8.24 
5.83 6.91 
5.94 5.94 
6.01 5.60 
6.14 4.42 
6.24 3.76 

might be the rate-determining steps. This mechanism is 
similar to that of the substitution reaction of the mer- 
cury(IIkPAR chelate with DCTA.3 Equation (4) can be 
rewritten as 

- ‘F = k,[NiR+] [Y’] + k,[NiR(OH)] [Y’] (9) 

where 

0 20 40 6.0 6.0 IO 0 12 0 

CPhar x IO4 &I1 

Fig. 1. Plots of k,(,,,,,, vs. C,,,,.CNi: 5.25 x 10m6 M; 
CTAC: 1.50 x lO-4 M. pH 6.00, fi = 01 (KNO,), 20% v/v 

dioxan, 25°C. 

k O(R,X,Hj vs. [H’] gave straight lines with zero intercept, 

and k,(,,x,, was independent of TAC concentration. As 
shown in Fig. 1, k,o,,,, shows first-order dependence on 
the concentration of l,lO-phenanthroline, but becomes in- 
dependent of it when more than a large enough excess 
of l,lO-phenanthroline is present. From these results. the 
following mechanism may be proposed. 

NiR, + H’* NiR+ + HR (14) 3 

NiR+ + X e NiRX+ (15) 

NiRX+ + Xk’. Nix:+ + R- (16) 

The reaction (15) is much more faster than reactions (14) 
and (16) because one molecule of l,lO-phenanthroline may 
easily co-ordinate with the Ni-TAC complex to form a 
stable octahedral configuration. Also it is reasonable to 
assume that the formation constant K&.x may be of the 
same order as K$x and so equilibrium (15) lies far to 
the right, i.e., [NiR+] = [NiRX+]. 

When a sufficient excess of l,lO-phenanthroline is pres- 
ent, reaction (16) may proceed much faster than equation 

k, =k; !$% 
HR 

Table 2. First-order conditional rate-constants K,o,x,,,, 

(10) 
(25°C. p = 0.1, dioxan 20% v/v, Ni 5.25 x lo-’ M) 

With k; and k; obtained from the slope and y-intercept 
oftheplot,thevalues2,1 x 103and7.9 x 1061. mole-’ see-’ 
for k, and kz were obtained by the use of equations (10) 
and (11) and K:,R, = 10’ 2,4 K& = 10’ 3,4 Ky!&oM, = 
104 5 * K, = lo-‘4”,* 

kz = k” 
KLRI 

(11) K” KoH HR NIR(OH) 6 

Substitution reaction with l,lO-phenmthroline 

The rate of this substitution reaction was determined 
under the same experimental conditions as in the case of 
EDTA. 

Ni(TAC)2 + 3phen ~Ni(phen), + 2TAC (12) 

The rate of decrease of [NiRJ with reaction time was 
linear for over 90% of the reaction. The rate law is 
expressed as 

1.50 6.13 0.91 
1GO 1.50 5.89 2.03 

1 O4 x C,,,,,,, 

1.50 

104 x C,,,, 

5.98 

10 x kww.,,,~ 

I.74 
1.50 

M 

6.13 

M 

1.25 
10.0 

PH 

I.50 

set-’ 

5.88 3.12 
I.50 5.96 

MO 

2.63 

I.50 

1.50 

5.90 

6.13 

1.40 

I.84 
1GI 1.50 6.00 1.45 

1.65 600 1.53 
1.95 600 1.53 

I n.0 
-- - 

I ,65 6.00 2.36 
1.95 6.00 2.34 
2.25 6.00 2.34 

0.10 1.50 600 @25 
0.20 1.50 6.00 0.35 
0.30 1.50 6.00 0.68 
0.50 I.50 6.00 I .06 

d[NiR,] 
- ~ = kcxR,X.H, CNiR21 

dt 
(13) 

IGI 
1.50 

where X is l,lO-phenanthroline. 
The conditional rate-constants KO(R,X,Hj for various ex- 

perimental conditions are summarized m Table 2. Plots of 

* K”H NiK(oH, was estimated spectrophotometrically and 
Kw was determined by pH-titration under the experimen- 
tal conditions. 

2.00 
2.50 
3.00 
4.00 
5.00 
8.00 
10.0 

1.50 600 I .45 
I.50 6.00 1.81 
1.50 6.00 I .95 
1.50 6.00 I .98 
I.50 600 2.21 
I.50 6.00 2.38 
I.50 6.00 2.42 
1.50 6.00 2.38 
1.50 600 2.38 
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(14) and the release of TAC from NiR, may be the rate- 
determining step. The value of k, was calculated to be 
2.4 x 10’ l.mole-‘.sec-L. 

When l,lO-phenanthroline is in smaller excess, k,(,,,,,, 
depends on both [H’] and [l,lO-phenanthroline]. The 
steady-state approximation for NiRX+ was applied, i.e., 

where 

d[NiRz] d[NiX:+] 
-__= 

dt dt 
(17) 

d[NiR,] 
- ~ = k,[NiR,] [H’] - k_, [NiR+] [HR] 

dt 
(18) 

d[NiXi+] 
___ = k,[NiRX+] [X] 

dt 

and 

[NiR+] = [NiRX+] 

From equations (13) and (17H20) we obtain 

(20) 

CH’I k-, [HR] 1 ---_~~----++ 
ko<R,x.Hj k, k4 CXI k, 

(21) 

Since k,/k_, = l&/K&,, = 10”‘. the values of k, and k, 
can be calculated. The value of k, is in good agreement 
with that obtained from kOo,,., when l,lO-phenanthroline 

is present in sufficient excess, and k,=5.1 x IO4 
1 .mole-‘.sec-‘. 

The rate-constant k, compares reasonably with the rate- 
constant k = 1 x 10b 1 .mole-’ .sec-’ for the reaction5 

Ni(dien):+ + H+ & Ni(dien)‘+ + Hdien’ (22) 

The rate of the substitution reaction of Ni&TAC with 
l.lO-phenanthroline is much faster than that with EDTA 
and the NiLphen complex formed by reactions (14t(l6) 
may undergo fast substitution with EDTA. In the titration 
of nickel with TAC as indicator a very sharp colour-change 
could be obtained at 50” by the addition of a small amount 
of l,lO-phenanthroline ([phen]/[Ni] = l/200). 
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Summary-The rate of the ligand-substitution reaction of nickel(IItTAC chelate (NiR,) with EDTA 
(Y) and l,lO-phenanthroline (X) has been determined spectrophotometrically in 20% v/v dioxan over 
the pH range 5.7-6.3 at p = 0.1 (KNO,) and 25 If: 1”. The substitution reaction with EDTA proceeds 
through the following two pathways: 

NiR, + H + +NiR+ + HR. 

NiR+ + Y’ 3 NiY*- + HR. 

and 
NiR, + H,O +NiR(OH) + HR. 

NiR(OH) + Y’ 2 NiY’- + HR + OH-. 

The reaction of NiR’ 
1 .mole-’ .sec-’ 

or NiR(OH) with EDTA is the rate-determining step, and k, = 2.1 x lo3 
andk, = 7.9 x lo6 l.mole-‘.sec-’ The substitution reaction with l,lO-phenanthroline 

proceeds as follows: 

NiRz + H+ ie NiR+ + HR, 

NiR+ + X *NiRX+, 

NiRX+ + X h Nix:’ + R-. 

At higher concentrations of l,lO-phenanthroline the release of TAC from NiR, by hydrogen ion is 
the rate-determining step, and k, = 2.4 x IO5 1 .mole-’ set- I. At lower concentrations of l,lO-phenan- 
throline -d[NiR,]/dt is proportional both to [H’] and [Xl. The value k, = 5.1 x IO4 1. mole-‘, set-’ 
was calculated by the use of the steady-state approximation for [NiRX+]. The substitution with l.lO- 
phenanthroline proceeds much faster than that with EDTA. By the addition of a small amount of 
l,lO-phenanthroline, Ni can be titrated with EDTA at 50”. with TAC as an indicator. 
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MINIATURE POTASSIUM-SENSITIVE ELECTRODES WITH NEUTRAL 
CARRIERS IN A POLY(VINYL CHLORIDE) MATRIX 

0. RYW and J. PETRAN~K 

Institute of Macromolecular Chemistry, Czechoslovak Academy of Sciences, 162 06 Prague 6 Czechoslovakia 

(Received 31 March 1975. Accepted 20 May 1975) 

The bulky nature of commercial potassium ion-selective 
electrodes’ restricts their use in microanalytical applica- 
tions and in certain biological and clinical measurements. 
However, use of the neutral carrier sensor in softened poly- 
(vinyl chloride) membranes’ allows more scope in the 
preparation of ion-selective electrodes. This is illustrated 
by the coated wire electrode, 2m4 although the thermodyna- 
mically poorly defined potential at the platinum-PVC in- 
terface is reflected in the long-term drift and the unequal 
potentials of different electrodes. 

Electrodes can also be miniaturized by reduction in the 
membrane area, and in this paper we describe the prep- 
aration and properties of potassium ion-selective electrodes 
made with valinomycin or dimethyldibenzo-30-crown-10 in 
a thin PVC membrane *Sag less than 0.2 mm2 in area. 

EXPERIMENTAL 

Electrode preparation 

Valinomycin or dimethyldibenzo-30-crown-10 (1 mg) 
is dissolved in 0.1 ml of dipentylphthalate and mixed 
with 1 ml of 5% high-molecular weight PVC in cyclohexa- 
none. The solution is poured onto a microscope slide 
on an area of 1 cm2. Free evaporation of cyclohexanone at 
room temperature yields a membrane approximately 
0.15 mm thick. The electrode body (Fig. 1) consists of a 
glass tube 4 mm in diameter, drawn out at the end to 
a capillary about 3 cm long, inner diameter 0.5 mm. A 
membrane, 2 x 2 mm in size, is placed on the capillary 
tip and fixed by slipping over it a polythene sleeve, about 
8 mm long. The electrode is completed by filling it with 
10-3M potassium chloride and inserting a silver-silver 
chloride wire reference electrode. If flexibility of the whole 
electrode body is required, it may be constructed from 
polythene. 

Apparatus 

All measurements of potentials were made at 25” against 
a saturated calomel electrode (Radelkis OP 815) connected 
with the measured solutions by a salt bridge of O.lM 
ammonium nitrate with an asbestos-fibre junction. A Radio- 
meter PHM 64 pH-meter and a Metrohm E 336 potentio- 

graph connected through a Keithley electrometer 610 C 
were used. The measuring techniques have been described 
earlier.4 

RESULTS AND DISCUSSION 

Electrodes with a miniature membrane exhibited surpris- 
ingly good properties, resembling those of the electrodes 
with an 8-mm effective diameter studied earlier.2X5 The 
electrode response in solutions of potassium ions over a 
concentration range of 10-‘-10-6M potassium chloride 
was examined. The calibration curves for electrodes with 
both neutral carriers were linear for the range IO- ‘- 

lo-‘M potassium chloride and near to Nernstian in this 
region. The values of the constant E,, in the Nernst equa- 
tion, referred to the double-junction SCE, and the slopes 
calculated by means of regression analysis for the linear 
parts of calibration curves, are given together with the 
standard error estimates S,, in Table 1. The correlation 
coefficient was in all cases better than 0.99997, which 
proves the outstanding linearity of response over the con- 
centration range under investigation. The constant E. has 
the same value both for valinomycin and the crown-com- 
pound if the same experimental conditions are maintained 
in electrode preparation. 

The potassium/sodium selectivity of the electrodes was 
studied by the mixed-solutions method at a constant level 
of O.lM sodium chloride and a varied concentration of 
potassium ion. The selectivity coefficient /Q,~ obtained by 
graphical evaluation for the valinomycin electrode was 
2.30 x 10e4. that for the electrode with dimethyldibenzo- 
30-crown-10 was 2.38 x 10-j. Both values are in accord- 
ance with the selectivity of standard-size electrodes.2,5 

The speed of response of both electrodes was followed 
by the dynamic method for a tenfold increase in the potas- 
sium ion concentration from initial levels of lo-‘, 10e4 
and 10-3M and for a thousandfold increase in con- 
centration from 10m5M in vigorously stirred solutions. The 

Fig. 1. Miniature potassium electrode. (1) Ag/AgCl refer- 
ence electrode, (2) glass tube. (3) PVC membrane, (4) 

polythene sleeve. (A) Detail of assembled electrode tip. 
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Table 1. Calibration parameters of miniature potassium electrodes 
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Electrode 
E 

ml/ m?SCE 
Slope 

m V/ -log ah+ S,,, mV 

Valinomycin-initial 324.6 58.8 0.61 
Crown-initial 3255 58.5 0.43 

-150 hr use 324.4 58.1 044 
-200 hr use 324.5 51.9 0.53 
-350 hr use 324.2 58.3 054 
-500 hr use 3220 58.4 0.36 

time needed for attaining the final value of the potentials 
was 15 set for the electrode with valinomycin and 5 set 
for the electrode with the crown-compound. For the elec- 
trode with dimethyldibenzo-30-crown-10 the response-time 
was also examined. A newly prepared electrode reaches 
stable potentials after preconditioning for 30 min. The 
standard deviations calculated from 60 readings of the 
potentials at concentration levels of lo-‘, 10-j and 
10m4M potassium chloride, taken during a period of 1 hr, 
were 0.07, 0.10, and 0.46 mV respectively. The long-term 
stability of the continuously used electrode was followed 
by recalibrating it regularly over a period of three weeks. 
The parameters obtained by linear regression analysis of 
the calibration plots are given in Table 1. They show that 
the maximum long-term drift of the potential amounts to 
2 mV per week, the slope remaining practically without 
change. These results with the miniature electrode fully 
agree with our earlier findings,“ while being in contrast 
with the recently published results of Semler and Adamet- 
rova’ These authors have obscrvcd for the electrode with 
dimethyldibenzo-30crown-10 in a PVC matrix (without 

further details as to the membrane composition and elec- 
trode construction) linearity of the response over a nar- 
rower concentration range, a considerable drift of the 
potential, and a low selectivity. In our opinion, these 
results are open to question. 
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Summary-A miniature version of the potassium ion-selective electrode with valinomycin or dimethyldi- 
benzo-30-crown-10 in a poly(viny1 chloride) matrix is described. Electrodes having an effective mem- 
brane area of ~0.2 mm’ exhibit Nernstian behaviour within a range of activities of the potassium 
ion of 10-‘-10-5~, a rapid response and good long-term potential stability. 
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ANALYTICAL DATA 

THE THERMODYNAMICS OF ETHYLENE-DIAMINE 
COMPLEXES OF SILVER 
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B 3610 Diepenbeek, Belgium 

(Received 16 May 1975, Accepted 21 May 1975) 

In its complexes with amino-groups as donors, Ag(I) has 
a characteristic co-ordination number of two. These com- 
plexes are assumed to be linear. When the ligand is biden- 
tate there is some tendency to form chelates, but the forma- 
tion of polynuclear complexes with a chain or even a ring 
structure is more likely, and mononuclear complexes are 
always possible. Moreover one of the two donor groups 

can be protonated. 
The system ethylenediamineAg(1) has been investigated 

by Schwarzenbach et al.,’ who reported the formation of 
AgHL ‘+, Ag,L 2+, AgL+, AgLl and Ag,L:+. The reason 
for a new investigation of this system was to search for 
the presence of the complexes Ag(HL):’ and AgHL:+. 
The likelihood of these complexes can be argued from the 
fact that for such Ag(I) complexes the stability constant 
of AgL, is usually greater than the constant of AgL. This 
has been confirmed for Ag(I) complexes with positively 
charged ligands.2 A second aim was determination of the 
thermodynamics of formation of these complexes, in par- 
ticular to obtain information about the structure of these 
complexes. 

EXPERIMENTAL 

Ethylenediamine was converted into the dinitrate and 
purified by repeated crystallization. 

To all solutions enough potassium nitrate was added 
to give a nitrate concentration of 0.5M. 

Potentiometric measurements were performed with a 
Radiometer pHM52, using an Ingold HA 201 glass elec- 
trode for pH measurements and a solid state Coleman Ag/ 
AgS electrode for pAg. As a reference a double-junction 
Ingold electrode was used, with 3M potassium chloride 
in the inner compartment. Standardization was done with 
solutions having an ionic strength of 0.5. All measurements 
were performed in vessels kept at a temperature of 
25 * 0.1” in a room at 25 * 1”. 

Calorimetric measurements were made with an LKB 
8700-2 titration calorimeter. 

Calculations were done on a Siemens 4004/15 computer. 

RESULTS 

Since polynuclear and protonated complexes were 
expected, a relatively large amount of experimental data 
with a wide range of values for CAg and CL, the total con- 
centrations of silver and ligand, was needed. C,, was 
varied from lo-“ to 10m2M and C, from 10e3 to lo-‘M. 

In addition to the indifferent electrolyte, each solution 
contained a certain amount of the ligand in the acid form, 
silver nitrate and potassium hydroxide. The pH and pAg 
values of each solution were determined experimentally. 
The experimental data for about 200 solutions were ana- 
lysed by a computer program very similar to that described 
by Sill&n3 

Table 1: The stability constants of the complexes 

Complex log B,, 

AgHL2 + 2.34 
AgH,L; + 4.90 
AgHL: + 6.47 
AgL: 7.64 

AgIL: + 13.15 

The following complexes were proved to be present in 
reasonable amount over at least part of the concentration 
range studied: AgHL2+. AgH,Lz+, AgHL:+, AgLl and 
Ag,L:‘. There was no evidence for the complexes Ag,L’+ 
and AgL+. 

The stability constants &,,, are defined by the reaction 

p’L + yHL+ + qAg+ +A&HyL/+q)+ (1) 
with p = p’ + y. /3,, (in Table 1) is given in concentration 
units: 

[Ag,H,L!+y)+] 

‘my = [As’]’ [LIP’ [HL+]Y 

The standard deviation of these stability constants is esti- 
mated to be 0.02. 

The enthalpy change AH”,,, for the reaction in equation 
(I), was calculated from calorimetric data. The reaction 
vessel was filled with a solution contiining silver nitrate, 
diprotonated ethylenediamine and enough potassium 
nitrate to ensure a final nitrate concentration of 05M. A 
certain amount of potassium hydroxide was added and 
the evolved heat Q was measured. Several such exper- 
iments were performed. A least-squares procedure using 
equation (2) gives the value for AH”,, 

-Q =AH: K, [H’] [L] + (AH: + AH;) [L] 

+ c c c (CA% + YW + (P - Y)W? 
P 4 Y 

+ A@)1 K, 8,, CAg+lq CL1”CH+1’1 (2) 

Table 2. Free-energy, enthalpy and entropy changes 

Complex 
AGRy, AH;,, AS&> 

kJ/mole kJ/mole J. mole- ’ deg- ’ 

AgHL* + - 13.35 - 25.4 -41 
AgH,L; + - 27.99 - 50.8 -77 
AgHL; + - 36.94 - 56.9 -66 
AgL: - 4360 - 52.5 -30 
Ag,L: + - 75.02 -97.1 -74 

A preliminary interpretation of these results seems to indi- 
cate that the Ag,L:+ complex mainly exists as a closed 
ring. 
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K, is the protonation constant of HL+, AH,O is the REFERENCES 

enthalpy change of the reaction H,L’+ + OH- + HL+ + 1. G. Schwarzenbach, H. Ackerman. B. Maissen and G. 
H,O and AH”, that of the reaction HL+ + OH- +L + Anderegg, Helu. Chim. Acta, 1952. 35. 2337. 
H,O. The values for AH: and AH: were reported earlier.“ 2. L. C. Van Poucke, H. F. De Brabander and Z. Eeck- 
The values for [Ag+], CL] and [H’] were calculated by haut, Bull. Sot. Chim. Brlgrs, 1969, 78. 131. 
using the computer program BDTV.’ 3. L. G. Sill& Acta Chem. Scand.. 1962. 16. 159. 

The results are summarized in Table 2 together with 4. H. S. Creyf and L. C. Van Poucke. 7hwmochim. Acta, 
the corresponding values for AG”,,, = -RTh@,,, and 1972, 4. 485. 
As0 = (AH& - AG;J’T: 5. R. Arnek, L. G. Sillt-n and 0. Wahlber, A&iv Kemi. 

1968. 31. 353. 

Summary-The silver(I)-ethylenediamine system has been investigated and the existence of AgHL’+, 
AgH,L:+, AgHL:+, AgLl and Ag,L:+, with stability constants 10’ 33, 104s8, 106’47, 10’ h4, 
1013’13 has been demonstrated. 
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AN EVALUATION OF FOUR TITRIMETRIC METHODS 
FOR THE DETERMINATION OF LEAD 
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(Received 11 Junr 1975. Accepted 19 August 1975) 

Summary-Four titrimetric methods for the determination of lead in ores were evaluated. In the absence 
of bismuth and indium, a method based on EDTA titration of lead, after chloroform extraction of 
lead diethyldithiocarbamate, yields accurate and more precise results than the other methods evaluated. 
Interference from indium can be avoided by di-isopropyl ether extraction of its bromide from 6M 
hydrobromic acid. Interference from bismuth can be eliminated by separating it from lead by chloroform 
extraction of its xanthate from 2M hydrochloric acid-tartaric acid media. 

The preparation and characterization of ores for use 
as certified reference materials is a continuing project 
[Canadian Certified Reference Materials Project 
(CCRMP)] sponsored by the Canada Centre for 
Mineral and Energy Technology. As part of this pro- 
ject, a zinc-tin-copper-lead ore, MP-1, and a zinc- 
lead-tin-silver ore, KC-l, have been issued with 
recommended values for lead.‘,’ As shown in Tables 
1 and 2, the ranges of lead values obtained in the 
interlaboratory certification programme for MP-1, 
and especially KC-l, were unexpectedly large. In a 
number of cases the participating laboratories were 
requested to repeat their analyses because their results 
were not in accord with the tentative consensus 
values, but even after corrected results were submit- 
ted, the spread of the lead results was twice that of 
the zinc results in the same materials.‘-3 It was there- 
fore considered imperative to evaluate the titrimetric 
methods used and to delineate their inherent errors. 

The methods are: the molybdate method using tan- 
nit acid as an external indicator;4v5 the chromate 
method in which iodine, liberated after dissolution 
of lead chromate and reduction of chromium(W) with 
potassium iodide, is titrated with sodium thiosulphate 
solution;6 the ASTM EDTA method;’ and another 
EDTA method in which lead is separated from the 
matrix elements by chloroform extraction of its di- 
ethyldithiocarbamate complex.8~g 

EXPERIMENTAL EVALUATION OF METHODS 

Reagents 

Sodium thiosulphate solution, 0.05M. 
Lead solution (- 4 mg/ml). Approximately 8 g (accurately 

weighed) of high-purity lead pellets were dissolved in 
2OOml of concentrated nitric acid, with precautions to 
avoid loss by spray, and the solution was diluted to 2 
litres with water. 

Crown Copyrights reserved 

Potassium dichromate solution (5 mg/ml). Pure potassium 
dichromate (O.SOCNl g) was dissolved in water and the solu- 
tion was diluted to 1OOml. 

Iodine indicator, 5% w/u solution. Approximately 5 g each 
of iodine indicator and potassium iodide were dissolved 
in water and the solution was diluted to 1COml. 

Sodium acetate-acetic acid solution. Approximately 25 ml 
of concentrated acetic acid and 325 ml of saturated sodium 
acetate solution were diluted to 1 litre with water. 

Hydrochloric acid-sodium chloride solution. Approxi- 
mately 150 ml each of water and concentrated hydrochloric 
acid were mixed with 1000 ml of saturated sodium chloride 
solution. 

Sodium acetate wash solution. Approximately 5Oml of 
saturated sodium acetate solution were mixed with 1000 ml 
of water. 

Ammonium molyhdate solution, OQO7M. Ammonium para- 
molybdate tetrahydrate (8.8 g) was dissolved in water and 
the solution was diluted to I litre. 

Ammonium acetate-acetic acid solution. Approximately 
250ml of concentrated ammonia solution were added, 
slowly with stirring, to 300 ml of concentrated acetic acid. 

EDTA solution, O.OlM. 
Acetate buffer solution, pH 6. Approximately 27g of 

sodium acetate trihydrate were dissolved in 1 litre of 
water and the pH of the solution was adjusted to 6.0 k 0.1 
(pH-meter) with 5!/, v/v acetic acid. 

Sodium diethyldithiocarbamate (NuDDTC), So/, w/v solu- 
tion. Prepared fresh as required, stabilized by adding 
several drops of concentrated ammonia solution and fil- 
tered before use. 

Tartaric acid-potassium cyanide wush solution, Approxi- 
mately 25 ml of water were mixed with 20 ml of 20”% tar- 
taric acid solution, the pH of the solution was adjusted 
to 10.0 k 0.1 (pH-meter) with concentrated ammonia solu- 
tion, then lOm1 were added in excess followed by 30ml 
each of water and freshly prepared 20”/” potassium cyanide 
solution. 

Pre-equilibrated di-isopropyl ether 

Analytical-reagent grade chemicals were used for all 
other solutions. 

Choice of reference materials 

KC-l and MP-I were chosen for use in the evaluation 
tests because of their accurately known lead contents (6.98 
and 1.93%, respectively) and because other reference lead 

163 



164 ELSIE M. DONALDSON 



Determination of lead in ores 165 

Table 2. Correlation of lead results for MP-1 with the analytical method employed. Recommended value 1.93% Pb; 
95% confidence interval 1.90-1.96% 

Laboratory 
Atomic-absorption 
spectrophotometry Polarographx 

Analytical method, mean value and range, “/. Pb 
x-ray Titrimetnc Tilrimetrx 

Auorescence molybdate chromate 
Titrimetric Na 
DDTC-EDTA 

I I.971 (1 961.98) 
2 I.972 (1.92~2GO) I.981 (1.95-2.01) 
3 I.79 (I 79-1.79) 
4 2,022 (1.97-2.08) 
5 1.759 (1.73-1.78) 
6 I.892 (1.88-1.90) I.916 (1.9g1.94) 
7 I.939 (1.9&l-98) 
8 I-942 (1.88-1.96) 
9 I.974 (1.9s200) 

IO I.892 (1.88-1.90) I.887 (1.X8,-1.88,) 
II I.843 (1.83Sl.87) 
I2 I.889 (1.84,-1.92,) I.910 (1.83-1.98) 1.875 (I-85-1.90) 
13 1.993 (1.98, ~2aO.)‘ 
14 I.904 (lG37,~1.95,) 
15 1.893 (1.85-1.92) 
16 I.950 (1.941.98) 
17 1.928 (1.85-206) 
18 2.082 (>0>2.11) 
19 I.921 (1~85-201) 

Meall I.922 I.860 I.921 1.945 l-952 1.979 

* Listed as gravimetric in the report on MP-1.’ 

ores were not available. The approximate chemical compo- 
sition of these ores is shown in Table 3. In all the evalu- 
ation tests to be described, five replicate samples of KC-l 
(1 g) and MP-1 (2 g) were used. 

Procedure for the decomposition of KC-l and MP-1 

The samples were heated with 15 ml of concentrated hy- 
drochloric acid for 5-10min in a covered 400-ml Teflon 
beaker, then lOm1 each of water and concentrated nitric 
acid and 5ml of concentrated hydrofluoric acid were 
added and the solution was heated for _ 30 min. After the 
addition of 10 ml more of concentrated nitric acid and 3 ml 
of concentrated hydrofluoric acid, the solution was heated 
for 2&30 min, the cover was removed, 15 ml of 50% v/v 
sulphuric acid were added and the solution was evaporated 
to fumes of sulphur trioxide. After cooling, 10ml each of 
concentrated hydrochloric and hydrobromic acids were 
added and the solution was evaporated to fumes of sulphur 
trioxide to remove arsenic and tin. After heating with lOm1 
more of concentrated hydrobromic acid to ensure the com- 
plete removal of arsenic and tin, the solution was evapor- 
ated to fumes of sulphur trioxide twice, after washing down 
the sides of the beaker with water each time, to ensure 
the complete removal of nitric, hydrochloric, hydrobromic 
and hydrofluoric acids, and finally until 3-5 ml of sulphuric 
acid remained. 

Table 3. Approximate chemical composition of MP-1 and 
KC-l’s2 

“/, Present o/0 Present 
Element KC-I MP-I Element KC-I MP-1 

0 
Sl 
Al 
Fe 
Ca 

Mg 
Na 
K 
Mn 
s 
C 
Zn 

14 26.8 Pb 6.98’ 1.93’ 
II 194 Sn @68* 2xv 
0.8 3.63 CU w114* 215* 

16 5.68 Ag O-114’ 59.5 (ppm)’ 
03 3.36 Ti 007 
005 Oa‘l F _ 404 
02 0.01 AS 0.79’ 
0.1 010 Cd _ 007 
005 @05 In 0.071’ 

28 I I.8 Bl _ 0.025. 
0.2 0.10 W _ 0.02 

2037. 1633’ Mo- - 0.014. 

* Certified values. 

Chromate Method 

Standardization of sodium thiosulphate solution 

Three lo-ml aliquots of standard potassium dichromate 
solution were diluted to - 150ml with water. After addi- 
tion of 6 ml of concentrated hydrochloric acid and 1Oml 
of freshly prepared 20% potassium iodide solution, each 
solution was titrated with sodium thiosulphate solution 
until the brown colour of the liberated iodine had almost 
disappeared and the solution was yellowish-green. After 
addition of 5 ml of freshly prepared 5% iodine indicator 
solution, the titration was continued until the solution was 
clear green. The normality and the “true” lead equivalent 
(mg/ml) of the sodium thiosulphate solution were calcu- 
lated from the mean. 

The sodium thiosulphate solution was also standardized 
with four aliquots of standard lead solution containing ap- 
proximately the same amount of lead as would be derived 
from samples of the certified reference ore to be analysed. 
These solutions, except for the additions of nitric, hydro- 
chloric, hydrofluoric and hydrobromic acids described in 
the decomposition procedure, were evaporated to fumes 
of sulphur trioxide three times, the sides of the beaker 
being washed down with water each time, to remove nitric 
acid, and carried through the procedure described. The 
“apparent” lead equivalent of the solution was calculated 
from the mean. 

Procedure 

Fifty ml of water were added to the solution obtained 
as described under “decomposition”, the solution was 
heated to dissolve the soluble salts,. then diluted to about 
100 ml with water and cooled in an ice-bath for 45 min. 
The lead sulphate (and insoluble material) was filtered off 
on Whatman No. 42 paper. The beaker was washed 3 
times with cold 1% v/v sulphuric acid, the paper and pre- 
cipitate were washed once with the same solution, then 
the beaker and precipitate were each washed once with 
cold water. 

The precipitate was transferred to the original beaker 
with a jet of water, and a small piece of moistened filter 
paper was used to clean the lip of the funnel. After addition 
of 25ml of hot sodium acetate-acetic acid solution, the 
solution was boiled for at least 20 min to ensure complete 
dissolution of the lead sulphate. The hot solution was fil- 
tered through the original filter paper and the beaker. and 
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paper plus residue, were each washed twice with - lo-ml 
portions of hot sodium acetate-acetic acid solution. and 
again twice with hot water. The filtrate and washings were 
collected in a 400-m] beaker, diluted to - 150 ml with 
water, if necessary, heated to boiling and then treated with 
lOm1 of saturated potassium dichromate solution added 
slowly by pipette. The solution was boiled gently for 
15520min until the precipitate became orange-red. The 
precipitate was allowed to settle until the supernatant solu- 
tion was clear, then filtered off by suction on a fine-poro- 
sity porcelain crucible containing a i-in. layer of paper 
pulp. The beaker and crucible plus precipitate were each 
washed 5 times with l&15-ml portions of sodium acetate 
wash solution. The sides of the beaker were washed down 
with 25 ml of hydrochloric acid-sodium chloride solution 
and the solution was added to the crucible containing the 
bulk of the precipitate. After about 5 min (for the precipi- 
tate to dissolve) suction was applied and the solution col- 
lected in a clean 500-ml suction flask. The beaker was 
washed twice with - lo-ml portions of the hydrochloric 
acid-sodium chloride solution (from a wash-bottle) and the 
crucible once with 10-15ml of the same solution. The 
beaker and crucible were then each washed twice with 
water, the walls of the flask were washed down with a 
little water, 10 ml of freshly prepared 20’6 potassium iodide 
solution were added and the solution was titrated as de- 
scribed above. 

Recovery of leadfkom the lead sulphate~itrate. The com- 
bined filtrate and washings from the separation of lead 
sulphate were evaporated to dryness to remove sulphuric 
acid, then 10 ml of concentrated nitric acid and 25 ml of 
water were added and the solution was heated to dissolve 
the salts. The solution was diluted to - 150ml with water 
and sufficient concentrated ammonia solution was added 
to precipitate hydrous ferric oxide, then several drops were 
added in excess followed by 20 ml of freshly prepared satu- 
rated ammonium carbonate solution. The solution was 
boiled for several minutes to coagulate the hydrous ferric 
oxide-lead carbonate precipitate, which was then filtered 
off on Whatman No. 541 paper, and the beaker, and paper 
plus precipitate, were washed 3 and 4 times, respectively, 
with hot water. The filtrate and washings were discarded. 
The bulk of the precipitate was transferred to the original 
beaker with a jet of water, and 10 ml of concentrated nitric 
acid were added to dissolve it. The solution was filtered 
through the original filter paper into a 200-ml volumetric 
flask, the beaker and the paper were each washed twice 
with small portions of hot 10% viv nitric acid and then 
once with water. The paper was discarded, the solution 
was diluted to volume with water. and the lead was deter- 
mined by atomic-absorption spectrophotometry (AAS). 

Recovery of lead from the filter paper after separation 
and dissolution of lead sulphate. The filter paper containing 
the acid-insoluble material remaining after the dissolution 
of lead sulphate was transferred to a covered 250-ml 
beaker. 1Oml each of concentrated nitric and perchloric 
acids were added, the mixture was heated to decompose 
the paper, and the solution was evaporated to dryness. 
Five ml of concentrated nitric acid and 25ml of water 
were added, then the solution was heated to dissolve the 
soluble salts and diluted to - IOOml with water. After the 
addition of 1 ml of 20% ferric nitrate (9-hydrate) solution 
as a collector for lead. hydrous ferric oxide and residual 
lead were precipitated and the lead determined (lOO-ml 
final volume) by AAS as described above. 

Recovery oflead,fiorn the lead chrornatejiltrate. The com- 
bined filtrate and washings obtained after the separation 
of lead chromate were allowed to stand for 24 hr. then 
filtered through Whatman No. 42 paper and the beaker 
washed once with a small portion of water. The sides of 
the beaker were washed down with - 20ml of 25% v/v 
nitric acid to dissolve any residual lead chromate, and the 
solution was poured into the filter paper and collected in 

a 50-ml volumetric flask. The beaker and paper were each 
washed with small portions of water, the solution was 
diluted to volume with water and lead determined by AAS. 

Molybdate Method 

Standardization of ammonium molybdate solution 

Three ahquots of standard lead solution, containing ap- 
proximately the same amount of lead as would be derived 
from samples of the ore to be analysed, were transferred 
to 400-m] beakers, 15 ml of 50% v/v sulphuric acid were 
added and the solutions evaporated to fumes of sulphur 
trioxide twice, the sides of the beaker being washed down 
with water each time, to remove nitric acid. and then to 
dryness to remove sulphuric acid. Ten ml of ammonium 
acetate-acetic acid solution were added, the beaker was 
covered. the solution diluted to - 150ml with water, and 
boiled until all the lead sulphate had dissolved. The hot 
solution was titrated with ammonium molybdate solution, 
with freshly prepared 0.5% tannic acid solution as external 
indicator, until a drop of solution turned a drop of tannic 
acid solution yellow. The “true” lead equivalent of the 
ammonium molybdate solution was calculated from the 
mean. 

The ammonium molybdate solution was also standar- 
dized with four aliquots (same as above) of standard lead 
solution which were evaporated to fumes of sulphur triox- 
ide, as described under “standardization of thiosulphate”, 
and carried through the procedure described below. The 
“apparent” lead equivalent of the solution was calculated 
from the mean. 

Procedure 

Following sample decomposition and dissolution of the 
salts as described for the chromate method, a small 
amount of filter pulp (- l/8 of a tablet) was added, the 
solution was cooled in an ice-bath for 45 min and the lead 
sulphate etc. was filtered off on Whatman No. 42 paper. 
The beaker was washed 3 times with cold 1% v/v sulohuric 
acid, the paper plus precipitate were washed once with 
the same solution, then the beaker and precipitate were 
each washed once with cold 1% v/v methanol. 

The precipitate was transferred to the original beaker 
with a jet of water and the paper was shredded and added 
to the beaker. A small piece of moistened filter paper was 
used to clean the funnel and added to the beaker contain- 
ing the lead sulphate. After addition of 10 ml of ammonium 
acetate-acetic acid solution and dilution to - 150 ml with 
water, the beaker was covered, the solution boiled for at 
least 20 min to ensure complete dissolution of the lead sul- 
phate, then the solution was titrated as described above. 

Recovery of lead from the filtrate. The combined filtrate 
and washings were evaporated to dryness to remove sul- 
phuric acid, and lead was separated as the carbonate and 
determined by AAS as above. 

ASTM (E-16) EDTA Method 

Standardization of EDTA solution 

Three aliquots of standard lead solution, containing ap- 
proximately the same amount of lead as would be derived 
from samples of the ore to be analysed, were treated as 
described under “standardization of molybdate”. Fifty ml 
of hydrochloric acid-sodium chloride solution were added, 
the solution was heated to boiling and boiled gently for 
335 min to ensure complete dissolution of lead sulphate. 
After cooling to room temperature, 3 drops of concen- 
trated fluoboric acid, 2 ml of freshly prepared 2.5% ascor- 
bic acid solution and 6 drops of 0.2% Xvlenol Orange 

,” , 

solution were added, with stirring after each addition, then 
- l-g portions of hexamine were added until the solution 
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turned pale purple. The solution was titrated with EDTA 
solution, more hexamine being added as the colour began 
to fade. Near the end-point, 2g of hexamine were added 
and the solution was titrated to a pure yellow. The “true” 
lead equivalent of the EDTA solution was calculated from 
the mean. 

The EDTA solution was also standardized with four ali- 
quots (same as above) of standard lead solution which were 
evaporated to fumes of sulphur trioxide, as described under 
“standardization of thiosulphate”, and carried through the 
procedure described below. The “apparent” lead equivalent 
of the solution was calculated from the mean. 

Procedure 

Following sample decomposition as described above, 
150 ml of water and 3 or 4 drops of 30% hydrogen per- 
oxide solution were added and the solution was boiled 
vigorously for I@15 min to destroy the excess of peroxide 
and dissolve the soluble salts. A small amount of filter 
paper pulp was added and the lead sulphate (and insoluble 
material) was filtered off as in the molybdate method. The 
beaker, and the paper plus precipitate, were each washed 
twice with 0.5% v/v sulphuric acid-l% sodium sulphate 
solution, then the beaker and precipitate were each washed 
once with cold water. 

The precipitate and paper were transferred to the ori- 
ginal beaker, as described above, 50ml of hydrochloric 
acid-sodium chloride solution were added, the solution 
was boiled to dissolve the lead sulphate and subsequently 
titrated as described above. 

The lead in the filtrate was recovered and determined 
as before. 

NaDDTC-EDTA Method 

Standardization of EDTA solution 

Three 15-m] portions of standard lead solution were 
transferred to 250-m] beakers, 5 ml of concentrated perch- 
loric acid were added to each and the solutions evaporated 
to dryness to remove the nitric and perchloric acids. Ten 
g of ammonium chloride and - 1COml of water were 
added and the solution was heated to dissolve the lead 
salts. After addition of 30,ml of pH-6 acetate buffer solu- 
tion, the solution was cooled to room temperature, then 
the pH was adjusted to 58-6.0 (pH-meter) with concen- 
trated and lo://, v/v ammonia solutions and 10% v/v hydro- 
chloric acid, if necessary. Six drops of 0.2% Xylenol 
Orange solution were added and the solution was titrated 
with EDTA solution. Near the end-point the pH of the 
solution was re-adjusted, if necessary, to 5.c5.5 with 10% 
ammonia solution and the titration was continued to a 
pure yellow end-point. The lead equivalent of the EDTA 
solution was calculated from the mean. 

Following sample decomposition as described above, 
25 ml of water were added to the sample solution and it 
was heated to dissolve the soluble salts. After addition of 
20 ml of 20% tartaric acid solution, the solution was cooled 
to room temperature, 30 ml of concentrated ammonia solu- 
tion were added (carefully to avoid spattering) and the 
solution was allowed to stand for several hr to ensure the 
complete dissolution of lead sulphate. The pH was 
adjusted to 100 f 0.1 (pH-meter) with concentrated 
ammonia solution, 10ml were added in excess and the 
whole was transferred to a 250-ml separatory funnel. After 
addition of 30 ml of freshly prepared 20% potassium 
cyanide solution, the solution was allowed to stand for 
at least 5 min to ensure complete complexation of copper, 
zinc, iron and other interfering elements. Sufficient 5% 
NaDDTC solution was added, during three extraction 
stages, to ensure the complete precipitation of lead (4, 3 

and 2 ml for KC-l, and 2, 1 and 0.5 ml for MP-1) and the 
lead complex was extracted by shaking for - 1 min each 
time, first with 15 ml, then with lo-ml portions of chloro- 
form. The aqueous phase was washed by shaking for 
- 30 set with lOm1 of chloroform, then the combined 
extracts were washed by shaking them in a 125-ml separa- 
tory funnel for - 30 set with 10 ml of tartaric acid-potas- 
sium cyanide wash solution, containing 1 ml of 5% 
NaDDTC solution, to remove co-extracted interfering ele- 
ments. The chloroform phase was drained into a 250-ml 
beaker and the aqueous layer washed 3 times by shaking 
for - 15 set each time with 5-ml portions of chloroform. 
Ten ml each of water and concentrated nitric acid were 
added to the combined chloroform phases and the chloro- 
form was removed by evaporation in a hot water-bath. 
After the addition of 10 ml of concentrated perchloric acid, 
the solution was covered and boiled to destroy organic 
material, then carefully evaporated to dryness to remove 
the nitric and perchloric acids. If organic material was still 
present, the residue was again treated with lOm1 each of 
concentrated nitric and perchloric acids and the solution 
boiled and evaporated to dryness. Following the addition 
of log of ammonium chloride and 100 ml of water, the 
dissolution of the lead salts, and the addition of 30 ml of 
pH-6 acetate buffer solution, the solution was titrated as 
described above. 

Modified NaDDTC-EDTA Method 

Procedures for the separation of indium and bismuth 

The following procedures were employed for the separ- 
ation of indium and bismuth in MP-1 because it is known 
that they interfere in the determination of lead by the 
NaDDTC-EDTA method. 

Separation ofindium. After extraction of the lead diethyl- 
dithiocarbamate complex and evaporation of the final 
solution to dryness, 25 ml of 6M (- 68%) hydrobromic acid 
were added to the residue and the solution was heated 
gently, if necessary, to dissolve the salts. The solution was 
transferred to a 125-m] separatory funnel and diluted to 
50ml with 6M hydrobromic acid. Fifty ml of pre-equili- 
brated d&isopropyl ether were added and the funnel was 
shaken for 2 min. The aqueous phase containing the lead 
was drained into a second 125-m] separatory funnel, the 
stem of the first funnel was washed with 6M hydrobromic 
acid (from a plastic wash-bottle), and the remaining indium 
was extracted as described above with a second 50-ml por- 
tion of the ether. The aqueous phase was drained into 
a 400-ml beaker and the stem of the funnel was washed 
with water. The ether in the first funnel was added to that 
in the second, and the first funnel was washed 3 times 
with 5-ml nortions of 6M hvdrobromic acid. The washinas 
were drained into the second funnel, which was shaken 
for - 15 set, and the aqueous phase was then added to 
the beaker. The ether phase was washed twice more with 
5-ml portions of 6M hydrobromic acid, then the combined 
aqueous phases were heated gently to remove the residual 
ether. Five ml of concentrated perchloric acid were added 
and the solution was evaporated to dryness to remove the 
hydrobromic and perchloric acids. 

Separation of bismuth. Ten g of ammonium chloride, 1 ml 
of 20% tartaric acid solution and - lOOm1 of water were 
added to the residue obtained as just described and the 
solution was heated to dissolve the salts. After addition 
of 25ml of concentrated hydrochloric acid, the solution 
was cooled to room temperature, transferred to a 250-ml 
separatory funnel, and diluted to - 150 ml with water. Fif- 
teen ml of chloroform were added, followed by 3ml of 
freshly prepared 5% potassium ethyl xanthate solution, and 
the yellow bismuth complex was extracted immediately 
(because of its instability) by shaking for - 1 min. The 
chloroform phase was discarded. The solution was 
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Table 4. Results obtained for KC-l and MP-I by the chromate method 

Sa”lpk 

By standardlzatm” 
cs. potassium 
dichromate 

In lnitlal 
filtrate 

after lead 
sulphate 

separation 

In paper and 
residue after 
lead sulphate 

separation 

In filtrate alter 

lead chromate 
separation 

Total % 
Pb 

By standardlzatlon 
cs. lead carried 

through 
procedure 

KC-I I 6-95, o-060 
2 6.85, 0071 

4 

Meall 
Standard deviation. “i 

* Overall mean 
95% Confidence limits* 

MP-I 1 

3 
4 

5 
Meall 
Standard dewatmn. ;/, 
Overall mean 
95% Confidence limits* 

6.92; 0.063 
6.92, 0.066 
6.87, 0.067 

1.84, 0.032 
1.85,) 0.030 
I 86, O-03 I 
I-X6, 0.029 

1.81, 0.034 

o-010 0.01 I 

0.010 OGIY 
0.010 0.009 
0.010 ~010 

ow9 O-016 

0.003 

0.003 
@oo3 
0002 
0.003 

0014 
0.01 I 

0.010 
0.010 
o.014 

7.03, 7-01, 

694, 6-9l,, 

7% 6.99, 
700, 698, 
696, 693, 
699, 696, 
0,036 O-WI 

6974 
695*-700, 

1.88, 
1.89, 
I .90, 
I ,902 
l-86, 
1.89, 
O.016 

I-895 
1.X8,- I 90, 

I 89, 
I ,905 
1.91, 
191, 

I ,867 
I %9, 
PO20 

* Calculated for all 10 results. 

extracted three more times with lOm1 of chloroform and 
0.5 ml of xanthate solution each time. The aqueous phase 
was drained into a 4OO-ml beaker, heated gently to remove 
the residual chloroform and evaporated to c 1OOml. Fif- 
teen ml each of concentrated nitric and perchloric acids 
were added, the beaker was covered and the solution 
boiled to destroy the organic material and ammonium 
salts, then evaporated to 5 75 ml. The solution was boiled 
with a further 15-ml portion of concentrated nitric acid, 
then carefully evaporated to dryness in an aluminium 
(beaker-style) evaporator to remove the nitric and perch- 
loric acids. After addition of log of ammonium chloride 
and 100 ml of water, dissolution of the lead salts, and addi- 
tion of 30 ml of pH-6 acetate buffer solution, the solution 
was titrated as described above. 

RESULTS AND DISCUSSION 

The results obtained for lead in KC-l and MP-1 
by the four titrimetric methods are shown in Tables 

Table 5. Results obtained for KC-l and MP-I by the Table 6. Results obtained for KC-l and MP-1 by the 
molybdate method ASTM (E-16) EDTA method 1 

Pb found. “” Pb found. % 

I” mitial I” initial 

filtrate By standardization filtrate By standardlratmn 

By standardizatm” after lead Total IX lead carried By standardlzatlon after lead Total us. lead carried 

us. sulphate :, through 0% sulphate “, through 

Sample pure lead separatlo” Pb procedure Sample pure lead separatmn ;b procedure 

4-7. No difficulties were encountered in applying the 
EDTA methods to the analysis of the certified ores. 
However, in initial tests with the chromate method,6 
in which filter paper (Whatman No. 42) was used for 
the filtration of the lead chromate precipitate, a con- 
siderable and variable amount of precipitate (equival- 
ent to 0.3-1.1 mg of lead) was lost because of its tend- 
ency to creep up the sides of the funnel and then 
be washed down behind the paper during the washing 
stage. Further work showed that lead chromate was 
also lost during filtration, by suction, through a fine- 
porosity porcelain crucible. When a fine-porosity cru- 
cible containing a pad of filter paper pulp was used 
the loss of lead was OG4.16 mg. In initial tests with 
the molybdate method4s5 no end-point could be 
obtained with tannic acid as indicator when the 
recommended concentration of ammonium molyb- 

KC-l I 6.97, 
2 6.90, 
3 693, 
4 6.87, 
5 ti83, 

Mea” 
Standard deviation 3 v ,o 
Overall mean 
95% Confidence limits* 
MP-I I 1.85, 

2 1.91, 
3 I ,904 
4 1.88, 
5 1.92,, 

Mean 
Standard deviation, % 
Overall mean 
95% Confidence limits* 

0.058 
0.060 
O-063 
0.060 
0.061 

0.037 
0036 
0.037 
O-035 
0.036 

7.02, 704, KC-I 1 6.97, 

6.96, 6-91, 2 6.95, 

6.99, 7.01, 3 6.95, 

6.93, 6.94, 4 6-99, 

689, 6,909 5 6.97, 

6.96, 6.974 Mea” 

0.053 0.054 Standard deviatmn, e: 

697, Overall mean 

6.93,.7.00, 95% Confidence limits* 

1.89, 1.88, MP-I I 1.93” 

l-95, 1.94, 2 1.91, 

1.94, 1.93, 3 I .94, 

l-91, I.915 4 1.94, 

1.95, I-95, 5 I .90, 

1.93, l.9Z8 MU.” 

0.028 @02X Standard dewatmn. :: 
1.93, Overall mean 

I-91, 194” 95Y0 Confidence hmits’ 

0.073 
0.085 
O-080 
a071 
O-086 

0.037 
0.037 
0.037 
0.036 
0.041 

7.05, 704, 
7.04, 7.022 
7.03, 7.02, 
7.07, 7.06, 
7.06,, 7.03, 
7.05, 7.03, 
0013 @01X 

7.04, 
703,-7.05, 

1.96, I -96, 
1.94, 194, 
I .97, 1.97, 
l-97, 1.97, 
1.94, 1.93, 
1.96, 1.95, 
0.017 O-019 

1 .960 
1.94,-1.97: 

* Calculated for all 10 results. * Calculated for all ten results. 
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Table 7. Results obtained for KC-l and MP-1 by the 
NaDDTC-EDTA method 

Sample 
Pb found. 7;. by standardization us. pure lead 

KC-l MP-I 

1 6.98, 2.02, 
2 6.97, 2.02, 

3 6.95, 2.02, 

4 6.96, 2.02, 

5 6.952 2.02, 

MeaIl 696, 2.02, 

Standard deviation. ‘!!, 0.012 O@.l3 

95”< Confidence limits 6.95,-6.98, 2.02,~ 2.03, 

date was used (i.e., 1 ml = 5 mg of lead). Even with 
double the concentration the end-point was rather 
indistinct. 

Table 8 shows that only the molybdate method 
gives really good agreement with the recommended 
values for both ores. Tables 46 show that the solu- 
bility losses inherent in the first three methods during 
the separations of lead are a significant source of 
negative error if the titrant is standardized directly 
against pure potassium dichromate in the chromate 
method and against pure lead in the other methods. 
The relative error is substantially greater for MP-1 
than for KC-l because of its lower lead content. In 
most cases, the precision is slightly poorer when the 
titrant is standardized against pure lead carried 
through the procedure in order to cancel out solu- 
bility losses, because the amount of lead remaining 
in the lead sulphate filtrate is not constant. This is 
why, in the evaluation tests, four aliquots of standard 
lead solution, containing approximately the same 
amount of lead as would be derived from the ore 
samples, were carried through the procedure and 
averaged for standardization purposes. 

Theoretically, the molybdate and ASTM EDTA 
methods are prone to positive error because of the 
co-precipitation or retention of sulphates and hy- 
drolysis products of interfering elements (calcium, 
strontium, bismuth, antimony, silver, copper, iron and 
zinc) “-” and the subsequent co-titration of these ele- 
ments.s.13~‘4 This readily explains the high results 
obtained for lead in both KC-l and MP-1 by the 
ASTM EDTA method because large amounts of zinc 
and iron are present in both ores, and a relatively 
large amount of copper is present in MP-1 (Table 
3). Similarly, the higher result obtained for MP-1 by 
the molybdate method than by the chromate method 
could be due to the high calcium content of this ore. 
Retention of calcium sulphate with lead sulphate 

Table 8. Correlation of overall mean lead results for KC-I 
and MP-1 with the titrimetric method employed 

Method 

Overall mean lead results. “0 
KC-l MP-I 

Chromate 
Molybdate 
ASTM (E-16) EDTA 
NaDDTC-EDTA 
CCRMP recommended value 

697, 1.89, 
697, 1.93, 
7-04, 1.96, 
6966 2.02, 
6.98 I.93 

would result in the formation of insoluble calcium 
molybdate during the titration with ammonium 
molybdate solution.13 Positive error due to retention 
of interfering elements with lead sulphate would not 
occur readily in the chromate method because of the 
additional separation of lead from interfering ele- 
ments by precipitation as the chromate. 

The high result obtained for MP-1 by the 
NaDDTC-EDTA method (Table 7) is caused by the 
presence of bismuth and indium in this ore. These 
elements are completely co-extracted with the lead 
as diethyldithiocarbamate complexes from ammonia- 
cal potassium cyanide media (pH 10) and, because 
of hydrolysis, are subsequently only partly co-titrated 
with EDTA.8,9 When bismuth and indium are not 
present, this method is considered to be the best of 
the methods evaluated because it is based on com- 
plete separation and titration of lead. For this reason, 
an attempt was made to modify the method to 
obviate the interference of indium and bismuth. A 
search of the literature did not reveal any method 
for the simultaneous separation of indium and bis- 
muth from lead, but it is known that indium can 
readily be separated from lead by ether extraction 
of its bromo-complex from 46M hydrobromic acid 
media.’ ‘,I6 Although bismuth and lead can be deter- 
mined in the same solution by successive titration 
with EDTA at pH 2 and 5.5 with Xylenol Orange 
as indicator,8 the author experienced difficulty in 
determining the end-point for the bismuth titration 
and did not pursue this approach. It is known that 
bismuth can be extracted as the xanthate complex 
from acidic media.i7*i8 Tests (Table 9) showed that 
bismuth can be separated from lead by chloroform 
extraction of its xanthate from -2h4 hydrochloric 
acid-tartaric acid media, and confirmed that indium 
can be separated from lead by di-isopropyl ether 
extraction of its bromo-complex from 6M hydrobro- 
mic acid media.‘(’ 

Table 10 shows the results obtained for MP-1 by 
the NaDDTC-EDTA method modified for separation 
of indium and bismuth. The mean value is lower than 
the recommended value but in reasonably good 
agreement with that obtained by the chromate 
method and the mean value obtained by Laboratory 

Table 9. Recovery of lead in synthetic solutions after the 
separation of indium and bismuth by extraction as the 

bromo- and xanthate-complexes, respectively 

Pb taken. ,nq In taken. my Bi taken. mg Pb found, my 

IO.58 4.97 lo-68 
21.15 4.97 21 I2 

42.30 497 4236 
84.60 4.97 84.62 
IO-58 4.62’ l0.M) 
21.15 _ 4.62’ 21.34 
42.30 4.62’ 42-28 
84-60 4.62. 84-57 

* Bismuth extracted in five stages using 3, 3, 2, 0.5 and 
0.5 ml of 5% potassium ethyl xanthate solution, respcct- 
ively. 
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Table 10. Results obtained for MP-1 by the modified 
NaDDTC-EDTA method after the separation of indium 

and bismuth 

Sample 
Pb found. “A. by standardization 

us. pure lead 

I 1.86, 
2 1.89, 

3 1.8X, 
4 Is& 
5 I~XS, 

MtX!l 188, 
Standard dewatmn, “,, 0010 
95”,, Conhdence hm!ts Hi7,,- I-89, 

12 (Table 2). This laboratory also used a modification 
of the NaDDTC-EDTA method in which indium was 
separated from lead by butyl acetate extraction from 
5M hydrobromic acid, followed by titration of bis- 
muth at pH 2 and lead at pH 5.5.i9 Laboratory 12 
also obtained a mean value of lS8,‘~ for lead in 
MP-1 by atomic-absorption spectrophotometry 
(Table 2) and a mean value of 6.96,% for lead in 
KC-1 (Table 1) by the NaDDTC-EDTA method. The 
latter value is in excellent agreement with the recom- 
mended value and the mean value obtained during 
the evaluation of this method (Table 7). 

The foregoing results suggest that the recom- 
mended value for lead in MP-1 (1.93%) may be too 

high. This is also indicated by the results of a test 
in which a solution containing the same amounts of 
lead, bismuth and indium that are present in 2g of 
MP-1 was titrated with standard EDTA solution to 
determine the approximate magnitude of the positive 

error due to bismuth and indium in the results shown 
in Table 7. Direct calculation of this error on the 
basis of the lead equivalents of the bismuth and in- 
dium present in the sample (Table 3) is not feasible 
because some hydrolysis of indium and particularly 
of bismuth occurs under the conditions employed for’ 
the titration of lead. The results of this test showed 
that the positive error due to bismuth and indium 
was equivalent to 0.140Y0 lead. Consequently, on the 
basis of the mean value (2.026%) obtained for lead 
in MP-1 by the NaDDTC-EDTA method in the pres- 
ence of bismuth and indium (Table 7). the value 
obtained after correcting for the positive error due 
to bismuth and indium (148&,) is in good agreement 
with the mean value obtained (Table 10) after the 
separation of bismuth and indium. 

CONCLUSIONS 

This investigation has shown that the nature of the 
titrimetric method employed can cause a significant 
difference in the results obtained for lead. It is the 
author’s opinion that the NaDDTC-EDTA method, 
modified, when necessary, to eliminate the interfer- 
ence of indium and/or bismuth, is the most satisfac- 
tory of the methods evaluated because it is based on 
complete separation of lead and direct standardiza- 
tion of the titrant against pure lead. Although this 
method is also subject to interference from thallium, 

which is co-extracted with lead as the diethyldithio- 
carbamate complex,’ this element can be separated 
from lead in the same way as indium.‘” Moreover, 
the final titration procedure is superior to the ASTM 
procedure because sodium acetate has better buffering 

capacity than hexamine and because a sharper and 
more distinct end-point is obtained. 

The molybdate and ASTM methods are not recom- 
mended for the exact, non-routine determination of 
lead in ores because these methods are prone to posi- 
tive error resulting from the retention of interfering 
elements in the lead sulphate precipitate. Further- 
more, the molybdate method is severely prone to 
“operator” error because of the difficult end-point. 
The high concentration of titrant required also causes 
error, when small or moderate amounts of lead are 
to be determined, because of the small volume 
needed. 

Although the chromate method, as do the molyb- 
date and ASTM methods, involves the incomplete 
separation of lead as the sulphate. further separation 
of lead from most of the interfering elements that are 
retained with the lead sulphate precipitate (with the 
exception of barium) is achieved during the sub- 
sequent precipitation of lead as the chromate. This 
method is recommended for the non-routine deter- 
mination of lead in ores, if the titrant is standardized 
directly against pure potassium dichromate. and if the 
residual lead remaining in the filtrates and in the filter 
paper is determined by atomic-absorption spectro- 
photometry and appropriate corrections are made. 
The recovery and determination of the residual lead 
can be facilitated by combining all of the solutions 
obtained after the treatment of the filtrates and paper 
as described under “chromate method” and subse- 
quently separating the lead as the carbonate. 
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QUANTITATIVE SEPARATION OF GOLD FROM CADMIUM, 
INDIUM, ZINC AND OTHER ELEMENTS BY 

CATION-EXCHANGE CHROMATOGRAPHY IN HYDROCHLORIC 
ACID-ACETONE MEDIUM 
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Summary4old(III) can be separated from Cd, In, Zn, Ni, Cu(II), Mn(II), Co(II), Mg, Ca, Al, Fe(III), 
Ga and U(VI) by adsorbing these elements on a column of AG50W-X8 sulphonated polystyrene cation- 
exchange resin from O.lM HCl containing 60% v/v acetone, while Au(II1) passes through and can 
be eluted with the same reagent. Separations are sharp and quantitative. The amounts of gold retained 
by the resin are between 1 and 2 orders of magnitude lower than encountered during adsorption 
from aqueous O.lM HCl. Recoveries for mg amounts of gold are 99.9% or better and for ng amounts 
are still better than 99’/& as shown by radioactive tracer methods. Hg(II), Bi, Sn(IV), the platinum 
metals and some elements which tend to form oxy-anions in dilute acid accompany gold. All other 
elements, though not investigated in detail, should be retained, according to their known distribution 
coefficients. Relevant elution curves, results of quantitative separations of binary mixtures and of recov- 
ery tests are presented. 

It has been shown that gold can be eluted from a 
column containing a sulphonated polystyrene cation- 
exchange resin by aqueous 0.2M hydrochloric acid 
and thus separated from cadmium which is retained 
under these conditions.’ The separation is not quite 
quantitative, and pg amounts of gold are retained on 
a column of 30ml of AG50W-X8 resin when 1OOml 
of gold(II1) chloride solution in @lM hydrochloric 
acid containing 1OOmg of gold are passed through 
it and the gold is eluted with another 300ml of 
aqueous O.lM hydrochloric acid.2 When only ng 
amounts of gold are present a considerably larger 
fraction of the total gold can be retained. Pitts and 
Beamish have investigated the separation of gold(II1) 
from base metals in chloride solution and found that 
substantially low recoveries of gold occur when the 
base metal chloride concentration is above 0.05M. 
Losses are of the order of several per cent of the 
total gold present. Even at the lower base metal con- 
centrations suggested by the authors, gold recoveries, 
according to their results, tend to be low by a few 
tenths of a per cent. Kutil and Cuta4 also found that 
a small fraction of the gold(II1) present is retained 
on a cation-exchange resin after elution with dilute 
hydrochloric acid. On the other hand, when gold is 
passed through a cation-exchange column in 0.2M 
hydrochloric acid containing 90% v/v acetone, the 
amount of gold retained becomes negligible (< 0.5 pg 
out of 100mg).2 Apparently an association complex 
between HAuCl, and acetone is formed which tends 
to remain in the acetone-rich phase outside the resin 
particles, thus preventing interaction between gold- 

* National Physical Research Laboratory, Pretoria. 

(III) and the resin. Cadmium and indium are eluted 
together with gold(II1) under these conditions. Toer- 
ien and Levin5 have separated gold(II1) and platinum 
metals from base metals by elution with 0.1 M hydro- 
bromic acid containing 60% v/v tetrahydrofuran from 
AG50W-X8 cation-exchange resin. Cadmium and in- 
dium were not included in their study. Cadmium will 
probably accompany gold(II1). The distribution coef- 
ficient of cadmium in OlM hydrobromic acid con- 
taining 60% v/v acetone is 7.1,‘j and that in O.lM hyd- 
robromic acid containing 60% v/v tetrahydrofuran 
should not be greatly different, because the distribu- 
tion coefficients of elements in mixtures of hydrobro- 
mic acid with these two solvents are very similar.’ 
For retention of cadmium, hydrochloric acid would 
be preferable to hydrobromic acid as the medium 
because the chloride complexes of cadmium are less 
stable than the bromide complexes. In O.lM hydro- 
chloric acid containing 90% v/v acetone the distribu- 
tion coefficient of cadmium is only 2,1,2 but when the 
acetone concentration is decreased to 60% the coeffi- 
cient increases to 93, while that for gold remains less 
than 1.’ This seems to offer prospects for a good sep- 
aration provided the amounts of gold retained by the 
column remain negligible at the lower acetone con- 
centration. The quantitative aspects of this separation 
have not received attention and therefore were inves- 
tigated in detail. 

EXPERIMENTAL 

Reagents and apparatus 

Chemicals used were of analytical-grade purity. Water 
was distilled and then passed through an Elgastat deminer- 
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alizer. The resin was the AG50W-X8 sulphonated poly- 
styrene cation-exchanger of 2m mesh particle size 
(Bio-Rad Laboratories, Richmond, California). Resin used 
for column work was stirred in a beaker with 0,lM hydro- 
chloric acid containing 60% v/v acetone and the slurry 
transferred to the column with the same reagent. 

Borosilicate glass tubes of either 21 or 15 mm bore with 
fused-in glass sinters of No. 2 porosity and a burette tap 
at the bottom, and either a B19 or a B14 ground-glass 
joint at the top, were used for making the columns. 

Atomic-absorption measurements were carried out 
either with a Perkin-Elmer 303 or with a Varian-Techtron 
AA-5 instrument, and for spectrophotometric determina- 
tions a Zeiss PMQ II spectrophotometer was used. 

Elution curves 

Fifty ml of a solution containing 0.25 mmole of gold(III) 
chloride and 1 mmole of cadmium chloride in O.lOM hy- 
drochloric acid containing 60% v/v acetone were passed 
through a 30-ml column containing 10 g of AG50-X8 resin 
(2-00 mesh). The resin column was 15cm long and 
1.5 cm in diameter and had been equilibrated by passage 
of 50ml of O.lM hydrochloric acid containing 60% v/v 
acetone (i.e., 0.25M aqueous hydrochloric acid mixed with 
acetone in a volume ratio of 2:3, disregarding volume 
changes during mixing). The elements were washed onto 
the column with 3 portions of about lOm1 of the same 
solution, the solution being drained to the top of the resin 
bed after each washing. Elution was then carried out with 
the same solution with a flow-rate of 2.0 k 0.3 ml/min. 
Fractions of 25 ml were taken with an automatic fractiona- 
tor from the beginning of the adsorption step and, after 
evaporation to remove acetone and suitable dilution with 
O.lM hydrochloric acid, the amounts of the elements in 
the fractions were determined by atomic-absorption spec- 
trometry using an air-acetylene flame and the 242.3 and 
228.8 nm lines for gold and cadmium respectively. The ex- 
perimental elution curve is shown in Fig. 1. 

Figure 2 shows an elution curve for the Au(IIItIn pair, 
obtained by using the same column and similar experimen- 
tal conditions. Other elements such as Zn, Cu(II), Co(II), 
Ni, Mn(II), Mg, Ca, Al, Ga, U(VI) and Fe(II1) are more 
strongly retained than indium and are not eluted in the 
first 12OOml of eluate from a 30-m] resin column. When 
the column size was increased to 60ml (20g of resin) no 
cadmium or indium was found in the first lOOOm1 of elu- 
tate when 1 mmole of either of these elements was present. 
Figure 3 shows an elution curve for the Au(IIItCd pair 
with a column 20cm in length and 2,Ocm in diameter, 
containing 20 g of resin. The flow-rate was 3.0 It 0.3 ml/ 
min in this case and elution with O.lM hydrochloric acid 
containing 6o”i;, v/v acetone was interrupted after 400ml 

Adsupiion 

I-‘+ O.IOM HCI in 60% ocMon(l 

5 Au (III, 

4 

1 

Adyption 

k~O,lCM HCI in 60% acetone 

5 in Au (Ill) 

4 

B 

ml ELUATE 
, 

Fig. 2. Elution curve for Au(IIItIn with O.lOM HCI in 
60% v/v acetone. Column (15 x 1.5 cm), AG50W-X8 resin, 

20&400 mesh. Flow-rate 2.0 f 0.3 ml/min. 

had been passed. The cadmium was then eluted with 0.2M 
hydrobromic acid containing 50% v/v acetone. 

Retention of gold on the resin 

About 50 mg of gold(II1) as the chloride in 50 ml of O.lM 
hydrochloric acid containing 60% v/v acetone were passed 
through a column containing 20g of resin as described 
above. The gold was washed onto the resin and eluted 
with 300 ml of O.lM hydrochloric acid containing 60% v/v 
acetone. The resin was then removed from the column and 
ashed in a new silica dish which had been cleaned by boil- 
ing in aqua regia. Ashing was carried out at low tempera- 
ture (about 500”) initially, the temperature being finally 
increased to 650”. The ash was dissolved in aqua regin 
and the solution after evaporation to a small volume was 
transferred into a 50-ml beaker. It was evaporated almost 
to dryness, a few drops of nitric acid being added a few 
min before the evaporation was stopped, and made up 
to 5 ml with 1M hydrochloric acid in a volumetric flask. 
The amount of gold was then determined by atomic- 
absorption spectrometry using an air-acetylene flame, the 
242.3 nm line and scale expansion. A similar experiment 
was carried out with a gold(II1) solution in O.lM aqueous 
hydrochloric acid and eluting with 300 ml of 0.1 M aqueous 
hydrochloric acid. The results are shown in Table 1. 

Quantitative separation of gold(Zll) from binary mixtures 

Suitable aliquots of a standard solution of gold(II1) 
chloride in dilute hydrochloric acid and of one other ele- 
ment were measured out and mixed. The mixtures were 

100 200 300 400 500 600 700 600 900 1000 1100 1200 
ml ELUATE 

Fig. 1. Elution curve for Au(IIItCd with O.lOM HCl in 60% v/v acetone. Column (15 x 1.5 cm), 
AG50W-X8 resin, 20@400 mesh. Flow-rate 2.0 + 0.3 ml/min. 
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Fig. 3. Elution curve for Au(IIItCd. Column (19 x 2.0 cm), AG50W-X8 resin, 20%400 mesh. Flow-rate 
3.0 * 0.3 ml/min. 

Table I. Amount of gold retained by resin 

0 IM aqueous HCI O.lM HCI in 60;; acetone 

Column no. Au. pg Column no. Au. pg 

I 13.3 4 o-4o 
2 8-4 5 0.48 
3 17-l 6 0.28 

adjusted to contain @lM hydrochloric acid and 607” v/v 
acetone (volume of about 150 ml) and were passed through 
columns containing 20g of AG50W-X8 resin (20&400 
mesh). When 5 g of gold were present the solutions were 
adjusted to a volume of about 5OOml before being passed 
through the columns. The columns were 20cm in length 
and 2.0 cm in diameter and had been equilibrated by pass- 
age of 50 ml of the eluting agent. Gold(II1) was then eluted 
with 300ml of O.lM hydrochloric acid containing 60% 
v/v acetone, followed by the elution of the other element 
with 3OOml of l.OM hydrochloric acid in the case of Cd 
and In and 300ml of 3.0M hydrochloric acid in the case 
of Zn, Cu(I1) and other elements. The flow-rate was 
3.0 k 0.5 ml/min. The gold(II1) and “other element” frac- 
tions were collected separately, the effluent from the 
adsorption step being included in the gold(II1) fraction, 

Table 2. Analytical methods used 

Element Method 

AU 

Cd 

In. Ga. Fc(III). 
AI 

Zn 

CO(ll) 

Ni 

CU(I1) 

Ca. Mn(II) 

Mg 

UPI) 

Gravimetrically as the metal alter precipitatton with 

SO,. Small amounts by atomic-absorption spectro- 
metry. 

ComplexometrtcaIIy wth EDTA in slight excess of 
ammonia wth Methylthymol Blur as Indicator. Small 
amounts by atomic-absorptmn spectrometry. 
Complexometrically with DCTA; back-titration with 

ZnSO, at pH 5.5 wth Xylenol Orange as indicator. 
Small amounts of indium by atomtc-absorption spec- 
tr0tllctry. 
Complexometrically with EDTA at pH 5.5 wtth 
XyIenoI Orange as indicator. 
Complrxometrically with EDTA, Naphthyl Azoxme S 
as indicator at pH 6 (pyridme buffer). 
Complexometrically in slight excess of ammonn with 
EDTA; Murextde as indtcator. 
CompIexometricaIly with EDTA. Methylthymol Blue 
in presence of trace of 1.10~phenanthrolme as indicator 
at pH 5 
Complexometrvzilly wtth EDTA in presence of excess 
of ammonia. Methylthymol Blue as Indicator. Hydrox- 
ylamtnc hydrochloride present for Mn(I1) 
CompIexometricaIIy with EDTA at pH IO wth Ertoch- 
rome Blueblack B as indicator. 
Gravtmetrtcally as U,Os after precipitatmn wth CO,- 
free ammonia. 

and after evaporation to dryness on the water-bath the 
amounts of the elements in the fractions were determined 
(Table 2). The results of the analyses are presented in Table 
3. 

Separation of nanogram amounts of gold(lll) 

Triplicate l-g samples of the standard granite rock 
NIM-G were weighed out accurately and dissolved as de- 
scribed previously.* To the resulting solution were added 
5 ml of a solution containing a mixture of radioactive gold 
isotopes, mainly gold-196 (6.2 d) and gold-194 (39.5 hr). 
These had been obtained by bombarding a target of pure 
platinum with 16-MeV deuterons in the cyclotron of the 
NPRL in Pretoria and separating gold from platinum by 
solvent extraction as chloride into ethyl acetate. The total 
amount of gold present was less than 5OOng originating 
from impurities in the platinum target (according to speci- 
fications) and 9 ng present in 1 g of granite as determined 
by neutron-activation analysis.’ The solutions were 
adjusted to about 150 ml in volume, O.lM in hydrochloric 
acid and 60% v/v in acetone concentration and gold was 
separated from the major rock-forming elements as de- 
scribed in the previous paragraph. The eluate was evapor- 
ated to dryness and the residue taken up in aqua wgia. 
The resin was removed from the columns and ashed in 
silica dishes at low temperature after the rock-forming ele- 
ments had been eluted, and the ash was dissolved in aqua 
rrgia. Undissolved material was fused with a small amount 
of potassium bisulphate before dissolution in dilute hydro- 

Table 3. Results of analyses of synthetic mixtures 

Taken Found 

Au, w 

Other element 

(WI Au. my 

Other element 

w 

2074 Cd 
21.2 Cd 

O@tXX Cd 

2LWJ Cd 
411.5 Cd 

SW2 Cd 
205.3 In 
205.3 Zn 
209.7 NI 
209.7 CUllI) 

0.0244 CUllI) 
208.5 Mn(I1) 
208.5 CO(I1) 
208.5 Mg 
208.5 Ca 
208.5 Al 
208.5 Fe(II1) 
208.5 Ga 
208.5 UWII 

125-6 207.3 + 0.2 125.6 & O-I 
128.5 21.1 + 0.1 128.5 ? 0.2 
254.6 00488 * O~ooo4 254.6 k 0.1 

12.90 200.3 f 02 12.90 2 0.01 
0,114 41 1.3 f 0.4 O-I I4 * owl 
00238 5001 f I 0.0240 f o-o003 

87.47 205.4 f @I 87.53 + @I8 
70.90 205.2 + 0.2 70.93 + O-05 
59.29 209.6 + 0.1 59.29 i O-02 
64 12 209.6 k 0.1 64 I I * 0.02 

1086 0.0242 f PC004 1082 * 2 
55.96 208-5 ? 0.1 5597 * 0.03 
6007 208.4 f 0.2 60.06 * O-03 
24.88 208.4 + O-l 24.88 f 0.02 
4029 208.5 f 02 40.30 * PO2 
28.12 208.6 k 0.2 28-I 2 * 0.02 
56.06 208.4 i 0.1 56.07 * 0.03 
69.56 208-5 i 0.1 69.55 + 0.03 

239.2 208.4 f O-2 239.1 k O-I 
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Table 4. Separation of nanogram amounts of gold 

Taken (standard). 

cps 

513.9 

518-6 
505.4 

Elutmg sotution. 
cp.\ 

508. I 
508.2 
so7 7 

Rrsm ash. 
cps 

1.h 
14 
IO 

chloric acid. The activity of the gold-containing fractions, 
the solutions of the ash and 3 solutions containing 5ml 
of the radioactive gold standard, which had been measured 
out together with the solutions added to the dissolved rock 
samples, was then measured with a gamma-spectrometer 
under identical conditions (solution volume and counting 
position). Results are presented in Table 4. 

RESULTS AND DISCUSSION 

The method described provides a useful means for 
the separation of micro or macro amounts of gold 
from Cd, In, Zn, Ni, Cu(II), Mn(II), Co(II), Mg, Ca, 
Al, Fe(III), Ga, U(V1). Many other elements which 
have not been investigated in detail should also be 
separated according to their known distribution coef- 

ficients.* They include Be, Sr, Ba, Li, Na, K, Rb, Cs, 
Ti, Zr, Hf, Th, SC, Y, lanthanides and Cr(II1). The 
only species to accompany gold are the platinum 
metals, Hg(II), Bi(III), Sn(IV) and some of those ele- 
ments which tend to form oxy-anions in dilute acids. 
The mixed-solvent eluting agent reduces the amount 
of gold retained by the resin by more than an order 
of magnitude (Table l), while Cd and In are still 
retained. For large amounts of gold, recoveries are 

better than 99.9x, while even for ng amounts, 99% 
or more can be recovered (Table 4). In another exper- 
iment in which special precautions were taken to keep 
gold(II1) in the oxidized state, only 0.1% of 500 ng 
of gold were found to be lost by adsorption on the 
resin and on the walls of beakers. When 5 g of gold 
were present (Table 3) 27.5,ug were found with the 
cadmium and 18.3 pg were found to be still on the 
column. Certain precautions always have to be taken 
to minimize losses of gold on the column. Evapo- 
ration in hydrochloric acid of high concentration 
reduces and precipitates gold. With small gold con- 
centratiqns this is not visible. Solutions of gold in 
hydrochloric acid should therefore always be reoxi- 
dized after evaporation. The most convenient way is 
to add 5 or 6 drops of nitric acid to the last ml of 
hydrochloric acid which remains and heat the solu- 
tion for several min before dilution and addition of 
acetone. 

Separation of the other elements from gold is sharp 
and recoveries are quantitative. Cadmium is the most 
critical of the elements separated and shows fairly 
severe “heading” (Fig. l), but the separation factor 
and distribution coefficient of cadmium are large 
enough to guarantee a quantitative recovery, pro- 
vided a large enough column is used. No cadmium 
(co.2 pg) was found in the gold-containing eluate 
after 48.8 pg of gold had been separated from 
254.6mg of cadmium on a 60-ml column. Smaller 

columns can be used when smaller amounts of cad- 
mium are present. The separation of other elements 
is less critical and much smaller columns can be used 
for separating small amounts of Cu(II), Co(II), Mn(II), 
Ni, Zn, Fe(II1) etc. from large amounts of gold. 

The method is very well suited for the separation 
of small or trace amounts of many other elements 
from large amounts of gold. It is also quite useful 
for separating small amounts of gold from large 
amounts of other elements and in this respect com- 
pares quite well with a recently published method 
using DEAE-cellulose for the selective adsorption of 
gold.” The chloride concentration in the DEAE-cel- 
lulose method is limited to below 0.05M. This re- 
stricts the amounts of other elements from which the 
gold can be separated, because the distribution coeffi- 
cient of gold is not very high (about 200 in 0.05M 
hydrochloric acid). Only a limited amount of solution 
therefore can be passed through a l-g (about 15ml) 
column before gold breaks through, and the lOO-mg 
amounts of other elements separated from gold by 
Kuroda rt ~1.‘~ are near the maximum which a 
column of that size can handle. On a 60-ml column 
of AG50W-X8 resin, 1 g of Cu(I1) (Table 3) and many 
other species can be retained, and a 90-ml column 
can quantitatively absorb more than 2 g of many ions. 
About 384pg of Cu were found with the gold when 
about 1 g of Cu(I1) was separated from 24.4pg of 
Au(III), and no copper was found (co.4 pg) when 
1 mmole of copper was separated from 1 mmole of 
gold. The amount of Cu(I1) passing through the 
column seemed to be much more dependent on the 
Cu(I1) concentration during the adsorption step than 
on the total amount of Cu(I1) present. Furthermore, 
in the cation-exchange separation the gold passes 
through the column directly, whereas it has to be 
eluted in the second step when DEAE-cellulose is 
used. In the cellulose method Se(IV) and, by a special 
extra step, also Pd(II), Pt(IV) and Hg(II), which 
accompany gold in the resin procedure, can be separ- 
ated. The resin procedure, on the other hand, seems 
to be useful for the group separation of the precious 
metals Au, Pt, Pd, Ir and Rh from minerals and rocks, 
before their combined determination by sensitive 
methods such as spark-source mass-spectrometry or 
neutron-activation analysis. 

An apparently very selective method for the separ- 
ation of gold from other elements has been published 
by Fritz and Millen” who used an Amberlyst XAD-7 
polyacrylic anion-exchanger. Indium has not been in- 
cluded in their investigation, but will probably also 
be separated. Unfortunately the quantitative investi- 
gations were carried out only on about 0.6-mg 
amounts of gold, and data on the quantitative analyti- 
cal behaviour of large or very small amounts of gold 
were not included. However, in a patent it has been 
shown that about lOOo/, recovery of gold can be 
obtained from 2.79 x lo-‘M solution, with the same 
resin.12 The present method is more suitable for the 
separation of most elements in trace and ultratrace 
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is also applicable to the separation of ve--9 ---” ‘y Jllldll Inst., 1972, 25. 214. 

amounts of gold (< 1 pg), and is useful ove :r a very 
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TRACE METALS SPECIES IN SEA-WATER-I 

REMOVAL OF TRACE METALS FROM SEA-WATER 
BY A CHELATING RESIN 
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Summary-A significant fraction of the copper, lead, cadmium and zinc in sea-water exists in a form 
which is not retained by a chelating resin (Chelex-100) or extracted by ammonium pyrrolidinedithiocar- 
bamate. Anodic stripping voltammetric results suggest that the major part of the unavailable trace 
metal is adsorbed on, or occluded in, organic or inorganic colloidal particles. An ionic equilibria 
computer program was used to predict the effect of various complexing agents on trace metal species 
in sea-water. Citric acid and amino-acids, with the exception of I-cysteine, were shown to be unimportant 
as complexing agents, and the ability of an EDTA-like ligand to complex Cu, Pb, Cd and Zn is 
controlled entirely by the concentrations of the ligand and of “labile” Fe(II1) and Cr(II1) in sea-water, 
since these two ions together will react quantitatively with EDTA. I-Cysteine, if present in sea-water, 
would also complex the trace metals. _ 

Atomic-absorption spectrophotometry (AAS) is com- 
monly used to determine many trace heavy metals 
in sea-water.’ Because of interference by the sodium 
chloride matrix, and because their concentrations are 
too low for direct determination, the heavy metals 
must first be separated and concentrated from the sea- 

water sample. 

Although liquid-liquid extraction of the trace me- 
tals by using a chelating agent such as ammonium 
pyrrolidinedithiocarbamate (APDC) often provides 
sufficient concentration for the non-flame AAS tech- 
niques, solvent extraction is inadequate for the less 
sensitive flame AAS methods. This is because the 

degree of extraction decreases as the aqueous-to- 
organic phase volume ratio is increased, effectively 
limiting the sample size which can be used, and the 
concentration factor which can be achieved.’ 

For this reason the application of chelating resins 
to sea-water analysis has become increasingly popu- 
lar.‘-’ Chelating resins are simpler to use and less 
time-consuming than solvent extraction, and allow 
much higher concentration factors to be attained. In 
addition, the sample is not contaminated with heavy 
metal impurities from buffers and organic reagents. 
Most laboratories appear to use a chelating resin 
column in the manner originally described by Riley 
and Taylor,2 i.e., the sea-water at natural pH (pH 
8.1) is passed through a 6 x 1.2 cm column of 50-100 
mesh, hydrogen-form Chelex-100 resin. After passage 
of a sufficient volume of sea-water (l-10 litres), the 
adsorbed metals are eluted with a suitable solvent, 
usually 2M nitric acid. The nitric acid eluate is then 
analysed for trace metals directly, or after extraction.‘j 
Chelating resins have also been used by several 
workers for the preparation of “stripped” sea-water 
(i.e., free from heavy metals) for productivity and 
other studies.‘,’ 

Riley and Taylor* and later workers’ checked the 
quantitative nature of adsorption of heavy metals 
from sea-water onto Chelex-100 resin, by spiking the 
sample with ionic radiotracers and measuring the ac- 
tivity of the effluent and eluent. Most metals were 
found to be quantitatively adsorbed at pH 8. This 
type of standard addition procedure using either ac- 
tive or inactive ionic tracers is commonly used for 
checking recoveries during the analysis of natural 
waters. The procedure, however, is prone to error be- 
cause the heavy metal in the sample may not exist 
entirely in the free ionic form, but may be present 
partly as colloidal and/or complexed forms which will 
not equilibrate with the added ionic spike during the 
time of the separation experiment. In this case, 
measurement of the recovery of the spike will bear 
no relation to the recovery of the metal originally 
present in the water sample. 

We have studied the retention of copper, lead, cad- 

mium and zinc from sea-water on a column of 
Chelex-100 chelating resin by analysing the original 
sea-water and the column effluent for these metals, 
using direct anodic stripping voltammetry (ASV). Re- 
tention of the metals naturally present in sea-water 
was not quantitative.’ We also did a few experiments 
to measure the efficiency of APDC extraction of these 
metals from sea-water. In addition, a computer study 
was made of the likely effect of several organic ligands 
on trace metal species in sea-water. 

EXPERIMENTAL 

Apparatus 

The polarograph~voltammeter, used in conjunction with 
a Beckman electrode-rotator and a polished glassy-carbon 
electrode, has been described previously.‘” The hanging 
mercury-drop electrode assembly was used with a Prince- 
ton Applied Research Model 174 voltammeter.” 
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Table 1. Metal impurities in reagents used 

Reagent 

Distilled, demineralized water* 
2M Suprapur HN03 
2M Suprapur sodium acetate 
lo-*M G.R. mercuric nitrate 

Impurity, ~c~]jl. 
Cu Pb Cd Zn 

0.18 0.14 0.05 0.36 
0.18 0.16 0.05 <l,O 

- <2.5 
3.2 3.5 0.56 - 

* Sample taken from polyethylene storage tank. 

All separation experiments and voltammetric measure- 
ments were made at 25.0 f 0.5’. Electrode potentials are 
referred to the SCE. 

Reagents 

The chelating resin used was Chelex-100 (Bio-Rad La- 
boratories), 50-100 mesh, supplied in the sodium form. To 
convert the resin into the Hc-form, a portion was sus- 
pended in 2M nitric acid, decanted several times to remove 
fines, then loaded into a 0,8-cm bore glass tube fitted with 
a Teflon stop-cock. After washing, the height of the column 
was 10 cm. The resin was washed with 30 ml of 2M nitric 
acid, then with water until the pH of the effluent was above 
4.5. 

Synthetic sea-water was prepared” from reagent-grade 
salts. The chlorides were first heated to 600 to remove 
any organic matter. The salts were then individually dis- 
solved in water, mixed, and diluted to volume. The solu- 
tion was filtered through an acid-washed 0.4-pm Nucle- 
pore filter. 

Water supplied from a commercial demineralizer plant 
was passed through a laboratory demineralizer, then dis- 
tilled from permanganate and stored in a carefully-cleaned 
25-l. polyethylene tank. Merck Suprapur nitric acid and 
sodium acetate, and general-reagent grade mercuric nitrate 
were used throughout. Table 1 shows the concentrations 
of trace metal impurities found in these reagents by direct 
ASV measurements. 

Collection and treatment of sea-water samples 

Pacific Ocean surface samples were collected near shore, 
off Wattamolla, a relatively-unpolluted area in the Royal 
National Park. Svdnev. The 15-l. high-densitv nolvethvlene 
sample bottles were *initially cleaned by soa*king in 2M 
hydrochloric acid for 2 weeks, then rinsed thoroughly with 
water. The same bottles were used for over 2 years for 
sea-water samples, and were rinsed with acid and water 
between samples. Surface sea-water samples were taken 
about 10 cm below the surface, the bottles being rinsed 
six times with sea-water before the sample was taken. The 
samples were filtered within 2 hr of collection, and were 
usually analysed the same day. The samples were filtered 
through an acid-washed 0.4-pm Nuclepore membrane 
filter, the first litre of filtrate being discarded. Filtrates were 
stored at the natural pH in clean polyethylene or Pyrex 
bottles which had been soaked overnight in 2M hydro- 
chloric acid, then rinsed with water before use. No signifi- 
cant changes were observed in the concentrations of trace 
metals in samples stored for up to 2 weeks in either Pyrex 
or polyethylene. 

Experimental procedure 

Filtered sea-water was loaded into a 5-l. Pyrex reservoir 
above the chelating resin column, The column tap was 
adjusted to give a flow-rate of 1.5 ml/min, the first 25 ml 
of effluent being discarded. The flow-rate was varied 
between @5 and 3.0 ml/min, and in this range was found 

* By “labile” we mean an easily dissociated complex spe- 
cies. 

to have no effect on the retention of the trace metals. New 
resin was used for each experiment. 

Labile* Cu. Pb and Cd were determined in the effluent 
by adding @I ml of 2M nitric acid and 0.1 ml of O.OlM 
mercuric nitrate per 25 ml of sea-water (i.e.. bringing the 
pH to 2.2). Deposition at the glassy-carbon electrode, 
rotated at 2000 rpm, was carried out at -0.9 V, and the 
d.c. stripping ramp was applied at 5 V/min up to a poten- 
tial of - 0.15 V. A prehminarv 5-min deposition was made. 
and after strippingla IO-min deposition was used for quan- 
titative measurements. The Cu, Pb and Cd peaks occurred 
at -0.31, -0.49 and -0.70 V, respectively. The peak 
heights were found to be unchanged if the acidified sea- 
water sample was allowed to stand at 25” for up to 3 
hr before measurement. 

Total Cu, Pb and Cd were measured after adding 2.00 
ml of 2M nitric acid to 25 ml of effluent (pH 0.7) and 
boiling gently in a covered beaker for l&l5 min. We 
found, in agreement with other workersI that this pro- 
cedure liberated all the trace metals in a sea-water sample. 
No increase in trace metal content was found when 25 
ml of sea-water were taken almost to dryness with 2 ml 
of 15M nitric acid, or with a mixture of nitric and perch- 
loric acids. 

Slightly different procedures were used for the deter- 
mination of zinc at the hanging mercury-drop electrode. 
For labile zinc, 0.1 ml of 2M sodium acetate and 0.05 
ml of 2M nitric acid were added per 25 ml of sea-water 
(i.r., bringing the pH to 5). Deposition was carried out 
at - 1.2 V for 5 min. and a differential pulse scan (lo-mV 
pulse modulation) was made at 2 mV/sec. The zinc peak 
occurred at - 1.0 V. Total zinc was measured after adding 
2.00 ml of 2M nitric acid to 25 ml of sea-water. boiling 
for 10-15 mitt, cooling, then pipetting a lo-ml portion into 
a 25-ml flask. adding 1.0 ml of 2M sodium acetate, and 
diluting to volume, Corrections were made for the evapo- 
ration during boiling, measured by weighing the beaker 
and contents before and after the boiling. 

RESULTS 

Chelating resin and solvent extraction studies 

The effect of pH on the determination of “free” 
Cu, Pb and Cd in sea-water is shown in Fig. 1. A 
similar study using synthetic sea-water yielded curves 
of almost identical shape. A pH of 2.2 was chosen 

2 3 4 5 6 7 

PH 

Fig 1. Effect of pH on the sensitivity of the anodic strip- 
ping waves of Cd. Pb and Cu in sea-water. Sea-water con- 
tained (labile metal, pg/l.): Cd-0.15, PbbO.45, Cu--O,46. 



Trace metals species in sea-water 181 

Volume of seowater through column, ml 

Fig. 2. Effect of volume of sea-water passed through 
column of Chelex-100 chelating resin (H+-form) on pH 
of effluent and removal of zinc. A, removal of labile zinc; 

B, pH of effluent; C, removal of bound zinc. 

for the determination of free metals, because at this 
pH all three metals give waves of reasonable sensi- 
tivity. Since the peak heights vary considerably with 
pH, both in natural and in organic-free synthetic sea- 
water, care should obviously be taken in ascribing 
such changes in sensitivity with pH to the presence 
of natural chelating agents in sea-water. 

Figure 2 and Tables 2 and 3 show some of the 
results obtained for labile and bound (i.e., total minus 
labile) metal in surface sea-water samples, and for the 
removal of these metals by Chelex-100. With the 

exception of copper, bound metals were very poorly 
extracted by the chelating resin, even at high pH. 
Labile zinc and copper were almost quantitatively 
retained after the passage of 1 litre of sample, but 
labile lead and cadmium were less efficiently removed. 
On the other hand, when synthetic sea-water was 

passed through a column of Hf-form Chelex-100, the 
metal impurities were removed to the same extent 
as ionic spikes. In the case of synthetic sea-water, 
values for labile and total metal are almost identical. 

The pH of the effluent from a 10 x 0.8 cm column 
of Chelex-100 (H+-form) was followed as a function 
of the volume of sea-water passed through the 
column. The results are shown in Fig. 2. The hydro- 
gen form of Chelex-100 is gradually neutralized by 
the metals present in sea-water, and the plot of pH 
us. volume of effluent had the shape of a typical acid- 
base titration curve, with the effluent pH finally rising 
to 7.4 after 4 litres of sea-water had been passed. 

It was found possible to convert the trace metals 
in sea-water into a form which was retained on 
Chelex-100 by heating the sample after adjustment 
to pH 0.7, using the method described for determina- 
tion of total metal. After cooling, the pH was adjusted 
to 8.1 with sodium hydroxide and the water passed 
through the column. However, the reagent-grade so- 
dium hydroxide introduced such a high concentration 
of impurities that the blank value was higher than 
the natural heavy metal concentration. 

The effect of pH on the adsorption of trace metals The effect of irradiating a sample of sea-water with 
by Chelex-100 has been studied by several ultraviolet light before passing it through the resin 
workers.7r14,15 To obtain greater than 981:) retention column was also investigated. One litre of sea-water 
of Cu, Pb, Cd and Zn, resin pH values higher than was treated with 1 ml of 3074 hydrogen peroxide and 
1.7, 2.5, 2.9 and 2.5, respectively, are required. Reten- irradiated in a narrow tube with a 35-W U-tube im- 
tion of these metals increases with increasing pH until mersion ultraviolet lamp for 5 hr, with magnetic stir- 
a constant distribution ratio is reached near pH 6.‘.14 ring. The temperature of the water rose to 60”, but 
We found that when a sample of sea-water was spiked the pH was found to be unchanged. Ultraviolet irra- 
with ionic Cu(II), Pb(II), Cd(H) and Zn(II), then diation decreased the difference between the labile 

Table 2. Removal of trace metals from sea-water by Chelex-100 chelating resin* 

passed through a column of Chelex-100 (H+-form), 
the removal of the spikes from the first 100 ml of 
effluent (pH 2.8), was 99.7, 99.4, 80.0 and 97.3%, re- 
spectively. However, after passage of 1 litre of effluent, 
when the pH had risen to 6.6, the retention was 
greater than 99.5% for all four metals. If the 
Chelex-100 column was first buffered by treatment 
with 25 ml of 2M sodium acetate, then washed with 
water before passage of the sea-water sample, the in- 
itial effluent had a pH of 7.1. Under these conditions 
retention of Pb, Cd and Zn spikes in the first 100 
ml of effluent increased to greater than 9950/,, but 
copper retention fell to 97.2”/,. 

Total metal, Labile metal, Labile metal Bound metal 
Volume of KG. &l/j. removed, Td, removed,$ “/, 

effluent,? ml Zn Cd Pb Cu Zn Cd Pb Cu Zn Cd Pb Cu Zn Cd Pb Cd 

Initial 3.9 045 0.84 0.65 1.77 0.22 0.30 0.40 ~ - ~- ~ - - ~ - 
100 3.3 0.51 0.87 0.43 1.19 0.27 0.27 0.23 33 nil 10 43 0.9 nil nil 20 
250 2.9 0.40 0.80 0.30 0.75 0.15 0.25 @13 58 32 17 68 nil nil nil 32 
750 2.12 @34 0.76 0.19 0.11 0.12 0.23 0.05 94 46 23 88 5.6 4.3 1.9 44 

1000 1.94 0.33 0.71 0.20 0.05 0.09 0.18 0.06 97 59 40 85 13 nil 1.9 44 
2000 - 0.25 0.69 0.17 - @05 0.18 0.03 ~ 77 40 93 - 13 5.6 44 

* Sea-water at pH 8.1 passed through a 10 x 0.8 cm column of Chelex-100, H+ form. 
t Samples were collected from the column and analysed after passage of the stated volume of effluent. 
$ Bound metal = total metal - labile metal. 
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and total metal measurements, and improved the 
retention of cadmium and copper, but not of lead. 
Spectrophotometric examination of the irradiated 
wateri could not detect any residual dissolved 
organic carbon compounds. 

Some limited work was also carried out on the abi- 
lity of a commonly-used solvent extraction technique’ 
to measure Cu, Pb, Cd and Zn in sea-water. Portions 

of filtered sea-water (200 ml) were adjusted to pH 
45 with hydrochloric acid after addition of 15 ml 
of 1% APDC (recrystallized) solution. The mixture 
was then shaken for 3 min with 10 ml of methyl iso- 
butyl ketone (MIBK). After the phases had separated, 
50 ml of the aqueous phase were treated with 5 ml 
of 2M nitric acid, and boiled’ to reduce the volume 

to 25 ml. After cooling, the solution was then ana- 
lysed for Cu, Pb, Cd and Zn by ASV. At the thin-film 
electrode the cadmium wave suffered some interfer- 
ence from residual organic matter in these solutions. 

Analysis of the aqueous phase by ASV showed that 
copper naturally present in sea-water was extracted 
completely by APDC at pH 4.5 from all sea-water 
samples studied. Extraction of lead varied between 
35 and 6504, and was highest when the sea-water had 
a high 1abile:total lead ratio. Zinc extraction ranged 
from 23 to 59% of total zinc. If the sea-water was 
adjusted to pH 0.7, then heated, cooled, and sodium 
acetate added to adjust the pH to 4.5 before extrac- 
tion, complete extraction of all three metals was 
achieved. 

Suitable radioisotopes of Cu, Pb, Cd and Zn were 
used to spike sea-water samples and measure the 
degree of extraction of ionic metal by APDC in the 
pH range 3.5-8.1. Copper and lead gave 100% extrac- 
tion in this range, zinc gave 98x, while cadmium 
showed 100% extraction between pH 8.1 and 4.5, but 

only Son/;; at pH 3.5. 

Metal species studies 

The use of individual metal-ion stability constants, 
or pairs of constants, to calculate the equilibrium con- 
centration of a particular species is not valid in such 
a complex mixture as sea-water. The correct equilib- 
rium concentration can be computed only by simul- 
taneously taking into account all of the possible com- 
peting equilibria. This task is too laborious to be at- 
tempted by manual calculation. The ionic equilibria 

program COMICS” was corrected, modified, and 
improved by Sylva,18 and used to calculate equilib- 
rium concentrations of ions in a model sea-water. A 
further improvement of the program” enabled the 
data to be presented both as final equilibrium con- 
centrations of each species, and the per cent distribu- 
tion of a particular metal between various species. 

For all calculations, the following total ligand and 
metal concentrations (M) were held constant: Cl- 
0.548; SOi- 2.82 x IO-‘; CO:- 2.40 x 10m3; citrate 
5.00 x lo-‘; glycine 3.00 x lo-‘; Cd2+ 1.00 
x 10-9; cu2+ I.50 x 10ms; Pb2+ I.00 x 10-9; 

Zn’+ 3.00 x 10m8; Ca’+ 1.00 x IO-“; Mg2+ 

5.40 x lo-‘. In addition, varying concentrations of 
I-cysteine, EDTA, iron and chromium were used in 
the calculations. The final pH was varied between 0.7 
and 8.1. Clycine was used to represent (with the 
exception of I-cysteine) the free amino-acid group. 
This was considered valid because glycine is the pre- 
dominant free dissolved amino-acid in sea-water,*’ 
and in any case, there is little variation in the stability 
of the complexes formed by most of the common 
amino-acids with a particular metal.2’,‘2 Other 
organic compounds identified in sea-water. such as 
fatty acids, sugars and phenols,23 generally form 
weaker complexes with metals than do the amino- 
acids and citric acid, so they were not included in 
the model. EDTA was used to simulate a particularly 

powerful chelating agent (e.g., humic acid). Stability 
constants were selected from Sillen’s compila- 
tions,2’.22 and were corrected for ionic strength by 
using published activity coefficients.24 

Some of the results obtained from these calcula- 
tions are shown in Tables 47. In the absence of 
EDTA and I-cysteine (Table 4) the distribution of the 
Cu, Pb, Cd and Zn species is similar to that calcu- 
lated by Zirino and Yamamoto.24 

The effects of EDTA, NTA, and a synthetic organic 
mixture on the anodic stripping behavior of Cu, Pb, 
Cd and Zn in sea-water, and on the extraction of 
copper and zinc from sea-water by APDC, were in- 
vestigated. A synthetic organic mixture was prepared, 
containing (in mg/l.); citric acid (250), malic acid (250) 
palmitic acid (250) p-hydroxybenzoic acid (2), glycine 
(I 50) humic acid (lo), aspartic acid (50), leucine (50) 
and I-cysteine (10). Two ml of this mixture added to 
200 ml of sea-water had no effect on the extraction 
of Cu and Zn spikes. Also, EDTA and NTA at the 
125 pg/l. level did not decrease the extraction of Cu 
and Zn, but with EDTA at the 1.25 mg/l. level, only 
355; of the zinc spike was extracted, although copper 
extraction was still unaffected. If distilled water was 
substituted for sea-water, similar results were ob- 
tained; the extraction of copper was not decreased, 
even by the higher concentration of EDTA, but only 
small amounts of zinc were extracted at the higher 

level of EDTA. 
Addition of the organic mixture to ‘both natural 

and synthetic sea-water (0.2 ml per 200 ml of water) 
had no effect on the Cu, Pb, Cd or Zn anodic strip- 
ping waves at either pH 6.0 or 4.6. At pH 4.6, aspartic 
acid at concentrations as high as 4 x 10mhM did not 
affect any of the metal waves. At pH 6.0, 2 x IO- ‘M 
EDTA did not diminish or shift the metal stripping 
waves, but at pH 4.6 the waves, particularly those 
of lead, were diminished by EDTA concentrations 
higher than 1 x 10e8M. 

DISCUSSION 

It is apparent that Chelex-100 chelating resin can- 
not be used in the manner described by Riley and 
Taylor2 for the quantitative concentration of Cu, Pb, 
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Table 3. Removal of trace metals from sea-water by Chelex-100 resin after passage of 1.0 litre of sea-water* 

Sample 
No. 

Resin 
form 

pH of 
effluent 

Total metal, Labile metal. Labile metal, Bound metal 
KG. KG removed, % removed,? % 

(original) (original) 
Zn Cd Pb Cu Zn Cd Pb Cu Zn Cd Pb Cu Zn Cd Pb Cu 

1 64 250 0.24 0.50 0.42 1.80 0.15 040 0.42 86 27 27 91 23 9 nil - 
2 6.5 6.2 0.58 0.87 0.69 1.55 @12 0.36 0.33 ‘- 29 34 69 - nil 11 56 
3$S H+ 6.4 4.8 0.23 0.96 0.45 2.40 0.13 0.80 0.35 85 67 69 96 12 5 5 27 
4 
4’ ,“: 

6.5 - 0.23 0.74 0.65 - 0.08 0.30 040 - 50 25 97 - 18 19 55 
2.0 - 9 22 40 - nil 22 37 

4 Na+ 7.7 - 100 87 91 - 23 12 44 
4 NH4+ 7.5 - 91 74 78 - 15 20 42 

* Sea-water at pH 8.1 passed through a 10 x 0.8 cm column of Chelex-100. Effluent sampled after 1 litre had passed 
through column. 

t Bound metal = total metal - labile metal. 
$ This sample collected 10 miles offshore. 
4 Elution of the resin column with 2M HN03 after passage of 1 litre of sea-water gave the following apparent 

original metal contents &g/l.): Cu--O.25, PH.46, Cd--O.O7. 
’ Sea-water adjusted to pH 1.8 (2ml of 1OM HCI per litre of sea-water) before passage through column. 

Cd and Zn from sea-water. In a footnote to a later 
paper3 these authors mentioned that they had 
observed some initial leakage of zinc from a 
Chelex-100 column. They stated that the loss was 
equivalent to 34% of the zinc contained in the first 
litre of sea-water which passed through the column. 
We have found much greater losses, however. For 
example, from Fig. 2 it was calculated that the loss 
of labile zinc in the first litre was 25’/& and the loss 
of bound zinc was 95%. This amounts to a 63% loss 
of total zinc in the first litre of sample. Conversion 
of the resin into the sodium or ammonium form im- 
proves the retention of labile metal, but has little 
effect on bound metal (Table 3). Because copper forms 
the strongest complex with Chelex-100,‘5 it is 
removed from sea-water more efficiently than the 
other metals. However, at effluent pH values above 
7, we found, in agreement with Holynska,7 that the 
retention of copper decreases. Muzzarelli and Roc- 
chetti’” reported that Dowex Al chelating resin 
removes only a small fraction of the total copper pres- 
ent in sea-water. Cadmium forms especially strong 
chloro-complexes,’ ’ and in saline waters its distribu- 

tion ratio with Chelex-100 would be expected to be 
lower than in non-chloride media.14 

Liquid-liquid extraction of sea-water with APDC- 
MIBK gave results similar to those obtained with the 
chelating resin, although removal of trace metals was 
generally more efficient by solvent extraction. Copper 
was extracted readily, but a preliminary acid treat- 
ment of the sample was necessary to attain complete 
extraction of lead and zinc with APDC. 

Chelex-100 in the H’-form removed trace metals 
from synthetic sea-water with an efficiency equal to 
the removal of ionic spikes, and there was very little 
difference between the ASV values for labile and total 
metal in synthetic sea-water. The entirely different be- 
havior of natural sea-water shows that it contains a 
large fraction of the trace metals in a form which 
is not available to the resin. Even the “labile” metal 
in natural sea-water is not completely removed by 
the resin, indicating that the ASV method used to 
determine labile metal includes in the measurement 
some of the metal which will not react with the resin. 
Probably, at the low pH (pH 2.2) used for the deter- 
mination of labile metal, some of the metal contained 

Table 4. Calculated distribution of Cd, Cu. Pb and Zn species in sea-water in the absence of cysteine and EDTA* 

Ligand 

Fraction of total metal ion, % 
Cd cu Pb Zn 

pH 2.2 pH 8.1 pH 2.2 pH 8.1 pH 2.2 pH 8.1 pH 2.2 pH 8.1 

Free ion 
l-Cl 
2-Cl 
3-Cl 
4-Cl 
l-SO4 
l-CO, 
I-HCO, 
1 -citrate 
I-glycinate 
l-OH 
2-OH 

1.7 1.6 
29.1 27.7 
31.8 30.3 
27.6 26.3 
9.6 9.1 
0.3 0.3 

10.1 0.7 
<O.l 0.1 
<O.l <O.l 
<O.l to.1 
to.1 4.0 
<O.l <O.l 

34.7 0.3 3.3 
47.8 0.4 28.9 

8.3 0.1 39.8 
1.1 <O.l 17.3 
0.2 <O.l 4.8 
7.6 0.1 5.8 

<O.l 3.9 <O.l 
<O.l 0.2 <O.l 
<O.l <O.l < 0.1 
<O.l 0.3 <O.l 
<@l 1.2 <Ol 
<Ol 93.9 <@l 

1.0 22.1 5.7 
8.8 38.8 9.9 

12.2 21.2 5.4 
5.3 5.8 1.5 
1.5 4.0 1.0 
1.9 7.8 2.2 

67.8 <O.l 2.4 
0,2 10.1 0.2 

<O.l <Ol <O.l 
<O.l 10.1 10.1 

1.3 <O.l 0.1 
<O.l 10.1 71.7 

* Fe(III) = 2 x 10e9M, Cr(II1) = 1 x 10e9M. 
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Table 5. Calculated effect of EDTA on the distribution 
of Cd, Cu, Pb and Zn in sea-water* 

Fraction of total metal as 
EDTA complex, % 

PH EDTA, M Cd Cu Pb Zn 

2.2 2 x 1o-9 <O.l <O.l <O.l <O.I 
2 x lo-* <O.l 0.2 <Ol 10.1 
2 X lo-’ <O,l 2.6 0.1 0.1 

4.5 2 x 1o-9 <O.I <O.l <O.l <O.I 
2 x 10-s 0.2 66.2 5.6 3.8 
2 x lo-’ 6.4 98.2 62.8 53.0 

8.1 2 x 1o-9 < 0.1 0.3 0.3 0.2 
2 x lo-” 0.7 4.8 5.2 2.9 
2 x lo-’ 6.8 35.1 36.9 24.3 

* Fe(III) = 2 x 10e9M, Cr(IIi) = 1 x lo-‘M, I-cys- 
teine = 5 x lO~“A4. 

to compete with the iminoacetate groups in 
Chelex-100, which form very strong complexes with 
heavy metal ionsI Alternatively, the complex could 
be inert, and not dissociate in the time of the separ- 
ation experiment. Lowman and Ting3’ found that 
they could free the cobalt-vitamin B-12 complex (co- 
balamin) from Co ‘+ impurity by passing a solution 
of the mixture through a column of Chelex-100. The 
Co” was adsorbed, while the cobalamin passed into 
the effluent. 

in colloidal particles which pass through the column 
will dissolve, and contribute to the value for labile 
metal (Table 3). Use of a Chelex-100 column in the 
Na+-form appears to be a promising method for 
separating the ionic and colloidal forms of trace 
heavy metals in sea-water. 

The exact nature of the form in which “soluble” 
trace metals exist in sea-water has been the subject 
of many studies and discussions.26-33 It seems 
reasonable to assume that the soluble “bound” metal 
is present either as organic chelates or adsorbed on 
or occluded in organic or inorganic particles. Irradia- 
tion of a sea-water sample with ultraviolet light de- 
creased, but did not eliminate, the difference between 
labile and total metal, which suggests that not all the 
bound metal is combined with a simple organic 
ligand. 

Colloidal particles are not retained by most ion-ex- 
change resins because the resin pore size (about 30 
A) is too small to allow the colloids to enter the resin 
network.34 Cation-exchange resins have been used in 
this manner to remove ionic impurities from colloidal 
zirconia and other ~01s. 34 Organic or inorganic col- 
loidal particles in sea-water would therefore be 
expected to pass through a column of Chelex-100, 

carrying with them adsorbed trace metals. On heat- 
ing in a strongly acid solution they would dissolve, 
or at least release the trace metal, and so give rise 

to the analytical figure for “bound” metal. Breger3’ 
has presented persuasive arguments that most of the 
“dissolved” organic matter in natural waters exists as 
colloidal particles. He believes that the study of the 
properties of high molecular weight compounds in 
natural waters has been neglected because these com- 
pounds are so difficult to characterize. Slowey and 
Hood26 found that in the Gulf of Mexico an average 
of 431,: of the zinc and 8”/;, of the copper was in a 
non-dialysable form. Solubility of organic colloidal 
particles in MIBK could explain why we found that 
solvent extraction was more efficient than Chelex-100 
in removing trace metals from sea-water. 

If the bound metal were present as a simple metal Application of the computer program COMICS to 
chelate, the ligand would need to be very powerful predict the distribution of trace metals species in a 

Table 6. Calculated distribution of Ca, Mg, Fe and Cr in sea-water* 

Per cent of total melal ioni- 
Ca Mg Fe Cr 

Ligand pH 2.2 pH 8.1 pH 2.2 pH 8.1 pH 2.2 pH 8.1 pH 2.2 pH 8.1 

Free ion 

l-Cl 

l-SO4 

2-so4 

l-CO3 

l-HC03 

l-OH 

2-OH 

EDTA 

93.5 
93.5 

10.1 
<O.l 

6.5 
6.5 

<O.l 
<O.l 
to.1 
<O.l 
10.1 
<O.l 
<O.l 
10.1 
to.1 
<O.l 

<O.l 

92.2 93.5 
92.2 93.5 

10.1 <O.l 
10.1 co.1 

7.0 6.5 
7.0 6.5 

<O.l <O.l 
<O,l <O.l 

0.3 < 0.1 
0.3 
0.5 
0.5 

<O.l 
10.1 
<O.l 
<O.l 
- 

<O.l 

<Ol 
<@l 
< 0.1 
co.1 
co.1 
<O.l 
co.1 

<O.l 

89.4 
89.4 

10.1 
10.1 

6.7 
6.1 

<O.l 
<O,l 

0.1 
0.1 
3.8 
3.8 

<O.l 
<O,l 
<O.l 
<O.l 

0.7 co.1 
<O.l <O,l 

1.6 <O.l 
10.1 co.1 

9.9 <O.l 
< 0. I < 0. I 
86.3 <O.l 

0.1 <O.l 
<O,l <O.l 
<O,l co.1 
< 0.1 to.1 
<Ol < 0.1 

0.1 to.1 
<O.l co.1 
<O,l 
<o,t 

100.0 
91.4 

42.7 
0.1 

18.6 
<O.l 
37.2 

0.1 
<O.l 
to.1 
<O,l 
<O.l 
< 0.1 
<@l 

0.4 
< 0.1 
<O.l 
<O.l 

<O,l 99.8 2.6 99.9 

<O.l 
<O,l 
10.1 
<O.l 
<O.l 
<O,l 
10.1 
<O.l 
<O.l 
to.1 
10.1 
<O.l 
99.9 

@2 
<O,l 
<O,l 

99.8 

* Fe(lI1) = 2 x 10e9M, Cr(II1) = 1 x 10e9M. 
t First result shown for each ligand is in absence of EDTA and I-cysteine. th& second result is in presence of 

5 x lo-“M I-cysteine and 2 x IO-*M EDTA. 
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Table 7. Calculated effect of l-cysteine on the distribution of Cd, Cu, Pb and Zn in sea-water 

I-Cysteine, M 

Fraction of total metal as cysteine complex,* % 
Cd cu Pb Zn 

pH 4.5 pH 8.1 pH 4.5 pH 8.1 pH 4.5 pH 8.1 pH 4.5 pH 8.1 

5 X to- lot <O.l 10.1 co.1 <O.l <O.I 0.3 <O.l 1.5 
4 x 10-V <O.l <O,l <O.l <O.l <O.l 2.3 0.2 11.5 
4 x 10-V <O.l <o.t <O.l 0.1 0.3 41.3 2.1 79.8 
I x 10_8$ <O.l <O.l <O.l <O.l 0.1 6.3 @5 27.9 
4 x lo-s$ <O.l <O.l <O.l <@l 0.3 40.2 2.1 19.4 

* Fe(III) = 2 x IO-“iV, Cr(II1) = 1 x 10m9M. 
t No EDTA. 
$Plus 2 x lO-‘M EDTA. 

model sea-water provided some interesting results 
(Tables 47), which should, however, be interpreted 
with some caution because of the limitations of this 
approach. Perhaps the most serious problem is the 
choice of the correct values for the relevant stability 
constants. Published values for any metal complex 
stability constant usually cover a wide range,21,22 
and this is particularly so in the case of the 
chloro-complexes. Because of the high concentration 
of chloride in sea-water, the chloride stability con- 
stants have a profound effect on the calculated distri- 
bution of species. Other problems are the lack of in- 
formation on the existence or stability of polymerized 
species, on the lability of the complexes, and on the 
presence of unidentified chelating agents. With these 
reservations in mind, the following conclusions can 
be drawn from Tables 4-7. (a) At pH 2.2, the pH 
used for the determination of labile metal, Cu, Pb, 
Cd and Zn exist entirely as free metal ion, or as 

chloro- and sulphato-complexes, even in the presence 
of EDTA and I-cysteine. (b) At the natural pH of 
sea-water (pH %l), and in the absence of EDTA and 
L-cysteine, zinc and copper exist principally as the 
dihydroxy complexes, lead as the carbonate-complex, 
and cadmium as chloro-complexes. (c) Citrate and 
amino-acids (except I-cysteine) do not complex any 
significant amounts of metals over the range pH 
0.7-8.1. Siege12’ quoted ASV results which showed 
that aspartic acid added to sea-water diminished the 
stripping peak of copper. In agreement with 
Duursma” and with the results calculated from our 
computer model, we found that 4 x lo-‘M aspartic 
acid had no effect on the stripping waves of Cu, Pb, 
Cd and Zn. (d) Even in the presence of a high con- 
centration of EDTA (2 x lo-‘M), no significant 
reaction occurs between EDTA and calcium and 
magnesium over the pH range studied. (e) EDTA has 
maximum complexing effect near pH 45.36 (f, The 
concentrations of iron(II1) and chromium(II1) com- 
pletely dictate the behaviour of EDTA in sea-water, 
since these two ions together react quantitatively with 
EDTA over the pH range 2.2X3.1, and the other heavy 
trace metals will form EDTA complexes only after 
ionic Fe and Cr have reacted completely. 

The possibility that iron and chromium control the 
complexing behavior of powerful EDTA-like ligands 
in sea-water was originally proposed by Duursma.28 

Siegel” criticized the choice of EDTA to simulate 
a strong chelating agent, on the basis that EDTA 
shows an unusual preference for Fe(II1). Although 
Siegel’s arguments were not entirely convincing (he 
used an incorrect value for the Fe(III)-NTA stability 
constant”), it is true that certain ligands (e.g., I-cys- 
teine) can, at the natural pH of sea-water, react with 
other metals in the presence of an excess of Fe(III) 
(Table 7). 

The difficulty in predicting the behavior of Fe(II1) 

and Cr(II1) in sea-water is that the “labile” concent- 
rations of these ions are not known. The total con- 
centration of soluble iron is about S&l., and of chro- 
mium(II1) is 0.5 pg/L3’ However, much of this iron 
and chromium may exist as polymerized or other spe- 
cies which will not react with the added ligand. Flor- 
ence3* reported that only 10% of the total iron in 
tap-water would chemically exchange with the Bi- 
EDTA complex, while Benes and Steinnes39 found 
that only 19% of the iron, and 49% of the chromium 
in river water was dialysable. 

Fulvic and humic acids have often been suggested 
as the compounds in sea-water which react most 
powerfully with trace heavy metals.31 However, the 
small amount of quantitative data so far pub- 

lished3’340 suggests that fulvic acid forms weaker com- 
plexes with the transition metals than does EDTA.36 

The stability constants of the I-cysteine complexes 
of Cu, Pb, Cd and Zn are particularly large,22 and 
any significant concentration of this amino-acid in sea- 

water will have an important bearing on the complex- 
ing of zinc and other trace metals, since it will com- 
pete even with EDTA (Table 7). Siegel and Degens” 
and Degens et ~1.‘~ could not detect any free l-cys- 
teine in sea-water, and their results suggest that its 
concentration is less than 0.5 pg/l. (4 x lo-‘M). 
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Summary-The construction and operation of a simple, solar-blind photoionization detector which 
responds to incident radiation between 125 and 140 nm is described. The detector, the response charac- 
teristics of which are controlled by the ionization potential of the ethylamine filler gas and the calcium 
fluoride window employed, is shown to provide for efficient detection of atomic line emission from 
carbon, oxygen and chlorine in this wavelength region. The spectral sources employed for non-dispersive 
work with this detector arc a microwave-excited argon plasma and a demountable hollow-cathode 
lamp. 

Because of the numerous problems associated with 
the production and detection of radiation at wave- 
lengths shorter than 200 nm this region has been 
somewhat neglected for the purposes of routine ana- 
lytical atomic spectrometry. The atoms of many ele- 
ments, including the halogens, carbon, sulphur, 
oxygen, nitrogen, phosphorus and mercury, emit in- 
tense resonance-line radiation in this region. A simple, 
non-dispersive system for detecting the atomic-line 
emission of these elements would be attractive for 
their detection and determination by the techniques 
of atomic emission, absorption and fluorescence spec- 
trometry. Conventional spectrometry in the “vacuum 
ultraviolet” region is usually undertaken with large 
vacuum spectrometers and photomultiplier detectors. 
By analogy with the advantages of non-dispersive 
detection systems rather than grating or prism/ 
monochromator systems in analytical atomic spec- 
troscopy in the near ultraviolet and visible regions 
of the spectrum, use of a non-dispersive detection sys- 
tem in the vacuum ultraviolet might be expected to 
yield advantages of simplicity, large aperture and suit- 
ability for operation in simultaneous multi-element 
analysis. The photoionization detector (PID) appears 
to offer such possibilities. A typical PID consists of 
a chamber containing a gas at low pressure and two 
electrodes across which a constant d.c. voltage is 
applied. When the chamber is irradiated by photons 
having sufficient energy to cause ionization of the gas, 
an ionization current is produced and may be regis- 
tered in the external circuit. The magnitude of the 
current is proportional to the incident ionizing pho- 
ton flux. The spectral response of a PID is controlled 
on the short wavelength (high energy) side by the 
transmission characteristics of the material from 
which the window is made and on the long wavelength 
side by- the photoionization threshold of the filler gas. 
The construction and use of PID systems for physical 
research has been documented; detectors based on 

this principle have found application in the examina- 
tion of the solar spectrum.‘,’ By careful selection of 
the window material and the filler gas, detectors with 
a spectral bandpass of only a few nm may be con- 
structed, which will detect radiation in the range 10% 
200 mn. In addition to high spectral selectivity, detec- 
tors of this type have high quantum efficiencies, low 
noise levels and the capability of serving as gas-gain 
multipliers. They may also be made to have large 
optical aperture, are “solar-blind” and may be rugged 
and compact. This paper describes the construction 
and evaluation of a simple PID system designed for 
non-dispersive work in the spectral range 125 
140 nm, and its use for the detection of such radiation 
from a microwave-excited argon plasma at atmos- 
pheric pressure or from a flow-through demountable 
hollow-cathode lamp source. 

EXPERIMENTAL 

Apparatus 

Photoionization detector. The PID assembly used in this 
work is shown in Fig. 1. A Pyrex cylinder (90 mm in length, 
29 mm diameter, 2 mm wall-thickness) fitted with a B14/23 
ground-glass cone and socket at one end and a side-arm 
fitted with a three-way 2-mm bore tap was employed as 
the detector envelope. The electrode assembly, mounted 
onto glass-to-metal sealing rods through the ground-glass 
cone. consisted of a cylindrical sheet copper cathode 
(80 mm in length, 25 mm internal diameter, 0.19 mm thick- 
ness) along the central axis of which a l-mm tungsten 
wire anode was located. The electrodes were insulated from 
each other by means of the glass and PTFE anode sup- 
ports shown in Fig. 1. A polished calcium fluoride window 
(3 mm thickness, 25 mm diameter) was mounted in a cylin- 
drical aluminium holder sealed with epoxy resin cement 
onto the end of the PID envelope. The aluminium window 
holder had an external annular depression in which an 
O-ring was positioned to permit vacuum sealing of the 
detector at the exit slit of the vacuum monochromator 
employed in some of the work. All components of the PID 
were carefully cleaned and degreased before assembly. The 
ground-glass joints were sealed with high-melting wax. 
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electrode 
Central tungsten 
wire electrode 
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n 

Fig. 1. Photoionization detector assembly. 

A d.c. voltage (5-400 V) was provided across the detector 
from a dry battery supply. The photoioni~tion current 
was registered on a picoammeter (P24. Knick, Berlin, Ger- 
many) and the voltage output from this device was displayed 
on a potentiomctric chart recorder (Servoscribe Model RE 
511). 

Microwave plasma source. A microwave-excited argon 
plasma supported at atmospheric pressure in a fused silica 
tube (150mm length, 2mm i.d.) with a l/4-wave resonant 
cavity, was employed. Power (ca. 50 W) was supplied at 
2450 MHz from a 200-W microwave power supply (Micro- 
tron Mk III, EMS Ltd.). The argon flow-rate was variable 
between 0.5 and l.OI./min and the plasma discharge was 
viewed “end-on” along the central axis of the silica tube. 

Demountahle hollow-cathode lamp source. A- commercial 
demountable hollow-cathode lamp source (Mini~ow, 
Spectra Products Inc., North Haven, Conn., U.S.A.) was 
employed. The source was capable of operation at d.c. cur- 
rents of between 5 and 50 mA and argon pressures between 
2 and 10mmHg. The lamp assembly was capable of 
accepting a variety of cathodes. The cathode shells used 
in this work were aluminium (22 mm length, 4 mm internat 
diameter. 1 mm wall thickness) into which the material to 
be examined was pressed. The cathode assembly was 
water-cooled. The silica window of the demountabie hol- 
low-cathode source was replaced by a calcium fluoride 
window (3 mm thickness) for the present studies. 

Auxiliary equipment. The spectral emission character- 
istics of the source employed, and the spectral response 
characteristics of the PID, were established by using a I-m 
normal-incidence vacuum grating monochromator (Model 
E760, Rank Hilger Ltd.). This was equipped with an end- 
window photomultiplier tube (EM1 6258) the silica win- 
dow of which had been coated with sodium salicylate (I- 
I .5 mg/cm2). 

RESULTS AND DISCUSSION 

For preliminary evaluation a PID was constructed 
to operate in the spectral range 120_14Onm, choice 
of this wavelength region being governed by the avail- 
ability of suitable window materials and of filler 
materials having suitable ionization potential and 
vapour pressure to enable the PID to operate effi- 
ciently at room temperature. In addition, a number 
of useful atomic lines from carbon, oxygen, chlorine, 
bromine and sulphur lie in this wavelength range and 
were thus available for assessment of the response 
characteristics of the PID. The vapour of ethylamine, 
which has an ionization potential of 8% eV (141.0 nm) 
was employed as the f&r material. The photoioniza- 

tion efficiency curve for ethylamine is shown in Fig. 
2.3 The short-wavelength response was controlled by 
the window material. In most of the work reported 
here a 3-mm calcium fluoride window was used. The 
transmission characteristics of this window are also 
shown in Fig. 2. The spectral response of the PID 
can be predicted to be between 120 and 140 run. 

A simple vacuum and purging system was con- 
structed to permit the filling of the PID (Fig. 3.). An- 
hydrous ethylamine (10 ml), b.p. 16.6, was placed in 
the pear-shaped flask and frozen by immersion of the 
flask in liquid nitrogen. The system was then eva- 
cuated with a two-stage rotary pump and gushed out 
several times with argon. After evacuation of the com- 
plete system tap A was closed to isolate the flask 
containing the ethylamine. The flask was then 
removed from the liquid nitrogen and allowed to 
warm to produce a steady increase in ethylamine 
vapour pressure. By first closing tap B and then open- 
ing tap A the system was flushed out several times 
with ethylamine vapour, followed each time by re- 
evacuation to a pressure of cu. 3 mmHg. Tap B was 
then finally closed and a preselected pressure of ethyl- 
amine vapour admitted to the system oia tap A. With 
taps A and B both closed, the detector was sealed 
by closing tap C and removed from the system for 
use. Even with the simple PID system constructed 
for this study, the PID envelope would maintain a 
pressure as low as 1 mmHg for periods of over 8 hr 
and was simply and rapidly refilled when necessary. 

z I I 
120 130 140 150 

Wavelength, nm 

Fig. 2. Photoionization efficiency curve for ethylamine 
and transmission characteristics of calcium fluoride 

window. 
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taining CCI, provided useful line emissions from 
carbon, oxygen and chlorine suitable for evaluation 
of the spectral response characteristics of the PID. 

The PID was filled with ethylamine vapour at 
2 mmHg and positioned at the exit slit of the vacuum 
monochromator; the window of the ionization 
chamber formed the vacuum seal with the mono- 
chromator. The argon plasma, operated at 65 W and 
an argon how of 1 l./min, was viewed by the mono- 
chromator using a spectral half-band pass of 1.6 rmr. 
The emission spectrum of the argon plasma was 
recorded with the PID operated at 85V. The spec- 
trum obtained is shown in Fig. 6, which also shows 

Fig. 3. Evacuation and purging system employed for filling 
PID detector. 

Spectral response characteristics of the PID 

The spectral response characteristics of the ethyl- 
amine PID were studied with both sources available, 
i.e., a microwave-excited argon plasma and the 
demountable hollow-cathode lamp system. The back- 
ground emission spectrum from the argon plasma in 
the wavelength range of interest was first examined 
with the vacuum monochromator and photomulti- 
plier assembly. Figure 4 shows a typical spectrum 
obtained. The principal features of the emission spec- 
trum may be identified as lines originating from im- 
purities in the argon or from the walls of the silica 
plasma tubing, i.e., lines of carbon and oxygen from 
carbon dioxide, hydrocarbons and water vapour. 
Emission spectra were then obtained from the plasma 
when small quantities of other vapours were intro- 
duced into the argon supply. Figure 5 shows the spec- 
tra obtained in the presence of carbon tetrachloride, 
sulphur dioxide and iodine. Though SO2 and IZ gave 
no emission in the wavelength range of interest, the 
emission spectra of the argon plasma alone or con- i. hh 

I I I I I I I 

IjO li0 150 160 li0 lb0 lb0 

Wavelength,nm 

Fig. 5(a). 

9 
> 

L 

1 130 IL0 150 160 170 180 190 200 

Wavelength,nm 

Fig. 4. Emission spectrum from microwave-excited atmos- 
pheric argon plasma between 120 and 200 nm. Microwave 
power, 65 W; E.M.I. 6256B photomultiplier at 1600 V, 

coated with sodium salicylate. 

130 IL0 150 160 170 180 190 

Wavelength,nm 

Fig. S(b). 
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Fig. 5(c). 

Fig. 5. Spectra from microwave-excited atmospheric argon 
plasma pressure of (n) Ccl,, (h) SOz, (c) 12, introduced 
into argon supply. Microwave power, 65 W, E.M.I. 6256B 
photomultiplier at 1600 V, coated with sodium salicylate. 

the spectrum of the argon plasma obtained by using 
the vacuum monochromator at the same spectral 
band-pass (1.6 nm) but with the photomultiplier 
detector. It is clear that the PID responds only to 

(bl 

I I I I I I I I 
120 130 140 150 160 170 180 190 200 

Fig. 6. Emission spectra from microwave-excited argon 
plasma, obtained by using vacuum monochromator (1.6 
nm-bandpass) and (a) PID detector operated at 85 V, 2 
mm Hg pressure of ethylamine. (b) E.M.I. 6256B photo- 

multiplier at 700V; coated with sodium salicylate. 

radiation in the wavelength range predicted. Whereas 
the carbon and oxygen line emissions in the region 
128-132 nm are observed, the more intense longer- 
wavelength carbon lines between 140 and 193 nm are 
not detected. 

As a further test of the response characteristics of 
the ethylamine PID the demountable hollow-cathode 
lamp source with argon filler gas and an aluminium 
cathode containing a mixture of tungsten and mer- 
curic chloride was employed. The spectrum from this 
source in the range 13s200nm (obtained with the 
vacuum monochromator and photomultiplier detec- 
tor) consists principally of atomic line emission from 
chlorine, oxygen, carbon and mercury, as shown in 
Fig. 7~7. This spectrum was obtained with an argon- 
purged optical path (3 cm) between the source and 
the monochromator entrance slit. The experiment 
was then repeated with this 3-cm path-length purged 
with argon containing 1% methane. As methane 
absorbs strongly at wavelengths shorter than 140nm 
the emission intensity from the source at short wave- 
lengths is attenuated. The spectrum obtained under 
these conditions is shown in Fig. 7h and clearly 
demonstrates the absorption of the oxygen and chlor- 

ine atomic line emission between 130 and 140 nm and 
the unaffected intensities at longer wavelengths. These 
experiments were repeated with the PID in the non- 
dispersive mode, i.e., with the radiation from the 
demountable hollow-cathode lamp source falling di- 
rectly on to the detector via the 3-cm purged path 
without use of the vacuum monochromator. The re- 

(a) 

(bl 

I I I I I I I I 
130 IL0 150 160 170 180 190 200 

Wavelength, nm 

Fig. 7. Emission spectra from demountable hollow-cath- 
ode lamp source. Argon filler gas, HgCl# cathode. (u) 
Optical path (3 cm) purged with argon. (b) Optical path 

(3 cm) purged with l?;, CHI in argon. 
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sponse in the presence and absence of 1% methane 
in the argon purge-gas is shown in Fig. 8. The de- 
crease in the presence of methane correlates well with 
that between 130 and 140 nm shown in Fig. 7. It is 
thus apparent that it is the incident radiation below 
140 nm to which the PID responds. 

Effect of ethylamine vapour pressure and applied volt- 
age on response of PZD 

The radiation from the demountable hollow-cath- 
ode source with an aluminium cathode containing a 
mixture of tungsten powder and solid mercuric chlor- 
ide was allowed to fall directly onto the PID in the 
non-dispersive mode. The effect of ethylamine pres- 
sure and the applied voltage on the response of the 
detector was examined. The current-voltage curves 
obtained are shown in Fig. 9. 

For the detector geometry employed, in which a 
thin wire central electrode is located along the central 
axis of the large cylindrical electrode, the electric field 
E in the coaxial system at a distance r from the centre 
of the central wire electrode is given by 

V 

E = r In [a/b] 

where V is the applied voltage and a and b are the 
radii of the cylindrical and central wire electrodes, 
respectively. In the applied voltage range between 
A and B (Fig. 9) for a given photon flux entering the 
detector the ions formed by the reaction. 

C2H5NH, + hv+ C2H,NH: + e- 

are collected with increasing efficiency as the field 
strength in the chamber increases with increasing 
voltage. Further increase in applied voltage, in the 
range from B to C, can then not result in further 
collection efficiency for the given geometry and cell 
dimensions, and a “plateau region” of relatively con- 
stant output current is obtained. At higher applied 

I o-7 

I 
I@ 

3cm path 
of argon 

Fig. 8. PID currents observed in presence and absence of 
methane in optical path between hollow-cathode lamp 

(HgCl&’ cathode) and detector. 

I 2mmHgEt NH, 

10-g I I I I 
0 IO0 200 300 400 
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lo” . 
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F-•- 
.A* 
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21ji_ ~ _ yTz;z{ 
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Fig. 9. (a) Effect of ethylamine vapour pressure and 
applied d.c. voltage on response of PID. (b) Dependence 
of PID response on applied d.c. voltage, with different 

operating currents for hollow-cathode lamp source. 

voltages, as in the region of C and above in Fig. 9, 
the electrons produced by the initial photoionization 
of the ethylamine may achieve sufficient energy in the 
stronger field to cause secondary ionization on colli- 
sion with ethylamine molecules, i.e., the energy of a 
fraction of the photoelectrons becomes greater than 
the ionization potential of the filler material. As the 
applied voltage is increased the increasing field 
strength thus leads to increasing electron multiplica- 
tion by secondary ionization and a consequent rapid 
increase in the current produced in the external cir- 
cuit. This region is often referred to as the “gas-gain” 
region and can be employed to increase the sensitivity 
of the detector system. The effect shown in Fig. 9, 
where the PID current is inversely proportional to 
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Table 1. A selection of narrow bandpass PID systems in the wavelength range 105-l 84 nm 

Window material Approx. thickness, mm Filler gas I.P., ev (Ref.) Spectral range of PID. nm 
_ 

Lithium fluoride 

Calcium fluoride 

Sapphire 

Fused quartz 

1 

3 

0.5 

1 

ethyl bromide 10.29 (2) 105-l 29 
nitric oxide 9.25 (2) 105-l 34 

benzene 9.25 (2,4) 122-134 
toluene 8.82 (2,4) 122-141 
p-xylene 8.44 (2) 142.. 147 

trimethylamine 7.82 (5) 142-156 
dimethylaniline I.14 (5) 16@ 172 
triphenylamine 6.89 (5) 16&180 

ferrocene 6.74 (5) 16&184 

the pressure of ethylamine present over the range stud- 
ied, can be explained on the basis of the mean free 
path of the photoelectrons. Thus, as the ethylamine 
pressure is increased, the mean free path of the elec- 
trons decreases so that there is insufficient time to 
permit their acceleration to energies sufficient to 
cause secondary ionization on collision with ethyl- 
amine molecules. This effectively delays the onset of 
the “gas-gain” region to higher applied voltages. The 
limiting case shown in Fig. 9 corresponds to the addi- 
tion of helium as an inert filler gas at atmospheric 
pressure in the presence of 5 mmHg of ethylamine. 
Under these conditions the plateau region extends to 
above 300 V without significant secondary ionization. 

Figure 9b demonstrates the dependence of the PID 
response on the incident radiation intensity from the 
source employed. An increase in operating current 
from 5 to 15 mA d.c. resulted in an increase in current 
of cu. one order of magnitude owing to the equivalent 
increase in observed intensity of the oxygen and 
chlorine atomic line emission between 125 and 
140 nm. The proportionality between incident inten- 
sity and PID response is observed in both the plateau 
and gas-gain regions. 

CONCLUSIONS 

Our preliminary work reported here indicates that 
simple, high-efficiency, narrow spectral band-pass, 
solar-blind photoionization detectors may offer 
advantages for detection of radiation at short wave- 

lengths in analytical atomic emission spectrometry 
They should prove most valuable when used for non- 
dispersive, on-line detection systems. The most useful 
wavelength range for such detectors lies between 120 
and 200nm; Table 1 shows a selection of narrow 
spectral band-pass detectors which may be con- 
structed with different window and filler materials. 
Detectors of this type may prove useful in continuous 
gas-analysis monitoring systems using plasma or 
glow-discharge sources, particularly for detection of 
oxygen, oxides of nitrogen and sulphur dioxide. 

The detection and determination of low con- 
centrations of organic compounds in the vapour 
phase, particularly those containing halogen, sulphur 
or phosphorus atoms, may also be facilitated by use 
of this type of detection system. Work is at present 
in progress on the development of such systems and 
the application of PID detectors in atomic-absorption 
and fluorescence spectrometry; this will be reported 
in a later communication. 
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Summary-The N-oxides of S-(4-pyridyl)nonane and trioctylamine have been evaluated for use in the 
extraction of thorium from different mineral acid solutions. The influence of the concentration of 
the solvents and salting-out agents has been investigated. The possible mechanism of extraction is 
discussed in the light of the results of extraction isotherms, loading-ratio data and log-log plots of 
reagent concentration L’S, distribution ratio. Separation factors for a number of metal ions are reported 
and a method for the separation of thorium from rare earth elements and yttrium is also suggested. 

In the search for new solvent extraction systems, the; 
variable that can be most profitably exploited is the’ 

molecular configuration of the solvent extraction re- 
agents: through the variation of molecular parameters 
such as the type of functional group and the molecu- 
lar geometry, new and useful properties can be 
created. A class of extractants that has received much 
attention in the last twenty years is that of neutral 
organophosphorus compounds, especially tri-n-butyl 
phosphate (TBP).’ TBP and other phosphorus deriva- 
tives such as trioctylphosphine oxide are similar in 

their extraction behaviour and the type of complex 
they form. 

Other oxide-type compounds formed from the ele- 
ments in the vicinity of phosphorus in the Periodic 
Table might also be expected to act as solvent extrac- 
tion reagents, e.g., ketones, silicon oxides, amine 
oxides, sulphoxides and arsine oxides. The alkyl sili- 
con oxides readily hydrolyse, however, and are 
obviously unsuitable. The arsine oxides are useful 
extraction reagents,‘-+ but their synthesis is rather 
difficult.5 Ethers, ketones and alcohols have been ex- 
tensively investigated and surveyed.‘j Although the 
sulphoxides have been investigated and used for some 
years’-” only a few investigators’s-25 have examined 
N-oxides as extractants. This communication is a part 
of a programme of systematic studies of N-oxides as 
solvents, and reports recent fundamental data on the 
extraction of thorium by the N-oxides of 5-(4-pyri- 
dyl)nonane and trioctjrlamine and the separation of 
the metal from rare earth elements. 

* Present address: Nuclear Chemistry Division, Pakistan 
Institute of Nuclear Science and Technology Nilore, Raw- 
alpindi, Pakistan. 

EXPERIMENTAL 

Reagents 

5-(CPyridyl)nonane N-oxide (PyNOx) and trioctylamine 
oxide (TOAO) were prepared and authenticated as re- 
ported elsewhere.“’ 

Mineral acid solutions were generally prepared from 
standard volumetric solution ampoules and all other 
chemicals used were of analytical-reagent grade. 

Nuclides 

The Z30Th tracer had a 230Th:232Th ratio of approxi- 
mately 0.085 and was isolated*” from Australian South 
Alligator River pitchblende, and the Z34Th was milked 
from uranium.27 The other tracers were obtained either 
from Radiochemical Centre, Amersham or through (n, y) 
reactions qr by separation of the daughter product from 
the initial nuclide without a carrier (14”La, 90Y).2s 

Measurement of distribution coejicients 

Equal volumes (2 ml) of the aqueous and organic phases 
were shaken mechanically for 3 min in test-tubes with 
ground-glass stoppers at 22 k 2”. Preliminary experiments 
showed that 3 min are sufficient for attainment of equilib- 
rium. Portions of the extracts and. aqueous phases were 
placed on stainless-steel or glass planchettes in the case 
of r- and p-emitters and counted by proportional and end- 
window Geiger counters respectively. The y-activities were 
measured with a scintillation counter and NaI(TI) crystal. 

RESULTS AND DISCUSSION 

The extraction of thorium as a function of nitric, 
hydrochloric and sulphuric acid concentration in the 
aqueous phase was studied. The results are presented 
in Fig. 1. Thorium is quantitatively extracted only 
from nitric acid, with maximum extraction from 
0~1-034 concentration. The decrease in extraction 
at higher acid concentrations is apparently due to a 
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Fig. 1. Dependence of D, ,, on the concentration of aqueous 
acids for extraction by O.lM PyNOx in xylene. 

decrease in the concentration of the free solvent 
through its combination with nitric acid and also to 
formation of inextractable anionic nitrate-complexes 
of thorium. Like sulphoxides,29 PyNOx extracts thor- 

ium from very dilute nitric acid solutions much more 
efficiently than does TBP. In hydrochloric acid media 
extraction increases with concentration of the acid, 
possibly because neutral thorium chloride complexes 
are formed at high hydrochloric acid concen- 
trations.30 The poor extraction from sulphuric acid 
may be due to the formation of anionic sulphate com- 
plexes. 

The effect of nitrate, chloride and sulphate ions on 
the extraction at constant acidity is shown in Fig. 
2. The addition of nitrate ions to 0.25M nitric acid 
gives rise to high distribution coefficients similar to 
those with TBP,31.32 probably because of salting-out 
action. In the hydrochloric acid system, chloride ions 
have little effect on extraction. This is in accordance 

with the fact that the thorium species present in up 
to 5M chloride solutions are reported to be the same 
irrespective of whether hydrogen ions or sodium ions 

are present. 33 Addition of sulphate ions to a dilute 
sulphuric acid solution gives rise to a steady decrease 
in the distribution coefficient of thorium, evidently 
because of the formation of anionic species which 
exist under these conditions.34 

Extraction of thorium with PyNOx from nitric acid 
solutions can be represented as follows: 

Th,4: + 4NOya9 + #yNOxo~Th(N03)&‘yNOxo 

(1) 

with equilibrium constant 

M. EJAZ 

Na N03(0.25M HN03 

No Cl (0.25M HCI) 

No,SO,(O.IM H,SO,) 

R, = 

CTh4+1,, CNO;l:~ U’yNOxl”, 

Fig. 2. Effect of salting-out agents on the extraction of 
thorium by O.lM PyNOx in xylene. 

The terms in brackets should be the activities, but 
concentrations may be used instead if they are low 
enough. Thus the metal distribution ratio is 

4,, = C(Th(N0,),.nPyNOxlo/CTh4+1,, 

= K , [PyNOx]; (3) 

Plots of log DTh vs. log [PyNOx] are linear for 0.25h4 
nitric acid medium, with a slope of about 2, indicating 
that a disolvate is formed, as with sulphoxides2’ and 
TBP.3’ Similar results were also obtained from the 
loading-ratio data. 

Extraction of thorium by O.lM TOAO in xylene 
from aqueous mineral acid solutions is shown in Fig. 
3. In the nitric acid system, at low acidities thorium 

Aqueous aad. M 

Fig. 3. Dependence of D, ,, on the concentration of aqueous 
acids for extraction bv O.lM TOAO in xvlene. 
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is highly hydrolysed and is probably extracted in the 
form of hydrolysed species. The extraction at high 
acidities of nitric acid resembles closely that with 
the unoxidized amine,35 indicating that the extraction 
of hexanitrate complexes of thorium, which are pres- 
ent in this range of acidity,35-38 is occurring by ion- 
pair formation. In the case of PyNOx, however, the 
extraction is considered to be of neutral complexes 
since the basicity of heterocyclic amine oxides is much 
lower than that of aliphatic amine oxides and the 
formation of the ion-pair structure may not be fa- 
voured in the case of PyNOx. 

In hydrochloric acid media thorium extraction 
from low acid concentrations resembles the nitric acid 
system and can, therefore, be explained accordingly. 
The poor extraction from dilute and concentrated so- 
lutions is evidently due to absence of neutral or 
anionic chloro-complexes of thorium. Extraction from 
sulphuric acid solutions increases with increase in the 
acid concentration and reaches a maximum at about 
O.lM hydrogen ion concentration before decreasing 
at higher acidities. Sulphate complexes of thorium are 
possibly extracted from dilute sulphuric acid solutions 
and the decrease in extraction may be considered as 
due to an increase in the bisulphate concentration 
in the aqueous phase. 

Extraction of thorium by O.lM TOAO/xylene from 
varying nitrate, chloride and sulphate concentrations 
at constant acidity is shown in Fig. 4. Chloride ions. 
added to 1M hydrochloric acid, have little effect 
on the extraction, as in the PyNOx system. The addi- 
tion of nitrate ions to the nitric acid system increases 
the extraction. This may be explained as due to salt- 
ing-out action and/or the increased formation of ex- 
tractable complexes. The addition of sulphate ions to 
O.lM sulphuric acid decreases the extraction, as in 
the PyNOx system. 

E 
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.z 0 NaCI (IM I-ICI) 
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19 10-1 IO 
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Fig 4. Effect of salting-out agents on the extraction of 
thorium by O.lM TOAO in xylene. 

Table 1. Separation factors for various metal ions with 
respect to thorium(W) extracted into O.lM PyNOx in xy- 

lene from 0.25M nitric acid 

Ion 

Te(VI1) 
UVI) 
Cr(V1) 
Mo(V1) 
WVI) 
NqV) 
Ta(V) 
Hf(IV) 
Zr(IV) 
Ce(IV) 
Fe(II1) 
Au(II1) 
Y(II1) 
Ce(II1) 
La(II1) 
Eu(II1) 
Pr(II1) 
In(II1) 
Sr(I1) 
Ba(I1) 
Zn(I1) 
Co(H) 
Mn(I1) 
Cs(I) 
Ag(I) 

Concentration. M Separation factor 

C.F. 0.76 
lo-’ 0.78 

5 x lo-* 080 
1O-5 0.816 
lo-’ 0.8 
C.F. 2 x lo2 
1o-9 5.3 
1o-9 5.28 
1o-9 4 
10-s 8.8 
lO-5 40 
lo-* 002 
C.F. 1.2 x lo4 
1o-8 1.26 x 10“ 
C.F. -5 x lo4 
1o-8 -5 x lo4 
1o-8 -5 x lo4 
1O-9 1.6 x 10s 
1o-9 1.04 x 10s 
lO-9 0.96 x 10s 
10-s 4 X lo4 
10-s 3.6 x lo4 
lO-4 I.6 x 10’ 
lo-* 1.36 x lo5 
10-l 1.6 x lo3 

C.F. Carrier-free. 

In the nitric and sulphuric acid systems plots of 
log DTh us. log [PyNOx] are linear for 6M nitric 
and 0.2M sulphuric acid, with a slope of about 2, 
suggesting that thorium is extracted as a disolvate 
in both cases. 

Back-extraction of thorium 

Thorium extracted into the organic phase from ni- 
tric acid solutions by PyNOx may be readily stripped 
with dilute sulphuric or hydrochloric acid. Quantita- 
tive stripping of thorium is achieved in 2min with 
0.5-l M sulphuric acid. 

Extraction hehaviour of other metal ions 

The extraction behaviour of other heavy metal ions 
and fission products from 0.25M nitric acid by @lM 
PyNOx in xylene was investigated and the results are 
shown in Table 1. It is evident that thorium can be 
separated from the rare earth elements and yttrium. 
The data were tested by extracting thorium from a 
0.05M thorium test solution containing not more 
than 0.5 mg/ml of Ce, La, Eu and Y in 0.25M nitric 
acid with an equal volume of a O.lM solution of 
PyNOx in xylene. The equilibration time was 3 min. 
After centrifugation the organic phase was removed 
and thorium was stripped with an equal volume of 
O+lM sulphuric acid. The y-spectrum showed the 
absence of Ce. La, Eu and Y in the back-extract. 
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ANREICHERUNG VON SPUREN Au UND Pd AUS 
REINSTMETALLEN Cd, In, Ni, Pb UND Zn 

MIT NACHFOLGENDER BESTIMMUNG IN DER 
GRAPHITROHR-KijVETTE 

EWALD JACKWERTH und PAUL GRUNTER W~LLMER 

Institut fur Spektrochemie und Angewandte Spektroskopie, D-4600 Dortmund, 
Bunsen-Kirchhoff-StraBe 11, Bundesrepublik Deutschland 

(Eingegangen am 16. Mai 1975. Angenommen am 30. Juni 1975) 

Zusammenfassung-Es wurde ein Verfahren zur Bestimmung von Spuren Au und Pd in Reinstmetallen 
Zn, Cd, In, Ni und Pb entwickelt. Nach L&en des Probenmaterials werden die Spuren aus etwa 
2M salzsaurer Losung als Dithizon-Chelate ausgefallt, wobei iiberschtissiges Dithizon als Spurenfanger 
dient. Niederschlag und Cellulosenitrat-Membranfilter werden gemeinsam zu 1,O ml in Dimethylsulfoxid 
gel&t. Anteile dieser Liisung (50 ~1) werden durch flammenlose AAS in der Graphitrohr-Kiivette analy- 
siert. Fur die relative Standardabweichung der Anreicherung und Bestimmung von etwa 5.10-‘% 
Au bzw. Pd wurden. je nach Probenmaterial, Werte zwischen 4% und 12% ermittelt; fur Einwaagen 
von 10 g Metal1 wurden Nachweisgrenzen im Bereich 225.10-*% Au bzw. 0.6-l. lo-‘% Pd berechnet. 
Dabei wurde vereinfachend angenommen, da13 vor allem der Stiirpegel der Bestimmungsmethode die 
Nachweisgrenze des gesamten Analysenverfahrens bestimmt. 

Die “flammenlosen” Verfahren der Atomabsorptions- 
Spektrometrie (AAS) gehiiren heute zu den nach- 
weisstarksten Bestimmungsmethoden fiir Element- 
spuren. Ihre Anwendbarkeit und Leistungsfihigkeit 
bei der Spurenanalyse von Reinststoffen ist jedoch 
durch eine Reihe von Merkmalen gekennzeichnet, die 
wesentlich durch Art und Menge des zu untersu- 
chenden Materials in der Probenlosung mitbestimmt 
werden. Zum Beispiel gilt das hohe Nachweis- 
vermogen des Verfahrens vor allem fur Spuren- 
mmgen; wegen der nur im unteren Mikroliter-Bereich 
liegenden Volumina an eingesetzter Probenlbsung ist 
das Nachweisvermogen fur Spurenkonzentrationen 
weniger ausgeprlgt. Die Mehrzahl der flammenlosen 
AAS-Verfahren ist ihrer Natur nach deshalb eher zur 
Mikro- als zur Spurenanalyse geeignet. 

Urn Spurenverunreinigungen urn lo- ‘0/,--etwa in 
Reinstmetallen und Metallsalzen-bestimmen zu 
kbnnen, ist, von Ausnahmen abgesehen, die Abtren- 
nung der Matrix sowie die Anreicherung der Spuren 
aus einer grijgeren Probeneinwaage unumglnglich. 
Die oft betrachtliche Storung der Spurenbestimmung 
durch Fremdsalze in der Probenliisung verlangt 
miiglichst matrixfreie Spurenkonzentrate. Dabei sind 
Verbundverfahren aus chemischer Anreicherung und 
flammenloser AAS vor allem dann von Interesse, wenn 
nur einzelne Elemente im Probenmaterial zu be.- 
stimmen sind. Fur Multi-Element-Analysen ist dieses 
Verfahren schon wegen der relativ langen Analysen- 
zeiten und der fur jedes Element notwendigen Um- 
riistung des AAS-GerHts (Wechsel der Hohlkathoden- 
Lampen sowie Anderung der Einstellungen an Mono- 
chromator, MeDelektronik und Heizautomatik fur die 
Ofen-Anordnung) nur wenig geeignet. 

Ziel der im folgenden beschriebenen Arbeit war, em 
Verbundverfahren fur Spuren Gold und Palladium in 
Reinstmetallen zu entwickeln, bei dem durch flam- 
menlose AAS mit der Graphitrohr-Kiivette Au bzw. 
Pd in Gehalten von lo-‘% und darunter erfal3t 
werden konnen. Hochstens in so niedriger Kon- 
zentration werden diese Elemente-wenn iiberhaupt 
-in vielen im Handel befindlichen Materialien 
gefunden. Entsprechend dieser Analysenaufgabe und 
entsprechend der Leistungsfahigkeit des Bestim- 
mungsverfahrens m&e ein AnreicherungsprozeB un- 
ter folgenden allgemeinen Gesichtspunkten entwickelt 
werden : 

1. Trennung von Spuren und Matrix aus Ein- 
waagen bis zu IOg Probenmaterial; 

2. Anreicherung der Spuren in ein weitgehend 
matrixfreies Spurenkonzentrat mit definiertem kleinen 
Probenvolumen (1 ml); 

3. Vermeiden von Stoffen, die eine Storung der 
Spurenbestimmung verursachen. 

Zur selektiven Abtrennung kleiner Mengen Gold und 
Palladium ist als chelatbildendes Reagenz das seit 
langem in der Spurenanalyse verwendete Dithizon 
geeignet.’ Zwar reagiert Dithizon mit mehr als 30 
Kationen zu stabilen Chelaten, Bildung und Stabilitat 
hangen aber u.a. stark vom pH-Wert der Losung ab. 
Dies wird in einer Vielzahl von Varianten vor allem 
zur extraktiven Trennung der Metalldithizonate aus- 
genutzt. In Liisungen mit pH-Werten < 1 werden vor 
allem die Chelate der Metallkationen Hg*+, Ag+, 
Pd*+ und Au3+ gebildet; durch Einstellen einer 
hohen Aciditat kann man erreichen, da13 andere 
Metalle an der Reaktion mit dem Chelatbildner 
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gehindert werden, such wenn sie in wesentlich 
hiiherer Konzentration als die Edelmetall-Spuren in 
der Probenl&ung enthalten sind. 

Die Dithizon-Komplexe von Pd2+ und Au’+ sind 
sehr stabil: PdDz, (Dz = Dithizon), einmal gebildet, 
wird such durch 12N SchwefelsZure nicht mehr zer- 

legt.’ Auch das Gold-Dithizonat ist gegeniiber Sluren 
sehr bestPndig, wobei, je nach Art der Arbeitsbe- 
dingungen, Verbindungen unterschiedlicher Liganden- 
zahl entstehen sollen. In einer Arbeit von Cox und 
Servant3 wird die Bildung definierter Gold-Dithi- 
zonate iiberhaupt infrage gestellt und die als solche 
beschriebenen Farbkomplexe eher als Oxidationspro- 

dukte des Dithizons bedeutet. Au3+- oder Au+-Ionen 
werden von den Autoren lediglich als Oxidationsmit- 
tel in dieser Reaktion angesehen. Die Ergebnisse der 
folgenden Arbeit zeigen, dal.3 Spuren Gold nach Reak- 
tion mit Dithizon zumindest in einer in organischen 
Lasungsmitteln l&lichen Form enthalten sind. 
Nghere Untersuchungen dazu haben wir nicht durch- 
geftihrt. 

EXPERIMENTELLER TEIL 

Beim augenblicklichen Entwicklungsstand der flammen- 
losen AAS-Verfahren sind Arbeitsvorschriften nur selten 
mit gleichbleibenden Ergebnissen auf GerLte anderer 
Laboratorien iibertragbar. Wegen der komplizierten 
Vorglnge und Abhlngigkeiten im Absorptionsvolumen des 
Graphitrohres“ gilt dies such fiir Gergte desselben Her- 
stellers, oft sogar fdr Teitlich auseinanderliegende Wieder- 
holungmessungen an demselben GerPt. Bei einer uber- 
nahme von Arbeitsvorschriften aus der Literatur miissen 
in der Regel vor allem die Betriebsdaten fiir den Graphit- 
rohr-Ofen (Temperatur-Zeit-Ablauf der Heizautomatik) 
iiberpriift und gegebenenfalls der eigenen MeBapparatur 
angepal3t werden. In diesem Sinne sind such die hier mit- 
geteilten Apparate-Parameter unserer Untersuchungen zu 
verstehen. 

GwiitC 

Perkin-Elmer Atomabsorptions-Spektrometer Model1 
300 mit Untergrund-Kompensator und Hohlkathoden- 
Lampen ftir Gold und Palladium. Graphitrohr-Kiivette mit 
Heizautomatik HGA 72.5 Fiir vergleichende Untersu- 
chungen wurde in Einzelfillen das neuere Model1 HGA 
74 verwendet. Die MeBsignale wurden mit einem Kompen- 
sations-Schreiber (Eingang 5 mV. Vorschub 3 cm/min) 
registriert. 

Heizprogramm .ftir den Graphitrohr-Ofen HGA 72 

a Verdampfen des 60 set bei 200” 
Ldsungsmittels: 

h Zersetzen in ca. 45 set weiterer linearer 

organischer Temperaturanstieg (Temperatur- 

RtickstLnde: Gleitprogramm) 
auf 750” (Au) 
bzw. 700” (Pd) 

looI 

c Atomisieren: 

danach jeweils 60 set Verweilzeit 
bei der Endtemperatur 

15 set bei etwa 2600” (hiichste am 
MeDgerHt angezeigte Temperatur) 

Alle Temperaturangaben sind Werte des MeBgerPts der Abb. 1. Abhlngigkeit der Anreicherung von 100 ng Au 
Heizautomatik. Die Messungen wurden in N,-Schutzgas- (0) bzw. Pd (0) von der als Spurenftinger eingesetzten 

AtmosphHre (I,7 l./min) durchgefiihrt. Dithizonmenge. 

Untcrsuchungrn xr selrktivrn Anreichuxng uon Spren Au 
und Pd 

Bei unserem Verfahren werden zur Anreicherung von 
Gold und Palladium die Dithizonchelate der Spuren aus 
saurer Lasung ausgeftillt. Das Fgllungsreagenz Dithizon 
wird zu wenigen Milligramm als AcetonlBsung zugesetzt. 
Da es in nicht zu starken SIuren ebenfalls schwerlBslich 
ist, dient der Reagenziiberschul3 zugleich als “Spurenfin- 
ger”. Spuren und Matrix werden durch Filtrieren der Sus- 
pension iiber ein Membranfilter voneinander getrennt. 
Filter und Niederschlae werden in einem definierten 
Volumen eines geeignetcn Lb;sungsmittels klar gel&t; in 
aliquoten Teilen der LBsung werden Gold und Palladium 
bestimmt. 

Bei Auswahl der Arbeitsbedingungen wurden vor allem 
die Einfliisse der Aciditgt sowie die von Filtermaterial und 
Dithizonmenge auf den Anreicherungs- und Bestimmungs- 
prozess untersucht. Dabei zeigte es sich, daB die Aciditlt der 
ProbenlGsung in weiten Grenzen variieren kann, ohne daB 
die Vollst%ndigkeit der Spurenanreicherung beeintrlchtigt 
wird. Der SBurezusatz mul3 lediglich so hoch gewshlt 
werden, dal3 Matrixbestandteile nicht mehr mit Dithizon 
reagieren; andererseits mu13 der Spurenfgnger zur Sorption 
der Edelmetall-Chelate in filtrierbarer Menge ausfallen. 
Beide Voraussetzungen sind im Bereich van-etwa 1.5 bis 
4N SLure erftillt. Schwierigkeiten ereeben sich ledielich 
durch mitgerissenes Kupfe; das sch& in Mikrograhm- 
Mengen bei der AAS-Bestimmung der Spuren stiirt. Da 
die Sorption so geringer Mengen Kupfer such in stark 
saurer liisung nicht verhindert werden kann, mul3 die 
StGrung durch ein besonderes Eichverfahren eliminiert 
werden. Spuren und Spurenfinger werden, fiir alle unter- 
suchten Probenmaterialien einheitlich, in etwa 2N SBure 
ausgefillt. Wichtig ist, da13 nitrose Gase aus dem Liise- 
prozel3 der Metallproben vollst%ndig entfernt sind; andern- 
falls wird ein Teil des Dithizons oxidiert, und man erhglt 
-vor allem beim Palladium-zu kleine Analysenwerte. Aus 
diesem Grunde wird die SalpetersLure nach L&en der 
Metalle unter Zusatz konzentrierter Salzslure jeweils 
sorgfiltig abgeraucht. Die Spurenftillung wird deshalb such 
in salzsaurer Llisung durchgeftihrt. Als Spurenftinger wird 
eine nur geringe Dithizonmenge verwendet, urn den bei 
der nachfolgenden Spurenbestimmung durch “Rauch- 
peaks” verursachten Untergrund an unspezifischer Absorp- 
tion mijglichst niedrig zu halten. Abbildung i zeigt die 
Abhlngigkeit der Anreicherungs-Ausbeuten (100 ng Au 
bzw. Pd) vom Reagenzzusatz. Zwei mg Dithizon reichen 
danach voll aus, urn maximale Ausbeuten zu erzielen. Dies 
gilt such dann, wenn Kupfer in Mengen bis zu 1Omg im 
eingewogenen Probenmaterial enthalten ist. 

Menge und Beschaffenheit von Niederschlag und Filter 
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Abb. 2. Abhgngigkeit der Signalhiihe (registrierte 
PeakhGhen) vom injizierten Probenvolumen bei der Be- 
stimmung von Au und Pd in der Graphitrohr-Kiivette 

HGA 72 (DMSO-Liisung mit 0,I pg/ml Au bzw. Pd). 

sind von besonderer Bedeutung, urn klare homogene Spu- 
renkonzentrat-Liisungen geringer Viskositlt zu erhalten, 
aus denen ohne merklichen Verlust die zur Bestimmung 
notwendigen PI-Volumina dosiert werden kiinnen. Nach 
zahlreichen Voruntersuchungen mit unterschiedlichen Fil- 
termaterialien sowie den zum Liisen von Filter und Nie- 
derschlag geeigneten Liisungsmitteln wurden Cellulose- 
nitrat-Membranfilter sowie Dimethylsulfoxid (DMSO) 
gewiihlt. Durch Erwlrmen im Wasserbad l&en sich Filter 
und Niederschlag in 1 ml DMSO zu einer ftir die Spuren- 
bestimmung geeigneten Lasung, die, im MeDkolben ver- 
schlossen und unter LichtausschluB aufbewahrt, such bei 
nur wenigen Nanogramm angereicherter Edelmetalle iiber 
mehrere Wochen titerstabil bleibt. 

Untersuchungen zur Dosierung der MeJWisungen 

Zur Dosierung der MeOl$sungen wurden Mikroliter- 
Pipetten (Eppendorf. Hamburg) verwendet. Abbildung 2 
zeigt, daO die Signalhiihen bei ansteigend injizierten Prob- 
envolumina (Liisung mit 0,I pg/mi Au) nichtlinear griiRer 
werden. Oberhalb von etwa 50 ~1 wird die Reproduzierbar- 
keit der MeDwerte zunehmend schlechter. Ursache hierfiir 
ist die unvollstlndige Verdampfung van DMSO im Gra- 
phitrohr: bei griiDeren DMSO-Volumina schlagen sich 
Teile des Dampfes bzw. hijhersiedender Zersetzungspro- 
dukte an kHlteren Stellen des Rohres nieder und verur- 
sachen in der Atomisierungsstufe des Heizprogramms 
einen mehr oder weniger starken “Rauchpeak”, dessen un- 
spezifische Lichtabsorption durch den Untergrund-Kom- 
pensator nicht immer voll eliminiert wird. Auch mit den 

von dcr GcrateIirma angebotenen “Spezial-Graphitrohren” 
(Art.-Nr. 062628) mit innen ausgefrbtem Ring zur Auf- 
nahme grFl3erer Probenvolumina wurden mit iiber 50~1 
hinausgehenden Probenvolumina keine brauchbaren 
Ergebnisse erzielt. Sowohl ftir die Bestimmung von Gold 
als such ftir die von Palladium wurde das Meavolumen 
deshalb nach oben hin auf 50 ~1 begrenzt. 

Ztu Stiirung der Spwenhestimmung durch Kupfer 

Es wurde bereits darauf hingewiesen, dal3 die Analyse 
von Spuren Gold und Palladium unter den Bedingungen 
unserer Arbeitsvorschrift durch Kupfer gestart wird: in 
Gegenwart von Kupfer erhLlt man deutlich verminderte 
Analysensignale (Abb. 3). Die erste Vermutung. da13 Kupfer 

bereits die quantitative Anreicherung der Edelmetallspuren 
behindere, erwies sich als falsch; gesttirt wird vielmehr die 
eigentliche Bestimmung der Spuren und zwar durch das- 
jenige Kupfer, das im AnreicherungsprozeD als Dithizon- 
Chelat mit erfal3t wird und in die DMSO-Lbsung der 
Spuren gelangt. Urn das AusmaD der StBrung zu ermitteln, 
wurden zu einer Serie 2N salzsaurer Liisungen mit je 0,l pg 
Au3+ und Pd2+ in 150ml ansteigende Mengen Cu’+ (als 
CuCl,-LBsung) gegeben. Die Edelmetallspuren wurden 
entsprechend der Arbeitsvorschrift angereichert und in der 
Graphitrohr-Kiivette bestimmt. Die Hiihe der Signale 
wurde gegen den Kupferzdsatz aufgetragen. Nach Aussage 
der Diagramme (Abb. 3) sinken die Measignale sowohl 
ftir Gold als such ftir Palladium zunPchst rasch auf einen 
Wert, der nur etwa die HBilfte des Wertes ftir kupferfreie 
ProbenlBsungen erreicht, bleibt dann aber iiber einen Be- 
reich mehrerer Milligramm Kupfer praktisch unvertindert. 
Der Kurvenverlauf hlngt jedoch von den Anreicherungs- 
bedingungen. insbesondere von Aciditlt und Chelat- 
bildner-Menge ab, so da13 jede VerPnderung der Parameter 
such auf das AusmaD der Kupferstiirung einwirkt. Zahl- 
reiche Versuche, die eigentliche Ursache fir diese Stiirung 
zu finden bzw. sie zu beseitigen, brachten keinen Erfolg. 

Urn den Einflul3 wechselnder Kupfermengen bei der 
Analyse unterschiedlich reiner Metalle zu stabilisieren, 
haben wir im folgenden jedem Probenmaterial mit Eigen- 
verunreinigungen von mehr als 10 pg Kupfer pro Einwaage 
einheitlich 2 mg Cu* ’ zugesetzt und den dadurch 
bedingten Verlust an Empfmdlichkeit bei der Spurenbe- 
stimmung in Kauf genommen. Der Stiireinnflul3 des 
Kupfers wurde in diesem Fall als systematischer Fehler 
des Bestimmungsverfahrens bei der Eichung beriicksichtigt. 

In der Graphitrohr-Kiivette kijnnen Spuren nur anhand 
jeweils mitgefiihrter Leitproben sicher bestimmt werden. 
Bewlhrt haben sich das Eichzusatz-Verfahren sowie die 
sich der Analyse unmittelbar anschlieoende Eichung durch 
Standardliisungen mit abgestuften Spurengehalten. Wegen 
der Starungen durch viele Arten von Fremdstoffen mul3 
besonders bei den flammenlosen AAS-Verfahren sorgfgltig 
darauf geachtet werden, da13 Proben- und Standard- 
lijsungen miiglichst identisch zusammengesetzt sind. Fiir 
unser Verfahren bedeutet das. da0 zur Eichung DMSO- 
Lijsungen verwendet werden miissen, die neben den Spuren 
den Chelatbildner Dithizon sowie das Filtermaterial gel&t 
enthalten. Zu ihrer Herstellung haben wir entsprechend der 

looh 
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Abb. 3. Anderung der relativen Signalhiihen durch den 
Kupfergehalt des Probenmaterials (kupferfreie Lijsungen 

zu 100 Skt angenommen). 
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Arbeitsvorschrift abgestufte Mengen Gold und Palladium 
aus etwa 2N salzsaurer Liisung (etientuell nach Zusatz von 

je 2 mg Cu*+ als CuCI,) mit Dithizon ausgefillt und den 
Niederschlag einschliel3lich Filter in DMSO geliist. Da 
solche Liisungen iiber mehrere Wochen titerstabil sind, 
kiinnen die Standardliisungen als Vorrat such in grtiI3eren 
Volumina als 1 ml angesetzt werden. Sie miissen allerdings 
das Filtermaterial und Dithizon in der entsprechend 
erhiihten Menge enthalten. 

Arheitmorschr@n xm Liisr~~ der Prohennnatuiulien 

In den im folgenden beschriebenen LGseprozessen ftir 
die Reinstmetalle Zn. Cd, In. Ni und Pb sind vor allem 
zwei Gesichtspunkte bestimmend. 1. Die Edelmetallspuren 
m&en neben der unedleren Matrix quantitativ in LGsung 
gebracht werden. Obwohl sich die Probenmaterialien be- 
reits in SalzsHure bzw. in Salpeterssure allein I&en. ist 
besonders fiir Gold eine Mischung aus beiden SHuren 
erforderlich. Im Verlaufe des Liisevorgangs muR deshalb 
“Kanigswasser” entstehen, damit sonst ungellist bleibende 
Goldspuren sicher erfaI3t werden. 2. Wegen der hohen Oxi- 
dationsempfindlichkeit des als Spurenfinger verwendeten 
Dithizons miissen nitrose Gase und andere oxidierende 
Stoffe vollstZndig aus der Probenlasung entfernt werden. 
Aus diesem Grund werden die Metallsalze nach L&en der 
Proben mehrfach mit konzentrierter Salzsgure abgeraucht. 
Die Wirksamkeit der Salzslurc ist bei den verschiedenen 
Mctallen sehr unterschicdlich; sie ist besonders groI3, wenn 
das Nitrat bereits durch Bildung wenig dissoziierter Chlor- 
ide oder Chlorokomplexe aus den Metallsalzen verdrlngt 
wird. Aus diesem Grund ist die Behandlung des Nickels 
hier am langwierigsten. Die Umsetzung mit SalzsIure kann 
bci allen Salzen wesentlich beschleunigt werden, wenn 
man die Liisungen wzhrend des Einengens. etwa mit 
einem heizbaren Magnetriihrer, intensiv durchmischt. Die 
beim L&en des Bleis unvermeidbare PbCl,-Suspension 
wird jedoch am besten mit Hilfe von OberflHchenstrahlern 
eingeengt. Sofern das Probcnmaterial mehr als etwa 1Opg 
Cu pro Einwaage enthllt. setzt man, urn StGrungen durch 
Kupfer bei der &hung eliminieren zu kiinnen, ;LI Beginn 
des Liisenrozesses 2me Cu in Form von CuCl,-LBsune 
zu. Ein Kupferzusatz in gleicher HGhe muR an&hlieBen~ 
such bei der Herstellung der Eichlijsungen verwendet 
werdcn (siehe such dort). 

log zerspantes Metal1 werden in einem 250-ml Becher- 
glas (hohe Form) mit 5-10 ml Wasser sowie 30 ml 
37”/,iger Salzstiure versetzt. Portionsweise werden nun ins- 
gesamt 5 ml 65xiger Salpeterslure zugesetzt (bei Zink 
sind 3 ml ausreichend). wobei die Gri%3e der Portionen 
sowie die Temperatur dem Ablauf der Liisercaktion ange- 
pafit werden. Wenn das Probenmaterial gel&t ist, werden 
weitere 2 ml 65%iger Salpeterslure zugegeben. Die Li%ung 
wird weitgehend’etngeengt. Nach Zus&von 5 ml 37%iger 
Salztiurc (bei Cadmium sind lOml erforderlich) wird 
erneut eingecngt. Der Vorgang wird noch zweimal wieder- 
holt. Der Krlstallbrei wird anschlieRend mit 20ml 37:,,- 
igcr Sal&iure sowic 50ml Wasscr geliist und etwa I min 
zum Sieden erhitzt. Ndch Abkiihlen auf Raumtemperatur 
wird die Lijsung mit Wasscr auf 150ml verdiinnt. Aus 
dieser etwa 2N salzsauren Probe&sung werden Gold und 
Palladium entsprechend dcr Anreicherungsvorschrift abge- 
trennt. 

Nickel 

log Nickel werden in einem 250-m] Becherglas (hohe 
Form) mit 5 ml Wasser versetzt; portionsweise wird 65% 
ige Salpeterstiure zugegeben, bis das Probenmaterial gel&t 
ist. Je nach Beschaffenheit des Materials (Pulver. Spine. 
Kugeln) benGtigt man dazu 40-80ml. Die LBsetempera- 
tur wird dem Ablauf der Reaktion angepaRt. Die LGsung 
wird eingeengt, mit 30 ml 37yiiger SalzsIure versetzt und 

unter Riihren (heizbarer Magnetriihrer) erneut bis zur 
beginnenden Salzausscheidung-eingeengt. Dieser Vorgang 
wird mit lo-ml Portionen wiederholt. bis auf Zusatz einieer 
Tropfen 48%iger BromwasserstoffsPure kein Brom mghr 
freigesetzt wird (Gesamtverbrauch etwa 150 ml SalzsIure), 
Die L&ung wird nun bis fast zur Trockne gebracht. Der 
Kristallbrei wird in 20 ml 37xiger SalzsPure sowie 50 ml 
Wasser gel&t und etwa 1 min zum Sieden erhitzt. Nach 
Abkiihlen auf Raumtemperatur wird die Lssung auf 150 ml 
mit Wasser verdiinnt. Aus dieser etwa 2N salzsauren Pro- 
benliisung werden Gold und Palladium entsprechend der 
Anreicherungsvorschrift abgetrennt. 

Blri 

log zerspantes Blei werden in einem 250-ml 
Becherglas (hohe Form) mit etwa 20ml Wasser erhitzt. 
Durch Zusatz von insgesamt 12 ml 65%iger SalpetersPure 
in mehreren Portionen wird das Probenmaterial vollstln- 
dig gel&t. Dann werden 30ml 37%iger SalzsPure zuge- 
setzt. Mit Hilfe von Oberfllchenstrahlern wird die PbCI,- 
Suspension bis zur Trockne eingedampft; der Vorgang 
wird die LGsung auf 150ml mit Wasser verdiinnt. Aus 
Riickstand wird in 20 ml 37% iger Salzslure sowie 50 ml 
Wasser suspendiert, die Suspension wird unter flienendem 
Wasser abgekiihlt. AnschlieBend wird das Bleichlorid iiber 
ein weiches Filter abfiltriert. Das Filtrat wird etwa I min 
zum Sieden erhitzt. Nach Abkiihlen auf Raumtemperatur 
wird die Liisung auf 150 ml mit Wasser verdiinnt. Aus 
dieser etwa 2N salzsauren Probe&sung werden Gold und 
Palladium entsprechend der Anreicheruigsvorschrift abge- 
trennt. 

Arhritscorschrif xr Anrc~ichrruny t‘on Spurrrl Au und Pd 

Die etwa 2N salzsaure Liisung der zur Analyse 
eingesetzten Metalle wird unter intensivem Riihren mit 
2.0 ml einer 0.1% igen Liisung von Dithizon in Aceton ver- 
setzt. Noch vorhandene Reste oxidierender Stoffe werden 
durch Zugeben von I ml 10”,,iger Ascorbinsgure-Lhsung 
sofort nach Zusatz des Dithizons zerstbrt. Dithizon- wie 
Ascorbinszure-LGsung miisscn tgglich frisch angesetzt 
werden. Unmittetbar nach der FIllung wird der Nieder- 
schlag mit Hilfe einer zerlegbaren Hahn’schen Nutsche6 
iiber ein Cellulosenitrat-Membranfilter (Schteicher & 
Schiill, Selectron AE 99; PorengrGRe 8 pm, Fitterdicke 
180 lfrn, Durchmesser 25 mm) abgesaugt. ProbengefiB und 
Nutsche werden mit wenigen ml Wasser, dem etwas Netz- 
mittel (z.B. “Zephirol”) zugesetzt wurde, gespiilt. Durch das 
Netzmittel wird verhindert, da0 fein verteilte Partikel des 
Niederschlags an den GefiI3wandungen hochkriechen. 

Der Dithizon-Niederschlag wird zusammen mit dem 
Filter in ein I ml-MeRkclbchen gebracht, mit etwa 0,8ml 
Dimethylsutfoxid (Merck, zur Analyse) versetzt und 5 min 
im Wasserbad bei etwa 80” erhitzt. Nach dem Abkiihlen 
wird mit DMSO zur Marke aufgefiillt und die Lb;sung gut 
durchmischt. Nach einer Standzeit von etwa 1 Std. werden 
Gold und Palladium in Teilen von ie 50111 dieser Lasung 
bestimmt. Zur Analyse wurden aus jeher Liisung dr; 
aufeinanderfolgende Paratlelbestimmungen durchgefiihrt, 
deren Signate gemittelt wurden. 

ERGEBNISSE DER tiNTERSUCHUNGEN 

Zur Entwicklung und Bewertung des Analysenver- 
fahrens wurden handelsiibliche Reinstmetalle 
eingesetzt. Analysenwerte der Hersteller iiber die 
Gehalte an Gold und Palladium standen nicht zur 
Verfigung. In Tabelle 1 sind Angaben iiber die Her- 
kunft einiger Metalle mit den von uns ermittelten 
Daten zusammengestellt. Die Mehrzahl der Zahlen- 
werte gibt die aus den Untergrundstreuungen errech- 
nete “Garantiegrenze fir Reinheit” wieder.’ Zur 
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Tabelle 1. Reinstmetallproben, deren Herkunft und 
Analysenwerte 

An~lysendaten 

Probtnmatcrial Au. % Pd. % 

Zmk Merck, Darmstadt. 
geksmt, z.A 
mind. 99.9% Zn <6. W8* <z.Io-” 

Art:i-Jr. 8780 

Cadmmm R&d&de Ha&. 
S~&~-H~~fWW. 
stangcn. <l.lo-‘* <2.10-7’ 

Art -Nr. I1704 
Prcussag AG. M&all. 

Goslar. <1.10-7* <?..lO-‘* 

stangcn, 
mind. 99.9998% Cd 

lndium Preussag AG. Metall. 
Go&r. 2.10-7 <l~lo-‘* 

Barr.%. 
99.9995% In 

Nickel Merck. Darmstadt. 

KIIg&. 
mmd. 99.7% Ni 2. lo-’ 2.10-q 

Art:Nr. 6701 

Bier Merck. Darmstadt. 
fein gek8mt, 
Art.-Nr. 7363 3.10-a < 1’ lo-” 
Nordd. Affinarie, 
Hamburg. 
Feinblei-Muster 5A/72 6.W8 < I lo-‘* 
fein gekL+rtt 

* “Garantiegrenze ftir Reinheit”’ 

Ermittlung der relativen Standardabweichung s/X des 

Analysenverfahrens h&en wir den Metalleinwaagen 
Spuren Gold und Palladium als tisungen zugesetzt, 
so daB einheitlich f%r stitliche Probenmaterialien 
Gehalte von S.lO-‘% Gold bzw. Palladium einge- 
stellt wurden. Der Berechnung lagen 10 vollsttindige 
Analysen zugrunde (Tabelle 2). Ein Vergieich mit 
rnatrixfreien Probenlijsungen zeigte, da8 bei der 
Anreicherung der Spuren Gold und Palladium jeweils 
urn 90”/, der zugesetzten Elementspuremnenge wieder- 
gefunden werden. Der Wert fiir die Anreicherungsaus- 
beute wurde bei der Verfahr~nseichung beriicksich- 
tigt. 

Die tabellierten Daten f_ir die Nachweisgrenze (30- 
Grenze) wurden aus den Untergrundstreuungen allein 
des B~t~mungsverfahrens errechnet; sie stellen also 
nur SchHtzwerte fir die Nachweisgrenze des Gesamt- 
verfahrens dar, die unter giinstigen Umstlnden 
erreicht werden kijnnten. Dieses Vorgehen schien uns 
wegen der Kostbarkeit eines Teils der Pro~~ateria- 
lien sowie wegen des Fehlens meBbarer Reagenzien- 
blindwerte ftir Gold und Palladium in den benutzten 
“analysenreinen” Chemikalien vertretbar. 

Tabelle 2. Analysenergebnisse 

Prohenmatrrial 
(Au- brw. Pd- rei. Standardabweichung 

gehalt: S.lO-‘%) lM)s/% x. (r: = IO) 
(siehc Text) AU Pd 

log zn 7.6 4.6 
log Cd 5,4 5,2 
lOgIn 3.9 4.5 
IOg Ni 12 12 

fog Pb 6.7 II 

1 g lw 4.3 7.0 

* mit 5. 1O-6% Au hzw. Pd. 

Nachweisgrenze 
(3uGrenze) 
(siehe Text) 

Au. % Pd. % 

3.10-8 I.lO-’ 
5.10-a 8.W* 
3.10-8 7.10-a 
3.w* 7.10-s 

2.10-e 6.Ws 
6. Ia-? %.10-h 

In einer Serie von Messungen wurde versucht, die 
mit der Graphitrohr-Kiivette HGA 72 erhaltenen 
Ergebnisse auf das neuere Model1 HGA 74 zu iiber- 
tragen. Beide Gedte unterscheiden sich sowohl in der 
eigentlichen Kiivette als such in der Auslegung der 
Heizautomatik. Einfliisse auf Empfindlichkeit und 
Nachweisve~~gen des ~st~mun~verfahrens 
waren vor allem durch die bei der HGA 74 abgelin- 
derte interne Schutzgasftihrung, die verlnderte 
Anstiegsrate im Temperatursprung der Atomisie- 
rungsstufe sowie durch die kleinere Dimensionierung 
des Graphitrohres zu erwarten. Ein unmittelbarer 
Vergleich beider Modelle sowie eine zu verallge- 
meinernde Aussage iiber die Leistungsfsihigkeit sind 
mit wenigen MeDreihen kaum m6glich. 

Die ~~rtragung der unver~nderten Arbeitsvor- 
schrift unseres Bestimmungsverfahrens fir Gold und 
Palladium erwies sich erwartungsgemZD als nicht 
maglich: 50~1 der an Dithizon und Cellulosenitrat 
relativ konzentrierten DMSO-Liisung des Spuren- 
konzentrats verursachten bei Verwenden der HGA 74 
Rauchpeaks, die nur in Ausnahmeflllen durch den 
Unte&undkompensator eliminiert werden konnten; 
stark streuende Signale waren die Folge. Gleichzeitig 
wurde die Lebensdauer der Graphitrohre durch die 
grol3en Stoffmengen merklich verringert. Erst bei Ver- 
mindern des eingegebenen Probenvolumens auf 20 ~1 
konnten die angereicherten Elemente Au und Pd ohne 
Schwierigkeit bestimmt werden. Die Ergebnisse der 
mit beiden HGA-Systemen an 20$-Anteilen der 
Spurenkonzentrate durchgeftihrten Parallelmessungen 
kiinnen folgenderma~en zus~mengefa~t werden . 

Empfindlichkeit und Genauigkeit der Bestimmung 
beider Elemente Indern sich beim Wechsel der Gra- 
phitrohr-Kiivette nur unwesentlich, sofern die durch- 
flieBende Inertgas-Menge (N,) im Augenblick der 
Besti~ung etwa die gleiche ist. Die Gasstriimung 
bestimmt die Verweilzeit der Atome in der Klivette 
und damit Empfindlichkeit und Nachweisvermtigen 
der Messung. Bei der HGA 74 kann der Gasstrom 
in der Atomisierun~stufe der Heizautomatik wahl- 
weise reduziert oder ganz abgestellt werden; die HGA 
72 erlaubt die Messung nur bei vollem oder bei ganz 
abgestelltem GasfluD. Das Erste ist u.U. giinstig, urn 
Reste organischer Stoffe noch im Temperaturanstieg 
der Atomisierungsstufe aus dem MeDraum zu ent- 
fernen. Sind StGrungen durch Rauchpeaks nicht zu 
erwarten, so wird die Empfindlichkeit der Bestim- 
mung des Goldes urn mehr als das Doppelte verbes- 
sert, wenn bei abgeschaltetem Schutzgasflul3 gemessen 
wird; die Signale des Palladiums verlndern sich 
dagegen nur unwesentlich. Dies gilt ftir beide Systeme. 
Wegen der Miiglichkeit, griil3ere ~o~nvolumina mit 
entsprechend grii8eren absoluten Proben- und Spu- 
renmengen stiirungsfrei bei der Bestimmung einsetzen 
zu kiinnen, haben wir die Kiivette HGA 72 in den 
Untersuchungen dieser Arbeit dem neueren Model1 
vorgezogen: die hiihere Probeneingabe erbrachte 
einen Gewinn an Empfindlichkeit und Nachweis- 
vermagen urn etwa den Faktor 2. 
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Summary-Guidelines arc set for the development of solvent extraction separation methods and for 
their preparation for publication. The necessity of establishing the novelty of and need for the new 
method is emphasized. The various items that require specification are discussed, and the criteria 
for successful application of the method, viz. completeness of extraction, selectivity and freedom from 
interference. are laid down. 

Solvent extraction is a separation method, and as 
such has been used for centuries in such enterprises 
as the perfume industry. Applications in analytical 
chemistry may quite arbitrarily be said to start with 
the observation by Peligot, of the extractability of 
uranyl nitrate by ether, in 1842.’ An established item 
in the classical scheme of qualitative analysis of the 
metal cations is the extraction of cobalt thiocyanate 
into amyl alcohol to form a deep blue layer.z33 The 
separation of iron(II1) chloride from hydrochloric 
acid media by extraction with ether4 is another early 
instance of the application of solvent extraction in 
analytical chemistry. Recent interest is evidenced by 
the five hundred papers in the field published 
annually and their biennial review by Freiser in Ana- 
lytical Chemistry,’ (lamentably not since 1968). In this 
proliferation of papers many worthwhile new 
methods are published, but trivial work is not 
excluded, nor is faulty reporting of otherwise good 
work. It is the purpose of this paper to point out 
those features of the solvent extraction methods that 
must be considered in any investigation, and to set 
guidelines for proper reporting of the results, when 
indeed a significant piece of work in the field of ana- 
lytical chemical solvent extraction has been accom- 
plished. 

Solvent extraction has basically two functions in 
analytical chemistry. One is as a selective separation 
method, capable of handling both macro and trace 
quantities of the substances to be determined. It is 
thus a step in the isolation, concentration and purifi- 
cation of the substance to be determined, and is fol- 
lowed by several other steps leading to the final deter- 
mination. The other is as a penultimate step, serving 
to bring the substance to be determined into a par- 
ticularly favorable environment, as for some spectro- 
photometric determinations or radioactive counting 
procedures with liquid scintillators. The requirements 

for both modes of application are essentially the 
same, and prospective authors should pay attention 

to the following points, so that their efforts can be 
appreciated and evaluated on a sound basis. 

ESTABLISHMENT OF THE NOVELTY OF A METHOD 

As has been mentioned above, solvent extraction 

had an early start. It has come of age in the forties 
and early fifties, when many chelating agents have 
been established as useful extractants following the 

pioneering work of Fischer on dithizone’ and of Kolt- 
hoff and Sandell on the quantitative aspects of che- 
late extraction.8 Since then, highly selective chelating 
extractants have been found for most of the elements, 
capable of separating them from almost all others. 
It is true that this statement should be limited to 
metallic elements, and among these are several which 
are selectively extractable only as a group, not indivi- 
dually, e.g., the alkali metals or the rare-earth metals, 
and that there is certainly further scope for develop- 
ment. When a new method involving chelating extrac- 
tants for metals is offered, the following questions 
must be answered satisfactorily, in order to establish 
the novelty of the method. 

1. Do satisfactory separation methods already exist 
to deal with the problem at hand? If the answer is 
no, the researcher and author must satisfy himself that 
he has interpreted the word satisfactory properly. 
Thus, an existing method need not use solvent extrac- 
tion to be satisfactory; it may use e.g. ion-exchange 
or precipitation. If the answer is yes, the next question 
must be conscientiously answered. 

2. Is the proposed method indeed superior to the 
existing methods? If the answer is yes, this must be 
demonstrated clearly, in quantitative terms. Superior 

may apply within the existing limits of applicability 
of the methods, or it may mean a significant broaden- 
ing of these to cover new ground. If the answer is 

110, it is very difficult to justify the development and 
publication of just another method, which does no 
better than established methods. 

203 
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A solvent extraction method consists of a combina- 
tion of an extractant, a diluent (if necessary), a modi- 
fying reagent (if necessary) and certain conditions in 
the aqueous solution, e.g. controlled pH, presence of 
a ligand, presence of a salting-out agent, and external 
conditions such as temperature, time of contact, in- 
tensity of agitation. The novelty of a method rests 
usually in the choice of the extractant, less often in 
the choice of the diluent or other constituents of the 
organic solvent phase, or the other conditions. 

If, indeed, a new extractant is proposed, it should 
be demonstrated that it is superior for effecting the 
separations to which existing extractants are applied, 
under the optimal conditions for applying them. That 
is, the comparison should be fair, and a new extrac- 
tant should not be deemed superior if it outperforms 
existing extractants only under conditions suitable for 
its own application. 

REQUIRED SPECIFICATIONS 

Having satisfied himself, in a manner that can with- 
stand eventual critical examination by the scientific 
community, that a new solvent extraction method 
ought to be developed, the analytical researcher must 
obtain the information required to specify the follow- 
ing data for the method that he proposes. 

The solvent 

The solvent is usually a composite organic phase, 
which may consist of the extractant( and/or 

diluent(s). and/or modifier(s). Sometimes the solvent 
is a single substance, which may be the extractant, 
or a more or less inert solvent in which a complex 
(chelate) formed in the aqueous phase preferentially 
dissolves. 

The extractant, or extracting agent, which is the 
active substance in the organic phase primarily re- 
sponsible for the transfer of the solute from the 
aqueous phase, through chelation, solvation, ion-as- 
sociation or some other adduct formation, must be 
completely specified., The specification includes the 
chemical composition, the structure, and if necessary, 
the particular isomer or conformation intended, and 
not merely a trivial or a trade name. It is realized 
that sometimes this information is not available, that 
a natural substance or an undisclosed commercial 
substance may be used to good advantage, but these 
must be instances explicitly justified by the circum- 
stances. If impure materials or mixtures of materials 
are used, this must be clearly specified. In fact, mix- 
tures may be superior to pure substances as extrac- 
tants, with respect to cost or to performance, The 
cost aspect is illustrated by the use of “amyl alcohol” 
in preference to n-pentanol; improved performance 
may be due to synergistic properties of the mixture. 
Thus, “oppa,” octylpyrophosphoric acid prepared by 
reacting n-octanol with phosphorus pentoxide at a 
proper stoichiometry, is far superior to pure P,P’- 

dioctylpyrophosphate for the extraction of uranium 
(IV) from phosphoric acid solutions.’ 

The rxtractant concentration range must be speci- 
fied. In many cases it must stand in some stoichio- 
metric ratio to the solute to be extracted, and a cer- 
tain excess must be established. On the other hand. 
a large excess should sometimes be avoided, in order 
to repress side-reactions with this solute (formation 
of non-extractable higher complexes), or to repress 
extraction of impurities, or simply to avoid waste. The 
minimal and maximal concentrations at which the 
extractant is to be usefully applied should be estab- 
lished and specified. This specification should prefer- 
ably be expressed in a manner readily understood, r.g.. 

the weight or volume (at a specified temperature) of 
the extractant taken and the final volume it was 
diluted to. These manipulations are ordinarily carried 
out in the analytical laboratory by means of pipettes 
and volumetric flasks, and therefore specifications 
such a 1 + 4 or 1:4, when a volume s is diluted in 
a volumetric flask of capacity 5x, are to be avoided. 
It should be noted that this specification does not 

yield the equilibrium concentration of the extractant 
in the liquid-liquid distribution equilibrium. This is 
an additional item of information which is useful to 
specify, and authors are urged to do so, but not in- 
stead of the initial composition of the solvent to be 
used. 

The nature cf the diluent employed must be speci- 
fied. Sometimes it is immaterial which of a large class 
of diluents, e.g., hydrocarbons, is utilized. This must 
be clearly indicated, together with the name of the 
diluent actually used. Care must be taken in this, 
since seemingly inert diluents often play an important 
role in the extraction. If no diluent is used, i.e., the 
neat extractant is employed, this must also be speci- 
fied. 

The nature and concentration range of‘ mod$iers, 
when employed, must be specified. A modifier is a 
substance dissolved in the organic phase to improve 
its properties, e.g., the solubility of the extractant, or 
the interfacial properties. It may also exert a synergistic 
effect. Again, if any one from a class of substances, 
e.y., surface-active agents, may serve, this should be 
established, and the particular members of this class 
tested should be specified. It is useful, if possible, to 
find out the mode of action of the modifier and dis- 
close it. Its concentration range, however, must be 
specified, since an excess may have a deleterious 
effect. 

The aqueous phase 

Ordinarily, the aqueous solution from which a 
solute is to be extracted contains besides this solute 
some acids and salts, more rarely some organic sub- 
stances. These may arise from treatment of the matrix 
from which the solute is to be separated, or they may 
be added for a purpose. The purpose may be the en- 
hancement of the extractability of the desired solute, 
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and/or the masking or holding back of impurities or 
interferences. 

The matrix present in the aqueous phase, and 
which must be tolerated in the extraction method, 
must be specified. It is useless for analytical purposes 
(though not for preparative ones) if the sample must 
be present in the form of an essentially pure sub- 
stance. The samples to be analysed provide this 
matrix, and the kind of matrices for which the extrac- 
tion method is intended, and which will contribute 
constituents to the aqueous phase (e.g., sea-water, sili- 
cate rocks, ferrous alloys, environmental samples) 
must be specified. Furthermore, certain reagents are 
added in the initial treatment of the sample (dissolu- 
tion, prior separations) and they ordinarily remain 
in the aqueous phase. These should also be specified, 
or certain combinations of them ruled out if incom- 
patible with the extraction method. 

The acidity or the pH of the aqueous phase is 
usually of cardinal importance and must be specified. 
Chelating extractants of metals, being as a rule weak 
acids, have limited ranges of pH where they may be 
applied. The pH control employed, the buffer used, 
the tolerance to presence of strong acids or bases 
must be established and specified. Other extraction 
systems, on the other hand, may require a high aci- 
dity, above some threshold value, to be operative. 
This must then be established. Specification of the 
acidity is facilitated by the concept of pHso, i.e., the 
pH at which the distribution coefficient is unity, and 
50% of the solute is extracted if the phase (volume) 
ratio is unity. 

The ligunds, complexing agents or masking agents 
added to the aqueous phase and their required or 
permitted concentration ranges must be specified. 
Sometimes. ligands are a part of the matrix, or have 
been added in the course of sample preparation or 
previous separation steps. It may be obvious to the 
researcher and author that a particular ligand for the 
metal ion is present, say chloride if the sample is cus- 
tomarily dissolved in hydrochloric acid. However, if 
the presence of chloride in the extraction step is not 
specified. nor its role explained, an unwary reader 
may for his own reasons substitute another acid in 
the sample dissolution step. and find to his dismay 
that the extraction does not proceed as expected. 
Similarly, most ion-pair extraction methods require 
a large counter-ion, say perchlorate in a particular 
instance. The perchlorate would have been added 
“naturally” if the sample had been decomposed with 
perchloric acid, and though nitric acid could be sub- 
stituted for the decomposition, its anion might not 
be adequate for the extraction. 

The concentration range of the ligand, complexing 
or masking agents is of importance, since too little 
may not be adequate, and too much may lead to side- 
reactions leading to non-extractable species. The 
wider the tolerance of the method. the better it is 
in this respect. 

Salting-out agents may be required, in order to 

“push” the extractable solute into the organic phase. 
Often the ligand provided also performs this role, but 
sometimes reagents with highly hydrated ions or func- 
tional groups have to be added, to lower effectively 
the water activity in the aqueous phase. The necessity 
to do this should be discerned by the researcher, but 
obviously it would be advantageous if the procedure 
can dispense with this reagent. However, some highly 
selective extractants are too water-soluble if a salting- 
out agent is not employed, and its nature and mini- 
mal ~n~ntration should be specified. The researcher, 
however, must clarify its role, since if its only function 
is as a salting-out agent, often any of a large group 
of reagents may be adequate, and the less restrictive 
the procedure, the more it can be adapted for wide 
use. 

The extraction conditions 

A range of conditions can be used for the extraction 
of the desired solute, but it is important to find those 
where the separation is best, i.e., as much as possible 
of the desired solute and as little as possible of the 
impurities are transferred, while reagent consumption 
is tolerable. Attention must be paid to the achieve- 
ment of a clean separation, so that neither of the 
liquid phases is contaminated by the other. 

The phase ratio, i.e., the ratio of the quantity 
(usually volume) of the organic phase to that of the 
aqueous phase, is often implicitly unity, and if the 
distribution coefficient (or distribution ratio D) is 
reported, this is of minor importance. However, if the 
recovery factor R, the fraction of the total qu~tity 
of solute which is extracted, or the extraction factor, 
the ratio of its quantity in the two phases, is reported, 
it is essential to report also the phase ratio. It is 
usually difficult under analytical conditions to work 
outside the range of phase ratios from 0.2 to 5.0, and 
a procedure that requires exceptionally small or large 
phase ratios is to be questioned. 

The duration and intetzsity of agitation of the two 
liquid phases with each other are, again. of minor 
importance in the usual cases. Most liquid-liquid dis- 
tribution equilibria are established within 30 set with 
manual shaking. On the other hand, there are chelat- 
ing agents where slow kinetics of isomerization or 
some other step, and metal ions where slow kinetics 
of loss of water from the hydration sphere, lead to 
an overall slow extraction. Examples are the rate-con- 
trolling enohzation of thenoyltrifluoroa~etate.” and 
the reluctant extraction of chromium(III), unless re- 
lluxed with an extractant such as acetylacetone.” 
Researchers must, therefore, ensure that prolonged 
mutual contact is unnecessary, or else specify its 
necessity. In the latter case, account must be taken 
of the possibility of extractant decomposition on pro- 
longed agitation with the aqueous phase (and air) 
since some extractants, notably dithizone,12 are un- 
stable in solution. Furthermore, use may be made of 
differences in the rate of extraction of two solutes 
in order to effect a separation between them which 
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could not be achieved under equilibrium conditions. 
It is useful if this possibility is pointed out, even if 
not utilized for a given problem, in cases where slow 
extraction steps can be identified. 

It is difficult to specify the intensity of the agitation, 
and usually it is immaterial. Occasionally, however, 
problems may be encountered in this respect, in par- 
ticular in the presence of surface-active agents. A cau- 
tionary remark in such cases should be included, in 
view of the following. 

A clean phawseparation is an essential part of an 

extractive separation procedure. It is extremely diffi- 
cult to prevent entrainment of less than 0.1% of the 
wrong liquid phase, as little droplets dispersed in the 
bulk, or as a film or discrete drops at the surface, 
which will contaminate a sampling device such as a 
pipette. On the other hand, this limit should be 
approached as best as one can, and therefore condi- 
tions which favour emulsification, such as violent agi- 
tation of the phases, or the presence of surface-active 

agents, should be avoided as far as possible. The 
means employed to effect a clean separation should 
be mentioned in the procedure. Since one advantage 
of solvent extraction methods is their rapidity, a pro- 
cedure which produces clean phases after 30 set of 
standing is to be preferred to one that requires con- 
siderably longer standing or centrifugation. Proper 
choice of diluent and/or modifier and/or salting-out 
agents can be of great help in this respect. 

The temperaturr at which the solvent extraction is 
carried out is usually of little consequence provided 
it is near room temperature. understood in this con- 

text as anywhere between 15” and 35”, dictated by 
climate. It is urged, however, that the temperature 
limits at which the results were obtained are specified, 
so that other workers can utilize the data for other 
studies. It cannot be expected that extractions for 

analytical purposes should be carried out in a ther- 
mostat. but there is no rule against its employment 
during the development of the method. If the optimal 
temperature for a given extractive separation is not 
the ambient temperature, it should of course be speci- 
fied, together with the tolerance, i.e., permissible devi- 

ation. 

APPLICATION OF SOLVENT EXTRACTION 

In order for a solvent extraction separation method 
to be useful, the following have to be established: com- 
pleteness of the extraction, the required selectivity, 
and freedom from interferences. The method must be 
tested with respect to all three criteria, and the results 
must be reported, with a valid statistical evaluation 
of the numerical data. 

Completmc5s of’ 6wruction 

Few, if any, analytical determinations aim at an 
error of less than O.l%, hence extraction should be 
99.9% complete to satisfy ordinary requirements. 
With a phase ratio of unity, this means a distribution 

coefficient of 2 103. Higher distribution coefficients. 
though occurring in systems with appropriate extrac- 
tion equilibrium constants and concentration ranges 
of the reagents, can only rarely be measured, because 
of the entrainment problems discussed above. Lower 
distribution coefficients can be tolerated. if one of the 
following steps is taken: the phase ratio is varied in 
favour of the organic phase (within the limits 
delineated above); a numerical correction is applied 
for the fraction which was not extracted (the standard 
procedure of correcting for chemicul yield in radio- 
chemical methods); best of all, extraction is repeated 
with fresh portions of organic solvent. The lowest 
practical distribution coefficient for analytical solvent 
extraction is about 10. 

If the method is to be applied within a wide range 
of rxtrahmd (solute to be extracted) concentrations. 
it is necessary to establish that either the distribution 
coefficients are independent of the extrahend con- 

centration within that range, or are sufftciently large 
anyway. It is one of the advantages of solvent extrac- 
tion methods that they can handle trace con- 
centrations of the extrahend, since only homogeneous 
solutions of it in liquid phases are involved. Solvent 
extraction methods, therefore, seldom have inherent 
lower limits, practical lower limits being dictated by 
the effects of impurities. The upper limit of applicabi- 
lity is usually given by the consumption of a stoichio- 
metric quantity of the extractant, and the necessity 
of some excess of the latter, which may be limited 
by its solubility, and the procedure must be cognizant 
of this. 

Selectivity 

As a separation method, solvent extraction presup- 
poses high selectivity for the solute of interest. Appli- 
cations where this is unnecessary are known---extrac- 
tion as a concentration procedure, which is limited 
by phase-ratio considerations, or the transfer of the 
solutes into an organic environment for spectrophoto- 
metric or radiometric (liquid scintillation counting) 
determinations which can take care of the selectivity 
requirements and do not require selectivity in the 
extraction step. Ordinarily, however. selectivity is an 
essential requirement, and its achievement must be 
demonstrated quantitatively. It is expressed by means 
of separation factors, which are the ratios of the dis- 
tribution coefficients of the solute of interest and of 
the impurities, measured under the same conditions. 
or by means of the mrichmrnt ,fbctora. S. which are 
the factors by which the original ratios of quantities 
of the solute of interest and the impurities must be 
multiplied to give the ratios after extraction. The 
selectivity desired depends on the ultimate determina- 
tion methods to be used after the solvent extraction 
separation step. Usually, procedures in which the im- . 
purities have distribution coefficients D >O.l should 
be avoided, and in cases where 0001 < D < 0.1 one 
or more scruhhiny steps should be employed. In these, 
the loaded solvent is contacted with a suitable 
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aqueous phase, which selectively removes the conta- 
minants from it. This may entail a slight loss of the 
extrahend; likewise, a slight loss of extrahend may 
be brought about by choosing conditions (e.g., pH 
or extractant concentration) which depress the D 
values of the impurities to below 0001, without 
lowering that of the extrahend much below 103. 

The actual selectivity attained by the method under 

working conditions must be reported, not that calcu- 
lated from the equilibrium constants and the reagent 
concentrations. Although this calculation can provide 
a rough guide to the attainable selectivities, major 
deviations may be caused by the multicomponent 
nature of analytical samples, and the particular con- 
tributions to the extraction system from the sample 
matrix, which may not have been considered in the 

work that led to the equilibrium constants. 
Since, however, it is impractical to test the selecti- 

vity under all possible conditions, and undesirable to 
limit unduly the applicability of the method, it is use- 
ful to provide not only the actually determined selec- 
tivities but also the equilibrium constants involved 
(see below), so that the application can be extended 
where appropriate. 

Interferences 

Extraction systems are seldom specific for a given 
solute, but those impurities which are co-extracted 
with the extrahend of interest because of insufficient 
selectivity cannot properly be called interferences as 
far as the solvent extraction separation itself is con- 
cerned. They may interfere, of course, in subsequent 
determination steps. Interferences are those solutes 
which make the extraction of the extrahend less com- 
plete. This can occur mainly through two processes: 
binding of the extrahend in the aqueous phase, or 
binding of the extractant in the organic phase. If the 
extrahend is a metal cation, then other ligands are 
interferents of the first kind. if they form competitive 
and non-extractable complexes. Other metal cations 
(or hydrogen ions) are then interferents of the second 
kind, if they form competitive extractable complexes 
with the extractant. Other cations may also interfere 
by removing the extractant from the organic phase 
into the aqueous phase, if they form strong, competi- 
tive non-extractable complexes with the extractant, 
binding it in the aqueous phase. 

It is impractical to test for all possible interferences, 
and therefore, again, it is useful to know the extrac- 
tion equilibrium constant and any other association 
constants which are relevant. With this knowledge it 
is possible to predict whether a given solute would 
constitute under given conditions a serious interfer- 
ence or not. A serious interference, in this context, 
is a reduction of the distribution coefficient D of the 

extrahend from above IO3 to, say < 10’. A predicted 
interference, or non-interference, should in any case 
be verified by a concrete experimental example. 

ADDITIONAL CONSIDERATIONS 

There are several additional points which it is 
worthwhile to consider when developing a solvent ex- 
traction separation method. Although not as essential 
to the proper operation of a separation procedure 
as those discussed above, they permit eventual future 
improvements, and a widening of the applicability of 
the method. These are on the one hand physico-che- 
mica1 details of the liquid-liquid distribution equilib- 
rium, and on the other hand considerations relating 
to multi-sample, on-line, or automatic analysis. 

Physical-chemical details 

It is recommended that the extraction equilibrium 
reaction be identified, with respect to the stoichiome- 
tries involved, and the species which the extrahend 
forms with the extractant in the organic phase. Any 
side-reactions occurring in the system, such as acid 
dissociation of the extractant or dimerization of the 
extracted species. should preferably also be identified. 

The extraction equilibrium constant13 KL, of the dis- 
tribution reaction should be determined, either as a 
conditional equilibrium quotient or as the thermo- 
dynamic equilibrium constant. The value of the 
former is dependent on the conditions, such as the 
concentrations of reactants and the acidity. while the 
latter takes into account the relevant activity coeffi- 
cients. Values of the equilibrium constants of the side- 
reactions mentioned above should also be known. 

It should be understood that the determination of 
these constants is optional, and its lack does not 
necessarily detract from the usefulness of a solvent 
extraction method for the particular problem for 
which it has been developed. However, in view of 
the proliferation of existing solvent extraction 
methods, commented on at the beginning of this 
article, the justification of the development of an ad- 
ditional method rests mainly on the wider scope it 
may offer. For its realization the information dis- 
cussed above is indispensable, whereas the elucidation 
of the actual mechanism of the extraction reaction, 
in terms of the sequence of steps that lead to the 
equilibrium distribution, usually is not. The 
mechanism of solvent extraction reactions is rarely 
known and more rarely required, except in those 
cases where differences in the rate of extraction are 
utilized. In this particular application, a detailed 

knowledge of the mechanism is of great help. 

Practical details 

Thought should be given to the implication of ex- 
tending the solvent extraction separation to large ser- 
ies of samples. For the ultimate exploitation of a 
method, situations such as large numbers of samples 
from environmental studies, or from industrial quali- 
ty-control stations, or the need for continuous on-line 
monitoring of a system, should be considered. The 
rapidity of the usual solvent extraction separations 
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(e.g., 30 set phase mixing, 30 set phase separation) re- 
commends them for such applications. The on-line ap- 
proach is now realized with devices such as the 
AK-UFVE.i4 For such multi-sample applications, 
considerations such as the cost and availability of 
the extractant and other reagents at the required 
purity become important. Also, the chemical stability 
of solvent phases (avoidance of the necessity to prepare 
daily fresh extractant solutions, as is the case with 
dithizoneL2), the flammability and toxicity of diluents 
(even simple diluents such as toluene become a prob- 
lem in this respect if handled in large quantities over 
a prolonged period), etc., must be considered. Often 
it is possible to choose reagents that are least prob- 
lematic in this respect, even though they may not pro- 
duce optimal results if only a single separation is to 
be performed. 

It is urged that consideration be given to these 
points in any case when a solvent extraction method 
is developed, even if they are not directly relevant 
to the particular application envisaged for it. The 
superiority of a new method over existing ones is cer- 
tainly measurable by practical criteria as discussed 
here. 

PUBLICATION 

When a new solvent extraction separation method 
is being made ready for publication, all the points 

above must have been taken care of. First the neces- 
sity for the new method must have been established. 
Then all the relevant items must have been specified, 
i.e., the composition of the solvent, the composition 
of the aqueous phase, and the extraction conditions. 

A definite procedure for the separation must be 
worked out. The function of each item in this pro- 
cedure, and the range within which quantities may 
be varied must also be specified. It must then be 
shown that the desired extraction has been achieved, 
and with it the desired separation from the other 
solutes, and that the method works with respect to 
completeness of extraction, its selectivity, and its frcc- 
dom from interferences, when the reagents and condi- 
tions are within the specification. The optional infor- 
mation, such as equilibrium constants, if determined, 
must also be ready. 

In order to convince readers of the merits of the 
new solvent extraction method, it must now be com- 
pared in a fair way with existing solutions to the sep- 
aration problem at hand. A statistical analysis of the 
results must be included, to show the significance of 
a claimed quantitative superiority. 

It is desirable that internationally agreed-on nomen- 
clature, symbols, and units be used. As regards 
the names of reagents, common abbreviations (see, 
e.g., ref. 15) may be used, but they must be defined 
where first used in the text. Trade names and trivial 
names should also be accompanied by chemical 
names. The sources of uncommon reagents should be 

given. 

Some of the terms relating to solvent extraction 
have been used rather loosely in the past. This paper 
contains definitions of some of the important terms, 
following the recommendations of international 
bodies.“*” A clear distinction must be made, e.g., 
between the extraction (equilibrium) constant, K,, 

pertaining to the distribution reaction, the distribu- 
tion or partition constant, KD, which is the ratio of 
the activities of a definite chemical species in the two 
phases, and the distribution coefficient or ratio, D, 
which is the ratio of the total analytical con- 
centrations of a solute in the two phases. Similarly, 
a clear distinction must be made between the separ- 
ation factor, which is the ratio of the respective distri- 
bution coefficients of two solutes measured under the 
same conditions, and the decontamination or enrich- 
ment factor, S, which is the ratio of the proportions 
of contaminant to desired product before and after 
treatment. 

Results from a comparative study of several extrac- 
tants, or several sets of extraction conditions, applied 
to a series of extrahends (say metal cations) are profi- 
tably displayed in distribution charts.” These consist 
of a series of “distribution strips,” one for each extrac- 
tant or set of extraction conditions, each strip being 
a one-dimensional plot of the logarithms of the distri- 
bution ratios of the extrahends. From such charts dis- 
tribution ratios D and separation factors between any 
two extrahends may be readily read, and extraction 
processes can be readily compared. 

CONCLUSIONS 

Solvent extraction is a very powerful analytical sep- 
aration method, and many applications have been 
and are being published. Therefore, those intending 
to add yet another publication in this field will do 
well to follow this guide, so that their contribution 
is significant, and of real help to others, i.e., the scien- 
tific community for which the intended publication 
is prepared. 
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Summary-Iron, magnetite, copper, copper oxide, calcium carbonate, sulphur, silicon dioxide and 
aluminium oxide as components of copper intermediates (concentrates, slags, mattes, calcines and fluxes) 
in powdered (300400 mesh) binary mixtures obey the Lachance-Trail1 equation, so the coefficients 
x*x of interelement effects can easily be determined experimentally. They show a reasonable agree- 
ment with the theoretical values calculated from mass absorption coefficients. This fact can be the basis 
of a convenient routine method for the determination of intermediates. Since the intermediates exhibit 
differences in the distribution of their atoms (microcosmic inhomogeneity) a correction factor kdis, 
has to be used. Its value for the main components (concentrations >5%) is in the range 0.92-1.24 
The highest relative average deviation of the results from those of the classical “wet” methods is 
2.7% for the major and 30% for the minor components. 

X-Ray spectrometry is a most convenient routine 
method for the analysis of copper intermediates (con- 
centrates, slags, mattes, calcines, and fluxes) because 
of its speed. Fusion of samples with sodium and lith- 
ium tetraborate is a favourite technique used in X-ray 
analysis, giving accurate results. The weighings and 
fusions are, however, tedious operations that become 
very inconvenient if a hundred or more specimens 
are to be assayed daily. Then the powder-specimen 
technique, in spite of its lower precision and accuracy. 
is the only convenient approach.’ 

Variations in particle size, density and adhesivity 
(due to electrostatic, magnetic and other factors) are 
the main sources of error in the powder technique. 
The problem of particle size can be settled by use 
of an efficient grinder. The other sources of error are 
largely eliminated by the constant properties of indi- 
vidual intermediates. Powder specimens exhibit 
strong interelement effects, however, so a proper 
mathematical correction of those effects is necessary. 

EXPERIMENTAL 

Apparatus 

The instrument used was a Norelco Corporation (Mount 
Vernon, New York), X-ray vacuum spectrometer, with a 
chromium target tube. 

The specimens were ground and mixed by means of a 
“Wig1 Bug” (Crescent Dental Co., Inc., Chicago, Illinois) 
with a tungsten carbide capsule of 6ml effective volume. 

Materials 

Iron, magnetite, copper, copper(I1) oxide, calcium car- 
bonate, sulphur, silicon dioxide and aluminium oxide 
powders were used as standards and for the preparation 
of binary mixtures. The mixtures were prepared in the 
“Wig1 Bug” by 2 min grinding and mixing. The copper- 
intermediate specimens were the usual daily samples. To 

assay the individual elements the following “wet” methods 
were used: cerimetric potentiometric titration of iron, elec- 
trolytic gravimetry for copper. permanganate titration for 
calcium, barium sulphate gravimetry for sulphur, silicon 
dioxide gravimetry for silicon and aluminium phosphate 
gravimetry for aluminium.’ All chemicals used were Baker 
analysed reagents. 

Measurement 

Plastic cups of 7 ml effective volume with a l-mm hole 
in the bottom (for measurements in vacuum) were used. 
About 2g of specimen were placed in each cup, covered 
with Snex-Film (Snex Industries, Inc.. Metuchen. New Jer- 
sey), inserted inid the metallic holder, tapped gently on 
a bakelite plate and inserted into the spectrometer. The 
parameters of measurement for individual elements are 
listed in Table 1. 

THEORETICAL 

Lachance-Trail1 equation 

If R, is the relative X-ray fluorescence intensity of 
an element A such that 

RA = (IA - IAb)/tIAl - IAlb) (1) 

where IA and IA1 are the intensities for A in the sample 
and a pure specimen respectively and I,, and IAlb 
are the corresponding background intensities, the La- 
chance-Trail1 equation3s4 has the form 

z 
CA/RA = 1 + 1 aAXcX (2) 

B 

where CA and cx are the concentrations of elements 
A and X, respectively (as weight fractions of the total 
specimen amount), and L%AX is the coefficient for the 
influence of element X on the intensity for element A. 
It is assumed that the specimen consists of elements 
A, B,. . .Z. 

Equation (2) is a simplified Gillam-Heal’ and Shir- 
aiwa-Fujino equation describing the general rela- 
tionship between the relative fluorescent intensity of 
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Table 1. Instrument settings for individual elements 

Element* 

Parameter Fe CU Ca S Si Al 

Pulse-height analyser base-line, V 
Pulse-height analyser window. V 
Measurement time. SK 
Spectrometer angle. 20 
Crystal 
Path medium 
Detectors 
Detector voltage, kV 

8.0 
25.0 

20 
57.55” 

LiF 
air 
s 

0.8 

9.0 
46.0 

10 
45.05” 

LiF 
air 
s 

0.8 

6.0 
21.0 

10 
14.95’ 
PETt 
vacj 

P 
1.5 

12.0 
16.0 

20 
45.87” 
PET 
vat 
P 

1.5 

Il.0 
13.0 

50 
79.21’ 
PET 
vat 
P 

1.5 

9.0 
12.0 
50 

115.09” 
PET 
vat 
P 

1.5 

* X-Ray tube voltage 46 kV. current 18 mA, linear amplifier attenuation 5, and coarse collimation used throughout. 
t Pentaerythritol. 
$ Pressure 0.2 mmHg (10% methane and 90% argon). 
5 S is scintillation and P proportional detector. All the measured intensities were corrected for the counting dead-time. 

an element and the concentrations of all elements 
present in the specimen. The application of that rela- 
tionship to quantitative analysis is inconvenient, espe- 
cially for multielement systems, because the mathema- 
tics is too complicated. There are many modifications 
of equation (2)’ but the Lachance-Trail1 version is 
the most convenient for calculation. 

The value of g(AX can either be determined experi- 
mentally from binary mixtures or calculated theoreti- 
cally by means of the equation3s4 

where 0, is the angle at which radiation strikes the 
specimen and Q2 is the angle of emergence of radia- 
tion. The mass-absorption coefficients pA Al, px, and 
,uAA2, pxl (for elements A and X) are measured at wave- 
lengths of the absorption edge (subscripts 1) and 
characteristic line (subscripts 2) of element A. For the 
absorption edge an effective wavelength should be 
used: 

&,&f, = & - 0.01 (4) 

where 5 is the value from tables. The correction is 
empirical and is connected with some losses of energy 
by scattering.* 

Equation (3) is valid only for mixtures of pure ele- 
ments since the values of the mass absorption coeffi- 
cients were determined for those conditions. In prac- 
tice, we often have mixtures of the oxides and car- 
bonates. If the “dilution” by oxygen and carbon is 
the only effect we take into account, and the new 
mixture contains the elements A and X in the same 
ratio as the original mixture, then 

R, = R; . (5) 

where Ra is the ratio of the net intensities of the 
new mixture and the new reference standard (i.e., the 
corresponding oxide or carbonate). 

For binary mixtures we obviously have 

c A=l-CX and CA = 1 - ci 

and from equation (2) 

(1 - cX)/RA = 1 + x,,c, 

(6) 

(7) 

(1 - c,)/R; = 1 + raxc;(. (8) 

The combination of equations (5), (7) and (8) results 
in 

(1 - cx)/(l + M*xCx) = (1 - CM1 + akxc;c). (9) 

If r, represents the conversion factor from element 
A to its oxide (or carbonate), and r, the correspond- 
ing factor for element X, we have 

c; = cxi)c/[(l - c,)r, + c&J. (10) 

Combining equations (9) and (10) we get 

&, = TA(l + XA,)/Y, - 1, (11) 

Employing this equation we can calculate the in- 
fluence-coefficient c&, of an oxide (or carbonate) mix- 

ture from the original coefficient aAx calculated by 
means of equation (3), although this calculation is 
only approximate because of the simplifications made. 

Structural and trace element effects 

It is well known’ that certain deviations sometimes 
occur if equation (2) is applied to multielement mix- 
tures. Those deviations are explained by enhancement 
and polychromaticity effects and there have been 
attempts to correct them by expansion of the right- 
hand side of equation (2) to include terms with higher 
powers of the concentration.‘.” In our opinion. this 
is completely justified only if the binary mixtures and 
sample specimens exhibit exactly the same distribu- 
tion of atoms of the elements to be determined (mic- 
rocosmic homogeneity). Unfortunately, the copper in- 
termediates do not meet that condition. Both copper 
and iron are able to form with sulphur a great variety 
of compounds, the distribution of which in the test 
specimens is virtually unknown.” Since most of the 
bonds are covalent in character it is uncertain, even 
for pellets prepared by fusion, whether the condition 
of microcosmic homogeneity is met. 

The uncertainty in the composition of the speci- 

mens (it also affects the system of iron and oxygen) 
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leads to the fact that the equation 
z 
Ecx=l (12) 
A 

the validity of which is the necessary condition of 
equation (2), may not hold exactly, the sum coming 
to 0.9tHl.95 instead of 1%). Fortunately, the effect 
of those factors [microcosmic inhomogeneity plus fai- 
lure of equation (12)] is relatively small and some- 
times negligible; nevertheless, it requires the intro- 
duction of an additional distribution correction con- 
stant kdist such that the final concentration of an ele- 
ment A is given by the equation 

cyr = kdis,cA. (13) 
The values of kdis, can be calculated by measurement 
of a set of standards (concentrations cz“) and use 
of the equation 

(14) 

The determination of cz” by “wet methods” must be 
performed with the greatest care and accuracy. Equa- 
tion (14) is another approximation justified by the 
relatively constant composition of test specimens. A 
high value of k,i,, can be due to incorrect values of 
c(,x and of the background. 

RESULTS AND DISCUSSION 

A typical dependence between the particle size and 
the fluorescence intensity is presented in Fig. 1. It 
shows that for particles finer than about 300 mesh 
the fluorescence intensity becomes independent of the 
particle size. 

The behaviour of binary mixtures of the eight most 
common components of copper intermediates is illus- 
trated in Fig. 2. The function of cJR, = j(cA, shows 
very good agreement with the equation (2) so that 
no special treatment of the polychromaticity and en- 
hancement effects is necessary. The values obtained 

:- 
- 100 -200 -300 

Particle size, mesh 

Fig. 1. Dependence of the fluorescence intensity on the 
particle size: 1-Cu. 2-Fe, 3-S Ma (Specimen: cop- 

per concentrate). 

a? \ 
P 4 

3 

2 

I 

0.2 04 06 06 02 04 06 0.e 

Fig. 2. Dependence c,/R, =f(cA) of binary mixtures. a: 
1, CaC03-Fe; 1’. Fe-CaCO,; 2. CaCOJ-SiOz; 2’. SiOz- 
CaCO,; 3. CaCO,-Fe,O,; 3’, Fe,O,-CaCO,; 4, SCuO; 
4, Cu(rS; 5, S-Fe; 5’. Fe-S; 6. Fe,O,-S; 6’. SFeJO,. 
h: 1, Cu-Fe; I’, Fe-Cu; 2. CaCO,-CuO; 2’. CuO-CaCO,; 
3, CaCO,-AI,O,; 3’, AI@-CaCO,; 4. S-Cu; 4’. Cu-S; 
5, S-SiO,; 5’. SiO,-S; 6. S-Al,O,; 6’. Al,Ox-S. c: 1. SiO,- 
Cu; 1’. Cu-SiO,; 2. AI,O,-Fe; 2’. Fe-Al,O,; 3. SiO,-Fe; 
3’; Fe-SiO,; 4, SiO,-Fe,O,; 4’. Fe,O,-SiO,; 5, CaCO,- 
Cu; 5’. Cu-CaCO,; 6, CuO-Fe,O,; 6’. Fe,OPCuO. d: 
1. A&O,-Cu; I’, Cu-A&O,; 2, CaCO,-S; 2’. SCaCO,; 
3, SiO,-CuO; 3’. CuCMiO,; 4. A1,03-Fe30,; 4’. Fe,Oh 
Al,O,; 5, AI,O,-CuO; 5’. CuO-~Al,O,; 6. SiO,-Al,O,; 

6’. A1,03-SiO,. The first component is A. 

for the influence coefficients mAx, together with the 
theoretical values calculated by means of equations 
(3) and (1 l), are presented in Table 2. Taking into 
account the approximations in the theoretical calcula- 
tion, there is reasonable agreement between the exper- 
imental and theoretical values. It should be kept in 
mind that the values can vary according to the geo- 
metry of the spectrometer. 

The estimated experimental values of c(*x were used 
in equation (2) for the assay of copper intermediates. 
The calculation was done by means of a general pro- 
gram for 3-6 components (machine model 1860, 
Monroe Co., Orange, New Jersey), which can be 
easily extended to any higher number of components. 
The results together with the results of “wet methods” 
are presented in Table 3. A relatively good agreement 
of both methods can be seen. Some higher deviations 
can be explained in terms of errors in both methods. 
The higher deviations of converter flux specimens are 
due to the low density. The instrumental drift was 
corrected by measurement of one standard. It is useful 



CU 1.05 
(1.35) 

cue 1.09 
(1.12) 

CaCO, 0.87 0.45 
(0.77) (0.28) 

S 0.14 - 0.08 

Fe - - - 0.40 - 0.42 -0.15 - 0.45 - 0.47 
(-0.53) ( - 0.44) ( - 0.22) (-0.74) (-0.76) 

-0.37 -0.15 0.07 - 0.42 - 0.48 
(0.48) ( - 0.22) (0.08) (- 0.77) ( - 0.67) 

- 0.52 - 0.52 - 0.75 -0.76 
( - 0.56) (-0.39) (-0.80) (-0.81) 
- 0.40 -0.19 -0.73 -075 

( - 0.44) ( - 0.24) (-0.75) (-0.77) 
I,28 0.85 3.31 0.67 043 

(1.22) (0.78) (3.22) (0.44) (0.30) 
0.40 0.25 - 0.48 0.25 -0.01 

(0.17) (-0.15) (0.48) (0.18) (- 0.76) (0.10) (-002) 
SiO, 1.91 1.85 2.85 2.12 -0.21 -0.18 - 1.94 

(2.36) (1.43) (3.26) (2.40) (-0.29) (-0.19) 2.07 

AU% 2.53 2.05 3.55 2.86 - 0.20 - 0.06 -0.25 - 
(2.67) (1.65) (3.71) (2.76) (-0.21) ( - 0.06) (-0.76) 

*Theoretical values are in parentheses; the values of characteristic line and absorption-edge wavelengths and the 
corresponding mass absorption coefficients were taken from ref. 1. 0, = 67” and 0, = 23”. 

Table 2. Influence-coefficients xAx* 

X 

A Fe Fe@, CU cue CaCO, s SiO, Al,% 

Table 3. Analysis of copper intermediates* 

Type Fe, % cu, % CaO, % s, % Si02, % A&O,> % 

Calcine 

AD 

&is, 

Converter flux 

AD 

kdist 

Converter slag 

AD 
k ‘l1.l 

Reverberatory matte 

AD 
k dl\, 

Reverberatory slag 

AD 

kdist 

Copper concentrate 

AD 
k (1151 

31.3 26.5 1.1 25.3 4.8 1.7 
(33.6) (2680) (1.32) (25.40) (4.4) (1.8) 
31.7 26.5 1.1 24.9 4.7 1.7 

(32.0) (26.65) (0.92) (25.26) (4.6) (1.6) 
0.9 03 0.1 0.6 0.2 0.1 

0.934 0.923 2.053 I.223 0.526 0.420 

(434 
2.2t 

(2.0) 
0.3 
1,226 

$3) 
051 

(0.58) 
0.4 
I.560 

0.4 
(0.36) 
0.4 

(036) 
0.04 
7,869 

(:.96) 
0.8 
(0.76) 
0.1 

1,437 

73.7 10.0 
(7419) (10.52) 
81.1 7.0 

(83.00) (7.31) 
1.2 0.3 

1,034 0862 

48.0? 1.21 
(46.4) ( 1.04) 
50.31 2.61 
(50.4) (2.60) 
1.0 0.3 

1.020 1.001 

(K7) 

(:x1) 
01 

4,551 

304 2.5 
(31.8) (2.83) 
24.1 2.3 

(23.7) (2.19) 
0.6 0.2 

1.023 I.161 

30.5 37.6 
(30.6) (38.62) 
28.7 41.7 

(28.8) (41.68) 

0.2 0.3 
1.001 0.992 

_ - 

- 

26.5 
(27.02) 
26.7 

(26.60) 

0.2 
0.997 

33.1t 0.53 5.8 36.6 

(33.0) (0.51) (5.57) (38.2) 

41.4t 0.6 2.1 34.1 

(41.5) (0.56) (2.07) (343) 

0.2 0.04 0.1 0.7 
1,008 1.119 1,064 1.010 

63 

(Z 

(5.1) 
03 
1.157 

28.6 

W;) 

(3;:;) 

1.240 

23.9 0.1 38.5 
(23.03) (0.16) (38.62) 
14.9 0.1 41.2 

(14.81) (0.06) (40.92) 
0.4 004 0.3 

0.956 2.333 1.055 

p4::) 
6.1 

(;6;) 

0.545 

2.1 

(1.8) 
2.2 

(2.2) 
02 

0445 
- 

*The result of the corresponding “wet” analysis is in parentheses: CaO was calculated from CaCO,. Each value 
of kc,,,, (dimensionless) was calculated from the results for 16 standards. see equation (14). One “good” and one “bad” 
result is shown. AD is the average deviation for eight samples. 

i Calculated from Fe,O,. 
$ Calculated from CuO. 

214 



X-Ray fluorescence spectrometry 215 

Table 4. Some empirical methods investigated* 

Reference Equation Comment 

13 CA = k, + I,&,, + k,xlx) Poor results 

12 IA = k, + c,(k,, + f k,,xIx) Good for Si02 in converter flux 
a 

14 CA = k, f = k,J, 
z 

Good for narrow range of concentrations 

12 Poor results 

* For the meaning of individual symbols see the text; k,, k,,, k,, are the empirical interdependent 
constants determined by least-squares method. 

to repeat the standard measurement for each set of 
samples in the spectrometer. 

The Rasberry-Heinrich’ and Claisse+intin” 
methods give better results for copper intermediates 
than the Lachance-Trail1 method. However, even 
with those methods an additional correction for struc- 
tural and trace-element effects is necessary. The ite- 
ration technique is the only mathematical approach 
by which those methods can be applied to multiele- 
ment systems, which, together with the considerably 
higher number of correction constants, represents a 
drawback of those methods which is not always com- 
pensated by a better accuracy and precision.” 

From the practical viewpoint of routine analysis, 
the present method and all methods employing true 
influence constants have one drawback. They require 
the intensity measurement of all components of a 
specimen to satisfy equation (12). That could some- 
times be inconvenient, if the concentration of only 
one or two elements is of interest. In those cases, 
some workers prefer a solely empirical relationship 
between the concentrations of the given elements and 
their intensities (usually on the basis of a regression 
formula). That relationship is able to produce quite 
good results if the concentrations of all elements pres- 
ent are in a certain relatively narrow range. However, 
the trouble is that there is not sufficient evidence that 
that condition is obeyed. We have investigated several 
empirical regression methods. Their brief description 
and evaluation is given in Table 4. 

The practical importance of the Lachance-Trail1 
method was stressed recently by the fact that Norelco 
Corporation (Mount Vernon, New York) introduced 
it as a built-in method for their machines. 

The computer program can be obtained upon 
request. It includes the counter dead-time, back- 
ground. and instrumental-drift corrections. 

1. 

2. 

3. 

4. 
5. 

6. 

I. 

8. 

9. 
10. 
11. 

12. 
13. 

14. 
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HYDROCARBONS IN AIR BY QUANTITATIVE COMBUSTION 
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Summary-Methods for high-temperature combustion of vinyl chloride in air were studied theoretically 
and two types of gas mixtures were found to give 100% conversion into HCl. The chloride was deter- 
mined by coulometric titration with silver, in 70% acetic acid. Good agreement between theoretical 
and experimental results was obtained. Permeation rates of vinyl chloride from fluorinated ethylene 
propylene permeation tubes were determined gravimetrically and with the coulometric method devel- 
oped. The standard deviations of the methods were OQO2 and OQOI pg/min respectively for permeation 
rates of 0.5 ng/min when the temperature was controlled to + 0.02”. The coulometric mean value 
was 99.9% of the gravimetric mean; I ppm of vinyl chloride in air could be determined coulometrically 
with a standard deviation of about 0402 ppm. 

Vinyl chloride has been linked to several liver cancer 
deaths among production workers and the maximum 
concentration allowable in factories has consequently 
been decreased. Taking the U.S. as an example, from 
1 January 1975, vinyl chloride in workplace air has 
to be reduced to 1 ppm (v/v), averaged over an 8-hr 
period. 

Very few methods for the trace determination of 
vinyl chloride in air have been described in the litera- 
ture. Vinyl chloride can be absorbed’ on activated 
carbon and then converted into formaldehyde, which 
is measured spectrophotometrically at 594 nm. This 
method must be calibrated with a standard of vinyl 
chloride in air. However, no primary standard for 
vinyl chloride has yet been described in the literature 
as far as we know. A gas-chromatographic method’ 
using the flame-ionization detector has recently been 
described. The detection limit is reported to be 0.05 
ppm and the method is simple and rapid. However, 
the apparatus must be calibrated with standard sam- 
ples of vinyl chloride in air. The standards used’ were 
obtained by a dilution procedure which resulted in 
a precision of about loo/, at the I-ppm level. In a 
recent paper3 the use of a vinyl chloride permeation 
tube for calibration of a gas-sampling valve for gas 
chromatography was described. However, no deter- 
minations of permeation rate were reported. 

This paper reports the investigation of a permea- 
tion-tube gas standard for vinyl chloride in air. The 
permeation rate was determined by two independent 
methods; a gravimetric and a coulometric. The latter 
method required a high-temperature conversion step 
to convert the chlorine in vinyl chloride into hydro- 
gen chloride. The chloride can be determined very 

accurately in the nanomole range with a coulometric 
procedure. The development of the coulometric 
method involved a theoretical study of the combus- 
tion conditions for quantitative conversion into hy- 
drogen chloride. Of special interest with regard to 
the coulometric titration was the determination of 
combustion conditions for lCO”/O recovery of hydro- 
gen chloride with formation of a minimum amount of 
water. 

Several coulometric methods for the determination 
of chlorinated hydrocarbons’6 have been described. 
The sample is combusted in oxygen and the HCl 
formed is titrated with silver ions. The most com- 
monly used titration medium is a mixture of acetic 
acid and water. The main drawback of these coulo- 
metric methods is that the recovery of HCl is strongly 
dependent on the matrix. For a hydrocarbon sample 
containing traces of chlorine the recovery6 is looo/,, 
but for traces of chlorinated hydrocarbons in air the 
recovery is very dependent on the combustion condi- 
tions.7 It has been observed that addition of water, 
e.g., humidification of the combustion gases, increases 
the recovery.’ The theoretical reasons for these vari- 
ations are given below in this paper. 

Permeation tube 

From its boiling point and its vapour pressure at 
room temperature, vinyl chloride seems to have the 
fundamental physical properties required for the per- 
meation-tube technique. The permeation rate F is 
affected by the temperature, iT; according to 

F = F, exp(-.E/RT) (1) 

where E is the activation energy. The value of E is 
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rather high (about 10 kcal/mole) for fluorinated ethyl- 
ene propylene co-polymer (FEP), which means that 
the permeation rate is very temperature-sensitive. 

High-temperature equilibria 

The system investigated is given by reaction (2) 
which corresponds approximately to the combustion 
of 150 ml of air containing 1 ppm (v/v) of vinyl chlor- 
ide. The primary aim was to determine the conditions 
for obtaining a 100% recovery of HCl; x and y repre- 
sent varying additions of hydrogen and cartion 
monoxide respectively to the mixture. 

120N, + 300, + 1.5 x 10-4CH,=CHCl + 

.uH, + $0 ---t Products (2) 

Because of the great complexity of this system we 
chose to use the computer program SOLGAS’ which 
is a general program for the determination of high- 
temperature equilibria in systems containing an ideal 
gas phase and condensed phases of invariant compo- 
sition. This program uses the free-energy minimiza- 
tion principle which was introduced by White et aL9 

An introductory book on equilibrium calculations has 
been written by van Zeggeren and Storey.” Recently, 
a thorough discussion of the SOLGAS computer 
program was given by Eriksson.’ ’ 

In order to perform chemical equilibrium calcula- 
tions it is necessary to ascertain that equilibrium in 
the system has been attained. Generally, the prob- 
ability of reaching equilibrium increases with increas- 
ing temperature. 

n, KOH 

The system dealt with in this paper contains five 
elements: C, H, 0, Cl and N. In our system [see 
equation (2)] the following gaseous products were 
considered at equilibrium and at a total pressure of 
1 atm: CO, COz, H,, 02, H,O, N,, HCI, HClO, ClO, 
Cl, Cl,, COC12, Ccl,, CH,CI, and CHCl,. Sub- 
stances like CH4, NO and NO1 which also are 
thought to be possible reaction products were can- 
celled because they were not present in such con- 
centrations that they were able to affect the mass 
balances. The values of the Gibbs free energy of for- 
mation of HCl, H,O, CO and COz are in this case 
very important for the results. The thermodynamic 
data for these substances have been determined with 
very high accuracy and an estimation of the quality 
of the data is available in JANAF.” Provided equili- 
brium is attained the calculations are expected to give 
very precise results. 

EXPERIMENTAL 

Gravimetric procedure 

Permeation tubes, FEP (fluorinated ethylene propylene), 
were prepared according to the procedure proposed by 
O’Keeffe and Ortman.‘j The tubes (0.25 cm i.d.. 0.40 cm 
o.d., 3-5 cm in length) were sealed with steel balls. The 
tubes were stored in test-tubes and a low flow of nitrogen 
was flushed through the test-tubes, which were connected 
in series. The effluent nitrogen was passed through a bottle 
of paraffin oil to absorb the entrained vinyl chloride. The 
test-tubes, each containing one permeation tube. were im- 
mersed in a thermostat. The temperature constancy was 
25.0 f 0.1” during a period of three months. With careful 

Temperature regulated furnaces 

_______f 
Thermostat 

COULOMETRIC 

Titration cell 

Fig. 1. Experimental arrangement. (1) Auxiliary electrode, (2) working electrode, (3) indicating electrode. 
(4) reference electrode, (VC) the vinyl chloride permeation tube. 
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adjustment of the heating and cooling, the temperature 
constancy within over an 8-hr period was 25.0 k 0.02. 
The permeation tubes were normally weighed once a week. 

Coulometric procedure 

Six electrically heated ovens were arranged as shown 
in Fig. 1. The ovens I-V were provided with thermoele- 
ments connected to thermoregulators which kept the tem- 
perature constant within 10”. The combustion tube was 
made from quartz and its outlet tube was provided with 
a ground joint. The coulometric cell was placed very close 
to the outlet tube in order to eliminate the need for a 
heater. All gases were taken from high-pressure cylinders 
via reduction-valves, needle-valves and rotameters. The 
purity of the gases with respect to HCl and chlorinated 
hydrocarbons was’ examined. HCI was easily removed by 
absorption on solid potassium hydroxide and chlorinated 
hydrocarbons were pyrolysed to form HCI which was then 
absorbed on solid potassium hydroxide or “Ascarite”. Nor- 
mally this pyrolysis step was not needed. CO was produced 
at 1300 K by reaction between CO2 and graphite accord- 
ing to the reaction CO2 + C * 2 CO. At 1300 K more 
than 99.99/, of the CO, was transformed into CO. The 
amount of water in the gases as well as the water formed 
in the combustion was determined coulometrically accord- 
ing to a method developed earlier.r4 The rotameters were 
calibrated with soap-bubble tlowmeters. The flow of hydro- 
gen was also determined by coulometric determination of 
the amount of water formed. The agreement between these 
two methods was about 5% for a hydrogen flow of 1 ml/ 
min. 

A coulometric cell was made from glass with Teflon caps 
as shown in Fig. 1. It consisted of three chambers, one 
for the platinum auxiliary electrode, one for the generating 
silver wire (1 cm*) electrode and the silver indicating elec- 
trode (dram. 1 mm, length 5 mm) and one for the Radio- 
meter K 601 mercury-mercurous sulphate reference elec- 
trode. All compartments were filled with 15 ml of 70% (v/v) 
acetic acid (p.u.). Electrolytic contacts were made uin 
asbestos-filled liquid junctions. Asbestos (Hopkin & Wil- 
liams) was plugged tightly with a hard tool into the con- 
necting glass tubes. The electrodes were cleaned once a 
day in concentrated nitric acid and rinsed carefully with 
distilled water. The generating electrode was placed close 
to the junction of the auxiliary electrode and the indicating 
electrode close to the reference electrode junction in order 
to minimize the interference from the generating electrode 
system with the indicating system. ‘Further, the three com- 
partments were arranged in line so that there should be 
geometric symmetry in the sample compartment. The 
sample compartment was provided with a gas-inlet tube 
and a magnetically-driven stirrer bar. The influence of light 
was minimized by wrapping the sample compartment with 
aluminium foil. The titration procedure was started by 
addition of at least 50 x 10m9 mole of chloride to ensure 
that solid silver chloride was always present in the sample 
compartment electrolyte. 

The electrodes were connected to an LKB 16300 Coulo- 
metric Analyzer. This instrument contains a high-impe- 
dance voltmeter which measures the voltage between the 
indicator and the reference electrodes. This voltage is com- 
pared with a preset voltage and any deviation is amplified 
and used to control the current through the generating- 
electrode system. The gain and preselected indicator-elec- 
trode potential can be used to choose a suitable silver ion 
concentration during a continuous titration of chloride. A 
difference of 5-10 mV between the preselected potential 
and the indicator-electrode potential was found to be suit- 
able. Normally the preselected potential was chosen to be 
- 100 mV which corresponds to a potential value in the 
neighbourhood of the equivalence point of the titration. 
The amount of electricity required to titrate the chloride 

was recorded by an electronic integrator which could be 
read to 1 x lo-” mole. 

RESULTS 

Gravimetric determinations 

Weight losses for six permeation tubes are plotted 
vs. time in Fig. 2. The mean values and the standard 
deviations of the permeation rates during three 
months are given in Table 1 for 6 tubes. Only weight 
changes of more than 5 mg have been included in 
the calculations. A variation of 1% in the permeation 
rate corresponds to a temperature variation of O.l”, 
which means that the temperature variation is the 
main factor influencing the standard deviations pre- 
sented in the Table 1. The steel balls used to seal 
the permeation tubes were somewhat affected by cor- 
rosion. A precipitate, probably PVC, was formed in- 
side the tube. The HCl formed in the polymerization 
process is known to catalyse the corrosion process. 
None of these products seemed to affect the permea- 
tion process. The assumed polymerization process can 
probably be reduced in extent by the use of stainless- 
steel balls. 

Theoretical calculations 

Case A. Flow of CO is zero. Figure 3 shows the 
recovery of HCl as a function of temperature and 
the amounts of Hz added to 150 ml of air (120 ml 
of N, + 30 ml of 0,) containing 1 ppm (v/v) of 
vinyl chloride. The total pressure was assumed to be 
1 atm. As can be seen in the figure there is a maxi- 
mum on each curve between 900 and 1000 K. At 
such low temperatures the equilibrium is not expected 

1.76 
11 

1.72 
t 

1.6Ok 

T.s......., 
0 20 40 60 60 100 

AGE/DAYS 

Fig. 2. Weight losses for six permeation tubes as a function 
of time. The mean value and standard deviation of the 
weight differences for the respective tube are given in Table 

1. 
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Table 1. Gravimetric determinations of the permeation 
rate of vinyl chloride during a period of three months 

Permeation rate Rel. 
mean value. Number of Std. dew., std. devn.. 

Tube No. pg/““’ determmations Icc7fmin % 

I O-352 II oal4o II 
7 O-352 II OTHlR5 2.4 
3 O-514 IO 0.0065 13 
4 o-524 IO 0.0075 14 
5 O-509 II oat75 I.5 
6 @744 9 O-0079 I.1 

to be reached rapidly enough, so it is perhaps more 

realistic to comment on this diagram for temperatures 

of the order of 1200 K. At this temperature about 

50 ml of Hz are needed to obtain lOO~oo/, recovery 
of HCl: 50 ml of Hz will, after reaction with Oa, 
give rise to about 37 mg of water, which causes a 
very unfavourable situation with respect to the coulo- 
metric detector, as will be shown later. It is thus 
necessary to add a rather large amount of H, to the 
air sample in order to obtain a high recovery of HCl. 

0 20 40 60 80 
CO/ml 

Fig. 4. The theoretical recovery of HCl at 12OOK as a 
function of H, and CO added to 150 ml of air (30 ml of 
O2 + 120 ml of NJ containing 1 ppm (v/v) vinyl chloride. 

The total pressure was 1 atm. 

It is not necessary, however, to add H, in excess of 

0,. The smallest amount of Hz for which a recovery of 
Case B. CO present. As is well known, in a combus- 100.0% is obtained is about DO1 ml at CO = 60 

tion of an organic matrix it is not necessary to add ml. This amount of H, corresponds to a humidity 
H, when only traces of chlorine are present. This is of the air of about 67 ppm (v/v). 
so because H, is formed in the water-gas equilibrium In Fig. 5 the recovery of HCl is given as a function 
(3) in sufficient amounts to yield 100’~ recovery. of the amount of CO added to 150 ml of air contain- 

CO(g) + H@(g) = CO&) + H,(g) (3) 
ing 1 ml of H2 and 1 ppm (v/v) vinyl chloride. The 
system was studied at 1100, 1200 and 1300 K. As 

This was explicitly shown in a recent paper by can be seen, at least 60 ml of CO must be added 
Cedergren. ’ ’ in order to attain lOO.O”/, recovery. 

Consequently, we studied the influence of CO Figure 6 shows the distribution of other chlorine- 
added to the gas mixture. Figure 4 shows the recovery containing compounds such as Cl(g), HClO(g), 
of HCl at 1200 K as a function of Hz and CO added ClO(g), Cl,(g) as a function of different volumes of 
to 150 ml of air containing 1 ppm (v/v) vinyl chloride. CO added to the above-mentioned gas mixture at 

01 
600 1000 1200 9’0 20 40 60 80 

TEMPERATURE/K CO/ml 

Fig. 3. The theoretical recovery of HCI as a function of Fig. 5. The theoretical recovery of HCl at 1100 K, 12OOK 
temperature and the volume of Hz added to 150ml of and 1300 K as a function of CO added to 150 ml of air 
air (30 ml of O2 + 120 ml of N,) containing 1 ppm (v/v) (30 ml of O2 + 120 ml of NJ containing 1 ppm vinyl chlor- 

vinyl chloride at a total pressure of 1 atm. ide. The amount of H, added was 1 ml. 
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tiCI 
A 

0 20 
C46;ml 

60 60 

Fig. 6. Distribution of various chlorine-containing com- 
pounds at 1200 K as a function of various volumes of CO 
added to 15Oml of air containing 1 ppm (v/v) vinyl chlor- 
ide. The amount of H, added was I ml. n, is the number 

of moles of substance at equilibrium. 

1200 K (1 ml of H2 is also added). COCl,, CC14, 
CH2C12 and CHCl,, which were initially considered, 
are neglected in Fig. 6 because they were present in 
very small amounts. 

Coulometric determinations 

A coulometric determination of the permeation rate 
was made as shown in Fig. 1. Nitrogen was passed 
at 120 ml/min over a permeation tube containing 
vinyl chloride and into the combustion tube where 
it was mixed with oxygen flowing at a rate of 30 
ml/min. The gas mixture was preheated in oven I to 
800 K. The combustion occurs in oven II in an excess 
of oxygen. The temperature was kept between 1100 
and 1200 K and was not critical. Dried CO2 and 
H, were mixed and passed through a quartz tube 
filled with graphite, in oven VI which was kept at 
1300 K. The carbon dioxide was converted into CO 
with almost lOOo/, efficiency. Hz passes this reactor 
unchanged. The gases were dried and preheated in 
oven III at 1200 K and mixed with the combustion 
products in oven IV. A preliminary investigation 
showed that this oven must be kept at 1200 K in 
order to reach equilibrium sufficiently quickly. If the 
gas mixture entering the titration cell is too hot, the 
evaporation will be high. Oven V was therefore kept 
at 1000 K, which also favours formation of HCl in 
the gas mixture, see Fig. 3. The gas was bubbled 
through the sample compartment of the titration cell, 
where it was titrated continuously with coulometri- 
tally generated silver ions. 

Table 2 shows the recovery of HCl when the flows 
of CO and Hz were varied. The results are also com- 
pared with recoveries calculated by the method dis- 
cussed above and it can be seen that the agreement 

Table 2. The recovery of HCl as a function of H2 and 
CO at 1200 K. O2 = 30 ml/min; N, = 120 ml/min; 
CH,=CHCI = 7.42 x 10m9 mole/min (mean value of gravi- 

metric results) 

Theoretical 

HCI foundt Rel. recovery 

HJ’. CO. mean values, std. devn.. Number of HCI. 

ml/mm ml/min “/, % of dtns.\\ “,:, 

001 0 92 I 3 88.3 

01 20 97 7 2 963 

1 0 98-6 0. I 3 98.7 

1 20 99-o 0.1 IO 98.8 

I 60 999 0.1 10 1000 

06 80 99.8 0.2 3 IWO 

* Determined as water after reaction with oxygen. 
t The values are related to the gravimetric mean value: 

7.42 f 0.04 nmoles of vinyl chloride per min. 
$ The time for each determination was S-10 min. 

is good except for the first value. The discrepancy 
might depend on difficulties in measuring the very 
low flow of H,. It should also be noted that the calcu- 
lations were made for 1200 K in oven IV as the rate 
was too low at lower temperatures. The equilibria 
might change somewhat in oven V, resulting in a 
higher recovery of HCl than that calculated, compare 
Fig. 3. 

There are several combinations of Hz and CO 
which give high recovery of HCl. At 60 ml/min practi- 
cally all CO is converted into CO2 by the oxygen 
and it is desirable to limit the CO to this value as 
the excess is emitted to the air. Therefore the selected 
CO1 gas flow was 30 ml/min which equals a CO flow- 
rate of 60 ml/min after reaction with the graphite. 
The flow of H2 required then becomes 1 ml/min or 
somewhat less. 

By use of the optimum conditions deduced, the per- 
meation rate of a tube was determined and the results 
are given in Table 3, which also contains the results 
of gravimetric determinations on the same tube. As 
can be seen, the coulometric method gives precise 
results which are in good agreement with the gravi- 
metrically determined values. The coulometric results 
were corrected for a blank value which was about 
1% of the sample value, i.e., less than 10-r’ mol of 
chloride per min. The variation in the blank was less 

Table 3. Comparison between gravimetric and coulometric 
determination of the permeation rate 

Gravimetric Coulometnc’ 

Date aylmin Date wlmin 

102 0464 28-2 0464 
Il.2 0.465 4-3 0.462, 

24.2 0.460 IO.3 0.462, 

3.3 0.464 14.3 0.464 
12.3 0.466 173 046 I 

Mean value: 0.464 Mean value: 0.463 

Std. dew.: 0002, Std. den.: 0031~ 

* For the following conditions: Nz 120 ml/min; O2 30 
ml/min; Hz 1 ml/min; CO 60 ml/min. Furnace tempera- 
tures TI = 800 K, T, = 1100 K, T3 = 1200 K, T4 = 
1200 K and T, = 1000 K. 
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,A--&A&&A&kA-A--30 
, 

Fig. 7. The temperature response of the permeation tube. 
The dotted line is to be referred to the right-hand scale 
and this curve represents the temperature of the thermo- 

stat. (A) Temperature curve, (0) permeation-rate curve. 

than 10%. The blank can be determined by by-passing 
the permeation tube. 

The temperature-dependence of a permeation tube 
is represented in Fig. 7. The dotted line in Fig. 7 
shows the temperature of the thermostat as a function 
of time. A change from 25.0 to 26.0” resulted in an 
increase of the permeation rate from 7.40 x low9 
to 7.85 x 10m9 mole/min. About 4 min were needed 
to obtain a constant permeation rate when the tem- 
perature was changed from 25.0 to 26@‘, compared 
to about 10 min when the temperature was changed 
from 26.0 to 300”. A change in temperature of 0.1” 
will thus correspond to a change of approximately 
1% in the permeation rate and this is about the same 
as for sulphur dioxide when FEP-tubes are used.” 

DISCUSSION 

The effect of water on the titration system 

In a continuous titration using 1 ml of H, per min 
in the combustion there is formation of about 0.7 

,~l of H,O per min. In 1 hr this will correspond to 
42 ~1 of H,O. The error due to the dilution effect of 
this volume of H,O on 15 ml of 70% (v/v) acetic 
acid was negligible. On the contrary if only H2 (or 
H20) had been used to obtain complete conversion 
into HCl it would have been necessary to add about 
50 ml of H, per min. This would have resulted in 
the formation of 37 ~1 of H,O per min or 2 ml in 
1 hr. Figure 8 explains the effect of dilution of the 
titration medium. In this experiment 2 ml of Hz0 
were added to 15 ml of 70% (v/v) acetic acid. Two 
titrations were done; one for 15.0 ml of 70% acetic 
acid and one for 15.0 ml of 70”/, acetic acid + 2 
ml of water. The figure shows explicitly the end-point 
displacement resulting from dilution of the solvent. 

0 20 40 60 80 103 140 
nmol.~ Ag+ generated 

120. 

Fig. 8. The effect of diluting the titration medium with 
water. For the significance of A, B and C. see the text 
under “Discussion”. (0) 15 ml of 707, HAc, (A) 15 ml of 

7074 HAc + 2 ml of H20. * 

The potential of point A in Fig. 8 is the equivalence 
point for use of the 70% (v/v) solvent. When this sol- 
vent is diluted the potential of the new system corres- 
ponds to point B because in both cases there must 
be equivalence between chloride and silver ions. As 
the coulometric analyser titrates to a predetermined 
potential it will titrate to point C. The error, which 
is negative in this case, will correspond to the marked 
difference CA on the abscissa. As shown earlier,” this 
water effect can be compensated for either by adding 
the equivalent of distance CA in Fig. 8 to the result 
read on the integrator or by selecting an end-point 

other than the equivalence point. However, the cor- 
rected result will be more uncertain than that deter- 
mined by the present method in which this type of 
error is eliminated. For this reason conditions corre- 
sponding to Case B in the calculations, i.r.. addition 
of CO, were selected. 

Comparison between the coulometric arId the gravi- 
metric methods 

As was shown in Table 3, the results obtained by 
the coulometric and the gravimetric methods were 
not significantly different from each other. In fact the 
mean values of the coulometric results were about 
99.9% of the gravimetric mean value. However, it is 
difficult to prove that the coulometric method is cap- 
able of giving a recovery of lOO.O%, because of the 
relatively large standard deviation of the gravimetric 
method to which the coulometric mean value is 
referred. In order to obtain a precision of lo:I by the 
use of the gravimetric method about three weeks were 
needed and during this time three weight differences 
of about 5 mg each could be obtained provided that 
the permeation rates were of the order of those pre- 
sented in this paper. The coulometric method for 
standardizing the permeation tubes was very rapid. 
In less than 1 hr the permeation rate could be deter- 
mined with a precision of about 0.11,. In this time 
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about eight 5-min titrations plus a blank run could 
be performed. 

The relative standard deviation of 0.2% which was 
obtained for determinations of 1 ppm of vinyl chlor- 
ide in air on different occasions is equal to an uncer- 
tainty of about 0002 ppm (v/v). This means that the 
coulometric method is capable of accurate and rapid 
standardization of test atmospheres in the range O.l- 
1” ppm (v/v). 
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Summary-A method is presented for the determination of niobium, tantalum and tungsten in steel 
and non-ferrous alloys, based on hydrolysis with sulphurous acid followed by X-ray fluorescence 
measurements. The limit of determination is about 0.002% and the standard deviation is 0.002 at 
the 0.05% level. Results below 0.01% by this method are only semiquantitative. 

A rapid chemical X-ray method is proposed for deter- 
mining trace amounts of niobium, tantalum and 
tungsten in iron-base and non-ferrous alloys. Stan- 
dard wet chemical procedures for these elements tend 
to be time-consuming and lack sufficient sensitivity 
for accurate analysis at levels less than O.l%.’ Direct 
instrumental methods (X-ray, atomic absorption and 
optical emission) are severely limited by the number 
and types of standards available as well as by a 
general lack of sensitivity at levels below 0.01%. For 
the method described in this report, the ease and 
speed of sample preparation together with the demon- 
strated accuracy and precision render it extremely 
useful for the determination of these elements at trace 
levels, a task which is becoming increasingly more 
important in alloy development programmes and is 
widely pursued at Crucible’s Research Center for a 
number of traces, already reported.2,3 The method 
utilizes the hydrolysis of niobium, tantalum and 
tungsten in the dissolved sample before their deter- 
mination by X-ray fluorescence. All three elements 
are chemically characterized by a strong tendency to 
hydrolyse, enhanced by the use of sulphurous acid 
(H2S03).4’5 X-ray examination of hydrolysed nio- 
bium, tantalum and tungsten oxides on the same 
sample. showed constant and reproducible recoveries 
of the elements, thus offering a simple method for 
their determination without tedious separations and 
with no involved sample preparation. 

EXPERIMENTAL 

X-Ray apparatus 

A Siemens X-ray fluorescence spectrograph, type “Crys- 
talloflex IV”, with an X-ray generator and control having 
a full-wave rectified power-supply voltage and current 
regulation up to 50 kV and 40 mA in air, and a high-purity 
gold target, was used. 

Materials 

Niobium, tantalum and tungsten solutions, 0.10 mg/ml. 
Dissolve 0.10 g of the appropriate metal in 20 ml of hydro- 
fluoric acid-nitric acid mixture (1: 1) and dilute with dis- 
tilled water to 1OOOml. 

Procedure 

Weigh a sample containing between 0.20 and 1.0 mg of 
niobium, tantalum and tungsten and transfer it to a 600-m] 
beaker. Add 50 ml of water followed by 50 ml of concen- 
trated hydrochloric acid. Heat gently and add lOm1 of 
concentrated nitric acid to complete the dissolution. Add 
30 ml of 70% perchloric acid and evaporate to low volume 
(2&25 ml). Dilute to 2M) ml with boiline water and add. 
while stirring, 30ml of sulphurous acid-(7.3% SO,). Boil 
for 10 min and allow to stand for 10 min before filtering 
off on a 0.22~pm micropore membrane. Wash the precipi- 
tate with boiling water, air-dry for I min and mount the 
membrane in a suitable holder for X-ray analysis, Place 
the mounted membrane in the X-ray spectrograph and 
determine niobium, tantalum and tungsten sequentially, 
starting with niobium, according to the following condi- 
tions: 

Primary voltage 50 kV 
Primary current 40 mA 
Detector Scintillator 
Detector voltage 50@700 v 
Pulse-height analyser base-line 8V 
Pulse-height analyser channel-width 8 V 
Preset time 24 set 
Crystal-lithium fluoride 1st order K, 
radiation for niobium, 1st order L, radia- 
tion for tantalum, L, radiation for 
tungsten 
20 values Nb 21.41” 

Ta 38.47” 
w 43% 

Measure the counts accumulated during a fixed time (24 
set), also the number of counts accumulated at a 1OOV 
higher detector voltage for niobium and at 1” above the 
20 values for tantalum and tungsten; take the difference 
between the two counts for the element sought and divide 
it by the fixed time to calculate the count-rate. 

225 
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Plot counts/set against mg of niobium, tantalum and Table 1. Results for 1.0-g samples of NBS 365 electrolytic 
tungsten to construct calibration graphs, using a set of iron 
synthetic standards consisting of l.Og of pure iron contain- 
ing 0.1-1.0 mg of the element of interest and treated Count, 
according to the procedure. Calibration graphs con- Element Added, mg Found, mg cl= 
strutted by the use of electrolytic iron dosed with niobium, 
tantalum and tungsten are linear over the range from 0.1% Niobium 0 0 0 
down to just below 0.02% of the element (Table I). 0.06 0.014 15 

0.09 0.015 41 

RESULTS AND DISCUSSION 
0.20 0.023 208 
0.40 0.397 809 

A number of individual samples of ferrous and non- 
ferrous materials, including certified standards, were 

0.80 0.805 2074 
1GO 0.994 2658 

analysed in order to evaluate the accuracy, precision Tantalum 0 0 30 
and reproducibility of the method. 0.03 0,034 74 

Table 1 shows that for both niobium and tungsten 0.06 0.039 80 

it appears that at 0.20mg the method is operating 
0.09 0.133 219 
0.20 0.160 254 

at its limit of detection. For tantalum the detection 0.40 0.405 622 
of levels lower than 0.06mg seems feasible although 0.80 0.824 1243 
the accuracy below 0.2Omg is questionable. 1.00 l-019 1532 

To evaluate the accuracy, NBS stainless and low- 
alloy steel samples were analysed for the three ele- 

Tungsten 0 0 7 
0.20 0.204 74 

ments. Results obtained by use of the original 0.40 0,396 504 
calibration graphs used for the data in Table 1 are 0.80 0.805 1420 

given in Tables 2 and 3; duplicate results are I 00 1.003 1863 

reported. In general, agreement between duplicate 
analyses in Tables 2 and 3 is satisfactory. Agreement 
obtained with the values reported by NBS for nio- 
bium and tantalum is good in Table 2 and superior 
in Table 3. No significant improvement in the accu- 
racy was obtained for tungsten by using either a 0.5’ 
or a l.Og sample, while it is evident from Tables 2 
and 3 that the use of a l,Og sample improves the 

accuracy and precision for niobium and tantalum by 
shifting the responses to areas where the method 
operates at its best. For tungsten our values are con- 

sistently lower than those reported by NBS but if 
corrected by a factor averaged out for NBS 363, NBS 
442 and NBS 443 they would read OG4.5, 0.070 and 

Table 2. Niobium, tantalum and tungsten results for 05-g samples of NBS samples 

Niobium,* 
Sample 0 10 

NBS 361 0,029 
Low Alloy 0.029 
NBS 363 0.054 
Low Alloy 0.054 
NBS 442 0.035 
Cr 16-Ni 10 0,026 
NBS 443 0,048 
Cr 18-Ni 9.5 0.046 

* Values obtained. 
t Reported by NBS. 

Niobium,? 
0’ /0 

(0.022) 

(0.049) 

0.032 

0.056 

Tantalum,* 
% 

0.028 
0.022 
0.05 1 
0.059 

Tantalum,? 
% 

(0.02 I) 

(0.053) 

Tungsten,* 
% 

0.038 
OG41 
0046 
0.042 
0.058 
0.06 1 

Tungsten,t 
% 

(0.04) 

(0.06) 

(0.09) 

Table 3. Niobium, tantalum and tungsten results for 1.0-g samples of NBS samples 

Sample 
Niobium,* 

“/, 
,D 

Niobium,? Tantalum,* Tantalum,? Tungsten,* Tungsten,? 
% % % % % 

NBS 361 0.02 I (0.022) 0.022 (0.02 1) 
Low Alloy 0,023 0,023 
NBS 363 0.043 (0,049) 0.056 (0,053) 0.029 (O+W 
Low Alloy 0.050 0.054 0031 
NBS 442 0.03 1 0.032 0046 (0.06) 
Cr 16-Ni IO 0.03 I 0048 
NBS 443 0.05 1 0.056 0.049 (OW 
Cr 18-Ni 9.5 0,050 0057 -- 

* Values obtained. 
t Reported by NBS 
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Table 4. Tantalum results for 1.0-g samples of rare-earth Table 5. Niobium results for 04-g samples of nickel-base 
alloys alloys 

Sample 

6-l Mischmetal 
6-2 Mischmetal 
6-3 Mischmctal 
6-4 Mlschmetal 
I-a Mischmetal 
I-h MIschmctal 
2-a Mischmetal 
2-h Mischmetal 

3-a Mwhmetal 
Cobalt 

3-h MIschmetal 
&halt 

4-a Sm.Co, 
4-h Sm-Co, 
5-a Samarium 
5-h Samarium 

Tantalum Tantalum Tantalum Tantalum 

added. mg found. my cps found, % 

0 
0.055 O-04 20 O-004 

@II 012 90 0.012 
0.33 032 251 PO32 

_ @I7 I28 0016 
_ 017 133 0017 
_ O-16 II8 0015 
_ 0.14 IO5 0.014 

0.15 IIS 0.014 

__ @I5 I IO 0.013 

0.16 I20 0.015 

013 IO0 0.012 
0.17 I31 0016 

_. 015 I IO ma14 

Nlobmm COU”L’ Ntohlum Found. Nommal 

Sample added. my CPS found. mg Y, content. “, 

X-l Oo(1 
x-2 O-O? I41 0.03 oGQ7 0.005 
x-3 w‘l 159 0.04 0.010 o-01 0 
x-4 012 254 0.09 0.023 0.030 
X-5 0.20 421 O-19 Of!47 0.050 

X-6 0.40 816 040 0 IO 0 IW 

* Corrected for X-l. 

Table 6. Tantalum results for 0.4-g samples of nickel-base 
alloys 

O.OSOo/, respectively, against the 0047, OG60 and 
0.090% reported by NBS. 

Table 4 includes duplicate results obtained for the 
determination of tantalum in mischmetal, samarium 
and rare-earth-cobalt alloys. 

Tantalum count.* Tantalum Nommal 
Sample added. mg cps found. mg Found 4, content. :, 

X-l OaI 
X-2 002 58 0.04 0.010 0 005 
x-3 004 76 0.05 0.013 0.010 
x-4 0.12 157 0.10 0.025 0.030 
X-5 0.20 329 0.19 0.047 0 050 
X-6 040 585 0.34 0.085 0 I 00 

* Corrected for X-l. 

Tantalum recoveries obtained for samples 6-l 
to 6-4, used as background for an addition technique, 
were quite satisfactory. Again, at 0.055 mg the method 
is operating below optimum sensitivity levels, which 
explains the lack of agreement between tantalum 
found and added. 

Table 7. Tungsten results for 04-g samples of nickel-base 
alloys 

Tungsten count.* Tungsten Found. Nommal 
Sample added. rng cps found. my “0 content. “,, 

Tables 5, 6 and 7 include niobium, tantalum and 
tungsten results for high-temperature alloys. Such an 
analytical capability was needed because of a lack 
both of solid standards for direct X-ray techniques 
and wet chemical methods for the analysis of the 
desired traces. 

X-l 
x-2 

O-00 
O-02 Not 

detected 

x-3 0.04 3x 
x-4 0.12 99 
X-5 0.20 334 
X-6 0.40 754 

* Corrected for X-l. 

O-05 0.012 0.010 
0.0X 0.020 0.030 
0.20 0.050 0.050 
042 o- I05 0100 

The results in Tables 8 and 9 show satisfactory 
recoveries of all three elements down to the 0.05 mg 
level. Again, an addition technique was employed 
whereby the sample to be analysed was used as 
background for known additions of the three 
elements sought. 

Efforts were made to determine lower levels of the 
three elements (O@)l~~O1~O) by the use of an addition 
technique; 0.40mg of each element was introduced 
into a series of electrolytic iron samples which were 
subsequently dosed with 0.02-O.lOmg of niobium, 
tantalum and tungsten. The results were corrected for 
the OG&J background, and as shown in Table 8 were 
reasonable for the range up to 0.01%. 

Table 8 shows that the addition of 04Omg of each 
element seems beneficial in providing semi-quantita- 
tive analytical capability for all three elements below 
001%. The reproducibility after the addition of 
04Omg of each element falls within the statistical 
limits reported in Table 9. Attempts to increase sensit- 
ivities by using larger samples (slog) were unsuc- 
cessful. 

Reproducibility 

The reproducibility of the method was evaluated 
by analysing ten l-g samples of NBS 363. The results 
are given in Table 9. 

Table 8. Niobium, tantalum and tungsten results obtained by addition method 

Sample 
Niobium 

assumed, y0 
Niobium 
found, % 

Tantalum 
assumed, ‘A 

Tantalum 
found, % 

Tungsten 
assumed, y0 

Tungsten 
found, % 

1 OQOO OGOO OGKI 0.003 0 WO 0.004 
2 oGO2 OW3 0.002 0.014 oGO2 O+OO 
3 oGO4 oQo3 00I4 OGOO OGM 0003 
4 0.006 OGOS 0.006 0.012 OGO6 0.003 
5 OQO8 oGO3 0008 0.012 ( 0008 OQO4 
6 0,010 0.006 0.010 @008 0.010 0006 
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Table 9. Precision for niobium, tantalum and tungsten (ten Table 10. Data to show lack of interference between tan- 
I.00 g samples of NBS 363) talum and tungsten background 

Number of 
determination 

Niobium. Tantalum, Tungsten. 

% % % 

I 
2 

4 
5 
6 
7 
8 
9 
10 

Mean(N) 
Standard devtation (a)’ 
% Coefficient of 

variation (C.V.)t 
NBS Value 

0.053 
0.049 
OG48 
0.051 
0.051 
0.051 
0.051 
OG48 
O-048 
0045 
0.0495 
@CO23 

f47 
0.049 

0.056 
0.053 
0.052 
0.052 
0.057' 
0.060 0.037 
0.058 0033 
0.056 0.031 
0.054 0.035 
0.051 0032 
0.055 co34 
00030 om20 

+ 54 2 

0.053 

0033 
DO32 
0.035 
0.036 
0.033 

: 5.8 
0.04 

2 
* 

6= J ns (d = difference from the mean value, 

n = number of determinations). 

fC.V. = y. 

X-Ray interferences 

The 28 lines used and background correction 
applied during the development of the method were 
chosen after careful testing with available X-ray in- 
strumentation. To confirm the lack of any interference 

Sample composition 

Iron + 0.80 mg Ta + 0.80 mg W 
Iron + 0.80mg W 
Iron 

Background for 
tungsten read at 

4400”, 
counts/24 set 

1670 
1674 
1530 

caused by tantalum L, 44.41”, in the background read 
for tungsten L, 430Y at 1” above &I, a study was 
conducted on synthetic samples with and without 
tungsten and tantalum, as shown in Table 10. 

No other interferences were encountered or needed 
to be explored. 

I. 
2. 
3. 
4. 

5. 
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Summary-Molybdenum is extracted as the thiocyanate complex with the quaternary long-chain alipha- 
tic amine Aliquat 336 in chloroform, followed by evaporation of the solvent, dissolution in MIBK, 
and atomic-absorption spectroscopy. The method is simple, rapid and sensitive, with few interference 
problems for the determination of the MO content of soils and sediments in the range 0.1-1.0 ppm 
with a relative standard deviation better than 5% when l-g samples are used. Quantitative extraction 
from large volumes of aqueous solution has also been confirmed, allowing the determination of MO 
in natural waters in the ppM range. 

Methods based on solvent extraction of molybdenum 
complexes, with either spectrophotometric or atomic- 
absorption finishes, continue to be popular for the 
determination of traces of molybdenum in waters and 
geological, biological and industrial materials. Such 
methods have the advantages of sensitivity, selectivity 
and speed. Kim et al.’ used solvent extraction of the 
molybdenum thiocyanate complex (MeSCN) with 
methyl isobutyl ketone (MIBK) for the determination 
of molybdenum in the range l-500 ppm in soils and 
geological materials by atomic-absorption spec- 
troscopy. The method had few interferences and the 
detection limit was 0.1 ppm with a relative standard 
deviation not exceeding 8% at the level of 1 ppm. 
Kim et al.’ also showed that solvent extraction of the 
Mo-SCN complex with long chain alkylamines could 
form the basis of methods for the determination of 
MO, W and Re with improved sensitivity. Haddad 
et cd3 reported a versatile spectrophotometric or 
fluorometric method using the ternary complex 
formed by the reaction of the molybdenum oxypenta- 
thiocyanate ion with the dyestuff Rhodamine B for 
the determination of molybdenum in soils and plants 
with detection limits of 0.1 pg and 0.05 pg respectively 
for the absorption and fluorescence methods. 

Other trace methods for molybdenum recently 
reported in the literature include: molybdenum in 
hard dental tissues by using ammonium pyrrolidine- 
dithiocarbamat*MIBK with a detection limit of 0.2 
ppm;4 vanadium and molybdenum in uranium prod- 
ucts and uranium minerals in the range from ppm 
to mg by using anion-exchange;’ a spectrophoto- 

* Part IL-Talanta, 1975, 22, 739. 

metric method for molybdenum in steels in the range 
l-32 pg by using solvent extraction of the thiosul- 
phate complex into isoamyl alcohol$ an enthalpi- 
metric method with a sensitivity between 3 x 10m3 
and 2 x lo-’ ppm;7 molybdenum in high-purity tan- 
talum by using proton-activation analysis with a 
reported detection limit of 02 ppm;’ an automated 
catalytic method for molybdenum in plants, based on 
liberation of iodine from potassium iodide and hydro- 
gen peroxide, applicable in the range 0.2-2-O ppm;’ 
a spectrophotometric method using the M&ZN 
complex with two different extractions with different 
reagents applicable to rocks in the range 0.3-5 I”glg;‘O 
a modification of the extraction of the dithiol complex 
of molybdenum with spectrophotometric finish, with 
sensitivities of 0.05 ppm for biological materials, 05 
ppm for geological materials and 10 ppm for steels 
with relative standard deviations of +7%;” and a 
spectrophotometric method for molybdenum(V1) 
in the range 0.75-8.5 pg/ml by extraction with 2-mer- 
captobenzo-y-thiopyrone.‘2 Nearly all of these 
methods”” suffer from some interferences, time- 
consuming processing or lack of colour stability or 
sensitivity in the important range below 1 ppm. 

We have developed and applied the procedvre 
using solvent extraction of the Mo-SCN complex 
with long-chain alkylamines’ for the determination 
of traces of molybdenum in soils, sediments and 
natural waters. The extraction is done with the qua- 
ternary long-chain aliphatic amine Aliquat 336 in 
chloroform followed by evaporation of the solvent, 
dissolution in MIBK, and atomic-absorption finish. 
The method offers significant advantages as a simple, 
rapid, sensitive procedure with very few interferences. 

229 



230 C. H. KIM, P. W. ALEXANDER and L. E. SMYTHE 

In addition, similar procedures can be used for the 
determination of tungsten and rhenium in related 
materials, with improved sensitivity. 

EXPERIMENTAL 
Rragrrlts and apparatus 

All reagents have been described previously.’ The 
atomic-absorption spectrophotometer used was a Varian- 
Techtron AA5 instrument and instrumental settings have 
also been reported.2 

Procedurr 

The general procedure for determination of molyb- 
denum was extraction from aqueous medium of 1M hydro- 
chloric acid. 1% potassium thiocyanate and 1% stannous 
chloride into a chloroform solution of a long-chain alkyl- 
amine, followed by evaporation of the chloroform and dis- 
solution of the residue in MIBK. Molybdenum in the final 
MIBK solution was determined by atomic absorption. 
Complete details of this procedure have been published.’ 

This general procedure was modified as follows for 
determination of molybdenum in natural samples. Soil and 
sediment samples (1 g) were dissolved by the method of 
Kim et al.,’ giving a final solution volume of 40m1 in 
1M hydrochloric acid. To this solution were added 2ml 
of 20:/i potassium thiocyanate solution and 2ml of ZOO/, 
stannous chloride solution. If required, more stannous 
chloride solution was added slowly with stirring until the 
red colour of ferric thiocyanate disappeared. Molybdenum 
was extracted with lOm1 of 0.2% Aliquat 336 in chloro- 
form by shaking vigorously for 1 min. After phase separ- 
ation, the organic phase was drained into a 25-ml weighing 
bottle. The aqueous phase was extracted with a further 
IOml of the organic solvent, which was separated from 
the aqueous phase and added to the initial organic solvent. 
After the chloroform had been evaporated off on a steam- 
bath, IL10 mi of MIBK were added to the residue, depend- 
ing on the quantity of molybdenum present (as judged 
from the colour of the extract). The residue was dissolved 
in the MIBK by brief warming in the stoppered bottle 
and. after cooling, the molybdenum atomic absorbance 
was determined, with MIBK as the blank. 

Equilibration time for the complete reduction of MO(W) 
to MO(V) by stannous chloride and complexation with 
thiocyanate in 1M hydrochloric acid was of the order of 
a few min. Tests for equilibration were carried out by 
measurement of extracted molybdenum at various times 
after the addition of potassium thiocyanate and stannous 
chloride solutions to the aqueous phase. After equilibration 
of the aqueous phase, I min of vigorous shaking was suffi- 
cient for complete extraction of 10 pg of molybdenum from 
50 ml of aqueous solution with 10ml of the organic 
extracting agent. 

For the analysis of waters, samples were filtered through 
MA-MF Millipore filter paper (045 pm), diameter 47 mm, 
by use of Millipore all-glass filter apparatus, and stored 
for a short time in polyethylene containers. A sample 
volume of 100ml was treated with 1 g of solid potassium 
thiocyanate and 1Oml of 10% stannous chloride in 1OM 
hydrochloric acid, giving a final 1M hydrochloric acid 
solution. Molybdenum was extracted with 10ml of 0.2% 
Aliquat 336 in chloroform followed by a IO-ml chloroform 
wash. The chloroform was evaporated from the organic 
extract and as before, MIBK Cl.0 ml (or 2.0m1 for sea- 
water)] was added to the residue before measurement of 
the molybdenum absorbance. 

RESULTS 

In the previous work by Kim et al.,’ optimization 
of reagent conditions and interference studies were 

carried out with Amberlite LA1 as a general extrac- 
tant for molybdenum, tungsten and rhenium. How- 
ever, Aliquat 336 in chloroform was shown to give 
optimum extraction of molybdenum over a wider 
range of hydrochloric acid concentration (from IM 
to 5M) and wide range of thiocyanate and stannous 
chloride concentrations (l-5%). Maximum extractions 
were obtained from 1M or 2M hydrochloric acid with 
slight decreases above 2M, and 1M hydrochloric acid 
solution was chosen for routine applications. Aliquat 
336 in chloroform was therefore used in this work 
for extraction of molybdenum from aqueous 1M hy- 
drochloric acid solution containing 1 “/u potassium 
thiocyanate and 1% stannous chloride. 

Single extractions were carried out with 1Oml of 
0.2% Aliquat 336 in chloroform. In order to recover 
the incompletely separated portion of organic phase, 
IOml of chloroform were used for washing the 
aqueous phase in the separating funnel and finally 
combined with the initial extract. After evaporation 
of the chloroform, the residue was dissolved in MIBK 
and made up to a final volume of l-10ml. 

Effect of Aliquat 336 extraction 

Data for the extraction of 10 pg of molybdenum 
with various concentrations of Aliquat 336 in chloro- 
form are given in Table 1. Single extractions with 
10 ml of 0.2% Aliquat 336 in chloroform were quanti- 
tative. High concentrations of Aliquat 336 in MIBK, 
up to 6%, were found to have no effect on the molyb- 
denum absorbance, despite the high viscosity of the 
solutions. Furthermore, there was no background 
absorbance by 6% Aliquat 336 solution in MIBK. 
relative to pure MIBK. Accordingly, pure MIBK was 
used as a blank for zero absorbance setting. In prac- 
tice, when 1 ml of MIBK was used for final residue 
dissolution after double extraction with 10 ml of 0.27; 
Aliquat 336 in chloroform, the concentration of Ali- 
quat 336 in the final MIBK solution was 4% v/v. 

Recovery of molybdenum from large volumes qf’aqueous 
phase 

To establish the possibility of determining traces 
of molybdenum in waters, recovery from highly 
diluted aqueous solutions of large volume was deter- 
mined, as shown in Table 2. Trace quantities of 
molybdenum (2GO.5 pg) were taken in 5@200 ml of 
1M hydrochloric acid. For the extraction, the volume 

Table 1. Optimum concentration of Aliquat 336 in chloro- 
form for extraction of molybdenum (10.0 fig) 

Concentration of Aliquat 336 
in CHCl,, % ~)/,/t' 

0.05 
0.1 
0.2 
0.5 
1 ,o 
2.0 

MO recovery. 

50 

90 
98 

100 
loo 
loo 
loo 
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Table 2. Recovery of molybdenum from large volumes of aqueous solution 

Volume of 
aqueous phase 

ml 

50 
100 
50 

100 
200 

MIBK 
ml 

2 
2 
1 
1 
1 

No. of 
determinations 

5 
5 
5 
5 
4 

MO 
taken, 

W 

2.0 
2.0 
0.5 
0.5 
0.5 

Recovery, 
% 

99Gloo 
99.5-100 
98.5101 
99G-100 
98.5103 

o$ 20% potassium thiocyanate and 20% stannous 
chloride solutions added to the aqueous phase was 
increased by 0.5 ml for every 50 ml of aqueous solu- 
tion. Single extractions were carried out with 20ml 
of @2’% Aliquat 336 in chloroform. 

The data in Table 2 show excellent recovery of 
molybdenum at 2+10.0ppM levels from aqueous 
solutions and indicate the value of the present pro- 
cedure for trace analysis of waters. 

Interference studies 

A detailed study of interference effects was made 
for cations and anions in amounts ranging up to 01 
and 1 g respectively, with 10 pg of molybdenum. 
Among the cations tested, the only major interference 
was from rhenium, which was co-extracted with 
molybdenum as the thiocyanate complex. However, 
this element can be neglected in applications to soil 

analysis because of its rarity. Although some elements 
such as cobalt and palladium were also extracted with 
molybdenum as coloured complexes, no effect was 
observed on the atomic absorbance. Cu(I1) was 
reduced to Cu(I) by stannous chloride and formed 
a white precipitate of CuSCN in the aqueous phase. 
Interference from large amounts of iron (up to 
5OOmg) was eliminated by reduction with an excess 
of stannous chloride. 

Among the anions tested, nitrate was extracted and 
caused a slight negative error. EDTA complexed 
molybdenum and prevented complete extraction. 
Perchlorate gave a precipitate of potassium perchlor- 
ate after the addition of potassium thiocyanate. 
Therefore complete evaporation of perchloric acid 
was required in the dissolution procedure for geologi- 
cal samples. 

Interference data are summarized in Tables 3 and 4. 

Table 3. Effect of cations on absorbance of molybdenum (10 pg) 

Cation 
(salt used) 

No addition 
Ag (A&Sod) 
Al [AWW,I 

Au (NaAuCl,) 
Ba (BaCl,) 

Bi (BiCl,) 

Ca (CaCl,) 

Cd (CdCl,) 

Ce CWNH4MS04hI 
co (CoCl,) 

Cr (CrCl,) 

cu (CuCl,) 

Fe WNH4W4),I 

Hg (HgCl,) 
In (InCl,) 
K (KCI) 
Li (LiCl) 

Cation, Cation Cation, 
M added/w MO Absorbance (salt used) pg added/w MO Absorbance 

- 060 
lo2 

Mg (MizClz) lo3 0.61 
0.59 104 0.6 1 

lo3 0.61 Mn (MnCl,) IO3 0.61 
lo4 0.61 lo4 0.60 
lo2 0.60 Na (NaCl) 2 x lo4 060 
lo3 060 NH4 (NH,Cl) 2 x lo4 0.60 
lo4 059 Ni (NiClJ lo3 0.59 
10’ 060 IO4 0.58 
lo4 0.61 Pb CWNWJ lo3 0.60 
lo3 0.61 104 060 
104 0.61 IO’ 0.60 
lo3 

Pd (PdIJ 
0.61 IO2 0.60 

lo4 
Pt [Pt(PtO)] 

0.61 loo 0.59 
loz 

Re (KReO,) 
0.59 10 0.50 

lo3 060 lo2 0.45 
lo4 0.60 Rh (metal) lo2 0.61 
lo3 @60 Sb (SbClJ IO3 0.60 
lo4 0.65 104 0.60 

5 x lo2 0.60 Th (ThC14) lo3 0.60 
lo3 0.56 lo4 0.60 
lo3 0.60 Ti (TiCl,) lo3 0.61 
104* 060 lo4 0.60 

: ; ;;z: 060 060 W V (NH,VO,) lo2 10 0.60 
(Na,WO,) 060 

lo2 0.58 lo2 0.58 
lo2 060 103 0.60 

2 x lo4 
Zn (ZnCl,) 

060 to4 0.62 
lo3 0.60 Zr (ZrOCl,) lo3 060 
lo4 0.59 104 061 

* More than 2ml of 20% stannous chloride solution added. 
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Table 4. Effect of anions on absorbance of molybdenum (10 ng) 

Anion Anion, 
(salt used) pg added/w MO 

No addition 
Acetate (NH C H 0 42 3 Z ) 

L-Ascorbic acid 
Borate (H,BO,) 

Citrate [C,H,(OH)(COOH)J 

EDTA (Na,EDTA) 
Fluoride (NaF) 

Nitrate (NaNO,) 

Oxalate [(NHJ2CZ04] 

Perchlorate (NaCIO,) 

Phosphate (NaH,PO,) 

Silicate (Na,SiO,) 

Sulphate (Na,SO,) 

5 x lo4 
IO5 
10’ 

5 x lo4 
IO5 

5 x lo4 
IO” 

2 x IO4 
5 x IO4 

10” 
5 x 104 

lOi 
5 x IO4 

IO5 
5 x lo4 

IO5 
5 x IO4 

10’ 
5 x lo4 

IO5 
5 x lo4 

10’ 

Absorbance 

0.60 
0.61 
0.60 
O-60 
0.60 
0.62 
@60 

0.55 
0.61 
0.60 
@58 
0.56 
0.60 
0.60 
0.60 
062 
0.6 I 
0.60 
@58 
@56 
0.60 
0.58 

Tartrate [(CHOHCOOH),] 

Tetrafluoroborate (KBF,) 

5 x lo4 0.59 
10’ @60 

5 x IO4 @60 
IO’ 0.60 

Table 5. Determination of molybdenum in soils and sediments 

Sample 
location 

and number Type 

MIBK, 
ml 

Other 
No. of Range, Mean, RSD, method, 
detns. PPm PPm % PPm 

Soils 
Cooroy, S.E.Qld. (A) 
Gympie, S.E.Qld. (B) 
Gympie, S.E.Qld. (C) 
W. Brisbane, S.E.Qld. (F) 

S.Aust., Site A virgin 
SAust., Site B virgin 
S.Aust., Site C virgin 
Sediments 

733469* 
740437t 
740438t 
740439* 

Xanthozem on phyllite 
Red podsolic on phyllite 
Prairie soil on andesite 
Red-yellow podsolic 

on granite 

10 
2 
2 
1 

10 
10 
IO 

10 
1 
1 

10 

5 3.5-3.6 
5 4.4-4.5 
5 424.4 

0.961.0 0.97 1.8 1.0, I.1 
0.49-0.53 0.52 3.3 0.2. 0.4 

0 0.62 0 0.4, 0.5 
0.350.36 0.36 1.5 0.2. 0.2 

0 
0.58-0.60 
0.4CbO.42 

0 

3.6 1.2 3.5, 3.6 
4.4 1.0 4.4, 4.4 
4.3 2.0 3.8, 4.0 

2.4 0 
o-59 2.0 
0.41 2.9 
1.1 0 

* Tasmanian Department of Mines, marine sediments from Tomer Estuary. 
t From Bass Strait, Australia. 

Table 6. Determination of molybdenum in waters 

Type Location in Sydney Area 
No. of 
detns. 

Proposed method Oxine-MIBK methodI 

Range, Mean, Range, Mean, 

ppm ppm ppm Ppm 

Fresh Cook’s River 5 0~001400015 00014 0~0003-0~0008 00005 
Estuarine Parramatta River 5 0~0041-00043 00042 0.0042-0.0050 0.0044 
Sea North Bondi Beach 5 0~0108~~0110 00110 0+)089-0~0120 0.0105 
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In view of the lack of serious interference, we con- 
clude that the present extraction procedure is superior 
to direct MIBK extraction of the MO-SCN complex, 
which suffered from some interference above the 
lOOO-mg iron level (masking agent ascorbic acid) and 
above the 3-mg titanium level (masking agent sodium 
fluoride).’ 

Working curve 

A standard solution of 25 ppm molybdenum in 
MIBK was prepared from an aqueous solution con- 
taining 250 pg of molybdenum. Three consecutive 
extractions were carried out with 10 ml of 1% Aliqudt 
336 in chloroform and, after evaporation, the residue 
was dissolved in MIBK and diluted to 1OOml. A 
linear calibration curve was obtained for the range 
0. l-l .25 ppm molybdenum after appropriate dilution 
of the 2.5ppm standard in MIBK. The absorbance 
values of the standards remained unchanged over a 
period of two months. 

Annlysis of molybdenum-deficient soils and sediments 

Soils and sediments containing less than 5 ppm 
molybdenum were analysed by using the Aliquat 336 
extraction procedures (Table 5). A l-g sample was 
taken in each case and the results were compared 
with analytical data obtained previously by the direct 
MIBK extraction procedure.’ Acceptable agreement 
between the two methods was obtained for samples 
containing above I.0 ppm molybdenum, but the di- 
rect method gave poorer reproducibility and a wider 
spread of results than the Aliquat 336 method for 
samples with less than 1.0 ppm. 

Analysis of natural waters 

Samples of sea-water, fresh water and estuarine 
water were analysed for molybdenum content by the 
Aliquat 336 extraction method, using 100-m] samples. 
The results were compared with data obtained by the 
oxine-MIBK method.i3 reported recently. As shown 
in Table 6, the molybdenum content was in the ppM 
range for each sample. We obtained better precision 

with the proposed Aliquat 336 extraction method 
than with the oxine method, which gave inferior 
reproducibility in this concentration range. 

CONCLUSIONS 

Determination of molybdenum in the sub-ppm 
range has been demonstrated on samples of soils, 
sediments and natural waters at concentration levels 
difficult to determine by earlier methods. In particu- 
lar, recently reported calorimetric methods6.‘0-12 
suffer from lack of sensitivity or from interferences. 
The proposed method offers significant advantages as 
a simple, rapid, sensitive procedure with few interfer- 
ences. 

It has been shown that the molybdenum content 
of soils and sediments can be determined in the range 
0.1-1.0 ppm with a relative standard deviation better 
than + 57& on l-g samples. Extraction from large 
volumes of aqueous solution was found to be quanti- 
tative, allowing molybdenum determination in the 
ppM range in natural waters. 
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N-m-Tolyl-m-nitrobenzohydroxamic acid (TNBHA) has 
been used’ for the separation and gravimetric estimation 
of Ce“+ and La3+. Its use is now extended to determina- 
tion of Ce’+, Pr3+, Nd3+, Sm3+ and Gd3+ in presence 
of several other metal ions. The solid complexes formed 
are of definite composition (C14HllNZ04)3M. 

EXPERIMENTAL 

TNBHA was prepared as described elsewhere’. Stock 
solutions of the rare earths were prepared by dissolving 
weighed quantities of their nitrates, and standardized volu- 
metrically3. Masking agents were used as their 1% aqueous 
solutions. 

Procedure 

The procedure was the same as that described for cerium 
(IV) and lanthanum(III)‘, except that the precipitates 
were digested for only 30 min instead of 2-3 hr. 

RESULTS AND DISCUSSION 

The pH of precipitation for tervalent rare-earth metals 
with TNBHA is given in Table 1. 

Ag+. Cu’+ Pb’+ Pd2+ % g M ” ZnZC Cd2+ A13+ 
Bi3+, Fe3+ prkcipitatk at pH < 6.5; be4+, Th4+ akd II”’ 
precipitate at pH 3.8-4.8; Ga3+ gives no precipitate. 

Ag+, Cu2+, Mn’+, Zn2+, Cd2+, Hg’+, Fe3+ can be 
masked with cyanide; Pb’+, Pd2+, Be’+, Sb3+, Sn4+, 
Bi”‘. Zr4+ and Ti4” can be masked with citrate and oxa- 
late: AIJ+. V”’ and Mo6+ with Mg-EDTA. 

The prectpitates are soluble in benzene, ethanol, dioxan 
and chloroform. but sparingly soluble in diethyl ether, ace- 

* Present address, to which correspondence should be 
sent: Environmental Studies section, Health Physics Divi- 
sion, Bhabha Atomic Research Centre, Bombay 400 085, 
India. 

Table 1. Optimum pH for the precipitation 
of rare earths with N-m-tolyl-m-nitrobenzo- 

hydroxamic acid 

Metal 

Ce3+ 
La3 + 
Pr3+ 
Nd3+ 
Sm3+ 
Gd3 + 

Colour of 
PH precipitate 

6.G6.8 Brownish white 
75-8.5 Canary 
8.6-9.2 Light green 
8.8-9.5 Light grey 
9.610.2 Light green 

103-10.5 Yellow 

tone and carbon tetrachloride, and are decomposed by 
mineral acids. 

Separations can be achieved by selective precipitation 
at carefully controlled pH..The maximum error observed 
in determination of l-30 mg amounts of the lanthanides 
tested (in the absence of other metal ions) was 0.03 mg. 
The maximum error for determination of 5-20 mg 
amounts of these lanthanides in presence of 60 mg each 
of silver, titanium and zirconium, 80 mg each of copper- 
(II), zinc, cadmium, palladium(II), antimony(III), bismuth, 
gallium, arsenic(II1) and aluminium, and 100 mg each of 
manganese(II), metal, mercury(II), vanadium(V), molyb- 
denum(VI), uranium(VI), tin(IV), and other lanthanides, 
with selective precipitation and masking as outlined above, 
was 004 mg and the general error was 0.01 mg. 
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Summary-N-m-Tolyl-m-nitrobenzohydroxamic acid is used as a reagent for separation and gravimetric 
determination of Ce3+, La3+, Pr3+, Nd’+, Sm3+ and GdJf. By proper control of pH and use of 
masking agents these metal ions can be separated from several others and determined gravimetrically. 
The complexes can be weighed as (CL4HL 1N204)3M after drying. 
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PROPERTIES OF 4-AMINO-4’-METHYLDIPHENYLAMINE 
AS A REDOX INDICATOR* 

ADAM HULANICKI and STANISLAW GLAB 

Institute of Fundamental Problems in Chemistry, University, Warsaw 

(Received 20 June 1975. Accepted 28 August 1975) 

The properties and structure of 4-amino-4’-methyldiphenyl- 
amine suggest its application as a redox indicator. Some 
preliminary studies of this compound were carried out by 
Erdey rt al.,’ but fuller characterization is desirable.’ In 
this study appropriate constants have been measured and 
the usefulness of the indicator verified experimentally. 

EXPERIMENTAL 

Reugents 

4-Amino-4’-methyldiphenylamine has been synthesized3 
and transformed into its hydrochloride with excess of hy- 
drochloric acid. The compound was purified similarly to 
Variamine Blue.4 Its aqueous solution, 5 x 10e3M, was 
kept under nitrogen to prevent oxidation. 

The chemicals used were of analytical grade. 
The standard solutions used in this work were prepared 

by the usual procedures. 

RESULTS AND DISCUSSION 

When applied in redox titrations in the pH range 
1.5-5.5, the indicator exhibits a reversible colour change. 
In the course of potentiometric redox titrations of the indi- 
cator the hysteresis of the titration curve is insignificant, 
confirming its reversibility (Fig. I). On the basis of such 
titrations the formal potentials of the indicator were deter- 
mined at the half-oxidation point (f= 0.5) for the pH range 
1.5-5.0. The value of this potential may be described by 
the equation E = 0.735 - 0.059 pH. On this basis and 
from the stoichiometry of the reaction it follows that the 
oxidation is a two-electron process in which two protons 
are set free. 

The transition potential, determined by titration of 
iron(I1) with standard vanadate solution, is 0.54V at pH 
262.8. The indicator concentration was 8 x 10m5M. This 
transition potential is about 0.035 V lower than the formal 
potential, determined above. This means that at the transi- 
tion point [Ox]/[Red] = @26. 

The pH-dependence of the potential is connected with 
the protolytic reactions of the indicator: 

The absorbance of the indicator solution depends on pH, 
thus allowing determination of the dissociation constants. 
The most significant absorbance change is at E. = 280nm 
(Fig. 2) in the acidity range from Ho = - 1.0 to pH 6.0 
and the constants determined have the values 
pK,,, = -@08 k 0.04 and pK,, = 5.15 k 0.09. The latter 
value is uncertain because in the pH region 4.556.0 the 
absorbance change is small. However, the potentiometric 
method’ has confirmed the result, giving the value 
pK,, = 5.09 & 0.02. 

* Presented at the IVth Polish Conference on Analytical 
Chemistry in Warsaw. 2631 August 1974. 

0.65 

Fig. 1. Reversibility of 4-amino-4’-methyldiphenylamine as 
redox indicator. Dashed line-titration of the indicator 
with 1O-2M K,Cr20,. Solid line-back-titration with 

lo-‘A4 ascorbic acid. 

The oxidized form of the indicator has an absorption 
maximum at i. = 520nm, when the amount of added oxi- 
dant corresponds to 50% oxidation, and gradually shifts 
to 510nm for larger amounts of the oxidant. The molar 
absorptivity is about 6 x 1031.mole~‘.cn~‘, changing 
less then 10% in the pH range from 1.95 to 5.20. When 
the pH is greater that 5.5 the oxidized indicator turns from 
red-violet to yellow, as a result of deprotonation of the 
oxidized form. This limits the applicability of the indicator 
to use in the pH range below 5.5. 

The oxidized form is not very stable in solution and 
decomposes at a rate depending on the acidity. The half, 
life (T& i.e., the period necessary for decrease of the 
absorbance to half its initial value, for 10m4M indicator 
solution is 15 min at pH 1.95, 21 min at pH 2.38, 40 min 
at pH 3.12. 90 min at pH 4.20 and 130 min at pH 5.10. 

Thus, it can be concluded that the oxidation of the indi- 
cator proceeds according to the equation: 

The change of the absorption spectrum in the absence of 
excess of oxidant probably indicates that in the one-elec- 
tron process a radical may be formed. 

The decomposition products of the oxidized form have 
been identified by using TLC on Silicagel HF256_-366. the 
developing medium being chloroform + diethyl ether 
(9 + 1). Among the products were found p-quinone and 
p-toluidine, confirmed by ultraviolet spectrophotometry. 
Thus the decomposition of the oxidized indicator should 
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Fig. 2. Absorbance dependence on acidity of the solution 
for 4-amino-4’-methyldiphenylamine. 1 = 280 nm. Acidity 

function H, determined in H,SO, solutions.6 

follow the reaction : 

The p-toluidine formed may be further oxidized by a 
strong oxidant, e.g., bromine. 

The use of the indicator in titrations 

The practical application of the indicator in titration 
has been confirmed in a standard system with suitable 
potential, i.e.. the titration of Fe(II) with vanadate in the 
presence of phosphoric acid. For this purpose to lOm1 
of O.lM Fe(B) solution, 14g of sodium acetate and 15ml 
of phosphoric acid were added and the sample was diluted 
to about 100 ml; 1.5 ml of OGl5M indicator were added, 
and the titration was carried out until a red-violet colour 
persisted. The results obtained, compared with those of 
potentiometric titrations, indicate that the error is not 
greater than 0.2%. 
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Summary-The properties of 4-amino-4’-methyldiphenylamine as a redox indicator have been studied. 
The compound acts as a reversible, one-colour indicator, the oxidized form being red-violet, with 
molar absorptivity 6 x 1031.molee’.cn~ at I.,,, = 510nm. The formal potential is described by 
the equation E = 0.735 - 0059 pH. The two dissociation constants are pK, = -@08 f 009 and 
pK2 = 5.09 f 0.02. The relative error of titration of iron(H) with vanadium(V) is not larger than 0.2%. 
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DETERMINATION OF VICINAL HYDROXYL GROUPS IN 
POLY(VINYL ALCOHOL) (PVA)* 

J.G. PRITCHARD and Y. L. LAN CHUN FUNG 

Department of Chemistry, North East London Polytechnic, London E.15, England 

(Received 5 May 1975. Accepted 10 June 1975) 

The proportion of vicinal hydroxyl groups in PVA 
polymers and copolymers is one of the characteristics of 
molecular structure which can contribute to the physical 
properties of the material in bulk. In this paper we review 
an application of the Fleury-Lange periodate-arsenite 
method’ for the determination of 1,2-diol groups in PVA.’ 

The normal 1,3-polyol structure of PVA arises from 
“head-to-tail” free-radical-initiated polymerization of vinyl 

* Based on part of the report by Miss Y. L. Lan Chun 
Fung presented in part fulfilment of the requirements for 
the M.Sc. degree of the University of London in analytical 
chemistry, 1974. 

ester or vinyl ether monomer: 

Tail Head Tail Head 

X = ihtiotinp mdkd 

R - alIcy, or ocy, group 

However, the occurrence of the energetically unfavoured 
head-to-head mode of polymerization produces a polymer 
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molecular structure which can contribute to the physical 
properties of the material in bulk. In this paper we review 
an application of the Fleury-Lange periodate-arsenite 
method’ for the determination of 1,2-diol groups in PVA.’ 

The normal 1,3-polyol structure of PVA arises from 
“head-to-tail” free-radical-initiated polymerization of vinyl 
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head-to-head mode of polymerization produces a polymer 
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with the occasional 1.2 and I,4 sequences? 

I3 I,3 I.2 1-4 IJ 63 .%I seqwnca 

on on; on OH OH OH 

The fraction of 1,2-diol units can be measured by two 
methods based on specific cleavage of the 1,2-diol by perio- 
date. In the first, due to Flory and Leutner, the number 
of 1,2-diol two-carbon units is measured with respect to 
the total number of two-carbon units condensed in the 
polymer.4 The increase in the number of molecules on clea- 
vage is equal to the number of 1,2-diol units and is given 
by (w/M,) - (w/M,) where M, and M, refer to the initial 
and final gram molecular weights and w is the weight of 
polymer. The total number of vinyl alcohol units con- 
densed is w/44.05 (atomic weight scale 0 = 16.00) so the 
fraction of 1,2-diol two-carbon units is 44.05 
(l/M, - l/M,). The fraction thus determined is about 0.013 
for common PVA.3 

In the titrimetric method, the weight of 1,2-diol units 
present in the polymer is referred to standard iodine solu- 
tion through the following reactions: 

I_ 

IO, + HAsO:- (Catalyst) ) 10; + HAsO;- 

HAsO:- + I, + H20 - HAsO:- + 2HI 

R and R’ are organic radicals or H in the case of a stan- 
dard substance, or macromolecular chains in the case of 
polymer. The excess of periodate, or all of it in the absence 
of 1,2-dial, reacts with an excess of arsenious oxide, and 
the excess of this is titrated with standard iodine solution. 
The volumes (in litres) of xM I, solution consumed in the 
absence and presence of 1,2-diol can be termed V, and 
K respectively. When the procedure refers to a pure, low- 
molecular-weight standard compound, e.g., R = H, R’ = 
C,H,CH,, the weight of standard present (in grams) is 

(V - V,)xIK where W is the gram molecular weight of 
the standard, e.g., 138.17. The purity of the standard is 
then 100 (V - V,)xW/(weight of standard taken). In the 
case of the polymer, the number of moles of 1,Zdiol seg- 
ments present is (V - V,)x, and the weight of 1,Zdiol 
functional groups would be (V - V,)x x 60.05, because the 
formula weight of CHOHCHOH is 6005. However, in 
order to be consistent with the Flory and Leutner method, 
the weight must be referred to one-half of the formula 
weight .of the four-carbon segment outlined in I. Thus, the 
weight of vinyl alcohol segments polymerized head-to-head 
to generate 1,2-diol groups is (V - V,Jx x 44.05, and the 
fraction of such two-carbon segments present is 100 (V - 
V&x x 44.05/(weight of polymer taken)*. 

EXPERIMENTAL 

Materials 

The PVA was a sample of Gelvatol I-30, weight-average 
molecular weight 1.40 x 104, degree of hydrolysis 98.5 
100%. It was dissolved in water at 7(t80”. 

Styrene glycol (1,2-dihydroxy-2-phenylethane) was pre- 
pared by the hydration of styrene oxide (Merck). A solu- 
tion of the oxide (10 g) in iso-octane (200 ml) was stirred 
vigorously with water (100 ml), at pH ca. 5, for 2 hr at 
ca. 50”. The crude product (9 g, m.p. 65-66”) was obtained 
by crystallization from water. Double sublimation gave an 
analytical sample of styrene glycol, m.p. 6667” (m.p. 67- 
68 ’ when recrystallized from ligroin5). 

* We note that the expression given by Harris and Prit- 
chard’ is in error by a statistical factor of 2, and by an 
additional factor of 1000 due to the expression of volume 
in ml. 

Table I. Standardization check on periodate cleavage 
method with styrene glycol, and determination of fraction 

of 1,2-diol units in PVA 

Substance 

Styrene glycol 
Styrene glycol 

Polyvinyl alcohol 
Polyvinyl alcohol 

Weight, V, 1.2-Dial, 

Y ml % 

0.0911 24.18* loo.0 
0.0944 24.62* 99.7 

2.4328 24.92-F 1.28 
2.4354 24.81+ I ,27 

* Iodine concentration 0.04964M; V0 = 10.90 ml. 
t Iodine concentration 0.05014M; V0 = IO.78 ml. 

Analytical-reagent grade arsenious oxide (primary stan- 
dard, 2.4746 g) was dissolved in 40 ml of 10% w/v aqueous 
sodium hydroxide solution; the solution was neutralized 
and made up to give 500,Oml of 005005M arsenious acid 
solution. Starch (1 g) was boiled with water (100 ml) for 
1 mitt, and 3 g of potassium iodide were added to the 
cooled solution to complete the indicator. Resublimed 
iodine (ca. 6g) was dissolved in 20ml of 50% w/v potas- 
sium iodide solution and made up to give 500 ml of approxi- 
mately 0.05M IZ solution. This was standardized by using 
it to titrate, to a faint permanent blue colour, aliquots 
of the arsenious oxide solution (25,OOml) plus water 
(15 ml), sodium bicarbonate (2 g) and starch solution (2 ml). 
A 0.07lM sodium periodate solution was made from the 
analytical-reagent grade reagent. 

J,2-Diol cleavage reaction 

A slight excess of the sodium periodate solution (10 ml) 
was added to the diol solution (ca. 2.5 g/350 ml) at room 
temperature, and the mixture was allowed to stand for 
30min to ensure completion of the cleavage reaction. 
Sodium bicarbonate (2 g) was added, followed by 25.00 ml 
of the standard arsenious oxide solution and 0.1 g of solid 
potassium iodide. The resulting solution was titrated with 
standard iodine solution (after addition of 2 ml of the 
starch indicator) to give the results (V) listed in Table 1. 

RESULTS AND DISCUSSIONS 

Table 1 gives typical results. The styrene glycol is close 
to 100% pure. It is crystalline and non-deliquescent at 
room temperature and serves to check our whole pro- 
cedure. The cumulative (maximum) random errors in V,, 
and V are 0.24% and O.lg%, respectively, which yields 
0.46% for (V - V,), if the random error in each volume 
measurement is estimated as kO.01 ml (a plausible mini- 
mum value for very careful work). There is an error of 
about +O.l% in the weighing of the styrene glycol. The 
estimated maximum scatter in the results for the diol pur- 
ity in this case could therefore be as large as k 0.6%. Some 
of the errors would usually cancel, but determinations 
should clearly be at least duplicated to guard against a 
freak result. When a much larger weight of PVA is substi- 
tuted for the styrene glycol (Table 1) the estimated possible 
scatter is reduced to +0,5% because the weighing error 
is no longer significant. Harris and Pritchard reported 
root-mean-square deviations in the range 2-47: for speci- 
mens of PVA from various sources.’ However, in their 
work (V - V,) was less than 2 ml, which introduces a 
maximum scatter of *50/O on the basis of our estimate 
above. We therefore suggest the use of a value of (V - V,) 
in the range 1520ml to keep the error in this quantity 
to less than +0.5x. We note that heterogeneity of the 
1,2-diol content and gel-forming properties of the PVA 
could lead to a greater scatter of results. 
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The periodate method is reported to give results ranging 
in accuracy from 99 to 101% for the determination of 
several 1,2-glycols related to glycerol,6 and we have found 
the procedure above useful for the estimation of glycerol 
a-monochlorohydrin (I-chloro-2,3_dihydroxypropane) in 
the commercial “monochlorohydrin”, which also contains 
the g-isomer, 2-chloro-1,3-dihydroxypropane. More gener- 
ally, the method should be used with caution: we have 
shown, for example, that dimethyl tartrate cannot be esti- 
mated, owing to slow non-stoichiometric oxidation by the 
periodate. Weiss gives a list of substances which do not 
contain the 1,2-diol group but react with periodate and 
can interfere if present.6 The periodate-arsenate method 
has been applied with 9598% accuracy to the determina- 
tion of sugars’ and is the generally preferred method in 
this field.’ 
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Summary-An accurate procedure for the determination of 1,2-diol groups in styrene glycol and poly- 
(vinyl alcohol) has been demonstrated. The diols are cloven with periodate and the excess of this 
is determined by means of standard arsenite solution. 
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NEW REDOX TITRANTS IN NON-AQUEOUS OR PARTIALLY 
AQUEOUS MEDIA-VI* 

POTENTIOMETRIC DETERMINATIONS USING DIBROMAMINE-T 
AND SOME FURTHER APPLICATIONS OF DICHLORAMINE-T 

C. G. R. NAIR and P. INDRASENAN 

Department of Chemistry, University of Kerala, Trivandrum-695001, India 

(Received 7 April 1975. Accepted 18 July 1975) 

Despite a recent renewal of interest in non-aqueous redox 
titrimetry, the number of good oxidants available in this 
field continues to be very limited. As part of our pro- 
gramme for the development of new redox titrants in non- 
aqueous media,‘-’ we are introducing N,N’-dibromo-p- 
toluenesulphonamide (“Dibromamine-T’, hereafter abbre- 
viated as DBT) as an ideal oxidimetric titrant in acetic 
acid medium. This compound is closely related to Dichlor- 
amine-T, developed as an oxidimetric titrant by us ear- 
lierie3 and can be considered complementary to it in some 
ways. The results of the individual determinations of typi- 
cal, yet diverse, reductants such as antimony(III), arsenic 
(III), thallium(I). ferrocvanide. iodide, ascorbic acid. hvdro- 
quinone, iron(H), hydrazine, aniline, phenol and bxine 
with this new redox titrant are presented in this communi- 
cation. 

In view of our observation that oxine may be readily 
determined by direct potentiometric titration with both 
DBT and DCT in oartiallv non-aaueous media containine 
excess of bromide,*it was considered worthwhile to exa- 
mine whether metal oxinates could be similarly deter- 
mined. The results of such a study proved to be most pro- 

* Part V: Tulanta, 1975, 22, 57. 

mising. Procedures for the direct potentiometric titrations, 
with DBT as well as DCT, of oxinates of six typical 3d- 
transition metals, [Mn(II), Fe(III), Co(II), Ni(II), Cu(I1) and 
Zn(II)] are also described in this communication. These 
direct titration procedures are faster than the usual back- 
titration and have the further advantage that errors due 
to loss of bromine are eliminated. 

Apparatus 

EXPERIMENTAL 

The apparatus and electrode assemblies described ear- 
lier* were used. 

Reagents 

Dibromamine-T. Prepared by the bromination of chlora- 
mine-T. Recrystallized chloramine-T (10 g) was dissolved 
in water (200ml) and liquid bromine (2 ml) was added 
dropwise from a burette with constant stirring of the solu- 
tion. The golden yellow precipitate of DBT was thorouehlv _ __ 
washed with water, filtered under suction and dried yn a 
vacuum desiccator for 24 hr. The dry sample was found 
to melt at 92-93” with decomposition. The purity of the 
sample was checked by elemental analysis for N, S and 
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has been applied with 9598% accuracy to the determina- 
tion of sugars’ and is the generally preferred method in 
this field.’ 
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Summary-An accurate procedure for the determination of 1,2-diol groups in styrene glycol and poly- 
(vinyl alcohol) has been demonstrated. The diols are cloven with periodate and the excess of this 
is determined by means of standard arsenite solution. 
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Despite a recent renewal of interest in non-aqueous redox 
titrimetry, the number of good oxidants available in this 
field continues to be very limited. As part of our pro- 
gramme for the development of new redox titrants in non- 
aqueous media,‘-’ we are introducing N,N’-dibromo-p- 
toluenesulphonamide (“Dibromamine-T’, hereafter abbre- 
viated as DBT) as an ideal oxidimetric titrant in acetic 
acid medium. This compound is closely related to Dichlor- 
amine-T, developed as an oxidimetric titrant by us ear- 
lierie3 and can be considered complementary to it in some 
ways. The results of the individual determinations of typi- 
cal, yet diverse, reductants such as antimony(III), arsenic 
(III), thallium(I). ferrocvanide. iodide, ascorbic acid. hvdro- 
quinone, iron(H), hydrazine, aniline, phenol and bxine 
with this new redox titrant are presented in this communi- 
cation. 

In view of our observation that oxine may be readily 
determined by direct potentiometric titration with both 
DBT and DCT in oartiallv non-aaueous media containine 
excess of bromide,*it was considered worthwhile to exa- 
mine whether metal oxinates could be similarly deter- 
mined. The results of such a study proved to be most pro- 

* Part V: Tulanta, 1975, 22, 57. 

mising. Procedures for the direct potentiometric titrations, 
with DBT as well as DCT, of oxinates of six typical 3d- 
transition metals, [Mn(II), Fe(III), Co(II), Ni(II), Cu(I1) and 
Zn(II)] are also described in this communication. These 
direct titration procedures are faster than the usual back- 
titration and have the further advantage that errors due 
to loss of bromine are eliminated. 

Apparatus 

EXPERIMENTAL 

The apparatus and electrode assemblies described ear- 
lier* were used. 

Reagents 

Dibromamine-T. Prepared by the bromination of chlora- 
mine-T. Recrystallized chloramine-T (10 g) was dissolved 
in water (200ml) and liquid bromine (2 ml) was added 
dropwise from a burette with constant stirring of the solu- 
tion. The golden yellow precipitate of DBT was thorouehlv _ __ 
washed with water, filtered under suction and dried yn a 
vacuum desiccator for 24 hr. The dry sample was found 
to melt at 92-93” with decomposition. The purity of the 
sample was checked by elemental analysis for N, S and 
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Br (found: N, = 4.37;, S = 9,6%, Br = 48.57”; required: 
N = 4.260/,, S = 9.73%. Br = 48.56%). 

Dichloramine-T. Prepared as described earlier.2 

Prepurution nnd standurdiznrion of‘srock solurions 

The solubility of DBT in acetic acid was determined 
and was found to be 38 g/l. at 30’. Approximately 0.05A4 
(-02 N) solutions of DBT were prepared by dissolving 
8.2 g of the sample in 500 ml of water-free acetic acid and 
were kept in amber-coloured bottles fitted with automatic 
microburettes and guard-tubes for the exclusion of mois- 
ture. These solutions were standardized by adding aqueous 
potassium iodide solution to aliquots and titrating the li- 
berated iodine with thiosulphate as usuaL2 The stock solu- 
tions were found to be reasonably stable. The normality 
of a typical stock solution (kept as described above) over 
a period of 15 days is given below. 

No. of days 0 I ’ 3 5 9 I5 

Normahty 0 2388 0 238X O.Li7Y 02362 0.2345 0.2328 02305 

Stock solutions of DCT were prepared, stored and stan- 
dardized as described earlier.’ 

Reductunr solutions. Solutions of antimony(III), iodide, 
ferrocyanide, hydrazine, ascorbic acid, hydroquinone, ani- 
line and phenol were prepared in distilled water. Arsenic- 
(III) solutions were prepared by dissolving weighed quan- 
tities of AslO in 1M sodium hydroxide, neutralizing with 
IN sulphuric acid and making up to a definite volume 
with distilled water. Solutions of iron(I1) were prepared 
in 2N sulphuric acid. Solutions of thallium(I) and oxine 
were prepared in 50:~ aqueous acetic acid. The strengths 
of these solutions were all checked by standard methods.’ 

The oxinates of Mn(II), Fe(III), Co(II), Ni(II), Cu(I1) and 
Zn(I1) were prepared by standard procedures.h Standard 
solutions of these oxinates were prepared in 4N sulphuric 
acid and the strengths were checked by the bromate-bro- 
mide method.h All the reagents used were of analytical 
reagent quality. 

Procedures for titrations 

The potentiometric titrations were carried out as de- 
scribed earlier.5 All the titrations were done at room tem- 
perature (28 _+ 2’ ). 

Normal, first derivative and second derivative curves 
were drawn. The equivalence points were obtained both 
graphically and numerically (employing the Hostetter-Ro- 
berts equation’ or the Yan equation’). 

RESULTS AND DISCUSSION 

A statistical evaluation of results (standard deviations 
and coefficients of variance) is given in Tables 1 and 2. 

Table 1. Potentiometric titrations of some common reduc- 
tants with Dibromamine-T (6 replicates). 

RedWXlllt 

Ant~mony(llll 0.3084 O-IO O-03 
Arsenic(llll lAs20,) 0.2517 0.55 0.22 
ThaIhum 0.3445 0. I 8 005 
Fcrrocyamde 05442 0.9’) 0.18 
Iodide o-5331 0.88 0.17 
Ascorbx aad 0.7379 1.62 0,22 
Hydroquinons 0 549Y I 23 0.22 

Iron(lll 05037 2.07 0.41 

Hydrazme 0.1596 0 10 0.06 

AIIlllllC 0.22 I7 0.1 5 0.07 

Phenol o- 1489 0.12 0 08 

Orine 0.2275 O-06 0.03 

Table 2. Potentiometric titrations of metal oxinates with 
Dibromamine-T and Dichloramine-T (6 replicates) 

Reductant 

Standard 
Reductant taken. deviatmn. Coefficient 

WlWle pn& of variance ‘7 . 0 

Mn(C,H,ON), 2H,O 

Fe(CqHe,ON)x 
Co(C,H~ONl> 2H,O 
Nl(C,H,,ONI> 2H20 
CufC,H,ONh 2H,O 
ZIK~H,ON)~ 2H>O 

Dihrrvnomin+T 
0.0875 

oGY50 
0.1127 
0.1120 

0 1244 
0.0966 

Drhionmin+T 

0.37 0.42 
0.50 0.52 

O-13 a.12 
O-24 0.21 
O-10 0.08 
0.62 064 

MnlC,H,ONI> 2H,O 0.1602 0.04 Oe4 

Fe(C,HeON), 0.1095 0.08 0.07 
CCK~,H,ON)~ 2H,O 0.1277 0.06 0.05 

‘NN~C.JH,ON~ 2H,O o-1345 O-15 0.12 
C‘ulCsH,,ONI2 2H,O 01148 O,Ol 0.10 
Zn(C,H,ON12 ?H,O O-1287 0.13 0.10 

In the case of antimony(III), arsenic(III), thallium(I), fer- 
rocyanide, iodide, ascorbic acid and hydroquinone, simple 
direct titration against DBT was successful; there was no 
need to add potassium bromide or hydrochloric acid. [It 
may be noted that Tl(1) and ferrocyanide could be success- 
fully titrated with DCT only in presence of added bro- 
mide.] For iron( addition of phosphoric acid was 
necessary to get a clear-cut potential break, by complexing 
the Fe3+ formed. Addition of hydrochloric acid was found 
to be necessary in the case of hydrazine; otherwise some- 
what premature end-points were obtained. Addition of 
bromide (KBr) was essential in the case of aniline, phenol, 
oxine and the metal oxinates. The approximate potential 
Jumps (in mV) at the equivalence points for the addition 
of 0.1 ml of 0.05M DBT were as follows: for antimony(III), 
700; arsenic(III), 300; thallium(I), 200; ferrocyanide. 500; 
iodide, 100; ascorbic acid, 400; hydroquinone, 300; iron( 
400; hydrazine, 250; aniline, 100; phenol, 150; oxine, 350. 
The potential breaks for the metal oxinates were - 300 mV 
for the addition of 0.1 ml of 0.05M solution of either DBT 
or DCT. In DBT titrations, the time required to attain 
the steady potentials near the end-point was in general 
small ( < 1 min); in this respect, DBT has a clear advantage 
over DCT in many cases. 

The oxidation half-reactions undergone by the different 
reductants are the same as those in the case of oxidation 
by iodobenzene diacetate.’ In the case of aniline, phenol, 
oxine and the metal oxinates the actual oxidant is bromine 
produced in situ by the reaction of bromide with the oxi- 

dant. In all these cases, DBT is reduced to p-toluenesul- 
phonamide in accordance with the half-reaction 

RNBr, + 2H+ + 4e- + RNHz + 2Br- 

(where R = CH3-CsHPSO,). 

The formal potential of the DBT-sulphonamide couple 
was determined at 25 k 0.02” and found to be + 1.28 V 
(mean of 9 experiments). 
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Non-aqueous solvents are important for redox determina- 
tions, especially of those compounds which are slightly 
soluble in water or react with it through hydrolysis or 
oqidation. However there is a lack of redox reagents of 
suitable stability for use in non-aqueous media. Acetoni- 
trile, because of its high dielectric constant and resistance 
to oxidation or reduction has proved quite promising as 
a solvent’ especially with stronger oxidants such as 
ammonium hexanitratocerate(IV). Rao and Murthy have 
used this oxidant in acetonitrile for the determination of 
hydroquinone,* potassium ethyl xanthate,’ iron( oxalic 
acid,5 ascorbic acid6 and potassium iodide.’ Verma and 
Kumar’ have recently described its use in the determina- 
tion of thiourea and its derivatives. 

The only attempt to use visual indicators in titrations 
with Ce(IV) in a non-aqueous medium appears to be due 
to Rao and Murthy’ who used diphenylamine, ferroin, 
Methyl Red and Janus Green as indicators in titrations 
of hydroquinone. The present communication reports the 
use of some chemical indicators in titrations of thioureas 
and xdnthates with ammonium hexanitratocerate in ace- 
tonitrile. 

EXPERIMENTAL 

Reagents 

Acetonitrile. Distilled twice from phosphorus pentoxide 
(5 g/l.). 

Ammonium hexanitratocerate, 0.05N in acetonitrile. Pre- 
pared by dissolving a little more than the calculated 
amount of dried analytical-grade oxidant in acetonitrile, 
and standardized by titration with ferrous ammonium sul- 
phate in the presence of dilute sulphuric acid, with ferroin 
as indicator. The solution was stored in coloured glass- 
stoppered bottles and kept in a dry chamber. 

* To whom correspondence should be addressed. 

TAL. 2313-t 

Xanthates. Prepared by mixing equimolar quantities of 
the corresponding alcohols, potassium hydroxide (dis- 
solved in minimum quantity of water) and carbon disul- 
phide, at temperatures below 10”. The compounds were 
crystallized twice by dissolving in acetone and precipitating 
with petroleum ether (6&80”). The purity was checked by 
known methods. 

Thiourea. Recrystallized from alcohol. The alkyl deriva- 
tives of thiourea were prepared from the corresponding 
isothiocyanates’ by condensation with ammonia. 

Indicator solutions. Fuchsin. Gentian Violet, Light 
Green, Methyl Red and quinalizarin indicators were pre- 
pared as 0.1% solutions in acetonitrile. Ferroin solution 
(0.025 M) was prepared by dissolving 1,485 g of 
o-phenanthroline and 0695a of analvtical grade ferrous 
suiphate heptahydrate in lOOm1 of acetonitril;. Diphenyla- 
mine was used as a 0.25% solution in acetonitrile. 

Procedure 

Aliquots of solutions of thiourea or potassium ethyl xan- 
thate in acetonitrile were taken in dry conical flasks, and 
made up to 20ml with acetonitrile; indicator solution (2 
or 3 drops) was added. Each solution was cooled to room 
temperature (25”) and titrated with 0.05M ammonium hexa- 
nitratocerate from a microburette provided with guard- 
tube for the protection of oxidant solution from atmos- 
pheric moisture. During the titration, white cerous nitrate 
was precipitated. The titrations were repeated with substi- 
tuted thioureas and xanthates. The results of titrations of 
thiourea and potassium ethyl xanthate, as representatives 
of substitutedthioureas and- xanthates with use of various 
indicators, are given in Table 1. The colour changes 
observed during the end-points are also given. 

RESULTS AND DISCUSSION 

Acetic acid and acetonitrile have been most used as 
media for non-aqueous redox titrations and electro- 
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use of some chemical indicators in titrations of thioureas 
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pared by dissolving a little more than the calculated 
amount of dried analytical-grade oxidant in acetonitrile, 
and standardized by titration with ferrous ammonium sul- 
phate in the presence of dilute sulphuric acid, with ferroin 
as indicator. The solution was stored in coloured glass- 
stoppered bottles and kept in a dry chamber. 
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Xanthates. Prepared by mixing equimolar quantities of 
the corresponding alcohols, potassium hydroxide (dis- 
solved in minimum quantity of water) and carbon disul- 
phide, at temperatures below 10”. The compounds were 
crystallized twice by dissolving in acetone and precipitating 
with petroleum ether (6&80”). The purity was checked by 
known methods. 

Thiourea. Recrystallized from alcohol. The alkyl deriva- 
tives of thiourea were prepared from the corresponding 
isothiocyanates’ by condensation with ammonia. 

Indicator solutions. Fuchsin. Gentian Violet, Light 
Green, Methyl Red and quinalizarin indicators were pre- 
pared as 0.1% solutions in acetonitrile. Ferroin solution 
(0.025 M) was prepared by dissolving 1,485 g of 
o-phenanthroline and 0695a of analvtical grade ferrous 
suiphate heptahydrate in lOOm1 of acetonitril;. Diphenyla- 
mine was used as a 0.25% solution in acetonitrile. 

Procedure 

Aliquots of solutions of thiourea or potassium ethyl xan- 
thate in acetonitrile were taken in dry conical flasks, and 
made up to 20ml with acetonitrile; indicator solution (2 
or 3 drops) was added. Each solution was cooled to room 
temperature (25”) and titrated with 0.05M ammonium hexa- 
nitratocerate from a microburette provided with guard- 
tube for the protection of oxidant solution from atmos- 
pheric moisture. During the titration, white cerous nitrate 
was precipitated. The titrations were repeated with substi- 
tuted thioureas and xanthates. The results of titrations of 
thiourea and potassium ethyl xanthate, as representatives 
of substitutedthioureas and- xanthates with use of various 
indicators, are given in Table 1. The colour changes 
observed during the end-points are also given. 

RESULTS AND DISCUSSION 

Acetic acid and acetonitrile have been most used as 
media for non-aqueous redox titrations and electro- 
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Table 1. Redox titrations of thiourea and potassium ethyl 
xanthate with 0.05N ammonium hexanitratocerate in acc- 

tonitrile medium, using various indicators 

Indicator 
Compound* 

tttrated Colour change 

R&tlW 
standard 

dewatmnt. 

(‘/, 

Fuchsin thmurea pmk - yellow 13 
pot. ethyl xanthate pink + yellow I.1 

Gentian Violet thiourea violet - blue-green I.2 
pot. ethyl xanthate violet + blue -+ green I.3 

Light Greenf thmurea light green -+ yellow I.0 
pot. ethyl xanthate light green -+ yellow 0.9 

Quinahzarin throurea “of sharp _ 

pot ethyl xanthate orange red - violet - I.0 
orange red-yellow 

Ferroin thmurea red + yellow 0.9 
pot. ethyl xanthate not sharp _ 

Methyl Red thmurea TOX red-yellow I3 
pot ethyl xanthatc rose red - yellow 0.9 

Diphenylamme thiourea “ot sharp 
pot. ethyl xanthate colourless - yellow l-l 

* Amount of thiourea or potassium ethyl xanthate taken 
for each titration, 4Omg. 

t Ten determinations. 
# 6 or 7 drops of indicator added. 

chemical methods (mostly potentiometric) have been used 
to detect the end-point. Only limited efforts have been 
made to use visual indicators in non-aqueous redox 
titrations. This appears to be because the scale of poten- 
tials of different redox systems in various solvents, similar 
to those known in water, has not been developed. Verma 
and Bose” have described the use of quinalizarin as an 
indicator in the redox determination of phenyl thioureas 
with lead tetra-acetate in glacial acetic acid. Recently 
Braun and Stock I1 have employed some indicators in 
redox titrations in dimethylformamide medium. 

The results of titrations of substituted thioureas and xan- 
thates, performed similarly, agree closely with those listed 
in the table. The results indicate that thioureas and xan- 
thates react with Ce(IV) in a 1 : 1 molar ratio. This corre- 
sponds to the oxidation of thioureas and xanthates to the 
corresponding disulphides and dixanthogens respectively. 

RHN 

2 
\ 

C-SH - 

HN’ 

RHN NHR 
\ 

c-s- + 2H+ + 2e 
// 

HN \NH 

2 RO-C-S - RCh-C-S-S--C--OR + 2e 

1 1 
II 
S 

The solutions of these indicators may also be prepared 
in acetic acid or acetic acid-acetonitrile mixtures, but these 
solutions are not recommended for use in the titrations 
of xanthates because of the risk of their decomposition 
with acetic acid. 
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DETERMINATION OF PEROXYDIPHOSPHATE IN ACID MEDIUM 
WITH OXALATE (i) WITH SILVER(I) AS CATALYST 

AND (ii) IN THE PRESENCE OF EXCESS OF MANGANESE(I1) 

L. M. BNARADWAJ,.D. N. SHARMA and Y. K. GUPTA 

Department of Chemistry, University of Rajasthan, Jaipur, India 

(Received I1 June 1975. Accepted 19 June 1975) 

A study in this laboratory of the kinetics and study. So far only two titrimetric methods for its deter- 
mechanism of oxidations with peroxydiphosphate necessit- mination have been reported, indirect cerimetric’ and di- 
ated the development of titrimetric methods for determina- rect iodometric.* The interest in the present work arose 
tion of peroxydiphosphate suitable to a particular kinetics on account of a well-known method for determination3 
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Table 1. Redox titrations of thiourea and potassium ethyl 
xanthate with 0.05N ammonium hexanitratocerate in acc- 

tonitrile medium, using various indicators 

Indicator 
Compound* 

tttrated Colour change 

R&tlW 
standard 

dewatmnt. 

(‘/, 

Fuchsin thmurea pmk - yellow 13 
pot. ethyl xanthate pink + yellow I.1 
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t Ten determinations. 
# 6 or 7 drops of indicator added. 

chemical methods (mostly potentiometric) have been used 
to detect the end-point. Only limited efforts have been 
made to use visual indicators in non-aqueous redox 
titrations. This appears to be because the scale of poten- 
tials of different redox systems in various solvents, similar 
to those known in water, has not been developed. Verma 
and Bose” have described the use of quinalizarin as an 
indicator in the redox determination of phenyl thioureas 
with lead tetra-acetate in glacial acetic acid. Recently 
Braun and Stock I1 have employed some indicators in 
redox titrations in dimethylformamide medium. 

The results of titrations of substituted thioureas and xan- 
thates, performed similarly, agree closely with those listed 
in the table. The results indicate that thioureas and xan- 
thates react with Ce(IV) in a 1 : 1 molar ratio. This corre- 
sponds to the oxidation of thioureas and xanthates to the 
corresponding disulphides and dixanthogens respectively. 

RHN 

2 
\ 

C-SH - 

HN’ 

RHN NHR 
\ 

c-s- + 2H+ + 2e 
// 

HN \NH 

2 RO-C-S - RCh-C-S-S--C--OR + 2e 

1 1 
II 
S 

The solutions of these indicators may also be prepared 
in acetic acid or acetic acid-acetonitrile mixtures, but these 
solutions are not recommended for use in the titrations 
of xanthates because of the risk of their decomposition 
with acetic acid. 
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DETERMINATION OF PEROXYDIPHOSPHATE IN ACID MEDIUM 
WITH OXALATE (i) WITH SILVER(I) AS CATALYST 

AND (ii) IN THE PRESENCE OF EXCESS OF MANGANESE(I1) 

L. M. BNARADWAJ,.D. N. SHARMA and Y. K. GUPTA 

Department of Chemistry, University of Rajasthan, Jaipur, India 

(Received I1 June 1975. Accepted 19 June 1975) 

A study in this laboratory of the kinetics and study. So far only two titrimetric methods for its deter- 
mechanism of oxidations with peroxydiphosphate necessit- mination have been reported, indirect cerimetric’ and di- 
ated the development of titrimetric methods for determina- rect iodometric.* The interest in the present work arose 
tion of peroxydiphosphate suitable to a particular kinetics on account of a well-known method for determination3 
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of peroxydisulphate which is isoelectronic and isostructural 
with peroxydiphosphate. The present communication de- 
scribes two methods for the determination of peroxydi- 
phosphate, (a) with silver(f) as a catalyst for the reaction 
between excess of oxalic acid and peroxydiphosphate, the 
excess of the oxalic acid being determined with standard 
permanganate, and (b) with excess of manganese(I1) for 
reaction with a sample of peroxydiphosphate, yielding 
MnO, which is directly titrated with a standard solution 
of oxalic acid. 

Reagents 

The potassium peroxydiphosphate was a gift sample from 
FMC corporation, New York, U.S.A. The solution of per- 
oxydiphosphate was prepared by direct weighing and stan- 
dardized’ cerimetrically, with N-phenylanthranilic acid as 
indicator. A standard solution of oxalic acid was prepared 
by direct weighing. All solutions were made in doubly dis- 
tilled water, permanganate being added before the second 
distillation. 

Procedures 

Siluerfl) as catalyst. The sample of peroxydiphosphate, 
a known excess of oxalic acid solution, enough sulphuric 
acid to give a 2.5.N solution, and silver nitrate to yield 
at least a 4 x 10e3M solution, were mixed and heated 
just to boiling. The unreacted oxalic acid was determined 
with standard permanganate solution 

Mth excess of manganese(l1). The sample of peroxydi- 
phosphate, enough sulphuric or perchloric acid to yield 
a 0.25-l.ON solution and at least a 500% excess of manga- 
nese sulphate were mixed and boiled for about 2 min. The 
manganese dioxide produced was titrated with a standard 
solution of oxalic acid to a colourless end-point. 

RESULTS AND DISCUSSION 

Titration of 7-350 mg of peroxydiphosphate by the sil- 
ver(1) method and of 3-70 mg by the manganese(H) 
method gave results within + @3% of the cerimetric assay 
with only one exception (+ O-97;). The methods are quick 
but have the drawback that heating is required. 

The catalysis of peroxydiphosphate oxidations was 
recently found4 in this laboratory during one of the kine- 
tics studies. However, the reaction still does not become 
instantaneous at room temperature and heating is necess- 
ary to complete the reaction. The overall stoichiometry 
is given by equation (1) 

H,P,O, + H,C,O,-+ 2H,PO, + 2C02 (1) 

The catalysis by silver(I) probably operates through an 
Ag(I)/Ag(II) or Ag(I)/Ag(III) cycle as found in the silver(I)- 
catalysed oxidations by peroxydisulphate’ and given 
below, 

P,O:- + Ag+ -i 2PO:- + Ag3+ (2) 

Ag3 + -I- C,Oi- - Ag+ + 2C0, (3) 

There is no definite view yet whether A&I) or Ag(II1) 
is formed. There is still another view that orobablv both 
the higher oxidation states of silver exist In the system 
in equilibrium.h 

The determination in the presence of manganese(H) 
depends on the fact that this is oxidized to Mn02 or per- 
manganate depending on the concentration of Mn(II) and 
the acidity of the medium. The Mn(I1) is oxidized to Mn3 * 
which in the absence of complexing agents*-‘” and at LOW 
acidity disproportionates.” yielding MnO, and Mn(I1). 

P,Oz- $ 2 Mn2+ -+ ZPO:- + 2Mn3+ (4) 

2 Mn3+ =Mn4+ + Mn2+; 2Mn3’ + 2Hz0 

= MnO, + Mn2+ + 4H’ (5) 

A large concentration of Mn(I1) is employed to make the 
reaction of peroxvdiphosphate and Mn(II) fast and to in- 
hibit” the formation of MnO, as far as possible so that 
there is no difficulty in titration-with oxalic- acid. Reactions 
of oxalic acid with Mn3+ and MnO, are well known:‘3.‘4 

Oxidation of Mn(I1) to permanganate by peroxydiphos- 
phate is also possible and thus a calorimetric determina- 
tion can be made. However, for this the concentration of 
Mn(I1) has to be su~ciently low (but larger than that of 
the peroxydiphosphate) and the acidity high, or otherwise 
permanganate will react’s.i6 with Mn(I1) yielding MnOz 
as in the present method. 
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Sum~ry-Peroxydiphosphate can be determined with oxalate in acid medium in the presence of 
silver(I). Excess of oxalic acid along with the sample and silver(I) is heated to boiling and the excess 
of oxalic acid is titrated against standard permanganate. Another method involves boiling for 2 min 
a mixture consisting of the sample and excess of manganese(II), followed by titration of the resulting 
Mn(II1) or MnO, with standard oxalic acid solution. 



244 SHORT COMMUNICATIONS 

Talanra, Vol. 23, pp. 244-246. Pergamon Press, 1976. Prmted m Great Britam 

SIMPLE SEMIQUANTITATIVE DETERMINATION OF TRACE 
METAL IONS BY USE OF REAGENT GEL 

COLUMNS-II 
DETERMINATION OF ZINC WITH DITHIZONE GEL* 

YONG KEUN LEE,? KYU JA WHANG$ and KEIHEI UENO@ 

Department of Organic Synthesis, Faculty of Engineering, Kyushu University, Fukuoka 812. Japan 

(Received 3 June 1975. Accepted 20 June 1975) 

By use of the principle previously described,’ zinc(I1) at 
the sub-ppm level in environmental water has been deter- 
mined with an analytical column packed with dithizone 
gel beads. As zinc reacts with dithizone at pH 6-7, where 
many other heavy metal ions are similarly complexed, in- 
terfering cations have to be masked. 

EXPERIMENTAL 

Reagents 

All reagents were of analytical grade. Dithizone was rec- 
rystallized from chloroform. Buffers, masking reagents and 
distilled water were treated beforehand with a 005% dithi- 
zone gel column’ or shaken with O,OS”A dithizone solution 
in chiorobenzene to remove traces of heavy metal ions. 
N.N-Bis(B-hvdroxvethvl)dithiocarbamate3 and B-dithiocar- 
bamino$opionic -acii4’ were prepared accor&ng to the 
literature. 

Preparation of dithiozone gel heads 

Styrene-divinylbenzene copolymer beads (204 divinyl- 
benzene, particle size 70-100 mesh) were treated success- 
ively with 3”/, hydrochloric acid, distilled water and acetone, 
dried at 95-97”, then soaked in 0.01% dithizone solution 
in chlorobenzene for 11-17 hr at 5” in a dark place. The 
beads were separated by centrifugation, and immediately 
transferred into O.lM acetate buffer solution (pH 5.6) con- 
taining sodium thiosulphate (@lM) as a stabilizer. One 
gram of dry polymer accepted about 2.9 ml of chloroben- 
zene. 

Preparation of analytical gel bead column 

The column and packing procedure were essentially as 
before,’ the downward packing being preferred, with the 
acetate buffer containing sodium thiosulphate as the sus- 
pension medium. The column was sealed, wrapped and 
stored as before.’ 

A known amount of sample was placed in a 25-ml volu- 
metric flask, to which acetate buffer solution (pH 6.2) and 
sodium thiosulphate solution were added to give a final 
O.lM concentration of both. If interfering cations were 
present, appropriate masking agents were also added. 
Finally the whole was made up to volume. 

* Contribution No. 371 from the Department of Organic 
Synthesis, Kyushu University. 

t Visitine Scholar. Facultv of Engineering. Kvushu Uni- 
versity, on leave from Departmencof Chemistry, College 
of Science and Engineering, Yonsei University, Seoul 120, 
Korea. 

$ Visiting Scholar, Fac,ulty of Engineering, Kyushu Uni- 
versitv. on leave from Department of Manufacturing Phar- 
macy, College of Pharmacy, Sookmyung Women’s Univer- 
sity, Seoul 140, Korea. 

A bead column was connected to a sample reservoir and 
the flow-rate was adjusted to 0.2 ml/min. As the sample 
solution flowed through the column, the green gel turned 
to pink from the upper end when zinc was complexed with 
dithizone. After passage of a measured volume of sample, 
the length of pink zone was measured and the amount 
of zinc was calculated from a (linear) calibration curve. 
A correction was necessary for the dilution of sample with 
reagent solutions. 

RESULTS AND DISCLWION 

Grl heads and analytical column 

Since the concentration of dithizone in the gel beads 
is directly related to the zone length of the zinc complex. 
stability of the dithizone is essential for an accurate result. 
However, dithizone decomposes so easily that gel beads 
of 0.01% or lower dithizone concentration could not be 
stored satisfactorily for more than 24 hr even in a dark 
cool place. 

Dithizone gel beads stabilized by means of the zinc che- 
late, which were successfully used in mercury determina- 
tion,’ could not be used, because the regeneration of free 
dithizone by preliminary acid treatment always suffered 
interference from the trace of zinc which remained in the 
inner core of the gel beads. Thus, the green gel turned 
back to greenish pink when the pH was raised to 6.2. 

Free dithizone gel beads were best stored in the O.lM 
acetate buffer-0,lM sodium thiosulphate medium, the lat- 
ter being added as a stabilizer for dithizone and also as 
a masking agent for interfering cationsS Columns filled 
with this medium could be stored in aluminium foil for 
2.5 month at 5‘. 

The reaction of dithizone with heavy metal ions is so 
sensitive that even a slight touch of a metal surface such 
as a stainless-steel spatula to the green gel beads immedi- 
ately causes the colour change to pink. Such coloured spe- 
cies tend to be localized in the gel beads. and the gel 
column gives a very sensitive colour spot-test for trace 
metal contamination. Incomplete pretreatment of polymer 
beads, porous plugs and other materials for the prep- 
aration of analytical columns with 3;): hydrochloric acid 
often resulted in the appearance of pink spots on the gel 
column or on the interface between the gel and plugs. 

Analytical procedure and colour reaction 

The complexation of dithizone with zinc can be 
expressed as follows: 

2(H,Dz), + (Zn”), = (Zn(HDz)Z),, + 2(H+), 
green pink 

where o and w indicate the organic and aqueous phases 
respectively. The pH profile of the extraction of zinc dithi- 
zonate into chlorobenzene is shifted to slightly higher pH 
range than that for solvents such as chloroform.’ reaching 
100% extraction at around pH 6.0. On the other hand. free 
dithizone tends to distribute into the aqueous phase as 
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the dithizonate anion at above pH 7. Accordingly. the pH Table 1. Determination of zinc in the presence of some 
of the sample solution was adjusted to 6.2 with acetate foreign metals (0.1 ppm zinc was taken in each 
buffer. determination) 

As dithizone complexes many heavy metal ions in the 
neutral pH range, all reagent solutions and the distilled 
water used have to be completely free from such ions. 
Therefore, all reagent solutions were previously shaken re- 
peatedly with @OS% dithizone solution in chlorobenzene 
until the organic layer remained clear green, or more con- 
veniently were treated with a 0.05°/0 dithizone gel column 
(11.3 mm bore and 250 mm long).* 

Foreign metal 
added.* Zn found, 

wm mm 
Masking 

conditionit 

Various masking agents were evaluated, in order to 
make the analytical column highly selective for zinc at the 
pH used. Poisonous reagents such as cyanide should be 
avoided, because the procedure may be used by non- 
chemists. Although sodium thiosulphate has been recom- 
mended for masking copper, bismuth, lead, cadmium and 
other interfering cations at pH4-5.5,5 this reagent alone 
was not so effective for moderate amounts of these ions 
at pH 62. NJ-Bis(b-hydroxyethyl)dithiocarbamate3 effec- 
tively masked moderate amounts of metal ions such as 
silver. cadmium. cobalt(B), copper(B). lead and nickel. p- 

Dithiocarbaminopropionic acid4 was effective for masking 
mercury(B) up to an amount equal to that of the zinc. 
Iron(II1) could be masked as the non-extractable ferrous 
bipyridyl complex with a,a’-bipyridyl and hydroxylamine 
hydrochloride. With the combined use of these masking 
agents, the above-mentioned interfering cations could be 
masked. Tolerances and the amounts of masking agents 
necessary are summarized in Table I. 

Ag(I) 6 
Cd(I1) 0.2 
Cu(II) 1 
Co(H) 0.7 
Pb(I1) 1 
Ni(I1) 05 
Hg(I1) 0.1 
Fe(II1) 7 

Cd 0.2, Cu 1, Pb 1 
Cd 0.2, Cu 1, Pb 1, Fe 5 

0.1 
0.1 
0.1 
@l 
0.1 
0.1 
0.11 
0.1 

0.1 
0.1 

A 0.75 ml 
A 0.75 ml 
A 0.75 ml 
A 0.75 ml 
A 0.75 ml 
A 3 ml$ 
B 2mlt. 
C 0.1 ml 

D 0.5 ml1 
A’5ml 
A’ 5ml 

C@5ml 
D 0.5 ml$. 

* Sample solutions were prepared by diluting the mix- 
ture of metal ion solution, 5 ml of 0.5M sodium thiosul- 
phate solution, 2.5 ml of 2M acetate buffer solution 
(pH 6.2) and appropriate amount of masking agent solu- 
tion, to 25 ml. 

t Maskingagent solutions: A. Ammonium bis@hydroxy- 
ethyl)dithiocarbamate aqueous solution, OGIM. A’. Same 
reagent, 0.16M. B. Ammonium fi-dithiocarbaminopropion- 
ate aqueous solution, 004M. C. Hydroxylamine hydrochlor- 
ide aqueous solution, lo’/,. D. cc,cc’-Bipyridyl aqueous solu- 
tion, 0.02M. 

Amons, with the exceptton of strong complexmg agents 
such as EDTA or cvanide. did not interfere. 

The rate of extra&on ofzinc into dithizone gel at pH 62 
was found to be much slower than that of mercury(I1) at 
pH 1. Accordingly, the flow-rate was kept at 0.2ml/min 
in order to obtain a sharp colour boundary. 

The sensitivity can be expressed by the weight of metal 
ion needed to give unit length of coloured zone. In the 
present procedure, with 0.01% dithizone gel, a lo-mm 
length of pink zone corresponded to 0.2 pg of zinc. There- 
fore, it was possible to determine down to 0.01 ppm of 
zinc with a IO-ml sample. 

The accuracy of the results depends upon the sharpness 
of zone boundary, as well as the dithizone concentration 
in the gel beads. With a freshly prepared analytical column 
of O.O1°/O dithizone gel and at a Row-rate of 0.2 ml/min, 
the error is about f loo/, at the 0.2-0.4 pg level and *3% 
at the 2 pg level. 

Under these conditions, the relation between the zone 
length and the volume of sample solution containing a 
given amount of zinc was linear, with slope dependent 

1 Amount of acetate buffer solution was increased from 
2.5 ml to 6.3 ml. 

on the zinc concentration. Accordingly. the zinc con- 
centration can be determined either by observing the zone 
length after passage of a known amount of sample solu- 
tion, or by measuring the volume of sample solution needed 
for the coloured zone to reach a given point. 

Table 2 summarizes some results obtained by applying 
this method to the analysis of practical samples with or 
without a known amount of zinc. 

Acknowledgements- The authors are grateful to Mitsu- 
bishi Kasei Kogyo Co. for the donation of polystyrene 
beads. Financial support for this work was given by the 
Ministry of Education, Japanese Government and partly 

Table 2. Determination of zinc in practical samples 

Sample 

Zn found, ppm 

This method Instrumental* 

Recovery of Zn, ppm 

Added Found . Expected 

Sea-water (Inchon, 0.07-0.08 0.08 0.05 0~140~15 0.13 
Songdo, Korea) 0.10 0.19-0.20 0.18 

0.15 0.24-0.26 0.23 
Mine-water (S. Mine)? 0~11-0~12 0.11 0.05 0.17-0.18 0.16 

0.10 0.20-0.2 1 0.21 
0.15 0.27429 0.26 

River-water (Sangri R.)$ 0.11-0~12 0.13 0.05 0.17-0.18 0.18 
0.10 0.21-0.22 023 
0.15 0.260.29 0.28 

* Absorption spectrophotometric method using dithizone. 
t Sample diluted 5-fold. 
$ Sample diluted 2.5-fold. 
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Summary-Zinc(B) at the sub-ppm level was determined by using a column, packed with gel beads 
containing dithizone. The beads turned from green to pink when the sample solution containing zinc 
was passed through the column at pH 6.2. Various interfering cations were masked by the combined 
use of sodium thiosulphate, a’a-bipyridyl, hydroxylamine hydrochloride, N,N’-bis(p-hydroxyethyl) 
dithiocarbamate and /I-dithiocarbaminopropionic acid. The length of the pink zone was proportional 
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be determined in a lo-ml sample at a flow rate of 0.2 ml/min. 
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EXTRACTION AND SPECTROPHOTOMETRIC DETERMINATION OF 
COBALT(I1) WITH THIOBENZOYLACETONE AND 

SIMULTANEOUS DETERMINATION OF COBALT AND NICKEL 

M. V. R. MURTI and S. M. KHOPKAR 

Department of Chemistry, Indian Institute of Technology, Bombay-400 076, India 

(Received 16 May 1975. Accepted 10 June 1975) 

Thiobenzoylacetone (3-mercapto-I-phenylbut-2-en-l-one) 
has been used for the extractive photometric determination 
of nickel.’ Further studies have revealed that cobalt can 
also be extracted as the orangeeyellow complex at pH 8.4 
9.1 and measured spectrophotometrically at 640 nm. 

No systematic studies have been made on the solvent 
extraction of cobalt with benzoylacetone. dibenzoylmeth- 
ane or furoyltrifluoroacetone.’ Extraction with acetylace- 
tone is generally incomplete’ whereas extraction with 
2-thenoyltrifluoroacetone in acetone-xylene mixture is 
quantitative. Thiothenoyltrifluoroacetone3 has also been 
used but nickel shows strong interference. Thiodibenzoyl- 
methane“ has been used for the simultaneous spectro- 
photometric determination of cobalt and nickel with some 
advantage. 

The method proposed in this paper is simple, rapid, 
selective and sensitive. It not only permits extractive spec- 
trophotometric determination of cobalt at microgram con- 
centrations but also makes it possible to determine cobalt 
and nickel simultaneously. 

Reagents 
EXPERIMENTAL 

Thiobenzoylacetone (SBA). Synthesized from benzoyl ace- 
tone by the procedure described earlier.’ An approximately 
OQOlM SBA solution in benzene was used. The reagent 
was preferably preserved in the refrigerator. 

Cobalt nitrate solution. The hexahydrate (1.2 g) was dis- 
solved in 250ml of distilled water containing 1% nitric 
acid. The solution was standardized complexometrically5 
with EDTA, with Pyrocatechol Violet as indicator. The 
stock solution was diluted IOO-fold (cobalt concentration 
9.16 pg/ml). 

General procedure 

A 2-ml aliquot of the diluted cobalt nitrate solution 
(18.32ng of Co) was diluted and its pH was adjusted to 
8.49.1 with O.OlM nitric acid and 0,OlM ammonia solu- 
tion, in a total volume of 25ml. It was then shaken for 
about 10min with 10 ml of O.OOlM thiobenzoylacetone in 
benzene. The layers were allowed to separate. The orange- 
yellow complex of cobalt(I1) was measured spectrophoto- 
metrically at 460 nm against a reagent blank. 

RESULTS AND DISCUSSION 

Spectral properties 

The absorption spectrum of the complex measured 
against a reagent blank had a maximum at 460 nm (Fig. I). 
The reagent had an absorption maximum at 400nm and 
the difference in absorbance between the complex and the 
excess of the reagent used was maximal at 460nm. The 
molar absorptivity of the complex at 460nm was 12.7 x 
lo3 I.mole-‘.cm-‘. The sensitivity of the method as 
defined by Sandell was 00046 ng/cm’. Beer’s law was 
obeyed at 460 nm in the concentration range 022-4.58 pg/ 
ml in the extract. The absorbance of the complex remained 
constant for up to 144 hr. 

Effect of pH 

The extraction was studied over the nH range from 100 
to 12QO (Fig. 2). There was no extraction at pH < 6.0. The 
optimum pH was 8.4-9.1 and pH 8.8 was selected as being 
about in the middle of the range. 
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containing dithizone. The beads turned from green to pink when the sample solution containing zinc 
was passed through the column at pH 6.2. Various interfering cations were masked by the combined 
use of sodium thiosulphate, a’a-bipyridyl, hydroxylamine hydrochloride, N,N’-bis(p-hydroxyethyl) 
dithiocarbamate and /I-dithiocarbaminopropionic acid. The length of the pink zone was proportional 
to the amount of zinc in the sample. With 0.01% dithizone gel, as little as 0.01 ppm of zinc could 
be determined in a lo-ml sample at a flow rate of 0.2 ml/min. 
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EXTRACTION AND SPECTROPHOTOMETRIC DETERMINATION OF 
COBALT(I1) WITH THIOBENZOYLACETONE AND 

SIMULTANEOUS DETERMINATION OF COBALT AND NICKEL 
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Department of Chemistry, Indian Institute of Technology, Bombay-400 076, India 

(Received 16 May 1975. Accepted 10 June 1975) 

Thiobenzoylacetone (3-mercapto-I-phenylbut-2-en-l-one) 
has been used for the extractive photometric determination 
of nickel.’ Further studies have revealed that cobalt can 
also be extracted as the orangeeyellow complex at pH 8.4 
9.1 and measured spectrophotometrically at 640 nm. 

No systematic studies have been made on the solvent 
extraction of cobalt with benzoylacetone. dibenzoylmeth- 
ane or furoyltrifluoroacetone.’ Extraction with acetylace- 
tone is generally incomplete’ whereas extraction with 
2-thenoyltrifluoroacetone in acetone-xylene mixture is 
quantitative. Thiothenoyltrifluoroacetone3 has also been 
used but nickel shows strong interference. Thiodibenzoyl- 
methane“ has been used for the simultaneous spectro- 
photometric determination of cobalt and nickel with some 
advantage. 

The method proposed in this paper is simple, rapid, 
selective and sensitive. It not only permits extractive spec- 
trophotometric determination of cobalt at microgram con- 
centrations but also makes it possible to determine cobalt 
and nickel simultaneously. 

Reagents 
EXPERIMENTAL 

Thiobenzoylacetone (SBA). Synthesized from benzoyl ace- 
tone by the procedure described earlier.’ An approximately 
OQOlM SBA solution in benzene was used. The reagent 
was preferably preserved in the refrigerator. 

Cobalt nitrate solution. The hexahydrate (1.2 g) was dis- 
solved in 250ml of distilled water containing 1% nitric 
acid. The solution was standardized complexometrically5 
with EDTA, with Pyrocatechol Violet as indicator. The 
stock solution was diluted IOO-fold (cobalt concentration 
9.16 pg/ml). 

General procedure 

A 2-ml aliquot of the diluted cobalt nitrate solution 
(18.32ng of Co) was diluted and its pH was adjusted to 
8.49.1 with O.OlM nitric acid and 0,OlM ammonia solu- 
tion, in a total volume of 25ml. It was then shaken for 
about 10min with 10 ml of O.OOlM thiobenzoylacetone in 
benzene. The layers were allowed to separate. The orange- 
yellow complex of cobalt(I1) was measured spectrophoto- 
metrically at 460 nm against a reagent blank. 

RESULTS AND DISCUSSION 

Spectral properties 

The absorption spectrum of the complex measured 
against a reagent blank had a maximum at 460 nm (Fig. I). 
The reagent had an absorption maximum at 400nm and 
the difference in absorbance between the complex and the 
excess of the reagent used was maximal at 460nm. The 
molar absorptivity of the complex at 460nm was 12.7 x 
lo3 I.mole-‘.cm-‘. The sensitivity of the method as 
defined by Sandell was 00046 ng/cm’. Beer’s law was 
obeyed at 460 nm in the concentration range 022-4.58 pg/ 
ml in the extract. The absorbance of the complex remained 
constant for up to 144 hr. 

Effect of pH 

The extraction was studied over the nH range from 100 
to 12QO (Fig. 2). There was no extraction at pH < 6.0. The 
optimum pH was 8.4-9.1 and pH 8.8 was selected as being 
about in the middle of the range. 
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Table 1. Effect of diverse ions 

241’ 

Foreign 
ions Added as 

Tolerance 
limit, mg 

Foreign 
ions Added as 

Tolerance 
limit, mg 

Ag+ 
Pb’+ 
Tl+ 
cu2 + 
Cd’+ 
Sb’+ 
Bi3 ’ 
Osh’ 
pt4+ 
Ir3 + 
Pd’+ 
Ru3+ 
Rh3+ 
Au3+ 
Fe3+ 
Cr3+ 
Al’+ 
Th4+ 
U6+ 
Ce4+ 
Zr4+ 
Be’+ 
Zn’+ 
Mn” 
Cal+ 
Sr2+ 
Ba2+ 
Mg’ + 

&NO, 0.75” 
Pb(NO,), .2H,O 050” 
Tl,S04 080 
CuSO, .5H,O 2Go’ 
Cd(NO,), .4H,O 0.40 
SbCl, .3H,O l@Ob 
Bi(NO,), .5H,O l.OOd 
Na,OsO, lG0 
H,PtCI, .4H,O 0.30 
I&, 1 . 200 
PdCl, .2H,O 040 
RuCi, - 0.50 
RhCIJ 0.10 
HAuCl,.xH,O 0.05 
Fe,(S04), .7H20 4.5b 
CrCl, 6Hz0 0.5b 
Al(NO,), .9H,O 0.6’ 
Th(NOs), .4H,O 0.16’ 
UO,(NO,), 6H20 0.50 
Ce(SO,), (NH,),SO, .2H,O 0.50 
Zr(NO,), .4H,O 0.35 
Be(NO,), .4H,O 0.35’ 
ZnSO,. 7H20 0.10 
MnSO,. 7H,O 1GCl 
CaCl,. 6Hz0 2oGi) 
Sr(NO&. 2Hz0 1500 
Ba(NO,), 4H20 15Qo 
MgS04. 7H,O 20.00 

Li’ 
Rb+ 
CS+ 
wo:- 
Mo,O;; 
AsO:- 
ReO; 
vo; 
SeOi- 
;E_os- 

Br- 
I- 
NO; 
NO; 
so:- 
so:- 
PO:- 
$0: - 

;C”- 
tart’- 
tits- 
malonate’- 
ascorbate- 
CH,COO- 
tu 

Li,SO,. H,O 2oQo 
RbCl 2oGo 
CsCl 20.00 
Na,WO, 0.50 
(NH,),Mo,O2,4H,O 1003 
Na,AsO, 5Qo 
KReO, 5Qo 
NaVO, 1OQO 
Na,SeO, 2Qo 
NaiTeOi 200 
NaCl 2oGo 
KBr 10Qo 
KI 1oQo 
NaNO, 2oQo 
KNO, l@OO 
Na,S03 1oQo 
Na,SO, 20.00 
Na,HPO,. 7H,O l@oO 
Na,S,Os. 5H,O 2oQo 
KCNS 10Go 
NaF 4Qo 
tartaric acid 2.50 
citric acid 0.05 
malonic acid 4Qo 
ascorbic acid l@oO 
CH,COONa 20.00 
thiourea 5.00 

Selective extraction with (a) tributyl phosphate, (b) mesityloxide, (c) acetylacetone. Interference eliminated by masking 
with (d) thiourea, (e) fluoride. 

Effect of reagent concentration 

All other factors being kept constant, the concentration 
and volume of the reagent were varied. It was observed 
that the extraction of cobalt was complete with 10ml of 
O.OOlM SBA in benzene. The studies with 0.00025@@_~2M 
reagent showed that the extraction was incomplete at 
lower concentration of the reagent, and no substantial in- 
crease in the extraction at higher reagent concentration. 

I I 1 

Varying the volume of @OOlM reagent from 25 to 20ml 
showed that the extraction was quantitative even with 6 ml 
of reagent, but throughout lOm1 of reagent were used for 
the purpose of extraction. 

Period of equiLbration 

The period of equilibration was varied from 2 to 20 min. 
A wrist-action flask-shaker was used. The extraction was 
quantitative after 5 min of equilibration. It is therefore 
recommended to shake the mixture for at least 8-10min. 

io- 
,C 

I I I I I 
440 460 460 %Jo 52u 540 

Wavelength. nm 

Fig. 1. Absorption spectra. A = Co(II)SBA complex 
against reagent blank; B = Ni(IIkSBA complex against re- 

6-O 7-o 80 90 10.0 II-0 

agent blank; C = reagent blank against benzene. Co(I1) = oH 

3.886 x lO-‘,%f; Ni(I1) = 8.396 x lO-‘M; SBA = O~OOlM 
in benzene. 

Fig. 2. Extraction of Co(I1) as a function of pH. Co(I1) = 
3.109 x lo-‘M, OGOlM SBA in benzene. 
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Eficr of salting-out agents Table 3. Simultaneous determination of cobalt and nickel 

Ammonium, sodium, potassium, magnesium and cal- 
cium nitrates were tested as salting-out agents in the con- 
centration range 1-4M but none enhanced the extraction. 

Taken, ny 
Co’+ + Ni*+ 

Found, pg Error, y0 
Co’+ + Ni*+ Co Ni 

E&t of diverse ions 

Several ions were examined for their effect on the extrac- 
tion of cobalt(H). The tolerance limit was taken as the 
amount of foreign ion required to cause +_2% error in 
the cobalt(I1) recovery (Table 1). It was abserved that many 
ions were tolerated in weight ratios (relative to cobalt) of 
200: 1 and 50: 1. The ions showing interference were mer- 
cury(II), cyanide and EDTA. Several sequestering agents 
were tolerated at higher levels and hence they were used 
to eliminate the interference of some ions by forming 
negatively charged complexes which were not extracted 
along with cobalt(I1). e.g., silver and bismuth with thiourea, 
and aluminium, thorium and beryllium with fluoride. 
Mesityl oxide’,’ was used to extract antimony, iron and 
chromium; tributylphosphate’ was used for extraction of 
lead; acetylacetone’ was used for copper and palladium. 
At the acidity used for the extraction of these ions cobalt(I1) 
remained unextracted in the aqueous phase and could 
subsequently be extracted and determined with O.OOlM 
SBA in benzene. 

9.16 + 39.44 9.46 + 38.7 3.3 1.8 
18.32 + 29.58 18.21 + 30.2 0.6 2.2 
458 + 49.30 4.76 + 48.7 3.8 1.3 

18.32 + 39.44 18.16 + 39.6 0.9 0.5 
9.16 + 19.72 9.39 + 19.6 2.6 0.6 

22.90 + 9.86 23.03 + 10.2 0.6 3.6 

Procedure for simultaneous spectrophotometry 

The mixture of cobalt and nickel was adjusted to pH 9.0 
with O.OlM nitric acid and O.OlM ammonia solution. It 
was then extracted for 10min with lOm1 of OXlOlM SBA 
in benzene. The organic layer was separated and measured 
at 460 and 500 nm. The concentrations of cobalt and nickel 
were calculated by using the equations above. Results for 
various concentrations of cobalt and nickel are shown in 
Table 3. 

Accuracy and precision 

SIMULTANEOUS DETERMINATION OF 

COBALT AND NICKEL 

Since the absorption maxima of the cobalt and nickel 
complexes are widely separated, these two metals were 
determined simultaneously by measurements at 460 and 
500 nm (Fig. 1) and suitable spectrophotometric equations 
were applied.’ Two conditions for use of these equations 
were satisfied, oiz., the absorbances of the complexes were 
additive at the wavelengths studied and Beer’s law was 
obeyed by the complexes at both wavelengths. In Table2 
are given the molar absorptivities of the complexes for 
use in the calculations.’ 

The proposed method possesses several advantages. The 
method is simple, selective, sensitive and applicable at 
tracer quantities. It is possible to extract quantitatively and 
determine spectrophotometrically cobalt and nickel in 
30 min. As little as 0.2 pg/ml can be determined and the 
results are reproducible. The average recovery of cobalt 
in the absence of nickel is 99.9 f I%, relative standard 
deviation *0.85%. The simultaneous determination of 
cobalt and nickel gives somewhat poorer accuracy (Table 
3). 
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Summary-Thiobenzoylacetone in benzene is used for the extraction and spectrophotometric determina- 
tion of cobalt at pH 8.49.1. The orange-yellow complex is measured at 460 nm. The system conforms 
to Beer’s law over the range 02Gt.58 pg/ml of extract. The colour of the complex is stable for at 
least 144 hr. Cobalt(I1) is quantitatively extracted and determined in the presence of 200: 1 (w/w ratios) 
of various ions. The method is made selective by using common sequestering agents such as thiourea 
or fluoride or by selective extraction with mesityl oxide, tributylphosphate and acetylacetone. It is 
possible to determine cobalt in the presence of nickel by simultaneous spectrophotometry. The method 
is rapid, simple, selective and sensitive. 
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The reaction with alkaline permanganate has been applied 
by Issa et al.’ for the determination of sulphite. The esti- 
mation of bisulphite has been the subject of a few investi- 
gations.2m5 The reaction between HSO; and MnO; in 
acid medium is usually beset with difficulties owing to the 
precipitation of oxides of manganese. In the present 
method, this difficulty is overcome by oxidizing HSO; 
with MnO; in acid medium in the presence of fluoride. 

EXPERIMENTAL 

Solutions 

Potassium permanganate solutions were prepared by a 
method similar to that of Stamm6 and standardized with 
sodium oxalate.’ Sodium bisulphite solutions were pre- 
pared and standardized according to a recommended pro- 
cedure.2 Other solutions included 2% sodium fluoride, 1 M 
sulphuric acid and 0.25M copper sulphate. All solutions 
were prepared from analytical-grade reagents and twice- 
distilled water. 

Apparatus 

The emf of the titration cell was measured with a Radio- 
meter millivoltmeter (Model pH M2X b). The cell used 
consisted of the titration half-cell and a calomel reference 
electrode. The platinum rod indicator electrode was always 
abraded with emery paper, etched with aqua regia and 
rinsed with twice-distilled water before use in each 
titration. 

RESULTS AND DISCUSSION 

The reaction proceeds rapidly but as the end-point is 
approached the electrode equilibration becomes rather 

sluggish, needing 5 min between additions of titrant. The 
potentiometric titration is not affected by addition of 
Cu(II), but this is essential for detection of the end-point 
in the visual titration (to mask the pink colour of the 
MnF; complex), sz9 

Titration of hisulphite with permanganate 

From Tables 1 and 2, the reaction appears to proceed 
quantitatively in accordance with the equation 

MnO; + H+ + 2HF; + 3HS03 Z+ 

MnF; + SO:- + S,Oi- + 3H,O (I) 

The potentiometric titration curves have two inflections, 
the first due to formation of Mn(I1) and the second to 
formation of Mn(II1) (Fig. 1). This is confirmed by the 
absence of any absorption band for Mn(II1)“’ in the spec- 
trum of the reaction mixture at the first inflection and 
its presence in the spectrum of the solution at the second 
inflection. 

The first inflection corresponds to: 

4MnO; + 7H+ + 15HSO; + 

4Mn’+ + 5&O;- + 5SO:- + llH,O (2) 

and the second to the reaction 

MnO; + 1OHF; + 4Mn2+ = 

5MnF; + 2H+ + 4H,O (3) 

giving (1) as the overall reaction. 
The formation of dithionate is confirmed by an absorp- 

tion band at 242 nm, and by analysis by the method of 
Murthy.” 

Table 1. Potentiometric titration of 6 ml of 0047M HSO; with 0.0189M KMnO,, whole volume made up to 100 
ml with water 

Composition of the reaction 
m1xrurc 

Measured 
DH 

Theoretical 
end-pomt. 

mr 
III Iii) 

Experimental 
end-pomt. 

ml 
(I) (Ii) 

Max. AE/A!,! 

Error. Tg 
mV/O I ml 

li) (ii) fi) ,,i) 

(a) In presence or50 ml of 2% NaF and varying amounts of IM H,SO, (x ml) 

0: O-024M NaF 
05 OOlM HF + 0.23M NaF 5.5 3-97 4.98 
05 002M HF + 022M NaF 52 3.97 4.98 
2.0 004M HF + 02OM NaF 4.9 3.97 4.98 
40 O-OEM HF + 0.16M NaF 4.7 3.97 4.98 
60 0.12M HF + O,IZM NaF 4.5 197 4.9x 

9.0 018M HF + W06M NaF 3.5 i.97 4.98 
(h) In presence 0r 2.0 ml or IM H>SO, and varying ilnmunts or 2s/, NaF (y ml) 

0.; 0.02M H,SO, 
25 04?4M HF + 008M NaF 3.8 3.97 4.98 
50 004M HF + @20M NaF 5.1 3.97 4.98 
60 OG4M HF + @25M NaF 52 3.97 4.98 
80 OG4M HF + O-35M NaF 5.5 3.97 4-98 

Yellowsh turbidity 
3.95 
3.95 50kl -0.5 +0.4 45 85 
3.94 4.96 -08 - 0.4 50 80 
3.9 4-95 -1-8 -0.6 53 78 
3.9 4.92 - I.8 - I.1 60 75 
3.88 4.82 - 2.3 -32 65 70 

Slow reaction 
3.85 4.92 - 3.0 -1.2 40 79 
3.94 4.98 -08 nil 50 80 
3.98 4.98 iv2 nil 52 82 
4.02 5.00 +1.2 +0.4 55 R7 

(i) Mn(VI1) + Mn(I1); (ii) Mn(I1) -+ Mn(II1). 
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Table 2. Visual titration of 5 ml of 0.047&f HSO; with 
~Oj496~ KMnO, in presence of 5 ml of 0.2%’ CuSO, 

[Mn(VII) -+ Mn(III)] 

Theoretical 
end-point. 

mi 

Experimental 
end-point. Error, 

ml ‘>,l 
/o 

(a) In presence of IO ml of 2”~ NLIF and varymg am~untr of IM H,SO, (.x ml) 

o”O O24M NaF Yellowish turbidity 
I.0 O.O2M HF + 0.22&f NaF 5.23 5-20 -06 
2,O OO4.M HF + OZOM NaF 5.23 5.20 -0.6 
40 @OEM HF i 0 16M NaF 5.23 5-18 --I,0 
5.0 OIOM HF + 0.14M NaF 5.23 5.15 - I.5 

(h) In presence of 2 ml of IM HISOh and wrying amounts of 2’& NaF (( ml) 

0.0 OOZM H>SO, Slow reaction 
25 @O4M HF + O%Sf NaF 5.23 SW -0.4 
50 OQ4M HF + @tOA NaF 523 S-20 -O6 
60 OO4M HF + 0.25M NaF 5.23 520 -@6 

80 OO4M HF +- 0,34/V NaF 5.23 5-25 +O4 

E&et of acidity. Tables 1 and 2 show that reasonable 
accuracy is obtained at acidities ranging from 0.01 to 
002M sulphuric acid in presence of 0.24M sodium fluoride. 
At lower acidities the solution becomes yeilowish brown 
owing to partial production of Mn(IV). At higher acidities 
the end-point occurs too early owing to the instability of 
bisulphite solution under such conditions. 

Effect of‘ fluoride concentration. Tables 1 and 2 indi- 
cate that the fluoride concentration can be varied from 
0.24 to 0.3&U at constant concentration of @R2pA sulp- 
huric acid, without causing appreciable error. Although 
0,12&f sodium fluoride is sufficient for complexation of 
Mn(III).9*‘1 a higher concentration is needed because of 
protonation of fluoride by the strong acid added, and for 
stabilization of the MnF; complex. 

E&et of NaNSO, c~~ce~trutjon. The visual end-point 
method is suitable for 10-60 mg of bisulphite, and the 
potentiometric titration for amounts up to 100 mg (Table 
3). With higher bisulphite concentrations the reaction 
becomes slow and the titration medium slightly turbid 
owing to hydrolysis of Mn(II1) to Mn203.9a” The error 
is generally < 0.77:. 

Titrtrtion of pKr~~n~~~l~te with bisulpk~t~ 

The results indicate that the reaction proceeds quantita- 
tively according to the equation 

MnO; + 2HF; + 2HSO; 2 

MnF; + ZSO:- f 2H,O (4) 

The titration curves have a single sharp inflection at 
the Mn(III) step, varying in height with acidity. Since all 
manganese(II1) salts are strong oxidizing agents, a further 
reaction between the Mn(II1) formed and more HSO; to 
produce Mn(II) and SO:- would be expected to occur, 
but it was found difficult to continue the titration to the 
Mn(II) reduction step owing to the sluggishness of the 
reaction. 

Ejkt of ucidit): Table 4 shows that good results are 
obtained at acidities ranging from 0.02 to 0.0511f sulphuric 
acid, both in the visual and potentiometric titrations with 
use of 50 ml of 2% sodium fluoride solution but at the 
higher acidities, the end-point occurs later than expected, 
probably because of partial production of Mn(If). 

f$ect of jiuoride concentrution. In 0.24-0.38&f sodium 
fluoride at the optimum acidity, the titration yields good 
results in both the visual and potentiometric methods 
(Table 4). With lower concentrations of sodium fluoride, 
late end-points were obtained [production of Mn(II)J. 

Amounts of permanganate corresponding to 3-16 mg 
of manganese could be titrated successfully under the opti- 

700 -6OC 

600 -500 

500 -400 

400 -300 

300 -200 

*ocl- WJ 

0 2 4 6 6 10 , 1 4 * 1 d A,E,F 

0 2 4 6 8 10 I ,cB,H,i 

* 2 4 6 8 I “iG 
0 z 4 6 8 IO 

IO 
0 2 4 6 B 

KMnO, added, iDI 

Fig. 1. Titration of 0.047M bisulphite with 0.0189M 
MnO;. (A) 6ml of HSO;, 50 ml of 2% NaF and 1,Oml 
of IM H,SO,; {B) 6ml HSO;, 50ml of Zut, NaF and 
2.0ml of IM H,SO,; (C) 6 ml of HSO;, 50ml of 2% NaF 
and 4.0ml of 1M H,SO,; (D) 6ml of HSO;, 50ml of 
2% NaF and 9.0ml of 1M H,SO,; (E) 6ml of HSO;, 
no sodium fluoride, 2.0ml of 1M H,SO,: (F) 6ml of 
HSO;, lOml of 2% NaF and 20ml of IM H,SO,; (G) 
1Oml of HSO;, 50ml of 20/;; NaF and 2.0 ml of 1M 
H,SO,; (H) 12 ml of HSO;, 50ml of 2:s NaF and 2.0ml 
of IM H2S04; (I) 15ml of HSO;, 50ml of 21i NaF and 

2*0ml of IM H,SO,. 

mum conditions (Table 5). the error being generally 
< 0.7%. 

General ~~s~ss~~n 

Oxidation of suiphur compounds with permanganate 
usually produces suiphate, especially when performed in 

Table 3. Titration of NaHSO, with 0.01894M KM&,. 
using 50 ml of 2% NaF and 2 ml of 1 M H $0, 

Theoretical ~xp~rl~cntai 
HSOF end-point. tXd-p01llt. 

(OO47M) ml 1111 Error. USI 

,‘~o,.*L,:t*c t,iEo* 

(ii) (i) (ii) (i) (iii 

( “’ CI 

2 9.78 I.32 I 57 l-25 I.% - 5.3 +06 
4 1956 2-65 3.31 2-55 333 -3.3 + O.6 
6 29.34 3.97 4.97 3.94 4.9x -0.8 + O-2 
K 3Y.12 5~30 6-62 5.26 h-58 -O.X -11.6 
10 4%90 

I? 58.68 

h-62 

7.94 

X.28 

9.94 

-0.3 -0.7 

+ (1% -- O,h 
I5 73.35 ‘Y.Y3 12-42 1012 I2 45 
20 97.x0 I324 16.56 13.38 1665 

(ti) Visual titration. in presence or 5 ml 01’ @?SM CuS0, 

2 2.78 2-09 2.02 
5 24.45 5.23 520 
x 39.12 X.36 8.32 

IO 48.90 IO.46 IO38 
12 x+58 12.54 ,244 
5* 2445 5.23 5.20 
5t 24-45 5-23 5-00 

+a9 CO? 
il.1 +O6 

- 3.4 
-@6 
-OS 
-0.X 
-OX 
- il+l 
- 4-4 

V)~~~~V~b:-;5~~!~o(iii Mn(VII)+ Mn(lI). 
4 

? No Cu(I1). 
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Table 4. Potentiometric titration of 8.0 ml of 0.01894M 
KMnO, with 0.046M HSO; [Mn(VII)+ Mn(III)] 

Composition or the reaction 
mixture 

Theoretical Experimentaf 
end-point, end-point. Error, 

ml ml % 

totIn presence ofSomlof2’;, NaFand varyingamountsof IM H,SO,(r ml) 

t 

00 0-24M NaF Slow reaction 
I .O O@ZM HF + 0.2ZM NaF 6.59 6.62 +05 

2.5 0.05M HF + 0.19M NaF 6.59 664 108 
5.0 O.IOM HF c 0.14M NaF 659 665 +Q9 
8-O @lbM HF + @OBM NaF 659 6.68 +0.4 

fh) 1” presence or 2.5 ml of 1 M H,SO, and varymg amounts or 2% NaF (1‘ ml) 

f 
BO 0.025M H$O, Reaction slow and brown ppte 

formed 
25 0.05M HF + 0.07M NaF 6-59 6.70 + I.7 

50 005M HF + @19M NaF 6.59 664 +CK3 
75 DOSM HF + 0.31M NaF 6.59 664 1@8 
80 0.05M HF + @33.&f NaF 659 6.62 +05 

Table 5. Titration of various amounts of 0.0189M KMnO, 
with O+l46M NaHSO,, using 50 ml of 2% NaF and 2.5 

ml of IM H,SO, [Mn(VII)- Mn(III)] 

Theoretvxl Experimental 
KMnO,, Mn end-point, end-point, 

ml m9 ml ml 

(at Potentiom~tric titration 

3 3.07 2.47 2.51 
5 5.11 4.12 4.15 

IO 10.33 8.23 8.22 
15 IS-34 12.35 12.4 

(h) Visual titration in presence of 5 ml of 0,25&f CuSOl 

3 3.03 2.45 244 
5 S-05 4-07 4.10 
7 7.07 571 5.75 

IO 1011 8 I5 8.15 

12 12-13 9.78 9.84 

EWX. 

% 

+I,6 
f0.7 
-0.1 
f0.4 

-@4 
+07 
+0.7 
nil 

+0b 

(a) Using @0189&f KMnO,. 
(h) Using 0.0187M KMnO,. 

alkaline medium.‘*i3~i4 An exception is the oxidation of 
sulphide in presence of telluric acid which yields dith- 
ionate.” In acid medium, dithionate is often an interme- 
diate stage in the oxidation of sulphide, sulphite and thio- 

sulphate,i6 and this is apparently also the case when bisul- 
phite is titrated with permanganate in presence of fluoride, 
though the reverse titration gives sulphate because the oxi- 
dant is always present in excess. 

The pH of the reaction mixture under optimum condi- 
tions is 45.5. Since pKi for H2S0, is 1.92 then practically 
no H,SO, should be present and hence decomposition to 
yield SO2 is not probable. This was confirmed experimen- 
tally by doing the titration with a closed system and testing 
the atmosphere above the titrated solution for SO,; none 
was found. 
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Summary--The factors affecting the success of both visual and potentiomet~c end-point detection 
in titration of bisulphite with permanganate in the presence of fluoride are examined. The optimum 
conditions are 0.02M H,SO, and 0.240.38M NaF. The oxidation product comprises dithionate and 
sulphate according to the overall reaction MnO; + H’ + 2HF; + 3HSO; *MnF; + S,Oi- + 
SOa- + 3Hz0. The reverse titration is also satisfactory, but proceeds quantitatively according to 
MnO; + 2HF; + 2HSO; *MnF; + 2SOi- + 2H,O. 
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INTRODUCTION 

The increased stability of mixed complexes of Cu(II), 2,2’- 
bipyridyl and ligands which have oxygen donor atoms’ 
has been attributed to the entropy effect, n-bond formation 
between copper(I1) and the bipyridyl, and, in minor mea- 
sure, to the effect of the oxygen-donor ligand.’ To test 
this hypothesis further, we decided to study a series of 
dicarboxylic acids in this reaction, first those which form 
six-membered chelate rings-s and now those which form 
seven-membered rings. 

EXPERIMENTAL 

Reagents 

Maleic acid (MALE) and phthalic acid (PHT) were re- 
crystallized several times; their purity was found to be 
>99.8% by potentiometric titration. Disodium maleate 
was obtained by adding a slight excess of sodium hydrox- 
ide to maleic acid, evaporating the solution to dryness, 
shaking the residue for l-2 hr with ethanol to dissolve out 

the surplus alkali, filtering and drying. Other reagents were 
prepared as described earlier.3,4 The copper perchlorate 
solutions contained a small amount of perchloric acid; this 
was allowed for in the calculations. All solutions were pre- 
pared with twice-distilled CO,-free water. 

Apparatus 

The potentiometric equipment was that used earlier.3 
The cells were equipped with a capillary tube for deaer- 
ation of the solutions during measurement. All solutions 
were maintained at 25 f 0.1” and constant ionic strength 
01M + 5% (perchlorate acid and sodium perchlorate). 

Procedures 

Determination of the ligand protonation constants. Solu- 
tions containing the ligand in concentrations from 10 to 
1mM were titrated potentiometrically with sodium hydrox- 
ide. For maleic acid, which has a very low first pK,, it 
was necessary to add an excess of protons (perchloric 
acid) to the initial solution so that An was significantly 
greater than 1. 
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Fig. 1. Distribution diagram of the species present in aqueous solutions of Cu(II), 2,2’-bipyridyl and 
maleic acid (each 1 mM), calculated by the program DISDI.’ S-CubipMALE; +-Cubip; +Cubip,; 

*--CuMALE; .-Cu; ALPHA = degree of formation. 
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P” ~_~~_~__~_________-_~~~--~~~~~~~~~-~--~~--~~~~~~~~~~____1_~___~~_____1_---~~---_---~~~~~~_-~~~~~~~~~~~~ 

IS 0 Y 1 

:: 0 0 ” Y : 
rn 0 u I 

5.50*n 0 Y 
IH 0 Y : 
rn 0 Y I 
IH 0 Y I 

5.00!:; 0 0 Y Y : 
I*SH 0 * I 
1.W 0 Y 
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10s H YO I 
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I I n Y 0 I 
1 .I n Y 0 I 

3.50* .I HI 0 I 
I .I * H 0 I 
I .I Y n 0 I 
I I Y n 0 I 
IS w n 0 I 

3.00. I Y H 0 I I Y H 0 : 
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I Y n 0 I 

2.501 YS Y 0 I 
IY I. n 0 I 
IY I. H 0 
IU I. Y 0 : 
I* I H 0 I 

~~~~~____~______~_~~~~~-.-~----~~~~----~~~~~.~~~~~~~~~~~~~~~~~~_..~~~~~~~~~~~~.~~~~~.~~~~~~_~~~~~~~~~~~~~ 

0 0.2 0.4 0.6 ALPHA 1 

Fig. 2. Distribution diagram of the species present in aqueous solutions of Cu(II), 2,2’-bipyridyl and 
phthalic acid (each 1 mM), calculated by the program DISDI.’ W-CubipPHT; @Cubip; HP 

CubipHPHT; $_Cubip,; *-CuPHT; .-Cu; ALPHA = degree of formation, 

Determination of the formation constants of the Cu(llt 
maleate and Cu(l+phthalate complexes. Cupric perchlorate 
(ca. 1mM) solutions containing ligand in up to 6-fold ratio 
to copper were titrated with sodium hydroxide to a pH 
equal to pK, + 0.2. Solutions containing cupric perchlor- 
ate and perchloric acid were also titrated with disodium 
maleate. 

Determination of the formation constants of the mixed 
complexes. Solutions containing copper, bipyridyl and 
phthalicacid in the ratios l:l:l, 1:1:2, 1:1:3, 2:1:1, 3:l:l 
(1mM bipyridyl) were titrated to pH 5.3 in the first three 
cases, and pH 4 in the last two. Solutions containing cop- 
per, bipyridyl and maleic acid in the ratios I: 1: 1, 1: 1:2, 
1: 1: 3 (lmA4 bipyridyl) were titrated up to pH 6.1, and solu- 

tions containing copper and bipyridyl (1: 1) and perchloric 
acid (1mM) were titrated with disodium maleate. 

CALCULATIONS 

The values of the protonation and formation con- 
stant@ of the copper(I1) with 2,2’-bipyridyl, for calcula- 
tion of the constants relative to the ternary systems, were 
taken from the literature. The calculations were performed 
by means of the programs PMGZ and SCOGSB, as de- 
scribed earlier.3+’ 

RESULTS AND DISCUSSION 

The values of the protonation constants of the acids and 
their formation constants with copper(I1) are listed in 
Table 1. The stability constants of the ternary complexes 
are reported in Table 2. Distribution diagrams of the spe- 
cies present in solution are reported in Figs. 1 and 2, as 
they were printed by the computer.’ By using the values 
listed in Tables 1 and 2, we calculated the data relative 
to the parameters log K, and Alog K,s defined as before.3 
The results are reported in Table 3, together with those 
for similar systems already studied, the log fi&,, values, 
and the differences between the first and the second stabi- 
lity constants of the complexes CuL and CuL, (A’log K = 
log K:$_ - log K&J. F rom these values we can say that 

Table 1. Protonation constants of maleic and phthalic 
acids, 2,2’-bipyridyl, and formation constants of the cop- 

per(I1) complexes at 25 + 01” and O.lM (H,Na)ClO, 

Ligand log Kl, log K$ log Kc”L Y Iok? B&z, ~ log C”., Y 
MALE 5.848(3) 7.543(9) 3.40(2) 5-48(6) 
PHT 4.920(l) 7.665(2) 3,251(3) 546(7) 6 25(2) 
hip’,” 4.461(5) 8,14(3) 13-64(S) 

The figures in brackets are the standard deviations of 
the last decimal figure. 

Table 2. Stability constants* of ternary complexes of copper( 2,2’-bipyridyl and maleic or phthalic acid, at 25 k 0.1” 
and O.lM (H,Na)C104 

System log K:,,, log P&HL log K:$$, 1% K:ki, 

CubipMALE 
CubipPHT 

11.89(3) 3.75(4) 8,49(4) 
11.86(3) 15.35(9) 3.72(4) 8,61(3) 

K+$k,,~ = C~~~~~~l/C~~lC~~plC~l; B%hH~ - - [CubipHL]/[Cu][bip][H][L]; K$$ = [CubipL]/[Cubip][L]; 

curbip = CCuLbipl/CCuLlCbipl. 
The figures in brackets are the standard deviations of the last decimal figure. 
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Table 3. Stabilization parameters and stability constants 
for the ternary complexes of copper(H) and 2,2’-bipyridyl 
with maleic and phthalic acids, and for other systems 

already studied 

OX 13.50 O-70 4.90 I 24 11 
MAL 13.44 0.26 565 2.50 
sue 11~10 0.30 ~ ;, 
CPRD IS.52 I.38 7.78 2.37 4 
PHT I I.86 0.49 4.60 0.94 this work 
MALE II.89 O-36 4-52 1.32 ..,, 

Ox, MAL, Sue and CPRD arc abbreviations for oxalic, 
malonic, succinic and cyclopropane-l,I-dicarboxylic acids. 

these complexes are more stable than would be expected 
on statistical grounds (log K, > 0.6) and show good dis- 
criminating properties (namely the complex Cubip*+ 
prefers to give the species CubipL rather than the cation 
Cubip:+, in fact’,* Alog Ii > 0). Because these systems 
have the same co-ordination number and type,” they can 
be used to assess the influence of the chelate-ring size and 
the ligand characteristics on the stability of the mixed com- 
plexes. Thus the complexes with five-membered rings are 
more stable than those with six-membered rings, which, 
in turn, are more stable than those with seven-membered 
ones; in contrast, the system CubipCPRD showed a differ- 
ent behaviour, as the conjugating effect of the alicyclic 
ligand “,” increased the chelation effect. Recently, Sigel 
and co-workers,” examining ternary complexes with five- 
or six-membered rings, and also with one five- and one 
six-membered ring, pointed out that great care is necess- 
ary in choosing the parameters for correct comparison of 
systems. In particular, the mixing constant log K,, because 
it is strongly influenced by A’log K, can be used as a stabi- 
lization index only for series of systems in which A’log 

K is of the same order of magnitude. As in our systems 
A’log K ranges from 0.9 to 2.5, the use of Alog K is a 
more realiable means of evaluating the stabilization of ter- 
nary complexes. This agrees with the opinion of others.13 
The final conclusions are: (a) ternary complexes with five- 
membered chelate rings are stabilized more than those 
with six- and seven-membered rings which have similar 
stabilizing power; (b) a ligand with conjugating and delocal- 
izing properties increases the chelating effect, both with 
six- and seven-membered rings. 
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Summary-The stability constants of ternary copper(I1) complexes with 2,2’-bipyridyl and a dicarboxylic 
acid (maleic and phthalic) have been determined by means of pH-titrations at 25 f 0.1” and an ionic 
strength of 0.1 M (Na,H)ClO,. The stabilities of ternary complexes are compared with those of similar 
complexes and related to the size of the chelate rings and the nature of the dicarboxylic ligands. 
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The thermodynamic stepwise formation constants of beryl- EXPERIMENTAL 
lium(I1) complexes with p-substituted N-phenylbenzohyd- 
roxamic acids have been determined at 35” by titrations The procedure was essentially that of Bjerrum and Cal- 

in 50% v/v aqueous dioxan (as the ligands and complexes vin’*’ and Block and McIntyre3 as modified by Gold- 

are insoluble in water). berg.4*5 The thermodynamic protonation constants of the 
acids were determined by pH-titrations in the same 

*From the Ph.D. thesis of K. R. Gupta, Ravishankar medium at 35”.6 
University, Raipur, 1975. The acids were synthesized by the method reported ear- 

t Present address: Chemistry Department, Ravishanlhr lier,’ recrystallized from benzene/petroleum ether and 
University, Raipur, (M.P.) India. dried under vacuum over phosphorus pentoxide. Their 
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Table 3. Stabilization parameters and stability constants 
for the ternary complexes of copper(H) and 2,2’-bipyridyl 
with maleic and phthalic acids, and for other systems 

already studied 

OX 13.50 O-70 4.90 I 24 11 
MAL 13.44 0.26 565 2.50 
sue 11~10 0.30 ~ ;, 
CPRD IS.52 I.38 7.78 2.37 4 
PHT I I.86 0.49 4.60 0.94 this work 
MALE II.89 O-36 4-52 1.32 ..,, 

Ox, MAL, Sue and CPRD arc abbreviations for oxalic, 
malonic, succinic and cyclopropane-l,I-dicarboxylic acids. 

these complexes are more stable than would be expected 
on statistical grounds (log K, > 0.6) and show good dis- 
criminating properties (namely the complex Cubip*+ 
prefers to give the species CubipL rather than the cation 
Cubip:+, in fact’,* Alog Ii > 0). Because these systems 
have the same co-ordination number and type,” they can 
be used to assess the influence of the chelate-ring size and 
the ligand characteristics on the stability of the mixed com- 
plexes. Thus the complexes with five-membered rings are 
more stable than those with six-membered rings, which, 
in turn, are more stable than those with seven-membered 
ones; in contrast, the system CubipCPRD showed a differ- 
ent behaviour, as the conjugating effect of the alicyclic 
ligand “,” increased the chelation effect. Recently, Sigel 
and co-workers,” examining ternary complexes with five- 
or six-membered rings, and also with one five- and one 
six-membered ring, pointed out that great care is necess- 
ary in choosing the parameters for correct comparison of 
systems. In particular, the mixing constant log K,, because 
it is strongly influenced by A’log K, can be used as a stabi- 
lization index only for series of systems in which A’log 

K is of the same order of magnitude. As in our systems 
A’log K ranges from 0.9 to 2.5, the use of Alog K is a 
more realiable means of evaluating the stabilization of ter- 
nary complexes. This agrees with the opinion of others.13 
The final conclusions are: (a) ternary complexes with five- 
membered chelate rings are stabilized more than those 
with six- and seven-membered rings which have similar 
stabilizing power; (b) a ligand with conjugating and delocal- 
izing properties increases the chelating effect, both with 
six- and seven-membered rings. 

Acknowledgements-We thank the “Consiglio Nazionale 
delle Ricerche” for financial support. 

1. 

2. 
3. 

4. 
5. 
6. 
7. 

8. 

9. 
10. 

Il. 

12. 
13. 

REFERENCES 

H. Sigel, P. R. Huber, R. Griesser and B. Prijs, Inorg. 
Chem., 1973, 12. 1198. 
R. Griesser and H. Sigel, ibid., 1970, 9. 1238. 
R. P. Bonomo, S. Musumeci, E. Rizzarelli and S. Sam- 
martano, Inorg. Chim. Acta, 1975, 14, 251. 
Idem., J. Inorg. Nucl. Chem., submitted for publication. 
Idem., work in progress. 
H. Irving and D. H. Mellor, J. Chem. Sot., 1962, 5222. 
R. Maggiore, S. Musumeci and S. Sammartano, 
Talanra, 1975. 22. 43. 
H. Sigel, P. R. Huber and R. F. Pasternack, Inorg. 
Chem., 1971, 10. 2226. 
G. Ostacoli, private communication. 
S. Musumeci, E. Rizzarelli, S. Sammartano and A. 
Seminara, VII Convegno Nazionale di Chimica Inor- 
ganica, Pesaro, Italy, 1974. 
A. R. Mochel, J. E. Boggs and P. N. Skancke, J. Mole- 
cular Structure, 1973, 15. 93. 
H. Sigel, R. Caraco and B. Prijs, ibid., 1974, 13. 462. 
R. B. Martin and R. Prados, J. Inorg. Nucl. Chem., 
1974, 36. 1665. 

Summary-The stability constants of ternary copper(I1) complexes with 2,2’-bipyridyl and a dicarboxylic 
acid (maleic and phthalic) have been determined by means of pH-titrations at 25 f 0.1” and an ionic 
strength of 0.1 M (Na,H)ClO,. The stabilities of ternary complexes are compared with those of similar 
complexes and related to the size of the chelate rings and the nature of the dicarboxylic ligands. 

Talonto. Vol. 23. pp 255.256. Pergamon Press, 1976 Prmted in Great Britam 

THERMODYNAMIC STABILITY CONSTANTS OF 
BERYLLIUM(I1) AND p-SUBSTITUTED N-PHENYL 

BENZOHYDROXAMIC ACID COMPLEXES* 

K. R. GUPTA and S. G. TANDON? 

Department of Chemistry, Government Science College, Raipur, (M.P.) India 

(Received 19 February 1975. Accepted 10 June 1975) 

The thermodynamic stepwise formation constants of beryl- EXPERIMENTAL 
lium(I1) complexes with p-substituted N-phenylbenzohyd- 
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purity was confirmed by elemental analysis, m.p., and spec- 
troscopy. 

The stability constants were calculated as described ear- 
lier, and activity coefficient corrections were applied. 

The concentrations of beryllium(II), ligand and nitric 
acid in the titration vessel were generally around 0.001, 
0.01 and OX01 M respectively. The nitric acid was added in 
the preparation of the beryllium nitrate solutions, to mini- 
mize hydrolysis. 

RESULTS AND DISCUSSION 

The thermodynamic stability constants are summarized 
in Table 1. The maximum scatter in log K, was kO.15. 
The hydroxamic acids used are bidentate ligands. Beryllium- 
(II) has a co-ordination number of 4 in its hydroxamic 
acid complexes. ‘3’ The nature of the metal-ligand bond 
can be assessed from comparison of the pK, of closely 
related ligands and log K, for the corresponding 1: I beryl- 
lium complexes. Correlations between pK, and log Kz are 
less exact because other factors influence the complex for- 
mation. ” This is in agreement with the values given in 
Table 1. 

A graph of log K, us. pK, is linear; least squares calcula- 
tions give the relation log K, = 144 pK, - 6.99. Since the 
slope is greater than unity the nuclear substitution affects 
the stability of the complex more than that of the free 
acid,“~l3 

Table I. Stability constants of beryllium(H) complexes 

X PK, 1% K, 1% K, 

OCH, 11.13 9.05 8.03 
CH, 10.98* 8.85 7.46 
H 10.96* 8.68 7.15 
Cl 10.68 8.41 6.98 
Br 1@65 8.24 6.89 

NGz IO.15 I.76 6.48 

* Ref. 15. 

Table 2. Comparison of log K 1 with ionization potential 
for bivalent metal complexes of N-phenylbenzohydroxamic 

acid 

I.P., 
Ion cV log K,15 

CL?+ 27.92 10.36 
Be’ + 27.46 8.68* 
Zn2+ 27.28 7.5 1 
Ni’+ 25.76 7.00 
MnZi 23.13 6.02 

* This work. 

It was found that the Hammett equation is applicable 
to the K, values for the beryllium complexes; a plot of 
log K, us. CT being linear: log K, = 8.66 - 1.225 c. The 
values oflog K,, log K2, and pK,, decrease when the substi- 
tuted acids are arranged in the order 

CH,OR > CH,R > HR z CIR > BrR > NOzR 

where R represents - C,H4. CO. NOH C,H,. 

Comparison of the metal ionization potentials and K, values 

It is observed that log K 1 of N-phenylbenzohydroxamic 
acid is linearly related to the ionization potential for Mn, 
Ni and Zn (Table 2) but the beryllium and copper com- 
plexes have higher stability. In the case of copper this may 
be attributed to the Jahn-Teller effect, and in that of beryl- 
lium to the small radius of the beryllium ion. 
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Summary-The thermodynamic stability constants of beryllium(I1) complexes of p-substituted N- 
phenylbenzohydroxamic acids have been determined in 50% v/v aqueous dioxan at 35”. The effect 
of methoxy, methyl, chloro, bromo, and nitro groups as substituents is discussed. There is a linear 
relationship between log K 1 and pK,,, and the Hammett equation is applicable. The beryllium complexes 
have been compared with those of Cu, Zn, Ni and Mn. 
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ANALYTICAL PROPERTIES OF 1,3-CYCLOHEXANEDIONE 
BISTHIOSEMICARBAZONE MONOHYDROCHLORIDE 
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(Recriaed 28 April 1975. Accepted 29 May 1975) 

Thiosemicarbazones are interesting as analytical reagents. 
Monothiosemicarbazones with an electron-donating group 
in the r-position have been studied the most, In this paper 
the synthesis, properties and analytical possibilities of a 
P-thiosemicarbazone, viz. 1,3-cyclohexanedione bisthio- 
semicarbazone monohydrochloride (1,3-CHDT.HCl), are 
described for the first time. 

Reactions with cutions and anions 

EXPERIMENTAL 

Preparation of the compound 

A hot solution of 2.0 g of 1,3-cyclohexanedione in 6 ml 
of ethanol was added dropwise to a stirred solution of 
3.26 g of thiosemicarbazide dissolved in 14 ml of water, 
12 ml of ethanol and 3 ml of concentrated hydrochloric 
acid. A white product separated and was purified by wash- 
ing with ethanol (m.p. 24(f242”; yield, 75%). Found: C 
32.7x, H 51x, N 28.5%. Calculated for C,H,,N,S, HCI: 
C 3260x, H 5.09%, N 28.50%. The purity of the product 
was found to be 99.2% by direct titration with 0.05M 
sodium hydroxide with phenolphthalein as indicator. 

The reactions of 40 cations and 13 anions with 1,3- 
CHDT.HCl were tested at different pH values. The sam- 
ples were prepared in 50-ml volumetric flasks with 2 or 
Sppm of ion, 1Oml of 0.1% solution of 1,3-CHDT.HCl 
in O.OlM hydrochloric acid, 5 ml of dimethylformamide 
and 2ml of IM sodium hydroxide, buffer solution or 1M 
hydrochloric acid, and dilution to 50ml with distilled 
water. The absorbance was measured at 35&7OOnm 
against’reagent blanks. The most important results are 
summarized in Table 2. 

RESULTS AND DlSCUSSlON 

To obtain the 1,3-cyclohexanedione bisthiosemicarba- 
zone a hot saturated solution of 1,3-CHDT.HCl was neu- 
tralized with 5M sodium hydroxide. As the solution cooled 
a yellow product crystallized out (m.p. 175-177”, decomp.). 
The yield was poor. Found: C 37.5%. H 5.6x, N 31,9x, 
S 24.97/,. Calculated for CsH,,N&: C 37.21%. H 5.42x, 
N 32.55x, S 24.80%. 

1,3-Cyclohexanedione bisthiosemicarbazone monohydro- 
chloride is as easily obtained by condensation in hydro- 
chloric acid medium as the a-bis-thiosemicarbazones,’ 
probably because it is stabilized as the hydrochloride. In 
general, the sythesis of /I-bisthiosemicarbazones is more 
complicated3 and produces thiazoles under the conditions 
of our synthesis.4 

Properties 

Some physicochemical properties of 1,3-CHDT. HCl are 
summarized in Table 1. The absorption spectra at various 
pH values are shown in Fig. 1. Dilute aqueous solutions 
of 1,3-CHDT’HCI (7.75 x 10e5M) were not very stable, 
but 0.1% solutions in hydrochloric acid were stable for 
more than a month. The pK values were calculated from 
the absorption spectra of solutions of 1.3-CHDT’HCl at 
different pH values from 0.5 to 13.0.’ The pK values shown 
in Table 1 are the arithmetic mean of the values obtained 
from measurements at four different wavelengths. The pK, 
value was also determined by potentiometry. 

The presence of a vinyl proton and the fact that 1,3- 
CHDT. HCl is obtained as the monohydrochloride shows 
that there is a quaternary ammonium group. From these 
results we propose the following structure: 

This structure is consistent with the loss (in the TGA) 
of ammonium chloride from 1,3-CHDT. HCl and 
ammonia from 1,3-CHDT to give the same product. 

The bathochromic shift of a strong absorption band 
from 309 to 360 nm indicates that in solution, on increas- 
ing the pH, the acid is neutralized and the X==S group 

is enolized and dissociated.5 

TGA shows a loss of ammonium chloride from 1,3- 
CHDT. HCl and loss of ammonia from 1,3-CHDT. As in 
the solutions, the compound is stabilized by protonation. 

I2 I 
A peak at 57ppm in the NMR spectrum of the com- 

pound dissolved in deuterium oxide indicates the presence 
of a vinyl proton. 

Table 1. Physicochemical properties of 1,3-cyclohexane- 
dione bisthiosemicarbazone monohydrochloride 

Solubility in water, y/l. 20.81 
Solubility in ethanol, g/l. 0.84 
Solubility in chloroform, g/l. 0.03 
Solubility in n-amyl alcohol, g/L 0.09 
> C==S frequency, cm- 1 845 
pK, (photometric method) 4.7 
pK, (potentiometric method) 4.75 
pK, (photometric method) 10.5 Fig. 1. Absorption spectra of 7.75 x 10m5M 1,3. 

CHDT.HCI in water at different pH-values. 

cc- 
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Table 2. Characteristics of 1,3-cyclohexanedione bisthiosemicarbazone compounds 

Ion PH E., nm 
Observations 

E, i.molr~L.cm-’ PD* Ppte. Soln. 

MU 
Pb(I1) 
Pb(I1) 

Hg(I) 
T](I) 
Bi(II1) 
Cd(I1) 
Cd(I1) 

Hg(II) 
Au(II1) 
Au(II1) 
Pt(IV) 
Se(IV) 
Te(IV) 
Cu(I1) 
Cu(I1) 
Pd(I1) 
Pd(I1) 
Co(I1) 
Co(I1) 
Zn(I1) 
Zn(I1) 
Ni(I1) 
Ni(I1) 

;A’“- 

N& 
MnO, 
BrO; 

10 
6.3 

10 
10 
10 
2 
6.3 

10 
10 
6.3 

IO 
6.3 
5 

10 
6.3 

IO 
6.3 

10 
6.3 

10 
6.3 

10 
6.3 

10 
5 

<3 
<2 
<2 
12 

540 1.25 x lo4 
525 1.15 x lo4 

red 
yellow 

360 I.58 x IO4 yellow 
5.0 yellow 

360 2.27 x IO4 yellow 
brown red 
yellow red 

yellow 
yellow 

yellow brown 

350 

370 

370 

510 

410 

410 
<350 
< 350 

410 

2.32 x lo4 

1.92 x IO4 

2.80 x lo4 

I.42 x lo4 

1.32 x lo4 

I.23 x lo4 

1.51 X lo4 

4.7 
5.7 
5.8 
4.6 
4.5 
46 
6.5 
6.0 
4.7 

4.4 
5.0 
6.5 
6.7 
4.7 
5.2 
6.7 
7.0 
6.4 
6.5 
6.4 
6.5 
5.4 
6.4 
5.0 
5.0 
6.2 

brown red 
violet red 
yellow red 

yellow brown 
brown red 

violet red 
red 

brown red 
yellow brown 
yellow brown 

red 
red 
red 
red 

yellow 
yellow 
yellow 
yellow 
yellow 

* pD = logarithm of reciprocal of detection limit concentration. 

In general, bisthiosemicarbazones are easily oxidized or 
reduced and in acid medium are easily hydrolysed. 1,3- 
CHDT’HCI is unstable towards strong redox agents but 
is not hydrolysed by acids, and can be used in acidic solu- 
tions. 

The stability, solubility in water. absence of absorption 
in the visible region and the sensitive reactions with several 
ions to form intensely coloured compounds, show that 1,3- 
CHDT’HCI is an interesting analytical reagent. 
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Summary-The synthesis and analytical properties of 1,3-cyclohexanedione bisthiosemicarbazone 
monohydrochloride are described for the first time. The solubility, spectral characteristics, pK values 
and reactions with 40 cations and 13 anions are reported. 
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Most titrimetric methods for determination of platinum 
are based on the preliminary reduction of platinum(IV) 
to platinum(I1); the excess of reducing agent is then deter- 
mined or is destroyed and the platinum(H) titrated. This 
is the basis of the biamperometric method of platinum 
determination, which has been applied to analysis of 
several technical materials. i*’ A simpler method would be 
direct reductometric titration of platinum(IV) but it is 
difficult to find a convenient titrant. A good reagent of 
this sort should be tin(H), but its solutions are unstable. 
Therefore electrogeneration of tin(H) should be consi- 
dered. 

Several authors have investigated electrolytic generation 
of tin(H) by reduction of tin(IV). Those studies indicate 
the difficulty of getting 100% current efficiency, which 
depends on the electrolyte composition and the type of 
electrode used. Because of competitive reduction of hydro- 
gen ions, the choice is limited to electrodes which have 
a high overpotential for hydrogen evolution and electro- 
lytes in which the formal potential of the Sn(IV)/Sn(II) 
system is as positive as possible. However, in some electro- 
lytes tin(H) may be too weak a reducing agent for practical 
determinations. 

Bard3 has studied titration wit lectrogenerated tin(B) 
and its application to the determ ation of platinum. He 

K used 4M NaBr/0.3M HCl/O.ZM Sn I4 as electrolyte with 
gold or plating electrodes. In our experiments we failed 
to obtain satisfactory results by use of those conditions. 
Ginstrup“ also used electrogenerated tin(H) for platinum- 
(IV) reduction under those conditions, but the determina- 
tion was completed by oxidation with bromine. He also 
mentioned difficulties in obtaining 100% efficiency of tin- 
(H) generation. We have been trying to develop a coulo- 
metric titration for platinum and have investigated electro- 
generation of tin(I1) as the titrant. This paper described 
the difficulties encountered. 

EXPERIMENTAL 

Reagents 

Platinum(IV) solution was obtained by dissolution of 
99.997; pure platinum foil in aqua regin, evaporation three 
times with hydrochloric acid, and dilution to standard 
volume. 

Sodium bromide, 4M solution; sodium chloride, 4M 
solution; calcium chloride, 5M solution; tin(IV) chloride, 
2M solution; cadmium chloride, @SM solution: all were 
prepared from analytical-grade reagents. 

Appuratus 

Coulometric analyser (Radelkis OH-404). pH-meter (N- 
512, Elpo-Poland), quartz clock (C-549, Elpo). 

All measurements were carried out in a 150-m] cell. 

RESULTS AND DISCUSSION 

Coulometric generation of tin(l1) 

Tin(H) was generated in concentrated halide solutions, 
namely 6M hydrochloric acid, 3M sodium bromide, 3M 
sodium chloride, or 2M calcium chloride, the last three 
being acidified to be 0.2M in hydrochloric acid. Gold, 
platinum. graphite. graphite impregnated with paraffin5 
and glassy carbon (surface area about 1 cm2) were used 
as electrodes. A cadmium bar was used as the anode, in 
0.5M cadmium chloride, separated by a sintered-glass disc 
from the rest of the electrolytic cell. 

The efficiency of generation was calculated on the basis 
of the vohammetric curves obtained for solutions with and 
without tin(IV) (Figs. 1 and 2). The potential of the elec- 
trode was potentiostatically controlled and varied at 0.05 
V intervals in the range from 0 to - I.0 V vs. SCE. 

In all cases an increase of tin(H) generation was 

2( 

I .! 

2 
E 

f 
v Ii 

0.: 

I I I 

Aif 
-0. 

Potential, V vs SCE 

Fig. 1. Vohammetric curves obtained for various elec- 
trodes (approx. 1 cm2 surface area) in 3M NaBr/0.2M HCI. 
l-platinum, 2-gold, 3_graphite, 4-glassy carbon, 
sparaffin-impregnated graphite. The dashed lines indi- 
cate results for various degrees of passivation of the plati- 

num electrode. 
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I 
I I Y 

-0 2 -0 6 -I 0 -02 -06 -1.0 

Potential. V vs SCE 

I 
2’ 

I 

Fig. 2. Voltammetric curves for the platinum and paraffin- 
impregnated graphite in the following electrolytes: l-3M 

NaBr/O,2M HCI, 2-3M NaBr/@2M HCI/OZM SnCl,. 

observed for current densities above IO mA/cm’. but at 
20 mA/cm’ reduction of tin(IV) to metal was observed 

(Fig. 3). However, this does not influence the efficiency 
of generation of the reducing agent, which remains con- 
stant at current densities up to 50 mA/cm’. 

The efficiency at metallic electrodes was lower than that 
at graphite electrodes, the highest being for the paraffin- 
impregnated graphite. With this electrode, for 0.2M tin(IV) 
chloride, the calculated efficiencies are 

3M NaCl + 0.2M HCl 99,7799.9% 
3M NaBr + 0.2M HCI 99.7-99.9x 
2M CaCl, + 0.2M HCl 99.9999.98”/:, 
6M HCI 9%99”/, 

In 6M hydrochloric acid, generation of tin(B) proceeded 
satisfactorily only at the graphite electrodes. In the other 
media the efficiency at the gold electrode was about 0.5% 
lower that at the impregnated graphite electrode. For the 
platinum electrode the results were still lower, and signifi; 
cantly dependent on the nature of the platinum surface. 
The results were especially poorly reproducible in sodium 
bromide. The passivated platinum electrode was found bet- 
ter than gold, but freshly cleaned platinum has an elIi- 
ciency lower by several per cent. The current-potential 
curves for platinum electrodes passivated to various 
degrees are indicated by dashed lines in Fig. I. Change 
of tin(IV) concentration from 0.02 to 4M increases the 
limiting current density at which tin(IV) is reduced to 
metal, causing the better efficiency of Sn(I1) generation 

Fig. 3. Current efficiency of tin(I1) generation at the 
various electrodes in 3M NaBr/O.ZM HCl/OZM SnC14: 
l-paraffin-impregnated graphite, 2-graphite, 3-glassy 
carbon, G-platinum, S-gold. The shaded area corre- 
sponds to the range of current density where metallic tin 

is deposited on the electrode. 

i 

6 

Potential, V vs SCE 

Fig. 4. Voltammetric curves for the paraffin-impregnated 
graphite electrode in 3M NaBr/@ZM HCI containing the 
following concentrations of SnCI,: 14. 2----0.02M. 

3--0.05M, 4-0.1 M, 5--O.ZM, 60.4M. 

only up to 2 mA/cm’. For greater current densities the 
concentration of Sn(IV) does not influence the efficiency 
of Sn(I1) generation (Fig. 4). 

Titratim oj’plati~um 

To obtain high current efficiency in the generation of 
tin(I1) the current density should be at least lOmA/cm*. 
but too great an increase in current density may favout 
reduction to the metal, which prolongs the titration. There- 
fore intermediate current densities were used in the range 
from 10 to 20 mA/cm’. Impregnated graphite or platinum 
were used for the working electrodes. Titrations were 
done in a nitrogen atmosphere with a working electrolyte 
volume of 100 ml, 1 ml of platinum solution being added 
as sample by microburette. thus enabling several titrations 
to be done in one solution. The end-point was determined 
potentiometrically, using a platinum indicator electrode. 
Titration of l-10 mg of platinum in 3M sodium bromide 
medium proceeds slowly. as the result of a slow redox 
process as well as slow establishment of the potential of 
the indicator electrode. These conditions correspond to 
those used by Bard.3 In subsequent titrations in the same 
electrolyte solution the potential end-point break systema- 
tically decreases. The results indicate insuficient titration 
efficiency (Table 1). contrary to the previously obtained 
efficiency data based on vohammetric curves. When several 
samples are titrated in the same solution. the titration effi- 
ciency systematically decreases. whichever electrode is 
used. This behaviour is more marked at higher current 
density. 

The same effects were much more obvious in titrations 
in 3M sodium chloride medium. Under those conditions 
the presence of platinum(IV) has a catalytic effect on the 
electrolytic reduction of hydrogen ions. For platinum con- 
centrations of 10 pg/ml the efficiency is only about 95:‘“. 
and decreases with increasing platinum concentration; at 
the 100 pg/ml level the titration is completely impossible. 

These processes can be explained and summarized as 
follows. In the presence of platinum(IV) the products of 
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Table 1. Titration of platinum with electrogenerated tin(I1) (1OOml of electrolyte) 
--_- 
Electrolyte Current density, mAjcm’ Platinum, my Current 
composition (electrode) Taken Found efficiency. “/, 

3M NaBr 10 9.97 IO.23 97-7 
0.3M HCl (paraffin- IO.23 91.7 
0.2;M SnCl, impregnated 10.28 97.3 

graphite) IO.17 98.2 
1040 96.0 

5-06 506 lOO.0 
5.13 989 
5.13 98.8 
518 97.8 

;lZlatinum) 5.06 488 5.13 103.8 98.9 
5.21 97.1 
5.25 965 
530 95-f 

3M N&l 10 1.065 1.12 95.5 
0.3M HCl (parathn- 1.08 985 
0.2M SnC& impregnated 1.12 95.0 

graphite) 
5.33 6.01 88.7 

654 816 
8.12 65.7 
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Results for each weight of platinum shown as taken were obtained by successive 
titrations in the same electrolyte solution. 

electrolytic reduction of tin(IV) react according to 

Pt(IV) + Sn(II)+ Pt(I1) + Sn(IV) 

Pt(IV) + Sn(O)+ Pt(I1) + Sn(I1) 

but at low current densities direct reduction of platinum 
to the metal is also possible? 

P#V) + 4e+ Pt(0) 

At high current densities the contribution of the catalysed 
hydrogen evolution significantly increases: 

2H+ + 2e% H, 

When an electrode covered with metaliic tin is immersed 
in tin(IV) solution, slow dissolution of the metal proceeds. 
If this solution also contains pIatinum(IV), hydrogen is 
vigorously evolved at the electrode surface immediately. 
This indicates that the reduction of hydrogen ions by 
metallic tin proceeds according to the equation: 

Sn(0) + 2H+ 3 Sn(I1) + Hz 

The reduction of hydrogen in the absence of platinum 

compounds in the solution is very slow because of the 
high o~e~otentiai of hydrogen evolution in spite of ther- 
m~ynami~lly favourable conditions. The addition of 
platinum(IVkand to a smaller extent platinum(II), 
because of the less favourable kinetics in the latter case 
----produces platinum black at the electrode surface. This 
is responsible for the formation of the centres exhibiting 
a seriously diminished overpotential for hydrogen evolu- 
tion. 

The catalytic effects of platinum(IV), occurring at the 
electrode as w-e11 as in the chemical process, may also have 
a significant effect in coulometric titrations with reducing 
agents other than tin(I1). The greater stability of the 
PtBri- complex compared with PtClz.. is responsible for 
the somewhat better results in bromide solutions. where 
the catalytic activity of platinum is smaller. 
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Summary-The current efficiency of tin(H) generation has been measured for various electrolytes and 
electrodes. The best results (>99.9%) were obtained with the paraffin-impregnated graphite electrode 
in 2rM CaCl, + 0.2M HCl + 0.2M SnCl,. In titrations of platinum(IV) with electrogenerated tin(I1) 
in an electrolyte containing chloride or bromide it was found that the presence of platinum(II) or 
(IV) interferes in the cathodic generation of tin(I1). The platinum is reduced to the elemental state 
at the electrode and causes simultaneous generation of hydrogen which decreases the current efficiency. 
This effect is more pronounced in chloride media. 
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LETTER TO THE EDITOR 

DEJC?ATION OF THE SAMPLIXG COIWl'Al?i' EQUATIOIV 

Sir: 

In 1972, Ingamells and Switzer' published a general equation for the sampling constant 

of 8 two-mineral mixture of uniform grain size. Derivation of this equation -ms not given 

in detail, and a typographical error, undiscovered in proof, interchanged subscripts on two 

terms. The correct equstion is 

-Hd 2 

Ks = ( 
BdB H) pwqwu3w -8 

K 
l aBwR + dHwB 

. 10 grams (1) 

ci .e., with (a w + d w ) 
BH HB 

in tht: denominator, not (d w + dHwH]. 
BB 

In this equstion, B and 

H are the X-contents of the two constituent minerals, K is the X-content of the mixture, 

pw and R are the weight proportions of the two minerals, w is the weight of a sample 

containing WB grams of one mineral and wB grams of the other , u ia the linear dimension 

(grain size) in pm, and KS is the sampling constant for the constituent of interest, X, 

(i.e., the weight of the mixture which must be taken to ensure a sampling error of no more 

than 1% with 68% confidence). This equation may be derived as follows. 

If q and p are the volume proportions of the two minerals in the mixture, it is 

identically true that 

p 'Hqw 
P =: 

, p,+q, -1, P+Q -1 

where dB and-dH are the densities of the two minerals in g/cm'. 

The total relative sampling error, R ($1, is rQbtQd to the relative sampling error RB 

incurred in sampling the constituent with X-content H and the relative sampling error RB 

incurred in sampling the constituent with X-content Bt2 

KR = P,% - 
I 

(3) 

From Kleemsn,3 we have the binomial relationships 

Also, identically, 

K 
"B "K = pwH + qwB and p1 = n 9 pw - w 

Substituting (4) in (3) and squaring, 

K2R2 I $(pwHj$- as&2 
Substituting (2) in (6), 

K2R2 - + (H/Pwqws/aB - B/s% I2 

whence 

m i04 P~B( 

L 

(aHHI + (aBBJ2 - 2 maB%? 
I_____--_ 

n 
dB% 1 

(4) 

(5) 

(6) 

(7) 

R2 
104, 9 
2 

= naBaH ( BdB - IIaa I2 
K 

(9) 
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By definition,' 

Latter to the Editor 

Ks ii B2w 

The number of equal-sized cubic grains in a sample of weight wH + WB = w is 

wH "B 
n L 

dH(10-4u)3 + dB(10-4u)3 
(If) 

'BWH + dHWB 
= 

$dB(10-4u)3 
(12) 

Substituting (9), than (12), in (IO) gives the correct equation (1). This equation may be 

put in several different forms by substituting the identities (2) and (5) and through the 

use of appropriate approximations: putting pw = WE/W, q, = wB/w, and K = p,H + qwB, 

3 

Ks = ( 
wBwHu w 

. 10 
-8 

’ dB% + dKWB 
grams 

or, with w 
H 

= pww and WB = Qw 

Ks = ( 
BdB - HdK 2 pwqwu3 

P,H + qwB 
). 

Pwda + qwdH l 

10-8 gram3 

(13) 

(14) 

or9 solving (2) and (5) to eliminate pw and qw, obtaining 

pw'* (B - K)/(B - .Y) and q, = (K - B)/(B - H), 

(Ed,- Hd,j2 (B - K)(K - H)u3 10 -8 

's = d (B - K)(B - A) + dH(K - H)(B - Hr 
. - grams 

K2 (15) 
B 

These equations involve no approximations. If the densities of the two component s&nerals 

are nearly the same, 

Ks(dB_dH) .Y (B - K)(K - Y)u3dB . -$ grams 

If B is much larger than K (the common case in mineral exploration), 

Ks(_ Kj w (B - H)(K - H)u3dB . $ grams 

&B2/K2= Pwqwu3dB . lo 
-8 

grsms 

(16) 

(I-?) 

(18) 

Other forms are useful, depending on the application. The parameter u, which is rather 

artificial, may be replaced by an effective grain size, which may be estimated in a number 

of ways. In many real cases, the linear dimension of the mesh of the screen through which 

the material is passed is very close to the effective grain size. 

Equation (17) may be derived in several ways: this is of interest beoause of its 

importance in mineral exploration and mine evaluation.4 An alternative derivation has been 

published. 5 
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INSTRUMENTS IN ANALYSIS - CRITICAL REVIEWS 

THE MASS FILTER 

JOHN MAJER 

Chemistry Department, University of Birmingham, P.O. Box 363, Birmingham 15, U.K. 

The analytical function of a mass spectrometer 
consists in converting atoms or molecules into ions 
and segregating these ions according to their 
mass-to-charge ratio (m/e). The mass of the ions is 
related to the nature of the original atom or 
molecule and their abundance to the concentra- 
tion of the atom or molecule in the sample under 
examination. 

The segregation in the past has been most 
commonly achieved by accelerating the ions in a 
potential gradient and subjecting them to the 
influence of a transverse magnetic field. The ions 
suffer a deflection in their flight path, the extent 
of this deflection being related to their velocity 
and their mass-to-charge ratio. Instruments based 
on this principle have been in an active state of 
development for the past fifty years and at the 
present time a considerable number of different 
designs of magnetic deflection instruments are 
commercially available. 

More recently, however, alternative systems of 
mass segregation have been developed, the most 
successful being that embodied in the instrument 
now known as the mass filter. 

Charged particles moving with constant velocity 
will also suffer a deflection if exposed to a 
transverse potential gradient. Furthermore, if the 
potential gradient changes rapidly in strength or 
direction, the ions are sufficiently light to be able 
to follow these oscillations with appropriate 
changes in the extent or direction of their deflec- 
tions, provided that the mean free path of the ions 
is sufficiently long, i.e., they make no collisions 
with gas molecules. The concept of beams of ions 
oscillating between a pair of electrodes was ex- 
ploited by Paul and von Zahn who considered the 
possibility of relating the extent or direction of 
the oscillations to the nature of the ion, more 
particularly its mass-to-charge ratio. In the most 
successful arrangement, beams of ions are allowed 
to pass along the axis of a field created by four 
electrodes, disposed symmetrically around the 
flight path. Theoretically the establishment of an 
axially symmetrical field requires electrodes of 
hyperbolic cross-section, but in practice for ease of 
fabrication, four rods of circular cross section are 
used. When the rods are connected in opposite 
pairs to the output of a radio-frequency oscillator, 
ions have unstable trajectories. If, however, upon 
the radiofrequency field there is superimposed a 
d.c. field, the applied voltage (U) being less than 

one-sixth of the peak amplitude of the RF voltage 
(V), so that if P, and P, are the instantaneous 
potentials on the opposite rod-pairs and P, = -P, 

= U + V cos ut (where w is the frequency of 
oscillation), then some ions have stable trajec- 
tories. After injection, ions can traverse the longi- 
tudinal space between the rods and emerge from 
the opposite end in a manner defined by the 
relationships 

U= 1.212 m w2r02 

V = 7.219 m a2r02 

where r. is the field radius (in cm), w is the 
frequency in MHz and m is the mass of the ion 
(relative to C = 12). It has been found that for a 
given RF frequency and a given peak voltage on 
the rods, only those ions with a closely defined 
mass-to-charge ratio can escape from the quad- 
rupole rod assembly. The arrangement thus consti- 
tutes a mass filter, for an ion-source producing a 
multi-ionic beam may be coupled to the rod 
assembly and an ion-detector mounted at the far 
end. The mass-to-charge ratio of the ion reaching 
the detector is then selected by adjusting either 
the frequency, or more conveniently, the ampli- 
tude, of the RF voltage applied to the rods. While 
some of the properties of this quadrupole system 
are shared by other electrode geometries involving 
the use of rings or single poles and grounded strips, 
it is the quadrupole electrode system which has 
been commercially exploited and forms the basis 
of a number of recently developed instruments. 

The first commercial design was marketed by 
the Atlas Company in Germany in the early sixties 
and had a mass resolution of 100. In less than ten 
years other manufacturers have produced instru- 
ments having a performance better by an order of 
magnitude. Before considering the future possibi- 
lities of mass filters it is appropriate to examine 
the advantages of this type of mass segregation 
over the more conventional magnetic deflection 
and to describe how these advantages are embo- 
died in recent commercial designs. The chief 
advantage which was exploited in the earliest 
designs was the small size and simplicity of the rod 
assembly, commonly about 20 cm in length and 
5 cm in diameter (the individual rods being less 
than 1 cm in diameter). Further, the rate at which 
the spectrum can be scanned is high, scan-time 
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being in the msec range. This is not as fast as the 
time-of-flight mass spectrometer, but faster than 
the magnetic deflection instruments and allows the 
spectrum to be displayed upon an ordinary rather 
than a long-persistence oscilloscope. 

The mass-selection system is not very demand- 
ing upon the homogeneity of the ion-beam as 
regards its direction or its velocity, so that 
comparatively simple ion-sources may be used, 
most having only three plates, and finally, the 
ion-accelerating voltage must not be too high, 
otherwise the ion cannot undergo sufficient oscil- 
lations between the rods to reveal its identity. As a 
result, most ion-sources operate with accelerating 
voltages below 100 V and this makes them more 
accessible to external probes and auxiliary equip- 
ment. The problems associated with the high 
accelerating potentials of magnetic deflection in- 
struments are thus avoided. 

The instruments now commercially available 
may be divided into two classes, those with mass 
resolutions of 100 or less, which are most com- 
monly designed for the monitoring of residual 
gases in vacuum systems, and those with resolu- 
tions of 250 and above, which are used as 
low-resolution general purpose mass spectro- 

meters. 

RESIDUAL GAS ANALYSERS 

The total pressure in vacuum systems is nor- 
mally measured by means of an ionization gauge 
which collects and measures the ion-currents pro- 
duced by ionizing all the constituents of the 
residual gas in the system. As vacuum systems 
become more efficient and complex and are 
applied to a variety of production processes there 
emerges a demand for a partial-pressure gauge, 
which not only gives a measurement of the total 
residual gas pressure, but also provides an indica- 
tion of the composition of the residual gas by 
measuring ion-currents representative of each con- 
stituent. Because of the comparative ease of 
manufacture of mass filters with resolutions below 
100, quadrupole partial-pressure gauges which can 
monitor the air, carbon dioxide, water vapour and 
hydrocarbon constituents of residual gases have 
been marketed. Their chief defect is their inability, 
because of low resolution, to distinguish between 
carbon monoxide and nitrogen. In its simplest 
form the quadrupole partial-pressure gauge con- 
sists merely of an ion-source, an analyser and a 
detector, bolted directly into the vacuum system 
to be monitored. Centronics have produced 
devices of this type, the simplest being a dispos- 
able gauge head having multiple filaments and a 
mass resolution of about 30. A more highly 
developed version is the model Q806 with a 
resolution of 100 and a sensitivity of better than 

10-l 2 mmHg for nitrogen. 
Similar instruments have been marketed by 

VG-Quadrupoles Ltd. The Q4 provides a measure- 
ment of total pressure, or alternatively, a reading 

of ion-current at any m/e value up to 60. It can be 
used for leak detection with a suitable probe gas, 
such as helium. Scanning facilities are provided in 
the more complex model 47 which has twice the 
resolution and mass range. It provides a reading of 
total and partial pressures, but may be combined 
with a suitable inlet system, enabling it to carry 
out simple analytical tasks such as the monitoring 
of respiratory gases. 

These devices are in competition with partial- 
pressure gauges based upon small radius (2 cm) 
180’ magnetic deflection instruments. These use 
permanent magnets, and scan by altering the 
ion-accelerating potential. If the mass filter is 
pumped separately and provided with an inlet 
system it can be used for stable-isotope tracing for 
such isotopes as nitrogen-15, oxygen-18 and 
carbon-13. 

The E.A.I. Company in the U.S.A. were the 
first to produce a satisfactory instrument with a 
resolution in excess of 250, but this performance 
is exceeded by a range of instruments produced by 

the VG-Quadrupoles Company. Using molyb- 
denum rods of 18 mm diameter, they have pro- 
duced units with a resolution of 700 and a mass 
range of 350 (Model QSO). By reduction of the 
rod diameter to 12 mm the range has been 
extended to 800 and the resolution to 1200 
(Model 440). The most advanced quadrupole mass 
filter is that marketed by Finnegan Instruments. 
This has a mass resolution of 2000 and a mass 
range of 1000. The model 3300F incorporates a 
programmable ion-source allowing injection of 
ions with a velocity appropriate to the mass, thus 
giving improved sensitivity. 

The short mass scan-time (about 0.1 set) and 
the ability of the analyser to perform at compara- 
tively high pressures (up to 10d4 mmHg) make 
the mass filter eminently suitable as a monitor for 
the effluents from gas-chromatography columns. 
Mass spectra of components of mixtures issuing 
from the chromatographic column can be recorded 
on a U/V recorder, displayed upon an oscilloscope 
or processed in a data system using a small 
computer. In addition, advantage is taken of the 
fast response-speed and scan-time to allow conti- 
nuous monitoring of a selected small number of 
mass peaks. Similar diversity is incorporated into 
the Dodecapole instrument marketed by Hewlett 
Packard. In this device advantage is taken of the 
linear relationship between rod voltages and the 
masses of the ions transmitted. Mass marking is 
achieved neatly by matching a mass-peak displayed 
on an oscilloscope, with a blip on a second trace, 
the position of which is determined by an adjust- 
able reference voltage. This voltage is indicated on 
a digital voltmeter directly in terms of mass. The 
Dodecapole is a more complex instrument in 
which the shortcomings of the single quadrupole 
mass analyser are minimized by the use of addi- 
tional rod systems. The resolution is thereby 
increased to as high as 3000. 
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Opponents of the quadrupole system of mass 
analysis have claimed that it is particularly suscept- 
ible to contamination and that rod performance 
declines with use. The rod alignment is critical and 
may be disturbed by baking. However, at the 
present time, the choice between a low-resolution 
magnetic sector instrument and a quadrupole of 
comparable performance is difficult to make. It is 
significant that the Vacuum Generators Group of 
Companies market both types. 

FUTURE PROSPECTS 

Today, the mass filter is approximately in the 
same state of development as the single-focusing 
magnetic deflection system was in the late fifties, 
before the advent of the double-focusing mass 
analyser. While it is not possible to speculate upon 
the introduction of some similar revolutionary 
improvements in the case of mass filters, sufficient 
evidence is forthcoming to provide a guide to the 
possible ultimate performance of a simple quadru- 
pole analyser. There are three broad areas of 
improvement: the sensitivity, the mass range and 
the mass resolution. If we accept that no great 
change is going to occur in either the efficiency of 
ionization within the ion-source or the degree of 
particle multiplication at the detector, then any 
increase in sensitivity is likely to come from 
improvements in the transmission of the rod 
system. The aperture into the rod system is not 
the physical but the electric aperture imposed by 
the fields. At present many of the ions produced 
in the ion-source do not pass through this aper- 
ture. Some undergo unstable trajectories under the 
influence of the fringing fields at the ends of the 
rods. Marked improvements in sensitivity have 
been achieved by reducing the effects of these 
fields with the aid of a second rod assembly which 
experiences only the RF voltages and guides the 
ions into the electric aperture. This aperture is 
reduced by increased resolution so for high- 
performance instruments the ultimate limitation 
may be space charge. The mass range of a 
quadrupole is limited by the voltage which can be 
applied to the rods to make the ions oscillate. This 
in turn is limited by the power requirements 
imposed upon the oscillator as the voltage rises. 
The power required increases with increase in rod 
dimensions so that power is saved by smaller rods, 

but these tend to be less efficient as the ions 
perform fewer cycles with a small rod assembly. 
Raising the frequency would correct this, but 
would once again call for increased RF power. 
These limitations are summarized in the equation 

Power (in W) = 6.5 X 1O-4 
Cm2 cd5 ro4 

Q 

where C is the capacity of the rod assembly (in 
pF) and Q is the figure of merit of the power 
circuit. Multiple-analyser assemblies will probably 
permit recording of masses in the l-2000 region, 
allowing competition on this score with magnetic 
deflection instruments. 

The resolution obtainable with a quadrupole 
mass filter depends upon a number of factors. 
Mass peaks tend to be trapezoid in shape rather 
than Gaussian and increasing the d.c. to RF 
voltage ratio (U/V) converts these into triangles 
before the transmission drops to zero. With a 
constant U/V ratio the resolution depends not 
only on the accuracy with which the voltages can 
be kept constant, but more critically upon the 
accuracy of alignment of the rods and the quality 
of their surfaces. 

Fyte has calculated that a quadrupole assembly 
capable of providing a resolution of 5000 would 
require an accuracy of alignment of 1 part in 
4 X 1 07. This would require prohibitively expen- 
sive engineering of the highest precision. Already 
the rod system in the mass filter marketed by 
Finnegan instruments involves a precision of 1 part 
in 106. There is, however, one feature of the mass 
resolution of a quadrupole which is not yet 
completely exploited and that is the ability to 
change the UJV ratio during scanning. This 
changes the resolution and the sensitivity so that 
low masses are recorded with high sensitivity and 
low resolution and only the resolution necessary at 
any point on the mass-scale is actually employed. 

We may therefore expect a slow and steady 
improvement in mass-filter performance over the 
next decade, allowing the device to compete 
successfully with other systems of mass analysis. 
The development of high-resolution instruments 
capable of comparison with double-focusing mass 
spectrometers must await the appearance of a new 
principle. 
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Summary-Increasing use is being made of N.M.R. spectroscopy as a quantitative analytical tool. 
Recent developments (1976mid-1975) in methods and reagents are discussed with special regard to the 
role of Fourier-transform spectrometers, lanthanide-shift reagents and the choice of standard materials. 
Applications to quantitative analytical problems in pharmaceutical research are listed together with 
an indication of the advantages of the N.M.R. method over official analytical procedures. 

A previous review written by this author in 19701 
was concerned with the application of quantitative 
N.M.R. methods to a range of pharmaceutical mater- 
ials. This article describes recently developed instru- 
ments, accessories, reagents and techniques, together 
with applications of N.M.R. to the quantitative prob- 
lems encountered by analysts working in pharmaceu- 
tical research and control. It is designed to extend 
coverage to summer 1975. 

BOOKS AND GENERAL REVIEW MATERIAL 

A comprehensive book describing the quantitative 
uses of N.M.R. has appeared.’ Practical methods are 
well discussed with a multitude of applications to 
functional group analysis and to problems in phar- 
macy and industrial chemistry. Reports have also 
appeared in French3 and English4 concerning quanti- 
tative measurement on non-pharmaceutical products 
and in German5v6 and English7 on the general appli- 
cation of the quantitative N.M.R. approach to phar- 
maceutica15v6 and forensic’ chemistry. The import- 
ance of peak areas, signal shapes and saturation 

effects in quantitative N.M.R. is clearly set out in a 
manufacturer’s pub1ication.8 

EQUIPMENT, REAGENTS AND TECHNIQUES 

Instrumentation 

A few examples of the use of dedicated computers 
of average transients (CAT) to enhance the signals 
from small quantities of material have appeared, e.g., 
for sub-milligram levels of barbiturates in brain 
autopsy material,g DDT in tissues” and 3&40 pg 
levels of potentially carcinogenic polynuclear hydro- 
carbons.” The disadvantages of CAT accessories lie 

* For reprints of this Mini-Review, see Publisher’s an- 
nouncement near the end of this issue TALMR3. 

in baseline instability, resolution limitation and the 
need for long accumulation times. 

The approach to the proton N.M.R. spectra of 
small quantities and to low abundance nuclei (e.g., 
13C) has been revolutionized by the advent of the 
Fourier-transform spectrometer. The high cost of this 
equipment has to be offset against the ease of obtain- 
ing good proton spectra on pg quantities within a 
few hours and the excellent resolution which can be 
achieved. A constant problem with this technique lies 
in the impurities present in commercial N.M.R. sol- 
vents. These may be insignificant when a conventionai 
instrument is used but become very apparent, even 
at the pg level, on accumulation. It is helpful to store 
these solvents over a clean molecular sieve in glass- 
(not plastic-) stoppered bottles to minimize peaks due 
to water or leached plasticizer. Pre-washing of the 
N.M.R. tube with D,O/MeOH-d, is also a help in 
reducing the water peak. Alternatively, and more 
satisfactorily when solubility permits, one can use 
capillary microcell inserts (e.g., for the Varian 
XL-100”) with the sample material dissolved in only 
a few ~1 of solvent. Fourier-transform spectrometers 
are unlikely to come within the budget of the smaller 
control laboratory for several years but the analyst 
with occasional access to this equipment is in a 
position to resolve some hitherto insoluble problems. 

Lanthanide-shif reagents (LSR’s) 

This family of organometallic reagents has achieved 
wide popularity amongst chemists and analysts for 
separating and simplifying the N.M.R. peaks of com- 
plicated molecules and of normally unresolved iso- 
merit mixtures. In this respect, a low-cost instrument 
ran rr\m,&m~r m-+,-h ,,v E,I~\IIPO the nzs-fnw-mo~~~ nf UU,, 0”IIn”LInllr.I II,LLLbLI) “I e.“LpKxi, cur p‘1”I111‘au- “1 

the most powerful superconducting-magnet systems. 
A recent review (197@1973) lists nearly 500 papers 
but only a handful exploit the potential of LSR’s for 
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quantitative analysis.’ 3 Applications of LSR’s to 
problems in pharmaceutical research and outside 
N.M.R. (e.g., to gas chromatographyi and infrared 
spectrophotometry’5) are very scarce. The scope of 
LSR-assisted analysis is indicated below. 

Positional isomers and homologous series. The anti- 
inflammatory compound, “Benoxaprofen” (I, R in the 
S-position) has been analysed for possible impurities 
(R in the 6- or 7-positions).‘6 

Ctwlaf? I, R is -CH(Me)COzH 

7 

All compounds were converted into their methyl 
esters. No separation of peaks was seen in CDC13 

solution but addition of an LSR resolved the peaks 
of the methyl esters and the side-chain methyl groups, 
allowing assay of the impurities. With a 90-MHz 
Fourier-transform spectrometer, a minimum detec- 
tion limit of 0.2”/, for the 6- or 7-isomers was 
achieved. On conventional instruments the detection 
limit was 34%. It has also been possible to determine 
the isomeric o-, m- and p-cresols in admixture17.18 
and analyse mixtures of homologous (Ci-C6) 
alcohols” and carboxylic acids (C1-Cs).20 

Optical isomers (enantiometers). Optically active 
lanthanide-shift reagents form diastereoisomers with 
mixtures of optical isomers.‘3*21 In favourable cases, 
the N.M.R. signals of the enantiomers are clearly dis- 
tinguished and the enantiomer ratio can be calcu- 
lated. This technique can be used22 for detecting low 
levels of unwanted L(+) penicillamine in the D(-) 

enantiomer after a simple derivative-formation step. 
The limit of detection is 0.4% with a Fourier-trans- 
form spectrometer (see Fig. 1). 

Separation of enantiomer peaks can sometimes be 
improved by using an LSR and an optically active 
solvent.23 The N.M.R. method yields results which 
compare very favourably with enantiomer ratios 

H,C H+ 

H,Cjtco&H, * 

S NH 
7. 

HsC *; CHs B P 

B 

IL8 
I4 12 10 8 

-CO,CH, ,1.. 4-H 
-NH 

nd h 8 
Fig. 1. A. Spectrum of acetone adduct of penicillamine (D :L 
isomer ratio = 92 :8). B. Part spectrum of adduct after 
addition of 0.45 mole equivalents of optically active euro- 
pium shift reagent. ** (Reprinted by permission of the copy- 

right owners). 

based upon optical activity, but without the need to 
prepare an optically pure specimen of one enantiomer 
as calibration standard.2’,24 

Cis/trans isomers and diastereoisomers. The cisjtrans 
ratio of oxime isomers can be readily determined with 

the aid of europiurn-shift reagents.25 This method 
offers advantages over previous N.M.R. techniques 
using benzene solvent shifts. The same ratio can also 
be determined for vitamin A isomerization,26 amino- 
cyclohexylmethanes2’ and oleate/elaidate esters2* 
However, it is known that LSR’s can themselves affect 
the ratio of cis/trans isomers in secondary amides2’ 
and this complication must be eliminated before 
reliance can be placed on assay figures. 

A new isoxazolobenzoxazine anti-inflammatory 

agent consists of a pair of diastereoisomers, and a 
convenient method using a europium-shift reagent is 
available for their assay. 3o Similarly, the N.M.R. 
peaks for the diastereoisomeric tetrahydropyranyl 
ethers of cholestanes and cholestenes are clearly 
resolved when such a reagent is added.3’ 

Other quantitative applications of LSR’s. These 
include the analysis of mixtures of tocopheryl 
acetates,32 glycerinformals, steroidal enones and 
polyenones34 and of polymers derived from chloro- 
prene3 5 and polyalkylene glycols.36,37 Lanthanide 
reagents closely related to LSR’s can also be used 
to distinguish between substrate molecules which are 
“inside” and “outside” a model cell membrane 
system.j* 

Use of nuclei other than the proton 

Fourier-transform N.M.R. spectrometers allow one 
to obtain spectra for r3C nuclei within a few hours 
(30-50 mg of material). The 13C spectrum is often 
much simpler to interpret than the corresponding 
proton spectrum, because of extended chemical shifts. 
Serious drawbacks to i3C N.M.R. quantitative analy- 
sis are the low inherent sensitivity and the lack of 
correspondence between peak areas and relative 

numbers of carbon atoms.’ This is due to unequal 
peak enhancements, attributable to varying nuclear 
Overhauser effects and relaxation times. Shoolery3’ 
has discussed methods of overcoming these problems 
by using gated decoupling or special shiftless relaxa- 
tion reagents (preferring the latter for speed). He gives 
examples of the analysis of acenaphthenes and corn 
and crude oil samples. Good agreement is found 
between the i3C and iodine-number assays. Other 
workers have assumed that chemically similar com- 
pounds in mixtures will show approximately the same 
relaxation and nuclear Overhauser effects and 
assumed exact equivalence of peak areas and carbon 
atom content, e.g., for 2,4- and 2,6-isocyanato- 
toluenes,40 n- and iso-paraffin oils4i and cisltrans 
polypentenamers.42 

N.M.R. spectra obtained for the i9F nucleus are 
also characterized by larger chemical shift differences 
(and hence simpler spectra). In contrast to i3C, the 
nucleus has 100% natural abundance and is of high 
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inherent sensitivity. It is possible to convert pg quan- 

tities of hydroxysteroids into their trifluoroacetates 
and assay them by using the “F peaks.43 Other 
examples include simple aliphatic alcohols44,45 (with 
trifluoroacetic acid or hexatluoroacetone), xylenols,46 
terpenols,47 amino-acids and peptides4s and hydroxyl 
groups in polymers.4g 

Bowen and co-workers have reported the only rele- 
vant nnnlication of the -TT.__..___._ __ 3lP n?lc!ens. i,e,. the analysis 

of a sucrose/aqueous phosphorylcolamine formula- 
tion, with sodium triphosphate as added standard.50 

N.M.R. analysis of liquid/solid components 

The analysis of liquids in the presence of solid 
materials has been further exploited in the last five 
years. Most applications have been concerned with 
the liquid contents of fatssl meats5’ and cereal and 
oil seedss3 A pulsed N.M.R. spectrometer provides 
a particularly rapid means of analysing fats and mar- 
garines.54 

Lawrenson has shown that a low-cost permanent- 
magnet spectrometer can be applied cryoscopically to 
a variety of problems, including the purity control 
of phenol, cyclohexanone and a pesticide.55 

Computer simulation of spectra 

This method may be of assistance in cases where 
the components to be determined possess N.M.R. 
peaks which overlap seriously (e.g., closely similar 
aromatic compounds). Although a chromatographic 
method of analysis may often prove most suitable, 
:+ :, ,611 ,,,nX.,, +- “.,,Y.0,Yl c., hr hi D A Il~mrmt0.r ,I 1s 3Llll p,uao,u,e I” P‘“SLU vy 1’1.1*,.1.. m ti”lll~ULC’ 
is programmed to accept the individual spectra of the 
components and an estimated weighting is put on 
these. The summed spectra are then calculated. The 
weightings can then be varied by an iterative pro- 
cedure until the best fit of observed and calculated 
spectra is obtained. A drawback to this procedure 
arises from small variations in frequency with concen- 
tration and with intermolecular interactions, but a 
frequency shift of 2-3 times the peak width appears 
to be tolerable if a suitable line-broadening parameter 
is included. Quantitative analysis by this procedure 
has been mentioned briefly” and a iuii paper has 
recently appeared.56 

Standards added for quantitative analysis 

The criteria for internal standards for quantitative 
analysis are that they possess a sharp N.M.R. absorp- 
tion in a clear region of the spectrum and are easily 
purified materials reacting with neither solvent nor 
analysed substance. The addition of an unrelated 
standard to the solution under test is preferred to 
the use of solutions of the pure material and separate 
analysis of their spectra. In the former, instrumental 
conditions (field homogeneity and integral response,) 
are identical and it is possible to assay without the 
necessity of preparing a very pure sample of the 
unknown. 

In his book, Kasler’ presents a comprehensive, 
series of 128 likely internal standards. A choice can 
be made on the basis of an optimum “window” in 
the N.M.R. spectrum of the unknown. It is important 
to remember that some apparently well-suited stan- 
dards may be precluded because they are unstable 
when strong acids or bases are to be analysed (e.g., 
sym-tetrachloroethane with base) or because of mo- 
lecular interactions (e;$ donor-acceptor complexes 
with polynitrobenzenes) which can cause unaccept- 
ably large chemical shifts. Two groups50957 give a 
shorter selection of standards for non-polar solvents, 
including hexamethylcyclotrisiloxane, hexamethylben- 
zene, dimethylsulphoxide, t-butanol, methanol, 
malonic, maleic and succinic acids, p-benzoquinone, 
p-dichlorobenzene and 1,2,4,5-tetrachlorobenzene. We 
have found one of the standards hexamethylcyclotri- 
siloxane (6 = @15), trioxan (6 = 5.10) or pyrazine 
(6 = 8.51) suitable for any quantitative assay problem 
when using CDC13 or CDC13/(CD&S0 mixture. It 
-_., L.. ..~..,-r”-..-..” l - -AA +.-.,. ^&__,a_..~” l ,. :- llldy “G au”iull*gG”ua L” LXl1l LW” sLall”alo3 L” u11- 
prove the precision of the analysis and to detect any 
decomposition of one of these.58 This “dual standard” 
approach has been used in a reverse manner to analyse 
mestranol by means of both the ethinyl and the meth- 
oxyl protons of the drug and a single added standard. 
The presence of starting material impurity was indi- 
cated by the discrepancy between the assay figures 
for the chosen mestranol protons5’ as well as by 
analysis using thin-layer chromatography. 

Aqueous solutions are less frequently 
assayed.50.57p60 Standards suitable for this medium 
ae sodium acetate, maieic acid, succinic acid, sodium 
formate and t-butanol. 

A Japanese group6’ recommends the use of coaxial 
N.M.R. tubes for quantitative work, with the standard 
material in the central tube and the unknown in the 
outer annulus. These can be particularly useful for 
containing solutions which are not miscible or are 
chemically reactive. 

QUANTITATIVE PHARMACEUTICAL ANALYSIS 

Applications 

Within the past five years, more N.M.R. appli- 
cations have been found for the quantitative analysis 
of drug formulations and products with a pharmaceu- 
tical background. The pioneering work carried out 
by Turczan and colleagues57~62-73 represents a major 
attempt to establish N.M.R. as an alternative to USP 
and NF official analytical procedures. In Table 1 the 
compounds and formulations which have been ana- 
lysed are collected according to their mode of clinical 
action. Quantitative methods for a further 20 com- 
pounds, including amphetamine, antipyrene, aspirin, 
bemegride: caffeine, mannitoI pentaerythritol tetra- 
nitrate and phenobarbital have also been briefly men- 
tioned.57,68 Collections of reference spectra are also 
available for sulphonamides,64 amphetaminessg and 
barbiturates.gO*gl 
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The N.M.R. method first quantitative N.M.R. method in the NF (for amyl 
N.M.R. offers a number of advantages over alterna- nitrite) has recently appeared.” 

tive analytical techniques for the analysis of pharma- Further, little sample preparation is needed, and the 
ceutical materials. It is often quicker than official method has been applied to tablets, capsules, syrups, 
USP or NF procedures and compares very favour- injections, suspensions, creams and aerosol fluids. In- 
ably in accuracy (error usually < 2%); thus thiotepas3 terference from excipients (starch, lactose, gelatin and 
involves a lengthy titrimetric or spectrophotometric colouring agents) is rare. 
USP method but can be analysed by N.M.R. in 10 Specific structural proof of the identity of the ana- 
min with a standard deviation of 0.6%. Indeed the lysed material and of impurities can be obtained. 

Table 1. Quantitative N.M.R. analysis of pharmaceuticals 

Mode of action and name Solvent Standard 

Standard 
deviation (a) 

or average 
error (b) Ref. 

Central Nervous System 
Meprobamate, carisoprodol 

mebutamate 
Chloral hydrate 
Carbromal, bromural 

Sodium triclofos 
Trimethadione 
Methsuximide, phensuximide 

Phenacetin, phenazine, 
aminophenazine, caffeine 

Pentylene tetrazole 
Amantadinet 

Cardiovascular and Respiratory 
I m;“,%,L.,ll;..n rrUr,LL”~UJlllllr 

Quinidine, hydroquinidine 

Amy1 nitrite 
Acetazolamide (and Na salt) 

Anti-Infective Agents 

Methenamine mandelate 

Sulphatriad 
Parabens 

Pyrimethamine 

Steroids 
eteroids 

Mestranol 

Anti-Histamines and Anti-Eczema 
Dimenhydrinate 
Sodium cacodylate 

Oncolytic 
Thiotepa 

Alcohol Therapy 
Disulfiram 

Miscellaneous 
Dimethylsulphoxide 
Polysiloxanes 

MeOH, CDCl, 
CC14, CDCl3 

Glucose DMSO-d, 

(CHWO 

ho 
CCWY 

DzO 
Hz0 
CCL, 

CH&l,/CCl, 
TFA 

cc14 

DzO 

NU./KPNK-,.~ ‘.“J,‘.Y’.,Y~V 

CDCl, 

CD’& 
NH,0H/H20 

DMF 

(CH&CO 
MeCN 

D,O/OH- 
PEG/H20 

TFA 

DMSO, HZ0 

PY 

CDCla 

Hz0 

ccl, 

CDCl3 

Malonic 
acid 

Maleic acid 
HMCTS* 

CH,CN 
t-BuOH 
HMCTS 

Fumaronitrile 

HMCTS 
Succinimide 

b, 0.97; 

a, 0.6% 
a, @I%, 

0.5% 
b, 2,0:/A 
a, 0.37; 
a, <0.6% 

a, 500/, 

a, O.l”,:; 
a, o.s”/;, 

62, 
74 
65 
73 

75 
68 
70 

76 

66 
72 

t_R,,nU \-L,uv** 

2,3&Tribromo- 
thiophene 

- 

t-BuOH 

n n.2- -., - - 
o.sp/, 

a, 0.97 

a, 1.4% 
a, 0.7% 

67 

71 

78 
71 

Maleic acid b, l-2% 69 

- 

Pure 
compound 

Caffeine 

- 

a, 1.96% 

8 
79 

80 

Fumaric acid 
or EtaNHCl 

Diphenyl 
acetic acid 

b, 06% 81 

59 
a, 0.6;; 

Hexamine 
Succinic acid a, 2.37’ 

8 
82 

Benzoic acid a, 0.6% 83 

HMCTS b, 1.4”/0 84 

MeOH 
Cyclohexane, 

p-dichlorobenzene 
- 

a, l-5.4% 
a, O.S”i, 

b, 0.11% 

63 

:; 
87 

* HMCTS = hexamethylcyclotrisiloxane 
t originally used as an anti-viral agent. 
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Fig, 2. N.M.R. spectrum of acetazolamide in 25% ammonia 
solution. (I) Acetazolamide; (II) t-butanol; (III) TMS Na 
salt; (IV) acetate decomposition product; (V) side-bands. 

(Reprinted by permission of the copyright owners). 

Thus N.M.R. shows a specificity which is often absent 

in official spectrophotometric or titrimetric pro- 
cedures. Chloral hydrate’j5 can contain impurities, 
and acetazolamide71 an acetate degradation product 
(Fig. 2) which are clearly identified and determined 
by N.M.R. but not by the official USP methods, 
where they behave analytically in the same way as 
the matrix. 

Although the method is most suitable for high unit- 
dosage materials, it can be extended to the analysis 
of smaller (sub-milligram) quantities by using dedi- 
cated computer facilities and micro-sample con- 
tainers, 

Quantitative measurements are carried out by 
means of relative peak areas (or, rarely, peak heights). 
Thus an ultrapure sample of the determinand is not 
needed as a standard. 

MISCELLANEOUS QUANTITATIVE ANALYSES 
USING N.M.R. 

The analyst working in the pharmaceutical research 
laboratories of a multi-operational organization may 
very often be called upon to examine materials from 

affiliate disciplines, e.g., biochemical metabolites and 
agricultural or veterinary formulations. Some appli- 
cations of the quantitative N.M.R. procedure to such 
problems are listed below. 

Determination of alcohols as their trimethylsilyl- 
ethers?3 
Estimation of keto-enol tautomers.94 
Pesticides.“s9’ 
Surfactants.96,97 
Diglycerides,98 wax esters and oils.99 
Polyethylene glycols’oo and cellulose ethers.“’ 
Modified starch.loz 
Peroxides” and hydroperoxides.103 
Organo-magnesium, -lithium and -mercury re- 
agents.“” 
Enzymatic dipeptide hydrolysis.‘05 
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SPECTROPHOTOMETRIC AND FLUOROMETRIC 
DETERMINATION OF COBALT 
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Summary-The reaction of Co(II), pyridine-2-aldehyde-2-pyridyl hydrazone (PAPHY) and eosin at 
pH 5.6 produces the ternary complex Co(L)(HL)E, (where HL represents the protonated form of 
the ligand and E represents the eosinate anion). This complex is extracted by a chloroform-acetone 
mixture to give a strongly coloured and highly fluorescent extract. Spectrophotometric and fluorometric 
methods for the determination of Co have been developed with detection limits of 0017 and OGO8 ppm 
respectively. Cu(II), Ni, Fe(H), Pd(I1) and Hg(II) interfere. The spectrophotometric method has been 
successfully applied to the analysis of steels, following ion-exchange separation of Co. 

Ternary complexes, wherein a metal reacts with two 
separate ligands, have found increasing use over 
recent years, particularly in spectrophotometric 
analysis. The most common form of ternary complex 
is the ion-association type in which a metal ion reacts 
with a ligand to produce a charged binary complex; 
this complex then further reacts with an ion of the 
opposite charge, usually a dyestuff. 

Almost all publications in this field relate to reac- 

tion of anionic binary complexes with cationic (or 
basic) dyes. Ion-association ternary complexes con- 
taining a cationic binary complex are quite rare and 

are generally of the type metal-l,lO-phenantholine- 
substituted fluorescein. The element studied most in 
this way is silver, with selectivity being achieved by 
using EDTA as a mass masking agent.‘,’ Very little 
application to fluorometric analysis has been made 
using this type of ternary complex, although the 
methods for silver were examined fluorometrically 
and a brief survey of the fluorescence of other metal- 
phenanthrotine-eosin complexes has been con- 

ducted. 3 
Substituted hydrazones such as pyridine-2-aldehyde- 

7_nlr&l~l hwlra7nnp IPAPHYl 2nd nvridine-z-&de- & yJ”uJ’ “J.. ...I.,--- ,- .-- -*-, ---- r,------- 

hyde-2-quinolyl hydrazone (PAQH) have been ex- 
tensively investigated as terdentate chelating agents 
in both acidic and alkaline solution.“’ The structures 

of these compounds are shown in Fig. 1. In acid solu- 
tion, they react with many metals to form mono or 
bis complexes which are cationic.” Thus, reaction 
with a bivalent metal M produces the complexes 
M(HL)‘+ or M(HL):* where HL represents the pro- 
tonated form of the ligand. 

If the solution is made alkaline, the hydrogen atom 
marked with the asterisk in Fig. 1 is lost from the 

* Present address: Chemistry Department, School of 
General Studies, Australian National University. P.O. Box 
4, Canberra, A.C.T. 2600. 

molecule. Deprotonation of the complexes above pro- 
duces M(L)+ for the mono complex and M(HL)L+ 
or ML2 for the bis complex. The uncharged complex 
ML, is generally readily extractable, and such behav- 
iour has been observed for predominantly six-co- 
ordinate metals such as nickel, zinc, cadmium, iron 
and manganese.” The charged complexes can only 

be extracted as suitable ion-pairs, e.g.. palladium(H) 
has been extracted as the complex Pd(PAPY)Cl into 
chloroform. ’ ’ 

In this work, the reaction between cobalt(II), 
PAPHY and the dyestuff eosin at pH 56 has been 
used to form a ternary complex which is then 
extracted into a chloroform-acetone mixture. Here, 
a cationic binary complex is formed between 
cobalt-(II) and PAPHY, and eosinate acts as the 
counter-anion in the ion-association ternary complex. 

EXPERIMENTAL 

Apparatus 

All absorption measurements were taken on a Perkin- 
Elmer PE 124 recording spectrophotometer, and fluores- 
cence measurements were taken with a Hitachi Perkin- 
Elmer MPF-2A fluorescence spectrophotometer. Wave- 
lengths used were 547nm for absorption and 530 and 

PAPHY 

Fig. 1. Substituted hydrazone chelating agents. 
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558 nm for fluorescence excitation and emission, respect- 
ively. 

Reagents 

Eosin (2,4,5,7-tetrabromojhorescein), 0.1% aqueous solu- 
tion. 

Ion-exchange resin. Amberlite CG. 400 (100-200 mesh) 
anion-exchanger, prewashed with 10M hydrochloric acid 
and distilled water alternately. 

PAPH Y. Obtained from Aldrich Laboratories and used 
00 0 o.10, .,i..+;,V? S..~,.,Xrn,i h.7 rl;o,~i..;nn n.1 n ;n +kP m;n;_ _a 0 ” ‘,a D”LU,l”Il P’CrJLL’C” “J “‘J”“‘V”‘E, ” I E, 111 Lllr 1111111- 
mum quantity (about 3 or 4 drops) of 5M hydrochloric 
acid and diluting to 100 ml with distilled water. The solu- 
tion was kept for no more than one week. 

Cobalt stock solution. A IOOO-ppm Co(II) solution was 
prepared by dissolving the appropriate amount of analyti- 
cal grade cobalt nitrate [Co(NO& .6H,O] in 250ml of 
distilled water and diluted as required to make standards 
of lower concentration. 

All other reagents used were analytical grade. 

Procedures 

The effect of pH on the extraction of cobalt(II)eosin- 
PAPHY was studied in the following way. An aliquot of 
cohnltllll cnhtion CQ~&$V IO ,I(T af Cg2+ ~2s m&d __l-__\__, I-.___-_. a -“PD 
with 0.5ml of 01% PAPHY solution and 1 ml of 0.10/d 
eosin solution and the pH adjusted to the required value 
with 0.1 M hydrochloric acid and 0.1 M ammonia. The 
final volume was about 20 ml. The solution was then trans- 
ferred to a 125-ml separating-funnel and 10.0 ml of chloro- 
form were added, after which the flask was shaken for 
30sec. The organic layer was drained off and centrifuged 
at moderate speed for 1 min before measurement of absor- 
bance. 

Calibration curves based on absorbance and fluores- 
cence measurements were obtained by adding c-4 and 
(f-2 pg of Co respectively to 125-ml separating-funnels. The 
following reagents were then added, in turn, 1 ml of citrate 
buffer (pH 5.6), 0.5 ml of 0.1% PAPHY solution and 0.5 ml 
of 0.1% eosin solution, before the final volume was made 
up to about 20ml. A 30:7Ov/v mixture of acetone and 
chloroform was prepared and IO.0 ml were added to each 
separating-funnel and shaken for 1 min. After the phases 
had separated, the organic layer was removed and centri- 
fuged for 1 min at moderate speed. An aliquot of the 
organic layer was then transferred to a l-cm quartz fluor- 
ometer cell and fluorescence and absorbance measure- 
ments taken. 

Steel samples were analysed by weighing out an amount 
of steel containing about 2Opg of cobalt and dissolving 
it in 5 ml of aqua regia. The solution was evaporated to 
dryness and the residue dissolved in 5 ml of concentrated 
hydrochloric acid and made up to 50ml with distilled 
.__~_.. rp,.:. -_l.~rl-.. water. rrub soruuon was then eieciioiysed at 0.5 A for 
30 min. in a divided cell (this comprised a fritted glass tube 
cut just below the frit, containing one electrode and filled 
with saturated sodium sulphate solution: the second elec- 
trode was a platinum mesh electrode inserted in the sample 
solution in the usual way”). The electrolysis step was in- 
cluded to remove copper. Hydrogen peroxide (30%, 2ml) 
WS added to oxidize all iron to iron(II1) and the sample 
was evaporated to a volume of about 5 ml. This solution 
was transferred with 9M hydrochloric acid to a 
15 x 2.5 cm anion-exchange column previously washed 
with 9M hydrochloric acid. The column was then eluted 
with two bed-volumes (about 80ml) of 9M hydrochloric 
acid to remove nickel, and the cobalt was eluted with two 
bed-volumes of 4M hydrochloric acid. The cobalt eluate 
was placed on a hot-plate and evaporated to about 5 ml, 
then allowed to cool before quantitative transfer to a 25-ml 
volumetric flask and dilution to the mark with distilled 
water. If successive samples were to bc run through the 
ion-exchange column, the adsorbed iron was removed by 

PH 

Fig. 2. Extraction of Co-PAPHY (A) and Co-PAPHY- 
eosin (0) at various pH values ([Co] = lOpg/lOml of 

solvent). 

eluting with distilled water and the column rewashed with 
9 M hydrochloric acid before the next sample was added. 
An aliquot of the evaporated eluate solution (prepared as 
above) corresponding to about 4pg of cobalt was mixed 
wnn ~‘3 ml 01 U’I% rArr-i r soiution and the pi-i adjusted 
to about 5.6 with dilute ammonia solution, after which 
1 ml of citrate buffer and 0.5 ml of 0.1% eosin solution 
were added, the final volume being 20ml. This solution 
was then extracted and the fluorescence and absorbance 
were measured as described in the procedure for construc- 
tion of a calibration curve. A reagent blank was also run 
through the entire procedure. 

RESULTS 

Effect of pH 

Figure 2 shows the effect of pH on the extraction 
-I‘ r, D,4DU” :-*,. ~L1~-~&.~~ VI LV-I tu II I uxu LIIIUIULUIIII, in the ijiesence and 

absence of eosin. The absorbance was used to esti- 
mate the degree of extraction since the chloroform 
extracts exhibited only a weak fluorescence. The 
absorption spectrum for Ci-PAPHY-eosin in chloro- 
form is shown in Fig. 3. 

410 450 490 530 570 610 630 

Wavelength, nm 

Fig. 3. Absorbance spectrum of CoPAPHY-eosin 
([CO] = 4pg/lOml of solvent). A. CoPAPHY-eosin, B. 

Blank 
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031 
0 IO 20 30 

Phase ratio, aqueous: organic 

Fig. 4. Effect of phase ratio on extraction of CoPAPHY- 
eosin. Conditions: 4pg of Co/lOml of solvent, O-5ml of 
@lx PAPHY, 1,Omi of 0.1% eosin, 1 ml of citrate buffer, 

final volume varied. 

The optimum acidity for extraction of the ternary 
complex was pH 54-58, and pH 5.6 was selected for 
further work. It will be noticed from Fig. 2 that this 
pH corresponds to a region of non-extraction of the 
Co-PAPHY complex. 

In studies on the solvent extraction of complexes 
containing large organic dye molecules, it has fre- 
quently been noted that many buffer systems cause 
interference by promoting excessive extraction of the 
dye, pres~ably as a complex with the buffer com- 
ponents. This leads to unacceptably high blank levels 
and requires that any buffers used be examined for 
this type of interference. 

Three buffer systems of pH 5.6 were investigated 
for possible interference; potassium hydrogen phtha- 
late-sodium hydroxide, citric acid-sodium hydroxide 
and sodhum_ acetate-acetic acid. Of thew the &atp . ..-_ ______) 

buffer was found to produce the lowest level of extrac- 
tion of eosin and was therefore used exclusively 
throughout this work, 

optimization of ~~~tities of repents 

The effects of varying quantities of eosin, PAPHY 
and citrate buffer on the extraction of 4pg of 
cobalt-(II) into 10ml of chloroform were studied. In 
each case, the absorbance of the extract increased up 
to a constant value with increasing reagent concent- 
ration. It was observed that extraction of Co- 
PAPHYeosin was dependent on the phase- 
volume ratio. Reduced extraction occurred if the ratio 
of aqueous:organic phase was less than 2: 1. This 
effect is illustrated in Fig. 4. 

The optimum conditions for extraction of Co- 
PAPHY-eosin into lOm1 of chloroform were found 
to be O-5 ml of @lo/, PAPHY solution, l.Oml of 0.1% 
eosin solution, l.Oml of citrate buffer and a final 
aqueous phase volume of 20ml. 

Choice of solvent 

Many solvents have been examinedi for their et& 
ciency in extracting ion-association complexes con- 
taining fluorescein derivatives. They are representa- 
tive of most classes of organic compounds, including 

% acetone in chloroform 

Fig. 5. Effect of solvent composition on the fluorescence 
nf p-PAPUV-a&n evtrart~ .,. ..,- A ‘._ x-A vVUL.. .,,.....“..,. 

inated hydrocarbons and aromatic hydrocarbons. In 
general, alcohols and ketones have been found to dis- 
solve the dye itself, ethers and esters achieve slight 
extraction but cause the complexes to float on the 
interface, and extraction of the complex is only 
achieved with aromatic or chlorinated hydrocarbons, 
usually nitrobenzene or chloroform. 

These two solvents were examined under condi- 
tions of optimum complex formation and extraction. 
Both extracted the compiex, with nitrobenzene being 
the most efficient, but this solvent produced exceed- 
ingly high blank values which rendered it unsuitable. 
Chloroform gave acceptably low blank values but 
appeared to concentrate the colour of the complex 

IO0 
1 

520 540 560 580 

Wave length, nm 

Fig. 6. Fluorescence spectra of Co-PAPHY-eosin in 3:7 
acetone/chloroform solvent. A. Excitation spectrum. B. 

alcohols, ketones, esters, ethers, hydrocarbons, chlor- Emission snectrum. 
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Table 1. Comparison of solvents for extraction of Co(IItPAPHYeosin complex 

Solvent 

Chloroform 

Nitrobenzene 

Chloroform-acetone (7:3) 

Absorbance 
for 0.4ppm 

Co soln. 

0.612 

1.34 

0.595 

Blank 
absorbance 

0,052 

0.560 

0,059 

Molar 
absorptivity, 

1. mole.~ 1 cm- ’ 

8.26 x lo4 

1.15 X 105 

7% x 1om4 

Remarks 

Colour collection 
at interface 
High blank 
absorbance 
Clean chase r-- ~~ 
separation, 
high fluorescence 

at the interface, a uniform colour being assumed only 
after 10min standing time or centrifuging. Weak 
fluorescence was observed from the chloroform 

extract whereas the nitrobenzene extract showed no 
fluorescence. 

The addition of acetone or alcohol to a chloroform 
extract of an eosin ion-association complex has been 
noted to increase fluorescence,13.14 probably by in- 
,,,,,:,, l L‘, ,,i..l.;,;t., fir ti., A.70 

in 
tkT,o A+.“OA,. ‘ml 

cl6aolrLg tu6 auluvulry “1 uw uyb utb v~ha~ub DVI- 

vent. Mixed acetone-chloroform solutions* were 
therefore examined as extractants for the Co- 
PAPHYeosin complex, particularly with regard to 
maximization of fluorescence. Mixtures containing 
t&30% acetone were prepared and used to extract 
4pg of Co at optimal reagent concentrations. The 
results are shown in Fig. 5, and the fluorescence spec- 
tra of the complex in the mixed solvent appear in 
Fig. 6. The fluorescence increased only marginally 
with more than 15% acetone, but a 30% mixture was 
chosen as the most suitable because of rapid phase 
separation and uniform coiour distribution of the 
complex throughout the organic extract. The problem 
of colour concentration at the interface, mentioned 
above, was completely eliminated by use of the mixed 
solvent. In addition, the fluorescence of the extract 
was increased at least lOO-fold. The wavelength of 
maximum excitation is 537 nm; the proximity of this 
wavelength to the emission maximum at 558 nm 
necessitates use of an excitation wavelength of 
530 nm, but this reduces the fluorescence emission by 
only lo”& 

The study of solvents can be summarized as in 

Table I. 

Calibration cwves 

With the mixed solvent described above, linear 
calibration curves for both absorbance and fluores- 
cence techniques were obtained in the ranges OO40.4 
and 0.029.2 ppm Co respectively. The maximum con- 
centrations used in each case were chosen as the 
points where the calibration curves began to deviate 
from linearity by more than 5%. That is, beyond the 
maximum concentration indicated, curvature of the 
calibration plot occurred, owing either to incomplete 

* When such mixtures are used in alkaline medium there 
is said to bc a risk of explosion because of a base-catalysed 
condensation. 

extraction, or in the case of fluorescence, to self-ab- 
sorption effects. 

Precision studies 

Precision was estimated by taking the standard de- 
viation of the absorbance or fluorescence of seven 
replicate solutions. Precision of the fluorescence tech- 

nique was estimated by setting the fluorescence of the 
fir& rfilllt;~” +A <n .1n;t0 r.” tha fl..~~~m&~~ ,,nlo ,.“A 11111L .J”IULI”II I” 2” U1‘1L.3 “11 LUb IIU”I”IIIbL\r, JMLC a,,” 

comparing the remaining solutions with the first. 
Values for precision, expressed as the relative stan- 
dard deviation of the seven replicates were 2.2% (at 

[Co] 0.4ppm) for absorbance and 3.5% (at [Co] 
O2 ppm) and 6.1% (at [Co] 0.1 ppm) for fluorescence. 

Detection limits were 0.017 and 0.008 ppm Co for 
absorbance and fluorescence methods, respectively. 

Interference studies 

The possible interference of a large number of 
cations and anions in the solvent extraction of 2pg 

of Co(iij was examined. This ievei of cobait was 

chosen to enable absorption and fluorescence 
measurements to be taken on the same sample. The 
results are summarized in Tables 2 and 3. 

Cationic interferences included copper( nickel, 

iron( palladium(U) and to a lesser extent, mercury- 
(II); anionic interferences were restricted to thio- 
cyanate and perchlorate and to a very slight extent, 
silicate. The interference of mercury(I1) was the most 
interesting, with a marked colour change from orange 
to pink-red occurring when mercury(I1) was added 
to an aqueous solution containing PAPHY, buffer 

and eosin. This colour was transferred to the organic 
phase on shaking with the chloroform/acetone mix- 
ture, giving rise to positive interferences for fluores- 
cence and absorbance measurements. The colour 
change observed in aqueous solution could not be 
detected spectrophotometrically, indicating that it ori- 
ginated from quenching of the orange-yellow fluores- 
cence of eosin. This was confirmed by taking fluores- 
cence spectra for solutions containing O150 pg of 
Hg(I1) added to eosin, PAPHY and buffer in the same 

concentrations as used for formation of the Co-PA- 
PHYeosin complex, and diluted to 25 ml with dis- 
tilled water. The fluorescence of these solutions de- 
creased with increasing amounts of Hg(I1). 

The interference of copper( nickel, iron(I1) and 
palladium(I1) can be attributed to the fact that these 
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Table 2. Effect of cations on determination of cobalt(B) 
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Cation (w/w ratio to Co) Added as 
Change in Change in 

fluorescence, % absorbance, y0 

Ag+ 
AIs+ 
Cd’+ 
Cr”+ 
cl.?+ 
C’$ + 
cu2+ 
Fe’+ 
Fe2+ 
Fe2 + 
Fe’ + 
Hg’+ 
Hg* + 
Ir3 + 
Kf 
Mg’+ 
Mn2+ 
Na+ 
NH; 
Ni’+ 
Ni’ + 
Pb’+ 
Pd’+ 
PdZ+ 
Rh3+ 
Sr’ + 
Th4+ 
V(V) 
wo:- 
Zn2+ 

(250) 
(500) 
(500) 
(500) 
(50th 
(5) 

I::; 

I:; 

I::; 
(5) 
(500) 
(250) 
(250) 
(500) 
(250) 
(250) 
(5t30) 
(5) 
(250) 

I::) 

AiF& 
Al(N03)s. 9H,O 
CdCl, .3H,O 
Cr(N03)3 .9H,O 
CuSO,. 5H,O 
CuS04. 5H@ 
CuS04. 5H,O 
Fe(NH,),(SO,), .@W 
Fe(NKMS0A. 6H,O 
Fe(NHdAS0&. 6H,O 
FeCl, .6H,O 
Hg(NO,), .H,O 
Hg(NO,), H,O 
NaJrCl,. 12H,O 
KNO, 
Mg(NOa), .6H20 
MnCl, .4H,O 
NaNO, 
NH,NO, 
Ni(N03)2. 6H,O 
Ni(NO& .6H,O 
Pb(NO,), 
PdCl, 
PdCl, 
RhCl, .3H,O 
Sr(N03)a .4H,O 
Th(N0s),.4H20 
NH,VO, 
Na,WO, 
Zn(NO,), .4H,O 

* 
- 
- 

-80 
-8 
t 

-100 
-26 
-265 
- 

8 
- 
- 
- 
- 
- 

- 
-64 
-14 

- 
-100 
-10 

- 

- 
226 

(500) 
(250) - 
(25oj 
(250) 
(250) 
(250) 

- 
- 
- 
- 

* Changes of 5% or less are not listed. 
t In the presence of thiourea. 
fi In the presence of ascorbic acid. 

elements form strong coloured PAPHY complexes Thiourea was found to eliminate the interference 
which are extractable at pH 5.6. These species there- of copper( presumably by its ability to reduce cop- 
fore caused increased absorbance of the organic phase per(I1) to copper(I) under acid conditions. Unfortuna- 
and reduced fluorescence through scattering or tely it could not be used in presence of iron(III) 
absorption of fluorescence radiation. The anionic in- (which did not interfere), because it reduced it to 
terferences were probably due to the interfering ions iron (which does). It was therefore necessary to 
causing reduced extraction of the ternary complex, remove copper from the solution. The likelihood of 
although the mechanism of this interference is not palladium being found in significant concentrations 
clear. in natural samples is low, and because of this, palla- 

Table 3. Effect of anions on the determination of cobalt(B) 

Anion 

Br- 

::3coo- 

;“- 
PO:- 
SCN- 
SeOi- 
SiO:- 
so:- 
Ascorbate 
Citrate 
Tartrate 
Thiourea 

(w/w ratio to Co) 

(250) 
(250) 
(250) 

I;::; 
(250) 
(250) 
(250) 
(500) 
(250) 
(5t3C@) 
(5ooo) 

Added as 

NaBr 
CH,COONa 
NaCl 
NaCIO, 
NaF 
Na,PO, 
KSCN 
Na,SeO, 
Na,SiO, .5HaO 
Na,SO, 
Ascorbic acid 
Sodium citrate 
Sodium tartrate 
Solid thiourea 

Change in 
fluorescence, % 

* 

-32 

-8 

-6 
- 

Change in 
absorbance, % 

- 

-38 

-9 

- 

* Changes of 5% or less are not listed. 
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Table 4. Recovery of added cobalt from 1OOOpg of 
Fe’+ + 1oOOpg of Ni*+ + 1oOO~g of Cu’+ 

Co added, 
K? 

1 .o 
5.0 

10.0 
50.0 

Co found. Recovery, 
KJ % 

0.982 98.2 
4.85 97.0 
9.93 99.3 

49.6 99.2 

dium can be disregarded as an interferent of major 
importance. Thus, to eliminate interferences, a 
method of separation of cobalt from excesses of cop- 
per, nickel and iron was required. 

Removal of interferences 

Of the separation techniques available in analytical 
chemistry, ion-exchange provided the best possibility 
for separation of cobalt from copper, nickel and iron. 
The ion-exchange separation of cobalt from many ele- 
mpntr in hvrlmrhlnrir zpld me&a has beep_ ey_tpn- IILILSLY 111 “, ..I VIIISVI.” 
sively studied, 12,15p17 the results showing that cobalt 
is adsorbed strongly onto an anion-exchange resin in 
9M hydrochloric acid. The cobalt can then be eluted 
from the resin with 4M hydrochloric acid, since at 
this concentration, the distribution coefficient of 
cobalt is very low. Nickel, which forms no anionic 
chloride complex, is not adsorbed on the column at 
any acid concentration. Iron(III), however, is strongly 
adsorbed at most concentrations of hydrochloric acid 
and can only be eluted by very dilute acid (O.lM). 
Palladium shows appreciable adsorption at most acid 
concentrations, with maximai adsorption from 1M 

hydrochloric acid; this element is therefore likely to 
be retained to a large extent on the anion-exchange 
column. Copper is difficult to separate from cobalt 
by ion-exchange, although this can be achieved by 
use of long columns and judicious choice of flow- 

rates. It is considerably more expedient to separate 
the copper first, and this can be readily done by elec- 
tro-deposition in a divided cell to prevent polariza- 
tion of the electrodes by the iron in the sample.” 
After the removal of copper, the sample is passed 
through the anion-exchange column, nickel is eluted 

with 9M hydrochloric acid and then cobalt with 4M 

hydrochloric acid. This process was tested for recov- 
ery of cobalt, the results appearing in Table 4. 

These recoveries were adequate for determination 
of cobalt at levels ranging from ppm to percentage 
levels. provided a suitable sample size was chosen. 

Analysis of samples 

Ideally, the proposed methods of analysis were 
suited to samples containing low levels of cobalt in 
a matrix with favourable ratios of cobalt to copper, 
iron, nickel and palladium. Samples which met these 
criteria were plants and some soils, the latter being 
suitable because of the non-interference of silicate and 
fluoride (since soil digestion is often donewith hyd- 
rnfl,,nrir arirl\ Qm,nl~~ nf thic +.,n- ~IIPTP nnt .,~m;l_ .VL.-.,I.w U”..,’ “u”‘y“” “L LlllU LJyw “lrlr L‘VL LI*L1,1- 

able, so the determination of cobalt in steels was 
attempted. The results for four standard steels are 
shown in Table 5. 

Good agreement was obtained for three of the four 
steels analysed, and no comment can be made on 
the 221/l carbon steel result, because of the non-certi- 
fication of the published analytical result. The highly 
unfavourable ratio of cobalt to iron necessitated repe- 
tition of the ion-exchange separation step to ensure 
complete removal of traces of iron and nickel remain- 
ing after the initial ion-exchange separation. The 
.._,...,r_ _L_...- :- T-V-1. z . .l-r.’ d I IC;SUILS siww~~ 111 lao~t: J were ootamea oy the absor- 
bance method because of the relatively high amounts 
of cobalt present in the samples. Although lengthy 
(3 hr), the procedure has the advantage of being 
applicable to a wide range of cobalt contents, with 
a very low detection limit. 

DISCUSSION 

Cobalt(I1) complexes of many ligands have shown 
anomolous extraction behaviour, and this has also 

been observed for PAPHY and PAQH where the 
complexes formed have been found to be non-extrac- 
table at high pH values.6s10 It has been demonstrated 
that PAPHY-type compounds act as oxidizing agents 
towards cobalt(II),i8 and the CoPAPHY binary 
complex has been confirmed to be 2:l (ligand to 
metal), diamagnetic and containing cobalt in the +3 
oxidation state. Similar properties have been observed 
for the CoPAQH complex,” in which only one of 
the ligands in the complex is deprotonated. The reac- 
tion between cobalt(II), PAPHY and eosin may be 
represented by the rf=artinn s&em.e . lyIcl.,.. 

(1) Co(H) 
PAPHY 
h Co(II1) 

(2j coj+’ + 2HL Z$ Co(HL); + 
(3) Co(HL); + ti COG+ + H+ 

(4) COW)(HL)~ + + 2E- $ Co(L)(HL)E, 

Table 5. Analysis of steels for cobalt 

No. of Mean, Cobalt content,* 

B.C.S. No. Description detns. % % 

14913 High-purity iron granules 3 0.0062 0.007 

221/l Carbon steel 3 
^ ^ ._ _ ,..?.* 
wJ4L UUI1(’ 

23912 Carbon steel 3 0.024 @02* 

23512 Ti-stabilized stainless steel 3 DO55 0.056* 

* Result not given British Chemical Standard certification, owing to insufficient independent analyses. 
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where E- represents the eosinate anion. An alterna- 3. D. N. Lisitsyna and D. P. Shcherbov, Zh. Analit. 

tive formulation would involve the double deprotona- Khim., 1970, 25, 2310. 

tion of Co-PAPHY before the reaction with eosinate: 4. F. Lions and K. V. Martin, J. Am. Chem. Sot., 1958, 
SO. 3858. 

(4)’ Co(L)(HL)‘+ $CoL; + H+ 5. J. b. Geldard and F. Lions, ibid., 1962, 84, 2262. 

(5) CoL; + E- + CoL,E 6. A. J. Cameron, N. A. Gibson and R. Roper, Anal. 
C-hi???. p.r?n 1967 79 73. _ _, _, __, _ , 

Attempts to elucidate the nature of the extracted 7. R. W. Green, P. S. Hallman and F. Lions, Inorg. 

ternary complex by Job’s method and the mole-ratio Chem., 1964. 3, 376. 

method proved to be unsuccessful owing to the large 
8. Idem, ibid., 1964, 3, 1541. 
9 C. F. Bell and D. R. Rose, Talanta, 1965, 12, 696. 

lo: excesses-of eosin and PAPHY required-for complete 
reaction and extraction of the complex. However, at 
the acidity used throughout this study (pH 56), it 
is likely that Co-PAPHY would exist as the singly 
deprotonated form, suggesting that the correct for- 
mula for the complex is Co(L)(HL)E, where HL rep- 
resents the protonated form of the ligand. 
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Summary-A method is described for the determination of uranium in minerals and rocks by spectro- 
photometry and fluorimetry. After treatment of the sample with hydrochloric acid, uranium is separated 
from matrix elements by adsorption on a column of the strongly basic anion-exchange resin Dowex 
1 X8 from an organic solvent system consisting of IBMK, tetrahydrofuran and 12M hydrochloric 
acid (1:&l v/v). Following removal of iron, molybdenum and co-adsorbed elements by washing first 
with the organic solvent system and then with 6M hydrochloric acid, the uranium is eluted with 
1M hydrochloric acid. In the eluate, uranium is determined by means of the spectrophotometric 
arsenazo III method or fluorimetrically. The suitability of the method for the determination of both 
trace and larger amounts of uranium was tested by analysing numerous geochemical reference samples 
with uranium contents in the range lo-‘-104ppm. In practically all cases very good agreement of 
results was obtained. 

Spectrophotometric and fluorimetric methods are 
employed extensively for the determination of 
uranium in a variety of geological samples, including 
materials of very low uranium contents such as basalt- 
ic rocks, and of uranium-rich minerals, as for in- 
stance torbernite, carnotite, uraninite and pitch- 
blende.’ For the successful analysis of both types of 
~~iurn-~~~g materials the very sensitive spectro- 
photometric method of ur~ium detestation can 
be used, which is based on measurement of the absor- 
bance of the green ur~i~(~~ar~n~o III complex 
in moderately concentrated hydrochloric acid 
medium.’ Interferences are caused by thorium, zir- 
conium, titanium, rare earth elements, molybdenum, 
and iron, so it is necessary to separate uranium from 
these elements and also from other components such 
as the main constituents of minerals and rocks. For 
this purpose, methods based on liquid-liquid extrac- 
tion and ion-exchange have found widespread appli- 
cation.’ 

In the present paper an application is described 
of a single separation step which is based on anion- 
exchange in an organic solvent system. Following this 
quantitative separation, uranium can be determined 
free from interferences, by either the arsenazo III 
method or fluorimetrically. 

EXPERIMENTAL 

Reagents 

ion-exchanger. The strongly basic anion-exchanger 
Dowex 1 X8 (loo-Zoo mesh; chloride form) was used. To 
purify the exchanger (which contained, e.a., iron and zinc) 
200 g of the resin were treated in succes~on with 2 htres 
of fM nitric acid, 2 htres of 6M hydr~hloric acid, 2 litres 
of 1M hydrochloric acid, 3 litres of distilled water and 
1 litre of reagent grade methanol. This batch of resin was 

air-dried and 3 g of it were slurried in a few ml of the 
IBMK-THF-HCl mixture (see below) and transferred to 
an ion-exchange column, with the same mixture used as 
a rinse. 

Standard uranium solutions. Aliquots of a stock solution 
containing 10 mg of uranium (as uranyl chloride) per ml 
of 12M hydrochloric acid were diluted with water to 
obtain standard solutions in 9M, 6M and 1M hydrochloric 
acid containing @l-lo4 ppm of uranium. 

I~~~-~~~-~C~ mixture. A mixture of IBMK (isobu- 
tyl methyl ketone), THF (tetr~ydrof~~) and 12M hydro- 
chloric acid (1:8: 1 v/v) was prepared several hours before 
use (in order to prevent the formation of air-bubbles in 
the resin bed). This solution can be stored for at least 
a week without loss of effectiveness. 

Arsenazo III solution. Freshly prepared and filtered 0.1% 
aqueous solution. 

Other reagents. “Fluorhase” (200 mg) pellets consisting 
of 95% sodium fluoride and 5% lithium fluoride (Nord- 
rhein-Chemie, 41 Duisburg 12, West Germany), zinc metal 
(dust or finely granulated zinc), oxalic acid 1.0, 6, 9 and 
12M hydrochloric acid, 1M nitric acid, and reagent-grade 
methanol 

Apparatus 

The ion-exchange ~parations of uranium were per- 
formed in columns of the type and dimensions described 
earlier.’ 

Determination of distribution coefficients 

The distribution coefficients (&-values) of uranium and 
some of the more strongly adsorbed metal ions were deter- 
mined by using the batch-equilibrium method, and the 
column technique was employed to measure the &-values 
of iron, molybdenum and other elements which are weakly 
retained by the resin.3 The usually high distribution coeffi- 
cients of uranium were determined after equilibration (for 
4 hr) of 1 g of the resin with 20 ml of the organic solvent- 
hydrochloric acid mixture tested (see Tabte 1) containing 
20 mg of uranium, followed by filtration, etc3 In the deter- 
minations of the batch and column ~stribution coefficients 
of the other elements only 1 mg each of the meta ions 
was used (see Table 2). 
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Procedures 

D~sso~~~~o~ ~~su~~~es. To 1.0 g of the thoroughly homo- 
genized sample, in a 2%ml beaker, 100 ml of concentrated 
hydrochloric acid are added, the beaker is covered with 
a watch-glass, and the mixture is heated on a sand-bath 
until its volume has been reduced to about 30 ml. Subse- 
quently the solution is evaporated to dryness under an 
infrared lamp, another 100 ml of concentrated hydro- 
chloric acid are added and the solution is evaporated to 
dryness again under the heat-lamp. To the residue 30 ml 
RF nnn l,.,,&.,Y.l.,rl,r;r nr;rl nr* o&i-A l l.a . ..&+..... :.. L-,.+-A “, “l.l L’JuLw.,~II”IIr LIc.lll (IIS, (LUUL,~) L‘lP LLII*Lu‘G 1s ,,ea&Xl 
under the lamp for several minutes and then let stand (pre- 
ferably overnight). Afterwards, insoluble material (mainly 
silica) is removed by filtering off on a dense filter, 6h;I 
hy~o~hlo~~ acid being used for washing the filter naner 
and residue free from -iron. The filtrate -6 evaporated- to 
dryness on a steam-bath and the residue is taken up in 
about 30 ml of the IBMK-THF-HCl mixture. If two 
phases are formed, more solvent mixture is added until 
a homogeneous solution is obtained* in which however, 
a portion of the solute (mainly silica) usually reaDDears 
as a suspension, owing to the- decrease of sblubihcy on 
addition of the IBMK-THE-HCl mixture. This insoluble 
material is filtered off on a dense filter, and washed with 
IBMK-THF-HCl solution. The filtrate (usually 5GlOO ml) 
is the sorption solution for the ion-exchange separation. 

Ion-exchange separation. The sorption solution is passed 
through the ion-exchange column containing 3 g of the 
resin (pretreated with 10 ml of the IBMK-THF-HCL mix- 
ture), at a flow-rate of about 08 mlimin. Iron and molvb- 
denum are removed by washing the column with 50*ml 
of the IBMK-THF-HCl mixture. and Conner. cobalt. etc. 
as well as organic solvents left in the resin bed are eluted 
with 100 ml of 6M hydrochloric acid. The adsorbed 
uranium is then eluted with 100 ml of 1M hydrochloric 
acid. 

The resin column may be used for the isolation of 
uranium from further samples provided that 30 ml of the 
IBMK-THF-HCl mixture are used to pretreat it following 
the eiution of uranium. 

Quantitative determination of uranium. The uranium 
eluate is evaporated to drvness on a steam-bath or under 
an infrared Iamp and the residue is dissolved in 9M hydro- 
chloric acid and transferred to a 25-m] standard flask and 
diluted to volume with the acid. If this solution contains 
> 1 ppm of uranium (i.e., > 25 pg of uranium) it is necess- 
ary to dilute it (or an aliquot) with the same acid to a 
suitable volume in which this concentration is not 
exceeded 

A. Spectrophotometric method. Ten ml of the 9M hydro- 
chloric acid solution of the uranium are transferred to a 
lOO-ml wide-neck Erlenmeyer flask, 0.3 g of oxalic acid 
and 1.10 g of zinc are added and the flask is covered 
loosely with a QtnnntV l-m&lo th_e reduction. the flask is y.vYY”. . - . . “..b 
shaken carefully until all the zinc has dissolved. Immedi- 
ately afterwards 1.0 ml of the arsenazo III solution is 
added and the absorbance is measured at 665 nm against 
a reagent blank prepared in the same way. A calibration 
curve for the range I-1Opg of uranium is constructed 
.according to the reduction procedure described above. 
Beer’s law is strictly obeyed up to 10 ng of uranium jabsor- 
bance @400). Higher amounts give strong positive devi- 
ations from linearity. The absorbance remains constant for 
at least 100 min. If less than 0.2 pg of uranium is present 
in the 10 ml of test solution (<0.5 ppm in the original 
sample) this method is less reliable (because of the lo\u 

* If after addition of the organic solvent mixture a total 
volume of 100 ml should be reached without obtaining 
homogeneity, 1 ml of concentrated hydrochloric acid is 
added-this causes immediate disappearance of the two 
phases. 

absorbance) than the fluorime~ic procedure described 
below. 

B. Fluorimetric method. A suitable volume (e.g., 0.1 ml) 
of the uranium eluate or of the 25 ml of the 9M hydru 
chloric acid solution containing the uranium is evaporated 
in a small platinum dish“ and after addition of a “Fluor- 
base” pellet, a melt is prepared under strictly controlled 
conditions.’ The fluorescence intensity of the cold flux is 
measured and compared with the intensity of fluxes of 
known uranium concentrations. 

RESULTS AND DISCUSSION 

The dissolution procedure described, in which only 
hydr~hloric acid is used, proved to be highly satis- 
factory for all of the samples analysed although it 
is in principle based on leaching only. Investigation 
of the completeness of dissolution showed that the 
portions insoluble in hydrochloric acid never retained 
more than about 0.1% of the total uranium content. 

During filtration of the IBMK-THF-HCl mixture 
to remove the insolubles, some of the silica passes 
:..+, tr., fin..,+, L.* +L:” ._.,.” F-..,A . ..^I *-^ L.+.WL...- llll” 111e 11111arr; “UL LLUS was l”U,,U L‘“L L” ,,,LeI‘G‘e 
with the subsequent anion-exchange separation of 
uranium. The silica passes right through the resin bed 
and hence does not block the column. 

Investigations of the effect of varying the concent- 
rations of IBMK, hydr~hloric acid and of water-mis- 
cible organic solvents on the adsorption of uranium 
and iron on Dowex 1 gave the results presented in 
Table 1. 

At high acid concentrations in the presence of 
IBMK, acetone or tetrahydrofuran, the &-values and 
elution volumes for iron are considerably lower than 
those for the other systems shown in Tabie i. That 
is not surprising because these media contain three 
CIESE-active components,G6 namely hydrochloric 
acid and IBMK mixed with either acetone or tetra- 
hydrofuran so that ~on(II1) chloride shows practically 
no tendency to be adsorbed on the anion-exch~ger. 
This is also true for moly~enum although to a lesser 
extent in most of the media; like iron, molybdenum 
is also readily extracted by IBMK or other ketones 
or ethers from hydrochloric acid solutions3 Investiga- 
tions using molybdenum dissolved in the systems in 
which elution volumes for iron of 2 or 3 ml were 
measured (Table 1) have shown that for molybdenum 
similarly small elution volumes, which are necessary 
to effect complete removal of molybdenum, were 
obtained with only three media i.e., in the 1:8:1, 
4: 5: 1 and 8: 1: 1 v/v IBMK-THF-HCl mixtures. In 
all other mixtures the elution volumes for molyb- 
denum were found to exceed 50 ml. As will later be 
shown in Table 3, the virtually complete removal 
(separation) of molybdenum and iron is essential for 
the accurate spectrophotometric determination of 
uranium. 

From Table 1 it is also seen that uranium (as the 
anionic chloride complex) is strongly adsorbed from 
virtually all of the systems investigated-the smallest 
but still sufficiently high distribution coefficients being 
found in the media containing acetone or tetrahydro- 



Table 1. Distribution coefficients of uranium and iron on Dowex 1, X8 in IMBK-HCI mixtures containing varying 
concentrations of organic solvents 

Composition of the IMBK-HCl systems Distribution coefficients 

IMBK, Organic solvent, HCI, 

% c/v % VIV % 0 Uranium(V1) Iron(III)* 

80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 
80 
50 
10 

10 (Methanol) 
40 (Methanol) 
80 (Methanol) 
10 (Methanol) 
40 (Methanol) 
80 (Methanol) 
10 (Methanol) 
40 (Methanol) 
80 (Methanol) 
10 (Ethanol) 
40 (Ethanol) 
80 (Ethanol) 
10 (Ethanol) 
40 (Ethanol) 
80 (Ethanol) 
10 (Ethanol) 
40 (Ethanol) 
80 (Ethanol) 
10 (Propan-l-01) 
40 (Propan-l-01) 
80 (Propan-l-01) 
10 (Propan-l-01) 
40 (Propan-l-01) 
On /n.._-?._ I -1, 0” \rl “pa‘l-l-ul, 
10 (Propan-l-01) 
40 (Propan-l-01) _ 
80 (Propan-l-01) 
10 (Acetic acid) 
40 (Acetic acid) 
80 (Acetic acid) 
10 (Acetic acid) 
40 (Acetic acid) 
80 (Acetic acid) 
10 (Acetic acid) 
40 (Acetic acid) 
80 (Acetic acid) 
10 (Propan-2-01) 
40 (Propan-2-01) 
80 (Propan-2-01) 
10 (Propan-2-01) 
40 (Propan-2-01) 
80 (Propan-2-01) 
10 (Propan-2-01) 
40 (Propan-2-01) 
80 (Propan-2-01) 
10 (Methyl glycol) 
40 (Methyl glycol) 
80 (Methyl glycol) 
10 (Methyl glycol) 
40 (Methyl glycol) 
80 (Methyl glycol) 
10 (Methyl glycol) .^ .._ . 
40 (Methyl giycoi) 

80 (Methyl glycol) 
10 (Acetone) 
40 (Acetone) 
80 (Acetone) 
10 (Acetone) 
40 (Acetone) 
80 (Acetone) 
10 (Acetone) 
40 (Acetone) 
80 (Acetone) 
10 (Tetrahydrofuran) 
40 (Tetrahydrofuran) 
80 (Tetrahydrofuran) 
10 iTc=trahvrlmfnrani -- ,------- ,-_--.I.I-., 
40 (Tetrahydrofuran) 
80 (Tetrahvdrofuran) 
10 (Tetrahydrofuran) 
40 (Tetrahydrofuran) 
80 (Tetrahydrofuran) 

10 (12M) 
10 (12M) 
10 (12M) 
10 (6M) 
10 (6M) 
10 (6M) 

10 (1M) 
10 (1M) 
10 (1M) 
10 (12M) 
10 (12M) 
10 (12M) 
10 (6M) 
10 (6M) 
10 (6M) 
10 (1M) 
10 (1M) 
10 (1M) 
10 (12M) 
10 (12M) 
10 (12M) 
10 (6M) 
10 (6M) 
lo ,l*I\ I” (“WI, 
10 (1M) 
10 (1M) 
10 (1M) 
10 (12M) 
10 (12M) 
10 (12M) 
10 (6M) 
10 (6M) 
10 (6M) 
10 (1M) 
10 (1M) 
10 (1M) 
10 (12M) 
10 (12M) 
10 (12M) 
10 (6M) 
10 (6M) 
10 (6M) 
10 (1M) 
10 (1M) 

10 (1M) 
10 (12M) 
10 (12M) 
10 (12M) 
10 (6M) 
10 (6M) 
10 (6M) 
10 (1M) 
10 (1M) 
10 (1M) 
10 (12M) 
10 (12M) 
10 (12M) 
10 (6M) 
10 (6M) 
10 (6M) 
10 (1M) 
10 (1M) 
10 (1M) 
10 (12M) 
10 (12M) 
10 (12M) 
10 (6.M) 
10 (6M) 
10 (6M) 
10 (1M) 
10 (1M) 
10 (1M) 

1.25 x lOa 
1.74 x lo3 
20.3 x lo3 

two-phase mixture 
6.65 x lo3 
4.80 x lo3 

two-phase mixture 
650 
460 
625 

3.50 x 10s 
14.3 x loa 

two-phase mixture 
2.20 x 10s 
3.00 x lo3 

two-phase mixture 
two-phase mixture 

330 
610 

3.60 x 10’ 
57.0 x 103 

two-phase mixture 
4.80 x lo3 
ILn ., ,n3 
IV” x I” 

two-phase mixture 
two-phase mixture 

1.23 x lo3 
830 

9.80 x lo3 
ti 10s 

two-phase mixture 
20.0 x lo3 

> lo5 
two-phase mixture 
two-phase mixture 

> 10s 
580 

3.40 x lo3 
85.0 x lo3 

two-phase mixture 
3.70 x lo3 
60.0 x lo3 

two-phase mixture 
two-phase mixture 

6.80 x lo3 
two-phase mixture 

3.50 x lo3 
14.0 x lo3 

two-phase mixture 
4.80 x lo3 
22.0 x 103 

two-phase mixture 
1.60 x 10s 
10.3 x lo3 
500 

zz 
two-phase mixture 
two-phase mixture 

480 
two-phase mixture 
two-phase mixture 

1.05 x lo3 
380 
550 
550 

twn_nhn.e mivt,,re . . . ., y*Lyy’ II.I,,...I” 
two-phase mixture 

310 
two-phase mixture 
two-phase mixture 

100 

1 (3) 
3 (>50) 

>50 

7 (ti50) 
>50 

>50 
>50 

1 (3) 
1 (>50) 

>50 

1 (ZSO) 
>50 

>50 

1 (3) 
1 (3) 

50 

1 (>50) 
>:o 

>50 

1 (3) 
2 (>50) 

9 50 

2 (>50) 
+ 50 

5 50 

1 (2) 
1 (5) 
l(150) 

1 (50) 
30 (B50) 

$50 

1 (>50) 
3 (>50) 

2 (250) 
10 (+ 50) 

2 (b 50) 
30 (9 50) 

1 (2) 
1 (2) 
1 (3) 

1 (>50) 

1 (>50) 

1 (2) 
1 (2) 
1 (3) 

1 (5) 

1 (20) 

* The elution volume (ml) of iron (l-g column of Dowex 1) is shown in brackets, 
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Table 2. Distribution coefficients of metal ions in IBMK-THF-HCI (1:X: 1) 
(1 g of Dowex 1 X8; 1-mg load) 

Metal ion 
Distribution 

coefficient Metal ion 
Distribution 

coefficient 

UO,(IU 
Fe(III) 
MO(W) 
Cu(lI) 
Co(H) 
Pb(II) 
Mn(II) 
Cd(H) 
Zn(II) 
Ni(II) 
Cr(lII) 

550 Be(H) 
I* Mg(II) 
2* Ca(I1) 

125 Na(I) 
50 K(I) 
75 Al(II1) 

110 Ce(III) 
170 V(V) 
200 Ti(IV) 

50 Zr(IV) 
1 Th(IV) 

<l 
2 
1 
2 

*The elution volume on a l-g column of the resin is equivalent to 3 ml. 

furan. From the latter media the 1:s: 1 v/v mixture 
was selected as the most suitable for the separation 
of uranium from geological samples. In this system 
the distribution coeficient of uranium (55G) is high 
enough to guarantee the complete adsorption of even 
mg-amounts of uranium and the &-values and elu- 
tion volumes of iron and molybdenum are very low 
(see also Table 2), so they can be separated from 
uranium most effectively. An additional advantage of 
this medium stems from the fact that the tendency 
for formation of two phases on dissolution of the 
chloride residue in IBMK-THF-HCl mixtures de- 
creases with increasing concentration of tetrahydro- 
furan in the mixtures. 

Investigations of the adsorption behaviour of 
numerous elements on Dowex 1 from the selected 
IBMK-THF-HCl mixture gave the results presented 

in Table 2. Atomic-absorption spectrophotometry 
was used for the necessary analyses. From these dis- 
tribution coefficients it is evident that during the sorp- 
tion process not only uranium but also copper, 
cobalt, lead, manganese, cadmium and zinc will be 
adsorbed on the resin. Previous experience has shown 

* Complete removal of iron (and also molybdenum) is 
impossible if it has been adsorbed from 6M hydrochloric 

.* 1 ,-1x_ TT,T- rrn1 “___*:__ ,._,..*:__ __.. acm or wnen an ~DLV,~- I 21=‘-“~1 su~p~luu ~VIUIIUII LULL- 
taining more than 100 mg of iron/30 ml is passed through 
the resin column. 

however, that under the conditions of analysis, i.e., 
in the presence of large amounts of chlorides as is 
the case after treatment of the geological samples with 

hydrochioric acid, some of these eiements (and aiso 
those, e.g., lead, for which the adsorption decreases 
with increase in the chloride concentration) are much 
less strongly adsorbed than their &-values would in- 
dicate (salt-effect). 

The washing with IBMK-THF-HCl mixture im- 
mediately after passage of the sorption solution 
through the resin bed removes residual iron and 
molybdenum* so that these will not interfere with 
either the spectrophotometric or the fluorimetric pro- 
cedure for uranium assay. Other elements which, if 
not separated from uranium, may cause interferences 
in either or both of these methods, are eluted subse- 
quently with 6M hydrochloric acid. Thus, this eluent 
quantitatively eliminates from the resin all of the 
adsorbed elements listed in Table 2 except uranium, 
cadmium and zinc (The distribution coefficients in 
6M hydrochloric acid are 283, > 100 and > 100 for 
uranium, cadmium and zinc respectively.) At the same 
time the residual organic solvents are also removed 
from the resin bed. On subsequent elution of uranium 
with 1M hydrochloric acid (Kd - l), cadmium and 
zinc (Kd,,, _ 103; K,,,, > 100) are not co-eluted with 

it. 
The ion-exchange separation method described was 

applied to the analysis of numerous geological speci- 

Table 3. Effect of iron and molybdenum on the spectrophotometric 
determination of uranium with arsenazo III (5.0 pg of uranium taken) 

Fe present, 

/%l 

U found, 

fig 

MO present, 

PS 

U found, 

&I 

5.00 0 5.10 
5.00 5 5.40 
5.00 50 5.80 
5.00 75 4.90 
4.94 loo 4.50 
4.80 200 000 
4.54 300 0.00 
4.00 400 000 
1.53 500 @OO 
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Table 4. Results of uranium determinations in reference samples from the Internation~ Atomic Energy Agency, Vienna, 
Austria7 

Sample 

u,a, % 
Spectrophotometry 
A B A 

S-l (Torbernite; Australia) 0.456 0457 (3000) 0.456 
S-2 (Torbernite; Spain) 0.298 0.300 (3000) 0.300 
S-3 (Carnotite; U.S.A.) 0.401 0402 (3000) 0401 
S-4 (Uraninite; Australia) 0,378 0.377 (3000) 0.379 
S-12 (Pitchblende; Spain) 0016 0.016 (100) 0.016 
S-13 (Pitchblende; Spain) 0,035 0.035 (100) 0.035 

Fluorimetry 
B 

Other 
laboratories 
I II 

0455 (3000) 0483 O-47 1 
@300 (3ooo) 0313 0.313 
0402 (3000) 0.415 0.418 
0378 (3000) 0377 0.375 
0.016 (100) 0014 0.014 
@035 (100) 0037 0,039 

A = Results obtained for an unspikcd sample. 
B = Results obtained after deduction of a spike (shown in parentheses as pg of uranium added per g of sampIe) 

added before the dissolution of the sample. 
I = Arscnaro III method.’ 
II = Mean of all methods used for uranium determination.’ 

mens (see later) and to test-solutions containing 
known amounts of uranium (1, 10 and 100 pg), 
molybdenum (5 mg), iron (100 mg) and cobalt (1 mg). 

Analyses of these mixtures showed that in the entire 
uranium eluate not more than 25 pg of iron were 
present (determined by atomic~abso~tion spectro- 
photometry) even if as much as 100 mg of this ele- 
ment were present in the sorption solution. Molyb- 
denum and cobalt were completely separated, no de- 
tectable amounts being found in the uranium eluate. 

The effect of iron and molybdenum on the spectro- 
photometric determination of uranium with arsenazo 
III was tested with various concentrations of these 
elements. From Table 3 it is seen that the tolerance 

limit for iron is relatively high, up to 1.50 pg of iron 
not interfering with the uranium determination. Thus, 
the method is much less sensitive to iron than the 
fluorimetric procedure in which much smaller quanti- 
ties of iron cause an appreciable quenching of the 
uranium fluorescence.’ On the other hand molyb- 
denum has prakally no influence on the fluor~et~~ 
method but interferes seriously when arsenazo III is 
used, giving a positive error when ~75 fig are present 
and a large negative error when > 100 ,~g are present 
in the solution measured (Table 3). In the presence 
of 200-500 pg ofmolybdenum no uranium was found. 
Interferences by iron and molybdenum are not to be 
expected to occur, however, after the ion-exchange 

Table 5. Results of uranium determinations in reference rock samples 

Source’ Sam& Rd. 

2 MRG-I (Gabbro) 
SY-2 (Syenite rock) 
SY-3 (Syenite rock) 

3 NIM-G (Granite) 
NIM-L (Lqavritr) 

NIM-N (Norite) 
NIM-P (Pyroxenite) 

NIM-S (Syenite) 
NIM-D (Dunk) 

4 Granite GA 
Granite GH 
Basalte BR 
Biotite IMicsFe 
Pblogopite hfica-Mg 
Ihonk DR-N 
Serpentine ?JB-N 
Bauxite RX-N 
Dish&c DT-N 

5 USGS-G-2 (Granite) 
USGS-GSP-I (Granodiarite) 
USGS-AGV-I (And&e) 

93-h 94.8 (100) 

2.76 2.85 (5) 
324 3.23 (5) 

0.30 025 (Iq 
246 250 (ZOO) 
634 630 (500) 

1580 16.00 (100) 

15.00 15ciO(IDO) 

038 037 (1.0) 
O-30 030 (1.0) 
060 a55 (1.0) 
0.18 018 (1.0) 

4.75 4.80 (5.0) 
1581 15.84(15) 

1.66 169(1.0) 
66.10 66W 1501 
0.16 UfOif+ij 
I.50 I47 11.01 

226 
2.42 

1.31 

91.2 93.1 (lo@ 
2.73 2.63 (5) 

3.25 336 (5) 

a21 O-19 (1+3) 
250 255 (200) 
6(M 623 (500) 

Ifi, 16.17 (100) 

1637 16.05 (10.0) 
Q.35 0.35 (1.0) 
0.26 026 (1.0) 
0.56 0.50 (I.01 
@I6 0.13 (1.0) 

4.78 4.70 (501 

IS.7 1s.7 (15) 
f46 1.40 1 PO! 

ii@31 @Ha (50) 
010 DIO(l.Of 
1.38 145 (l.Oj 
lxx3 wn5 {l-o) 
4% 4.30 (5Q 
I.37 i-39 (1.0) 

2.22 

2.45 
1.35 

104~2 (mean] 
367 (mean) 
3-34 (mean) 

- 

5~500 
loo-loo0 

IO-63 (14) 
8-38 (13) 

021-07 (05) 
021-07 (05) 
Oc6-09 (06) 
014-Z (05) 

1.7: 2; 4.26; 4”86 

10: 12; w2: 19.71 
09: 1.9; 2.1: 2.65 
35:4(t; 57; 94 
I.2 
1: 2 

-.. 

(1,96) 
l%t lI,SRl 

8 
8 
8 

9 

9 

10 
10 

10 
IO 
10 
IO 

II 
if 
II 
II 
11 
11 

* 1, IAEA, Vienna; 2, Canadian Standard Reference Materials Project; 3, National Institute for Metallurgy, Johannes- 
burg; 4, Centre de Recberches Petrographiques et Gtochimiques, Vandoeuvre-l&-Nancy; 5, U.S. Geological Survey. 

t A, B - See footnotes to Table 4. 
4 Figures in parentheses arc quoted from Flanagan” 
$ Determined fluorimetrically after separation by the THF-methyl &cot-HCl methoc14 
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Table 6. Results of uranium determinations in Canadian radioactive ore standardsI 

Sample 
Spectrophotometry 

A B 

Uranium, “/:, 

Fluorimetry Other laboratories 
A B (mean of all results)‘3 

DH 0.194 0.176 (1500) 0.190 0.181 (1500) 0.177 
DL 0+)042 0.0042 (50) 00&l2 oQO40 (50) 00039 
BL-1 0.0230 0.0227 (250) 0.0227 0.0210 (250) 0.0219 
BL-2 0.43 1 0,439 (5000) 0.431 0.433 (5000) 0.450 
BL-3 @923 n.o,< ,,I+) “7I.J (1” , @922 n.nlrr (1 n41 “7J”[I” , ::Q:6 
BL-4 0.171 0.170 (1500) 0.171 0.174 (1500) 0.173 

A,&See footnotes to Table 4. 

separation, because the amount of iron accompanying 
uranium in the eluate is always much lower than 150 
pg and molybdenum is separated quantitatively. Fur- 
thermore, thorium, zirconium, titanium, rare-earth 
elements and phosphate, which also strongly interfere 
with the arsenazo III method,’ will have no effect 
on the determination of uranium because they are 
rnmnl~tc=ki cpnaratcvl hv the aninn-t=urhrrnoc= l&s: ~““‘y’~‘~‘J y’y”‘“.-.. vJ . .._ u__v__ _1.__ --_a-. 

100 mg of sodium phosphate gave no interference: 
and up to 100 mg of sulphate did not interfere with 
the ion-exchange separation of uranium. 

The results of uranium determinations in numerous 
reference samples are shown in Tables 4-6. The spec- 
trophotometric method gives somewhat higher results 
than fluorimetry when very iron-rich samples, e.g., 
Biotite Mica-Fe (total Fe as FezO, = 2575%) and 
Bauxite BX-N (total Fe as Fez03 = 23.21%) (see 
Table 5) are analysed, because the amount of iron 
accompanying uranium into the eluate causes 
quenching of the uranium fluorescence. Apart fi0iii 

these few instances in which the fluorimetric pro- 
cedure gives lower results, the uranium results are 
generally in reasonably good agreement with the 
results obtained in other laboratories, exceptions 
being Sediment-2 and Phlogopite Mica-Mg (see Table 

5). 
Because the method is based on separations on 

anion-exchange columns, which can be performed 
more or less automatically, it is possible to analyse 
numerous samples simultaneously, i.e., the procedure 
is very well suited for the routine determination of 
uranium over a concentration range of about five 
orders of magnitude. 
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Summary-A method is described for the atomic-absorption determination of beryllium in liquid en- 
vironmental samples after separation by solvent extraction and cation-exchange. The beryllium is first 
isolated from natural waters and beverages by chloroform extraction of its acetylacetonate from a 
solution at pH 7 and containing EDTA. The chloroform extract is then mixed in the ratio of 3: 6: 1 
with tetrahydrofuran and methanol containing nitric acid, and passed through a column of Dowex 
50 X8 (H+-form). After removal of acetylacetone, chloroform and tetrahydrofuran by washing the 
resin bed with methanol-HNO,. bervllium is eluted with 6M hydrochloric acid and determined by ________.___ ___ _ =, __ .,.. __~~~ ~. _~. ~~ 
atomic-absorption spectroscopy. The method was successfully applied to determine beryllium in tap-, 
river- and sea-water samples, mineral waters and wines. Beryllium contents in the range from co.01 
to 2.3 &l. were found in these materials. 

Determinations of trace quantities of beryllium in 
liquid environmental samples, e.g., natural waters and 
beverages, are gaining increased importance with the 
growing interest in pollution of the environment with 
this toxic element. Analytical techniques based on 
atomic-absorption spectrophotometry,“’ emission 
spectroscopy, ‘-lo fluorimetry’ l-l’ and spectrophoto- 
metry’“- can be employed. To avoid interference 
by matrix elements and to increase the sensitivity, 
suitable preconcentration techniques are often used 
to separate beryllium before its quantitative deter- 
mination. Especially suitable for quantitative isolation 
of trace amounts of beiyllium from natural waters 
are separation methods based on the chloroform (or 
carbon tetrachloride) extraction of beryllium acetyl- 
acetonate3*‘3.‘8,‘g or co-precipitation with suitable 
collectors such as the hydrous oxides of iron- 
(III), 6, “3 1k16*20 aluminium’5~ l6 and manganese,20 
or titanium phosphate. I7 Other techniques are based 
on the adsorption of beryllium on various sorbents 
such as a 1: 1 mixture of activated charcoal and chlor- 
inated lignin,’ silica gel” and the strong-acid cation- 
exchanger Dowex 50 X8 (in the Fe3 ’ or MnZf form 
and treated with excess of ammonia solution).*’ Com- 
binations of these methods may also be employed, 
e.g., co-precipitation of beryllium with ferric hydrox- 
ide and subsequent separation by anion-exchange.15 

In the present paper, a combination of separation 
techniques is described, which utilizes chloroform 
extraction of hervllium acetvlacetnnate2’~22 2s the , ------- --__, ----____ -__ 

first preconcentration step, followed by cation- 
exchange enrichment of beryllium directly from the 
organic extract. 

EXPERIMENTAL 
Solurions and reagents 

Ion-exchange resin. Dowex 50 X8 (lW200 mesh; 
H+-form) was used. For purification, 500 g of the resin 
were treated successively with 2 litres of 6M nitric acid, 
500 ml of O.lM nitric acid, 2 litres of distilled water and 500 
ml of reagent-grade methanol. The purified resin was air- 
dried. Before use 4 g of the cation-exchanger were slurried 
with a few ml of CHC13PTHF-MeOH solution and trans- 
ferred to the ion-exchange column as completely as poss- 
ible with the same solution. 

Standard beryllium solutions. An exactly weighed amount 
of beryllium nitrate tetrahydrate was dissolved in 1M nitric 
acid to obtain a stock solution containing 630 ppm of 
beryllium. From this solution, standard solutions O.lM in 
nitric acid and 0.6M in hydrochloric acid were prepared, 
which contained from 0.006 to 630 nom and from 0003 
to 630 ppm of beryllium respectively. I 

CHCI,-THF-MeOH solution. This solution, of @lM 
overall acidity, is prepared by mixing 30 ml of chloro- 
form with 60 ml of tetrahydrofuran (THF) and 10 ml of 
\Ioc\U UhTn ..A,+..,., ,,A 1 \I A..n..“ll -“:A:+.., 
Lvl~“lrllL.“g IIII*LuI~ ,“I 11”1 ““c;LLLLI auurrJ,. 

MeOH-HNO% mixture. A mixture with 1M overall aci- 
dity is prepared by dilution of 69 ml of concentrated nitric 
acid to 1 litre with methanol. To obtain the MeOH-HNO, 
mixture of O.lM overall acidity which is used for the ion- 
exchange separation of beryllium, 10 ml of this solution 
are diluted to 100 ml with methanol. 

THF-MeOH solution. This consists of a 9 : 1 v/v mixture 
of tetrahydrofuran and MeOH-HNO, mixture (of 1M 
overall acidity). The overall acidity of this THF-MeOH 
solution is O.lM. 

Other reagents. Acetylacetone, 5% aqueous acetylacetone 
solution, chloroform, solid EDTA (disodium salt). lo”/, and 
O.lM aqueous EDTA solutions, 5% and 20% sbluti& of 
sodium hydroxide, O.lM, 06M, 6M and concentrated hy- 
drochloric acid, 1% methanolic solution of arsenazo 1, 2M 
sodium acetate, tetrahydrofuran, methanol and concen- 
trated nitric, sulphuric, perchloric, and hydrobromic acids. 

The reagents used were all stable for at least 6 months 
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Apparatus und operating conditions 

A Perkin-Elmer 303 atomic-absorption spectropho- 
tometer (equipped with a Hitachi-Perkin-Elmer Recorder 
56 connected to a read-out accessory) was used with the 
following instrumental settings. 

Grating: 
.,,-..-1-..-rL. w a”cleIlgrrl: 
Scale expansion : 
Slit: 
Source : 

ultraviolet 
m-1 A ~34’~ nm 
up to 30x 
5 (3 mm; 2 nm bandpass) 
beryllium hollow-cathode lamp 

Lamp current: 30 mA 
Burner : one-slit burner for the acety- 

lene-nitrous oxide flame 
Acetylene pressure: 8 psig; 14 on flowmeter (arbi- 

trary scale) 
Nitrous oxide-pressure: 30 psig; 6 on flowmeter (arbi- 

trary scale) 
Noise suppression : up to 5 

Under these conditions the sensitivity for 1% absorption 
was found to be 0.015 ppm of beryllium in @6M hydro- 
chloric acid. The detection limit for beryllium was OQOl 
ppm. The calibration curve was linear up to 0.5 pg of 
beryllium per ml. 

The spectrophotomctric calibration curve (Beckman 
DB-GT instrument, 1 cm cells) was linear up to a beryl- 
hum concentration of 1.0 pg/ml. 

The separations of beryllium \N~!F performed in ion-ex- 
change columns of the type atid dimCnsions described ear- 
lier.23 

Determination of distribution coefficients 

The weight distribution coefficients (&-values on 
Dowex 50) of beryllium were determined by using the 
batch equilibrium method.” 

Pretreatment of samples and solvent extraction of beryllium 

Natural waters and mineral waters. To 1 litre of the water 
sample (saline or non-saline), in the polyethylene bottle 
in which it was collected, 10 ml of concentrated hydro- 
chloric acid are added and after filtration the sample is 
let stand for about 24 hr (degassing of the sample; mainly 
for removal of CO,). Then 3 ,a of EDTA are added and 
dissolved, the pH is-adjusted toabout 7 with 20% sodium 
hydroxide solution (about 20-25 ml are required) and after 
addition of 2 ml of acetylacetone the mixture is shaken 
thoroughly until complete homogeneity is attained. Finally 
the pH of the solution is adjusted to 7 by careful addition 
of 20% and 5% sodium hydroxide solutions and let stand 
for at least 2 hr (preferably overnight) so that beryllium 
can react quantitatively with the acetylacetone. Then the 
sample solution is transferred to a 2-litre separatory funnel, 
20 ml of chloroform are added and beryllium acetylace- 
tonate is extracted by vigorous shaking for 1 min. After 
phase separation the organic extract is passed through a 
dry filter paper to remove aqueous droplets adhering to 
the organic layer. The extraction of the sample solution 
is repeated twice with 10 ml of chloroform each time and 
a shaking period of 30 sec. After filtration through dry 
filter paper these last two extracts are combined with the 
first and thus about 30 ml of chloroform-acetylacetone 
solution are obtained (“beryllium extract”). From this 
organic mixture beryllium is isolated by the cation-ex- 
“l.“_,.” _.._“,.?l ..r_ A,.“,...:l.-A l--I _..I ~l,‘l,lg,r; ~‘“C’;““‘L; U~>~II”.Z” v=,vw. 

Wines. To the wine sample (1 We) concentrated hydro- 
chloric acid is added to make it 0.6M in this acid and 

*To prepare the sorption solution from the beryllium 
extract (about 20 ml) obtained from a wine sample, mix 
the extract with about 40 ml of tetrahydrofuran and 7 
ml of MeOHpHNOj mixture (overall acidity 1M). 

after about 24 hr the acidified wine is filtered and 250 
ml of it, in a 600-ml beaker, are evaporated to about one- 
third of the original volume. Subsequently 50 ml of concen- 
trated nitric acid are added (preferably after the concen- 
trated wine sample has been allowed to cool to room tem- 
perature) and the mixture is evaporated to dryness on a 
steam-bath. The residue is taken up in 100 ml of a 3: 1: I 
mixture of concentrated nitric, sulphuric and perchloric 
acids and the solution is first heated on a steam-bath (until 
its volume is reduced to about 50 ml) and then evaporated 
to dryness on a sand-bath. To destroy perchlorate, 25 ml 
of concentrated hydrobromic acid are added and after eva- 
poration of the solution to dryness on the steam-bath the 
residue is dissolved in about 20 ml of O.lM hydrochloric 
acid or water. Then 20 ml of 10% EDTA solution are 
added, the pH is adjusted to about 7 with sodium hydrox- 
ide, 2 ml of 5% aqueous acetylacetone solution are added, 
and then the same extraction procedure is followed as 
described above for the analysis of waters except that only 
half the volume of chloroform is used, i.e., 10 ml for the 
first and 5 ml each for the two subsequent extractions. 

Ion-exchange separation 

The beryllium extract (about 30 ml)* is mixed with 60 
ml of tetrahydrofuran and 10 ml of MeOH-HNO, mixture 
(overall acidity 1M) and the resulting solution (the sorption 
solution, overall acidity 0.W) is passed through a 4-g 
column of the cation-exchanger (pretreated with 10 ml of 
CHCI,-THF-MeOH solution) at a flowrate of about 60 
ml/hr. The resin bed is then washed with about 5 ml of 
THF-MeOH solution, followed by about 10 ml of MeOH- 
HNOj mixture (overall acidity O.IM) and finally beryllium 
is eluted with 50 ml of 6M hydrochloric acid (beryllium 
eluate). 

Quantitative determination of beryllium 

Atomic-absorption spectroscopy. The beryllium eiuate is 
evaporated under an infrared lamp, the residue is dissolved 
in 1 ml of 6M hydrochloric acid, and after dilution with 
water to 10 ml the solution is aspirated into the acetylene- 
nitrous oxide flame. A calibration curve is constructed by 
aspirating suitable beryllium standard solutions before and 
after each batch of samples. 

A reagent blank is run through the whole procedure 
(starting with addition of the first reagent) and finally 
deducted from the beryllium found in the sample. 

Spectrophotometry. The beryllium eluate is evaporated 
and the residue is taken up in 1 ml of 6M hydrochloric 
acid; then 1 ml of arsenazo I solution and 1 ml of 0.1 M 
EDTA solution are added. and the solution is diluted to 
10 ml with 2M sodium acetate. The absorbance is 
measured at 580 nm against a reagent blank. The absor- 
bance is 0.350 for 1 ppm of beryllium in the solution 
measured. 

RESULTS AND DISCUSSION 

Acidification of the samples with concentrated hy- 
drochloric acid prevents the adsorption of beryllium 
on the walls of the sample container and co-precipi- 
tation of beryllium with hydroxides and phosphates 
of iron etc. which may occasionally be present in rela- 

tivelv large amounts c (r in ~0117~ minera! waters and , ~..~__ _.____ ____I ) -‘D.’ ___ 
especially in wine samples. 

The chloroform extraction of beryllium acetylace- 
tonate is carried out in the presence of EDTA to pre- 
vent the co-extraction of most of the main and trace 
constituents of liquid environmental samples. Thus, 
a beryllium extract is obtained which is virtually free 
from elements interfering with the assay of beryllium. 
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Unfortunately the assay cannot be done directly on 
the chloroform extract by atomic-absorption spectro- 
scopy. Therefore, an attempt was made to determine 
beryllium in aqueous medium after removal of chloro- 
form by evaporation. However, the volatility of beryl- 
lium acetylacetonate caused considerable losses of the 
element (especially when only submicrogram amounts 
were present) even when the evaporation was carried 
out at very low heat and with 4-5 ml of concentrated 
hydrochloric acid and 2.5 ml of methanol added to 
the chloroform extract. The hydrochloric acid was 
added to liberate beryllium from its acetylacetone 
chelate and methanol was added to obtain a homo- 
geneous mixture with the chloroform. 

Therefore a means was sought for separating beryl- 
lium from both the chelating agent and the chloro- 
form without the application of heat. As a result, the 
nnt;, ‘?.YnLnnrm -,+i.,Pr ..+;l:,:..” n,ln*-+:,V. AC Im...,, raLL”~l-~nL,1aJ,l;r IIILLIIW ur,,,nu,g aua”ltJL,“L, “1 uXy,- 
lium on Dowex 50 from the mixed CHCla-THF- 
MeOH medium containing nitric acid was developed. 
In this mixture the presence of tetrahydrofuran is 
necessary to obtain a homogeneous solution, and the 
methanol is the component regulating the flow-rate 
through the ion-exchange column. In the absence of 
methanol the viscosity of the sorption solution is ex- 
tremely low, so that a flow-rate is attained at which 
complete adsorption of beryllium is not guaranteed. 
Nitric acid has to be present in the mixture SO that 
beryllium is in the ionic form which is adsorbed on 
the cation-exchanger during the sorption process, 
after which residual chloroform and acetylacetone are 
removed by washing the resin bed with THF-MeOH 
solution and MeOH-HNO~ mixture. Thus, after the 
elution of beryllium with 6M hydrochloric acid an 
eluate is obtained which does not contain organic 
substances which could give rise to the formation of 
beryllium compounds that are volatile during evapo- 
ration of the eluate. 

Through the combination of this ion-exchange sep- 
aration step with the extraction of beryllium acetyl- 
acetonate from the water sample it is possible to isolate 
submicrogram and microgram amounts of this ele- 

ment from both saline and non-saline waters. Table 
1 shows that beryllium recoveries are in the range 
93403%. 

That the separation of beryllium is not affected by 
large quantities of foreign ions (which are usually only 
trace constituents of natural waters) is demonstrated 
by the results presented in Table 2. 

The only two elements which are co-extracted with 
beryllium to a considerable extent are iron and cop- 
per, and then only from sea-water (see footnote to 
Table 2) because the dissolved salts act as salting-out 
agents during the extraction. In the ~tion-exch~ge 
separation of beryllium these co-extracted elements 
are co-adsorbed with the beryllium irrespective of the 
acidity used (the beryllium adsorption was found to 
decrease only slightly with increasing nitric acid con- 
centration in the CHC13-THF-MeOH-HNO, mix- 
*....- iT,LL 2, LUl(r \lla”lG J,. 

In the absence of the organic solvents, distribution 
coefficients for beryllium of 255 and 900 were 
measured in 0.184 hydrochloric and O.lh4 nitric acid 
media respectively. Under the conditions of elution, 
i.e., in 6M hydrochloric acid, the distribution coefi- 
cient for beryllium was < 1. Iron and copper are co- 
eluted with the beryllium but do not interfere with 
the atomic-absorption determination nor with the 
spectrophotometric method (because of the masking 
action of the EDTA added). However, the spectro- 
photometric results often showed a positive bias of 

- -0; about j-5/,,; this is most probably due to the elfect 
of small amounts of coloured organic matter in the 
residue obtained after evaporation of the beryllium 
efuate. Another di~dv~tage of the spectrophoto- 
metric method is its low sensitivity: beryllium concen- 
trations below 0.06 fig/ml in the final solution 
measured cannot be determined with sufficient accu- 
racy. Since this con~ntration is rarely reached in ber- 
yllium eluates obtained from I-litre samples, the 
arsenazo I method was not used for most of the liquid 
environmental samples. The much more sensitive ato- 
mic-absorption spectroscopy technique (in which, 
contrary to recent information,’ sodium was not 

Table 1. Effect of concentration on beryllium recovery from tap- and sea-water 

Amount of Be Tap-water* Sea-water? 
added to 1 litre of Beryllium found Beryllium found 

the water sample, fig 1((1/1. % w/l. % 

063 0.62 98 065 103 
1.26 1.19 94 I .25 99.5 
6.30 5.90 93 5.95 94.5 

12.6 11.9 94.5 11.8 94.0 
63.0 60.5 96 60.8 96-5 

0-T *_(n _r c ‘,.. ___ 110 IL” YJ’3 IL5 Y i'l( 

630 611 97 621 98.5 

* Vienna tap-water was taken and found to contain 0.02, Mg of beryllium per litre. 
This concentration was subtracted from those found. 

7 Artificial sea-water was prepared by dissolving the following chemicals in one litre 
of tap-water: NaCl (28 g), KC1 (O-8 g), MgC1,.6H,O (1 g), MgS04.7HZ0 (6.96 g) and 
CaCl,.2H,O (l-325 g). Its beryllium concentration was 0.026 pg/l, which was subtracted 
from the values found. 
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Table 2. Effect of foreign ions on beryflium recovery from artificial sea-water (1.26 
fig of beryllium were added to each litre sample) 

Foreign ion added to 
I-litre sample of 

artificial sea-water, 
W 

Foreign ion 
present in 

Beryllium beryllium 
recovered, eluate, 

PS 
II / /” !4l % 

Cr(III) 0.8 
Fe(II1) 2.0* 
Co(II) I.05 
Ni(I1) 0.95 
Cu(rr) 1.13* 
Mn(I1) 0.7 
UO@) 0.01 
All metal ions 
listed above (_ 7 mg) 

1.23 98 - 
1.23 9s 3.5 0.4 
1.25 99 1 x lo3 50 
1.23 98 I.0 0.1 
1.23 98 1.5 o-2 
1.25 99 150 13 
1.24 98.5 1.8 0.25 
1.24 98.5 0.04 0.4 

1.24 985 not determined 

* When the same amounts of these elements were added to corresponding samples 
of tap-water the concentrations of iron and copper in the beryiiium eiuates were 
found to be considerably lower, 40 and 3 pg respectively. 

Table 3. Distribution coefficients of beryl- 
lium at varying overall acidities of the 
CHCI,THF-MeOH mixture (sorption 

solution) 

Overall acidity 

O.lM HNO,* 580 
0.W HNO, 560 
l.OM HN03 540 

* This is the acidity at which beryllium is 
adsorbed on Dowex 50 when applying the 
separation procedure described. 

found to interfere) being preferred. Sometimes even 
the atomic-abso~tion method is not sensitive enough 
to determine beryllium accurately. Thus, in certain 
samples it was possible to detect beryllium (detection 
limit = 0.001 ppm) but the signals were not sufficiently 
strong to give reliable results. 

Numerous samples of Austrian waters were ana- 
lysed by the methods described above. Good agree- 
ment was obtained between results for spiked and 
unspiked samples. For sea-water (Adriatic Sea and 
Pacific Ocean) rest&s ranging from <O.Ol to 
0.02 hg/l. were obtained, in agreement with the range 
of OQOl-0.03 pg/l. quoted in the literature.“’ 

In most of the natural non-saline surface waters 
investigated, oniy very i0w beryllium contents were 
found (0~014~03 pg/l.); this is due to the relative 
insolubility of the oxide and hydroxide of beryllium 
at the normal pH range for these waters. Also, in 
the weathering process beryllium is concentrated in 
hydrolysates, and like aluminium does not go into 
solution to any appreciable degree. 

On the other hand, some mineralwaters were 
found to have ~ryllium con~ntrations higher by 
several orders of magnitude than those found for 

most saline and non-saline waters (Table 4). Measure- 
ments of the pH-values and calcium contents (as a 

Table 4. Results of determinations of beryllium in samples of bottled mineral waters 

Beryllium contents, pg//. 
Trade name and geographical origin of sample A B 

Viislauer, Bad VGslau, Lower Austria <O.Ol - 0,005 (0.063) 
Riimerquelle, Bad Vzisiau, Lower Austria <O.Ol - 0.007 (0.063) 
Hunyadi Janos, Saxlehner’s Bitterquelle, 10.01 < 0.01 (0.063) 

Budapest, Hungary 
Radenska, Radenska Slatina, Yugoslavia 0.025 0.03 (0@63) 
Giissinger, Burg G&sing, Burgenland 0.05s 0.06 (0.063) 
Gasteiner, Bad Gastein, Salzburg 0% 0.055 (0.063) 
~‘-1-~-..~--_-.. T-1.-.. .:-L _.._.. TI-1 ~1.1.1_.~.1._~._ ,? t* ,..A ,,,..-.I\ 
vleznenocrger ionanmsorunntm, aau ulezcnenoerg, V’II U’IU (U’ILO) 

Styria 
Donat, Rogaska Slatina, Yugoslavia 0.75 0.85 (0.630) 
Thalheimer, Thalheim/Judenburg, Styria 1.02 1.07 (1.260) 
Preblauer, Preblau, Carinthia 2.30 2.25 (3.150) 

A = Beryllium contents determined by atomic-absorption spectrophotometry following solvent extraction and cation- 
exchange of beryllium. 

B = Same as for A but after deduction of a spike (the figure in parentheses). 
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Table 5. Beryllium in wine samples (vintage 1974). 

Trade name and geographical origin 

Red wines 
St. Laurent, LoibenWachau, Lower Austria 
Poisdorfer, Poisdorf, Lower Austria 
Burgunder, Kirchberg a. Wagram, Lower Austria 
Rotwein, Sonnenberg/Baden, Lower Austria 
Rntrnrarht l?,,rtmhs=to R,,ro~nlnnrl ‘\“‘yy.,.,A~., A...“.-.““m, ‘“-O1..-...... 

White wines 

RLuschl, LoibenWachau, Lower Austria 
Neuburger, Baden, Lower Austria 
Neuburger, Kirchberg am Wagram, Lower Austria 
Weinzierlberg (Griiner-Veltliner), Drasenhofen, Lower Austria 
Neusiedler Seekonig, Rusterberg, Burgenland 

Beryllium contents, 
/+7/l. 

0.07 
0.07 
0.08 
0.09 
0.11 

<O.Ol 
0.05 
0.08 
0.09 
0.15 

measure of the carbonate concentrations) showed that 
the mineral waters with extremely high beryllium con- 
tents are considerably more alkaline than the others 
in which the hervllimn l~vds RTC cnmnarahlc= to those _._ . . . .._.. .___ ---.‘______ * __._-1 ___ -‘----~--I--- 
of the non-saline waters. For instance, the calcium 
concentration in the Thalheimer and Preblauer 
samples was 450 and 34Omg/l. respectively, while in 
the samples of Vijslauer and Romerquelle it was 100 
and 140 mg/l. The pH-values for the last two mineral 

waters were found to be lower by about 2 and 3.5 
pH units than those of Thalheimer and Preblauer re- 

spectively. 
In an oil-field water from a deep oil-well, (Litzels- 

dorf 1) containing appreciable amounts of dissolved 

carbonates, a beryllium content of about O.lOpg/l. 
._.^^ p_..__l n___..._ _r rl_ --^^^_^_ _A- 1_--_ _.._-r:r:__ was ,““rKl. DeCUlSe “1 UK p,reaence “1 rarge qUiUlrlrlCb 
of organic substances the isolation of beryllium from 
this oil-field water was most probably not quite quan- 
titative (it was very difficult to obtain two distinct 
phases during the extraction of beryllium acetylacc- 
tonate with chloroform) so the beryllium concen- 

tration may actually be higher. 
According to previous experience” beryllium is 

regarded as one of the trace elements which is either 
not contained in wines under normal conditions or 
cannot be detected with certainty. That this is not 
the case, however, is illustrated by the results shown 
in Table 5 from which it is seen that in only one 
out of ten different wine samples (collected at ran- 
dom) was the beryllium content below the limit for 

accurate determination. It is also evident that wines 
originating from the same locality contain very simi- 
lar beryllium concentrations. Before separation of 
beryllium the wine samples have to be wet-ashed by 
the method described. Direct extraction of beryllium 
from wine is not possible because of the presence of 
the alcohol. 

In conclusion it should be mentioned that in place 
of the solvent extraction procedure beryllium can also 

be concentrated quantitatively on a 4-g column of 
the cation-exchanger Dowex 50 from one litre of non- 
saline water which is 0.M in nitric acid. However, 

this cation-exchange method was abandoned in 

favour of the extraction method because the latter 

can be performed much more rapidly and is also 
applicable to natural waters of high salinity such as 
sea-water and minera!-waters. 
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Summary-A method is described for the determination of uranium and thorium in samples of natural 
waters. After acidification with citric acid the water sample is filtered and sodium citrate and ascorbic 
acid are added. The resulting solution of pH 3 is passed through a 4-g column of Dowex 1 X8 
(citrate form) on which both uranium and thorium are adsorbed as anionic citrate complexes. Thorium 
is eluted with 8M hydrochloric acid and separated from co-eluted substances by anion-exchange in 
8M nitric acid medium on a separate 2-g column of the same resin in the nitrate form. After complete 
removal of iron by washing with a mixture consisting of IBMK, acetone and 1M hydrochloric acid 
(1:s: 1 v/v) and treatment of the resin with 6M hydrochloric acid, the uranium is eluted from the 
4-g column with 1M hydrochloric acid. In the eluate thorium is determined spectrophotometrically 
(arsenazo III method) while fluorimetry is employed for the assay of uranium. The procedure was 
used for the determination of uranium and thorium in numerous water samples collected in Austria, 
including samples of mineral-waters. The results indicate that a simple relationship exists between 
the uranium and thorium contents of waters which makes it possible to calculate the approximate 
thorium content of a sample on the basis of its uranium concentration and vice versa. 

Investigations of the isolation of trace quantities of 
uranium and thorium from natural waters have 
shown that, except for a method described by Kor- 

kisch et al.,’ anion-exchange procedures are not 
available by means of which both elements can be 
separated simultaneously from a single water sample 
without its preliminary evaporation. In that method, 
the anionic ascorbate complexes of uranium, thorium 
and some other elements such as molybdenum, vana- 
dium and titanium are first adsorbed on Amberlite 
IRA-400 or Dowex 1 (in the ascorbate form) from 
the water sample containing ascorbic acid and 
adjusted to a pH of 4-45. Thorium and uranium are 
eluted with 01M hydrochloric acid directly into a 
small column of Dowex 50, on which both elements 
are adsorbed. From this resin uranium is eluted with 
1M hydrochloric acid and determined polarographi- 
tally by means of the catalytic nitrate wave. Subse- 
quently thorium is eluted with 3M sulphuric acid and 
determined spectrophotometrically by the Thoronol 
method: Disadvantaees of the technique are that 

molybdenum, vanadium and titanium are co- 
adsorbed and co-eluted with uranium and thorium 
and interfere seriously with their determination. Fur- 
thermore, the volume of water sample from which 
uranium and thorium can be adsorbed on the anion- 
exchanger is rather critical; the effect of the principal 

anions in waters, especially sulphate, on the adsorba- 
bility of ascorbate complexes is most pronounced. 

Although the effect of anions on the adsorption of 
thorium from samples of high salinity cannot be com- 
pletely eliminated, the present method has the ad- 
ditional advantage of speed over a previous method 
of thorium isolation, based on evaporation of the 
water sample and anion-exchange in 7M nitric acid.’ 
For uranium isolation the present method is of about 
the same efficiency but greater versatility than the 
thiocyanate method described in a previous paper,3 
because thorium is isolated quantitatively~at the same 
time. 

Reagents 
EXPERIMENTAL 

Ion-exchange resin. Dowex 1 (Bio-Rad AGl, X8; 100-200 
mesh; chloride form) was used. To prepare the citrate form, 
4 g of the resin were slurried with a few ml of 6M hydro- 
chloric acid and after about 30 min transferred to the ion- 
exchange column as completely as possible with the same 
acid. Subsequently the resin bed was washed successively 
with 20 mi of water, 50 mi of iO% aqueous sodium citrate 
solution and 30 ml of wash-solution. The nitrate form of 
the resin was prepared as described earlier.’ 

Standard solutions. Aliquots of stock solutions of thor- 
ium (5 mg/ml) and uranium (1 mgjml) (both as chlorides) 
in 6M hydrochloric acid were diluted with 1M hydro- 
chloric acid to obtain standard solutions containing from 
1 to 10 ppm of thorium and uranium. 

295 
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Wash-solution. Ten g of citric acid, 3 g of sodium citrate Quantitative determinations 

and 2 g of ascorbic acid were dissolved in distilled water 
and the solution was diluted with water ta 1 litre (this 
solution has a pH of 3). 

IBMK-acetone-1M HCI solution. A mixture of isobutyl 
methyl ketone JIBMK), acetone and 1M hydrochloric 
acid (1~8: 1 v/v). It is not r~o~ended to use the freshly 
prepared mixture, because bubbles may form in the resin 
bed. Soitttions more than about one week old should also 
not be used ~oiyme~ation of acetone by the action of 
hv&tv.hfnrir m-i& l&a% the m;~frrre rhmilrl AP nrmwrewi “J ..‘ YIIl.Y. I” U”‘..,. -VIU“_, E‘.” .lX.‘..“l_ 2IIYU.U “I y...yw,.a. 

12-24 hr before use. 
Ocher reagenrs. Citric acid, t&odium citrate dihydrate 

(solid and as too/, aqueous solution), ascorbic acid, 0.2% 
arsenajlo II1 solution (freshly prepared and filtered), 2”/, 
potassium permanganate solution, concentrated formic 
acid, 1M, 6M, SM, and concentrated hydrochloric acid, 
8M nitric acid. 

Thorium. The thorium eluate is evaporated to dryness 
on a steam-bath and the residue is taken up in 10 ml 
of 1M hydrochloric acid. Then 5 ml of 2% potassium per- 
manganate solution are added and the solution is again 
evaporated to dryness (oxidation of organic matter from 
the resin). The residue is dissolved in fO ml of 6M hydro- 
chloric acid and after addition of 2 ml of concentrated 
formic acid the sofution is evaporated to dryness on a 
steam-bath (destruction of residual nitrate). The residue is 
dissofved in 5 mi of concentrated hydrochloric acid and 
transferred to a IO-ml standard f?ask to which t ml of 

Apparatus 

arsenazo III solution (filtered immediately before use) is 
added, followed by water to dilute the solution to 10 ml. 
The absorbance df the resulting solution is measured at 
660 nm against a reagent blank and its thorium content 
determined from a calibr?tion curve constructed in the 
same way. Beer’s law is obeyed in the thorium range g1.S 
pgjml. An absorbance of 0.560 corresponds to l.O@g/ml. 

The separations of uranium and thorium were per- 
formed in ion-exchange columns of the type and dimen- 
sions described earlier.4 

The weight distribution coefficients (&-values) of 
uranium, thorium and other elements were determined by 
the batch equilibrium method.5 

Pretreatment of samples 

Uraniuwz_fluorimetric methad. The uranium eluate is eva- 
porated to dryness on a steam-bath or under an infrared 
lamp and the residue is dissoivcd in 2 ml of 6&f hydro- 
chloric acid. A suitabb volume of this sotution {e.g., 0.1 
ml) is evaporated in a small platinum dish”,’ and after 
thn srlri;t;.%, ,X ., ‘%&.,%&...r, r.*r “UUlllVll u1 u 1 l”“l”U=,G” -*l’“+ 8 ” --I* ;” ----“^-i &+rreL, a I11GIL 15 yll$%,LXl 
under strictly controlled conditions.6*7 The fluorescence in- 
tensity of tGe cold flux is measured and compared with 
the intensity of fluxes of known uranium concentrations. 

Uranium, spectro&otometric method. If the 2 ml of 6M 
hydrochloric acid (see Auorimetric method above) contain 
more than about 0.5 ~8 of uranium the spectrophotometric 
arsenazo III method’ can be used. 

As soon as possible after the water sample is taken (in 
a plastic bottle), 1 litre of it is acidified with lOg of citric 
acid. After complete dissolution of this acid the sample 
is filtered through a dense filter and to the filtrate 3 g 
of sodium citrate and 2 g of ascorbic acid are added and 
the solution* (sorption solution) is shaken until these re-. 
agents are dissolved completely. It a larger or smaller 
volume of sample is required for analysis the amounts of 
all reagents added are varied a~rd~n~y. 

RESULTS AND DXSCUSSiON 

foTan-ex&nge separ&on 

Adsorption I$ uranium and t~#r~u~~~. About 12 hr after 
preparation the sorption solution is passed through a 4-g 
column of the anion-exchanger (citrate form, pretreated 
with 30 ml of the wash-solution) at a flow-rate of about 
50 ml/h& then the resin is washed with 100 ml of the wash- 
solution. 

Previous ~nvest~gat~o~s by Korkisch and Hazan’ 
have shown that the anionic citrate complexes of 
uranium and thorium are adsorba& on strong& 
basic resins from both aqueous and organic solvent 
systems. This fact has been utilized for the simul- 
taneous enrichment of these two elements directly 
from samples of natural waters, as described above. 

Sepuration of thorium, The adsorbed thorium is eluted 
with 50 ml of 8M hydrochloric acid and the eluate is 
evaporated under an infrared lamp until the co-eluted 
organic acids (mainly citric acid) start to decompose. At 
this point 10 ml of 8M nitric acid are added, the solution 
is evaporated once more and the residue of decomposed 
_.a . 

Studies on the effect of concentration of citric acid 
on the recovery of uranium and thorium gave the 
results presented in Table 1. 

At citric acid concentrations below 1% the two ele- 
ments are not completely retained by the anion-ex- 
changer. On the other hand recovery of uranium and 

cfmc ad containinn tbe thorium is dissolved in 50 mi 
of 8Icf nitric acid. %e resufting solution (usually brown) 
is passed through a column containing 2 g of the anion-ex- 
changer (nitrate form. pretreated with 50 ml of XM nitric 
acid) at a flow-rate of about 50 mljhr, the resin is washed 
with 50 ml of 8M nitric acid and thorium is &ted with 
50 ml of 6M hydrochloric acid (thorium &ate). 

Separation of uranium. After the elution of thorium from 
the 4-g column, the resin is washed with 100 ml of IBMK- 
acetone-li%f HCI solution to remove all of the iron, then 
with 100 ml of 6M hydrochloric acid, and finally uranium 
is eluted? with 100 ml of 1M hydrochloric acid (uranium 
eluate). 

Table I. Effect of concentration of citric acid on the recov- 
ery of uranium and thorium 

Citric Contents found, &. 
acid present in the 
sorption solution Uranium Thorium 

(= 1 litre of tap water), “:;, A B A B 

0.1 0.0 4.2 0.0 5.0 
0.5 @Q 4.3 o-3 5.3 
1.0 0.20 5.2 I.7 6.7 
2.0 019 5.2 I.8 6.7 
3-o 0.20 5.2 1.7 6.7 

*If its pH is not in the range 3-4, more citric acid 
and/or sodium citrate should be added. 

t Before the elution it is advisabfe to remove bubbles 
from the resin bed by gentle stirring with a glass rod. _ _ 

A = Resuits obtained without a spike. 
3 = Results when a spike of 5-,ug each of uranium and 

thorium was added to the water samples (Vienna tap water 
taken 20 min after opening the tap, 9 January, 1975) before 
uassine them through the 4-9 anion-exchange columns. 
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Table 2. Effect of the pH of the sorption solution on the 
recovery of uranium and thorium 

Contents found, w/l. 
pH of sorption 

solution (= 1 litre Uranium Thorium 
of tap water) A B A B 

3 0.20 0.19 1.6 1.6 
4 0.18 0.18 I.6 1.7 
5 0.0 0.0 1.5 1.5 
6 0.0 0.0 1.3 1.2 
I 0.0 0.0 0.5 0.6 

A = Results without a spike. 
B = Results after deduction of 5-pg spikes of uranium 

and thorium added to the water samples before passing 
them through the 4-g anion-exchange columns. 

thorium is quantitative at l-3% citric acid concen- 
tration, and at the 1% citric acid level is not affected 
by the simultaneous presence of 3 g of sodium citrate 
and 2 g of ascorbic acid per litre. Under these condi- 
tions the pH of the sorption solution is very nearly 

3, which according to Table 2 guarantees complete 
adsorption of uranium and thorium. These two ele- 
ments are also quantitatively retained at pH 4 but 

not at lower acidities (see Table 2). 
The ascorbic acid in the sorption solution reduces 

iron(II1) to iron( which according to Table 3 is much 
less strongly retained than iron(III) by the anion-ex- 
changer. Thus, if the concentration of iron is about 
lOOO~g/l., less than about 5% of it is adsorbed on 
the resin under the conditions used, and about 50% 
of this is removed by passing the wash-solution 
through the resin bed. Another 25% of the adsorbed 
iron(I1) is eluted together with thorium by the 8M 
hydrochloric acid while the residual 25% of iron is 
removed by elution with the IBMK-acetone1M HCl 
solution (in this medium the &-values of iron and 
uranium are 1 and 1050 respectively).* Thus, it is 

* Since the main cationic constituents of natural waters, 
i.e., calcium, magnesium and the alkali metals, are not 
retained under the conditions of uranium and thorium 
adsorption their effect on the recovery of these two ele- 
ments was not investigated. 

Table 4. Effect of some co-adsorbed metal ions on the sep- 
aration and determination of uranium and thorium 

Amount of metal ion 
added to 1 litre 
of tap water, mg 

Fe(III) IO 
V(V) I 
Cr(II1) I 
Mn(I1) 1 
Co(H) 1 
Ni(I1) 1 
Cu(I1) 1 
Zn(I1) 1 
Cd(I1) 1 

Contents found*, w/l. 

Uranium Thorium 

0.19 1.7 
0.18 1.4 
0.19 1.4 
0.20 1.7 
0.18 1.5 
0.17 1.6 
0.18 1.7 
0.15 1.6 
0.18 1.6 
0.20 1.6 

* These results were obtained after deduction of known 
amounts of uranium (1.0 pg) and thorium (5.0 pg) added 
to the water samples before passing them through the 4-g 
anion-exchange columns. 

possible to separate uranium completely from iron, 
which interferes with the fluorimetric assay of 
uranium by quenching its fluorescence. 

In the elution of thorium with 8M hydrochloric 
acid (Kd < l), which separates it from uranium, not 
only citric acid is co-eluted (displaced from the resin 
by the hydrochloric acid) but also several of the metal 
ions such as aluminium, titanium, zirconium, chro- 
mium, nickel and vanadium which are co-adsorbed 

with uranium and thorium during the sorption pro- 
cess. Not contained in this thorium eluate are 
uranium [both uranium(VI), Kd = lo3 and also 

uranium(IV) Kd 2 50 are retained by the resin at 
this acidity],’ cobalt, copper, molybdenum and zinc 
(as well as traces of cadmium and manganese). Many 
of these elements are relatively strongly retained by 
the resin from the sorption solution (see distribution 
coefficients listed in Table 3). The effect of these ele- 
ments as well as that of vanadium was therefore stud- 
ied with respect to the separation and determination 
of uranium and thorium. From Table 4 it is seen 
that they did not affect the recoveries of uranium and 
thorium.* Vanadium, aluminium, titanium etc. (see 
above) are co-eluted with thorium and thus separated 

Table 3. Distribution coefficients of metal ions in the sorption solution (in each 
case 1 mg of the metal ion was dissolved in 20 ml of the solution and equilibrated 

with 1 g of Dowex 1 X8, citrate form). 

Metal ion 

UWII) 
Th(IV) 
Ti(IV) 
Zr(IV) 
Al(II1) 
V(V) 
Mo(V1) 
WVI) 
Cu(I1) 

Distribution 
coefficient 

4.0 x lo4 
1.6 x 10“ 

5 x lo4 
4 x lo4 

3.3 x 103 
S 104 
B 104 

3.3 x lo3 
195 

Metal ion 

Fe(II)* 
Ni(I1) 
Co(II) 
Cr(II1) 
Zn(I1) 
Pb(I1) 
Cd(I1) 
Mn(I1) 
TKI) 

Distribution 
coefficient 

100 
80 
70 
40 
25 
10 
2 
1 
1 

*For iron(II1) a distribution coefficient of 1.2 x lo3 was measured in the 
absence of ascorbic acid. 
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Table 5. Effect of citric acid concentration on the spectrophotometric determination 
of thorium by the arsenazo III method 

Citric acid Absorbance* of 
concentration lo-ml measured solution containing 
in measured 0 2 4 10 

solution, my/ml M of thorium 

0 
5 

IO 
20 
40 

0.0 
0.02 
003 
0.04 
0.04 

0.110 
0.07 
0.06 
0.05 
0.04 

0225 
0,130 
0.120 
0,110 
0.100 

0560 
0390 
0350 
0.340 
O-330 

* At 660 nm, l-cm cells. 

from uranium by the 8M hydrochloric acid. Cobalt, 
copper etc. are separated from uranium by elution 
with 6M hydrochloric acid; at this acid concentration 

the &-value of uranium is 283.’ On subsequent elu- 
tion of uranium with 1M hydrochloric acid an eluate 
is obtained which contains only uranium and molyb- 
denum because co-adsorbed zinc and cadmium are 
not eluted under these conditions. 

For the separation of thorium from citric acid, 
which strongly interferes with the spectrophotometric 
thorium determination (see Table 5), a second anion- 
exchange procedure is employed, utilizing adsorption 
of the anionic nitrate complex of thorium2 on Dowex 
1 from 8M nitric acid. This separation is less time- 
consuming than wet-ashing procedures for removal 
of citric acid. An additional advantage is that all ele- 
ments co-eluted with thorium by 8M hydrochloric 
acid (~cluding titanium and zirconium, which 
strongly interfere with the arsenazo III method) are 
separated qu~titatively from the thorium, so the 
thorium can be determined spe~rophotometri~lly 
free from interferences. 

On acidification of a natural non-saline water with 
citric acid the bicarbonates and carbonates of cal- 
cium, magnesium, etc. are transformed into citrates 
so that only sulphate will be present as a major 
foreign anion during the adsorption of uranium and 
thorium on the anion-exchanger (citrate form). That 
this anion has a decided influence on the recovery 

Table 6. Effect of the volume of water sample on deter- 
minations of uranium and thorium in Vienna tap-water 

Volume Contents found, pgt.qji. 
of water,* Uranium Thorium 

I. A B A B 

0.5 0.20 0.17 2.0 I.9 
I.0 019 0.18 1.9 2.0 
2.0 0.18 0.17 1.9 1.8 
5.0 0.19 0.20 10.2 < 0.2 

A = Results without a spike. 
B = After deduction of 1 fig of uranium and 10 fig 

of thorium added to the water samples before passing them 
through the 4-g anion-exchange columns. 

*On 8 February 1975 the water sample was taken in 
the Institute for Analytical Chemistry, 20 min after opening 
the tap. 

of thorium from water samples is evident from the 
results presented in Table 6 from which it is seen 
that quantitative isolation of thorium is possible from 
up to 2 litres of sample but not from 5 litres, although 
the distribution coefficient of 16 x lo4 indicates that 
thorium is adsorbable to practically the same extent 
as ur~ium (& = 4 x 104, Table 3). The reason 
for this anomalous behaviour is that in contrast to 
thorium, uranium forms a very stable anionic sul- 
phate complex at low acidities5 so that the con- 
tinuous displacement of citrate by sulphate during the 
sorption process does not affect the uranium adsorp- 
tion. Consequently uranium is adsorbed quantitati- 
vely (as anionic citrate and sulphate complexes) from 
5 litres of tap water while less than 10% of the thor- 
ium is retained by the resin, which after passage of 
5 litres of sorption solution has been transformed into 
a resin which is no longer exclusively (or even princi- 
pally)in thecitrateform, but rather in the sulphate form 
owing to the adsorption of sulphate in course of the 
sorption process, this causing continuous displace- 
ment of thorium from the resin bed. This effect of 
sulphate becomes most pronounced when analysing 
mineral-waters. Thus, from the results shown in Table 
7 it is seen that considerable losses of thorium but 
not of uranium are observed in the presence of large 
amounts of sulphate. For instance, the most signifi- 
cant loss of thorium was observed with Thalheimer, 
which contains 590 mg of sulphate per litre, whereas 
there was no loss of thorium from Preblauer, which 
contains only 30 mg of sulphate per litre. This strong 
influence of sulphate and also of chloride (which has 
a similar but smaller effect) on thorium adsorption 
makes it impossible to apply the present method to 
the analysis of natural waters of high salinity, includ- 
ing sea-water and oil-field waters. However, for the 
analysis of non-saline waters of normal hardness the 
method can be used most successfully, as can be seen 
from the results of water analyses presented in Tables 
6 and 8. 

In a series of analyses of Austrian water samples 
from the Salzburg area, the results for uranium and 
thorium were in excellent agreement for spiked and 
unspiked samples, showing q~ntitative recovery for 
both elements. The range of concentrations was 
@l&3 @g/l. for uranium and 0%-4~g/l. for thorium. 
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Table 7. Results of determinations of uranium and thorium in samples of bottled mineral waters 

Trade name and geographical origin of sample 
Uranium 

A B 

Gleichenberger Johannisbrunnen, Bad Gleichenberg, Styria io.01 <O.Ol 
G&singer, Burg G&sing, Burgenland 0.073 0.077 
Radenska, Radenska Slatina, Yugoslavia 0.170 0.200 
Donat, Rogaska Slatina, Yugoslavia 0.223 0.167 
Gasteiner, Bad Gastein, Salzburg 0.30 0.24 
Romerquelle, Bad Voslau, Lower Austria 1.88 2-21 
Preblauer, Preblau, Carinthia 1.60 2.00 
Voslauer, Bad Voslau, Lower Austria 2.47 2.65 
Thalheimer, Thalheim/Judenburg, Styria 4.31 440 

Contents found, w/l. 
Thorium 

A C 

0.80 1.36 (1.0) 
0.70 1.30 (1.0) 
0.50 1.05 (1.0) 
1.30 1.65 (1.0) 
1.10 1.70 (1.0) 
0.65 0.98 (1.0) 
2.10 4.25 (2.0) 
1.30 2.15 (1.0) 
0.85 @70 (1.0) 

D 

- 24% 
-24% 
- 30% 
- 28% 
- 19”/, 
-41% 
+ 4% 
-7% 

- 627; 

A = Results without a spike (uranium determined fluorimetrically and thorium spectrophotometrically). 
B = After deduction of comparable known amounts of uranium added to the samples before passing them through 

the 4-g anion-exchange columns. 
C = After addition of the spike shown in parentheses. 
D = Thorium lost during passage of the sorption solution (1 litre of mineral water) through the 4-g anion-exchange 

column. 

An interesting correlation was found between the 

weight ratio of uranium to thorium and the uranium 
concentration (Fig. 1). It appears that high uranium 
contents are always accompanied by large U:Th 
ratios (i.e., relatively low thorium contents) while the 
opposite is true for samples with small uranium con- 
centrations. Since the results of 19 out of 20 samples 
analysed followed this pattern rather closely, this 
curve may be used to determine the approximate 
thorium contents of samples of which the uranium 
concentrations are known, and vice versa. Thus, tak- 
ing the uranium content of Vienna tap-water (0.18 
pg/l.) as an example, this corresponds to a U:Th ratio 
of about 1: 10 which is equivalent to a thorium con- 
tent of 0.18 x 10 = 1.80 pg. This value comes 

very close to the actual thorium contents measured 
in tap-water (Tables 1, 2, 4, 6). 

UrTh -ratio 

Fig. 1. Plot of uranium concentration L’S. U:Th w/w ratio 
for 20 natural waters. (Salzburg area). 

*The authors would very much appreciate receiving 
relevant comments and results obtained by other investiga- 
tors. 

Table 8. Comparison of results of uranium determinations 
obtained by two different methods 

Uranium contents, w/l. 
Thiocyanate 

Water sample no. This method methods 
(see Fig. 1) A B C 

6 3.05 293 2.70 
7 2.52 2.46 2.54 

10 0.10 0.10* 
13 I.60 1.46 1.40 
18 0.50 050 0.50 

A = Arsenazo III method. 
B = Fluorimetric method. 
C = Arsenazo III determination. 
* Fluorimetric determination. 

It remains to be seen, whether this is a universal 
principle that can be applied to all non saline waters.* 
It does not apply to sea-water, for which it predicts 
a thorium content of 1.7 pg/l., whereas the actual con- 
tent is less than 5 x 10m4 ~g/‘l.lo 

The relatively large deviation from the curve shown 
by the results for sample 18 is most probably due 
to the presence of large quantities of finely dispersed 
brown particulate matter in this sample, which dis- 
solved to some extent on acidification. This sample 
also had exceptionally high beryllium contents. 

Since the ion-exchange separations described in the 
present paper can be performed more or less automa- 
tically, numerous samples can be analysed simul- 
taneously and thus the method is suitable for the rou- 
tine determination of uranium and thorium in natural 
water. 
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CHARAKTERISIERUNG VON IONENAUSTAUSCHERN 
AUF KUNSTHARZBASIS DURCH 

PYROLYSE-MASSENSPEKTROMETRIE 

E. BLASIUS, H. KUSLER UND H. LANDER 

Fachrichtung Anorganische Analytik und Radiochemie der Universitiit des Saarlandes, 
6600 Saarbriicken, BRD 

(Eingegangen am 9. Mai 1975. Angenommen am 30. September 1975) 

Zusammenfassung-Bei der Pyrolyse-Massenspektrometrie von lonenaustauschern auf Kunstharzbasis 
erhtilt man in 5 s Fingerprint-Spektren, deren Aussagen mit denen der Pyrolyse-Gaschromatogramme 
vergleichbar sind. Diese schnelle Aufnahmezeit wird durch den Verzicht auf die gaschromatographische 
Auftrennung der Pyrolyseprodukte, die ca. 60 min betriigt, ermiiglicht. Aufgrund der geringen Elek- 
tronenenergie van 16 eV werden im Massenspektrum weitgehend nur die Molek~Iba~den der einzelnen 
Verbindungen des Pyrolysats wiedergegeben. Diese mit Hilfe der Pyroly~~~hromatographie 
zug~rdneten Verbindungen lassen Riiekschliisse auf den Au&au des Austauschers zu: Bau der Matrix, 
Vemetzer, ~nktionelle Gruppe und deren Verkn~pfungsstelle mit der Matrix sowie Be~dung~ustand. 

Zur Identifizierung und Strukturaulkltirung von Atis- 
tauschern auf Kunstharzbasis durch die Pyrolyse- 
Gaschromatographie werden diese bei 800” therm&h 
fragmentiert, die entstehenden Pyrolyseprodukte 
gaschromatographisch getrennt und die Pyrolyse- 
Gaschromatogramme ausgewertet.’ - 4 

In der vorliegenden Arbeit wird die Pyrolyse-Mas- 
~ns~ktrometrie als neue Unte~uchungsmethode fiir 
Austauscher auf Kunstharzbasis eingefiihrt. Hierbei 
werden die Pyrolyseprodukte nicht mehr gaschro- 
matographisch getrennt, sondern gelangen direkt in 
die Ionenquelle eines Massenspektrometers. Die Iden- 
tifizierung der Molekiilbanden erfolgt nach qualita- 
tiver Analyse mittels Pyrolysffiaschromatographie. 
Durch die Kiirze der Analysenzeit und die Aussage- 
kraft der Pyrolyse-Massenspektren stellt somit die 
Pyrolyse-Massenspektrometrie eine wertvolle Erg&n- 
zung der oben zitierten Untersuchungen zur Charak- 
terisierung der Ionenaus~us~her auf Kunstharzbasis 
durch die Pyrolyse~aschromatogmphie dar. 

Mit Hilfe der P~olyse-Mas~nspektrometrie wer- 
den Biopolymere und Bakterienss6 unter Verwendung 
iron Quadrupol-Massenspektrometern und Kunst- 
stoffe mit Sektorfeld-Gerlten7 untersucht. Eine bes- 
sere Identifizierung der Pyrolysate gelingt mit dem 
Feldionisations-Massenspektrometer.8 Zur Unter- 
suchung gelangen die in den Veriiffentlichungen’“I 
beschriebenen Ionenaustauscher auf Kunstharzbasis 
und Dowex A 1 Chelating Resin. 

EXPERIMEN~LLER TEIL 

Geriite und C~ernj~a~ien 

Massens~ktrometer, Pyrolysegerst;’ Schreiber Oscillo- 
port, Siemens/Erlangen; Pyren p.a., Mer~k/Darms~dt; 

Dowex A 1 Chelating Resin, Serva/Heidelberg; weiteres 
Ionenaustauschermaterial und Probenvorbereitung.‘-4 

Arbeitsbedingungen 

Urn eine zweite Fragmentierung in der Ionenquelle zu 
vcrmeiden, mull deren Elektronenenergie von 80 auf 16 
eV gesenkt werden. Somit erh;ilt man weitgehend nur die 
Molek~banden der eingeschleusten Verbindung. Die 
gewlhlte Elek~onenenergie wird von dem hijchsten Ener- 
giepotential der P~olyseprodukte bestimmt. Dieses 
betr@t l%r COZ 13,9 eV. Aus apparativen Griinden ist es 
giinstiger, mit 16 eV und daher mit 150 pA Elektronen- 
Strom zu arbeiten, wodurch eine griiDere Empfindlichkeit 
erzielt wird. 

Die genaue Einstellung des Massenspektrometers, die 
mehrmals tgglich iiberpriift wird, erfolgt bei einer Elek- 
tronenenergie von 80 eV mit Pyren, das mit Hilfe des 
FestkGrpereinlasses in die Ionenquelle eingebracht wird. 
Die Elektronenenergie wird dann schrittweise unter stgndi- 
gem Nachfokussieren auf 16 eV gesenkt. 

Urn gute Reproduzierbarkeit der Ergebnisse zu erhalten, 
wird ein elektronischer Schalter verwendet, der die 
manuelle Auslijsung der S~ktrenaufnahme automatisiert. 
Das Pyrolysat gelangt durch tin Kupferrohr im Ofen des 
Ga~hromatographen und die EinlaBleitun~ direkt in die 
Ionenquelle d& ~as~ns~ktrometers. In dieser registriert 
der EID {Electron Impact Detector) die Ankunft der Pvro- 
lyseprodukte und lefitet das Signal zum GC-Schreiber 
weiter. Hat die Schreibfeder eine bestimmte HGhe erreicht, 
wird durch den Schalter die Aufnahme des Massenspek- 
trums ausgel&t. Der Einschaltpunkt lll3t sich am GC- 
Schreiber kontinuierlich einstellen. Abbildung 1 zeigt sche- 
matisch die Wirkungsweise des Schalters. Die automa- 
tische Einschaltung des Massenspektrometers erlaubt es, 
bei der Aufnahme der Massenspektren die Spitze des Total- 
ionenstromes zu erfassen. 

Das parallel zum Massendurchiauf aufgenommene EID- 
Gaschromatogramm, das such als Registrierung des Total- 
ionenstromes angesehen werden kann, gibt den Zeitverlauf 
der Pyrolyse und die Einschleusung der Pyrolyseprodukte 
in die Ionenquelle wieder. Abbildung 2 zeigt die Registrie- 
rung des Totalionenstromes. 
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r------___-----_____ 

I Ionenquelle 1 
I 

I I 
Pyrolyse- I I 

Zelle \ I MS- 
EinlaB- / 1 ’ EID MS ] > Schreiber 

system 
i - 

I 
I 

Abb. I. Wirkungsweise des automatischen Schalters. 

Da die Pyrolyse 2 s dauert, nach 1 s der maximale Total- 
ionenstrom erreicht ist und der Massendurchlauf in 2s 
erfolgt, ethllt man nach 5 s das Fingerprint-Pyrolyse- 
Massenspektrum. Afte Arbeitsbedingungen zur Aufnahme 
der Pyroiyse-Mas~nspektren sind in Tab. 1 zusammenge- 
faI3t. 

Abbildung 3 gibt das Pyrolyse-Massenspektrum 
von Dowex 50 W X10, He-Form in Abhgngigkeit 
von der Elektronenenergie wieder. 

Das obere Spektrum ist wesentlich bandenreicher 
und somit schwieriger zu deuten, wohingegen bei dem 
unteren fast nur die reinen Molekiilpeaks auftreten. 

Zur Messung der Reproduzierbarkeit werden an 
verschiedenen Tagen zehnmal die Pyrolyse-Massen- 
spektren von Dowex 1 X4, Cl--Form aufgenommen. 
Das Massens~ktrometer wird vor jeder Aufna~e 
volls~ndig neu eingestellt. Tabelle 2 enttilt die Inten- 
sitIten der zwiilf stirksten Banden des Dowex 1 X4. 

L 

Es sind die Mittelwerte und Standardabweichungen 
von zehn Messungen aufgefiihrt.4 Die stirkste Bande 
ist auf loo”/, Intensitit gesetzt, die anderen prozentuai 
umger~hnet. 

Die Abb. 4-7 zeigen die ~yrolyse-Massenspektren 
van Dowex 1 X4, Dowex 2 X8, Amberlite IR-4B 
jeweils in der a--Form und Amberlite IRCSO, 
H+-Form. 

Tabelle 3 gibt die charakteristischen Banden und 
deren Herkunft wieder. AuBerdem ist die relative In- 
tensitit (% B) der Banden zu entnehmen. 

In Tab. 4 und 5 sind die Ergebnisse, die bei ver- 
schiedenen Beladungszustinden von zwei Anionen- 
austauschem erhalten werden, zusammengestellt. Die 
Pyrolysetemperatur betdgt hier 400”. 

DfSKUSSION 

Die an verschiedenen Tagen mit jeweils neuer Ein- 
stelhmg des Massenspektrometers aufgenommenen 
Spektren zeigen gute Reproduzierbarkeit. Die Zahi 
der Banden bleibt konstant. Geringe IntensititsPnde- 
rangen lassen sich dadurch erklgren, dal3 die Menge 
des auf die Pyrolyse-Wendel aufgetragenen Austau- 
schermaterials in geringen Grenzen schwankt. AuDer- 

Tabelle 1. Zusammenfassung der Versuchsdaten 

Pyrolyse-Temperatur 
Pyrolysezeit 
Tr~gergasstrom 
Tempera&w des 

Einspritzbiockes, der 
Slule, des Trenners, 
der EinlaBleitung 

Slule 

Temperatur der 
Ionenquelle 

Elektronenenergie 

Massendurchlauf 
Massenintervall 
Empfind~ichkeit 
Massenskala 
Papiervor~hub 
Probemenge 

800” bzw. 400” 

2S 

He 10 cm3/min 

250 
Kupferrohr (50 cm lang; 
I,5 mm Innendurchmesser) 

210” 
(a) SO eV, 300 fl 
(h) 16 eV, 150 PA 
100 Masse+ 
O-200 
0,1--I v 
linear 
20 cm/s 
ca. 350 pg Austauscher 

Zelt, set 

Abb. 2. Totalionenstrom bei der Pyrolyse-Massen- 
spektrometrte. 
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Abb. 3. Einflull der Elektronenenergie auf die Pyrolyse-Mass~s~ktren von Dowex 50 W X10, 
H+-Form. Oben: 80eV, 3OOpA. Unten: 16eV, 150pA. 

Tabelle 2. Mittelwerte (B) und Standardabweich- 
ungen (sp) der Pyrolyse-Massenspektren von 

Dowex 1 X4. Cl--Form 

mle %B s, 

118 100 - 

59 43.3 477 
117 32,3 3s 
58 17,8 2,8 
50 15,6 3,2 

106 10,s 3,4 
132 11,4 2-2 
52 576 1,3 

104 6,8 1,s 
145 498 L3 
91 3,8 LI 
30 LO 031 

dem kommt es bei einer dickeren Austauscherschicht 

infolge der schlechten W~~eleitf~higkeit des Aus- 
tauschers in der oberen Schicht zu einer etwas 
anderen Fragmentierung. Die Intensit~ts~hwank- 
ungen lassen sich durch gleichm~Biges Auftragen des 

Austauschers auf die Pyrolyse-Wendel in engen 
Grenzen halten. Die Einfiihrung eines S&alters zur 
automatischen AuslGsung des Massenspektrums 
erhijht die Reproduzierbarkeit sehr. Zudem erleichtert 
er die Aufnahme der Spektren. 

Mit Hilfe der Pyrolyse-Massenspektren kann man 
such Anione~ustau~her identifizieren, die sich nur 
durch den Ersatz einer CH,-Gruppe durch eine 
C~H~OH-Grup~ in der Ankergruppe unter~heiden. 

Bei den Anionenaus~u~he~ auf Styrol-DVB- 
Basis und Dowex A 1 Chelating Resin ist die Basis- 
bande m/e = 118 (m- und pMethylstyrol), da die 
Ankergruppen iiber Methylenbriicken an die Benzol- 
kerne gebunden sind. Dagegen wird bei dem kern- 
substituierten Kationenaustauscher Dowex 50 W 
m/e = 104 (Styrol) zur Basisbande. Bei Amberlite IR- 
48 ist das Auftreten der Banden m/e = 94 und 108 
(Phenol bzw. o/p-Kresol) charakteristisch. Alipha- 
t&he Kohlenwasserstoffe und DVB treten vorwie- 
gend bei Amberlite IRC-50 und IRA-68 auf. da hier 
eine Acryl-DVB-Matrix vorliegt. 3ei Dowex 44 lassen 
sich Grundkiirper und Vernetzer nicht unterscheiden. 

30 40 50 a, 70 a0 90 IW 110 120 I30 I40 150 160 170 180 190 zoo 210 

m/e 

50 * Methylcht~rid, 59=Trimethyiamifl, IIS-m,p-MSt. I30=DVE. l32-8VB. l45.Dim~iindol 

Abb. 4. Pyrolyse-Massenspektren (16eV, lSO&). Dowex 1 X4, Cl--Form. 
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C”z 

H,C-f&H, 

-CH-CH,- 

iki2-CH20H 

Cl* 

.- 

Ia 20 30 40 50 60 70 80 90 100 II0 I20 130 141 0 150 I60 170 I80 I90 200 210 
m/e 

3l=Methylamin, 44=C02, 59=Trimethylamin, 71 =unbekannt. 118- m,p-Methylstyrol, I3O=DVB 

13l=Methylindol, I32=jiVB, l45= Dimethylindol 

Abb. 5. Pyrolyse-Massenspektren (16 eV, 150 PA). Dowex 2 X8, Cl--Form. 

OH 
e b 

m 
0 fOO- 

CH,-(NH,-C,H&-I;I-CH, CH2-bJH&&,k-NH~ 

6 

.- 

c” 
* 50- OH OH 
+ 

If 6CL- 

0, 
2 
+ 
E 

B 

17=NH,, 94=Phenol, l08=Kresol 

Abb. 6. Pyrolyse-Massenspektren (16 eV, 150 PA). Amberlite IR-4B, Cl--Form. 

m/e 

56=Buten, 86=Dimethylbutan. 130=DVB, 132 &VB 
m/e 

44=co,, 

Abb. 7. Pyrolyse-Massenspektren (16 eV, 150 PA). Amberlite IRC-50, H+-Form. 
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Tabelle 3. Charakteristische Banden, deren Herkunft und relative Intensitlt 

Austauscher mle Verbindung Herkunft %B 

Dowex 50 W X10, 66 so, Ankergruppe 7,2 
H +-Form 104 Styrol Matrix IoO,O 

130 DVB Vernetzer 66,6 

Dowex 1 X4, 
Cl--Form 

50 Methyl~hlorid Gegenion IS,1 
59 Trimethyiamin Ankergruppe 36,2 

118 m/p-MSt Matrix 100,o 
130 DVB Vernetzer 44,7 

Dowex 2 X8, 
Cl--Form 

Amberlite IR-4B, 
Cl--Form 

Amberlite IRC-50, 
HC-Form 

50 Methylchlorid Gegenion IO,1 
31 Methylamin 9,8 
44 CO, Ankergruppe 16,7 
59 Trimethylamin 16,7 

118 m/p-M St Matrix 100,O 
130 DVB Vernetzer 76,? 

17 NH3 Ankergruppe 7,8 
30 Formaldehyd Vernetzer 3s 
94 Phenol 

1 

36,l 
108 o/p-Kresol Matrix lOO,O 
122 2,4-Dimethylphenol 25.5 

44 CO* Ankergruppe 56,O 
42 Propen 42,3 
56 Buten Matrix 50,o 
86 Dimethylbutan 65,4 

130 DVB Vernetzer 76,9 

Dowex Chelating 
Resin A 1. 
H+-Form 

44 co2 
59 Trimethylamin Ankergruppe 

104 Styrol . 
118 m/p-MSt 
130 DVB 

Matrix 

Vernetzer 

4s 
5,O 

46,1 
lOO,O 

13,7 

Amberlite XE-243, 
Cl--Form 

Amberlite IRA-93, 
Cl--Form 

Amberlite IR-45, 
Cl--Form 

Amberlite IRA-68, 
Cl--Form 

Dowex 44, 
Cl--Form 

44 Acetaldehyd 
50 Methylchlorid 
58 Trimethylamin 

118 m/pMSt 
104 Styrol 
130 DVB 

50 Methylchlorid 
59 Trimethylamin 

104 Styrol 
118 m/p-MSt 
130 DVB 

45 Dimethylamin 
104 Styrol 
118 m/p-MSt 
130 DVB 

50 Methylchlorid 
59 Trimethylamin 
42 Propen 
56 Buten 

130 DVB 

50 Methylchlorid 
94 Dimethylpyrrol 
42 Propen 
28 Stickstoff 

Anker~up~ 
Gegenion 
Ankergruppe 

Matrix 

Vernetzer 

Gegenion 
Ankergruppe 

Matrix 
Vernetzer 

Ankergruppe 

Matrix 
Vernetzer 

Gegenion 
Ankergruppe 

Matrix 
Vernetzer 

Gegenion 

Matrix 

Vernetzer 

6.3 
671 
775 

lOO,O 
43,8 
25,6 

3,7 
9,O 
938 

100,o 
18,4 

2.3 
98,0 

100.0 
13s 

67,l 
100.0 
24,2 
16,l 
I1,3 

80,9 
80,9 
51,l 
44.5 
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Tabelle 4. Pyrolyse-Massenspektren von Dowex 1 X4 

m/e Verbindung %B 

F--Form 59 Trimethylamin loo,0 
50 Methylchlorid 2,O 
34 Methylfluorid 1,2 

Cl--Form 59 Trimethylamin loo,0 
50 Methylchlorid 57,l 

Br--Form 59 
96 
94 

Trimethylamin 

Methylbromid 

100,o 
64.7 
60,O 

J--Form 

OH--Form 

142 Methyljodid 100,o 
59 Trimethylamin 26,9 

59 Trimethylamin 100,o 
32 Sauerstoff 18,9 

44 co* 3,7 

CH,COO--Form 59 Trimethylamin 100,o 
44 Acetaldehyd 18,9 
74 Methylacetat 9,6 

NO,--Form 59 Trimethylamin 100,o 
30 Stickoxid 13,5 

45 Dimethylamin 6,O 
44 Distickstoffmonoxid 5,8 

NO,--Form 59 Trimethylamin 100,O 
30 Stickoxid 15,o 

45 Dimethylamin 830 

44 Distickstoffmonoxid 5,2 

Tabelle 5. Pyrolyse-Massenspektren von Dowex 2 X8 

mle Verbindung %B 

Cl - -Form 
Trimethylamin 

100,O 
9.7 

50’ Methylchlorid 60:0 
42 Propen 9,7 
44 co, 9,7 

Br--Form 58 
59 
94 
96 

42 
44 

Trimethylamin 

Methylbromid 

Propen 
co* 

too,0 
17,7 
43,6 
41,o 

634 
7,7 

J--Form 142 
58 
59 

Methyljodid 

Trimethylamin 

loo,0 
585 

8.3 
44. co, 5:o 
42 Propen 5,4 

OH--Form 44 co, 100,o 
58 > 

Trimethylamin 
35,5 

59 22,6 
29 Formaldehyd (M-l) 24,2 
42 Propen 10.6 

CHsCOO--Form 58 

> 
Trimethylamin 

100,o 
59 1 I,3 
44 Acetaldehyd, CO, 17,2 
42 Propen IO,9 
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Durch Zerschlagung des Austauschergeriistes und 
Binduugsneubildungen entstehen verschiedene stick- 
stofihaltige Verbindungen, wie z.B. Pyrrole, Die Ent- 
stehungsmoglichkeit dieser Verbindungen ergibt sich 
aus dem folgenden Schema: 

charakteristische Pyrolyseprodukte sind die entspre- 
chenden Methylester bzw. deren Zersetzungsprodukte 
nachzuweisen. 

Man findet sehr vie1 Methylchlorid, bedingt durch die 
Cl--Form des Austauschers. 

Zur Ermittlung der Beladungszustlnde tiihrt man 
die Pyrolyse bei 400” durch, da bei dieser Tcrnperatur 
vorwiegeud die Ankergruppen zersetzt werden. Als 

1, 

2 
3. 
4. 
5. 

6. 

7. 
8. 

Is. BIasius, H. L&de und ft. musier, .E. Ad. Ckm.. 
I973,264, 278. 
f&m_ ibid.. Em. 264, 2!& 
E. BIasius und H. H&u&x, ibid., 1975, 2~~ If. 
I&m, ibid., f97.5, 277, 9. 
H. L. C. Menzelanr, M. A. Posthumus, P. G. Kiste- 
maker und J. Kistemaker, Anal. Chem., 1973, 45. 1546. 
H. L. C. Menzelaar und P. G. Kistemaker, ibid., 1973, 
45. 587. 
H. R. Schulten, ibid., 1973, 45. 191. 
D. 0. Hummel, Polymer Spectroscopy. Verlag Chemie 
Weinheim. 1974. 
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DIRECT DETERMINATION OF CADMIUM IN 
BLOOD WITH A TEMPERATURE-CONTROLLED 

HEATED GRAPHITE-TUBE ATOMIZER 
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Summary-By temperature-controlled heating during the atomization step a selective vaporization 
between Cd and the matrix is achieved. A final temperature of 830” gives an optimized signal for 
Cd without too high a background absorption. The sensitivity is 0.1 yg/l. (0.01 pg of Cd/100 ml 
of blood) with a detection limit of 0.6 pg/l. (006 pg/lOO ml of blood). 

Atomic-absorption spectroscopy has become the most 
commonly used technique for the determination of 
cadmium in biological materials. Other techniques for 
cadmium determination are neutron-activation analy- 
sis and emission spectrography. The biological effects 
of cadmium have been reviewed by Friberg et al.’ 
For determination in whole blood an extraction pro- 
cedure is necessary to increase the sensitivity of the 
method. For a direct determination of cadmium in 
blood, flameless atomizers must be used. A problem 
will immediately arise when carrying out a direct 
determination on a biological fluid. The bulk of the 
sample will, in most cases, vaporize in the same 
temperature region as the metal. Several commercial 
instruments have background correctors for auto- 
matic subtraction of the non-specific absorption. In 
general, these correctors cannot subtract more than 
O+O% absorbance units. To fulfil this requirement 
the two beams in the spectrophotometer, i.e., from 
the hollow-cathode lamp and the deuterium or hydro- 
gen lamp, have to be aligned exactly in the graphite 
tube. If not, a false correction may be achieved. This 
might become a serious source of error because the 
non-specific absorption is in most cases not repro- 
ducible. To improve the accuracy of the cadmium 
absorbance signal the cadmium peak and the non- 
specific peak should be separated in time when regis- 
tered on a chart-recorder, and the non-specific absorb- 
ance should not exceed the stipulated maximum cor- 
rection of the instrument. This will imply that a slow 
heating rate must be used to obtain a time-resolution. 
As the sensitivity for a metal is directly correlated 
to the heating rate of the atomizer, the improvements 
in time-resolution between metal and matrix absorb- 
ance caused by lowering the heating rate will be offset 
by the decreased sensitivity. 

* Present address: Avesta Jernverks AB, Testing labora- 
tory, Fack, S-744 01 Avesta, Sweden. 

t Parts per milliard 

Attempts to attain selective vaporization of cad- 
mium from the bulk of a biological matrix have been 
made by Ross and Gonzalez.2 They used a Perkin- 
Elmer HGA-2000 with a background corrector. For 
resolution of the cadmium and the non-specific 
absorption when analysing urine samples, the final 
temperature had to be 1300”. In this way they were 
able to determine cadmium in 209~1 samples of urine 
and 20% solutions of serum with reproducibilities of 
the order of 5%. The sensitivity was @25 ppMt (1% 
absorption) in a 20-g sample or 5 pg absolute. 

Cruz and van Loon3 have made a critical study 
of the possibilities of using graphite furnaces for trace 
element determinations in complex heavy-matrix 
solutions. They used a Perkin-Elmer HGA-70 as well 
as the newer model HGA-2000. They tested only for 
lead in blood but found that cadmium, among other 
elements, was almost impossible to vaporize without 
causing co-volatilization of the matrix when inorganic 
materials containing large amounts of sodium and 
potassium salts were analysed. Some separation was 
achieved when the final temperature was lowered, but 
at the expense of a lowered analytical response for 
cadmium. Similarly Segar and Gonzalez4 were unsuc- 
cessful in determining cadmium in sea-water. 

Just recently a procedure for the determination of 
cadmium in biological materials by using the I.L. 
tantalum-strip atomizer has been presented by Ulluci 
and Hwang.s For blood, instead of a direct deter- 
mination they used a micro-extraction procedure with 
the APDC-MIBK system. The advantage lies in the 
fact that very small samples, e.g., from finger punc- 
tures, can be used. If sample size is not a limiting 
factor, little advantage is achieved compared to a 
flame determination on the organic phase. 

In this paper a simple technique using a tempera- 
ture-controlled graphite-tube atomizer is described. 
The temperature control permits a selective vaporiza- 
tion of metal and matrix at a high heating rate, thus 
yielding very good sensitivity. 
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EXPERIMENTAL 

Apparatus 

A graphite furnace with a 1Ocm graphite tube (Rings- 
dorff RWO suectrogmnhic aranhite) was used. The furnace 
is gas-tight and has a-large dead ;oiume. The gas is not 
flushed through the tube, but fills the whole volume. The 
~nstmction has been presented in detail elsewhere.’ The 
spectrophotometer is mounted on an optical rail with 
quartz lenses and with a Heath Scanning Monochromator 
700 E with a spectral dispersion of 20 A/mm at the exit 
slit. A Hamamatsu photomultiplier was used. The spectro- 
meter is supplied with a hydrogen background-corrector. 
The amplifier is a sample-and-hold amplifier with absorb- 
ance outputs for metal lamp, hydrogen lamp or the cor- 
rected absorbance outputs for metal lamp, hydrogen lamp 
or the corrected absorbance. The three different signals 
can be monitored simultaneously if required. The metal 
lamp and the hydrogen lamp are electrically modulated 
at 1OOHz. Subtraction of the background is made in a 
circuit with time constants of 20, 50. 100, 200, or 500 msec. 

The graphite furnace is supplied with a temperature- 
controlled heating (TCH) unit which has been described 
in detail.’ The temperature of the centre of the graphite 
tube is measured with a photo-diode. The output from 
the diode is compared with a preset vaiue on the TCH- 
unit. Heating of the tube proceeds with maximum power 
supplied to the furnace up to the desired temperature. 
Thereafter the power is decreased, keeping the temperature 
constant at the required temperature. This construction 
enables the atomizer to be heated at a maximum rate, 
independent of the final temperature setting. The instru- 
mental parameters are given in Table 1. 

Sample preparation 

The blood samples were diluted with water: 0.1 ml of 
whole blood (heprinized) was diluted with @9 ml of 
distifled water with a pneumatic diluter (AutoChem Instru- 
ment AB, Sweden). To the samples were added 20 ~1 of 
heparin and 20 ~1 of 27: Triton X-100. The sample was 
mixed tboroughfy in a mechanical shaker (Shiltern). 
Standards were made from a IOCO-ppm solution of CdCI, 
and a calibration curve was obtained by standard addition 
to the blood sample. 

RESULTS AND DISCUSSION 

Matrix effects 

If a temperature-controlled atomizer is used, the 

problems with time-resolution of the metal and non- 
specific absorption are almost negligible, as will be 
seen in Fig. 1. When a blood sample containing cad- 
mium is atomized, with different final tem~ratures, 

Table 1. Instrumental parameters 

Graphite atomizer 
Inert gas Nitrogen 
Dry sequence loo”, 60 set 
Ash sequence 600”,60 set 
Atomize sequence 830 

Spectrophotometer 
Operating mode Background correction 
Metal lamp (Varian) current 3 mA 
Hydrogen lamp (Varian) 
current 20 mA 
Photomultipiier voltage 8OOV 
Slit-width 200 pm (S.B.W. = 0.4 nm) 
Wavelength 2288 nm 

0.6 - 

1 I I “C 
800 900 too0 

Fig. 1. Determination of optimized absorbance for Cd in 
blood and of non-specific absorption as a function of final 
temperature in the atomization step (3 ~1 of diluted blood 

with 6.5 ppM of added Cd). 

the signal increases with temperature up to that at 
which the vapour pressure of the element is s&i- 
ciently high to give a rapid atomi~tion. For 
cadmium an optimized signal is achieved at 830”. A 
further temperature rise will not increase the absorb- 
ance peak. If, on the other hand, the non-specific 
absorption is registered by means of a hydrogen lamp, 
the background absorption will increase with the final 
temperature. At 950” the amount of non-specific 
absorption is large enough to create problems in 
automatic background correction. The useful tem- 
perature region is very small as the temperature must 
reach 750” but not exceed 950“. If an automatic back- 
ground corrector is used, the final tem~rature can 
be chosen between 830” and 9tM”, where an opt~ized 
anafytical response is obtained. If an ~strument with- 
out background corrector is used, an even lower final 
temperature must be set, to make the non-specific 
absorption as small as possible. From this figure it 
can be seen why difficulties have arisen when using 
a commercial furnace for this determination. In that 
case, a final temperature of at least 1300” must be 
chosen to obtain a sufficiently good response, as a 
higher final temperature implies a better sensitivity. 
The atomic vapour is formed between 700’ and 900” 
but the non-specific absorption starts to form at 850”. 
The possib~ities of tie-separat~g these two absorp- 
tion sources is a function of the rate at which this 
temperature region is traversed. The advantage of 
TCH over commercial atomizers is obvious, as the 
final temperature can be set independently of the 
heating rate. A fast heating rate can be chosen to 
obtain an optimized sensitivity even if the final tem- 
perature is set as low as 830”. One does not have 
to compromise between sensitivity and time- 
separation of metal and background absorption. 

The non-specific absorption would be expected to 
be irreproducible. This would make it very difficult 
to obtain reproducible results if an instrument with- 
out automatic background correction were used. In 
Fig. 2 is shown an example of the variations in non- 
specific absorption for different sample volumes. 
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*peak 
0.06 ,- 

0.05 I- JP’ 4Y’ 

I 0.032119% 
0.04 
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lI 
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Fig. 2. Variation of non-specific absorption for different 
sample volumes (average and range are shown). 

Diluted blood samples were atomized with a final 
temperature of 830” (TCH). The amount of non- 
specific absorption, measured with the aid of a hydro- 
gen lamp, was registered on a chart-recorder. The 
samples were ashed at 600” before atomization. It is 
seen that the amount of background increases with 
sample volume. 

The major analytical problem is that this variation 
is very high. If an instrument without background 
corrector is used, the normal method is first to run 
a sample with the metal lamp and then to change 
to a hydrogen lamp and run a sample to get the 
amount of non-specific absorption. Even if a large 
number of background determinations are performed, 
a rather uncertain correction is achieved and the 
procedure is very time-consuming. For a 4~1 sample 
the amount of non-specific absorption corresponds to 
a Cd-value of 0.3 &lOOml of blood. 

Gas parameters 

The graphite furnace that was used has quite large 
dimensions, so the tube is surrounded by a dead 
volume several times larger than the volume occupied 
by the graphite tube itself. When gas is flushed 
through the system it is not directed through the tube 
as in the new Perkin-Elmer HGA-74. This large dead 
volume will absorb the expansion of the gas inside 
the tube when it is heated. The effect of different gas 
parameters was tested on an aqueous cadmium solu- 
tion: 8 pg of cadmium were atomized under argon 
or nitrogen atmospheres. No significant difference 
was observed whether the gas flowed during the 
atomization cycle or not. This is because the gas is 
not directed through the tube. Furthermore, no effect 
on the analytical response was observed if argon was 
replaced by nitrogen. 

In the ashing cycle the choice of gas is very import- 
ant for effectiveness of ashing. In Fig. 1 it was seen 
that with a nitrogen atmosphere the ashing was effec- 
tive enough to keep the amount of background 
absorption sufficiently low to be properly corrected 
for. If argon was used, the matrix produced a much 
higher background adsorption. Mixing the argon with 
oxygen or hydrogen during the drying and ashing 

Table 2. Comparison between direct determination of Cd 
and an extraction procedure 

Mean value Lab A 
Sample No. of f 1 std. devn., (APDC-MIBK), 

no. detns. !-@7/1~ ml k&7/100 ml 

1688 5 3.4 k 0.60 3.9 
500 8 1.1 f 0.35 1.0 
503 1 1.5 * 0.04 1.4 
557 2 1.5 f 0.15 1.3 
640 11 2.4 f 0.30 2.6 
605 1 2.5 2.9 
536 3 1.6 k 0.18 1.2 
558 3 3.0 k 0.26 3.0 
518 7 1.3 + 0.20 0.9 
604 4 2.3 + 0.17 2.5 

cycle did not improve the ashing effectiveness. 
Nitrogen seemed to be the most effective gas for a 
complete ashing of the blood matrix. The reasons for 
the differences between argon and nitrogen have not 
been examined yet. 

Calibration and results 

No interferences were observed when blood was 
compared with a pure water solution. Tests on known 
additions of a water standard to a blood sample gave 
looo/, recovery within experimental error, hence nor- 
mally the calibration is best carried out by making 
standard additions to one blood sample and using 
the slope of the curve as the calibration factor for 
the rest of the blood samples. 

A series of blood samples was analysed by the 
procedure described and compared with results from 
another laboratory, Table 2. Laboratory A used the 
conventional extraction procedure as for lead’ but 
with a final determination of cadmium in the MIBK- 
phase by using a Perkin-Elmer HGA-72. The agree- 
ment between direct determination and the extraction 
procedure is quite good. The reproducibility is about 
loo/ In the determinations, differently diluted 
samples were analyzed. 

Different sample volumes were used in the range 
l-5 ,~l. No difference was observed in the cadmium 
values when the volume was changed. It is, however, 
better to use a large sample volume to obtain a bigger 
signal height; 3 or 4 ~1 were used in the experiments. 
Larger volumes gave residues in the graphite tube 
after the atomization. 

Direct determination of Cd in undiluted blood was 
also tried. The blood sample was haemolysed by 
addition of 0.1 ml of Triton X-100 to 5 ml of whole 
blood. The blood sample was then shaken vigorously, 
and 1 ~1 was inserted into the graphite tube. In Table 
3 are shown results for determinations in triplicate. 
The columns at the right show the peak absorbance 
values. The reproducibilities are about the same as 
for diluted blood samples. A disadvantage is, how- 
ever, that residues are formed in the graphite tube 
after a few determinations. 
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Table 3. Determination of Cd in undiluted blood (1 pl). 

Peak 
Sample .@OO ml absorbance 

A 066 072 0.71 0.28 

z! 
1.41 I.62 1.50 0.55 
1.47 2.04 168 060 

D 1.98 1.78 2.15 066 

Sensitivity 

The sensitivity for diluted blood is 0.01 ,ug/loO ml 
(1% absorption) or 2.5 x 10-l’ g for a 4~1 sample. 
The detection limit, defined as a signal that is twice 
the standard deviation in blank runs (10 determina- 
tions on blood with very low cadmium content), is 
0.06 pg/lOO ml. 

The cadmium values in blood, for normally 
exposed persons, are a few tenths of a microgram 
per 100 ml (a few ppM). The sensitivity for a direct 
detestation is sufficient to detect normal values. 
R~r~ucib~ity can vary a lot depending on the 
homogeneity of the blood sample. In order to get 
a representative sample the blood must be totally 

haemolysed. If so, the direct determination procedure 
gives a rapid determination of cadmium in blood, 
with a typical error of 10%. 
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Summary-Radiochemical procedures for the assay, of short-lived fission and activation products are 
described. They are rapid and quantitative aid the radionuclides separated are radiochemically pure. 
Ratios of some of the short-lived radionuclides obtained by these measurements for selected Chinese 
and French nuclear tests are given and provide information about the fissile material used in the 

The programmes of nuclear weapon testing by China 
and France contribute considerable quantities of 
short-lived radionuclides to the atmosphere. The 
measurement of this short-lived activity by y-ray spec- 
trometry alone is not sufficient for the identification 
of a weapon test, so a chemical separation of the fission 
and induced products is necessary. The chemical 
methods selected must take into account the compli- 
cated composition of the sample, be rapid and quanti- 
tative and have high chemical yield. The methods pre- 
sented in this paper meet these criteria and also per- 
mit joint assay of various radionuclides from a single 
sample. 

The sample material is a swab collected by rubbing 
the surface of commercial aircraft with cotton soaked 
in organic solvent. These samples are routinely col- 
lected on arrival of the aircraft at Bombay to estimate 
the background levels of the atmosphere before and 
after nuclear tests. The results are used to get infor- 
mation about detonation, e.g., fissile material used, 
mode of detonation etc., by comparison of the activity 
ratios of selected fission products such as “Sr, lllAg, 
13’Te and “MO. These fission products, being short- 
lived, do not suffer interference by products from ear- 
lier tests. 

There are two important activation products which 
help in deciding whether the test was with a conven- 
tional H-bomb using a three-stage device with 238U 
in the third stage. These are neptunium-239 and 
uranium-237 which are produced from 23sU by (n, 
y) and (n, 2n) reactions respectively. 237U, in a nuclear 
weapon, is also produced from 235U by double neu- 
tron capture but its production by this reaction is 
very small compared with that from the (n, 2n) reaG 
tion in a conventional H-bomb test. Other activation 
products also help in determining parameters of the 
weapon test. However, the samples collected for our 
studies gave hardly any measurable quantities of these 
activation products and therefore only 237U and 
‘jgNp are discussed in this paper. 

EXPERIMENTAL 

Sample preparation 

The sampling method collects considerable quantities of 
insoluble silica, iron, sulphate and phosphate compounds. 
Because of the difficulty with which these compounds dis- 
solve, a leaching procedure for the dissolution of the 
sample is used.’ The cotton swab is digested with a mix- 
ture of 3M hydrochloric acid and O.lM hydrofluoric acid 
in the presence of known amounts of carriers. The heating 
time is reduced to a minimum to reduce the attack on 
the glassware. The solution is filtered through a Whatman 
No. 54 paper on a Biichner funnel. This process is repeated 
3 or 4 times and finally the residue is leached with 6M 
nitric acid and filtered ofl. It is found that more than 95% 
of the total activity is leached out by this process. All 
parts of the filtrate are then pooled and a suitable aliquot 
is taken for the determination of each individual nuclide. 

Chemical procedures 

The chemical procedures developed in our laboratory 
are described below. Barium-140 is usually determined di- 
rectly from the gamma-ray spectrum through its daughter 
““‘La. For this a known fraction of the leach solution 
(usually a tenth of the total volume) is evaporated in a 
beaker to minimum volume and transferred to a 5.0-cm 
diameter “Perspex” planchette which, after drying, is sealed 
and counted by a 256channel pulse-height analyser, using 
a Ge(Li) detector. In general, the final isolation of the pre- 
cipitate is carried out by filtration with a special filter 
funnel using a l-in. Whatman No. 542 paper and the chemi- 
cal yield is obtained by weighing the precipitate. The 
sample is then mounted on a planchette and counted con- 
ventionally. The filter funnel is made of “Perspex”, and 
has a threaded base, a 2.5-cm diameter circular perforated 
disc and a vertical reservoir 2.4 cm i.d. and 12 cm in height. 

Separation of‘ strontium and barium.’ A known volume 
of the leach solution with known quantities of carriers (150 
mg of Sr + 100 mg of Ba) is placed in a beaker. The solu- 
tion is warmed and anhydrous sodium carbonate added. 
The insoluble carbonates are filtered off (Whatman No. 
540 paper) and redissolved in 6M nitric acid. 

The volume of the solution is reduced to 40 ml by eva- 
poration and 65 ml of fuming nitric acid (sg. 1.52) are 
added slowly to the ice-cooled solution. The crystals of 
barium and strontium nitrates are allowed to settle. The 
supernatant liquid is decanted and the crystals are dis- 
solved in distilled water. The volume of the solution is 
again brought to 40 ml and the nitrate precipitation 
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repeated twice with 60 ml of fuming nitric acid, The nitrate 
crystals are then dissolved in water and strontium and bar- 
ium precipitated by addition of ammonium carbonate. The 
solution is warmed for about 10 min to coagulate the car- 
bonates and finally filtered. 

The precipitate is dissolved in 6M hydrochloric acid 
and barium is precipitated as chromate by addition of 10 
ml of l.SM sodium chromate and adjustment of the pH 
to 3.54. The chemical yield and activity are then 
measured. 

The filtrate from the chromate separation is warmed and 
ammonium carbonate added to precipitate strontium. The 
precipitate is filtered off (Whatman No. 540 paper) and 
dissolved in 6M hydrochloric acid. The solution is warmed 
with absolute alcohol (2 or 3 drops) to reduce any chro- 
mate. Twenty mg of yttrium carrier are added and the 
yttrium is precipitated by slow addition of freshly prepared 
ammonia solution to remove yttrium-90 and other rare- 
earth activity. The solution is warmed, cooled and filtered 
and the time noted. Ammonium carbonate (2-3 g) is added 
to the filtrate, the solution is warmed and the strontium 
carbonate allowed to settle. The activity is then determined 
after filtration. 

After the counting of s%r and ‘%r activity, the precipi- 
tate is ignited to constant weight in a platinum crucibIe 
to obtain the chemical yield. The residue is dissolved in 
3M hydrochloric acid and stored with 20 mg of yttrium 
carrier for equilibration and subsequent milkings. 

Separution of silver and molybdenum.” A known volume 
of the leach solution, with known amounts of carriers, is 
placed in a beaker and evaporated almost to dryness. To 
the residue are added 2 ml of cont. nitric acid and 2 ml 
of bromine water, and the resultant solution is slowly 
heated to oxidize tin and molybdenum. The solution is 
cooled and diluted and a few drops of 6M hydrochloric 
acid are added, with constant stirring, to precipitate insolu- 
ble chlorides. The precipitate is centrifuged, washed with 
distilled water and dissolved in ammonia solution. Ten mg 
of iron carrier are added to the solution and iron hydrox- 
ide scavenging is carried out to remove impurities such 
as Sr and Ce. To the filtrate are added 10 ml of saturated 
thioacetamide solution and silver sulphide is precipitated 
on gentle heating. The precipitate is centrifuged, dissolved 
in 5 ml of cont. nitric acid and boiled to remove sulphur 
completely. The solution is then cooled. The scavenging 
cycle with iron hydroxide and precipitation as silver sul- 
phide is repeated. The filtrate is finally adjusted to pH 
3.5 with 6M hydrochloric acid. The precipitate is digested 
by gentle heating and allowed to settle. It is then filtered 
off and the chemical yield and activity are measured. 

The filtrate from the precipitation of silver chloride is 
adjusted to pH 8.5 with ammonia solution. To the solution 
are added 10 mg of iron carrier and hydroxide scavenging 
is carried out to remove Cr and Nb impurities. The filtrate 
is adjusted to pH 35 with 6M nitric acid and 10 ml of 
4”/; ~-benzoinoxime solution in ethanol are added. The pre- 
cipitate is centrifuged and dissolved in a mixture of 10 
ml of fuming nitric and 3 ml of perchloric acid and the 
solution evaporated slowly to dryness. Iron hydroxide sca- 
venging is once again carried out to remove Zr, Nb, 12 
etc. The filtrate is finally adjusted to pH 3 with 6M nitric 
acid. Three ml of saturated lead nitrate solution are added 
to the solution, which is then gently heated to precipitate 
lead molybdate, which is collected, weighed and counted. 

Separation of tellurium. A known fraction of the leach 
solution with 40 mg of tellurium carrier is evaporated to 
dryness. The residue is taken up in a small quantity of 
hvdrochloric acid and evanorated again to dryness. This 
is-repeated 2 or 3 times to bring the t&due into the chlor- 
ide form. The residue is then taken un in 3M hydrochloric 
acid and freshly prepared sul~hu~ dioxide- is passed 
through it. Elemental tellurium is precipitated. It is then 
dissolved in clqaa reyiu. reprecipitated and redissolved in 

uqua regia. Ten mg of iron carrier are added to the solution 
and pure tellurium is precipitated, dried, weighed and 
counted. 

Separation of’neptunium and uranium.* A measured frac- 
tion of the leach solution with known amounts of *j3U, 
237Np and 236~ tracers is taken in a beaker along with 
1 mg of iron carrier, 1 g of hydroxylamine hydrochloride 
and 10 ml, for every 100 ml of leach solution. of a 4:1 
v/v mixture of saturated boric acid solution and cont. 
nitric acid. The solution is warmed and ammonia solution 
added slowly to precipitate hydroxides. The precipitate is 
filtered off, washed and dissolved in 6M nitric acid and 
the solution evaporated almost to dryness, The residue is 
taken up in 15 ml of 1M nitric acid and neotunium is 
converted into oxidation state IV by addition’of I ml of 
15% hydroxylamine hydrochloride solution and 0.3 ml of 
3M ferrous sulphamate. Neptunium is twice extracted with 
05M thenoyotrifluoroacetone in xylene by shaking for 
about 10 min in a lOO-ml separating funnel. The organic 
phase is washed with an equal volume of 1M nitric acid 
and the washings are added to the aqueous phase. Nep- 
tunium is stripped from the organic phase with an equal 
volume of 8M nitric acid, which is then evsaporated to 
dryness with 1M hydrochI~ric acid and the residue taken 
up with two 3-m! portions of electrolyte solution (TM 
ammonium chloride, O.OlM oxalic acid) and &aced in an 
electrolysis cell. Neptunium is deposited on a 2-5-cm dia- 
meter stainless-steel disc for 20 min at a current density 
of l-1.2 A. 

The aqueous phase left after the neptunium extraction 
is three times evaporated to dryness -with a little nitric 
acid and the residue is finallv taken ua in 10 ml of 1M 
nitric acid. Ten g of aluminmm nitrate, 3 or 4 drops of 
cerium carrier (10 mg of Ce4’/ml) and i&l5 drops of 
hydrogen peroxide are added to the solution and uranium 
is extracted by shaking with an equal volume of ethyl ace- 
tate for 1 min. The organic phase is slowly evaporated 
on a hot-plate. The residue is taken up in 10 ml of 1M 
nitric acid and the uranium extraction with ethyl acetate 
is repeated twice more. Finally the uranium is electroplated 
on a stainless-steel disc similarly to neptunium. 

RESULTS AND DISCUSSION 

The chemical procedures described above are rapid 
and quantitative and the radionuclides separated are 
free from contamination by other fission products. 
The B-emitting isotopes are counted in a low-back- 
ground assembly using an end-window GM counter 
with a lower thickness of the sample. The necessary 
corrections for the ioss due to self-absorption etc. are 
made and the final count-rate is used to estimate the 
con~ntrat~on of each nuchde. The purity of each 
separated nuchde is checked by following the radioac- 
tive decay and in the case of B-emitting nuclides by 
using appropriate aluminium absorbers. 

The chemical yields of uranium and neptunium are 
determined radiometrically by adding 233U and 
237Np tracers and in the case of fission products the 
yields are determined gravimetrically by adding an 
appropriate inactive carrier. The chemical yields of 
separated radionuclides are 65.-SOoi, for strontium and 
barium, 8590% for silver, 50-557: for molybdenum 
7@800/, for tellurium, 82-85S$ for neptunium and 
.5%60~( for uranium. The overall errors in the estima- 
tion of these nuclides are within lo:/,. The time taken 
for the entire analysis is 510 hr. 
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Table 1. Expected activity ratios of selected fission products at the time of fission’5’ 

Isotope Fission-spectrum neutron fission of I4-MeV neutron fission of 
ratio 235” 238U 239Pu 235U 238U 239pu 

111Ag18QSr 0.05 0.23 1.46 1.97 2.5 52 
’ 1 iAg/t4’Ba 001 O-03 0.12 042 0.40 0.90 
99Mo/‘11A I g 465 168 41.0 12.2 14.8 80 

Table 2. Observed activity ratios in fall-out samples from selected Chinese tests 

Isotope 
ratio 

“rAg/sgSr 

1ilA ‘@Ba 
gl’ 

‘“Mo/r”Ag 

237U/140Ba 

239Np/‘40Ba 

Observed 
ratio 

0.116 
0.068 
0.213 
0.84 
0.98 
0023 
0.010 
0.045 
0,023 
0.028 
0.23 
0.16 

111.0 
153.0 
31.8 
38.8 
0.16 
0.15 
2.82 
i.57 
O-30 
0.10 

42.5 
19.2 

Test number and date of test Type of bomb deduced 

First (16.1064) A-bomb using z35U 
Second (14.5.65) A-bomb using 235U 
Third (9.566) A-bomb using *% 
Sixth (17.6.67) H-bomb 
Eighth (27.1268) H-bomb 
First (16.1064) A-bomb using z3SU 
Second (14.5.65) A-bomb using 23*U 
Third (9.566) A-bomb using z3sU 
Fourth (27.10.66) A-bomb using 235U 
Fifth (28.12.66) A-bomb using 235U 
Sixth (17.6.67) H-bomb 
Eighth (27.12.68) H-bomb 
Fifth (28.12.66) A-bomb using “%J 
Seventh (24.12.67) A-bomb using z35U 
Eighth (27.12.68) H-bomb 
Tenth (29.9.69) H-bomb 
Second (14.565) A-bomb using 235U 
Fourth (27.10.66) A-bomb using zJsU 
Sixth (17.6.67) H-bomb 
Tenth (29.9.69) H-bomb 
Second (14.565) A-bomb using 235U 
Fourth (27.10.66) A-bomb using 23’U 
Sixth (17.6.67) H-bomb 
Eighth (27.12.68) H-bomb 

Table 3. Observed activity ratios in fall-out samples from selected French tests 

Isotope Observed 
ratio ratio Test date Type of bomb concluded 

iilAgfSgSr 1.40 187.66 A-bomb using z39Pu 
1.06 11.9.66 A-bomb using 239Pu 
0.95 5.6.67 A-bomb using 239F’u 
0.78 2.7.67 

I1 *Ag/t4’Ba 
A-bomb using 239Pu 

0.14 18.7.66 A-bomb using 23gPu 
0.10 11.9.66 A-bomb using *39Eu 
0.10 5.6.67 A-bomb using 239Pu 
0.013 24.8.68 H-bomb 

99Mo/“‘Ag 24.8 5.6.67 A-bomb using 239Pu 
30.8 2.7.67 A-bomb using 239Pu 

257.0 7.7.68 H-bomb 
48.2 24.8.68 H-bomb 

237U/‘40Ba 0.02 18.7.66 A-bomb using z39F’n 
O-02 11.9.66 

23gNp/‘40Ba 
A-bomb using 239Pu 

4.3 187.66 A-bomb using z39Pu 
4.1 11.9.66 A-bomb using 239Pu 
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The expected activity ratios of selected nuclides at 
the time of fission are given in Table 1. Tables 2 and 
3 give the observed ratios from some Chinese and 
French tests. The fission product ratios measured cor- 
respond with those expected. Furthermore, the mode 
of detonation and the fissile material used in the wea- 
pon are also determined by comparing these 
measured ratios with the expected activity ratios 
given in Table 1. The most sensitive ratio for the 

determination of fissile material is i1 'Ag/*'Sr, as 
235U and 23gPu fission in A-bomb tests give ratios 
which differ by a factor of 29. A thermonuclear reac- 
tion is identified by comparing the observed ratios 
with corresponding 238U 14MeV fission ratios, 

though more significant are the ratios of 237U and 
23gNp to 14’Ba. This is because the 237U/140Ba value 
varies between 0.02 and 0.2 for purely fission devices, 
depending on whether 23gPu or 235U is used as fissile 

material, and for thermonuclear devices it is usually 
higher than 2.0. Similarly the 23gNp/140Ba value is 
higher for H-bombs as the amount of 238U is much 
larger and the number of neutrons liberated in the 
reaction is also about 10 times that for an A-bomb 
of the same energy.4 

Some variations in the ratios are observed. For 
example, the expected ratio for ’ 1 ‘Ag/“‘Ba for the 
fission-spectrum neutron fission of 235U is O.O18,5 
while for the second and third Chinese A-bomb tests 
these values are 0.01 and OGl5 respectively. Similarly 

the 111Ag/140Ba values for the sixth and eighth 
Chinese tests are 0.23 and 0.16 respectively, compared 

with the value of 040 for 14-MeV fission of 238U.5 
These variations could be due to a difference in neu- 
tron energies at the time of detonation. 

If the tests are held close together, the activity col- 
lected will contain short-lived isotopes from earlier 
tests, thus making it difficult to make detailed 
measurements of the sample. In such cases the fission 
products “MO and ‘32Te (tlj2 = 67 and 77 hr re- 
spectively) are used to express activity ratios relative 
to other fission products. 

Acknowledgements-The authors wish to express their 
thanks to Dr K. G. Vohra, Head, Division of Radiological 
Protection for guiding the project and to Dr U. C. Mishra, 
Head, Air Monitoring Section for his valued suggestions 
and discussions. Thanks are also due to B. Y. Lalit, S. Sada- 
sivan, S. Rajan and S. B. Santani for their help in activity 
measurements and chemical analysis. 

REFERENCES 

1. A. L. Boni, Anal. Chem., 1960, 32, 599 
2. S. B. Hingorani, At. Energy Establ. Trombay Report, 

AEETIAM-17, 1960. 
3. S. J. S. Anand and M. S. Rae, Proc. Chemistry Sym- 

posium, Madras, 1970, Vol. II, 339. 
4. R. N. Khandekar. S. B. Santani and M. S. Rao. ibid. 

1970, Vol. II, 347: 
5. U. C. Mishra, B. Y. Lalit, R. K. Varma and S. Sadasi- 

van, J. Sci. Ind. Rex (India), 1974, 33, 216. 



Talnnro, Vol. 23, pp. 317-320. Pergamon Press, 1976. Printed in Great Britam 

SHORT COMMUNICATIONS 

MICROWAVE-INDUCED PLASMA COUPLED TO A TANTALUM-STRIP 
VAPORIZATION ASSEMBLY FOR TRACE ELEMENT ANALYSIS 

FRED L. FRICKE 

Cincinnati District Food and Drug Administration, 1141 Central Parkway, Cincinnati, Ohio 45202, U.S.A. 

OLIVER ROSE, JR. and JOSEPH A. CARUSO 

Department of Chemistry, University of Cincinnati, Cincinnati, Ohio 45221, U.S.A. 

(Received 6 May 1975. Accepted 24 September 1975) 

Thermal vaporization devices have proved to be useful for 
introduction of the analyte into microwave-induced 
plasmas and several applications have recently been 
reported.‘-s Nixon et al. utilized a tantalum-strip vapori- 
zation assembly for analyte introduction into an induct- 
ively-coupled plasma.6 This report describes a similar 
tantalum-strip assembly coupled to a microwave-induced 
argon plasma and an application of this system in the 
analysis of samples with complex matrices. 

The bomb technique’ was used to destroy the organic 
matrix and a modification of the extraction procedure 
developed by Kinrade and Van Loon* using ammonium 
pyrrolidinedithiocarbamate (APDC) and sodium diethyl- 
dithiocarbamate (DDC) was used to separate the trace ele- 
ments from the alkali and alkaline-earth metal salts. The 
quantitative recovery of both volatile and non-volatile 
trace elements was investigated through standard-addition 
studies on Se, Cd, Pb and Cu in various matrices. In addi- 
tion, Cu was determined in various biological samples, in 
order to compare the results with those of a flameless 
atomic-absorption study carried out in these laboratories, 
for which the same samples were used. 

Apparatus 

EXPERIMENTAL 

The instrumentation utilized in this study is listed in 
Table 1. Figure 1 is a block diagram of the experimental 
arrangement. The tantalum vaporization assembly and its 
operation are similar to that described by Nixon et ~1.~ 

Decomposition bombs. A drawing of the cross-section of 
the decomposition bomb is shown in Fig. 2.* This bomb 

* A more detailed drawing of the decomposition bomb 
is available upon request. 

Table 1. Experimental instrumentation 

2450 MHz Microwave 
generator 

Microwave coupling 
cavity No. 5 

Quartz tube 
Tantalum strip 

assembly 
Power supply 
Monochromator 

Entrance slit 

Detector 

Electronics 

Read-out 

Opthos Instrument Co. 
NBS Report 
Opthos Instrument Co. 
1.3 mm i.d. 

Barnes Engineering Co. 
Laboratory constructed 
Jarrell-Ash, 0.5 m 
Ebert with 1180 grooves/mm 
grating blazed for 3OBO A. 
Reciprocal linear dispersion 
16 A/mm in the first order 
Fixed slit, 100 pm, 
straight edge 
lP28 Photomultiplier tube 
mounted at 150~ym exit slit 
Jarrell-Ash MVAA 
82500 Atomic Absorption 
Spectrometer used in 
emission mode 
Hewlett Packard model 7101B 
recorder 

is a modification of the design suggested by Krogh.“’ The 
modifications are as follows: the Teflon cup has been rede- 
signed so that the inner pressure causes formation of a 
tight seal between the Teflon cap and body, a spring has 
been installed to keep the bomb tightly sealed during the 
cooling process and the Teflon sleeve has been omitted. 

Microwave 
generator 

Cavity 
quartz tube 

I 
Tantalum strip 

vaporization 

I 

PMT 

I ’ 
Electronics 

I 
Recorder 

Flowmeter 

I 
Argon 

Fig. 1. Block diagram of apparatus. 
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-Gasket _ FEP Teflon 
I I 

Piston-303 5.5. 

Capsule - TFE. Teflon 

-iston - 353 5.5. 

~Gasket - EE.l? Teflon 

- Monel 316 

Fig. 2. Drawing of decomposition bomb. 

Two different types of steel were required in the construc- 
tion of the cap and body to prevent stripping of the 
threads. 

Stock solutions were prepared from Fisher atomic- 
absorption standards or alternatively by dissolving pure 
metals or reagent grade salts in acid diluted with deminera- 
lized water. 

iVitric acid. Redistilled. 
Chloroform. Reagent grade washed with demineralized 

water. 
APDC-DDC. The reagents, 500 mg of each, were placed 

in a 50-ml Bask, treated with demineralized water, and 
the solution was filtered through glass wool and extracted 
with three lO-ml portions of chloroform and then centri- 
fuged. 

Potassium hydrogen phtha~ate buffer pH 5.5. Sodium hyd- 
roxide solution (36.6 ml, O.lM) was added to potassium 
hydrogen phthalate solution (50.0 ml, DlM). 

Argon. Commercial grade, purified by passage through 
a train of concentrated sufphuric acid, Anhydrone, Asearite 
and glass woof. 

Procedure 

Sample preparation. To illustrate the applicability to tis- 
sue, a fish sample (Northern Pike) was filleted and all 
bones removed. It was then blended (Osterizer Model 403) 
to produce a homogeneous composite. Lettuce was also 
blended to produce a homogeneous composite. The baby- 
food pears were taken directly out of the jar. Samples (3-5 
g) were then weighed into the Teflon cup of the bomb. 

From 028 to 0.35 g of bovine liver samples were 
obtained by carefully removing a section of the hepatic 
membrane and taking 1 cm’ of undisturbed tissue. The 
samples were then ground in an agate mortar and weighed 
into the bombs. Only a small fraction of the total liver 
was sampled. 

Human serum was prepared by taking fresh blood from 
a donor and allowing it to clot. It was then centrifuged 
for 10 min at 2500 rpn and 1.0 ml of serum was taken 
for analysis. 

Human cerulopfasmin, type III, was obtained from 
Sigma Chemical as a 5% solution in 0.25 M sodium chlor- 
ide0.05 M sodium acetate at pH 7. It was desalted by 
passage through a Sephadex G-25 desalting column equili- 
brated with 0.2 M ammonium acetate/acetic acid solution. 
The middle fraction was coIIected. 

Sample digestion. After insertion of the sample into the 
bomb 3.0 ml of nitric acid was added and the bomb sealed 
and placed in an oven at 140” for 2 hr. The bomb was 
cooled with a stream of air for about 30 min. 

Exnaction. The Teflon cup was removed from the bomb 
and placed in a small ice-bath. The pH of the solution 
in the cup was adjusted (Fisher micro combination elec- 
trode) to pH 5.5, by adding dropwise 50% sodium hydrox- 
ide solution to reach pH 2 and then I A4 sodium hydroxide 
to reach the final pH. This solution was then transferred 
quantitatively to a 60-ml separatory funnel; 5.0 ml of the 
potassium hydrogen phthalate pH 55 buffer were added 
and mixed, followed by IO.0 ml of chloroform and 50 ml 
of the APDC-DDC solution. The mixture was shaken for 
2 min and then shaken by mechanical shaker for 13 min. 
The separatory funnel was centrifuged and the chloroform 
drained into a glass-stoppered flask. 

Specroscopic analysis. After the argon Row-rate was set 
at 900 mf/min, the plasma was initiated with a Tesla coil 
and the microwave power was adjusted to 45 W. The align- 
ment of the argon plasma with the monochromator was 
optimized by maximizing the intensity of the 3093.41-A 
argon line. Radiation from the appropriate hollow-cathode 
lamp was reflected into the monochromator with a remov- 
able mirror for optimization of the analytical response for 
a given element. A 5.0 /II portion of the chloroform solu- 
tion was pipetted (Drummond Wiretrol 5-~1 pipette) onto 
the tantalum strip. The solvent was evaporated by drying 
without heat for 40 set with the injection port open. The 
port was cIosed and the fan~lum~strip heated iapproxi- 
mately 1%200”) for 80 sec. at a Iow current setting. After 
this drying sequence, the strip was fired for I set at a 
high current setting (i.e., at approximately 1800”) and the 
peak height of the resulting emission signal was recorded 
on a strip-chart recorder. Standards bracketing the sample 
were run through the procedure. The sample and standard 
peak heights, corrected for reagent blank, were compared 
to determine the element concentration. 

Standard recoveries. A 50-ml portion of demineralized 
water was pipetted into the Teflon cup. The desired 
amount of the element was added from a microlitre pipette 
(MLA precision pipette), then 3.0 ml of nitric acid were 
added and the procedure above, starting with the sample 
digestion, was used to determine the recoveries. 

Spiked samptes After the sample had been weighed into 
the Teflon cup, the desired amount of an etement was 
added with a microhtre pipette (MLA precision pipette) 
followed by 3.0 ml of nitric acid and the procedure was 
used to determine the recovery. 

RESULTS AND DISCUSSION 

The decomposition bomb shown in Fig. 2 provided a 
seal that did not show visible signs of leaking when 0.5-0.9 
g (dry weight) of sample was decomposed, even after 30 
such decompositions. Attempts to anafyse the nitric acid 
digest of most samples directly for trace elements did not 
succeed because there were severe matrix effects and spec- 
tral interferences from the large amount of alkali and alka- 
line earth metal salts present, several elements formed vola- 
tile nitrosyl compounds and consequently were lost during 
the drying stage, and nitric acid attacked the tantalum 
strip, causing it to oxidize rapidly. Therefore, the chefate 
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Table 2. Absolute detection limits 

Element Wavelength, k 
Detection 
limit, ng* 

AS 1936.96 0.6 
Se 1960.26 0.6 
Cd 2288.02 0.02 
Zn 2138.56 0.02 
Pb 4057.83 0.3 
cu 3247.54 005 
Sb 2311.47 0.5 
Sn 2863.33 1.1 
Bi 2230.61 0.2 

* Sample volume 5 ~1 

extraction procedure was developed, with chloroform 
chosen as the solvent since it evaporated very rapidly from 
the tantalum surface, extracted the chelate quantitatively, 
formed only a slight emulsion and could be drained di- 
rectly from the separatory funnel after centrifugation. 

A disadvantage of this procedure is that it does not 
extract As and Be, two toxic elements which would have 
been of interest in this study. 

The characteristics of the microwave-induced plasma 
have already been discussed.’ The position of the plasma 
tended to wander within the tube. In order to stabilize 
it, a small metal bar was placed against the quartz tube 
near the lower portion of the plasma. Since the plasma 
was attracted to the metal bar, it remained fixed at the 

front wall of the tube. The emission from the elements 
was viewed just below the centre of the plasma, as this 
position appeared to give the best response for most of 
the elements. 

The injection port was left open during the evaporation 
of the chloroform so that a large amount of chloroform 
would not enter the quartz tube, possibly extinguishing 
the plasma or causing the plasma to be concentrated and 
to etch the tube. 

The detection limits for the system are shown in Table 
2. These values were determined by measuring the signal- 
to-noise ratio at a sample level approximately ten times 
the detection limit and calculating the sample level which 
would have generated a signal-to-noise ratio of 2. Co and 
Ni were not determined owing to reaction of these ele- 
ments with the tantalum strip.” 

As an example of the precision of the system, relative 
standard deviations for 5 replicate determinations of 1.25, 
1.67 and 2.50 ng of Cu (aqueous standards) were 1.4, 1.1 
and 0.87%, respectively. 

Standards alone and standards added to the samples 
(spiked samples) were taken through the entire procedure 
and the results are shown in Tables 3 and 4. Each recovery 
shown is an average of 4 separate determinations with 5 
emission signals recorded for each determination. The 
spike levels were chosen to indicate that recovery of both 
volatile and non-volatile elements by the bomb digestion- 
solvent extraction procedure was quantitative. They do not 
indicate the lower or upper limits of the method. 

A background correction was made for selenium, by 
using the 1965.0 A line. This background is due to traces 
of organic compounds left in the nitric acid digest, causing 
an emission continuum. 

Table 3. Standard recoveries 

Amount added, Amount recovered, Average deviation, 
Element w w* Recovered, % % Range % 

Se 5.00 5.05 101 1.6 97.8-103 
Cd 2.00 1.98 99.1 0.7 98.2-100 
Pb 5.00 5.10 102 3.6 96+.G106 
cu 2.00 2.02 101 1.4 974103 

* Average of 4 determinations. 

Table 4. Spiked recoveries 

Original content, Amount added, Amount of spike Average deviation, 
Element !-G?lg KY recovered, w* Recovery, % % Range, % 

Se 090 
Cd 040 
Pb woo 
cu 0.61 

Se 0.00 
Cd oao 
Pb OGO 
cu @59 

Se 090 
Cd 0.09 
Pb 000 
cu 0.50 

Pears** 
5.00 
2.00 
5.00 
2.00 

Fish? 
5.00 
2.00 
5.00 
2.00 

Lettuce1 
5.00 
2.00 
5.00 
2.00 

4.92 98.3 4.1 94.5105 
2.08 104 2.0 101-108 
4.78 95.5 4.8 91.2-105 
1.93 96.7 5.4 89.9-l 03 

4.75 95.0 0.6 93.7-97.0 
190 94.9 1.8 91.2-98.0 
5.10 102 1.0 10@106 
1.97 98.5 2.5 94.5102 

4.98 99.6 3.7 954-109 
1.96 97.8 2.4 92.5102 
4.81 96.2 3.1 89.7-102 
1.97 98.4 2.6 95.6106 

* Average of 4 determinations. 
** 4 g sample taken. 
t 3 g sample taken (Northern Pike) 
$5 g sample taken. 
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The results for the portion of bovine liver sampled 
yielded for Cu an average of 23 pg/g with an average devi- 
ation of ri; 3 pg. These results compare favourably with 
those of the flameless atomic-absorption (FAA study” 
which gave an average of 28.9 pg/g. The human serum 
study gave an average Cu value of 102 &g/100 ml with 
an average deviation of + 5 pg. (FAA” gave 98 utilor3 
ml), The generally accepted &&e for copper in k&man 
serum is 100 unifOO ml. The sensitivitv is hi&t enough 
for the sample-sizes to be reduced at-feast &fold, in 
important factor in pediatric screening or when working 
with small animals. 

The desalted human ceruloplasmin yielded a copper 
content of 5.5 ppm, cu. 20y0 higher than that obtained 
by FAA,‘2 but no ashing or extraction was required. The 
copper content of the ceruloplasmin (0.32%) is high enough 
to allaw the sample to be highly diluted so that the organic 
matrix is destroyed in the plasma without interference. The 
desalting eliminates any alkali or alkaline earth metal in- 
terference and hence extraction is unnecessary. Cerulopias- 
min was the only sample in this study for which ashing 
and extraction were unnecessary. 

In view of these resdts, it can be concluded that the 
~nt~urn-strip vaporization assembly/~crowav~-undid 
ptasma system (if necessary, combined with bomb decom- 
position and chelate extraction) offers a sensitive technique 
fOF the determination of some trace elements in samples 
with complex matrices. 

The major advantage of this system over non-flame ato- 
mic absorption is the potential capability for multielement 
tract analysis. A study I3 in which a similar system was 
coupled to a vidicon detector has been completed which 
demonstrates this advantage. 
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of’ a dibasic weak acid with a strong base has been 
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functional groups and a cor~spon~ng plot has been THEORY 
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The results for the portion of bovine liver sampled 
yielded for Cu an average of 23 pg/g with an average devi- 
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The desalted human ceruloplasmin yielded a copper 
content of 5.5 ppm, cu. 20y0 higher than that obtained 
by FAA,‘2 but no ashing or extraction was required. The 
copper content of the ceruloplasmin (0.32%) is high enough 
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and extraction were unnecessary. 
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position and chelate extraction) offers a sensitive technique 
fOF the determination of some trace elements in samples 
with complex matrices. 

The major advantage of this system over non-flame ato- 
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tract analysis. A study I3 in which a similar system was 
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[HI + p[p] = [of%] + [Xl + #[A] f ..’ 

f (a - i)CH,AJ -I- . . . + (a - k) [HtA] (9) 

Substituting and rearranging as before, we obtain 

valence volume and tha value of 0 at this p&t is &.‘By 
definition the error in 14 itr AK = V: - V.. 

For a monoacidic weak bars, we obtain by a similar 
process 
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Table 1. Results of titrations, with literature data 

Theoretical Observed 
Source of 

Titrand and association Titrant 
data source constants V,, ml concn., M y, ml BCALC. M 

*Citric acid“ 5 7.33 0.12447 7.35 0. I30 
*Succinic acid4 6 7.94 
*Malic acid4 

0.1244t 8Qo 0.124 
7 8.01 I.95 0,128 

Lysine hydrochloride* 
0.1244t 

8 100zl 0.1oot 10.00 0.099 

Glycines 9 5.00 0100t 5.07 0.098 

Glycine’O 9 25.00 0.100: 24.2 0.103 

* pH values were recalculated with use of modern values I1 for the standard potentials of the quinhydrone and 
saturated calomel electrodes. 

t Sodium hydroxide. 
$ Hydrochloric acid. 

the lower its concentration, the smaller O:, and hence the 
error, becomes. 

CALCULATION 

A Fortran program has been written to carry out the 
calculations. The value of the function FpA or FPB for each 
addition, e of titrant is calculated by a subroutine 
ALLONE and the best straight line through the points 
(V, F,,) or (v F,,) is determined by an unweighted least- 
squares fit using a subroutine LEAST. If the ionic strength 
changes in the course of the titration, activity coefficients 
can be calculated iteratively by a subroutine ACTCO, 
which uses the equation 

-logf, = .4.zz{1”*/(1 + Bal”z) - bl} 

where A and B are the Debye-Hiickel parameters, a and b 
are adjustable parameters supplied to the program and z 
is the charge on the ion. The ionic strength, I, is calculated 
by a function subroutine MU. Iteration in the cycle 
ALLONE-I/,-MU-ACTCO-ALLONE proceeds until suc- 
cessive values of Vc agree within 0.01%. The subroutines 
LEAST and ACTCO can be used with another program 
dealing with mixtures of acids.’ The use of ACTCO is 
not contingent on the particular equation used and it 
should be possible to accommodate any other method of 
calculating activity coefficients. 

The equivalence volume, V,, and the slope of the plot, 
BCALC, are printed with their respective standard devia- 
tions. Systematic errors can cause curved plots (evident 
from the large standard deviations), but usually a good 
graphical solution can be obtained and the co-ordinates of 
the plot are therefore also printed. BCALC provides a 
check on the calculations, since errors, whether resulting 
in curvature or not, cause BCALC to differ from its 
theoretical value, m, the concentration of the titrant. 

Scope ofthe method 

The program allows for up to six acidic or basic 
functional groups per molecule, but it has not been 
tested with more than three. All forms of acids or bases 

are covered, e.g., citric acid. li = h = u = 3; trisodium 
citrate, k = a = 3, h = 0; glycine, k = 2, h = a = 1: glycine 
hydrochloride, k = h = 2, a = 1; ammonia, k = 1, h = 
a = 0. The acids or bases may be very weak and may have 
overlapping dissociation steps. The limitations due to the 
neglect of activity coefficients and, in part, to errors in the 
association constants have been discussed before,’ together 
with a comparison with Gran’s method.3 

The greatest accuracy would be achieved if the associa- 
tion constants of an acid or base were determined with the 
same apparatus before any analytical titrations were carried 
out, but a practicable method should be capable of 
producing accurate results with literature values for the 
constants and independently obtained pH readings. The 
results of some calculations with published titration data 
are given in Table 1. 

The agreement between theoretical and observed results 
is reasonable, given the unfavourable conditions. In the case 
of the glycineehydrochloric acid titration the plot was 
scattered more than usual and the few titration points were 
badly distributed for our purposes. Other results have 
been reported earlier.’ 
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Summary-Procedures are derived for obtaining the equivalence volumes in the potentiometric 
titrations of polyfunctional weak acids and weak bases by a linear titration plot method. The effect 
of errors in the equilibrium constants on the accuracy is considered. A Fortran program is available to 
do the calculations. 
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The cation-exchange behaviour of salts of heteropoly acids 
is well established. Smit et al.,’ while investigating the 
properties of the ammonium salts of heteropoly acids 
observed that ammonium tungstoarsenate and tungsto- 
phosphate become colloidally dispersed and cannot be 
used as cation-exchangers. We have replaced the 
ammonium ion in the tungstoarsenate salt with organic 
bases and have found that pyridinium tungstoarsenate is 
chemically and thermally stable and possesses promising 
exchange properties, comparable to those of the 
ammonium salt. 

The work described in this paper is concerned with the 
sorption of some univalent and bivalent cations on the 
exchanger, evaluation of the constants and an interpre- 
tation of the mechanism. 

EXPERIMENTAL 

Sodium tungstate and arsenic pentoxide, used in these 
studies, were reagent grade chemicals. The salts of sodium, 
potassium and lithium were of analytical reagent quality. 
Their solutions were prepared in doubly distilled water. 

Pyridinium nitrate was obtained as a white crystalline 
compound, by mixing nitric acid and distilled pyridine in 
equimolar quantities. It was crystallized from water and 
alcohol and dried in a vacuum desiccator, Pyridinium 
tungstoarsenate was obtained as follows. 

Arsenic pentoxide (4.6 g), dissolved in concentrated 
sodium hydroxide solution and diluted to 140m1, was 
added slowly with constant stirring to a solution of sodium 
tungstate (105.6 g dissolved in 180 ml of water). The mix- 
ture was then acidified with concentrated hydrochloric acid 
and 40g of pyridinium nitrate were added in small 
amounts with constant stirring. The mixture was heated 
over a water-bath for 30 min, then left for 24 hr and fil- 
tered. The product was washed with dilute acid and dis- 
tilled water and dried at 90”. 

The pyridinium tungstoarsenate was then analysed. 
Tungsten was determined as the thiocyanate complex. Pyr- 
idine was determined spectrophotometrically at 256 nm. 
Arsenic was determined by dissolving a known amount 
of the product in O.lN sodium hydroxide and back-titrat- 
ing the excess of alkali. 

The exchange isotherms with various cations were 
obtained by estimating spectrophometrically the amount 
of pyridinium ion liberated by different concentrations of 
a particular cation in presence of OQOlM pyridinium 
nitrate. The amount of exchanger (0.1 g), the total volume 
of the solution (20ml) and the acidity of the medium 
(O.OlM nitric acid) were the same in all cases. 

In order to ascertain the stoichiometry of the exchange 
reactions both the solid and liquid phases were analysed 
after exchange. The experiments were carried out at 32”. 

RESULTSAND DISCUSSION 

The values obtained for pyridine, tungsten and arsenic 

in the compound pyridinium tungstoarsenate are given 

323 

below and compared with the theoretical values calculated 
on the bases of the formula (C5H5NH)3W12A~040. 
[Found: C,H,N, 7.6%; As, 2.0%; W, 69.9%; (&H,NH), 
W,,AsO,,, requires C5H,N, 7.6%; As, 2.3%; W, 76.4x% 
The analysis shows that the salt is anhydrous, and this 
is confir&d by the thermogravimetric gnalysis (Fig. 1) 
which reveals only the thermal decomposition of the prod- 
uct at 480”. 

The pyridinium ion in this compound is exchangeable 
and the exchange reaction is found to be stoichiometric. 
The exchange isotherms are plotted in Figs. 2-4. 

The order of adsorption on the exchanger is Cs+ > 
Rb+ > Na+ > Lif > KC > NH: and Cu*+ > Sr*+ > 
Ba*+. The compound seems to be highly specific towards 
Cs+, Ag+ and TI+, and an almost complete replacement 
of pyridinium ion occurs with silver and caesium. The 
slopes of the isotherms are quite different, showing that 
the exchanger can be used for the separation of these 
cations. 

The sequence of cationic uptake is not the same as 
reported by other workers for heteropoly salts.2*3 The 
adsorption seems to decrease with increasing atomic 
number or size of bivalent cations viz. Cu’+, Sr*+ and 
Ba*+. In the case of univalent cations no regular order 
is observed with respect to the size of the ion or the volume 
of the hydrated ion. On the other hand their sequence 
seems to follow the lyotropic number, which according to 
Bruins4 and Voet,’ holds true for ion-exchange processes, 
the species with a lower lyotropic number being adsorbed 
more strongly. Steric effects sometimes influence the selec- 
tivity order of adsorption of alkali metal ions and a reverse 
behaviour for alkaline earth cations has also been reported 
by Lefebvre and Gaymard.6 

The X-ray studies of the heteropoly acids and their salts 
(summarized by We11s7) have shown that in such crystals 
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Fig. 1. TGA of pyridinium tungstoarsenate. 
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ty+ + 
+ 
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Fig. 2. Exchange isotherms of alkali metal ians and NH:. 

the cations with associated water molecules are fitted in 
between the large negative ions. Comparatively large ca+ 
ties exist between these negative ions, allowing the aczom- 
modation of larger cations, even those of organic bases. 
Univalent cations such as Rb+, Csi, Ti’, Ag” and K+, 
can be packed stably into the structure and lower the crys- 
tal energy sufficiently to give salts insoluble in water. In 
other cases, e.g., lithium or sodium pyridinium heteropoly 
salts, their peculiar behaviour may be due to their solu- 
bility in the medium. 

For the alkali metal ions and also for thallium and silver 
the logarithm of the selectivity coefficient (K’) varies 
linearly with the saturation of the exchanger (Fig. 5) thus 
conforming to the empirical Kielland equation’ established 
on theoretical grounds by Barrer and Falconer.’ 

log K’ = log K + C(1 - 2x,) 

where K’ is the selectivity coefficient, K the thermodyna- 
mic equiiibrium constant, FM the fraction of exchanging 
sites occupied by the exchanging ion and 

E NA + NB ‘=-%&k=. N 

h’, and NH arc the number of ions of the type A and 

Concentration of e.lectrolyte added, xld3M 

Fig. 3. Exchange isotherms of Ag+ and ‘II’. 
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Fig. 4. Exchange isotherms of Cu’+, Sr’+ and Ba2*. 

3 in the exchanger, N is the total number of available 
sites and E, is the interaction energy or the energy change 
in the crystal associated with pair formation, when two 
ions occupy adjacent sites. 

Figure 5 shows the plot of log K’ VS. (I - 2x& The 
values of the thermodynamic equilibrium constant, K, free 
energy change. AG” and the energy of interaction between 
the adjacent ions on the surface, E,, are given in Table 1. 

The smaller magnitude of E, suggests that the neigh- 
bowing ions on the exchanger surface are very little 
affected by adjacent ions. These values also indicate a 

-i*6f-- \ 

L t I 1 i-2,6/ I I 1 I I 
-1.0 -0.8 -0.6-0.4 -0.2 0 0.2 0.4 O-6 o-8 I.0 

Fig. 5. Plot of logarithm of-selectivity coefficients US. 
(1 - 2X& 
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Table 1. The replacement of the pyridiaium ion of this salt with 
other organic catiom ur’z. mcthylammonium, dimethylam- 
monium and trimethylammonium has also been investi- 
gated The studies show that the uptake of the ions is 
directly proportional to their dze in the case of the first 
two compounds. The uptak of tr~methy~ammonium ion 
is the least. The crystal latticce in pyridinium tungsto- 
arse=aZe is perhaps too wornout to a&w the entry of t&e 
iarge ~r~~~~~~rn~~~~ c&I& bat foose enough za per- 
mit the e&?aEIg% of rn#XD- arrd djmeth~~mo~um ions. 

Summary-The exchange behaviour of pyriciliaium tungstoarsenate has been investigated with some 
uni and bivalent cations. The compound shows high specificity towards Cs” and Ag+ and the 
exchange is complete even in the low concentration range. The -slopes of the isotherms of various 
&~XIS are widety different suggesting that separation of these ions on a ~yr~~~~~rn tungstoarsenate 
column is feasible. From a linear plot of Bar&s equation, the thermod~a~~ ~~u~~~~~urn constant, 
the eirergy of interaction betweeD the ions orz Ebe surface and the free erpergy change of the process 
have beea ev&ua&& 

(Received 19 AuqusE 19?S. Accepted 24 September 1975) 
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EXPERlMENTAL 

Since it gave a blood-red calour with aqueous alkalies, 
we thought it worthwhile to examine its utihty as an acid- 
base indicator. It gives no colour in acidic medium, prob- 
ably because of protonation of the quinonoid oxygen atom 
suppressing i?s q&nor&d nature. but has a red colour in 
alkaline medium, owing to its resonating forms. 

The transition interval was dete~in~ by adding the 
indicator to a series of suitable buffers in test-tubes of 
equal cofour and diameter, and found to be pII 4&5-g 
when the indicator concentration is 1W3% in the test soiu- 

Summary-Lapachol, tl new one-colour acid-base indicator, is easily available from natural sources 
and gives a deep red colour with aqueous alkalies. Its transition range is found to be pH +8-5% 
It can be used for titration of strong acids with strong or weak bases. 

Red coloar 

tion. The first perceptible colour is at pI3 43, and the 
colour ceases to change at pH 58. 

Lap&ml is thus a suitable one-colour indicator for the 
titration of strong acids with strong or weak bases. The 
colour is fairly stable. 

2. l&m, ibid., 1973, l2, 469. 
3. Idem, ibid,, 1973, 12, 942. 

~~T~RMINA~ON OF SULPHIDE, SULPHITE Ah4 
THIQSULPHATE WITH THALLIC PERCHLORATE 

OR SULPHATE 

D. N. SHARMA, P. D. SHAIIMA and Y. K. GWTA 

Department of Chemistry, University of Rajasthan, Jaipur, India 

Recent2~ a W&W’ dcsc3bing zmalykal d~e~nations of 
sulphide, sulphite and thiosulphate has appeared. It seems 
that there are contradictory reparts about the iodimetric 
determination of sulphide. KolthoffZ has reported only 
partial oxidation of sulphide to sulphate in alkaline 
medium. Bethges has reported that the iodimetric deter- 
mination is not free from errors. Similarly difficulty has 
been encountered in the iodimetric determination of 
sulphite, particularly in alkaline medium, owing to air 
oxidation which can, however, be checked by addition of 
inhibitors.4-6 Thiosulphate can, however, be determined’** 
accurately iodimetricaify both in acid and alkaline media. 

The present paper describes the iodimetric determina- 
tion of these substances with thajfic perchIorate or sutphate 
and potassium iodide+ The method is essentiaily a corn- 
bination of iodometry and ~~~et~. ~a~urn~~~ liber- 
ates iodine from potassium and this iodine is subsequently 
used up by sulphide, sulphite or thiosuIphate. The main 
advantage of the method is that it dispenses with the prep 
aration of iodine solution (which does not have a constant 
titre) whereas thallic perchlorate or sulphate gives a Stan- 
dard solution stable aver months and unaffected by air 
and light. Thallium@) has already been used for the 
determination of thiourea, sulphite and thiosulphate, with 
p-ethoxychrysodine as indicator:* Apart from iodimetry, 

t~e’~r~se~t paper describes the use of indiigo carmine indi- 
cator for the determination of suiphide, sulphite and thio- 
su$bate. 

EXPERIMENTAL 

Rl?lZ@WtS 

Thallic oxide is added gradually to heated -S&f per- 
chluric or sulphuric acid until no more will dissolve. The 
solution is left overnight and then filtered. Alkali is added 
to the f&ate to precipitate thalfic hydroxide, which is 
filtered off, washed, and dissolved in the appropriate acid. 
It is necessary to maintain about @5 M acid 6~~~~t~aF~o~ 
in the tea&ion mixtures and hence the acidity of the that 
I~~(III~ solutions is aIso determined by titration with 
caustic soda solution to the ~henoIp~t~aiej~ end-point; 
it is necessary to add potassium bromide to complex tbal- 
tium(IKf) to check its interference in the acid-base titration. 

Solutions of sodium sulphide, sodium sulphite and 
sodium thiosulphate were prepared in doubly distilled 
water and standardized against an iodine solution. A 0.1% 
aqueous solution of indigo carmine was prepared. 

Procedure 

For iodimetric determination, a known quantity of sui- 

phide, sulphite or thiosulphate was taken in an Erienmeyer 



EXPERlMENTAL 

Since it gave a blood-red calour with aqueous alkalies, 
we thought it worthwhile to examine its utihty as an acid- 
base indicator. It gives no colour in acidic medium, prob- 
ably because of protonation of the quinonoid oxygen atom 
suppressing i?s q&nor&d nature. but has a red colour in 
alkaline medium, owing to its resonating forms. 

The transition interval was dete~in~ by adding the 
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when the indicator concentration is 1W3% in the test soiu- 

Summary-Lapachol, tl new one-colour acid-base indicator, is easily available from natural sources 
and gives a deep red colour with aqueous alkalies. Its transition range is found to be pH +8-5% 
It can be used for titration of strong acids with strong or weak bases. 

Red coloar 

tion. The first perceptible colour is at pI3 43, and the 
colour ceases to change at pH 58. 

Lap&ml is thus a suitable one-colour indicator for the 
titration of strong acids with strong or weak bases. The 
colour is fairly stable. 

2. l&m, ibid., 1973, l2, 469. 
3. Idem, ibid,, 1973, 12, 942. 
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Recent2~ a W&W’ dcsc3bing zmalykal d~e~nations of 
sulphide, sulphite and thiosulphate has appeared. It seems 
that there are contradictory reparts about the iodimetric 
determination of sulphide. KolthoffZ has reported only 
partial oxidation of sulphide to sulphate in alkaline 
medium. Bethges has reported that the iodimetric deter- 
mination is not free from errors. Similarly difficulty has 
been encountered in the iodimetric determination of 
sulphite, particularly in alkaline medium, owing to air 
oxidation which can, however, be checked by addition of 
inhibitors.4-6 Thiosulphate can, however, be determined’** 
accurately iodimetricaify both in acid and alkaline media. 

The present paper describes the iodimetric determina- 
tion of these substances with thajfic perchIorate or sutphate 
and potassium iodide+ The method is essentiaily a corn- 
bination of iodometry and ~~~et~. ~a~urn~~~ liber- 
ates iodine from potassium and this iodine is subsequently 
used up by sulphide, sulphite or thiosuIphate. The main 
advantage of the method is that it dispenses with the prep 
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titre) whereas thallic perchlorate or sulphate gives a Stan- 
dard solution stable aver months and unaffected by air 
and light. Thallium@) has already been used for the 
determination of thiourea, sulphite and thiosulphate, with 
p-ethoxychrysodine as indicator:* Apart from iodimetry, 

t~e’~r~se~t paper describes the use of indiigo carmine indi- 
cator for the determination of suiphide, sulphite and thio- 
su$bate. 

EXPERIMENTAL 

Rl?lZ@WtS 
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solution is left overnight and then filtered. Alkali is added 
to the f&ate to precipitate thalfic hydroxide, which is 
filtered off, washed, and dissolved in the appropriate acid. 
It is necessary to maintain about @5 M acid 6~~~~t~aF~o~ 
in the tea&ion mixtures and hence the acidity of the that 
I~~(III~ solutions is aIso determined by titration with 
caustic soda solution to the ~henoIp~t~aiej~ end-point; 
it is necessary to add potassium bromide to complex tbal- 
tium(IKf) to check its interference in the acid-base titration. 

Solutions of sodium sulphide, sodium sulphite and 
sodium thiosulphate were prepared in doubly distilled 
water and standardized against an iodine solution. A 0.1% 
aqueous solution of indigo carmine was prepared. 

Procedure 

For iodimetric determination, a known quantity of sui- 

phide, sulphite or thiosulphate was taken in an Erienmeyer 
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flask and rendered about 0.5 M in acid with perchloric 
or suiphuric acid. For sulphide dete~~nation the acid con- 
centration should not be less than 05M. Then 5ml of 
0.05M potassium iodide and some starch solution were 
added, and the solution titrated with thallium(II1) sot\ltion 
with vigorous swirling. The titrant was added dropwise 
at intervals of 10-15 set near the end-point. 

In the direct determination using indigo carmine indi- 
cator, the end-point was marked by a colour change from 
blue to light green. Vigorous shaking is required in this 
case too. The end-point can be made sharper by the use 
of cobalt(I1) sulphate along with the indicator. The colour 
change is then from blue to pink. 

Results are given in Tables 1, 2 and 3. 

~i~ifations 
The method failed for amounts of sulphide larger than 

lOmg, probably because hydrogen sulphide is formed in 
acid solutions and part of it escapes to the atmosphere. 
Cobalt(I1) sulphate was not used in the case of sulphite 
because the colour of the indicator disappears within 2-5 
min in its presence. Since sulphite solutions are known 
to decompose, the determinations were carried out also 
with solutions stabilized1’-‘5 by glycerol, sucrose and eth- 
anol. The results were similar to those obtained without 
stabilization. 

Determination of sulphide, sulphite and thiosulphate in 
admixture 

Kurtenacker and Wollak I6 have carried out an iodi- 
metric determination of the three in a mixture and the 
same method can be applied here, with thaliium(I~I) solu- 
tion substitute for iodine solution.Both iodimet~c and &- 
digo carmine methods are applicable for the mixtures. The 
results are given in Table 4. 

Table 1. Determination of sulphide with thallium(II1) 

Iodimetric method Indigo carmine method 
Taken, mg Found, mg Taken, mg Found, mg 

2.45 2.43 2.45 244 
3.25 3.22 3.25 3.21 
4.35 4.31 4.35 4.34 
6.55 6.51 6.55 6.55 
8.42 83.5 8.42 s-41 
9.25 9.21 9.25 9.23 

Table 2. Determination of sulphite with thallium(Ii1) 

Iodimetric method Indigo carmine method 
Taken, mg Found, mg Taken, mg Found, mg 

0.65 0.65 1.26 1.28 
1.26 1.27 6.30 6.31 
2.50 245 7.55 I.52 
2.90 2.92 12.50 12.51 
3.50 3.51 17.55 17.53 
4.85 4.90 25.35 25.32 
5.45 5.42 31.50 31.55 
7.60 7.45 44.20 44.30 

Table 3. ~te~ination of thiosulphate with thallium(Iii) 

Iodimetric method Indigo carmine method 
Taken, mg Found, mg Taken, mg Found, mg 

1.25 1.25 2.95 2.95 
2.50 2.51 I.45 7.46 
3.15 3.76 9.95 9.92 
6.20 6.22 12.40 12.45 
8.75 8.77 14.85 14.84 
9.35 9.31 22.35 22.37 

10.55 10.58 24.85 24.90 

Table 4. Dete~ination of sulphide, sulphite and thiosuf- 
phate with thallium~I1) 

J-&m w Found, mg 
thio- thio- 

sulphide sulphite sulphate sulphide sulphite sulphate 

1.25 2.52 2.48 1.22 250 2.44 
155 2.85 3.12 1.51 2.82 3.69 
2.55 3.45 6.21 2.52 3.41 6.20 
3.1.5 4.75 2.25 3.05 454 2.21 
3.75 5.40 3.25 3,68 5.37 3.22 
4.15 755 8.67 4.10 7.51 8.56 

DISCUSSION 

The results of Tables I,2 and 3 are reasonable, the error 
being generally < 1%. The errors are larger in the case 
of mixtures (Table 4) obviously because the determinations 
involve two operations, precipitation with ZnCO, and 
complexing with formadehyde. 

The reactions of thallium(iI1) with sulphide, sulphite and 
thiosulphate are very fast in acid medium, that with sul- 
phide being 

TI(ii1) + H,S+TI(I) + 2H+ + S 

The reaction of thallium(II1) with iodide is still faster 
and the iodine so liberated reacts with sulphide, sulphite 
or thiosulphate, yielding iodide, and thus iodide acts as 
a catalyst through the operation of the 1*/I- cycle. 
Although iodide may be regarded as a catalyst, it is not 
effective at lower concentrations because thallous iodide 
is precipitated and thus iodide is gradually removed from 
the solution during the titration. This thallous iodide 
adsorbs iodine, forming i1 TlI.12 and the bound iodine can 
be titrated only with difficulty and hence vigorous swirling 
is necessary. 

Interferences 

Mn”‘, Ni’+, Co*+ and Zn’+ do not interfere in the 
iodimetric method, but Co*+ and Ni*+ interfere in the 
indicator method. Cu*+; Fe3+, As(IIi), As(V), Sb(Iii) and 
Sb(V) interfere in both the iodimetric and the indtcator 
methods. Cl-, Br-, SOi- and NO; do not interfere. 

1. 
2. 
3. 

4. 

65: 

7. 
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Azo compounds have been determined quantitatively with 
reducing agents, e.g., chromium(II),’ tin(H),’ titanium(III),3 
but these reagents readily undergo aerial oxidation, and 
the steps needed to prevent this are cumbersome. The 
reduction processes are slow at normal temperature and 
heating is required to complete the reaction. This paper 
describes the study of the reaction of ~-bromosucc~nimide 
with azo compounds and its analytical application to their 
dete~ination, A 2-10 mg sample is reacted with a 
measured excessive volume of ~-bromosuccinjmide at 
room temperat~e and the excess of reagent is back- 
titrated iodometrically, The results generally show + lo/, 
maximum deviation from the theoretical value. 

STOICHIOMETRIC STUDY 

The reaction of chrysoidine with ~-bromosuccinim~de 
has been studied as a representative reaction. Different 
known quantities of chrysoidine were reacted with excess 
of ~-bromosuccinimide and the sto~chiometry was calcu- 
lated from the amount of ~-bromosuccinimide consumed, 
and found to be 1:2 with respect to chrysoidine and 
~-bromosuccinimide. 

A similar procedure has been followed for determination 
of the stoichiometry of reaction of other compounds with 
~-bromosuccinimide (Table 1). 

The reaction mixtures were analysed for the end-pro- 
ducts after the reaction was over. Succinimide has been 
isolated from the reaction mixture and identified from its 
melting point and mixed melting point. Different bromo- 
derivatives have also been isolated and similarly identified. 

~-Bromo~cc~nimide solution, ca. 0.02 M. N-Bromosuc- 
cinimide (O-3560 g} was dissolved in the minimum amount 
of lukewarm water and the solution diluted to the mark 
with cold distilled water in a 100-ml volumetric Rask and 

Table 1. Stoichiometric ratio of azo compounds and 
~-bromosuccinimide 

Compound 

Chrysoidine G 
Butter Yellow 
Conao Red 

Observed molar ratio 

2.004 2.031 1.988 
2*004 1.986 1.992 
2,014 2.014 l-973 

Chrisamine G 4.027 3983 3.999 
Methyl Orange 5001 4.985 5OiR 
Methyl Red Xl01 4,984 _ 4,987 

standardized iodometrically.’ The solution was prepared 
fresh before use. 

Sample so~atio~s, Stock solution of each sample (re-crys- 
tallized if necessary) was prepared by dissolving an accu- 
rately weighed amount in 15 ml of glacial acetic acid, 
except for the sodium saits of Congo Red and Methyl 
Orange, which were dissolved in water. The sofutions were 
made up to volume with water in IOO-ml volumetric Rasks. 
Portions of the stock solution to give 2-10 mg of sample 
were used for each determination. 

Potassium iodide sa~at~an, 15%. 
Starch solution l”/r;. 
Sodium thiostdphate solution, ca. @02M. Standardized 

with a standard solution of copper sulphate. 

Procedure 

A portion of solution containing 2-10 mg of the sample 
was placed in a lOO-ml iodine flask, 5 ml of glacial acetic 
acid and 10 ml of ~-bromosu~inim~de solution were 
added, the Aask was stoppered, and the reaction was 
allowed to proceed for 10 min at room temperature. After 
the reaction was complete, 5 ml of potassium iodide sohr- 
tion were added and the liberated iodine was titrated with 
standard sodium th;osulphate solution, with starch as indi- 
cator. A blank experiment was run under identical exper- 
imental conditions. 

The amount of azo compound was calculated by means 
of the expression 
Amount of azo compound 

= [(B - A) x M x M.W.],‘[2OOOn] 

where B = ml of thiosulphate (0.02&f) used for blank, 
A = ml of thiosuiphate (0.02M) used for sample, M.W. 
= molecular weight of the sample M = molarity of thio- 
sulphate solution, n = stoichiometrjc ratio of N-bromo- 
succinimide to sample compound. 

RESULTS AND DISCUSSION 

Chrysoidine G was chosen as the model compound and 
was found to react quantitatively with ~-bromosuccin~- 
mide (error generally < 0.5%). The method was also 
applied to Butter Yellow, Congo Red, Chrysamine G, 
Methyl Orange and Methyl Red. The error is generally 
c 1%. 

Chrysoidine G and N-bromosuccinimide react in 1:2 
molecular ratio. This can be explained in lerm of the two 
amino-groups strongly activating the benzene ring in the 
molecule of Chrysoidine G. The ortho-para directing effect 
of the amino-soups causes the incoming bromine &ions 
to substitute on the third and fifth carbon atoms of nucleus 
A while nucleus B remains deactivated and no substitution 
occurs. 
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Azo compounds have been determined quantitatively with 
reducing agents, e.g., chromium(II),’ tin(H),’ titanium(III),3 
but these reagents readily undergo aerial oxidation, and 
the steps needed to prevent this are cumbersome. The 
reduction processes are slow at normal temperature and 
heating is required to complete the reaction. This paper 
describes the study of the reaction of ~-bromosucc~nimide 
with azo compounds and its analytical application to their 
dete~ination, A 2-10 mg sample is reacted with a 
measured excessive volume of ~-bromosuccinjmide at 
room temperat~e and the excess of reagent is back- 
titrated iodometrically, The results generally show + lo/, 
maximum deviation from the theoretical value. 

STOICHIOMETRIC STUDY 

The reaction of chrysoidine with ~-bromosuccinim~de 
has been studied as a representative reaction. Different 
known quantities of chrysoidine were reacted with excess 
of ~-bromosuccinimide and the sto~chiometry was calcu- 
lated from the amount of ~-bromosuccinimide consumed, 
and found to be 1:2 with respect to chrysoidine and 
~-bromosuccinimide. 

A similar procedure has been followed for determination 
of the stoichiometry of reaction of other compounds with 
~-bromosuccinimide (Table 1). 

The reaction mixtures were analysed for the end-pro- 
ducts after the reaction was over. Succinimide has been 
isolated from the reaction mixture and identified from its 
melting point and mixed melting point. Different bromo- 
derivatives have also been isolated and similarly identified. 

~-Bromo~cc~nimide solution, ca. 0.02 M. N-Bromosuc- 
cinimide (O-3560 g} was dissolved in the minimum amount 
of lukewarm water and the solution diluted to the mark 
with cold distilled water in a 100-ml volumetric Rask and 

Table 1. Stoichiometric ratio of azo compounds and 
~-bromosuccinimide 

Compound 

Chrysoidine G 
Butter Yellow 
Conao Red 

Observed molar ratio 

2.004 2.031 1.988 
2*004 1.986 1.992 
2,014 2.014 l-973 

Chrisamine G 4.027 3983 3.999 
Methyl Orange 5001 4.985 5OiR 
Methyl Red Xl01 4,984 _ 4,987 

standardized iodometrically.’ The solution was prepared 
fresh before use. 

Sample so~atio~s, Stock solution of each sample (re-crys- 
tallized if necessary) was prepared by dissolving an accu- 
rately weighed amount in 15 ml of glacial acetic acid, 
except for the sodium saits of Congo Red and Methyl 
Orange, which were dissolved in water. The sofutions were 
made up to volume with water in IOO-ml volumetric Rasks. 
Portions of the stock solution to give 2-10 mg of sample 
were used for each determination. 

Potassium iodide sa~at~an, 15%. 
Starch solution l”/r;. 
Sodium thiostdphate solution, ca. @02M. Standardized 

with a standard solution of copper sulphate. 

Procedure 

A portion of solution containing 2-10 mg of the sample 
was placed in a lOO-ml iodine flask, 5 ml of glacial acetic 
acid and 10 ml of ~-bromosu~inim~de solution were 
added, the Aask was stoppered, and the reaction was 
allowed to proceed for 10 min at room temperature. After 
the reaction was complete, 5 ml of potassium iodide sohr- 
tion were added and the liberated iodine was titrated with 
standard sodium th;osulphate solution, with starch as indi- 
cator. A blank experiment was run under identical exper- 
imental conditions. 

The amount of azo compound was calculated by means 
of the expression 
Amount of azo compound 

= [(B - A) x M x M.W.],‘[2OOOn] 

where B = ml of thiosulphate (0.02&f) used for blank, 
A = ml of thiosuiphate (0.02M) used for sample, M.W. 
= molecular weight of the sample M = molarity of thio- 
sulphate solution, n = stoichiometrjc ratio of N-bromo- 
succinimide to sample compound. 

RESULTS AND DISCUSSION 

Chrysoidine G was chosen as the model compound and 
was found to react quantitatively with ~-bromosuccin~- 
mide (error generally < 0.5%). The method was also 
applied to Butter Yellow, Congo Red, Chrysamine G, 
Methyl Orange and Methyl Red. The error is generally 
c 1%. 

Chrysoidine G and N-bromosuccinimide react in 1:2 
molecular ratio. This can be explained in lerm of the two 
amino-groups strongly activating the benzene ring in the 
molecule of Chrysoidine G. The ortho-para directing effect 
of the amino-soups causes the incoming bromine &ions 
to substitute on the third and fifth carbon atoms of nucleus 
A while nucleus B remains deactivated and no substitution 
occurs. 
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NBr+N+ 
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NH + Br+ 

CJ4-CO’ 

B A 

Chrysddins 6 

y*!H2 ,Br 

Hypotheses can also be advanced to account for the 
stoichiometry observed for the other reactions. For Methyl 
Orange, for example, the bromination proposed is 

The o- and p-positions of nucleus A are activated by 
the -N(CH,), group and 2 atoms of bromine substitute 
at the free ortho positions. The nucleus B bears the elec- 
tron-attracting -SOsH group and the electron density at 
positions meta to the SO,H group increases, which facili- 
tates the substitution at these two positions. Finally the 
-SOJH group is replaced by bromine. The pentabromo- 
derivative of Methyl Orange has been isolated and its 
structure identified and confirmed by infrared and NMR 
spectra. 

Azo compounds are coloured but no difficulty has been 
experienced in detecting the end-point. However, it has 
been observed that azobenzene is not brominated with 
~-bromosuccinimide under the experimental conditions. 

Because of the non-sele~ivity of the reagent, hydrazine, 
unsaturated compounds, amines, phenols, ascorbic acid, 
other azo compounds, etc. must be absent. 
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In the present paper we describe a new method for the There are a number of ways in which this method can 
determination of alkyl-l-biguanide, based on the use of 
a liquid-state Cu*+-sensitive electrode. The construction 

be used for the determination of biguanides: 
(a) use of an excess of copper(I1) ammine in order to 

and characteristics of the electrode have been described precipitate [Cu(Big),]X, and subsequent determination of 
previously.[l-31 The method is based on the formation 
of complexes of the type [Cu(Big),]X, by the reaction 

the excess of Cu(II) in solution by potentiometric titration 
in presence of the Cu’+-sensitive electrode; 

between copper(I1) ammine complexes with biguanides.[4] (b) transformation of the biguanide salt into the free 
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In the present paper we describe a new method for the There are a number of ways in which this method can 
determination of alkyl-l-biguanide, based on the use of 
a liquid-state Cu*+-sensitive electrode. The construction 

be used for the determination of biguanides: 
(a) use of an excess of copper(I1) ammine in order to 

and characteristics of the electrode have been described precipitate [Cu(Big),]X, and subsequent determination of 
previously.[l-31 The method is based on the formation 
of complexes of the type [Cu(Big),]X, by the reaction 

the excess of Cu(II) in solution by potentiometric titration 
in presence of the Cu’+-sensitive electrode; 

between copper(I1) ammine complexes with biguanides.[4] (b) transformation of the biguanide salt into the free 
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ml EDTA IO-‘M 

Fig. I. Potentiometric titration curve of the ammoniacal 
mixture [Cu(Big),]SO, + CuSO, method (a). 

base, which is then determined by direct potentiometric 
titration with an aqueous solution of CuSO,, and use of 
the CL?+-sensitive electrode; 

(c) separation of the water-insoluble complex and disso- 
lution of a precisely known quantity in a suitable solvent 
and subsequent determination of Cuti in the solution by 
a convenient method. 

Methods (b) and (c) are more lengthy because a very 

350 

250 

ml cuso, I o-‘M 
Fig. 2. Potentiometric titration curve of n-butyl-l-bi- 

guanide, method (b) 

Table 1. Potentiometric determination of n-butyl-l-bi- 
guanide monohydrochloride 

Taken, mg Found, mg Error, % 

31.23 31.4 0.4 
52-06 517 0.7 
62.47 62.3 0.3 
7288 72.5 O-5 
83.29 84.0 O-8 
93.70 93.7 0.0 

104.11 104.0 0.1 

accurate conversion of the biguanide salt into free base 
is needed. Also the filtration and drying are time-consum- 
ing and succeptible to errors. 

In method (n) the [Cu(Big)J SO, complex is formed by 
adding an excess of ammoniacal CuSO, solution (with 
known titre) to an aqueous solution containing 3G-100 mg 
of biguanide hydrochloride. The excess of CL?+ is then 
determined by potentiome~ic titration with O.lM EDTA, 
using the liquid-state Cu’+-sensitive electrode. 

We have studied the hydrochloride of n-butyl-l-bigua- 
nide which is the active component of the drug “Bufor- 
min”. On the titration curve in Fig. 1 two potential jumps 
can be seen. They correspond to the excess of CuSO, and 
the complexed copper respectively. The quantity of 
n-butyl-1-biguanide monohydrochloride is given by 

n-butyl-1-biguanide. HCI = O.O3874(I/,f,--V&)g 

where V, is the total volume of O.lM CuSO, solution 
added to precipitate [Cu(Big)J SOL, fi is the factor of this 
solution, Vz is the volume of O.lM EDTA corresponding 
to the first potential jump (Fig. 1) and fi is the factor 
of this solution. 

The application of the second method implies the quan- 
titative conversion of n-butyl-1-biguanide hydr~hloride 
into free base, by tr~tment with O.lM NaOH of known 
titre; the n-butyl-l-biguanide is titrated ~tentiometrically 
with O.lM CuSO,. The potentiometric titration curve (Fig. 
2) also shows two potential jumps. 

The first of these is much smaller than the second, and 
corresponds to the formation of the 1: 1 soluble complex. 
The second jump ( 2: 250 mV) is due to the formation of 
the insoluble complex [Cu(Big),]SO,; 1 ml of 0,lM 
CuSO, corresponds to 0.03145 g of n-butyl-1-biguanide. 

Tables I and 2 give the results of determinations by 
methods (n) and (b) respectively. The use of method (a) 
would have the advantage that the residual impurities 
remaining from the synthesis of the biguanide, such as 
dicyandiamide, n-butylguanidine, amines, etc. do not inter- 
fere in the dete~ination. 

The selectivity of the method has made possible the use 
of the electrode for the control of the synthesis of 
n-butyl-1-biguanide by following the concentration of 
the biguanide formed, directly in the reaction medium. 

Table 2. Potentiometric determination of n-butyl-l-bi- 
guanide (free base) 

Taken, mg Found, mg Error % 

2536 25.5 0.5 
34.59 34.3 0.9 
42.26 42.5 0.6 
5071 506 0.2 
59.16 59.1 0.1 
76.07 75.5 0.8 



Summary-Alkgl-l~biguanides are determined by titration with copper(H), or excess of copper(H) is 
added and the surplus determined by titration with EDTA, a liquid-state copper-sensitive electrode 
being used in both cs~ses far potentiometric detection of the end-point. 

Several ~~5photume~~c and &her meth5ds-3 have 
been reportd for the ~t~~~~t~on of amino-a&s. None 
of &em is. however, appliible to ~rn~n~~a~e~~ acidid, IDA, 
in presence of gIycine and other primary amino-acids. The 
method proposed here is based on complex formation 
between IDA and ferric ions. Clycine also complexes ferric 
ion, but its interference can be eliminated by proper choice 
of pH and wavelength. Other primary amino-acids do not 
interfere. 

Reagenfs 

EXPERlMEWTAC 

Ferric alum was reagent grade- IDA was recrystallized 
from doubly distilled water. Fe(III jXDA was prepared bv 

1 I 1 I 

220 240 260 2t10 300 320 : 

Wawelbngth, nm 

Fig. 1. Absorption spectra of (I), ferric alum; (II), (1:i) 
Fe(III)-IDA; and (III), (I ~3) Fe(III)-GCY. pH = 3G3.5; 

[Fe’3] =: 1 x’ 10”4niI. 

mixing the requisite amounts of Ferric afum and IDA, pre- 
cipitated with alcohol and then recrystallized twice from 
doubly distilled water. 

PR?&&Wt? 

To an nliquot of an unknown IDA solution, add a 
measured amount of ferric alum solution and dilute the 
solution to give a ferric alum concentration of 
-2%3X) x 10s4M, and an IDA concentration of 
_ l-9 x 10VSM at pH 3.c3.5. Measure the absorbance 
at 250 and 300 nm. The concentrations of iron and 
IDA are chosen to give absorbances in the range 0%0.7. 

Figure L shows the absorption spectra of ferric alum 
~~~~I~~~A and F~III~gly~~ne complexes at pH 3-o-3-5. 
The ferric alum spectrum is characterized by a maximum 
at 300 nm and an identical absorbance at 2.50 nm. Fe(W)- 
glycme (1 :J) also gives a similar, slightly more intense 
absorption spectrum. The spectrum of the Fe(KII)-IDA 
(1: 1) complex has no maximum but the absorbance at 
250 nm is much higher than that at 300 nm. 

All three systems obey Beer’s law at the two selected 
wavelengths. Hence, if 6% and E* are the molar absorptivi- 
ties of l?e(EII)-IDA at 250 and 300 nm respectively and 
Azso and AJno are the absorhnces at 250 and 3OOnm, 

A,,, - &a = AA = (+ - E,)@+IDA] (I1 
= K DDA]. 

'%US a @ut of ~$4 KS. [IDA] serves as a ~l~b~~ion 
curve. K was found to be T.Gi x IO3 1. mole".", cm-'. & 
IDA concentration as low as _ IO- ‘M can be determined 
with a fair degree of accuracy. 

The pH has an effect in the system, being optimum over 
the range 34-3~5. At pH greater than 3.5, the excess of 
iron(III) hydrolyses and at pH less than 3.0, AA for Fe(III)- 
IDA diminishes slightly. The accuracy of the method is 
further dependent upon the correct selection of the shorter 
wavelength such that there is automatic correction for the 
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Table 1. Effects of primary amino-acids 

Amino-acid 
added 

Glycine 

Alanine 

Molar ratio, 
amino-acid : IDA 

1:4 
1:2 
3:4 
1:l 
I:4 
1:2 
3:4 
1:l 

IDA taken, IDA found, 
10-6M 10-6M 

80.0 80.0 
80.0 80.5 
80.0 80.6 
80.0 82.0 
80.0 81.0 
80.0 82.0 
80.0 80.8 
80.0 81.0 

Error, 

% 

* 0.0 
+O6 
+@8 
+ 2.5 
+1.3 
+ 2.5 
+ 1.0 
+ 1.3 

Table 2. Effects of various metal ions 

Ion added 
Molar ratio, 

metal ion : IDA 
IDA taken, IDA found, Error, 

lo-‘jM 10-6M % 

Ca(I1) 
Ca(I1) 
Ba(I1) 
Ba(I1) 
Cu(I1) 
Cu(I1) 
Co(I1) 
Co(I1) 
Ni(I1) 
Ni(I1) 
Cr(II1) 
Cr(II1) 

1:3 
1:2 
1:3 
1:2 
1:3 
1:2 
1:3 
1:2 
1:3 
1:2 
1:3 
1:2 

90.0 90.0 rf: 0.0 
80.0 82.0 +25 
90.0 92.0 +2.2 
80.0 81.0 +1.3 
90.0 92.0 + 2.2 
80.0 82.0 + 2.5 
90.0 87.0 -3.6 
80.0 82.0 + 2.5 
90.0 88.0 -2.2 
80.0 81.0 +1.3 
90.0 91.5 +1.7 
80.0 80.5 + 0.6 

absorbance of the excess of iron(II1) and of the iron(IIIt 
glycine complex. This shorter wavelength was found to lie 
in the range 250 + 2 nm. It should therefore be separately 
determined for each experimental arrangement. 

Table 1 shows the effect of primary amino-acids. e.g., 
glycine and alanine. The amino-acid:IDA mole ratio was 
varied from 1:4 to 1:l. It is evident from the results that 
the method is very promising in these cases too. Probably 
the metal complexes of the primary amino-acids are not 
stable at pH 3-3.5 or else AA then is negligible. 

It is sometimes necessary to determine IDA in the pres- 
ence of metal ions, so the effect of some chosen metal 
ions was also studied. Metal ion complexes of IDA which 
are not stable at the pH range used or from which the 
metal ion can be easily displaced by ferric ion, do not 

interfere. Table 2 shows some typical results; it is evident 
that the metal ions under study do not interfere seriously. 

It can be claimed that the method is very simple, repro- 
ducible and is easily adaptable. 

Acknowledgement-The authors are grateful to Professor 
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Summary-Iminodiacetic acid down to lo-‘M is determined spectrophotometrically in the presence 
of primary amino-acids by complex-formation with iron(II1) at pH 3.s3.5. The method is simple, 
fairly accurate, rapid and free from interference from most common metal ions. 
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This paper, which reports the results of a continued investi- 
gation of the analytical chemistry of some unusual oxi- 
dation states,” is concerned with the polarography of vana- 
dium(IV) in cyanide medium. Irreversible oxidative and 
reductive waves have been reported for v~adi~(IV) in 
strongly alkaline medium.*-4 Lingane and Meites5 studied 
the polarography of several oxidation states of vanadium 
in a number of supporting electrolytes, and at different 
pH’s. Vanadium(II1) was found to give two rather poorly 
shaped waves with E, at -1.17 and - 1.77 V vs. SCE, 
being reduced to an unknown species of vanadium(H). 
There are no previous reports of the polarography of vana- 
dium(IV) in cyanide medium. 

Apparatus 

EXPERIMENTAL 

A Sargent Model XVI polarograph was used together 
with a dropping mercury electrode (DME) and a saturated 
calomel electrode (SCE) in the m~surement cell. The 
characteristics of the capillary were: m = 2.83 mg/sec, 
r = 3.2 set, at 25” in IM potassium cyanide with ionic 
strength adjusted to 3.0 by addition of sodium sulphate, 
and with height of column = 58 cm. Nitrogen was bubbled 
first through a solution of vanadium(H) to remove’oxygen, 
then through a phosphate-buffered cyanide solution to 
saturate it with hydrogen cyanide in equilibrium with that 
pH, then through the solution under investigation. 

Procedure 

A-stock solution of vanadium(W) was prepared by dis- 
solvinn VOSO,. 5H,O in 009N suluhuric acid. A suitable 
volume of this.wastaken, potassium cyanide was added, 
first to neutralize the acidity and then to give the desired 
cyanide con~ntration for the experiment. Sodium sulphate 
was added to adjust the ionic strength to 3.0 (or other 
value as required) and a drop of 1% gelatin solution to 
suppress a small maximum. Nitrogen was bubbled through 
the solution, and after 1520min the polarogram was 
recorded, with the polarograph and a potentiometer. 

RESULTS 

Effect qf the vanadium concentration 

Over the range 8 x lo-‘-1.5 x 10-‘M for vanadium, 
the wave-height is strictly proportional to concentration, 
with a slope of 7.36pA.l.mmole-’ (standard deviation 
4%). The temperature coefficient is about 1YJdeg. The pro- 
portionality to the square-root of the height of the mercury 
column confirmed that the electrode process was diffusion- 
controlled. 

These results and their reproducibility, together with the 
good development of the waves and their broad diffusion 

range, allow us to propose a new polarographic method 
for the determination of vanadium, the recommended pro- 
cedure being that used in this paper. The precision and 
accuracy are within the usual limits for classical polaro- 
graphy, and minimal for 10-5-10-ZM vigil 
in >0.5M cyanide medium at lO-SO”, the ~larography 
being performed within an hour of the addition of cyanide. 
It is necessary to work at constant ionic strength. 

An experiment involving couiometric reduction of the 
vanadium with repeated scanning of the polarograms 
between electrolyses revealed that two electrons were in- 
volved in the reduction. From this figure, and the capillary 
parameters already mentioned, the diffusion constant D in 
the IlkoviS: equation was calculated to be 6-2 x 1O-6 
cn?/sec. 

EfSect of the cyanide concentration 

A 2 x lo- ‘M vaMdium(IV) solution gave a wave-height 
increasing steadily from 14 nA in 051%f cyanide to 15 ,uA 
in -1.5M cyanide, thereafter remaining constant (Table 1). 
In 0.2M cyanide the polarogram was ill-defined, and in 
0.4&f the wave-height was 11 PA. As the pH is quite high 
(l&11) it is likely that the vanadium(W) is partially oxi- 
dized before the nitrogen is passed, when there is not much 
cyanide present, and in some of these solutions a turbidity 
suggested that the vanadium was precipitating. 

The half-wave potential 

Logarithmic plots of log i&-i) against potential gave 
straight lines with slopes of about 9OmV, and Et values 
varying from - 1.15 V in 05M cyanide to - l.iOV in 
2.86&f cyanide. Experimental values are tabulated in Table 
2. The slopes suggested that the reduction was irrc$crsible. 
Mats&a and Ayabe have deduced a general expression 
for the current-voltage curve for all reactions, reversible 
and irreversible,6 and have shown how it can be used for 
the analysis of polarograms.’ Over most of the wave, their 
expression simplifies to 

E = (Et k,, - 2.3 :;$. log & (1) 
I 

The factor G( is termed the transfer coefficient for an 
irreversible electrode reaction. The variation of (E& with 
ligand concentration is given by 

‘(E+k,, = 2.3 ES (kY)f, log D + 3 log t - 0.053 
N 

- 10 PO ; - w - P)log~xCx) I Qf 

where ($) is the rate constant for the slow reaction at 
the electrode, N is the number of ligands bound to the 
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1 Table 2. Kinetic characteristics of the polarographic 
reduction of V(W) in cyanide medium 

cc;-1, -Wi,, 
1% L mV a: W - PI* 

9 

; 

-c 

0.50 - 0.228 1149 0.31 
0.75 - 0.228 1140 0.31 
1.00 - 0.228 1135 0.30 
1.25 - 0.228 1132 031 
1.50 - 0.228 1130 0.29 
1.75 - 0.228 1121 0.29 
2.00 - 0.228 1115 0.31 
2.50 - 0.228 1106 0.31 
2.86 - 0.228 1100 0.31 

* Arithmetical mean of three measurements 

1 

regarding the species involved in the reactions, though the 
figures do suggest that one cyanide ion is added to the 
complex species when reduction takes place in about 2M 
potassium cyanide solution. 

1 , 1 I I 

-1ao -1-20 -1.40 -160 -1.80 

E, v 

The rate constant @ for the reduction step can be found 
from equation (2) and takes the value lo- “‘2 cm/set for 
2M cyanide solution. 

Fig. 1. Polarograms of V(‘“) in cyanide l.OM temperature 
25°C gelatine 0.05x, Vu”’ concentration: (5)4 x 
10-3M; (6t2 x 10-3M; (7)-1.5 x 10-3M; (BtlO-‘M; 

(9)--0.8 x 10-3M. 

central ion in the species predominating in the solution 
and p the number in the species undergoing reduction after 
the dissociation step,f, and D, are the activity coefficient 
and diffusion coefficient respectively of the species MXN 
andfx and Cx are the activity coefficient and bulk concen- 
tration of the ligand X. The drop-time is denoted by t. 
As the limiting current is strictly diffusion-controlled in 
this case the term &/id becomes unity and its logarithm 
zero. From equation (I), assuming n = 2, we can solve to 
find a, which in this case is around 0.3 (see Table 2). 

By combining equations (1) and (2) we get the simple 
relationship 

Values for (N - p) obtained by using this equation are 
also presented in Table 2. The considerable variation in 
these values makes it hard to come to any conclusion 

Table 1. Influence of CN- concentration on I, 

CKCNI, 1, 
M PA 

0.20 5.8’ 
040 11.0 
0.50 14.1 
0.75 14.0 
1.00 14.6 
1.25 14.4 
1.50 14.9 
1.75 15.2 
203 15.0 
2.50 151 
2.86 150 

- 0.48 
-0.28 
- 0.23 
-0.52 
-0.85 
- 1.33 
-086 
- I.07 

Two simple experiments were carried out to determine 
the formal potential (E”)s for the V(IV)/v(II) system in 
cyanide solution. In the first, the potential was measured 
after mixing equal volumes of equimolar vanadium(H) and 
vanadium(IV) solutions in the presence of 2M cyanide, and 
in the second, vanadium(I1) in 2M cyanide solution was 
titrated potentiometrically with hexacyanoferrate(II1) solu- 
tion. In both experiments, the formal potential was found 
to be -0.70 V us. SCE. The difference between this and 
the (E&,, of - 1.1 V certainly indicates the highly irrevers- 
ible nature of this reduction. 

The rate constant (kO)s of the overall process is given by 

W& =&%ev[-$Wh] 
and has the value lo-“*’ cmjsec, positive proof that the 
reduction is irreversible. 

The literature on cyanide complexes of vanadium is not 
very extensive, and what there is contains many contradic- 
tions. Virtually all the facts relate to solid species, usually 
produced by precipitation from non-aqueous media, and 
statements concerning ionic species are largely hypothesis. 
So much faith is placed in spectroscopic observation and 
prediction, in spite of lack of confirmation by analytical 
datas that it has taken X-ray structure analysis in one 
case’ to prove that the complex cyanide of vanadium(III) 
is in fact V(CN):-. Solid potassium hexacyanovanadate(II) 
K,V(CN)6 is well characterized” but reacts with water 
to give a brown precipitate. The heat of formation of a 
soluble vanadium(H) cyanide complex has been reported” 
but without any proof of the constitution of the species. 

Rivenq found that a solution of vanadium(W) titrated 
with cyanide gave a precipitate, with a cyanide to vana- 
dium ratio of 2:1, which subsequently dissolved in an 
excess of cyanide. I2 He suggested the formula VO(CN)z- 
for this species, but this does not lie up with the formula 
Cs,VO(CN), reported for a blue crystalline salt described 
by Bennett and Nicholls.i3 

If the N - p value of - 1 means anything, it would fit 
the requirements for the reaction 

VO(CN):- + 2e + H+ + V(CN)z- + OH 

between hypothetical ions predicted on the basis of two 
known solid compounds. A reduction of an oxo-species * Ill defined polarogram. 
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to a simple metal complex would be expected to be irre- 
versible. But there is nothing to suggest why reduction 
should be to vanadium(H) instead of to vanadium(II1). 

6. 

7. 
8. 

REFERENCES 9. 
1. F. Lucena, J. H. Mendez, A. S. Misiego and J. A. 

Marcos, InJ Quim. Anal., 1973, 27, 164. 10. 
2. W. R. Crowell and H. L. Baumbach, J. Am. Chem. 11. 

Sot., 1935, 57, 2607. 
3. W. R. Crowell and D. M. Yost, ibid., 1928, 50, 374. 12. 
4. J. J. Lingane, ibid., 1945, 67, 182. 13. 
5. J. J. Lingane and L. Meites, ibid., 1951, 73, 2165. 

H. Matsuda and Y. Ayabe, Bull. Chem. Sot. Japan, 
1956, 29, 134. 
ldem, Z. Elektrochem., 1959, 63, 1164. 
J. J. Alexander and H. B. Gray, J. Am. Chem. Sot., 
1968, 90, 4260. 
R. L. R. Towns and R. A. Leveson, ibid., 1972, 94, 
4345. 
R. Nast and D. Rehder, Chem. Ber., 1971, 104, 1709. 
F. H. Guzzetta and W. B. Hadley, Inorg. Chem., 1964, 
3, 259. 
F. Rivenq, Bull. Chem. Sot. France, 1947, 14, 971. 
B. G. Bennett and D. Nicholls, J. Chem. Sot. (A), 1971, 
1204. 

Summary-The polarographic reduction wave for vanadium(IV) in cyanide medium has been studied 
and the effect of cyanide concentration on the diffusion current and half-wave potential has been 
interpreted, using the theory of irreversible but diffusioncontrolled reduction. Coulometric experiments 
suggest a two-electron transfer, and the shift of half-wave potential corresponds to the addition of 
one cyanide ion during the reduction step. The proportionality of wave-height to vanadium concen- 
tration in the used alkaline cyanide medium indicates a possible analytical unity. The half-wave poten- 
tial is about - 1.1 V. 
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Studies of the systems MF,-AsF,-HF. where M is any 
bivalent metal, carried out in this laboratory, have resulted 
in the isolation of a number of compounds of the type 
MF, AsF,. Compounds of this particular composition 
might be discussed either in terms of ionic formulations 
such as M2+F-AsF;, MF+AsF; or in terms of covalent, 
fluorine-bridged structures FMF. AsF,. The true nature of 
the compounds can only ultimately be determined by a 
cl ! \tal structure investigation but so far, it has not been 
possible to isolate crystals suitable for crystallographic 
work. 

However, by chemical analysis simple direct evidence 
for the presence of free fluoride on the one hand and hexa- 
fluoroarsenate on the other can be obtained, since both 
can be determined separately. Known methods of analysis 
are not directly applicable to this problem and we describe 
here the modifications made to the methods for chemical 
analysis of SnF, AsF,, which was taken as the first 
test compound since on the basis of its vibrational spectra 
it was formulated as a salt of the fluorine-bridged polyca- 
tion (Sn-F):+ with the AsF; anion,’ and more recently 
as [Sn-F]+[AsF,]-.’ 

EXPERIMENTAL 

Reagents and apparatus 

Tetraphenylarsonium chloride solution, 6.7% w/v. 
Cupferron solution, 5%. 
Sodium hydroxide solution. 
Ammonia solution. 

Sulphuric acid, 75% v/v. 
Thorium nitrate standard solution, 0.0125M. 
Methylthymol Blue, 0.2% solution in 75% methanol. 
TISAB buffer. 
CBS buffer. 
All reagents and standard solutions were of analytical- 

reagent grade. The fluoride content was also determined 
with a fluoride ion-selective electrode (Orion No. 94-09) 
in conjunction with a reference electrode (Orion No. 
9@01) and digital pH-meter (Orion Model 801). The ana- 
lytical methods employed were all checked against official 
standards. 

Procedures 

SnF, AsF, is a very sensitive material and rapidly hyd- 
rolyses in moist air. Samples were therefore weighed into 
air-tight Teflon containers in a dry-box. Before the hy- 
drolysis in alkaline solution these were cooled to liquid- 
nitrogen temperature in order to moderate the violent 
reaction with water. 

Total fluorine in the solution of the hydrolysed sample 
was determined by a modified distillation method.3-5 The 
sample was decomposed by 75% sulphuric acid in the pres- 
ence of silica sand within 6 hr in a distillation apparatus 
which permitted recycling of water vapour. The distillate 
containing sodium hexafluorosilicate was titrated with 
0.0125M thorium nitrate in the presence of Methylthymol 
Blue indicator. The results obtained in several parallel 
determinations were within the permitted experimental 
error (see Table 1). 
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to a simple metal complex would be expected to be irre- 
versible. But there is nothing to suggest why reduction 
should be to vanadium(H) instead of to vanadium(II1). 

6. 

7. 
8. 
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It was found that the distillation residue could not be The hexafluoroarsenate ion is therefore stable and does 
used for the determination of tin or arsenic because meta- not dissociate under the conditions of the measurement. 
stannic acid precipitated out of the solution during the Consequently, free fluoride can be determined quite easily 
distillation. in the presence of the hexafluoroarsenate species. 

On a separate sample, hydrolysed in dilute sulphuric 
acid, AsF; was precipitated by tetraphenylarsonium chlor- 
ide.6 The results obtained, however, were too high because 
tin was co-precipitated under these conditions. Attempts 
to mask tin with many of the known agents for tin’ were 
not successful. 

In the solutions of SnF, AsF, we were able to deter- 
mine free fluoride with the ion-selective electrode and total 
fluorine content by the distillation method. The results of 
the analyses are presented for comparison in Table 1. 

We found, however, that tin could &e masked by using 
a mixture of sodium citrate and EDTA at pH 555. The 
results obtained were checked against determinations of 
AsF, in the filtrates obtained after tin had been precipi- 
tated by ammonia. The AsF; content in samples deter- 
mined either way corresponded well with calculated values 
for SnFAsF,. 

It is concluded that, in solution, the adduct SnF, .AsF, 
should be regarded as either [Sn]“[F]-[AsFs]- or 
[SnF]+[AsF,]-. This analytical information, in conjunc- 
tion with vibrational spectroscopic data for the solid’ sug- 
gests that the latter is the more likely formulation. 

Tin was determined gravimetrically by precipitation with 
both ammonia and cupferron.’ As expected, the results 
of this standard method agreed well with the calculated 
value. In order to check whether the precipitation of tin 
is quantitative in the presence of fluoride and hexafluoro- 
arsenate, a standard solution containing tin, potassium 
hexafluoroarsenate and ammonium fluoride was made. 
The determinations of tin content in this solution by the 
methods above gave results which were within the limits 
of experimental error. 
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Table 1. Comparison of the results obtained 

Sample Formulation C&d. 

% F 
Found 

Ion- 
selective 

Distillation electrode Calcd. 

% AsF, 
Found 

After 
maskmg After pptn. Calcd. 

y: Sn 
Found 

Dd 
Cuplerron ammonia 

24.25 ;;:; f 02 

49.99 
49-7 
49-9 

82.85 
822 
82.5 f O-4 

75.75 ;;:i f 0.3 ;::; * 0.3 

SnAsF, 

Sn’+ + 
NH,F + KAsF, 

SnF,AsF‘, 

SnF+AsF, 

40.72 
(total) 
11.64 

(free F-) 

5.82 (free F-) 

51 35 

(free F-) 

40.1 
40s 

6.0 
5.8 

51.2 
51.6 

52.03 
c&d. 

as AsF, 

57.84 

82.85 

36-34 
36.0 36 1 
361 36.3 

58.0 58.2 
58.0 57.9 * 0.3 

52.1 52-3 
82-5 

82.4 
82.5 5263 52.4 52.3 

Summary-Combination of analyses using an ion-selective electrode and a distillation method make 
it possible to determine free fluoride in the presence of AsF; in an adduct such as SnF, AsF,, thus 
contributing to the structural information about the compound in solution. Other methods for the 
total analysis of the compound are described. 



Talanto, Vol. 23, pp. 337-338. Pergamon Press, 1976. Printed m Great Britain 

ANALYTICAL DATA 

SELECTIVE PYRIMIDINETHIOLS FOR PALLADIUM(I1) 
DETERMINATION 

A. K. SINGH and MOHAN KATYAL 

St. Stephen’s College, Delhi 110007, India 

and 

A. M. BHATII ind N. K. RALHAN 

Chemistry Department, Panjabi University, Patiala, India 

(Received 11 June 1975. Accepted 4 September 1975) 

A large number of reagents have been proposed for the deter- 
mination of palladium(II).1-3 This study shows that l-sub- 
stituted-4,4,6-trimethyl-(lH,4H)-2-pyrimidinethiols (I-VI) 
are highly selective for Pd(II). In the presence of strong 
acids, the Pd(I1) complexes are extractable into non-polar 
solvents without interference from large concentrations of 
other platinum-group metals. For simplicity and selectivity 
combined, the proposed method for determination of 
Pd(I1) seems to be better than any other spectrophoto- 
metric procedure, but it does lack sensitivity. 

(I) R=H 
(II) R = C,H, 
(III) R = n-C,H, 
(IVj R = C,H, . 
(V) R = C,H,OCH,(anisyl) 
(VI) R = p-C,H,NO, 

EXPERIMENTAL 

Reagents 

2-Pyrimidinethiols were prepared by the method of 
Mathes.4 Their standard solutions (0OlM) were prepared 
by dissolving appropriate amounts in chloroform. Anhy- 
drous PdClz (Johnson Matthey) was dissolved in l.ON hy- 
drochloric acid and standardized gravimetrically. All other 
solutions were prepared with analytical grade reagents. 
Doubly distilled water was used throughout the work. 

Spectral characteristics 

Solutions of all the pyrimidinethiols except (VI) are vir- 
tually colourless. That of (VI) is light yellow. When a few 
drops of pyrimidinethiol solution (in any non-polar solvent 
such as chloroform, benzene or carbon tetrachloride) are 
added to acidic W(H) solution, an extractable yellow com- 
plex is formed. All the complexes have ,l,,,= at 430 nm. 
At least a 20-fold molar excess of pyrimidinethiol is 
required for complete development of the colour (Figs. 1 
and 2). The other characteristics of the complexes are sum- 
marized in Table 1. The data show that there is a slight 
increase in sensitivity with increase in molecular weight 
of the ligand in alkyl (I-III) or aryl (IV-VI) substituted 
compounds. 

0 10 20 30 40 

Moles of pyrlmld ine /mole of pollodlum 

Fig. 1. Effect of excess of reagent. [Pd] 10e4M + 
[Thiol] 10-4M4.0 x 10m3M. 0 Pyrimidinethiol when 
R = H. o Pyrimidinethiol when R = C,H,. 0 Pyrimi- 

dinethiol when R = C,H,. 

0.5 __.-e-.--e-* 

0.4 

0 10 20 30 40 

Moles of pyrlmldlne /mole of polladlum 

Fig. 2. Effect of excess of reagent. [Pd] 10m4M + 
[Thiol] 10-4M4.0 x lo-‘M. a Pyrimidinethiol when 
R = CsH,. 0 Pyrimidinethiol when R = C,H,OCH,. 

l Pyrimidinethiol when R = C6H4NOZ. 
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Table 1. Characteristics of palladium(H) complexes with 2-pyrimidinethiols 

Characteristic I 
Pd(II)-complex with pyrimidinethiol 

II III IV V VI 

emax. I. mole- I. cm- ’ 
Acid medium for 

max. extraction 
of the complex 

Stability in 
chloroform, hr 

Beer’s law 
range, ppm 

Accurate range 
of detn., ppm 

Sandell 
sensitivity 

Std. devn.* 
(8 samples) 

3.7 x lo3 4.2 x IO3 4.6 x lo3 
3-6N HCl; 

3-f% HCK?,: 
f&v HNU;; 
3-W H&X$ 

5-6 

up to 
22.5 

5.3-20.0 

0.028 

om40 O”OO48 oGo52 OQQ65 OQO84 O-0078 

l-ran: HCI; 
I-4N HCIOB ; 
i-8N HNc&; 
l-22iv H,SU4 

5-6 5-6 

up to 
21.5 

53-160 

0.024 

up to 
21.5 

5.33160 

0.022 

3.85 x IOJ 4.4 x lo3 5-o X lo3 
l-1OA’ HCI; l-5N HCIO,; 

l-8iv HNO,; l-ZON H,SO, 

I I I 

up to 
20.5 

5~1-150 

0.028 

up ta 

18.0 
4615.0 

0.024 

up to 
16.5 

4.0-14.8 

0.02 1 

* Of the absorbance for 10-7 ppm pailadjul~. 

CUrnPQS~~~Q~~ F-, Cl-, Er-. NO;, CIO;, SCN-, CH@X-, SO:-, 

The molar composition of the compIexes was established 
by the methods of continuous variations and mole ratio. 

C$-,rtartrate~ EDTA, BO: _, IQ-. citrate, Mg’*, 
‘+, Ba*’ Ai3’ Fez+ or Fe”. The presence of f > 

All the complexes contain pailadium and pyrimidinethioI 5OW ppm each of Zn2’, Cd”*. Hg’+. St?‘, VA’, MO”*, 

in a I :4 ratio. This indicates that the ligands are probably Co’+ and Nizc could also be tolerated. Other platinum- 

acting as monodentate by complexation through the sul- group metals which could be tolerated are Ru’+, Rh3+, 

phur atom of the thiol group. The poor sensitivity of the I?+ and I+“+ (1100-l 500 ppm) and OS’+ (100 ppm). Also 

ligands (Table 1) may also thus be explained. 4OCQ ppm Cur+, 5 ppm Ag’, 10 ppm AL?+ and 200 
ppm NO; were without interference. However, the anions 

Procedure i’, 

To a suitable aliquot of Pd(II) solution (Table 1). add 
3-4 ml of 1ON hydrochloric acid, dilute ta 10 ml, add 
IO.0 ml of pyr~~d~nethjol solution (OGlM in chloroform) 
and shake for about 20 min. Atlow to settle and remove 
the organic layer. Measure its absorbance at 430 nm 
against a reagent blank and calculate the metal concen- 
tration by comparing with a calibration graph, 

I 

2. 

InttYfemnces 

In determination of 10.7 ppm of W(H) with these thiols, 
at least 10“ ppm of the following ions did not interfere: 

3. 

4. 

CN- and SrO$- and also thiourea should be absent. 
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Summary-Alkyl and aryl substituted 4,4,6-trimethyl-(lH,4H)2-pyrimidinethiols react selectively with 
palladium(H) in strong acids, forming yellow complexes (La, 430nm) extractable into non-polar sol- 
vents. By an extractive spectrophotometric procedure, microgram amounts of palladium may be deter- 
mined in the presence of miiligram amounts of many species, including all the other platinum-group 
metals. 
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The separation and identification of all individual surfactants is a difficult problem in 

water analysis. 
1 

Normally, pollution due to such materials is stated in terms of the 

equivalent concentration of a standard reference substance, which may differ chemically 

considerably from those substances actually present. On the other hand, it is important to 

note that different surfactants, at the same concentration, can affect the surface properties 

of water to a varying degree (even hundredfold differences are encountered). In our opinion 

this fact, which has heretofore been neglected in environmental studies, should be 

considered. In particular, we feel that the surface activity of substances present in water 

(that is, their capacity to change the excess surface free energy) can be a significant 

physical quantity in the assessment of the quality of water, in addition to the other 

chemical and physical quantities usually considered. 

In this paper we have two aims: 1) to propose a parameter correlated with surface 

activity, which can be of practical use for the routine examination of potable water; 2) to 

reveal the significance of the surface activity in studies concerning poltution by 

surfactants. 

EXPERIMENTAL 

The concentration of anionic surfactants was determined according to the method of 

Longwell and Maniece, 2 of non-ionic surfactants according to the method of Greff et al. 
3 

The dynamic surface tension of potable water samples was measured by a Langmuir 

apparatus with a recording electrobalance, following a procedure already described. Care 

was taken to avoid mistakes due to adsorption on the wails of the sample vessel. 
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RESULTS AND DISCUSSION 

Parameter related to surface activity, The surface activity of a substance dissolved in 

water, defined as - lim dy/dc, 
5 

can be approximately determined for dilute solutions by 

the ratio AY /c , between the difference of the surface tension of the solution with respect 

to pure water and the concentration. The static surface tension is the appropriate quantity 

involved in this determination. However for potable water, in which the concentration of 

surfactants is normally very low (c < 0.5 ppm), the measurement of ny (static) is not 

practical ( a rigorous experimental procedure is required to obtain reproducibility and 

accuracy). Having in mind the importance of practicability in routine,analysis, we take 

into consideration the dynamic surface tension, rather than the static one, for the 

investigation of the surface activity of substances present in water at very low concentratic 

levels. When the surface area of a solution -of surfactants is decreased rapidly, there is 

a concomitant decrease of the surface tension, ny . 
6 

Following such a process, the value 

of ny changes as a function of time. This function contains, among other quantities, the 

concentration and the surface activity. 
7 

Actually, for a given substance at various 

concentrations, the value of AY (y) , taken at a certain instant z , increases roughly 

proportionally to c . Moreover, for different substances at the same concentration, the 

value of AT(~) is a monotonically increasing function of the surface activity. Thus, we can 

take the ratio OY (~/XC. as a parameter related to surface activity ( SA 1, even if the * 

latter cannot be determined from such a ratio. The most surface active substances are the 

predominant contributors to the value of SA , whereas those which are less so give 

negligible contributions. 

Reproducibility of AY 0)values is satisfactorily attained by standardization of 

sampling and measuring procedures. 

Surface activity of substances in potable water, The figure shows values of AY i;? 

and of MBAS (Methylene Blue Active Substances) relative to eight pairs of samples of 

potable water taken on different days from a municipal water treatment plant ( fed from a 

river). Placing the respective segments on the same line, the figure also allows the 

visualization of the value of SA , that is, the parameter of surface activity (all samples 

were found to be free of non-ionic surfactants; therefore the value of MBAS was taken as 

V 
the value of L c_ ). The upper ( lower) diagram concerns samples taken before ( after) 

continuous flow treatment of the water with ozone. 

As can be seen in both diagrams, for samples which have equal, or almost equal, 

MBAS values, the SA parameter can have values which are equal in some cases or very 

different in other cases ( the differences quite exceed measurement errors ). This means 

that, whereas the overall molar concentration of the surfactants is the same, the nature of 

the substances present, or, at least, the percentage concentration of each of them, varies 

A comparison of the two diagrams shows that the MBAS values decrease by about 50 % 

following ozone treatment. If the nature of the substances remained the same, even though 

the concentration was halved, the same SA values would be expected before and after 
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ozone treatment 8 On the contrary, the SA values are drastically reduced, Thus ozone 

treatment, while reducing the molar concentration of the substances present, probab)y 

also changes to a large degree their chemical nature. 

The above experimental results show that the SA parameter gives information 

concerning the nature of the substances present in water. Such information is additional to 

that given by the MBAS concentration parameter. On the basis of this consideration, we 

can conclude that the surface activity ( or a parameter with relation to it 1 is a significant 

physical quantity in environmental studies. Moreover, pollution by surfaetants can be more 

conveniently defined in terms of both the concentration and the peculiar property of these 

materials of modifying the excess surface free energy of water. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 
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Summary-The sensitivity of atomic-absorption and flame-emission determination of lanthanides and 
yttrium is improved by a factor of 2-5 when an absolute ethanol solution of the perchlorate of the 
metal (instead of an aqueous solution) is aspirated into a nitrous oxide-acetylene flame. Based on 
this, a method has been developed for accurate determination of small amounts of certain rare earths 
and yttrium. Lanthanum (1%) is used as a spectroscopic buffer to eliminate interferences and to enhance 
the sensitivities in certain determinations. Where the use of lanthanum is not practicable because 
of interferences (such as in the determination of praseodymium and samarmm by flame emission), 
sodium (2000ppm) is used as the spectroscopic buffer. Studies with synthetic solutions indicate that 
yttrium and most lanthanides can be directly determmed in minerals without any chemical separatton. 
With rock samples it is necessary to preconcentrate the traces of the rare earths by fluoride or oxalate 
precipitation with calcium as the carrier. followed by removal of calcium by hydroxide precipitation 
using mg amounts of iron as the carrier. The method developed has been applied to the determination 
of certain lanthanides and yttrium in a variety of rocks, including the Canadian reference rocks, syenites 
SY-1, SY-2 and SY-3, and some minerals such as brithohte, cenosite, chevkinite, allanite, apatite and 
sphene. 

Studies on the geochemistry of the rare earths by the 
Geological Survey of Canada required the determina- 
tion of these elements in a variety of rocks and 
minerals. Owing to the similarity of chemical proper- 
ties of the rare earths, separation of the individual 
elements before determination is very difficult and 
time-consuming. For this reason the trend in the 
determination of rare earths during the past two 
decades had been to separate them en masse by ion- 
exchange or co-precipitation with a carrier such as 
calcium, aluminium of iron before determination by 
emission spectrography14 or X-ray fluorescence.5-7 
In neutron-activation analysis a post-irradiation ion- 
exchange separation of the rare earths is 
favoured.8-10 Recently, when the usefulness of the 
nitrous oxide-acetylene flame in atomic-absorption 
and flame-emission determination of the refractory 
elements was discovered, the detection limits for 
various rare earths in these flames were studied and 
recorded.“-r6 Among others, the work of Hingle et 
al i4 which involved flame-emission studies of the ., 
perchlorates of the rare earths in ethanolic solution 
in a separated nitrous oxide-acetylene flame, 
appeared promising because of its ability to detect 
very low levels of the rare earths. But since the full 
potentiality of this method had not been explored. 
by use of atomic absorption, and no mention of its 
application to the analysis of rocks and minerals was 

* Paper presented at a special sesston to honour Profes- 
sor F. E. Beamish of Toronto University, during 58th 
Chemical Institute of Canada Conference in Toronto, May 
1975. 

found in the work of Hingle et al., it was thought 
worthwhile to investigate this method. The present 
paper is the result of such an investigation. 

Thus a method has been developed which allows 
the determination of ppm levels of most lanthanides 
and yttrium in rocks. Also the concentration of most 
rare earths in minerals can be determined by this 
method directly on the sample solution, obviating the 
necessity of separation from other common elements 
and from each other. 

EXPERIMENTAL 

Apparatus 

A modified Yechtron AA-3 atomic-absorption spectro- 
photometer, equipped with an IM-5 amplifier-read-out 
unit, a Hamamatsu R-213 photomultiplier tube, a variable- 
flow nebulizer and a Teflon spray-chamber, was used. An 
uptake rate of 4ml/min was maintained throughout the 
work. A Goguel-type”,‘* water-cooled ridge-slot burner 
head (slot length 7.4cm) mounted on a Techtron AA-5 
burner mounting was employed. For flame-emission 
measurements, a 285-Hz chopper was installed between the 
second lens and the monochromator slit, and a six-speed 
wavelength-scanmng system was attached to the mono- 
chromator. All measurements were recorded on a photo- 
volt Varicord Linear/Log Model 43 recorder. ASL and 
Westinghouse shielded hollow-cathode lamps were used 
for atomic-absorption measurements. A nitrous oxide 
acetylene flame was used in both atomic-absorption and 
flame-emtssion studies. The nitrous oxide pressure was 
kept at 15 psig and the acetylene pressure and the burner 
position were varied to provide maximum signal (the “red 
feather” was never allowed to disappear from the flame). 

TAL 23’5 A 
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Table 1. Operating parameters and sensitivities for yttrium 
and certain rare earths in the nitrous oxide-acetylene flame 

Wave- Spectral Lamp Sensmwty (ppm I “,, absorptml 
length. band- current, This laworovak, Van Loon 

Element nrn wdth. nm mA work Y, UI ” c, ul ‘6 

Y 41024 033 IO 32 4t 18 

Nd 492 4s 017 5 94 20’ : 
Sm 429 67 017 10 76 20t : 
EU 459 40 033 IO 035 1 5* 07 
OY 421 17 008 15 040 4t IO 
HO 410 38 008 I5 067 % 20 

Er 40eao 0 17 10 046 ?* ox 
Tm 37179 033 I5 021 % IO 
Yb 398 80 033 5 007 % n3 

* Chloride in 809; ethyl alcohol. 
t Chloride in 809; methyl alcohol. 
3 Not determined. 

Operuting parumeters und sensitivities 

Instrumental parameters and sensitivities for the rare 
earths are recorded in Table 1. The sensitivity data were 
obtained by spraying into the nitrous oxide-acetylene 
flame a perchlorate solution of the rare earth in absolute 
ethanol, the solution being buffered by 1;; lanthanum. A 
comparison with other published sensitivity values (see 
Table 1) reveals the superiority of the present method. 
After this work was completed. a paper by Ooghe and 
Verbeek” came to the author’s notice in which they 
reported spraying an 809: methanol solution of the rare 
earth chlorides (buffered with sodium or potassium) into 
the nitrous oxide-acetylene game and obtammg much 
higher sensitivities than those reported by Jaworowski et 
al.” who used similar solutions without any spectroscopic 
buffer. 

Reugrnts 

Rare earth stock solutions. Dissolve an accurately 
weighed quantity of a spectroscopically pure rare earth 
oxide in dilute nitric acid and evaporate the solution to 
dryness on the steam-bath. Add a small quantity of perch- 

loric acid and evaporate again to a moist residue. Cool 
m a desiccator charged with silica gel. dissolve the residue 
in absolute ethanol and dilute to a suitable volume. 
Transfer l-2 ml of the stock solution, containing not more 
than 5 mg of rare earth oxide per ml, to a lo-ml weighed 
platmum crucible and leave at room temperature till eva- 
porated to a moist residue. Carefully heat the bottom of 
the crucible with a small flame until the perchloric acid 
vapour is completely expelled. Ignite at lOOtY, cool and 
weigh on a microbalance, usmg a similar platmum crucible 
as the tare Dilute an ahquot of the standardized stock 
solution to a definite volume with absolute ethanol so that 
the rare earth concentration m ng/ml is an integral 
number. 

Lanthanum bufler. Dissolve. by heating, a sufficient quan- 
tity of lanthanum oxide (purity 5-9s) in dilute hydro- 
chloric acid to give an equivalent of 5.85g of LazOs per 
100ml of total final volume. Evaporate the solution to 
small volume, add 10ml of 6Oq; perchloric acid and eva- 
porate to a moist residue. Cool, add 25 ml of absolute 
ethanol, break up the lumps with a glass rod to a fine 
powder and dissolve by stirring. Filter, if necessary, 
through a Whatman No. 40 filter paper and wash with 
absolute ethanol. Dilute to volume (100 ml for 5 85 g of 
La,O,) with absolute ethanol. Take a small aliquot m an 
ignited and weighed platinum crucible, evaporate and 
ignite to constant weight at 1000” to establish a correction 
factor for water and carbon dioxide, if any. 

Sodium (10000ppm) hufir. Dissolve NaCIO,’ HzO/ 
(612g) m 100ml of absolute ethanol and store m a 
polyethylene bottle. 

Interfererw studus 

Inter-element effects of the lanthamdes and yttrium 
amongst themselves and in different matrices. as encoun- 
tered m rare earth minerals, were studied by preparing 
synthetic solutions approximating the composition of some 
minerals such as britholite, cenosite. allamte and chev- 
kmlte. The synthetic solutions were prepared by mixing 
salt solutions of the common and the rare earth elements 
in such a way as to contam the equivalent of 1OOmg of 
the mineral sample. The solutions were evaporated with 

Table 2. Interference study in the atomic-absorption and flame-emission determination of yttrium and some lanthanides 
(synthetic solutions approximatmg the composition of certain minerals). Rare earth concentrations m ppm 

Elemenls present in the 
synthetic soIn l 

PPm 

Sample 
LO”Ctl Y>O,i L‘i,O,% Pr,O, 1% Nd,O,t Sm,O,% Oy,O,% Er,O,t YbiO,t 
my ml Taken Found Taken Found Taken Found Taken Found Taken Found Taken Found Taken Found Taken Found 

- 

a, CaO = IM. MgO = 10. I 
MnO = 30. Fe.01 = 150. 
A120, = 140. i,d, = ‘0 1, 
Cr,O, = 124, ThO> = ?I 2 

b) 2x above ccmcn 2 

Br~rholrrr5 
a) CaO = 288. MgO = 2. 1 

Fe>O, = 16. Na,O = 2, 

A120J = 48. ceo, = 1664, 
ThOx = 564. P105 = 172 

bi 2 x above concn 2 

CaO = 175. Na,O = 0.4. 
K20 = 0 1. Fe,O, = 6. 
AllO> = 12 2, TlO> = 0 3 

Chrdxrntte2’ 
CaO = 25. MgO = 4. 
Fe>O, = 100. A1203 = 20. 
MnO = 6. TIOl = 2005. 
Ce>O, = 248, ThO, = 21 2 

Pi05 = 04 

27 2x 5 

,51 52 
605 60 I 

4 5 22 25 x3 x5 17 15 5 
5 26 85 I6 

284 3(x) 
3 I5 

6 

4 5 45 4 43 
4 5 45 

32 36 36 
32 36 

* Plus specified amounts of rare earths. 
i Determmed by atomic absorption in 17, lanthanum buffer. 
$ Determined by flame emission in 2000 ppm sodium buffer (no buffer used m the case of lanthanum). 
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607, perchlorrc acid to a moist residue in order to convert 
the salts into perchlorates. After cooling in a desiccator, 
the salts were dissolved in absolute ethanol and the solu~ 
tion was diluted to 25 ml. From this stock solutron three 
sets of solutions were prepared, all in absolute ethanol and 
containing 1 mg of sample/ml, the first having no spectro- 
scop~c buffer, the second containing 1% lanthanum and 
the third 2000 ppm of sodium as spectroscopic buffers. The 
rare earths and yttrium were determined in these solutions 
by atomic-absorption and flame-emission spectrometry. In 
order to test the recovery the cahbration curves were pre- 
pared by use of mixtures of pure rare earth perchlorates 
in absolute ethanol and containing the spectroscopic 
buffer. where necessary. The results are given in Table 2. 

as given in Table 3, show that the rare earths can tolerate 
a concentration of 0.8mg of Fe,OS per ml in the sample 
solution. The presence of the aluminium carrier causes 
slightly lower results (cf: Table 3). Therefore, ferric hydrox- 
ide carrier was used in this work in the co-precipitation 
of small amounts of the rare earths. 

Recommended procedures 

Flow-sheets outlining the analytrcal schemes are grven 
tn Fogs. 1 and 2. 

Lanthanum was determined by flame emission from the 
first solution containing no spectroscoprc buffer since 
sodium (2000ppm) interfered at the most sensitive lan- 
thanum line (550.13 nm). The use of strontium perchlorate 
buffer did not improve the sensitivrty for lanthanum. Lan- 
thanum (116) buffer was found to interfere at the most 
sensitive lines of samarium (429.67 nm) and praseodymium 
(49514 nm) during their flame-emission determinatrons. 
Therefore, the flame-emission determmation of these two 
elements was completed in the sodium buffer medium. The 
results in Table 2 indicate that the lanthanides and yttrium 
can be directly determined in the mineral sample solutions 
without any chemical separation. 

Determinatton of lanthanides and yttrium in rare earth 
mmerals (Fig. 1). Take the sample (O.l-0.2g) in a SO-ml 
platinum dish and heat gently to drive off moisture and 
any carbonaceous material. Treat with 5 ml of hydrofluoric 
acid and 10 ml of nitric acid, cover and digest on the 
steam-bath. Add more hydrofluoric acid. if necessary, to 
complete the decomposrtion. 

If the sample does not contain phosphate, evaporate the 
solution to dryness on the steam-bath, add 5 ml of nitrrc 
acid and evaporate to dryness again. Add 5 ml of 609; 
perchloric acid and evaporate to a moist residue. 

As most rocks contain minor or trace amounts of the 
rare earths, tt is not possible to determine them without 
preliminary concentration. The bulk amount of the matrix 
elements such as calcium, iron, alumimum, titanium and 
magnesium (from a 2-10 g sample) must also be remove 
to reduce the salt concentration in the final small % volum 
of solutions to be used for atomic-absorption and flame- 
emission determination of the rare earths. The drsadvan- 
tage of ion-exchange separation of the bulk of the common 
elements from 5-log rock samples is the need to use big 
columns, a large volume of wash solutions and subsequent 
time-consuming evaporation steps. Separation of major 
amounts of iron by mercury cathode electrolysrs from 
samples such as magnetite and limonite gossan before rare 
earths determination has been used with success in this 
laboratory. Tests also showed that if a sample contained 
a small amount of calcium, hydrofluorrc acid attack would 
co-precipitate small amounts of rare earths with calcium 
fluoride; these could be converted into perchlorates, dis- 
solved in ethanol and quantitatively determined by the 
method above. However, in the presence of large amounts 
of calcium, the separation of the rare earths with calcium 
as the oxalates. followed by removal of calcium by precipr- 
tatton of the rare earth hydroxides in the presence of a 
small amount of alummium hydroxide or ferric hydroxide 
as the carrier is generally favoured. Smce the final rare 
earth concentrate obtained by this method contains alu- 
minium or iron as the carrier element, rt was necessary 
to investigate the effect of these two elements on the ato- 
mic-absorption and flame-emission determination of the 
lanthanides and yttrium. The results of this investigation, 

If the sample contains major amount of phosphate (as 
in britholite, monazite, em.), evaporate the solution to dry- 
ness on the steam-bath. Add 25 ml of hydrofluoric aad 
to the residue and heat on the steam-bath for 1 hr with 
occasional stirring. The fluorides of rare earths and cal- 
cium are completely precipitated. Allow the precipitate to 
settle, filter rt off on a Whatman No. 40 filter paper and 
wash with hot water. Transfer the precipitate to the orr- 
ginal platinum dish and decompose the paper with nitric 
acid (steam-bath). Evaporate to dryness, add 5 ml of perch- 
loric acid (60:;) and evaporate to a moist residue. 

After cooling in a desiccator, dissolve the residue m 
absolute ethanol and dilute to 25 ml (volumetric flask) with 
the same solvent. Transfer aliquots of this stock solution 
into two volumetrrc flasks to prepare solutions containing 
1 and 3mg of sample per ml, respectively. Add sufficient 
lanthanum buffer to have a final 1”~ lanthanum concent- 
ration and dilute to volume wtth absolute ethanol. Deter- 
mine, by atomic-absorptron, the major rare earths with 
the 1-mg/ml solution and the minor rare earths with the 
3-mg/ml solution. Determine lanthanum by flame-emission 
from a 2-mg/ml sample solution in absolute ethanol (no 
spectroscoprc buffer). Prepare calibration curves by aspir- 
ating the blank (IT,:, La) and standard solutions of the rare 
earths (containing 1% La) into the flame immediately 
before and after the sample solutrons. 

Determination of lanthanides and yttrium in rocks and 
other minerals containing small amounts of these elements 
(Fig. 2). Depending on the rare earth content, take 2-log 
of sample in a lOO-ml platinum dish, add 30ml of hydro- 
fluoric acid, cover and heat on the steam-bath with occa- 
sional stirring with a platinum rod. After decomposition 
is complete, evaporate the solution to dryness on the 
steam-bath. Add 4&50ml of hydrofluoric acid, break the 
lumps with the platinum rod, cover and digest on the 
steam-bath for 1 hr. Allow the precipitate to settle and 
filter it off on a Whatman No. 40 filter paper in a polyethy- 

Table 3. Interference study m the atomic-absorption and F lame-emissron determination of trace amounts of yttrrum 
and certain lanthanides m the presence of aluminium and non carriers (rare earth concentrations in ppm) 

CGrlU 
pX%Z”t 

GO, 
(16 mg/lO ml) 

F&h 
(8 mgjlOmll 

Y>O,* La,O,t pr,o,,+ Nd,O,* Sm*O,t EU>O,’ Dy,O,t Ho,O,* ErIO,* YblO,’ 
TakenFoundTakenFoundTakenFoundTakenFoundTakenFoundTakenFoundTdkenFoundTakenFoundTakenFoundTakenFound 

60 48 55 42 52 32 56 47 15 12 30 26 2 2 15 12 
6Q? 

60 58 74 75 55 50 52 48 56 58t 15 15 30 33 2 2 15 15 5 5 
294 290 75 75’ 10 IO 

1494 150. 

* Determined by atomic-absorption in 196 lanthanum buffer. 
t Determined by flame-emission in 2000 ppm sodium buffer (no buffer used in the case of lanthanum). 
$ Determined by atomrc-absorption in 2000 ppm sodium buffer. 
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Decomposethesample(O.l-Q 29) with 
HNO,t HF Evaporate on the steam bath. 

I 

I Dissolve restdue in 25 ml of 
absolute ethanol (vol flask 1. 

[ DetermIne La by flame4 

lene funnel and wash the residue with hot water. Reject 
the filtrate. Transfer the precipitate to the original platl- 
num dish, add 25 ml of concentrated nitric acid, cover and 
digest on a warm water-bath (60-70”) until the paper is 
decomposed. Evaporate to dryness, add 25 ml of nitric acid 
and repeat the evaporation to dryness (steam-bath). Add 
5 ml of nitric acid, 10 ml of 60% perchloric acid and heat 
cautiously on a sand-bath. Withdraw from the heat if a 
vigorous reactlon starts, and cover. After the reaction sub- 

sides, evaporate to a moist residue. Dissolve this in 109,” 
nitric acid containing 5:/, hydrogen peroxide, filter off any 
small insoluble residue and wash thoroughly with the same 
solvent. Reserve the filtrate (solution A). Take the residue 
in a platinum crucible, burn the paper at 400” and heat 
to 600”. Fuse the residue with potassium pyrosulphate, 
cool and dissolve in hot dilute sulphuric acid (solution 
B). Precipitate the oxalates of the rare earths and calcium 
separately from solutions A and B following the method 

Decomposethesample(2-lOg)wlth HF Evaporate 
to dryness Add 40-50ml HFand heat on thesteam 
bath Cool, filter and wash 

I 
I 1 

FI I t rate Reject Restdue Decompose paper by nltrlc and perchlorlc aclds 
and evaporate Dissolve restdue I” HNO, (IO%)and H202 
(5%)mlxture Filter any residue and wash. 

I 
I 1 

Residue Burn paper, and fuse residue with K&O, Cool FlItrate (so1n.A) 
anddlssolve residue in dll l-l~S04 (soin B). Prectpltate 
the oxalates” Filter and wash. 

Preclpltate theoxalateszO 
Fllterandwash. 

I 
I 

I I 
I 

I 
~ FlItrate Reject. Oxalate residues Comblne and Filtrate 

decompose by HN03 Repeat oxalate 
oreclaltatton FIlterand wash. 

I 
I 

1 

, 
F~ltrate.Reject. 

Oxalate residue Decompose by nltrlc and perchlorlc acids 
andevaporate. Dissolve residue in HN0~(10%)tH20~ (5%), 
qdd Iron carrier (6mg Fe203, hydroxylamlne hydrochloride 
(2g)and preclpltate R E hydroxides tFe(OH), by ammonia 
FI lter and wash ~ 

I I 
Residue Decompose paper by HNO, Add HC104,evaporate 
to a moist residue Cool and dissolve in 5 or IO ml of 
absolute ethanol 

Transfer allquots to 3-,5-,and IO-ml vol flasks, 
add lanthanum buffer1 I %La In the ftnal vol ) 1 and 
dilute to vol. with absoluteethanol Determine Y, 
Nd,Sm,Eu, Dy, Ho, Er,Tm and Yb by AAS. 

Fig. 2. 
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of Carron et c11.,~* using ammonia instead of sodium hyd- 
roxide for adjusting the pH to 3.8. Filter and wash the 
precipitate with 0.1% ammonium oxalate. Combine the 
two oxalate precipitates and decompose them by heating 
with 25 ml of concentrated nitric acid. Evaporate to a 
moist residue after adding 5 ml of perchloric acid. Dissolve 
the residue in water and dilute to 50 ml. Repeat the oxalate 
precipitation, followed by filtration and destruction of the 
filter paper and oxalates by nitric acid and perchloric acid 
as above. Dissolve the perchlorate residue m a solution 
containing 10% nitric acid and 5% hydrogen peroxide. Add 
a measured quantity of ferric chloride or nitrate solution 
to give the equivalent of 6 mg of Fe,O,. and 2 g of hydrox- 
ylamine hydrochloride, and precipitate the rate earth hyd- 
roxides and ferric hydroxide by adding enough ammonia 
to raise the pH to z 10 (pH paper). Filter off, and destroy 
the paper by nitric and perchloric acids as usual. After 
transferring the solution to a lo- or 20-ml beaker, evapor- 
ate to a moist residue of the perchlorates. Cool in a deslc- 
cator. dissolve in absolute ethanol and dilute to 5 or 10 ml 
III a volumetric flask (stock solution). According to the 
concentratton of yttrium and the lanthanides expected, 
transfer aliquots of this stock solution to 3-, 5- and lo-ml 
volumetric flasks, add the required quantity of lanthanum 
buffer to each flask to yield 1% La m the final solution, 
and dilute to volume wrth absolute ethanol. Determine Y, 
Nd, Sm, ELI, Dy, Ho, Er, Tm and Yb m these lanthanum 
buffered solutions by atomic-absorption, using scale expan- 
sion up to 12.5 x , if necessary. Determined lanthanum by 
flame-emission from the orrginal stock solution, or from 
a diluted solution (no buffer). Determine the concentration 
of the unknown elements from the calibration curves pre- 
pared by aspirating the blank (1% La) and standard solu- 
trons of the rare earths (containing 1% La) m the flame 
rmmedrately before and after the sample soluttons. 
Although Table 3 shows that the determination of yttrium 
and lanthanides in the presence of 0.8mg of FezO, per 
ml is possible, it is perhaps better to add to the standards 
the amount of non (as perchlorate in absolute ethanol) 
expected in the unknown sample solution, to increase the 
precision and accuracy. 

RESULTS AND DISCUSSION 

In order to test the effectiveness of the proposed 

method in actual sample analysis. two previously ana- 

lysed rare earth minerals, britholite and cenosite, and 

Table 4. Determination* of certain lanthanides and 
yttrium in some rare earth minerals and comparison with 
previously published X-ray fluorescence values, where 
available (all results. average of 2-6 determinations, are 

given as “J 

Bnthohte Cenoslte Allanlkt Chevkmlte’ 
Thx Hughson & This Pouhot This This 

Ondes work Sen Gupta” work #f 016 work work 

Y,O, 044 04 262 25 27 C-20 030 
LazO, 59 56 475 400 
Nd>O, 75 80 020 0 19 I 80 I 30 
Sm,O, 13 15 022 027 t loo 
Eu,OJ 029 ** 013 ** 007 0.05 

DY,Oa 022 ** 306 310 : T 
H%Ol 004 ** 107 ** 0 10 0.01 

EriO, 0 03 ** 2 65 3 53 

Tm,O, 0006 ** 045 ** i i 
Yb>O, 0012 ** 233 271 <005 <005 

*Yttrium and rare earths were determined by atomtc- 
absorption; lanthanum was determined by flame-emission. 

** Not determined. 
t From Picanoe river, north of Otter lake, Quebec, 

Canada. 
2 Not detected. 
7 From Pitt prospect. Pontiac county, Quebec. Canada. 

Table 5. Results (7;) of replicate determinations of minor 
rare earths in brrtholite by atomic-absorption spectrometry 

Oxide Found m this work 

Y,O, 044,’ 044.’ 

043,t 0.43-t 
044.: n44.: 

Er,O, 003.’ 003.’ 
0 03.t 003.t 
003.f 003.: 

HolO, 005.’ 005.* 

0 03.t 
003.t 0 03.f 
0006.’ OOOi,* 
0 24.’ 0 24.* 

031.t 

Yb>O, 

Euro, 

SmA 

020.: 0 23,: 
0012.’ 0011,’ 
0011,t 0013,t 
0013.: 0013.t 
0 29.’ 0 29,* 
0 29.t 029.t 
0 28,: 029.t 
I 25: 1 x,* 

I z2.t 123.t 1 33.1 
1 13.1 1 13.: 

* Directly determined after phosphate separation. 
t Determined after separation by oxalate and hydroxide 

precipitation (without any carrier). 
$ Determined after separation by oxalate and hydroxide 

precipitation (with iron carrier). 

three syenite reference samples, SY-1, SY-2 and SY-3 
from the Canadian Certified Reference Materials pro- 
ject, were chosen. The results of analysis of britholite 
and cenosite as well as two other minerals, allanite 
and chevkinite, by the proposed method are given 
in Table 4. The X-ray fluorescence analyses of the 
rare earth concentrates from britholite and cenosite 
are also included in Table 4 for comparison. 

The cenosite specimen (from Bancroft, Ontario) 
analysed in this work was not exactly the same as 

that analysed by Pouliot et aL6 The grains were hand- 
picked under a microscope by the donor at a different 
time. Consequently there is a possibility of slight vari- 
ation in the composition. This may be the reason for 
small differences in the results for yttrium and 
erbium obtained by the two methods. although the 

agreement between the results for other rare earths 
is good (see Table 4). 

As the X-ray fluorescence data for the minor rare 
earth contents of britholite are not available, the com- 
parison is restricted to the values reported.’ There 
is a minor difference in the neodymium values, but 
the results for yttrium, lanthanum and samarium are 
comparable. The advantage of the atomic-absorption 

method is shown by its ability to determine small 
amounts of Eu, Dy, Ho, Er, Tm and Yb in britholite. 
The results of replicate determinations of the minor 
rare earths in britholite are included in Table 5, which 
also gives comparative data on three ways of deter- 
mination, oiz. direct determination after phosphate 
separation. determination after separation by oxalate 
and hydroxide precipitation without using any car- 
rier, and determination after separation by oxalate 
and hydroxide precipitation using iron as a carrier. 

The rare earth values obtained by the proposed 
method on the reference rocks SY-1, SY-2 and SY-3, 
and three other samples (limonite gossan, apatite and 
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Table 6. Determination* of certain lanthanides and yttrium in rocks and some minerals containing small amounts 
of these elements and comparison with other values, where available (all results, average of two determinations, are 

given as ppm in the sample) 

Element 

Llmonltc 
Syenlte rock-l** Syemte roch-2” Syemte rock-3** GOSSaIf ApatlfeV Sphen@l 

This Reported median Thx Medtan of This Median of This Thn This 
work or valuesz=4 work other ~dlues’~ work other valuesiS aork work work 

Y 
La 
Nd 
Sm 
EU 

DY 
HO 

Er 
Tm 

Yb 

425 

200 
260 

70 < 

9 
76 
18 
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* Yttrium and rare earths were determined by atomic-absorption; lanthanum was determined by flame-emission. 
** Spectroscopy Society of Canada standard reference material. 
*** Not detected. 
t Single result only from one source. 
$ Two results only from two sources. 
lj From Springiron lake, British Columbia, Canada. 
nr From Turners island. Ontario. Canada. 

sphene) are given in Table 6. In the case of the syenith 
rocks the results are found to be close to other 
reported values or their medians, obtained by spectrg 
graphic or neutron-activation methods. Although the 
author was able to determine Ho, Er and Tm in SY-2 

and SY-3 by the present method, no other laboratory 
has yet reported data for these elements. 

Table 2 shows that the determination of praseody- 
mium is possible by flame-emission. However, no pra- 
seodymium was detected in the samples reported on 
in Tables 4 and 6. Cerium, thorium and gadolinium 

were found to be very insensitive in both flame 
atomic-absorption and flame-emission. Perhaps flame- 

less atomic-absorption should be tried for these ele- 
ments to increase the sensitivity. Otherwise, in a com- 
posite scheme of analysis, these elements can be deter- 
mined in a fraction of the concentrate by other 

method? such as emission spectrography, X-ray 
fluorescence, calorimetry and titrimetry. 
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Summary--The variables of direct importance in the reduction of nitrate to nitrite by a metallic reduc- 
tant such as cadmium used in a reductor column are discussed with special reference to the determina- 
tion of nitrate as nitrite in very dilute solutions, e.g., natural waters. As a result of these considerations 
the effect of flow-rate (expressed as bed-volumes/min), pH, temperature, chloride concentration and 
various types of reductor cadmium on the yield of nitrite is investigated. The effect of dissolved oxygen 
in the sample solution on pH and cadmium concentration in the reduced solution is demonstrated. 
At constant pH a maximum yield of nitrite is obtained at a certain flow-rate, which is explained 
as the result of a rapid formation and simultaneously proceeding slow reduction of nitrite. With increas- 
ing pH this maximum is shifted to lower flow-rates, and grows broader whilst the yield at maximum 
approaches 100~; at pH 9.5 a yield of 99.9 _+ 0.1% o is obtained. The temperature has little effect 
on the reduction rate in the interval 2(~30 ° but at l0 ° the reduction is noticeably slower. Chloride 
ions have a strongly retarding effect on the reduction rate but the yield at maximum is not affected. 
Electrolytically precipitated cadmium, filings of pure cadmium or amalgamated pure cadmium all give 
practically the same yield at maximum though some differences in reduction rate are observed. Impure 
cadmium or copper-cadmium and silver-cadmium, owing to the formation of galvanic cells with higher 
reducing power, give a high reduction rate, which also applies to nitrite, causing a poorer yield at 
maximum. The practical consequences of the results are thoroughly discussed. 

For  the determination of nitrate at very low concent- 
rations, for instance in natural waters, it has for some 
time been customary to make use of the reaction 

N O 3  + 2H + + 2e-  = NO2 + H 2 0  

followed by determination of nitrite according to one 
of the many modifications of the Griess-Ilosvay reac- 
tion. If the sample contains nitrite as well as nitrate 
the former is directly determined by the same colour 
reaction and deducted from the sum. The determina- 
tion of nitrite seems at present to be a satisfactory 
procedure. The reduction step, however, has ob- 
viously presented difficulties, which often originate 
from a tendency to over-reduction. Reducing agents 
in solution, as well as metallic reductants, have been 
used. The most promising results have been obtained 
by using cadmium, 1-4 amalgamated cadmium s-7 or 
copper-cadmium 8'9 as reductants. The present state 
concerning the use of these reductants is summarized 
in the following quotation: 1° "However, which kind 
of reductor to use and how to prepare it, as well 
as how to control the different conditions governing 
the reduction process, are matters of very different 
opinion. What seems to be a suitable procedure in 
one laboratory does not always function in another. 
For  these reasons it seems for the present impossible 
to distinguish one recommendable method from the 
great number of existing modifications." 

This situation is due to the fact that the factors 
governing the reduction process and their interdepen- 

dence have in no case been systematically studied. 
The aim of the present paper is to remedy this lack 
of knowledge to some extent and so facilitate the se- 
lection of a method. The aim is not to present a meth- 
od ready for use on different kinds of samples; it must 
always be the province of the analytical chemist re- 
sponsible to adapt a method to a particular kind of 
sample. To do that it is, however, indispensable to 
know how the method functions in its basic form, 
that is in absence of substances not essential for the 
reaction. 

PRELIMINARY CONSIDERATIONS 

Variables of obvious importance in the reduction 
of nitrate to nitrite by a metallic reductant used in 
a reductor column relate partly to such properties 
of the reductant as the reduction potential and the 
surface area per unit of volumel and partly to such 
properties of the solution as the pH and presence 
of substances influencing the reaction. If over-reduc- 
tion can occur these combined properties would re- 
sult in a certain optimum time of contact which might 
also be dependent on the temperature. Quite apart 
from the study of how these parameters affect the 
yield, some existing nitrite determination method 
must be adapted to the properties of the reduced solu- 
tion. The investigation reported here has been guided 
by the following considerations. 

349 
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The reduction potential 

The standard reduction potential for the Cd/Cd 2+ 
couple is -0.403 V. If the cadmium contains metals 
of lower reduction potential, its reduction power will 
increase. This may, however, also occur through for- 
mation of local cells if the metallic impurities have 
a positive reduction potential. This effect has been 
artificially brought about by treatment of cadmium 
preparations with a copper sulphate solution;8 copper 
is precipitated and partly adheres to the cadmium 
as a porous layer. A galvanic cell is produced with 
the copper as the cathode. As the standard reduction 
potential of the Cu/Cu 2+ couple is +0'337 V the emf 
of the cell under standard conditions will be 0.740 V 
and its reducing power much higher than that of cad- 
mium alone. 

It has also been proposed to amalgamate the cad- 
mium by treatment with a mercuric chloride solu- 
tion. 5 The surface layer of the cadmium particles will 
then be covered by a layer of solid cadmium amalgam 
and a small decrease of the reduction power may be 
expected. 

Whether "copperizing" or amalgamation is used, 
a change of the active surface area may also occur. 
The influence of the specific surface area will be dis- 
cussed in connection with the time of contact. 

The properties of the solution 

From the equations 

NO3 + 2 H  + + 2 e  = N O T  + H 2 0  

HNO2 + 5H + + 4e- = NHsOH + + H20 

HNO2 + 7H + + 6e- = NH,~ + 2H20 

it is evident that the hydrogen-ion concentration has 
a strong influence on the reduction process. A certain 
hydrogen-ion concentration is necessary for the quan- 
titative reduction of nitrate to nitrite; too high a con- 
centration will cause a further reduction of the nitrite 
formed. Most earlier authors have probably been 
aware of this fact but no systematic experiments at 
different pH-values have been published and state- 
ments on the proper pH to use are sometimes contra- 
dictory. Thus, for instance, several authors (cf Elliott 
and Porter) 4 recommend a pH of 9.6. Grasshof 6 
states, "Die quantitative Reduktion zur Stufe des 
Nitrites ist von der Einhaltung eines bestimmten pH- 
Wertes abh~ingig, der etwas unterhalb des Neutral- 
punktes liegt. Steigender pH bewirkt eine unvollst~in- 
dige, fallender eine weitergehende Reduktion." but 
uses an ammonium-ammonia buffer having a pH 
which can be calculated to be about 8-1. Henriksen 
and Selmer-Olsen, 9 using a buffer of pH 8-6, state, 
"The pH of the ammonium chloride buffer used could 
be varied between 5.0 and 10.0 without effect on the 
reduction of nitrate to nitrite.". 

A second requirement for the solution is that it 
must prevent precipitation of cadmium hydroxide on 
the surface of the cadmium particles, which would 

seriously lower the efficiency of the reductor. Several 
authors have considered this problem but no one 
seems to have been aware of the fact that the produc- 
tion of cadmium ions in the reductor is very much 
larger than that caused by the nitrate reduction alone. 
As earlier established, ix dissolved oxygen is very 
rapidly and quantitatively reduced according to 

2Cd + 02 + 4H + = 2Cd 2+ + 2H20 

thus producing an equivalent amount of cadmium 
ions. Around the neutral point only insignificant 
amounts of cadmium ions are produced by reduction 
of hydrogen ions. Dilute water solutions in equilib- 
rium with air contain about 0'5 mg-atm of oxygen 
per litre corresponding to a cadmium concentration 
of about 0"5 raM. This concentration is further in- 
creased by the nitrate reduction but only by an 
amount of a lower order of magnitude. The solubility 
of cadmium hydroxide in pure water is about 0.01raM 
and its solubility product about 6 x 10-15. At a cad- 
mium-ion concentration of 0.5mM precipitation of 
hydroxide is calculated to begin at about pH 8.5 if 
no ionic strength or complexing effects are consi- 
dered. The risk of precipitation should be higher in 
fresh water than in sea-water, in which the complex- 
ing effect of chloride ions should be noticeable. 

As seen from the reaction equation the reduction 
of oxygen will remove two hydrogen ions for every 
atom of oxygen. This corresponds to addition of 
1 meq of base per litre of solution: a considerable 
increase of pH in unbuffered solutions will therefore 
occur.  

From these considerations the following conclu- 
sions may be drawn. An investigation of the pH-de- 
pendence of the reduction is necessary. The buffer so- 
lutions to be used should have capacity enough to 
allow the addition of 1 meq of base per litre without 
a greater change of pH than a few tenths of a unit; 
they should if possible be used at their maximum 
buffer capacity. At higher pH-values the buffer solu- 
tions should contain a substance, preferably the buffer 
substance itself, able to form soluble complexes with 
cadmium ions, sufficiently stable to prevent precipi- 
tation of cadmium hydroxide at the pH of the buffer. 

The time of contact 

The reduction of nitrate and a simultaneously pro- 
ceeding slow reduction of the nitrite formed would 
result in an optimal time of contact between metal 
and solution for a maximum yield of nitrite. Though 
the process may be performed by shaking the finely 
divided metal with the solution, 4 only the reduction 
in a reductor column is considered here as the gener- 
ally most practical method. The optimal time of con- 
tact is a function of the surface area of the metal 
per unit of volume, its bed volume in the reductor 
and the flow-rate, as well as of the properties of the 
solution and the reduction potential of the metal pre- 
viously discussed. If the flow-rate is expressed in bed- 
volumes/min (henceforth abbreviated bv/min), for 
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roughly equal bed-diameters the opt imal  t ime of con- 
tact for a certain cadmium prepara t ion and  solution 
would be determined by the flow-rate only. The usual 
procedure for manual  analysis has been to use an  
open reductor  with a reservoir for the solution at  its 
upper  end, and  an  adjus tment  of the flow-rate with 
a stop-cock. This does not  give rise to a constant  
flow-rate, but  only a constant  t ime for passage of a 
certain added volume. It therefore seems to be a b e t -  
ter procedure, even for manfial  analyses, to use closed 
reductors and  to pump the solution through them 
at  a cons tant  flow-rate, as is done in the flow systems 
for automat ic  analysis. 

The nitrite determination 

The most  promising method for the determinat ion 
of nitrite seems to be Bendschneider and  Robin-  

son's 12 modification of the method proposed by 
Shinn. 13 The nitrite is made to react with sulphanil- 

amide, forming a diazonium salt which is coupled 
to N-(1-naphthyl)ethylenediamine.  The resulting 
aminoazo  compound  has a molar  absorptivity of 
about  5 x 1 0 4 1 . m o l e - l . c m  - t  at 543nm,  the wave- 
length of its absorpt ion maximum. Though  the 
method seems to be fairly free from interferences the 
following precaut ionary measures should be taken 
when trying to utilize its full intrinsic precision. To 
avoid errors  on account  of minute  variat ions of the 
absorpt ivi ty due to variat ions of, e.9., temperature  and 
composi t ion of the solution, the nitri te s tandard 
should be made  up to the same concentra t ion as the 
sample as regards the buffer, added salts etc. and be 
processed simultaneously with the sample. The neu- 
tralizing effect of the buffer on the diazotizing reagent 
should be considered. Rather  than  measurement  of 
the absorbance,  its deviation from that  of a nitrite 
s tandard corresponding to a 100~o yield of nitrite 
should be determined by differential spectrophoto-  
metry. 

EXPERIMENTAL 

Equipment 

To obtain a constant and adjustable flow-rate a peristal- 
tic pump (Gilson "Minipuls II") with 2.6 mm i.d. Tygon 
tubing was used. With this dimension the maximum flow- 
rate was 10ml/min. By use of two tubes connected to a 
T-tube before the reductor, the flow-rate could be doubled. 

The reductor tubes were straight glass tubes of 1.0cm 2 
inner cross section, at the inlet end narrowed down to 
4 mm o.d., at the outlet end closed with a ground joint 
or a rubber stopper with an outlet tube of 4 mm o.d. The 
cadmium bed (for bed length, see the tables) was enclosed 
between Pyrex wool plugs. To fill the reductors+ the inlet 
end was connected to the pump, allowing buffer solution 
of pH 6.9 (see later on) to be pumped into the tube and 
the level of the solution to be raised or lowered at will. 
The cadmium was introduced in portions, the tube being 
continuously tapped to facilitate packing, and solution be- 
ing kept above the cadmium level to avoid entrapped air. 
Small stray air bubbles are without consequence but can 
easily be removed by slowly pumping deaerated buffer so- 
lution through the reductor. The reductor was used in the 

vertical position with the inlet end at the bottom. Each 
day before the first series of reductions 25 ml of 0"05M 
sulphuric acid were passed through to remove any cad- 
mium hydroxide which might possibly have formed, fol- 
lowed by buffer solution of pH 6"9 until the effluent was 
neutral. When not in use the reductors were kept filled 
with the buffer solution, and the inlet and outlet tubes 
closed with glass rods. 

Cadmium preparations 

Electrolytically precipitated cadmium (abbreviated e.p. 
cadmium). Prepared as described in an earlier paper; 11 
the suggested method of storage, i.e., keeping the cadmium 
crystals in the dry state, was employed. The material con- 
sists of fine dendritic needles and is fairly voluminous. 
About l l .5g are needed to form a 10-cm 3 bed, the inter- 
stitial volume thus being about 85~o of the total. Due to 
the method of preparation the percentage of foreign metals 
should be low. 

Cadmium filings. The starting material was "Cadmium 
Sticks Reagent" from Matheson, Coleman & Bell with 
stated maxima of Cu 0.005, Fe 0.001, Pb 0-02 and Zn 0"1~o. 
The burrs were removed from a brand-new rasp by rasping 
20-30 g of cadmium. The filings thereafter obtained were 
washed with acetone, 2M hydrochloric acid, water and 
methanol, dried in vacuo and kept over silica gel in a desic- 
cator. About 23 g are needed for a 10ocm 3 bed; the inter- 
stitial volume is about 74~o of the total. 

From these filings "copperizea r' cadmium was prepared 
by shaking 10g with 25 ml of 0.08M copper sulphate. The 
product was washed with buffer solution of pH 6"9 and 
directly used for filling the reductor. In an analogous way 
"silverized" cadmium was prepared from l0 g of filings and 
40 ml of 0"05M silver nitrate. In both cases precipitated 
copper or silver not adhering to the cadmium particles 
was removed by the washing. Amalgamated cadmium filings 
were prepared by shaking the filings with a solution of 
mercuric chloride in 0.1M hydrochloric acid, calculated to 
give amalgams of 1, 2 or 4 ~  of mercury. The amalgams 
were treated as above. 

Granulated cadmium. Merck's "Cadmium grob gepulvert, 
zur Fiillung von Reduktoren" was passed through sieves 
and the 0.5-1 mm fraction washed and dried as described 
for the filings. About 10g are needed for a 2-cm 3 bed, 
the interstitial volume being about 55~o of the total. 

Solutions 

Buffer solutions were prepared from reagent grade chemi- 
cals in the concentrations given in Table 1. The imidazole 
in the pH 9.3 buffer was added as a complexing agent 
for cadmium ions (fl+ ~ 7.5). Its complexing effect is not 
significantly influenced by an excess of calcium or magne- 
sium ions. The solubility of cadmium hydroxide in the 
buffer solutions of pH 8.0 and 9'3 was determined. A small 
amount of e.p. cadmium was added to the solution and 
the mixture stirred in the presence of air until turbid from 
the precipitation of cadmium hydroxide. After filtration, 
and removal of the chlorides by evaporation with a small 
excess of sulphuric acid, the cadmium concentration was 
determined by potentiometric titration with EDTA. 1 ~ The 

Table 1. Buffer solutions used 

Buffer Moles of constituents used to make 
pH up 1 litre of stock solution Dilution for use 

5.4 0,150 tris(hydroxymethyl)aminomethane. 
0.100 succinic acid 1 : 10 

5.7 1.00 imidazole. 0.95 HCI 1:100 
6.9 1.130 imidazole, if50 HCI 1:100 
8.0 1.00 tris<hydroxymethylkaminomethane, 

0"50 HCI 1 : 100 
9.3 1.00 NHa,  1.00 NH+CI, 1.00 imidazole 1:100 
5.1 1.00 NH+CI 1:10 
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solubility found in buffer of pH 8.0 was 1.22mM, in buffer 
of pH 9.3 1.18mM. The latter buffer without imidazole 
gave a solubility of only 0-56raM which was considered 
too close to the calculated minimum permissible value of 
0.5raM. In this connection it may be mentioned that the 
solubility in a synthetic ocean-water of 3"5~o salinity was 
found to be 0-48mM. 

Standard solutions of 0'02M potassium and sodium ni- 
trates were prepared from reagent grade chemicals dried 
at 110 °. The solutions were stored in dark brown bottles. 
The nitrogen contents of both preparations were deter- 
mined by reduction to ammonia with Devarda's alloy, dis- 
tillation and titration. 14 No difference >0"05~o relative was 
established. Dilutions of these solutions to 20#M, contain- 
ing buffer and other additions if any, were freshly prepared 
each day. 

The diazotizin 9 reagent. Sulphanilamide (2.50g) and 
50 ml of hydrochloric acid (1 + 1) were dissolved in water 
and diluted to 250 ml. For use in solutions with an excess 
of base >0.01M, the acid concentration was appropriately 
increased. 

The colour developer. N-(1-Naphthyl)ethylenediamine di- 
hydrochloride (0.250 g) was dissolved in water and diluted 
to 250 ml. The solution was kept in the dark in a refrigera- 
tor. Small portions were withdrawn and brought to room 
temperature before use. 

Procedure 

If not otherwise stated, the experiments were carried out 
at room temperature (20-23°). 

In each series of experiments the flow-rate was varied 
and a sample taken for each flow-rate for the determina- 
tion of nitrite. To minimize increases in concentration by 
evaporation at low flow-rates it was necessary to seal the 
vessels connected to the pump and reductor with rubber 
stoppers with capillary holes for equalizing the pressure. 
Before each series of experiments about 25 ml of 0-05M 
sulphuric acid were pumped through the reductor at the 
maximum flow-rate, followed by buffer solution of pH 6.9 
until the effluent was neutral. The flow-rate was then ad- 
justed to the highest value intended, the intake of the pump 
connected to the solution to be reduced, and a volume 
of about 4 times the free volume in the tubing and reductor 
pumped through the system. A sample allowing 10ml to 
be pipetted out was then collected in a test-tube which 
was immediately thereafter sealed with a rubber stopper. 
Without the pump being stopped, the flow-rate was ad- 
justed to the next value and a volume of about 1.5 times 
the free volume of the system was passed through before 
the next sample was collected, and so forth. On conclusion 
of the reductions the system was washed out and filled 
with buffer solution of pH 6.9. 

Without undue delay, 10-ml portions of the collected 
samples as well as of a nitrite standard having the same 
concentration as the nitrate solution (even with regard to 
buffer and other additions if any), were pipetted into long- 
necked 25-ml flasks. With an "Oxford sampler" 200 #1 of 
the diazotizing reagent were added and mixed by swirling, 
and after 5 min 200 #1 of the colour developer were added 
in the same way. After a further 15 min the difference 
in absorbance at 543 nm of sample and nitrate standard 
was determined in a Beckman B spectrophotometer con- 
nected to a stabilized power supply, 1-cm cells being used, 
with the sample solution as zero. 

The validity of Beer's law was confirmed. For each ni- 
trite standard differing in composition, the absorbance was 
determined by using the same solution, without nitrite, as 
blank. The absorbance showed only minute variations for 
different buffers. The absorbance obtained from the 20/~M 
nitrite solution used was ~ 0-97. Thus a deviation of 0.001 
in absorbance corresponds to ~0"1~o in yield of nitrite. 
The reproducibility of measurement of simultaneously de- 

veloped 20 #M standard solutions was better than 0.001 
absorbance units. 

As the same buffer etc. were used in both the nitrate 
and the nitrite standards, a blank caused by nitrite in the 
buffer etc. will cancel out if nitrite is not decomposed in 
the process. A blank caused by nitrate will, however, show 
and this was determined by reducing a solution containing 
only buffer etc. at the flow-rate found as optimum and 
measuring it against the unreduced solution. The absor- 
bance of this blank, usually < 0.001 and never > 0.005, 
was applied as a correction. 

R E S U L T S  

The pH-dependence of  the nitrite yield 

In strongly acidic solution, ~ 5M sulphuric acid, 
nitrate is quanti tat ively reduced to ammonia  by iron 
(E ° = - 0 . 4 4  V). On  the other  hand,  the same reduc- 
t ion can be carried out  in strongly alkaline solution 
by using a powerful reducing agent such as Devarda 's  
alloy (Cu, A1, Zn). According to the author ' s  experi- 
ments, the details of which will not  be described in 
this paper, nitrate is rapidly reduced by cadmium at 
low pH (1-3) to hydroxylamine and  small amounts  
of ammonia .  In the pH interval 9 5  the velocity of 
this reaction decreases fairly rapidly and  the reduc- 
t ion tends to stop at  the formation of nitrite. The 
following experiments were intended to determine the 
yield of nitrite in the pH interval 5.4-9.3. 

Solutions 20/zM in regard to KNO3 and  containing 
buffers in the dilutions given in Table 1 were reduced 
at different flow-rates in a reductor containing e.p. 
cadmium. This  material  was preferred as a representa- 
tive of pure cadmium on account  of the satisfying 
results obtained with it for other  purposes, cf. Ny- 
dahl.l  1 In this connect ion a study was also made of 
any simultaneously proceeding reduction of nitrite, 
starting with buffered 20pM NaNO2 solutions. 
Fur ther  details and  the results are given in Tables 
2 and  3. 

As far as the increase in pH during the reduction 
is concerned, the following observat ion can be made. 
On  reduction of the dissolved oxygen the concent-  
ra t ion  of base is increased by abou t  1 meq/1, while, 
in the present case, the reduction of nitrate contr ib-  
utes only about  0.04 mect/l., an  amoun t  which may 
be neglected in the following discussion. In the buffers 

Table 2. The increase in pH on reduction. Solutions 20 
#M in regard to KNO 3, and containing buffers in the dilu- 
tions given in Table 1, were passed through e.p. cadmium. 
Bed dimensions: 5.2 cm × 0.96 cm 2 = 5-0 c m  3. Flow-rate 0.5 

bv/min 

pH found 
Buffer 

pH before redn. after redn. 

5"4 5"39 5'61 
5"7 5"73 6"26 
6"9 6"92 7-16 
8"0 8"03 8"32 
9"3 9"32 9"47 
5"1 5"14 7"52 
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Table 3. Reduction of 20 #M nitrate or nitrite solutions 
by e.p. cadmium as a function of pH and flow-rate. Bed 

dimensions: 5"2 cm × 0.96 cm 2 = 5"0 cm a. 

Yield  o r  r ecovery  o f  n i t r i t e ,  % f o u n d  by r e d u c t i o n  
F l o w -  u s i n g  buffers (cf T a b l e  2) of  p H  
rate ,  

be/rain 5.4 5.7 6"9 5" 1 8.0 9.3 9-3* 

R e d u c t i o n  of  n i t r a t e  
4 77.2 86-1 57.4 - -  
2 90.0 95.1 90.0 78.8 - -  
I 92"3 97-7 97.0 92-9 96.3 93.9 93.6 
0-5 86"8 96-8 98.9 98-7 99.2 98.3 98.9 
0-2 70.5 91.6 98.5 99"8 99.7 99.9 99.8 
0.1 - -  - -  99.5 100.1 99.8 
0-05 - - -  99.4 99.9 99.7 
0"025 - -  --- 99-8 

R e d u c t i o n  of  n i t r i t e  
4 98"4 99"5 . . . .  
1 92"8 98"1 99"5 - -  - -  
0"5 - - -  100.0 100.0 - -  
0"2 69"5 90"9 98"4 99 '7  99"9 
0.1 - -  - 99"6 - -  
0"05 - -  - -  99"8 99"8 

* Bed dimensions: ll-0cm x 0.91 cm 2 = 10.0cm 3. 

of pH 6'9 and 8'0, 0-005M in regard to base and cor- 
responding acid, used at their maximum buffer capa- 
city, the increase of pH was about 0.3, and in the 
twice as concentrated buffer of pH 9.3, half that 
amount. 

According to an earlier paper 11 the reduction of 
the dissolved oxygen proceeds very rapidly. Even at 
a flow-rate of 33 bv/min, 98-5~o of the oxygen is re- 
duced. As the reduction of nitrate seems to proceed 
at less than 1/30 of this rate it is obviously the pH 
determined in the reduced solution that has been pre- 
dominant  during the reduction and that consequently 
has determined the course of the reaction. This is 
clearly evident in the series of experiments with the 
unbuffered 0-1M NH4C1 which shows an increase of 
pH from 5-1 to 7-5 but a yield of nitrite intermediate 
between those obtained in solutions of final pH 7.2 
and 8.3. This series, moreover, shows the influence 
of the chloride concentration, which will be discussed 
in a later section, and is therefore not discussed in 
the following. 

If the pH is kept constant during the reduction 
of nitrate, a maximum yield of nitrite is obtained at 
a certain flow-rate. At flow-rates higher than the opti- 
mal the reduction is incomplete, at lower flow-rates 
the yields closely follow the recoveries obtained by 
the direct reduction of nitrite. This is particularly evi- 
dent at a flow-rate of 0-2 bv/min. 

With increasing pH the maximum is shifted to 
lower flow-rates, and grows broader whilst the yield 
approaches but does not reach 100~o. Even at a final 
pH of 9"5 a slight reduction of nitrite occurs. 

In its initial stage the reduction of nitrite at a con- 
stant pH increases almost linearly with the residence 
time in the reductor, as illustrated in Fig. 1, where 
the loss in recovery is plotted against the inverse of 
the flow-rate. Accordingly, the product K of loss (~) 
and flow-rate (bv/min), signifying the loss of nitrite 
at a flow-rate of 1 bv/min when reducing a nitrite 
solution, is nearly constant and, ceteris paribus, a 

Table 4. Effect of temperature on the reduction of 20#M 
KNO3 solutions by e.p. cadmium. Buffer of pH 8"0. Bed 
dimensions: 5.2cm x 0.96cm 2 = 5-0cm 3. The approxi- 
mate values of K are calculated from the losses at the 

flow-rate of 0'1 bv/min 

Yield of  n i t r i te ,  ~ ,  at  a f low-ra te ,  by~rain, of  
Temp . ,  K ,  

°C 2 1 0"5 0"2 0.1 0.05 a p p r o x .  

30-0 97.5 99.4 99.7 99"5 99"0 - -  0.1 
20-0 96.6 99.5 99"7 99.5 99.4 99.0 0.06 
10.0 93.6 98.0 99.6 99.8 99-7 99.6 0-03 

measure of the reduction rate at the selected pH. Thus 
K is ~ 7  at a final pH of 5.6 and ~0.01 at a final 
pH of 9.5. 

No specific influence of the different buffers can 
be gathered from these results. 

The investigation was not extended to pH values 
above 9"5 on account of the expected difficulty of 
avoiding precipitation of cadmium hydroxide and also 
hydroxides or carbonates of other metals possibly 
present, when using the method in practice. From 
the latter point of view the buffer of pH 8'0 may 
well be preferred though the yield is slightly lower 
than that obtained with buffer of pH 9-3. On this 
account most of the following experiments were per- 
formed with use of the buffer of pH 8-0. An additional 
reason was that tendencies to deviations of the yield 
are larger and thus more easily observed than at a 
higher pH. 

The effect of  temperature on the rate of  reduction 

Reductions were performed with reductor and inlet 
tubing immersed in a thermostat. Further details and 
results are given in Table 4. In the interval 20-30 ° 
the temperature has little effect on the rate of reduc- 
tion of nitrate. At 10 ° the reduction is noticeably 
slower, causing a shift of the maximum to the next 
lower flow-rate. As is evident from the values of K, 
the rate of reduction of nitrite is approximately dou- 
bled for a 10 ° increase of temperature. However, 
owing to the low values of K, the yields at the max- 
ima vary only within experimental error. 

Effect of  salt concentration 

For the determination of nitrate in sea-water it is 
of obvious interest to investigate the effect of the so- 
dium chloride concentration on the yield. The results 

I 0  

o 
..J 

I 5 ' m  ~ 9 -  
0 5 I0 15 20 

Inverted flow-rate, bed volume 

Fig. 1. Loss in recovery of nitrite at different pH values, 
plotted against the inverted flow-rate. 
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Table 5. Effect of the NaC1 or Na2SO4 concentration on 
the reduction of 20/~M KNO3 solutions by e.p. cadmium. 

Bed dimensions: l 1.0 cm x 0.91 cm 2 = 10.0 cm 3 

Yield of nitrite, ~ ,  at a flow-rate, by~mira of 
Buffer NaCL 

pH M 1 0"5 0-2 0. I 0.05 0.025 

6"9 0* 97"0 98"9 98"5 --  - -  
0.1 79"0 93"6 99"0 98"4 96"7 
0"5 80"1 96"6 98"6 97"7 

8"0 0* 96"3 99'2 99"7 99"5 99"4 
0"1 75"3 92"1 99"5 99"8 99"5 
0"5 - -  81"2 97-4 99"7 99"7t 99"5 

9'3 0* 93"6 98-9 99'8 99"8 99"7 99"8 
0.1 77"3 86"8 98"8 99"9 99"9 99"6 
0"5 75"8 95"9 99"7 10ffl§ 99"9 

Na2SO4, 
M 

8.0 0"05 92.2 99.0 
0.1 88.4 98.1 

* Values from Table 3 inserted for comparison. 
t The reduction of a 20~M NaNO2 solution gave 99.7~ 

recovery. 
§ The reduction of a 20/~M NaNO2 solution gave 99-9~o 

recovery. 

of such experiments are given in Table 5. The con- 
centration of 0.5M NaC1 approximately corresponds 
to that of ocean-water while 0-1M NaCI may be con- 
sidered as equivalent to Baltic sea-water. 

Sodium chloride has a strongly retarding effect on 
the rate of the nitrate reduction, an effect which in- 
creases with the chloride concentration and causes 
the maxima to be shifted to lower flow-rates. The 
reduction rate of nitrite is also retarded though the 
effect is not so drastically noticeable as in the case 
of nitrate. The maximum yield remains unchanged 
within experimental error. 

For comparison a few experiments were carried out 
in the presence of sodium sulphate. It was found that 
the dye formed by the colour reaction was not suffi- 
ciently soluble at the sulphate concentrations used 
but began to precipitate before the measurement was 
ended. The reduced solution was therefore diluted 5 
times before the colour development and the absor- 
bance determined in a 5-cm cell. A comparison of 
these results with those obtained in the presence of 
sodium chloride shows that the retardation is mainly 
caused by the chloride ions. Considering the reaction 
equation for the reduction, the reducing power of cad- 
mium should increase when the concentration of cad- 
mium ions decreases, in this case by complex forma- 
tion with the chloride ions, and the reduction should 
be accelerated instead of retarded. However, the 
chloride ions might in some way interfere with the 
reaction mechanism. 

The results obtained with the 0.1M NH4CI solution 
previously mentioned (Table 3) show about the same 
retardation as obtained with a 0.1M NaC1 solution. 

Effect of  various cadmium and metal-cadmium prep- 
arations 

Reduction experiments were carried out in the 
same way as before, using various commercial forms 
of cadmium, with or without copper treatment, or 
treatment with silver or mercury solutions. The re- 

Table 6. Reduction of 20#M KNO 3 solutions by various 
cadmium or metal-cadmium preparations. Buffer pH 8.0 

At the maximum 
Bed 

dimen- yield, flow-rate, K, 
Preparat ion sions '!o britain approx, 

E.p. Cd~ * 99.7 0"2 0"04 
Cd filings * 99.6 0-05 0.02 
Granulated Cd t 97.7 2 3 
Cd filings + Cu ~" 95.9 5 12 
Cd filings + Cu:~ + 98"5 2 1-2 
Cd filings + Ag + 95.4 5 12 
Cd filings, 1% Hg  * 99.8 0.4 0.08 
Cd filings, 2°~; Hg * 99.8 0.5 0"06 
Cd filings, 4~/,, Hg * 99.7 1 0"3 
Granulated Cd. 1~'~ Hg  t 98.0 2.5 2-3 

"4.9cm x 1.02cm 2 = 5.0cm 3. 
t2.1cm x 0.97cm / = 2.0cm 3. 
§Values ~om Table3inserted ~rcomparison. 
~In 0.5M NaClsolution. 

suits are given in Table 6. The different reduction 
properties are characterized by stating the maximum 
yield, the flow-rate at the maximum and the approxi- 
mate value of K. 

Filings obtained by rasping pure cadmium gave, 
within experimental error, the same yield as e.p. cad- 
mium but at a quarter the flow-rate, which may be 
ascribed to some form of passivity or, simply, a con- 
siderably smaller specific surface area. In this connec- 
tion it may be mentioned that tfie first 20-30 g of 
filings obtained by using a brand-new rasp gave a 
higher reduction rate, probably on account of con- 
tamination by burrs from the rasp. 

The granulated cadmium had an unexpectedly 
high rate of reduction, also with respect to nitrite, 
and consequently with a poorer yield at the maxi- 
mum. Analysis of this material indicated Cu < 2 ppm, 
Zn  ~ 10ppm but also a residue, insoluble in HC1 or 
HNO3, of 0"1~o, at least partly consisting of graphite. 
By forming local cells this residue is probably the 
cause of the increased reduction power. 

Copperizing the filings brought about, as expected, 
an appreciable increase of the reducing power. The 
rate of reduction of nitrite is high, and the yield at 
maximum poor. If the reduction is carried out in 
0"5M NaC1 solution the retarding effect of the chlor- 
ide ions will cause a somewhat better yield. These 
series of experiments are also illustrated by the curves 
of Fig. 2 showing the possibility of errors when using 
copperized cadmium without due attention to chlor- 
ide contents and flow-rate. 

Silverizing the cadmium brought about approxi- 
mately the same results as copperizing. 

Amalgamation of the cadmium filings brought 
about a considerable increase of the reduction rate, 
whilst retaining the same yield as that obtained with 
untreated filings or with e.p. cadmium. This fact indi- 
cates that the reduction potential has remained prac- 
tically constant whereas a hypothetic passivity might 
have been removed or the specific surface area in- 
creased. Actually, the amalgamated filings under the 
microscope at 100 x magnification showed a rough, 
grainy surface unlike the bright one of the untreated 
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Fig. 2. Reduction of nitrate by copperized cadmium. Effect 
of chloride ions on the rate of reduction. Buffer pH 8'0. 

filings. Varying the percentage of mercury brought 
about only minor variations of the reduction proper- 
ties. Amalgamation of the granulated cadmium had 
little influence on the effect of its impurities. Amalga- 
mation of e.p. cadmium led to a breakdown of its 
dendritic structure with the formation of lumps, caus- 
ing difficulties in producing a homogeneous reductor 
bed. These experiments were therefore not pursued. 

D I S C U S S I O N  A N D  C O N C L U S I O N S  

The  reductor cadmium 

Every new sample of cadmium or metal-cadmium 
should be tested for its reducing power under the 
proper conditions by determining the yield of nitrite 
at the optimum flow-rate as previously described. 
Provided that these parameters are known it seems 
obvious that each type of reductor filling might be 
used for the determination of nitrate if allowance is 
made for the reduction of the nitrite formed as well 
as of that which might be originally present in the 
sample, depending on the error which can be toler- 
ated. 

A high rate of reduction of nitrite, as for instance 
with copper-cadmium in the reductor, results in a 
narrow optimum range of flow-rate, the location of 
which varies with the chloride concentration and 
probably also with the temperature. The correction 
for nitrite reduction (when copper-cadmium is used, 
amounting to 1.5-4% of the expected yield, depending 
on the chloride concentration) will therefore suffer 
from larger errors than at a low reduction rate. From 
this point of view the use of pure cadmium or amalga- 
mated pure cadmium is to be preferred. The nitrite 
correction then amounts to only a few tenths of 1%, 
and at pH 9'5 to about 0-1%, within a far broader 
range of flow-rate. If, however, larger errors may be 
tolerated, the copper-cadmium, or an impure form 
of cadmium such as the granulated cadmium tested 
in this paper, can be used to advantage, as the time 
for reduction is considerably shortened. This gain of 
time should be especially valuable for the analysis 
of sea-water since it counteracts the retarding effect 
of the chlorides. Another advantage is that the purity 

of the cadmium used as starting material is of little 
or no consequence. 

The special procedure, unsupported by experimen- 
tal evidence, used by Wood et al. 8 for the preparation 
of copper-cadmium in order to avoid contact with 
air, seems not to serve any useful purpose since the 
metal is still allowed to react with the oxygen con- 
tained in the washing solution. Incidentally, the same 
observation applies to the procedure used by Koro- 
leff 7 for the preparation of amalgamated cadmium. 

The amount of copper remaining on the filings ai'ter 
the washing may be significant for the reduction rate 
as the copper functions as a cathode and its surface 
area consequently should have an influence on the 
time of contact. 

E.p. cadmium and amalgamated pure cadmium fil- 
ings both give a very low rate of reduction of nitrite. 
Which reductor filling to use is partly a matter of 
availability. If cadmium filings or granulated cad- 
mium of sufficient purity and proper size were com- 
mercially available their use would be convenient 
since the amalgamation is easily carried out. It might 
also be possible to use these reductor metals without 
amalgamation after depassivation or enlargement of 
the surface area by etching. The manual tooling of 
a cadmium stick with a rasp is laborious and involves 
the risk of contamination. E.p. cadmium is easily pre- 
pared, and since nobler metals are removed with the 
anodic slime there is no risk of the formation of local 
cells. Precipitation of cadmium from a cadmium sul- 
phate solution by zinc ~ is said to give easily clogged 
columns, 4 and also involves risk of formation of local 
cells by the nobler metals which might be present 
in the zinc and in this case are not removed. 

If a reductor contains particles of different sizes, 
the smallest ones, at least partly packed in the inter- 
stices between the larger particles, are used up first 
and the surface area of the reductor bed is conse- 
quently lowered. This may have been a contributory 
cause of the gradually decreasing efficiency of the re- 
ductor observed by several authors. Another cause, 
and probably the main one, may have been the preci- 
pitation on the cadmium particles of hydroxides etc. 

as previously mentioned, or of such substances as 
humic matter, soil colloids or micro-organisms. This 
source of error should not be neglected but the reduc- 
tor checked as to its reduction power at appropriate 
intervals. Concerning the e.p. cadmium used for the 
experiments on pure solutions in this paper, no de- 
crease in efficiency in the optimum range has been 
observed. In this connection, and as a conceivable 
remedy against precipitated matter, it may be men- 
tioned that amalgamated pure cadmium as well as 
e.p. cadmium can be washed with hydrochloric acid 
of 4M or even higher concentration without appreci- 
able hydrogen evolution or change of efficiency at 
the optimum flow-rate. 

Samples containing metals precipitated by cad- 
mium will contaminate the reductor with these metals 
and, depending on the degree of contamination, have 
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an effect on its reducing power. Thus a blackening 
was observed on the inlet end of the cadmium bed 
after the passage of several litres of solution through 
the reductor. This blackening was caused by the cop- 
per content of the distilled water, about 30 #g/1., but 
has so far not caused any significant increase in effi- 
ciency. The proposed use of copper wool v'l° for en- 
closing the reductor bed should, however, be avoided. 
Probably a copper-cadmium reductor might be used 
to advantage for samples containing significant 
amounts of precipitable metals. 

pH and buffer solutions 

The higher the pH, the lower is the nitrite correc- 
tion and the broader the optimum range of flow-rate. 
A lower pH than that necessary to avoid precipitation 
in the reductor should therefore not be used. A pH 
below 8 should rarely be needed. If larger errors are 
tolerated the demand for a predetermined and con- 
stant pH naturally decreases. Thus Table 3 shows that 
at a flow-rate of 0.5 bv/min a final pH varying be- 
tween 6"3 and 9'5 causes the yield of nitrite to vary 
between 97 and 99~. The following discussion, how- 
ever, presupposes a striving for minimal errors. 

The buffer concentrations used in the present inves- 
tigation appear sufficient for unbuffered sample solu- 
tions. However, the pH and buffer capacity of a 
sample solution may be such that addition of acid 
or base or the use of a more concentrated buffer solu- 
tion is needed. This must be considered in each indivi- 
dual case. 

The introduction of imidazole into the buffer of 
pH 9.3 might be avoided by using the buffer at a 
higher concentration. Its ability to complex cadmium 
ions is then increased and a higher buffer capacity 
is gained. To avoid higher chloride concentration the 
ammonium chloride might be replaced by ammonium 
acetate. 

The use of an unbuffered ammonium chloride solu- 
tion will cause a pH which varies with the actual 
oxygen content, pH and buffer capacity of the sample. 
The use of the tetrasodium salt of EDTA (2mM) as 
complexing agent for cadmium ions without addition 
of any buffer s will also cause pH variations depending 
on the actual composition of the sample solution. 

Any significant increase of the buffer concentration 
should be compensated for by a corresponding in- 
crease of the concentration of hydrochloric acid in 
the diazotizing reagent in order to keep the pH con- 
stant during diazotation and colour development. 

Reduction and nitrite determination 

The use of a peristaltic pump in order to facilitate 
the attainment of a sufficiently constant flow-rate is a 
prerequisite. Such pumps designed for the simul- 
taneous running of several samples are commercially 
available. 

In the present investigation the absorbance was de- 
termined in a 1-cm cell and a sample volume of 10ml 
was sufficient for rinsing and measurement. In prac- 

tice, on account of low concentrations, it will some- 
times be necessary to determine the absorbance in 
5- or 10-cm cells requiring a sample volume up to 
50ml. When several successive reductions are run, 
and assuming that the system is to be rinsed with 
two times its free volume between samples, the time, 
t, in minutes, required for each sample, is obtained 
from the equation 

t = (1/FXV~/V b + 2Vr/Vb) 

where F is the flow-rate in bv/min, V, the sample 
volume, V b the bed volume and Vf the free volume 
of the system. The approximate flow-rate to use being 
known, the appropriate bed volume in relation to the 
required sample volume can be estimated, as well as 
the required pump capacity. 

The effect or removal of interfering substances is 
not considered in this paper because this will be a 
problem particular for every new kind of sample. The 
vital point is of course to reveal such interferences 
by appropriate experiments and then do something 
about it. 

If a high degree of accuracy is desired, as for in- 
stance in determination of nitrate in commercial ferti- 
lizers, the differential spectrophotometric method is 
recommended. In that case the sample concentration 
can usually be chosen sufficiently high and near that 
of the standard solution. Regarding samples of natur- 
al waters, the demand for accuracy is considerably 
lower and their nitrate contents so widely varied and 
sometimes so low that differential spectrophotometry 
does not present any significant advantages. A calib- 
ration curve may then be applied in the usual way. 
In principle the calibration should be run with the 
same composition, temperature etc. in the standard 
nitrite solutions as for the sample. Sufficient experi- 
ence will show to what extent deviations from this 
rule may be permitted. 

The question may arise whether the analysis might 
not be performed in a wholly empirical way by estab- 
lishing the relation between nitrate concentration and 
absorbance, thus omitting the calibration with nitrite 
standard solutions. This is, of course, possible if ni- 
trite is absent from the sample or present only in 
such amounts that the correction for its decomposi- 
tion is insignificant. Yet the need for checking this 
relation at appropriate intervals remains. 

The running of reagent, blanks as well as frequent 
checking of the cell correction is, of course, the more 
important the lower the concentrations to be deter- 
mined. 
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Summary-Seven laboratorles took part in this interlaboratory study which was part of an investigation 
of the flame-spectrometric determination of potassium in rocks and minerals suitable for potassium- 
argon age-measurement. Three of these laboratories determined potassium in the following five interna- 
tional reference rocks: tonalite T-l, basalt BCR-1, andesite AGV-1, granite G-2, and granodiorite 
GSP-1. The other five samples (with the number of laboratories analysing them m parentheses) were: 
a chlorite rock (7), an altered basic igneous rock (5), an altered basaltic andesite (S), a biotite (6) 
and a potassium feldspar (7). Details of sample preparation and methods of analysis are given; no 
laboratory used exactly the same method as any of the other SIX laboratories. Results have been 
examined by analysis of variance; larger relative between- and within-laboratory variations occurred 
for the two samples containing less than 0.1% potassium than for seven of the eight other (higher 
notassiuml samnles: between-laboratory variations for the basalt BCR-1 and, to a lesser extent; the r___--.- . . . . __.._r~__, 
andesite AGV-1, were high and of similar magnitude to those for the samples containing less than 
0.1% potassium. The causes of any poor interlaboratory agreement in the present study are considered. 

This interlaboratory study was part of an investiga- 
tion’ of the flame-spectrometric determination of 
potassium in the many types of rocks and minerals’ 
suitable for potassium-argon age-determination. The 
whole investigation was aimed at improving the relia- 
bility of potassium-argon age-determinations, by 
minimizing errors in the flame-spectrometric deter- 

mination of potassium. The poor interlaboratory 
agreement of potassium results for the biotite B-3203 
has been discussed by Pinson who considered it to 
be “one of the great curiosities of modem analytical 
chemistry that it is possible to analyse for argon, 
which occurs to the extent of about 0.01 to 0.001 cc 
bf gas per gram in a sample, to a much greater accu- 
racy and with more confidence than it is possible to 
analyse for one of the major elements, namely potas- 
sium”. The great majority of results reported for the 
biotite B-3203 involved flame emission measurement 
of the sample solution. 

P.csults of nrevinnf interlaboratorv ctlldiec nf nntnc- r--‘---” , I .____I _. T~--l 

sium determination are s’ummarized in Table 1. The 
best interlaboratory agreement in Table 1 was 
obtained for the muscovite P-207: in this sample the 
between-laboratory relative standard deviations of 
results for potassium and potassium-argon age were 
1.3 and 2.6% respectively.’ Such agreement, while 
adequate for many age-determinations, is not ade- 
quate in many stratigraphic studies where, according 
to Cooper,’ the total relative analytical error in a 
potassium-argon age-determination should not 
exceed 0.5%. 

*Presented in part at the Third Australian Symposium 
on Analytical Chemistry; Melbourne, Australia; May, 
1975. 

Ingamells14 has found that poor interlaboratory 
agreement for the biotite B-3203 and the muscovite 
P-207 is largely due to sample inhomogeneity. It is 
very likely that sampling errors were eliminated in 

the present study by fine grinding as described later 
in this paper. Thus the variation of results observed 
in the present study can be confidently regarded as 
due to analytical errors as distinct from sampling 

errors. 
The aims of the present interlaboratory study were: 

(i) to compare between-laboratory variations with 
those in previous studies (Table 1); 

(ii) to see whether between-laboratory variations 
are significantly greater than within-laboratory vari- 
ations, and thus to indicate systematic errors in the 
methods of at least some of the participating labora- 
tories. 

As shown in Table 2, three laboratories in Australia 
and one in each of New Zealand, Russia, South Africa 
and I-J&A_. took nart in this studv Theqe !&Q&Q& r--- -_. ,. --_--- 
are all engaged in rock and mineral analysis and five 
of them in potassium-argon age-determination. 
Henceforth in this paper. the laboratories are identi- 
fied by letters of the alphabet. 

All participating laboratories were requested to: 
. (i) determine potassium twice in each sample and 

not to do the second analysis concurrently with the 
first; 

(ii) determine hygroscopic moisture in each sample 
at the time of each analysis; 

(iii) check the accuracy of standard potassium solu- 
tions; 

(iv) report the potassium content in the sample, as 
received, to 3 or 4 significant figures, to give an appar- 
ent precision of 0.1%; 



360 T. D. RICE 

Table 1. Results of previous mterlaboratory studies of potassium determination 

Sample References 

Relative std. 
devn. of laboratory 

No. of labs. Mean K “‘, means. 9;, 

Biotite. B-3203 
Muscovite, P-207 
Amphibole 
(Ltbby, Mont. 16948) 
Granite. G-l 
Granite, G-2 
Granite, Rt 17 
Tonalile. T-l 
Lunar so11 sample 12070 

3-6 13 7.58 1.9 
7 22 8.54 1.3 
8 4 1.60 13.2 

9, 10 34 4.55 2.6 
10 30 3.74 4.8 
11 12 3.89 3.3 
12 14 1.03 70 
13 14 0.196 9.1 

(v) give details of standard compound used; and had previously been analysed at this laboratory; 
(ri) give details of dissolution and flame methods these samples were as follows. 

Ten samples, with potassmm contents between 0.05 
and lo%, were used in this study. These samples were 
numbered from NSWMD-1 to NSWMD-10 in order 
of increasing potassium content. Five of the samples 
were international reference rocks, namely the tona- 
lite T-l from Tanzania.” and the basalt BCR-1, the 
andesite AGV-1, the granite G-2 and the granodiorite 
GSP-1 from the United States Geological Survey.” 
The other five samples were from New South Wales 

NSWMD-1. Foliated chlorite rock containing 
minor mounts of talc, quartz and albite; from Cow 
Flat Talc Mine uia Bathurst, New South Wales; Uni- 
versity of Sydney Geology Department Catalogue 
No. 46264; collected by Dr. B. J. Barron, New South 
Wales Department of Mines. 

NSWMD-2. Medium-grained, altered basic igneous 
rock containing relict diopside, and a suite of alter- 
ation minerals including chlorite, tremolite and pla- 

Table 2. Participating laboratories and analysts 

Laboratory Analyst(s) 

Research School of Earth Sciences, 
The Australian National Umversdy, 
Canberra, 
Au&alla 2600 
The Australian Mineral Development 
Laboratories, 
Frewville, 
South Australia 5063 
United States Geological Survey, 
Branch of AnalytIcal Laboratories, 
Menlo Park, 
Cahfomla 94025 
Geochronological Laboratory, 
Institute of Ore Deposits Geology 
(IGEM). 
U.S.S.R. Academy of Sciences. 
Staromonetny 35, 
Moscow. 
U.S.S.R. 109017 
Department of Scientific and 
Industrial Research. 
The Institute of Nuclear Sciences. 
Lower Hutt, 
New Zealand 
National Chemical Research Laboratory, 
The South African Council for Scientific 
and industrial Research. 
Pretoria, 
South Africa 
Chemical Laboratory, 
N.S.W. Department of Mines, 
Sydney. 
Australia 2000 

R. Maier 

J. C. Watts and 
A. W. Webb 

L. B. Schlocker 

L. L. Shanin 

W. J. McCabe and 
R. G. Ditchburn 

F. W. E. Strelow 
and A. H. Victor 

T. D. Rice 
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Table 3. Methods used in the present study 

Laboratory Summary of method Standard K compound 

A HF-H2S04 decomp. in Pt dishes. 
Na buffered, Li int. std. FE 
measurement on Baird Atomic 
instrument m propane-air flame. 
For samples NSWMD-1. -2, -3. 
prelim. IE sepn. similar to that 
of Lab. E. 

B HF-H2S04 decomp. m Pt dishes. 
Aliquots buffered with Merck Suprapur 
Cs,S04 and K measured by AAS 
(Varian Techtron AA-5 instrument) in 
acetylene-air flame. 

C Subsamples (100.0 mg) fused with LiBOz 
(700.0 mg) in graphite crucibles at 
950” for 15 minutes and dissolved in 
100.00 ml of 4% v/v HNOs. A 1: 10 
dilution was made before aspirating 
into a direct reading (Li int. std.) 
IL 343 flame photometer with propane- 
air flame. 

D 100-mg subsamples decomp. in Pt 
dishes with HF-HCIOL. After addn. of 
2.5 g of pure MgC12 (as buffer), 
solutions diluted to 5O.OOg with water. 
FE measurement on a “high sensitivity 
diffraction grating flame 
spectrophotometer built in the 
laboratory”, in gas (mostly methaneFair 
flame. 

E HF-HNOJ decomp. and ultrasonic 
dispersion of solid particles in lOO-ml 
Teflon beakers. Evapn. to dryness on 
water bath. Further HF-HNOJ treatment 
and evapn. to dryness. Residue 
dissolved by adding 0.5 ml of HN03 and 
10ml of satd. H3BO3, warming and dilg. 
with Hz0 to about 60ml. K in this 
solution sepd. by IE on Dowex 5OW-X12 
resin, 2004OOmesh. K eluted with 0.75M 
HN03 collected in weighed glass flask, 
and measured by FE (propane-an flame an 
water-cooled burner). 

F HF-HCI-HC104 decomp. in 100-m] 
Teflon beakers. After heating to 
HC104 fumes, contents of beaker 
dissolved in 10ml of 1M HCl and transf. 
to a 150-ml Pyrex beaker to be diluted 
to about 0.2M m acid. After. 
addition of O.lOO,/, H,Oz, K sepd. by 
IE on Bio-Rad AG 5OW-X8 resm, 
20&400 mesh. K measured by AAS 
(Perkin-Elmer 303 instrument, 
propane-butane-an flame and 
specially designed flat water- 
cooled burner). 

G LiBOz fusion of 500-mg subsamples 
in 30-ml Pt crucibles for 15 min 
at 900”. Melt dissolved m dilute 
HN03 and an ahquot diluted 
gravimetrically and buffered with 
1.20mg of Merck Suprapur CsCl per g. 
K separated from another aliquot by 
IE on Dowex 5OW-X8 resin, 10+200 
mesh; K fraction (containing some Na) 
buffered with Cs as above. 
Polyethylene-ware used exclusively. 
K measured by AAS (Varian Techtron 
AA-5 instrument with digital read-out) 
in acetylene-air flame. Reported 

KS% 
Analar, 
Hopkin and Williams, 
Batch 20676, heated 
to constant weight 
at 500 

KHCsH.,04 
dried at 120” 
for 24 hr 

(Note 1) 

KC1 
dried at 105” 

KHWLO4, 
Analar, BDH, 
dried at 120” 

id 

KCI. 
Merck “pro analysi”, 
dried at 150” 

KCl, 
“Specpure”, 
heated at 550” 
for 4 hr 
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Table 3-contmued 

Laboratory Summary of method Standard K compound 

results are means for both types of 
measurement solution; individual 
results are given in Table 9. 

Notes. 1. Laboratory C used analysed samples (of well-established K contents and proven homo- 
geneity) as standards. These were prepared by the same technique as the other samples. Sierra quartz 
was used for setting instrument to zero; the French biotite BIO-R (7.305:; K) and an amphibole 
(0.758”,b K) were used to calibrate the instrument. 

2. Int std. = internal standard: FE = flame-emtssion spectrometry; AAS = atomic-absorption spec- 
trometry; IE = cation-exchange chromatography. 

, 
gioclase; from Woods Reef oia Barraba, New South 
Wales; University of Sydney Geology Department 
Catalogue No. 47624; collected by Mr. R. Glen. New 
South Wales Department of Mines. 

NSWMD-3. Porphyritic clinopyroxene-rich, altered 
basaltic andesite also containing phenocrysts (which 
were probably olivine but have been altered to chlor- 
ite) in a matrix of chlorite, carbonate, albite, epidote 
and sphene; from breccia pipe at Sofala, New South 
Wales; University of Sydney Geology Department 
Catalogue No. 46120; collected by Dr. B. J. Barron, 
New South Wales Department of Mines. 

NSWMD-9. Biotite separated manually from host 
rock which also contained quartz, fluorite and minor 
amounts of sphalerite; from Torrmgton, New South 
Wales; supplied by Mr. D. R. Pinkstone, New South 
Wales Department of Mines. 

NSWMD-10. Impure potassium feldspar contain- 
ing microcline. some albite and a small amount of 
quartz; from 13 km SE of Broken Hill, New South 
Wales. 

Because of scarcity of several samples, there was 
enough of only two samples to be sent to all seven 
laboratories; the potassium feldspar NSWMD-10 is 

the only sample of which an appreciable amount (8 
vials) remains for distribution to other interested 
laboratories. 

EXPERIMENTAL 

Preparutlon of samples 

In order to overcome samplmg errors and errors due 
to segregation of parttcles on storage,16 the five samples 
from New South Wales were ground to pass a 200-mesh 
sieve; these samples were ground m a 50-ml capacity Sieb- 
techmk tungsten carbide mill. Since the possibility of con- 
tamination of low-potassmm samples with minerals high 
m potassium is best avoided,” samples were crushed and 
sieved in order of increasmg potassium content. 

One jar of each of the five international reference rocks 
was available. These samples were not further ground or 
sieved because they were already at least 989; 200-mesh.” 

Samples were distributed in clear polystyrene vials with 
polyethylene snap-on caps. These containers. from new 
stock. were initially washed with tap-water and a brush. 
followed by washmg with demineralized water and drying 
at 60‘ for 24 hr. 

Vials to hold a particular sample were numbered and 
placed, m numerical order, m a row. The sample was thor- 
oughly mixed by being rolled m a large polystyrene jar 

for 30min on a rolling machme, and was then added in 
equal increments, by means of a small nickel spatula, to 
each vial m turn. This was continued until each vial had 
its full complement of sample-ranging from 2.7g for 
sample NSWMD-7 to 9.Og for sample NSWMD-10. 

Methods used 

Table 3 summarizes the methods used and gtves details 
of the standard compounds used. No laboratory used 
exactly the same method as any of the other SIX labora- 
tories. All laboratories brought the samples into solution 
by either hydrofluoric acid attack or lithium metaborate 
fusion, and subsequently measured potassium concen- 
tration by either flame emission or atomtc-absorption spec- 
trometry. 

Three laboratories (E, F and G) separated potassium 
by cation-exchange chromatography. Laboratory A did so 
only for the low-potassium samples, NSWMD-I. 
NSWMD-2 and NSWMD-3. 

Laboratory F filtered off the residues of samples 
NSWMD-1 and NSWMD-2 after the acid treatment (de- 
scribed in Table 3) and dissolved them with a mixture 
of phosphoric, perchloric and hydrofluoric acids ‘s 

RESULTS AND DISCUSSION 

Table 4 summarizes the results for the international 
reference rocks and also lists the “usable values” of 
Abbeylg and, except for the tonalite T-l, results” 
obtained by Laboratory E on initial lots of samples 
(from United States Geological Survey) different from 
those used in this study. The right-hand double 
column of Table 4 summarizes the results of analysis 

of variance for each sample. 
Analysis of variance showed that the results of 

Laboratories A, D and G in Table 4 agreed well with 
one another only for the granite G-2. The agreement 
between the results of these three laboratories was 
worst for the basalt BCR-1, although the overall 
mean for this sample agreed very well with the result 
of Laboratory E-which could indicate that the 
“usable value” for the basalt BCR-1 is low by about 
1.77; relative. For the remaining three international 
reference rocks, one laboratory reported results con- 
sistently lower than those of the other two labora- 
tories. 

Results reported in Table 4 for the tonalite T-l 
indicate that its “usable value” is high by 1%2”;, rela- 
tive. 
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Table 4. Results for international reference rocks 

Sample 
“Usable 
value” 

S’, K (dry basis) 

Labs. A, D and G 
Lab. E overall mean 

% Rel. std. devn. of 
mean of duplicate” 
results of labs. A. 

D and G 

Between- Within 
lab. lab. 

MRT 
Tonal&e 
T-l 
USGS 
Basalt 
BCR-1 

USGS 
Andesite 
AGV-I 

USGS 
Granite 
G-2 

USGS 
Granodiorite 
GSP-1 

1.03’ 

1.40 1.429 + 
0.005 

2.43 2.456+ 
0.003 

3.15 

4.59 

3.760+ 
0.013 

4.630f 
0.015 

1.008 0.86d 0.62 
(0.99%1.014)b 

(0.040.15) 
1.426 2.02’ 0.17 

(1.399-1.457) 
(0.75- 1.02) 

(80/s) 
2.430 1.71” 0.13 

(2.383-2.458) 
(0.7&1.35) 

(1 l/4) 
3.132 0.25 0.28 

(3.725-3.743) 
(0.1 l-0.32) 

(23/X) 
4.575 0.64“ 0.28 

(4.5414.594) 
(0.05-O. 18) 

(l8/l2) 

a Labs. A, D and G each reported the results of two separate determinations (carned out at least six days apart) 
per sample. 

b The top set of figures in brackets for each sample gives the range of laboratory mean results for potassium: the 
set below this gives the range of laboratory mean results for hygroscopic moisture; in the lowest brackets for the 
USGS samples are the Split/Position numbers. 

’ Greater than within-laboratory standard deviation at 99”/b confidence level. 
’ Not greater than within-laboratory standard deviation at 959; confidence level. 
‘On initial lot of samble different from that analysed by Labs. A, D and G. Each result of Lab. E 1s the mean 

of 12 complete determinations f the 99% confidence limit of the mean. 
’ This “usable value” and subsequent ones are as reported by Abbey.“. 

The result in Table 4 from Laboratory E for a dif- 
ferent initial jar of the granodiorite GSP-1 is appre- 
ciably higher (by 1.2% relative) than the overall mean 
result in Table 4; this is probably due to the inhomo- 
geneity of sample GSP-1 which has been noted by 

Ingamells and Switzer.“’ 
Table 5 is rather similar in structure to Table 4 

but concerns the five samples from New South Wales. 
Instances of poor agreement between duplicate analy- 
ses can be isolated by examination of tables of indivi- 
dual results for these samples. (Tables of individual 
results for all samples in the present study can be 
supplied on request.) 

Table 6 gives results of analysis of variance when 
such instances are excluded. Exclusion of poorly 
agreeing duplicate analyses before analysis of variance 
is justified by the fact that, where more than two 
laboratories have analysed a given sample (as in the 
present study), the methods of all laboratories must 
be of the same precision for the conclusions from 
analysis of variance to be strictly valid.21 

Low within-laboratory standard deviations in 
Table 6 of between 0.1 and 0.2% relative indicate the 
best precision attainable with flame-spectrometric in- 
strumentation; such precision has been well docu- 

mented elsewhere.” However, multiple instrumental 
readings of sample and standard solutions are necess- 
ary for such good precision; the methods of all labor- 
atories in the present study involved such multiple 
readings. The attainment of flame-spectrometric pre- 
cision of 0.1-0.2% relative standard deviation, by tak- 
ing fewer than six sets of individual readings of a 
given sample solution and appropriate pan of stan- 
dard solutions, awaits further improvements in nebu- 
lizer-burner and gas-control systems.’ 

The emphasis of the remaining discussion in this 
paper is on problems of accuracy of flame methods 
for determining potassium in rocks and minerals, 
rather than precision. 

Results of previous inter-laboratory studies 

Comparison of between-laboratory relative stan- 
dard deviations in Tables 4 and 5 with those of pre- 
vious studies in Table 1 shows that only for the basalt 
BCR-1, the andesite AGV-1, and the low-potassium 
samples NSWMD-1 and NSWMD-2 does the 
between-laboratory relative standard deviation exceed 
1.3x, which was obtained’ for the muscovite P-207 
and is the lowest figure in Table 1. 
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Table 5. Results for samples from New South Wales 

Sample 
No. of 
labs. 

Overall 
mean y0 K 
(dry basis) 

P, Rel. std. devn. of 
mean of duplicate” 

results 

Between- Wtthm- 
lab. lab. 

Chlorite 
rock 
NSWMD-1 
Altered 
basic rock 
NSWMD-2 
Altered 
andesite 
NSWMD-3 
Biotite 
NSWMD-9 

Feldspar 
NSWMD-10 

7 0.0570 3.59’ 1.57 
(0.0553-0.061 l)b 

(0.14-0.37) 
5 0.0739 1.89 1.91 

(0.072220.0760) 
(0.19-0.47) 

5 0.3002 0.86’ 0.36 
(0.297-0.303) 

(0.40-0.90) 
6 7.603 0.89’ 0.32 

(7.48-7.67) 
(0.15-0.59) 

7 9.794 0.67’ 0.26 
(9.71-9.90) 
(0.12-0.53) 

(Analysis by the author of the low-potassium samples gave: %SiOl 26.5, 55.5, 45.0; 
A1203 20.3, 14.5, 9.17; Ti02 0.17, 0.46, 0.71; Zr02 0.02, 0.02, 0.01; Fe*O, 3.11, 0.32, 
1.61; Fe0 22.6, 8.48, 9.31; MnO 0.58. 0.12, 0.26; MgO 15.2, 4.18, 15.0; CaO 0.22, 
7.68, 9.84; SrO 0.005, 0.05, <0.005; BaO 0.01, ~0.01, 0.01; Na20 0.02, 5.93, 1.27; 
KzO 0.06, 0.09, 0.36; PsO, 0.06, 0.06, 0.19; H,O (+lOSUC, I I 0. 2.19, 4.58; Hz0 
(-105”C)O.18, 0.16, 0.60; CO, 0.09, 0.32, 1.68; S 0.01, <O.Ol, 00-l: Total 100.1, 100.1 
and 99.6 for samples NSWMD-1. NSWMD-2 and NSWMD-3 respectively.) 

a Each laboratory reported the results of two separate determinations (carried out 
at least six days apart) per sample. 

b The upper set of figures in brackets for each sample gives the range of laboratory 
mean results for potassium; the lower set gives the range of laboratory mean results 
for hygroscopic moisture. 

’ Greater than within-laboratory standard deviation at 954; confidence level. 

Sampling problems Hence it is reasonable to assume that the observed 

The suitability of the procedure used in the present potassium content of a given sample in the present 

study for allocating samples to vials has been con- study is independent of the particular vial used. 

firmed’ by analysing replicate SOO-mg subsamples 
from three vials of sample NSWMD-1 and replicate Rest&s for hygroscopic moisture, HzO( - 105”) 

lOO-mg subsamples from four vials of sample As indicated in Tables 4 and 5, there were frequent 
NSWMD-10. The potassium contents of NSWMD-1 instances of poor interlaboratory agreement of hygro- 
and NSWMD-10 were found to be 0.0560 f 0.0002 scopic moisture results. In the foregoing statistical 
and 9.81 f 0.02% respectively, in all vials studied. study of potassium results converted onto a dry basis 

Table 6. Results of analysis of variance before and after exclusion of instances of poor within-laboratory 
agreement 

Sample 

% Rel. std. 
devn. of mean 

of duplicate Is between-lab std. 
results dev. greater than 

Overall within-lab std. 
No. of mean o/o K Between- Withm- dev. at 95% con- 
labs. (dry basis) lab. lab. fidence level? 

NSWMD-2 

NSWMD-9 

NSWMD-10 

5 0.0739 1 1.89 1.91 No 
4 0.07383 2.17 0.78 Yes 
3” 0 07395 2.62 009 Ye? 
6 7.603 0.89 0.32 Yes 
5 7.627 0.47 0.18 Yes 
7 9.794 0.67 0.26 Yes 
4 9.799 0.50 0.09 Ye@ 

a Labs. E, F and G. 
b Also at 99% confidence level. 
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(as recommended’g), interlaboratory variations of 
hygroscopic moisture results have been assumed to 
be due to differences in geographical location of the 
laboratories, and not due to major inaccuracies in 
some laboratories’ methods for hygroscopic moisture. 

Methods of sample dissolution 

Work reported elsewhere’ has shown that, for 
samples NSWMD-1 and BCR-1, solutions prepared 
after fusion with lithium metaborate for 15 min at 
900” give the same potassium results as solutions pre- 
pared by hydrofluoric acid attack in both open and 
sealed vessels. Hence it is reasonable to assume that 
errors in the various dissolution procedures listed in 
Table 3 are negligible provided sufficient care is taken 
to avoid contamination and mechanical losses. 

Choice of standard compound 

Analytical-reagent grade potassium chloride, potas- 
sium hydrogen phthalate and bisulphate-free potas- 
sium sulphate have been found’ to be suitable stan- 
dard compounds; i.e., readily obtainable at least 
99.8% pure after appropriate heating. Any significant 
systematic error from this source is therefore very un- 
likely. 

Accuracy of standard solutions 

Accuracy of standard solutions, besides depending 
upon the use of a suitable standard compound, also 
depends upon other factors such as calibration of 
balances (and of volumetric glassware if this is used 
instead of gravimetric dilution) and freedom of inter- 
action of the potassium in the standard solutions with 
container walls. It was impossible to establish 
whether these factors were sufficiently considered by 
all laboratories in the present study. Therefore inac- 

curate standard solutions could have made a signifi- 
cant contribution to the lack of interlaboratory agree- 
ment in some instances in the present study. 

Contamination from glassware 

High between-laboratory variations for the low-po- 
tassium samples NSWMD-1, -2 and -3 are at least 
partly due to contamination from reagents, surround- 

ings, or vessels. As shown in Table 6 except for sample 
NSWMD-2, Laboratories E, F and G obtained very 
good within-laboratory agreement for these samples; 
this suggests that contamination from glassware (not 
accounted for by blank runs) or adsorption onto walls 
of polyethylene vessels (Laboratory G) occurred. The 
latter possibility has been excluded by the finding’ 

that the polyethylene vessels used by Laboratory G 
do not adsorb potassium from acidified solutions. 

It is worth noting that the glassware of Labora- 
tories E and F was preconditioned by soaking in 
0.75M nitric acid and in hot 1: 1 nitric acid, respect- 
ively. Such treatment has been stated” to be likely 
to sensitize the glass surface so that it will retain 
adsorbed ionic films. This is presumably because 
of replacement, by hydrogen ion;, of cations such 
as calcium, sodium and potassium previously bound 
to the surface of the glass. The acid-treated glass sur- 
face, when attacked by very dilute hydrofluoric acid 
resulting from hydrolysis of complex fluoridesz3 in 
the sample solutions of Laboratories E and F, would 

thus cause less contamination by potassium than a 
glass surface not acid-treated. (However such con- 
tamination by potassium from acid-treated glassware 
would not occur if, after nitric acid treatment, no 
potassium remained on or near the surface in sites 
accessible to attack by very dilute hydrofluoric acid; 
negative errors could then arise because of adsorption 

Table 7. Comparison of results of Laboratories E, F and G for low-potassium samples 

Mean K ppm 
Between-lab. 

difference, K ppm 

Sample Ca, % Lab. E Lab. F Lab. G E-F E-G F-G 

PCC-1 0.38 13.2 30.9 - 

(k 1.2) (k 0.8) 
DTS-1 0.1 10.5 14.0 

(f 1.0) (k 1.9) 
NSWMD-1 0.16 565 583 560 
NSWMD-2 5.49 737 760 722 
NSWMD-3 7.03 3025 3001 

-18 

-3 

-18 +5 +23 
-23 +15 +38 
- +24 

Notes. 1. Laboratory E made 10 and 9 complete determinations on samples’ PCC-1 and DTS-1, 
respectively.“’ Laboratory F made 4 complete determinations on these two samples.z4 

2. Results of Laboratories E and F for samples PCC-1 and DTS-1 are + the standard deviation 
of a single determination. 

3. In Reference 10, three laboratories obtained the following potassium results (on the USGS samples) 
by neutron activation analysis: 

Sample PCC-1; 11.5, 11, 9.0ppm K 
Sample DTS-1; 8.8, 9, 7.9 ppm K 

4. Laboratory C has reported 9 f 2 ppm K for sample DTS-1. ” This is the mean of six complete 
determinations f the standard deviation of a single determination and agrees well with the neutron 
activation results. 
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by acid-treated glassware of potassium in sample Table 9. Results of Laboratory G with and without cation- 

solutions.) exchange separation of potassium 

Table 7 gives results of Laboratories E, F and G 
for low-potassium samples in the present study; 
resultsz0*24 of Laboratories E and F for the USGS 
reference rocks, PCC-1 and DTS-1, are also included. 
Note 3 of Table 7 gives results of three other labora- 
tories” which have analysed samples PCC-1 and 
DTS-1 by neutron activation; these results are appre- 
ciably lower than the flame-spectrometric results of 
Laboratories E and F. The good agreement of the 
result of Laboratory C for sample DTS-1 (Note 4, 
Table 7) with the neutron-activation results, indicates 
that contamination from glassware is less likely when 
solutions are prepared by lithium metaborate fusion 
rather than by hydrofluoric acid treatment. 

% K (dry basis) 
Type of AAS measurement 

solutionb 

Sample Run” NO CS IE 

NSWMD-1 

NSWMD-2 

NSWMD-3 

T-l 

BCR-1 

AGV-1 

G-2 

GSP-1 

NSWMD-9 

NSWMD-10 

1 0.0555 0.0556 
2 0.0553 0.0554 

2 
1 
2 

0.0721 0.0752’ 
0.0749 
0.2998 
0.3021 

2 
1.011 
1.013 

0.0720 
0.299 1 
0.3012 
1.011 
1.009 

2 
1 
2 

1.444 1.426 

Interlaboratory differences in Table 7 vary from 
sample to sample, and are more pronounced for 
samples with higher calcium contents (also given in 
Table 7). The question of the possibe effect of calcium 
upon the extent of potassium contamination from 
glassware arises because calcium has the widest range 
of composition of all the major elements in the five 
samples in Table 7. 

1.433 1.418 
2.468 2.458 

2 

2 

When samples high in potassium are analysed by 
the methods of Laboratories E and F, the results in 
Table 7 show that contamination from glassware does 
not cause an appreciable error; an absolute positive 
error not exceeding 0.0049; potassium (38 ppm) is in- 
dicated; this represents a relative error of 79/, for 
sample NSWMD-1, and of only 0.04:,; for sample 
NSWMD-10 which contains 9.8X potassium. 

2 
1 
2 

2.502 2.459 
3.773 3.738 
3.724 3.713 
4.594 4.610 
4.590 4.579 
1.59 7.61 
7.60 7.58 
9.86 9.84 
9 86 9.80 

0.0569 
0 0559 
0.0720 
0.0724 
0.2999 
0.2999 
1.021 
1013 
1424 
I.423 
2.460 
2.455 
3.715 
3.732 
4.600 
4.587 
7.59 
7.58 
9.77 
9.82 

’ Run 2 was done about 2 months after run 1. 
b NO = no buffer other than lithmm from flux. 

Cs = buffered with 1.20mg of CsCl per g. IE = K fraction 
from ion-exchange separation, buffered with 1.2Omg of 
CsCl per g. 

’ High probably because of lomzation interference by 
large excess of sodmm over potassium in sample 
NSWMD-2. 

The occurrence of contamination from glassware, 
during analysis of samples low in potassium, requires 
further investigation. 

potassium (e.g., in smoke), (c) failure to maintain stan- 
dard and sample measurement solutions at the same 

Flame-spectrometric method and technique 

Procedures involving flame measurement are sus- 
ceptible to small systematic errors due to any of the 

following: (a) inaccurately diluted standard and 
sample solutions, (b) contamination by airborne 

Table 8. Results of Laboratory A for samples NSWMD-1 
to NSWMD-3, with and without catlon-exchange separ- 

ation of potassium 

“,, K (dry basis) 

Sample 
With 

separation 
Without 

separation” 

NSWMD-1 0.0548 0.0737 
0.0557 0.067 1 

0.0707 
0.0701 

NSWMD-2 0.0772 0.0819 
0.07 13 0.0745 

0.0821 
0.0822 

NSWMD-3 0.2989 0.3127 
0.2976 0.3135 

a No correction made for blasz6 due to iron. 

temperature, (d) large variations in hydrostatic head 
between sample and standard measurement solu- 
tions,25 and (e) slight non-linearity of instrument re- 
sponse. It has been shown’ that such errors can be 

avoided. 
The need to separate potassium from other con- 

stituents in the sample before flame measurement 
seems to depend upon the type of flame measure- 
ment : the lithium internal-standard, propane-air 
flame emission method of Laboratory A gave high 
results for the low-potassium, ferromagnesian samples 
NSWMD-1, -2 and -3 when potassium was not separ- 
ated (Table 8); however, the atomic-absorption, acety- 
lene-air flame method of Laboratory G for unsepar- 
ated solutions buffered with caesium always gave 
results which agreed well with results for separated 
solutions (Table 9). 

CONCLUSIONS 

The results of the present interlaboratory study are 
good enough to support the conclusion’ that-pro- 
vided sampling errors are overcome and sufficient 
attention is paid to detail at all stages of the analytical 
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procedure-a between-laboratory variation in flame- 
spectrometric potassium results of less than 0.5% rela- 
tive standard deviation is attainable. Greater pre- 
cautions to avoid losses and contamination during 
preparation of sample solutions, and stricter measures 
to avoid interferences and other errors in the flame 
measurement step would yield better interlaboratory 
agreement than that observed in some instances in 
the present study. 
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Summary-Quantitative analysis by spark-source mass-spectrometry requires the knowledge of so- 
called sensitivity coefficients for the elements being determined. Five series of analyses have been carried 
out on five different steel standard reference materials (NBS-SRM 661-665) using photoplate detection. 
The relative sensitivity coefficients (Ss) of TI, V. Cr, Mn, Co, Ni, Cu. As. Zr, Nb. MO. Sn. Sb, La, 
Ta and W were determined vs. iron as an internal standard. The Ss values were independent of the 
elemental concentration. A relative standard deviation of about 15% was obtained. The accuracy as 
confirmed by comparing the results for a pure iron sample with those obtained by neutron-activation 
analysis was within the same limits. 

spark-source mass-spectrometry is increasingly being 
used for trace analysis in metals and alloys. This tech- 
nique has the advantage of being capable of determin- 
ing almost all elements at the sub-ppm level, and 
down to the ppM (parts per milliard) level in favour- 
able conditions, but suffers from poor precision with 
a coefficient of variation of 2&300/,.‘~’ When the 
method is used on an absolute basis, i.e., without 
standards, inaccurate results are obtained. The mass- 
resolved ion-beams reaching the detector are not 
representative of the true composition of the sample, 
as a result of selective evaporation, non-uniform ioni- 
zation efficiency and selective transmission through 
the analyser. 3*4 For each element a concentration 
level is measured which differs from the true concen- 
tration, and the ratio of these values is called the 
sensitivity coefficient or sensitivity factor. 

Honig4 defined the “absolute overall yield” Y,(x) 
of component x as 

Y,(x) = 1,(x)/A(x) = Y5(x).f,(x).f,(x) 

where 
I,(x) = number of ions detected 
A(x) = number of sample atoms vaporized 
Y,(x) = 1,(x)/A(x), “source yield” or the ratio 

of number of ions produced to the 
number of sample atoms vaporized 

f;(x) = instrumental transmission factor 
fd(x) = detector response factor. 

In a typical double-focusing mass spectrometer Y,(x) 
lies between 10e7 and lo-‘. 

In practical quantitative analysis the most impor- 
tant parameter is the ratio Y,,(x)/YO(y) where y rep- 
resents the matrix element, or more generally, an ele- 
ment, present in the sample at known concentration, 
which is used as an internal standard. This parameter 

is called the relative sensitivity coefficient of com- 
ponent x. 

In the literature various kinds of “sensitivity fac- 
tors” or “sensitivity coefficients” are frequently 
encountered. In this paper the relative sensitivity coef- 
ficient (S,) for element x is defined as SR (x/y), = ratio 
of the concentrations of elements x and y in the 
matrix material z as determined by mass spectro- 
metry, divided by the ratio of the true concentrations 
of elements x and y. This can be expressed as 

S,(x/y), = ~(c,/c,)d,,,,,,,,d/(cJc,),,,,l,~ tl) 

Only singly-charged ions are considered and correc- 
tions are made for variation in background and line- 
width. The definition proposed by Farrar’ includes 
a correction for the influence of the ion-mass on the 
detector response. This correction is not made in this 
work, since there is no unanimity in the literature 
about the exact value of this correction factor.6 which 
depends on the nature of the ion-sensitive plate. 

From the definition of SR it is obvious that all 
values are calculated with respect to an element y 
having an arbitrary value of unity. In the steel stan- 
dards analysed in this work, the sensitivity coefficient 
of iron is set equal to unity thus: SR(Fe/Fe),reel = 1. 

For the experimental determination of sensitivity 
coefficients, standard reference materials are required. 
A large number of experimentally measured sensi- 
tivity coefficients can be found in the literature,5*7-9 
but agreement is rather poor. The data are often diffi- 
cult to compare because of differences in the defini- 
tion of SR or because they are calculated with respect 
to different elements. In addition, the sensitivity coef- 
ficients may depend on the characteristics of the in- 
strument used and on a number of experimental para- 
meters, such as spark conditions, spark geometry with 
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respect to entrance slit, width of various slits, and 
accelerating voltage. Several authors have observed 
matrix effects. 

Another approach is to calculate relative sensitivi- 
ties of elements in a radiofrequency spark, from their 
physical and chemical properties.3*5 For analytical 
work, such calculated values may be of interest when 

no suitable standards are available. 

The purpose of the present work is to determine 

the relative sensitivity coefficients of a number of ele- 

ments in steel under well-specified experimental con- 

ditions. The effect of varying various experimental 

parameters is reported. 

EXPERIMENTAL 

Apparatus 

The experiments were performed with a double-focusing 
instrument with Mattauch-Herzog geometry (JMS-01 
BM-2, JEOL, Tokyo). The instrument incorporates a 
spherical electric field to reduce the beam spread in the 
z-direction, and is equipped with a radiofrequency spark 
source. Ilford Q-2 ion-sensitive plates were used as the 
detector. These plates were read with a scanning micro- 
densitometer JEOL JMD-2C interfaced to a JEOL JEC-6 
computer (8K, 16-bit words; magnetic drum memory of 
8K). The computer program (JEOL JMA-1340) has been 
discussed in a recent paper.rO 

Samples 

Four low-alloy steels and one electrolytic iron, available 
from the National Bureau of Standards, Washmgton, D.C. 
(NBS-SRM 661-665) were chosen as standard reference 
materials covering a large concentration range for as many 
elements as possible. These materials have the reputation 
of excellent homogeneity. 

Table 1 lists the certified concentrations for a number 
of elements; the only elements indicated are those for 
which a certified concentration 1s available for at least 4 
standards and with interference-free mass-lines. According 
to the certificate, these values are not expected to deviate 
from the “true” concentration by more than kl m the 

last significant figure reported; for a subscript figure, the 
deviation IS not expected to be more than +5 The values 
m brackets were obtained by a single method of analysis 

In addition, a so-called high-purity iron sample, bre- 
pared for the “Verein Deutscher Eisenhuttenleute” was 
analysed. The analysis of this sample by neutron activation 
has been studied exhaustively.’ ’ 

Sample preparation 

As the standards were in rod form (dram. 3.2 mm), they 
were cut to the proper length. The sparking surfaces were 
ground flat to minimize changes in interelectrode self- 
shielding. After etching with nitric acid of pro unalpsl qua- 
lity the electrodes were mounted m the sample holders 
m such a way that sparking would occur preferenttally 
between the flattened portions of the electrodes. 

Muss spectrornemc proceciure 

The electrodes were positioned as shown m Ftg. I m 
order to minimize the effects of irreproducible spark pos- 
ition” and were aligned so as to obtain maxtmum 
transmission 

The width of the slits was as follows, obJect sht 30 pm. 
G( slit (m front of the electrostatic field) 0.7mm and /I sht 
(energy-definmg sh-behind the electrostatic field) I.0 mm. 

The “Variac” setting which controlled the input to the 
radiofrequency oscillator was set at 4 kV. this corresponds 
to a spark-source voltage of about 65 kV. The other spark 
conditions were as follows, pulse length 30 psec, repetttton 
frequency from 10 to 3000/set. and ton-acceleratmg voltage 
30 kV. 

A series of graded exposures was made on each plate. 
ranging from 3 x 10~r3 to 2 x lo-’ C m steps of about 
10’ ‘. All samples were pre-sparked for at least 5 mm 

RESULTS AND DISCUSSION 

Reproducibility of rsprrirrwntul sensitir~it_v cocficirrlts 

for stmdard NBS-SRhf 661 

Standard sample NBS-SRM 661 was analysed eight 
times in sequence. The average value of the experi- 
mentally determined concentrations is indicated in 

Table 1. Composttton of standard samples. “” w/w 

Element 
NBS-SRM 661 
AISI 4340 steel 

NBS-SRM 662 
AISI 94B17 

steel 
NBS-SRM 663 

Cr-V steel 

NBS-SRM 664 
High-carbon 

steel 

NBS-SRM 665 
Electrolytic 

iron 

Ti 
V 
Cr 
Mn 
Fe 
co 
Ni 
cu 
As 
Zr 
Nb 
MO 
Sn 
Sb 
La 
Ta 
W 

0.020 0.084 
0.01 I 0.04, 
@69 
0.66 

95.6* 
0.030 
1.99 
0042 
0.017 
o+JO9 
0.022 
0.19 
0.01, 
O+JO4* 
0.0004 
0.020 
0,015 

@30’ 
104 

95.3* 
0.30 
0.59 
0.50 
0.092 
@19 
@29 
0.06s 
0.016 
0.012 
00004 
0.20 
0.21 

0.050 
0.31 
I.31 
1.50 

94.4* 
0.048 
0.32 
0.09s 
0.010 
049 
0.049 
0.030 

(0,095) 
OGol, 
OGOO6 

(0.053) 

0.04, 

0.24 
0.105 
0.06s 
0255 
967* 
0.15 04.xI7,, 
0.14: 044 I 
0.249 OGO58 
0.052 (OGOO2) 
0.068 < 0.0000 I 
0.15, < o+OOO5 
0.49 0.0050 
(0005)t <00005 
(0.035) < oGOOO5 
oGOOo7 < oGOOc05 
0. I 1 i oGOOO5 
0.10 < oGOo1 

0.0006 
0.0006 
OGQ7, 
0+X)5? 

99.9* 

* By dtfference 
t Approximate value 



Spark-source mass-spectrometry 371 

Fig. 1. Electrode position. (a) Acceleratmg slit (tantalum). (b) sample electrode, (c) sample holder 
(tantalum). 

column 3 of Table 2, iron being used as the internal 
standard. The relative standard deviation, shown in 

column 4, is defined as 

100 
7” = 

J 

(C, - C)’ - II c II - 1 
(2) 

where Ci is an individual concentration, c is the mean 
concentration and n is the number of analyses. 

The average value of s% for all elements is 157,. 
The relative sensitivity coefficient S, (column 5 of 
Table 2) is in accordance with equation (1). where 

SR(Fe/Fe)steer = 190 and can be calculated by using 
the data in Table 1 (column 2). Significant differences 
can be observed among the tabulated SR values and 
there is a correlation between these values and the 
properties of the elements concerned. 

Sensitiritp coefficients as a function of concentration: 

analysis of standards NBS-SRM 661-665 

From the analytical point of view it is important 
to show whether the SR values vary with the concent- 
ration of the element in a given matrix. This informa- 

tion can be extracted from a study of all the available 
steel standards, since the elemental concentrations 

span one or more orders of magnitude. Therefore the 
standards NBS-SRM 662-665 were analysed five 
times and the average concentrations were used to 
calculate the SR values given in Table 3. 

The errors of the certified values (Table 1) differ 
widely, and the specified uncertainty was interpreted 
as being twice the standard deviation. The standard 
deviation indicated with each relative sensitivity coef- 
ficient in Table 3 was obtained from 

where a refers to the concentration determined by 
mass spectrometry and b to the certified concentration. 

Table 3 also gives the weighted average of the Srt 
values derived from all the standards and its relative 
standard deviation calculated from 

F& = wR,IS2)~ loo $7 

c(l/si2)’ % = s,‘W) 

Table 2. Results of eight analyses of NBS-SRM 661 (AISI 3440 steel) 

Element Isotopes used 

Mean 
concentration, 

% W/W 

Relative 
standard 

deviation, % 

Relative 
sensitivity 
coefficient 

Tl 47.48 0.036 10 1.8 
V 51 0.0140 5 1.27 

Cr 52.53 1.06 8 1.5 
Mn 55 1.8 12 2.7 
Fe 54,57 95.6 1.00 
co 59 0.024 15 0.78 
Nl 60.61.62 1.3 14 0.63 
cu 63.65 0.041 7 0.97 
As 75 0.033 17 1.9 
Zr 90.9 1 0.011 23 1.2 
Nb 93 0.017 11 0.78 
MO 92.95.96,97,98,100 0.12 11 0.64 
Sn 116,117.l 18,119.120,122 0.027 21 2.5 
Sb 121.123 0.011 21 2.5 
La 139 oQO13 22 3.4 
Ta 181 0.010 20 0.48 
w 182,183,184,186 0.006 26 0.41 

Overall average standard dewation = 15% 
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Table 3. Experimentally determined SR values for five NBS steel standards 

Element 

Ti 
V 
Cr 
Mn 
Fe 
CO 

Ni 
cu 
As 
Zr 
Nb 
MO 
Sn 
Sb 
La 
Ta 
w 

average 
r.s.d. 

SR values experimentally determined 

SRM 661 SRM 662 SRM 663 SRM 664 SRM 665 

1.8 & o-2 2.1 + 0.3 1.2 Ifr 0.3 1.7 * 0.3 
1.27 & 0.09 1.4 & 0.3 1.0 I 0.2 144 * 0.06 

1.5 * 0.1 1.49 & @OS 1.4 i: 0.1 16 2 0.1 
2.7 * 03 2.7 + 0.2 2.3 & 0.2 2.5 * 0.2 

1GiI 1 ,oo la0 190 
0.8 i: 0.1 0.74 f 004 * 0.7 i: 0.1 

0.63 + 0.09 0.66 i 0.03 0.74 * 0.09 0.6 k 0.1 
0.97 + DOI I.06 k 0.06 1.02 It 0.08 1.0 * 0.2 

1.9 * 0.3 1.8 f 0.6 1.7 + 0.4 2.4 f 0.5 
1.2 & 0.3 1.3 & 0.2 1.0 + 0.2 1.0 * 0.2 

0.78 + 0.09 0.9 * 0.1 0.8 * 0.1 064 f 0.05 
0.64 + 0.07 064 f 0.04 0.55 rt @09 0.53 * 0.07 
2.5 -fr 0.8 2.6 + 0.7 (2.0 rf 0.4) 
2.5 F 0.6 2.3 k 0.6 2.3 i 07 (2.4 & 0.6) 
3.4 i: 0.8 3.5 1. 0.9 2.5 * 06 3.7 + 0.9 

0.47 * 0.09 @5 & 0.1 (0.37 & 0.08) 0 39 f 0.08) 
0.4 * O-l G-4 * 0.1 0.29 i: 0.08 0.27 + 0.06 

16’; 170” 1 so,<> 164; 

1.1 & 0.2 
1.3 & 0.2 
1.5 * 01 
2% i: 0.4 

1Go 
0.6 -1_ 0.1 
@7 f 0.1 
1.2 + 0.3 

- 

W6;O.l 

- 

- 
167;, 

Relative 
Average standard 
for all devratron, 

standards x 

1.5 15 
t-4 8 
1.5 7 
2.7 7 
1GO 
0.74 10 
0.66 9 
1.03 8 
1.9 21 
1.1 18 
0.12 11 
0.60 9 
2.3 25 
2.4 25 
3.0 25 
0.42 21 
0.31 27 

155; 

*Interference of ‘r*Sn’+ 

The overall mean relative standard deviation of 1.5?’ 
is to be compared with the corresponding standard 
deviation for the NBS 661 sample, which is 16%. It 
can thus be concluded that over the impurity concent- 
ration range studied there is no evidence that SR is 
a function of the composition, Figure 2 shows the 
S, values measured for chromium, vanadium, cobalt, 
nickel, moly~enum and tantalum, plotted as a func- 
tion of con~ntration. It is possible, by linear regres- 
sion analysis, to calculate the slopes of the straight 
lines and their uncertainty. A systematic survey for 
all the elements studied shows no evidence that the 

slope differs significantly from zero, as is apparent 
from Table 4. 

Precision and accuracy 

From Tables 2 and 3 it is apparent that the preci- 
sion of the experimentally determined S, values is 
of the order of 15%. This can be compared with the 
~rresponding figures obtained by other authors, 
which are su~arized in Table 5. 

This precision gives an indication of the accuracy 
with which similar steel samples can, in principle, be 
analysed, relying on the experimentally determined SR 

I 
ocm 00, 01 1 Carmncdion(rta) 

Ftg. 3. Effect of concentration on the relative sensitivity coefficients of some elements m steel standards. 
0 Cr; 0 V: A Co; x Ni; A MO: 0 Ta. 
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Table 4. Relative sensitivity coefficients us. concentration for steel standards. Slopes 
of the straight lines obtained by the least-squares method 

Element 

Slope 
(change in Sa per unit logarithmic 

concentration 
interval) 

Concentration 
range, 
% w/w 

Ti 
V 
Cr 
Mn 
co 
Ni 
cu 
As 
Zr 
Nb 
MO 
Sn 
Sb 
La 
Ta 
W 

0.27 + 0.10 00XJ60.24 
0.065 + 0.065 0.0006-0.3 1 

-0.025 + 0.067 o.o007-1.31 
-0.12 k 0.18 0~0057-1~50 
0.039 * 0.074 0GO7-0~30 

-0.013 + 0.083 o@t-1.99 
0050 * 0.075 0~0058-0~50 

0.39 + @61 0~010-0G9 
0.087 f. 0.26 0+lO9-0~19 

-0.080 f 0.10 0.022-0.29 
-0.020 + 0.054 0~0050-0~49 
-0.65 f 0.80 0~01-0@5 

-0QO31 f 0.63 0~002-0~03 5 
-1.1 f 1.2 0GOOO7_0+lOO6 

-@016 + 0.13 0~020-0~20 
-a050 + 0.13 0~01-0~21 

Table 5. Precision of experimentally derived S, values in steel or iron 

Matrix Investigator 
Overall relative 

standard deviation % 

Iron alloys 
NBS steels 
NBS steels 
NBS steels 

Short and Keene13 37 
Ito and Yanagihara’ 36 
McCreai4 18 
Jaworski and Morrison9 15 

Table 6. Analysis of trace impurities in iron: comparison of results obtained by NAA and SSMS 

Element 
Mass used 
for SSMS 

V 
Cr 
Mn 
co 
Ni 
cu 
As 
MO 

Sb 

51 
52 
55 
59 
60 
63 
75 

92,95,96,97 
98,100 
121,123 

Concentration, ppm 
NAA SSMS 

2.52 + 0.15 2.5 + 0.1 
6.2 f 1.0 6.4 + 0.5 

107 * 0.3 10 + 2 
80.4 + 1.1 64*3 
864 + 5 800 + 100 
41.0 * 1.0 39 + 5 
8.55 + 0.35 11 *2 
64.2 k 1.0 70_+ 10 

Deviation, % 

-1 
+3 
-6 
-21 
-10 
-6 
+24 
+13 

0.39 + 0.02 052 f 0.08 +32 
average r.s.d.: 12% average: 13% 

(absolute value) 

Table 7. Precision of the measurement of the exposures 

Exposure, Number of lines 
c measured 

3 x 1o-9 25 
1o-9 23 
;“,I:; 9 5 

lo-l2 4 

Relative standard deviation 
of the measured intensities, % 

pulse length, 20, 40 
pulse length, 20 j~sec or 80 psec 

4.8 6.9 
5.5 6.0 

11 7.5 15 6.4 

23 24 
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Table 8. Range of estimated errors m certified values of the standards used 

Number of ele- Range of unccr- 
Standard ments used* tainty, T;, 

NBS 661 16 0.5-45.5 
NBS 662 16 lG-25.0 
NBS 663 14 0.7-31.3 
NBS 664 14 1.>14.3 
NBS 665 8 1.7-16.7 

* The values from a single method of analysis are excluded. 

Average 
uncertainty. “” 

10.7 
6.0 
6.7 
5.8 
6.9 

values. To confirm this the high-purity iron sample 
was analysed and the results are compared with those 
obtained by neutron-activation analysis,” in Table 
6. 

Various experimental parameters control the preci- 
sion. High frequency spark. Systematic fluctuations in 
the spark plasma are now considered to be insignifi- 
cant in comparison with random variations.” These 
variations are averaged out to some extent. Densit- 
ometer and photoplate. The errors originate from non- 
uniformities of the emulsion and also from the 
measurement of the line and background optical 
densities. We have found that with the automated 
densitometer the precision of the measurements is 
2-5z.r” This is consistent with results obtained by 
Franzen and Schuy’” and Skogerboe, Kashuba and 
Morrison. r5 Exposure measurements. The accurate 
measurement of very low exposures is difficult.” This 
leads to imprecise results, especially when the matrix 

lines are used as internal standard. To assess this 
effect 5 photoplates were taken, each containing 15 
identical exposures varying from 3 x 1O-9 to lo-l2 
C. A number of lines of roughly equal transmission 
were measured and the integrated intensities were 
averaged. The results are indicated in Table 7, column 
3. As the precision of the optical density measurement 
can be assumed to remain constant, the monitor read- 
ings become much more unreliable for low exposure 
values. Care was taken to measure matrix or major 
element lines at the lowest exposures to eliminate 
effects due to inhomogeneity. 

Sample. Apart from the instrumental parameters 
considered above, the sample itself may be a source 
of errors due to inhomogeneities, inaccurate certifica- 
tion and spectral interferences. The reference standard 
materials NBS 661-665 are often used for the evalu- 
ation of the precision of spark-source mass-spectro- 
metric procedures because of their homogeneity. 
Nevertheless very little material is consumed for a 
single exposure and the influence of possible inhomo- 
geneities on our results cannot be excluded. The stan- 
dards exhibit widely different errors in their certified 
concentrations. For example, NBS-661 is specified to 
within 0.5% relative for Ni and 45% relative for Sn. 
Table 8 summarizes these data for the different refer- 
ence materials. 

One of the major problems in spark-source mass- 
spectrometry is spectral interference. A number of in- 
terferences were identified and the corresponding iso- 

topes were omitted. The agreement between the 
results obtained by mass spectrometry and neutron 
activation for the iron sample is an indication that 
interferences are virtually absent from the data in 
Tables 2 and 3. Special attention was given to the 
occurrence of unusual isotopic ratios and to widely 
scattered Sa values as indicators for possible spectral 
interferences. 

Ir$luence of instrumental parameters 

A number of instrumental conditions which might 
have an effect on the analysis have been studied, with 

NBS-SRM 661 steel standard as sample. 
Duty cycle. The effect of changes in pulse length 

was investigated by taking 3 identical exposures and 
varying the pulse length (20, 40 and 80 psec). In order 
to cover the concentration range from ppm to matrix, 
this was done for 5 different exposures. All these mass 
spectra were recorded on the same photoplate. The 
intensities of the mass-lines were measured and the 
reproducibility was calculated (Table 7, column 4). 
Comparison with the standard deviation at fixed 
pulse length (Table 7, column 3) by using the statisti- 
cal F-test shows that there is no significant contribu- 
tion from the changes in pulse length to the precision. 
The effect of changes in pulse repetition frequency 
(30, 100, 300, loo0, 3000 and lO,OOO/sec), was studied 
in the same way. Again, no systematic trends could 
be observed and the precision decreased by an insig- 
nificant amount. The experiments above indicate that 
changes in duty cycle do not cause considerable 
changes in the analytical results, supporting the find- 
ings of Short and Keener3 and Owens and Giar- 

dine.” 
Radiofrequency spurk ooltage. The effect of changes 

in the radiofrequency spark voltage was determined 
in a similar way. Some of the results are plotted in 
Fig. 3. It was found that changes in radiofrequency 
voltage did not degrade the precision. This is consis- 
tent with the results found by Wang,” who indicated 
that “analytical results are not significantly affected 
by changes in applied r.f. voltage”. 

Accelerating voltage. The influence of changing the 
accelerating voltage seems to be more important 
(about 107; r.s.d.). This effect however could not be 
studied with sufficient accuracy; indeed. variation of 

, the accelerating voltage changes the ion-energy and 
hence necessitates adjustments in the applied electro- 
static field. In addition. the trajectory of a given kind 
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Fig 3. Variation of photographically measured intensities 
with the radiofrequency spark voltage. 

of ion through the magnetic field changes and so 
affects the transmission: Further study is needed to 
elucidate the relative contribution of these effects to 
the recorded line intensity. 

CONCLUSIONS 

Significant differences were found to exist between 
relative sensitivity coefficients for different elements 
in the same standard, but relative sensitivity coeffi- 
cients of an individual element did not change signifi- 
cantly from standard to standard in spite of the 
widely differing concentration levels. A precision of 
about 1.5% was obtained. Comparison with neutron- 
activation analysis showed that the accuracy of spark- 
source analyses of steel and iron samples, using the 
experimentally determined sensitivity coefficients, was 
of the same order. The random variation of the spark 
plasma, the densitometer error and the heterogeneous 

distribution of the trace elements may be regarded 
as the prime pr~is~on-limiting factors in the overall 

analytical error. Better precision may be obtained 
when the internal standard (isotope) has about the 
same concentration as the impurities so that long 
exposures are used and the influence of monitor 
measurement errors is decreased. For the precise 
determination of relative sensitivity coefficients, it is 
imperative to use reliable, well-characterized stan- 
dards; unfortunately, the NBS steel standards used 
in this work have an average uncertainty of about 
7% for the elements determined here. Relative sensi- 
tivity coefficients cannot be determined if spectral in- 
terferences occur. Variations in pulse length, pulse 
repetition frequency and spark voltage do not have 
a large influence on the precision. 
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A RAPID FIRE-ASSAY/ATOMI~-A~SOR~ION 
METHOD FOR THE DETERMINATION OF 

PLATINUM, PALLADIUM AND GOLD IN ORES 
AND CONCENTRATES: A MODIFICATION OF 

THE TIN-COLLECTION SCHEME* 

F. E, MO~OU~~Y and G. H. FAYE 

Mine& Sciences Laboratories, Canada Centre for Mineral and Energy Technology, Department of Energy, 
Mines and Resuur~es+ Ottawa, Canada 

Summary-The tin-collection scheme of fire-assaying has been simplified to permit the rapid and accu- 
rate determination of platinum, palladium and gold in ores and related materials. The presence of 
tellurium in the charge ensures that the precious metals remain insoluble during the parting of the 
tin button with hydrochloric acid. The residue is easily collected and dissolved and the resultant 
solution analysed for the precious metals by AAS. The accuracy of the method has been established 
by application to five diverse certified reference materials. 

The tin-dlection scheme I4 for the dete~nat~on of 
the precious metals in ores and concentrates has been 
rtsed in our iaboratories for ap~rox~ate~y 10 years. 
Its accuracy, reliability and versatility have been wetl 
proved in interlaboratory studies.5-7 

When this scheme is applied to the determination 
of gold, silver, and the platinum-group metals. solu- 
tions derived from tin assay buttons are treated by 
rather tedious ion-exchange and extraction processes 
and the analysis is finished either spectrophotometri- 
tally or by atomic-absorption spectrophotometry 
(AAS). However, it is often necessary to determine 
only platinum, palladium and possibly gold. and a 
simplified procedure would be desirable. 

The basis For such a method was recognized severaf 
years ago when it was established that the intermetal- 
iic compounds formed by platinum, palladium, and 
gold with tin are essentially insoluble in the hydro- 
chloric acid used to part the tin-assay button.‘-’ 
However, it was also observed that copper and nickel 
tend to increase the solubility of the precious metals 
during the parting operation. 

Tellurium has been used to precipitate platinum, 
palladium, rhodium and iridium by reduction’ and 
it is rknown to form intermetallic compounds such 
as PtTe,, PdTe,.’ Tellurium was therefore added to 
the fire-assay charge to assess it as a “carrier” or “tix- 
ing agent” for platinum, p~~adium and gold. The 
results showed that an easily coflected insoluble resi- 
due containing the three precious metals is formed 
quantitatively during the decomposition of the tin- 
assay button in hydrochloric acid, This forms the 
basis of the proposed method, which is rapid, accu- 
rate, and widely applicable. 

* Crown Copyrights reserved 

Furnaces. A lS-kW GIobar type with suitable tbermo- 
couple and temperature controller, capable of accommo- 
dating 6 40-g assay crucibles and maintainmg their tem- 
perature at 1250”. A Jetrus “Handy-Melt” portable electric 
furnace. (J&us Technical Products Corp. New Hyde Park. 
N.Y.) or slmrlar. The Jelrus is a small vertical furnace 
equipped with removable graphite crucibles, used m this 
work for melting tin-base assay buttons before thalr granu- 
lation in water. It is recommended that after 4 6 months 
of relatively constant use the bottom of the crucibles be 
examined for small holes. 

Tin (IV) oxide. B.D.R. reagent-grade is preferred because 
It has consistently given a goId btank value of 1% 
200 ngjg. 

~~~~~~~rn powder. Reagent grade. 
Standard soturions of piuf~~~~ p~ll~~~rn arrd yoid. Pre- 

pared by dxssolving accurately weighed quantities of John- 
son Matthey “Specpure” sponge in aqua regia. Each solu- 
tion is evaporated to dryness, then the residues are dis- 
solved m concentrated hydrochloric acid and the solution 
evaporated to dryness again. this being repeated several 
times. Finally, the salts are dissolved in. and diluted to 
volume with, 1M hydrochloric acid. The gold solution is 
standardtzed gravimetrically by the classical fire-assay pro- 
cedure with lead, and the platinum and palladium soiu- 
tions are standardized s~trophotometrical~y. 

Mixed ~ffdrni~o~~~ s~~h~te sofurion.” Prepared by 
dissolvrng 98 g of Cu%&SH& and 57 g of 3CdSZf,.8H28!? 
in 500 ml of i2M hvdr~hIor~~ acid and 300 ml of water. 
lotlowed by d&&on to I Ike with water 

Fiux ,far jire-assul;. SnU2 30 g R&Q3 50 gp Na,B.& 
10 g flour 35 g. Te 25 mg, silica IO-20 g accordmg to 
the amount of silica in the sample, make enough flux for 
a sample up to 1 assay-ton (29.17 g) in size. 

Proccdurrs 

Although aspects of certain of the following procedures 
have been described previously,’ they are repeated here 
for completeness and for the convenience of the reader. 

377 
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Pretreatment of samples 

Roasting. Before the crucible fusion procedure, all 
samples except those of copper-nickel matte are roasted 
at 75NKlO” for approximately 1 hr to decompose sulphides 
and volatilize arsenic and antimony. The sample is placed 
on a shallow fire-clay dish and stirred intermittently during 
the roastmg process. In cases where only a few grams of 
material (particularly sulphides) are to be roasted, the 
sample IS placed on a bed of silica to prevent possible 
loss of the resultant calcine to the surface of the dish (the 
silica is included as part of that required in the flux above). 

Leaching of copper-nickel matte. Leaching is performed 
to remove the bulk of the copper and nickel from the 
residue of precious metals. The sample, weighing up to 
2 assay-tons, is placed in a 1500-ml beaker and treated 
with 25 g of ammonium chloride and 10&200 ml of 12M 
hydrochloric acid. The sample is heated until the amount 
of insoluble matter appears not to exceed 2-3 g. With large 
samples, it may be necessary to treat the residue once or 
twice more with fresh acid after intervening filtrations. The 
combined sample solution (approximately 100 ml) 1s 
diluted with an equal volume of water and the solution 
containing most of the nickel and copper is filtered 
through a moderately fast paper. The solids are completely 
washed onto the paper with dilute (- 5”“) hydrochloric 
acid. The washed residue and paper are dried at - 110 
for about 1 hr and then mixed with the recommended 
assay flux for fusion. 

Chromite. Chromite is not completely decomposed dur- 
ing the fusion process, and samples containing an appreci- 
able proportion of it must be subjected to a pretreatment 
that will decompose It. This can be done by sintering with 
sodium peroxide. The sample is mixed with 1.5 times its 
weight of sodium peroxide, then placed on a 10-g bed of 
silica in a roasting dish and roasted at 700” for about 
1 hr. The sinter cake and underlying silica are ground 
together in a mortar and mixed with the flux for the cru- 
cible fusion process. The weights of sodium peroxide and 
silica are subtracted from the weights of sodium carbonate 
and silica, respectively. in the flux described above. 

Procedure for preparation of huttons 

Powdered samples. For powdered samples, the standard 
assay practice of blending the samples with the flux on 
glazed paper and transferring the charge to a “40-gram” 
crucible is followed. 

Soltltions (synthetic samples for method development). 
When solutions are to be mixed with the flux, approxi- 
mately one-third of the flux is placed m the crucible and 
a 30-cm square of thin, commercial wrapping-film 1s 
pressed into the crucible to form an envelope, and then 
the remainder of the flux is transferred into this envelope. 
With a spatula, a cavity IS formed in the bed of flux and 
the sample solution is transferred slowly into the depres- 
sion so as to avoid wetting the film or crucible walls. The 
crucible is then heated m a drying oven at 110” for at 
least 2 hr. After drying, the material in the wrapping film 
is ground in a mortar, mixed well, and placed back m 
the film in the crucible. It is to be noted that, after drying. 
the salted portion of the charge is lumpy and difficult to 
pulverize and mix with the rest of the charge. This could 
lead to occasional spurious results (Table 2). 

Fusion. The crucible 1s placed in the assay furnace at 
1250’ for about 90 mm to fuse the charge. At the comple- 
tion of the fusion period, the melt should not be viscous 
or lumpy nor should there be extensive crust formation 
at the top of the melt. 

The melt is poured into a conical steel mould and, when 
it is cool, the tm button is separated from adhering slag 
by tapping with a small hammer. 

Granulation of burtons. The button is placed m the cru- 
cible of the Jelrus furnace, from which air 1s purged by 
nitrogen delivered through a ceramic tube placed directly 

over the button. The temperature 1s increased until the 
button melts (6O@looo” depending upon composition). 
then the melt is poured into a pail of water to granulate 
the alloy. Any large pieces are easily reduced in Size with 
metal shears. 

Analysis of granulated tin buttons. Each sample of granu- 
lated tin alloy is treated with 150 ml of 12M hydrochloric 
acid in a covered 600-m] beaker and heated until the excess 
of tin has dissolved and vigorous evolution of bubbles from 
the residue has ceased. A further 15-25-m] portion of acid 
is added and the sample is boiled for approximately 10 
min. Water is added to give a volume of approximately 
400 ml and the residue 1s allowed to settle The super- 
natant solution is decanted through a filter pad The resl- 
due in the beaker is washed several times. by decantatlon. 
with 15”~ v/v hydrochloric acid, the washings being passed 
through the filter pad. 

The residue m the beaker 1s treated with a mixture of 
I5 ml of 12M hydrochloric acid and 5 ml of 30”,, hydrogen 
peroxide, and the beaker is heated gently for a few minutes 
to ensure complete dissolution of the residue. The residue 
on the filter pad is eluted with 20 ml of a 3: 1 mixture 
of 8M hydrochloric acid and 30”, hydrogen peroxide. and 
added to the beaker. 

Approximately 50 mg of sodium chloride are added. and 
the sample solution is evaporated to dryness. When the 
evolution of fumes has nearly ceased. the beaker IS 
removed from the evaporator and the sides are washed 
with - 10 ml of a 7:2 mixture of hydrochloric and hydro- 
bromic acids. The sample is again evaporated to dryness 
to volatilize the remaining tin. The beaker is cooled, 10-15 
ml of 12M hydrochloric acid are added and, while the 
beaker is being swirled. 309,” hydrogen peroxide 1s cau- 
tiously added until it is evident that an excess is present. 
The beaker is heated for a few minutes, then, after cooling, 
the sides are washed with water. After filtration of the solu- 
tion through a fast paper into a 400-ml beaker and wash- 
ing of the paper several times with 15”,, hydrochloric acid, 
approximately 5 ml of aqua regia are added and the solu- 
tion IS evaporated to approximately 1 ml. 

To the cooled sample solution, 5 ml of cadmmm-copper 
sulphate solution 1s added and the mixture 1s transferred 
to a 25-m] volumetric flask and diluted to volume with 
water. The platinum, palladium and gold content of the 
sample is then determined by AAS. Any silver, rhodium. 
ruthenium or iridium remaining in the solution will not 
interfere. 

NOTE. For milligram amounts of the precious metals. 
the solution obtained after the volatilization of tm 1s fil- 
tered into a 10@500-ml flask and diluted to volume with 
15”, hydrochloric acid to prevent hydrolysis. An aliquot 
is taken and treated by the procedure given above. 

Calibration for AAS. Calibration curves for gold and pal- 
ladium are linear in the ranges 0.2-3 ppm and 0.4-3 ppm 
respectively. However. for the determmatlon of platinum 
it is necessary to use the interpolative method with stan- 
dard solutions 

Correction for gold in stunnic oxide. Because all batches 
of stannic oxide tested in this laboratory were found to 
contain gold, it is deemed necessary to carry a blank 
through the analytical scheme. 

RESULTS AND DISCUSSION 

Effect of tellurium on precious metals during the detrr- 

mination by AAS 

To determine the magnitude of possible interference 

by tellurium in the AAS determination of the three 

precious metals, synthetic solutions were prepared in 

which the Te:precious metal ratio was varied over 

an appreciable range. Each solution was evaporated 
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Table 1. Effect of tellunum on AAS deter~nation of platinum, palladium and gold 

Tellunum added, my Platinum jig 
Added Found 

Palladium, w 
Added Found 

Cold. jq 
Added Found 

3 28 28 16 16 10 10 
42 40 31 31 20 20 
71 73 62 61 30 30 

6 28 29 62 62 10 10 
42 43 31 31 20 20 
71 73 16 17 30 30 

12 28 28 62 62 10 10 
42 44 16 16 20 20 
71 72 31 32 30 29 

loo 28 28 62 57 30 28 
42 40 16 15 10 9 
7t 66 3t 29 20 19 

to approximately 1 ml and then conditioned for 
atomization by the procedures described above. The 
results, given in Table 1, show that tellurium has a 
moderate depressant effect on the determination of 
the precious metals when the Te:precious metal ratio 
is approximately 1OOO:l. However, in subsequent 
tests (Table 2) it was established that the amount of 
tellurium required (i.e., _ 15 mg) to act as an effective 
carrier during the fusion of the charge would ulti- 
mately result in a lower ratio in the final solution 
for atom~ation and, consequently, not interfere. The 
results in Table 1 also confirm that cadmium-copper 
sulphate buffer solution prevents interelement inter- 
ference among the three precious metals,” at least 
in the ranges investigated. 

Eficiency of tellurium as carrier during fusion and 
parting of tin button 

To establish the efficiency of tellurium as a 
“carrier” during fusion and button-parting steps, a 
number of fire-assay charges were salted with tellur- 
ium, platinum, palladium and gold, and 0.5 g each 
of copper and nickel oxides to simulate ore samples. 
These samples were fused to produce tin buttons 
which were each analysed for the precious metals 
according to the procedures given above. The results 
of these tests, given in Table 2, show that when tellur- 
ium is not present, the recovery of the precious metals 
from the tin button is incomplete in most cases, 
Because it is known that collection of the precious 

metals by tin is quantitative, the losses no doubt 
occurred during the parting operation. 

In earlier work, the hydrochloric acid-stannous 
chloride solution obtained on dissolution of the tin 
button was not boiled with additional fresh acid to 
reduce the amount of undissolved copper. Under 
those conditions, quantitative recoveries of platinum, 
palladium and gold were often achieved. In the pres- 
ent method, the parting step is protracted to ensure 
that there is less than approx~ately @I g of copper 
in the residue. This mount, when diluted to 25 ml 
will not interfere subsequently in the AAS determina- 
tion of the precious metals. (For example, by the pro- 
cedure given above, less than OQ5 g of copper 
remained in the residue obtained on the parting of 
a granulated tin button that originally contained 0.75 
g of copper.) 

The results in Table 2 indicate that when 15-20 
mg of tellurium are added to the charge, sufficient 
tellurium enters the button to act as a carrier for 
at least 7 mg of combined platinum, palladium and 
gold during the hydrochloric acid parting step. Of 
course, in practice, most samples would contain sub- 
stantially less than milligram amounts of the precious 
metals (e.g., Table 3). 

In certain experiments with blank charges contain- 
ing 50-200 mg of tellurium, it was found that a signifi- 
cant proportion of finely divided tellurium remained 
at the surface of the melt during fusion and subse- 
quently stained the crucible wall at the top of the 

Table 2. Effect of tellurium on recovery of precious metals from synthettc samples 

Tellurium added mg Platinum, pg 
Added Found 

Paltadium, w 
Added Found 

Gold /~g 
Added Found 

- 71 71 62 54 40 29 
71 67 62 56 40 35 

1540 1200 2180 1500 3000 2800 
6 28 28 16 15 30 30 

12 71 71 62 62 10 12 
18 42 48 

:: 
31 20 19 

100 42 40 31 20 19 
18 1540 1520 2180 2120 3ooo 2800 

100 1540 1550 2180 2100 3cKlo 3ooo 



380 P. E. MCXOUGHNEY and G. H. FA~X 

Table 3. Application of proposed method to certified reference materials 

Average of 
within lab 

rel. std. 
Relative devn. of 

Std. std. Certified certif$ng 
Sampfe Mean, devn., devn, value, Iabs., 

Sample wt., .ti Element Results, ppm Ppt” Wm 0, PPm O<> 

Magnetite cone. 
PTA-1 5 1458 Pt 3.02, 326, 3.05, 3.05, 3.26 3.12 0.10 3.2 3-05 15.7 

Flotation cont. 
PTC-I6 14.58 Pt 2. 81, 3*16, 298, 3.26, 2.98 3.05 @17 56 2.98 11.3 

Pd 1238, 13.4, 12.2. 12.2, 12.8 12.7 048 3.8 12.7 7.2 
AU 0.65, 082, 0% 0.65, 0.58 0.65 0.10 15.0 065 20.2 

Cu-Ni matte 
PTM-I”” 14.58 Pi 566, 566, 5.87. 5.87, 5.73 5-76 0.10 1.7 5.83 52 

Pd 8.64. 8@, 858, 8.58, 8.23 8.47 0.17 20 8.23 7-9 
An 1.96, 199, 1.92, 1.99, 1.96 196 0‘03 I.5 1-78 9.7 

Gold ore 
MA-114 14.58 An t7.5, 17.5, 16.8, 18.5, $6-8 17.4 0.70 4% If-8 3-O 

South African 
Oi??? 14% Pt 3.77, 3.84, 367, 3.77, 3.74 3.74 0.06 1.6 3.74 5,5* 

Pd 1.58, l*SS, 1+1, 1.51, 1.58 1.54 0.03 1.9 1.53 9.4% 
Au 031, @31, 0.27. 0.31, 0.27 0.31 0.02 6”5 0.31 18.0” 

-- 
* Estimated from Table 15 of Ref. 7. 

melt. I~I these tests the solubility of tellurium in tin gold in MA-l, the coefficient of variation of the 
may have been exceeded. In any case, using the results by the proposd method is Iower than the 
recommended quantity of 25 mg ensures that suffi- average of the coefficients of variation for the labora- 
cient tellurium ult~a~ly appears in the button to tories which participated in the certification of the 
act as an effective carrier for the precious metals. reference materials. 

The finely divided, amorphous, te&kan-precious 
metals residues from several synthetic samples were 
examined by microscopical methods and analysed 
by electron-microprobe techniques, and no discrete 
tellurium compounds could be identified. 

CONCLUSION 

A substantial fraction of the silver and rhodium 
that may be in the tin button will dissolve during 
parting, even when tellurium is present. Results from 
previous work,“’ l2 suggest that the same would be 
true for iridium and ruthenium. In any case, none 
of these metals, in the ~n~ntrations expected in the 
parting residue, will interfere uftimately with the AAS 
determination of pfatinum, palladium or gold.3* lo 

The proposed method was applied to four certified 
reference materials prepared by the Canadian Certi- 
fied Reference Materials Project, and also to a certi- 
fied ore recently prepared by the National Institute 
for Metallurgy of South Africa. The analyses were 
performed in quintuplicate by the appropriate pro- 
cedures described above, and the results are given in 
Table 3. 

The proposed modification of the tin-collection 
method, in which tellurium acts to prevent dissolution 
of platinum, palladium and gold during parting of 
the button in hydrochloric acid, offers several advan- 
tages over alternative fire-assay methods. It is simple 
and rapid; a set of samples can easily be carried from 
the fusion step through to completion within a work- 
ing day. It is widely applicable and uses a flus of 
essentiaIly &xed composition for all type of sample. 
30 major separation steps are required to isolate and 
separate the precious metals after the fusion, e.g., 
scorifications, ion-exchange or solvent extraction 
procedures, therefore potential losses are minimized. 
Its accuracy has been well established by analysis of 
a number of diverse certified reference materials. 

Acknowledgement-The authors are grateful to J.H.G. 
Laflamme of CANMET for the electron-microprobe analy- 
ses performed in connection with the development of the 
method. 

With the possible exception of the gold value for 
matte sample PTM-1, all results are in excelIent 
agreement with the certified or recommended values 
for the five reference materials. Moreover. except for 
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~ry~~i~~an~ is oxidized to the corresponding S-oxide by reaction with hydrogen peroxide 
in 507:; acetic acid at 50” for 5 min. The S-oxide is highly fluorescent and a rapid and sensitive 
fluorometric method of determination of thioguanine at the n&ml level in water and &g/ml level 
m blood serum and urine has been developed on the basis of this reaction. The method has been 
used for the determination of thioguanine in blood and urine samples. 

6-Thioguanine (2-amino-l,6-dihydro-6-thiopurine, I 
Fig. 1) is a chemotherapeutic drug used as an im- 
munosuppressive agent and for treatment in the 
advanced stages of leukemia,l*’ Very few methods 
have been reported for its dete~ination &though a 
~tro~hotome~ic procedure has been t~sed.~ Spec- 
tro~uoro~~i~ methods of analysis genera& have 
lower Emits of detection than s~rophotomet~c 
methods. Although thioguanine is only weakly fluor- 
escent it is often possible to modify non-fluorescent 
compounds chemically and so produce a fluorescent 
product (fluorophors).aas” This can sometimes be 
done by oxidation.6 Oxidation of thioguanine with 
3077 hydrogen peroxide in No/, acetic acid has been 
found to give a fluorescent product and a rapid and 
sensitive spectrofluorometric method of analysis for 
thioguanine has been developed which utilizes this 
reaction. The product of the oxidation appears to be 
the S-oxide of thioguanine (II in Fig. If 

Reagents 

Thioguanine. The KochJ_&ht product was recrystallized 
before use. 

Hydrogen peroxide. 30% (IO@volume). 
Acetic acid 50%. Analytical reagent grade glacial acetic 

acid diluted 1: 1 (v/v) with distilled water. 
Serum. Whole human blood (40-50 ml) was collected, 

allowed to coagulate in test-tubes and then centrifuged for 

H& 
l 

CHSCOOH 

R R 

I II 

Fig. 1. Oxidation of li-thioguanine (I, R = NH*) to the 
S-oxide (II, R = NH*) or of ii-mercaptopurine (I, R = H) 

to the S-oxide (H, R = H). 

-1 

25 min, The serum collected (20-30 ml) was kept refriger- 
ated (5”) until needed. No deterioration was observed after 
storage for 3 weeks. 

Sodium tungstate dikydrate solution, loo/ w/v. Na2W0, 
‘2&f&3 (IO g) was dissolved in distilled water and the solu- 
tion diluted to IO0 ml. 

Fhorescent rejkrence carded. An approximately IW511P 
solution of ovalene in a solid polymer3 manufactured by 
Perkin-Elmer, was used (ex~~tion/em~~ion wavelengths 
340/480 nm). 

Procedure 

A stock solution of thioguanine in 50% acetic acid 
(3oo1400 &ml) is prepared by dissolving the thiopurine, 
with heating, in the acid. This solution is stable for at 
least 1 month at room temperature. A suitable aliquot of 
the stock solution is then oxidized by reaction with hydro- 
gen peroxide at 50” for 5 min. The ratio of thioguanine 
solution to hydrogen peroxide is normally 10: I, e.g., 1 mf 
of thioguanine solution to 0.1 ml of hydrogen peroxide.’ 

CaIiB~ation CWY~. After oxidation the solution is made 
up to standard volume (25 or 50 ml) with d&i&d water. 
This soiution serves as a difute oxidized stock solution 
of thioguanine (hereafter called the oxidized stock solution) 
and is s&able for at least 24 hr. A calibration curve can 
then be constructed by taking appropriate aliquots of the 
oxidized stock solution, adjusting the pH to 6--7 with dilute 
sodium hydroxide solution (disodium hydrogen phosphate/ 
potassium dihydrogen phosphate buffer, pH 6.9, can be 
added if desired), diluting to standard volume and measur- 
ing the fluorescence at 330/415 nm (excitation/emission). 

Analysis of blood and urine samples. Blood serum (0.5 
ml) is diluted with distilled water (2.0 ml) and 0.6N sul- 
phuric acid (0.25 ml), mixed, and the protein precipitated 
by addition of sodium tungstate solutian (0.25 ml).” After 
centrifuging, I.0 ml of the &ar, protein-free serum is trans- 
ferred into a standard flask. 3.0 ml of acetic acid fSO?LI 
are added, foffowed by 0.3 &i of hydrogen peroxide a&z 
the solution is oxidized by heating at 50” for 5 min. The 
solution is then diluted to volume (25 ml) with distilled 
water, a l-ml aliquot is transferred into a IO-ml standard 
flask, the pH is adjusted to 67 and finally the solution 
is made up to volume and analysed. Care should be taken 
when transferring the deproteinated serum that no precipi- 
tated protein is carried over, otherwise high and variable 
blanks will result. A calibration curve is prepared by 
adding various volumes of standard aqueous thioguanine 
solution to 0.5-ml portions of serum, diluting with exactly 
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enough water to give a volume of 2.0 ml, then deprotem- 
ating with sulphuric acid and sodium tungstate, and ana- 
lysing as for serum samples. 

For analysis of urine samples, 3 ml of acetic acid and 
0.3 ml of hydrogen peroxide are added to 1 ml of urine 
m a lo-ml standard flask, then the mixture is heated at 
50” for 5 min, and diluted as for the blood-serum samples. 
A calibration curve is prepared by adding various amounts 
of a thioguanine solution in 507; v/v acetic acid to the 
urine contained in the standard flask (25 ml), before the 
oxidation. 

Apparatus 
Fluorescence measurements were made with a Farrand 

snectrofluorimeter with IO-nm band-pass, fitted with a 
f5C-W xenon arc lamp, RCA IP 28 photomultiplier. 
Honevwell Electronic 15 chart-recorder. and 10 x 10 x 45 
mm duartz cells. All fluorescence spectra were uncorrected 
for instrumental artefacts. 

Fig. 3. Absorption spectra. (A+Thioguanme m dilute 
acetic acid. (B) -,-Thioguanine oxidized with H,Oz/ 
CH,COOH (C) ~-- Thioguanine oxidized with alka- 

line permanganate. 

acetic acid is also shown in Fig. 3. The excitation/ 
emission wavelengths used for fluorescence analysis 
were 330 and 415 nm respectively. and the limits of 
detection and determination were 2 and 4 ng/rnl re- 
spectively. The limit of detection is defined as that 
concentration of solution which gives a net signal 
equal to 4 times the standard deviation of the blank 
signal, and the limit of determination as the lowest 
concentration on the linear portion of the calibration 
curve (4-400 ng/ml). The standard deviation was 2 
ng/ml for a thioguanine level of 110 ng/ml (15 repli- 
cates). 

Absorption spectra were obtained with a Unicam SP 
8tXlB recording ultraviolet spectrophotometer. 

All glassware was cleaned by soaking overnight in dilute 
nitric acid, rinsing thoroughly with distilled water and then 
acetone, and allowing to dry. 

RESULTS AND DISCUSSION 

Acetic acid (50%) is a useful solvent for oxidations 
with hydrogen peroxide and has been recommended 
for the oxidation of phenothiazines.6 Under these 
conditions, namely a 10: 1 ratio of thioguanine solu- 
tion in 50% acetic acid (ca. 350 pg/ml) to hydrogen 
peroxide, oxidation of thioguanine is complete after Analysis of blood and urine samples 
20 min at room temperature (ca. 18”). It is, however, 
more convenient to carry out the reaction at 50”, oxi- 
dation then being complete after 5 min, and these 
reaction conditions were used throughout this study. 
A dilute solution of oxidized thioguanine (0.6 l*giml) 
was stable for at least 24 hr. 

Figure 2 shows the effect of pH on the fluorescence 
intensity of the oxidized thioguanine. On completion 
of oxidation the acetic acid is neutralized with sodium 
hydroxide to pH 67. A phosphate buffer can also 
be added, although experience has shown it is not 
essential, because of the wide pH-range for optimum 
fluorescence intensity. 

A blood sample was collected from a patient under- 
going thioguanine chemotherapy, but it was not poss- 
ible to detect the presence of the drug in the sample. 
This may be due to a number of factors. Moore and 
Le Page3 found that thioguanine was absorbed very 
rapidly from the blood stream of mice, and converted 
into either thiouric acid or various nucleotides. It was 
also rapidly eliminated in the urine. Further, the 
amount of thioguanine in the blood at any one time 
did not exceed 3% of the dose given. The blood used 
for analysis here was taken approximately 3 hr after 
the patient had received a 40-mg dose of thioguanine. 
It is possible therefore, that the concentration of thio- 

Fluorescence characteristics 

The absorption and fluorescence spectra of the oxi- 
dized product are shown in Figs. 3 and 4. The absorp- 
tion spectrum of the unoxidized thioguanine in dilute 

501 I I I I I 
2 4 6 8 IO 12 1 1 I / 

100 350 400 450 

PH Wavelength. nm 

Fig. 2. Effect of pH on fluorescence in- Fig. 4. Uncorrected excitation (A) and emission (B) spectra 
tensity of the oxidation product. of thioguanine S-oxide in acetic acid. 
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Table 1. Determination of thioguanine in serum and urine Comparison with other methods 

Urine 

Limit of 
detection 

Ilsim~* 

2.0 

Linear 
calibration 

range, 
&ml* 

Pi45 

Standard 
deviation, 

&ml 

0.03 
(1.34)? 

Serum 2.0 4-174 0.01 
(0‘3W 

* Of sample. 
t Concentration of the solution (fig/ml) analysed to 

determine the standard deviation; 15 solutions were ana- 
lysed for the urine samples and 6 for the blood samples. 

guanine in the blood stream would already have been 
below the detection limit at the time of sampling. 

When different amounts of thioguanine were added 
to the control blood serum, before deproteination, 
and the sample was analysed as outlined above, an 
excellent linear calibration curve was obtained. Com- 
parison of this curve with one obtained by adding 
thioguanine to the serum after deproteination, but 
before oxidation, showed that a large (but reproduc- 
ible) amount of thioguanine (45%) is lost with the 
precipitated protein. This loss was confirmed by 
adding 10.35 pg of thioguanine to each of six samples 
of serum before the deproteination, and an equivalent 
amount (3.45 pg) to six samples of deproteinated 
serum, these being the amounts needed to give a final 
concentration of 0.35 pg/ml. Oxidation and analysis 
were then carried out and the fluorescence intensities 
for the two sets of solutions compared. They were 
0.97 for the serum and 1.57 for the deproteinated 
serum (standard deviation 0.01 for both), indicating 
45% loss during the deproteination. 

Thioguanine has been determined by biological 
assay,’ radio-tracer* and spectrophotometric3 
methods. In each case the limit of detection for the 
particular method has not been quoted, although the 
sp~trophotometric method appears to be capable of 
dete~ining blood levels of thioguanine in the 2-5 
pg/ml range. It is not clear whether this value is the 
lower limit of detection for the method or has been 
obtained by extrapolation from more concentrated 
solutions. Although the limit of detection for thio- 
guanine blood levels by the spectrofluorometric 
method is also 2 @g/ml, the analytical procedure 
would appear to be more rapid than any of the three 
methods mentioned above. Finkel,’ in an independent 
study, has also reported a fluorometric method of 
determination of thioguanine, based on the fluores- 
cence of the sulphonic acid of thioguanine, formed 
by oxidation with alkaline pe~anganate; the method 
has a comparable limit of detection for t~o~nine 
(3 &ml). The analytical procedure however, requires 
more operations than the present method. The appli- 
cation of Finkel’s method to the analysis of biological 
samples has not as yet been reported. 

Oxidation product 

The limit of detection for thioguanine in blood 
serum (Table 1) was obtained by addition of thio- 
guanine to the serum before deproteination and sub- 
sequent oxidation. The loss of thioguanine from the 
serum during deproteination is compensated by a 
95% enhancement of the fluorescence signal caused 
by the presence of the tungstate ion. The limiting de- 
tectable concentration of thioguanine in blood serum, 
allowing for deproteination, oxidation and dilution, 
is 2 jfg/ml. 

No urine samples were collected from the patient. 
so specimens from a healthy person were collected 
and various amounts of thioguanine were added. The 
limit of detection in urine samples is shown in Table 
1, and is the same as for blood serum, despite the 
absence of any deproteination procedure, because of 
the high blank values obtained with urine. The condi- 
tions used for oxidation of thioguanine in blood and 
urine samples were chosen because they were found 
to give the highest signal-to-blank ratio and hence 
the lowest limit of detection. The limit of detection 
will probably vary from sample to sample because 
of differences in blank values and fluorescence back- 
grounds. 

Oxidation of thiopurines to the disulphide, or the 
sulphinic or sulphonic acid is well documented.lO.l’ 
Oxidation to a thiopurine-S-oxide is rather less com- 
mon and only one S-oxide, that of theophylline, has 
been isolated. “J Other S-oxides have been prepared 
and their presence in solution has been demonstrate 
by a blue colour obtained when a ferric chloride solu- 
tion is added to the suspected S-oxide. Oxidation to 
the S-oxide has generally been achieved with 30% hy- 
drogen peroxide in either dimethylformamide (DMF) 
or dimethylsulphoxide (DMSO).“~‘2 Oxidation of 
thioethers to the S-oxide by 30% hydrogen peroxide 
in acetic acid in the presence of traces of sulphuric 
acid has also been reported.13 Walter er al.” have 
oxidized Gmercaptopurine (I, Fig. 1) to the S-oxide 
with hydrogen peroxide in DMSO. This was repeated 
and the presence of the S-oxide indicated by addition 
of ferric chloride solution. Oxidation of thioguanine 
under the same conditions gave a similar result with 
the ferric chloride solution. The absorption spectrum 

a 05- 

WC!veJength. “m 

Fig. 5. Absorption spectra. A, Thioguanine oxidized with 
HzO~/DMSO. B, 6-mercaptopurlne oxidized with 

H20,/DMS0. 
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Fig. 6. “Vitavax” (5,6~ihydro-2-methyl-l,4-oxathiin-3” 
~r~xanilid~) S-oxide. 

of the S-oxide of thioguanine in DMSO was similar 
to that of the oxidation product of thioguanine in 
acetic acid (Figs. 3 and 5). The S-oxide of thioguanine 
in DMSO was also fluorescent with excitation/emis- 
sion wavelengths at 330/395 nm. Oxidation of thio- 
guanine with alkaline permanganate, which is known 
to form the sulphonic acid of thioguanine, resulted 
in a different absorption spectrum from that of the 

.product of hydrogen peroxide oxidation (Fig. 3). It 
would appear then, that the product of oxidation of 
thioguanine by hydrogen peroxide is the S-oxide of 
thioguanine (II, Fig. 1). The S-oxide of mercaptopur- 
ine mentioned above fluoresced in DMSO solvent at 
360/420 nm: its absorption spectrum had the same 
general shape as that of the oxidation product of thio- 
guanine [Figs. 3 and 51. 

CONCLUSION 

Besides the S-oxides of thioguanine and 6-mercapto- 
purine the S-oxide of vitavax [5,6-dihydro-2-methyi- 
1,4-oxathiin-3-carboxanilide, Fig. 61 formed by oxi- 
dation with Ce(IV) is reported to be Auorescent.14 
The procedure outlined here may, therefore, have 
some potential as a method for spectrofluorimet~c 
determination of thiopurines and suiphur-containing 
comnounds such as thiouracil and 2.4-dithiouracil. 
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Currently, the Orion Model 92-81 perchlorate-selective 
electrode, as characterized by Rechnitz,’ has a broad spec- 
trum of uses such as the determination of solubilities of 
perchlorate salts,’ the determination of vicinal glycols’ and 
the determination of perchlorate levels in solution. How- 
ever, it is possible that problems have arisen owing to its 
poor selectivity with respect to hydroxide ion. For this 
reason the preparation and preliminary investigation of a 
better perchlorate-selective electrode was initiated. The 
electrode, a liquid-membrane type, is based on the perchl- 
orate salt of tetrakistriphenylphosphinesilver(1). The range 
and selectivity of the electrode have been studied and the 
results indicate an improvement over the Orion model, 
most markedly in the selectivity with respect to hydroxide. 

EXPERIMENTAL 

Reagents 

The salt was prepared as described by Cotton and 
Goodgame? 1.55 g of silver perchlorate were dissolved in 
4 ml of hot abslute ethanol and added to a solution of 
7.87 g of triphenylphosphine in 30 ml of hot ethanol. The 
solid which precipitated immediately was filtered off. and 
recrystallized from acetonitrile (3 g in 125 ml), and the crys- 
tals were washed with methanol and dried in ULICUO. The 
tnphenylphosphine was obtained from the J. T. Baker 
Chemical Co. and the silver perchlorate from the G. F. 
Smith Chemical Co. All other chemicals used were reagent 
grade. Elemental analysis gave the following results: C, 
69.1%; 4.9%; calculated for C72H,,AgC104P,, C, 68.82%; 
H, 4.82%. An approximately 2 mM solution of the salt m 
nitrobenzene was used as the exchanger. 

Apparatus 

The electrode was assembled in the versatile liqmd- 
membrane body developed by Hildebrandt.“ The porous 
membrane was a 0.45~pm “Millipore” filter. For most ex- 
periments, the internal reference electrode was an aqueous 
agar gel 2M in sodium chloride and 1M in sodium perchl- 
orate, in contact with a Ag/AgCl element. The external 
reference electrode was a Corning 4.OM sodium chloride- 
calomel reference electrode. The electrodes were placed in 
a jacketed cell, kept at a constant temperature of 25.0”. 
contauung about 50 ml of sample solution which was 
stirred continuously. Potentials were measured with the 
apparatus described in reference 5 and the pH was 
measured with a Beckman Research pH-meter. 

RESULTS AND DISCUSSION 

Electrode response 

The potential measured as a function of perchlorate-ion 
activity and concentration is shown in Fig. 1. At > lo- 5M, 
the response is -58.65 + 0.20 (95% confidence limit) mV 
per decade of activity. From 10m5 to 10e6M, the response 

is smaller, yet still shows enough change in potential from 
that of the base electrolyte for semiquantitative determina- 
tions to be made in this region. Single-ion activities were 
estimated from the extended Debye-Hiickel equation: 

o.sz,z J;; 
-1ogJ; = ~ 

1+& 

The range was measured in the presence of OQO2M acetate 
buffer (p = 0.002, pH = 5.07). It was found that when no 
background electrolyte was used, the slope was non- 
Nernstian. Acetate was employed because of its favourable 
selectivity constant. In 10-3-10-1 M solutions of perchlor- 
ate, stable readings (drift < 0.05 mV/min) were obtained 
within 1 mm. With more dilute solutions, up to 5 min were 
necessary. At concentrations of ~10~~ M, as long as 
15-20 mm were needed to obtain a stable reading. Stability 
of readings was not a function of speed of stirring. 

Effect of other anions 

Selectivity coefficients (Kao;~) were determined by the 
separate-solution method and checked with the more accu- 
rate mixed-solution method. In the separate-solution 
method, the potentials of the electrode were measured first 
in 0.0091M sodium perchlorate and then in 00091M solu- 
tions of the sodium salts of various potentially interfering 
anions. (For bivalent anions. 0.0027M solutions of the di- 
sodium salts were used to keep the ionic strengths nearly 
equal). The selectivity coefficients were then calculated 
from the equation? 

log,, Glo; ix = 
-&IO; - Ex 1 

59.1 
+ log,, @X0; - -log,, ax 

1X 

IO-' 10-e lo-’ 10-e 10-s to-2 10-t I 

C 10: mole/L 

The mixed-solution method was employed for Cl-, OH-, 

Fig. 1. Response of perchlorate-selective electrode m ace- 
tate buffer (p = 0.002, pH = 5.07) as a function of activity 

and of concentration. 
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Fig. 2. Typical curve obtained by mixed-solution method 
for the perchlorate-selective electrode. Interfering electro- 

lyte is lO-“M sodium hydroxide. 

NO;. acetate and SCr$-. The mterfering anions were used 
at a nearly constant concentration of 0.0091M (@0027M 
for SO:-). Known volumes of perchlorate were then added 
to this solution of interfering anion and the potential was 
recorded after each addition, A plot such as that in Fig. 2 
was obtained. The sektivity coetiiciennts were calculated 
from the equation? 

where z, is the charge on the interfekng anioq a, the 
single-ion activity and u*O is the activity of perch&rate 
at which the first observabkz potential change is notlced. 
Thts activity is obtained from the graph in Fig. 2. The 
selectivity coefficients obtained thus way agreed acceptably 
with those from the separatc~solution method. 

Fluctuations of less than @5 mV were observed for the 
stable readings in the separate-solution method, with little 
or no draft. Response trme in ‘the mixed-solution method 
was similar to that mentioned previously. 

Table 1. Selectivity coefhcients for the perchlorate-selective 
electrode 

I( c-30; ‘X 

Separate -Mixed 
Anton ix) E, IfY I’* solution solution 

Cl0; - 168.9 - 
NO; -13-E: 24 x 10-3 2.8 X 10-3 
OAc- + 277 41 X 10-4 1.6 X 10-4 
OH- + 250 4*3 X la-J 8.3 X 10-S 
Cl- - 16.0 26 x lo-’ 2.4 x 1O-4 
HC03 + 35.8 34 x 10-4 
LSLzOP~” + 39g6 2.9 x to-4 _ 

HPQO; ’ 
+350 12 x 10-s 3.4 x 10-s 
+ 22,a 39 x 10-s 

*These potential v&es F&S to pure S3h&x3~~ af 
sudmm sah afthe anions listed and were used to caku&te 
the ~epa~te-sorption selectivity constants given in c;Jumn 

For these tests the phosphate concentration was 
2.7 x 10-3M (p = @01X2) and all other amon concent- 
rations were 9.1 x IO-“M (II I= OQO91). 

Fig, 3. El%3 of pH on the mporise of the perch3orate- 
selective electrode. Ferchtorate concentration was OMf2M. 

Selcct.ivity coefficients are given in Table 1, All interfer- 
ences measured are well within acceptable ranges and are 
comparable to those given by Orion7 and those reported 
by Rechnitz,’ with the exception of that of hydroxide. At 
least a 104-fold improvement in selectivity is found here. 

The effect of pH on the electrode respansc was deter- 
mmed by the addition of @lM perchtorate or sodxum hyd- 
roxide to adjust the pH of a solution of 0~0031n perchlor- 
ate. In Ftg. 3 the change in potential is given as a function 
of the measure pH. Potentiafs @otted in Fig. 3 have been 
corrected for dktion in the case of sodium hydroxide 
additions and for the added perchbmte in the case of 
perchbric acid addztions. Note that the ~~~e~t~~~ scale of 
Fig” 3 is offset by approximately 120 mV from that of Figs. 
1 and 2, This IS due to the fact that a different external 
reference electrode was used for this experiment and the 
aqueous agar internal reference gel contained a higher con- 
centration of sodium chloride than was used in the other 
experiments. The useful pH range for the electrode is from 
3 to 12. Over this range the potential vartes less than 5 mV 

The new per&orate-setecttve electrode described m thus 
paper has been shown to be superior to the Orion efec- 
&ode as regards its sele&vity with respect to b~drox~de 
ion, Other common anions show very similar ~~e&tiv~t~es 
to those reported for the Orion product. Low perchLorate 
co~~~trations m basic sofutiws can now be estimated 
without the difKcu& corrections based on the large se&- 
Qvity Goefficient tK,,Yj,, ~1 characteristle of the Orlon 
model 93-81 electrode 
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Summary-A new liquid-membrane ion-selective electrode for perchlorate ion based on tctraklstn- 
phenylphosphrne silver(I) perchlorate in nitrobenzene is described. Its dynamic range and selectivitres 
relative to most common anions are comparable to those of the Orion model 92-81 perchlorate sensor 
However, it suffers much less hydroxide-ion interference than the Orion product. 
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In geochemical analyses it is often necessary to determine 
alkali and alkaline earth metals. Most of these determina- 
tions are easily carried out by conventional analytical tech- 
niques such as atomic-absorption spectrophotometry (for 
Ca, Li. Mg and Sr) and flame emission photometry (for 
Na, K and Rb).’ 

To complete the range of determinations we have tried 
to determine trace amounts of barium in rocks and miner- 
als by atomic-abso~tion spe~rophotometry (AAS) be 

cause of the absence of data obtained with this technique 
for standard sihcate rocks. The physical methods employed 
in barium determination are direct reading spectrography, 
optical spectrography, X-ray fluorescence spectrometry 
and neutron-activation analysis,2.3*4 but these are expen- 
sive and not readily available. The difficulty with determin- 
ing trace amounts of barium by AAS is the existence of 
strong matrix effects. 5* 6 The present work overcomes this 
dBiculty by a prior ion-exchange separation. 

interferences 

EXPERIMENTAL 

The determination of barium by AAS suffers from two 
kinds of interference from the very high calcmm concent- 
ration found in most rock and mineral samples. The CaOH 
formed in the flame has an emission band with a maximum 
at 554 nm, overlapping the analytical line (553.4 nm) for 
barium. Source modulation improves the situation but 
when the calcium concentration is very high the emission 
saturates the detector, giving a background too high to 
permit reliable analysis. Further the radiation at 553.5 nm 
may be absorbed by the CaOH molecules.7~8 These mter- 
ferences have been- shown to be due to the presence of 
alkaline earths.‘*‘O In addition. lanthanum also interferes 
in the determination of barium’ owing to the presence 
of La0 which has an absorption band with a maximum 
at 5536 nm,” 

AIuminium has also been shown to interfere in the deter- 
minationiz of alkaline earth metals and this effect is re- 
moved by the addition of a lanthanum solution’3 when 
strontium is determined. Koirtyohann and Pickett“’ re- 
ported a study of the interference of aluminium in the de- 
termination of barium and showed that this was less than 
14, for an Al: Ba ratio of 1ooO: 1. These authors eliminate 
the alumimum interference by adding lanthanum solution 
(for Ca and Sr determination) and take account of the 
interference caused by the La0 band. Maruta et ~1.‘~ ob- 
served that aiuminium forms refractory compounds which 

*This work is financially supported by C.N.R., Italy. 

are not easily dissociated and may be responsible for the 
depressant effect of alummium on the barium absorption. 
They suggested suppressing aluminium interferences by the 
addition of oxine and ammonium chloride. Magnesium ox- 
ide also gives an mterfering band at a wavelength of 553.5 
nrn.14 Silicon interferes when in the form of sodium silicate 
but this mterference is due to sodium. Alkali metals reduce 
the iomzation of barium atoms, with consequent enhance- 
ment of the atomic absorption.“’ All these interferences 
give rise to poor reproducibility in the atomic-abso~tion 
and flame emission determination of barium when per- 
formed directly on the original sample. 

Further, the interference is sufficiently strong to invali- 
date results obtained by the method of standard additions. 
Therefore we have recognized the necessity of separating 
barium from other elements in the matrix. The separation 
of barium is carried out by ion-exchange chromatography. 
This technique gives quantitative separations of a large 
number of ions’h*i7 and it may be applied to rock anaiy- 
sis 18-23 BaZ+ may be separated from other cations on 
ion-exchange resins, employing aqueous alcoholic solution 
of hydrochloric acid as eluents. Streiow2“ and other 
workerszs have shown that ethanol is the most satisfactory 
alcohol for this purpose. A synthetic sample, confining 
major and some trace elements, was prepared in order to 
test the separation. Weighed amounts of pure salts of the 
most important interfering elements were mixed in the ra- 
tio appropriate to common rock samples. Silica is absent 
from this mixture because in the pretreatment of a rock 
sample with a hydrofluoric-perchloric acid mixture, silica 
is removed by volatilization of the fluoride. In any case, 
after passage through a cation-exchange resin, silicate 
anions are separated from the other ions. Table 1 shows 
the composition of the synthetic sample and that of the 
basalt BR (C.R.P.G.-A.N.R.T.). Major elements are ex- 
pressed as oxides-trace elements are expressed as metals. 

The separation is carried out on the strong acid sul- 
phonated resin. Dowex 50 x 8,20&400 mesh, H +-form. The 
resin column is 18 cm long and 2.2 cm in diameter. Ail 
elements (except Ba) are eiuted with 3M hydrochloric acid 
in 20y0 aqueous ethanol. Barium is eluted with 3M hydro- 
chloric acid; the eiution curve is plotted from results on 
IO-ml aliquots of eiuate, in Fig. I. The elements are deter- 
mined in each fraction by AAS (Al. Fe, Mg, Ca, Ba and 
Sr) and flame emission photometry (Na, K). 

In this separation heavy rare earth elements are eluted 
together with strontium, and light rare earth elements are 
retained (and successively eluted) with barium.23J4 Never- 
theless we did not think it necessary to separate light rare 
earth elements (lanthanum in particular) because of the 
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Table 1. Matrix element/barium ratios of synthetic sample 
and basalt BR 

Ratio Synthetic sample Basalt BR 

Al,OJ/Ba 103 91 
Fe,O,/Ba 110 123 
MgO/Ba 139 127 
CaO/Ba 141 131 
Na,/OBa 34 29 
K,/OBa 13 13 
Sr/Ba 1.3 1.3 

very small amounts of these elements present in common 
rock and mineral samples. 

To confirm the reproducibility of the method, the separ- 
ation was performed on aliquots of the synthetic solution. 
In six aliquots, each containing 12.0 mg of barium, 11.7, 
11.7. 11.4, 11.5, 11.5 and 11.8 mg were found. The quantita- 
tive determmation of the separated barium is carried out 
by AAS. employing a nitrous oxide-acetylene flame. with 
potassium as ionization suppressor.**14 The sensitivity of 
the method (1% absorption) is about 0.2 ppm barium. 

Reagents 

Hydrochlorx acid (3M) in 20% ethanol. 
Potassium solution, lo5 ppm (19% solution of potassnnn 

chloride). 
Standard solution of barium. 100 ppm. 

Apparatus 

A Metrohm Multi-dosimat E-415 automatic sampler- 
microburette and an atomic-absorption spectrophotometer 
Jarrell-Ash “Atomsorb” Model 82.271 equipped with a B-S 
Kipp and Zonen recorder were used; the source was a 
Westinghouse hollow-cathode lamp. 

Column packing and calibration 

Fill a borosilicate glass tube with dry Dowex 50 x 8 resin 
(20&400 mesh) to give a column height of 18 cm and 
wash it with 300ml of 3M hydrochloric acid. Wash with 
water until free from any acid reaction. 

Weigh 1.4369 g of barium carbonate into a large beaker. 
Add 10 ml of 1: 1 v/v hydrochloric acid and 100 ml of 
water. Pour into a 1 litre graduated flask and make up 
to the mark with water. Dilute this solution 1:10 with 
water to provide a lOO-ppm barium solution and store 
in polythene bottles. Pipette 1. 3, 5. 7 and 11 ml portlons 
of this solution into separate lCQ-ml graduated flasks. Add 
10 ml of 105-ppm potassium solution to each flask and 

HCI 3M-EtOH 20% 
400 

-I- HCI 3M 
I ! 

- Ba 
- Sr 

1::: go 
------ NW 
--- MgO-Al,O, 
--- Fe,O, 

ml eluted 

Fig. 1 Synthetic sample elutlon curve. 

diIute to 100 ml. Pour 10 ml of the IO’-ppm potassium 
solution into a further 100 ml flask and dilute to 100 ml 
to provide the calibration curve blank. Aspirate the solu- 
tion into a 5-cm laminar-flow burner employing a nitrous 
oxide-acetylene flame, setting the monochromator to a 
wavelength of 553.5 nm. Measure the recorded signals, sub- 
tracting the blank. Plot the curve of measured absorbance 
against concentration.z6 

AnalytIcal procedure 

Weigh out 1 + OQOOl g of finely powdered (120-mesh) 
sample, in a PTFE dish. Moisten the powder with water 
to avoid spattering. Add 10 ml of 40% hydrofluoric acid 
and 10 ml of 70% perchloric acid, mixing with a platinum 
or PTFE rod. Allow to stand overmght in the fume-cup- 
board and then heat to dryness. Add 10 ml of hydrofluoric 
acid and 10 ml of perchloric acid and heat to dryness. 
Add 5 ml of perchloric acid and heat to dryness. Add 
20 ml of water and 5 ml of hydrochloric acid. Repeat this 
procedure but without a sample, to obtain a blank solu- 
tion. 

Transfer the solution to a lOO-ml graduated flask and 
dilute to 100 ml. Pass the sample solution through the 
ion-exchange column at a flow-rate of 2.5 i. 0.3 ml/mm. 
Elute with 500 ml of 3M hydrochloric acid in 20% ethanol 
(all major elements which can be determined with the com- 
monly used methods are present in this portion). Elute 
with a further 500 ml of 3M hydrochloric acid and evapor- 
ate the barium solution to about 50 ml. Transfer to a 
lOO-ml graduated flask with rinsing, add 10 ml of 105-ppm 
potassium solution and dilute to 100 ml with water. This 
treatment is also performed on the blank solution. Aspirate 

Table 2. Barium content of rock and mineral standard samples, ppm 

Sample Found 
Recommended or 

medun value Range Methods* Remarks 

Dnbase W-l 
Andeslte AGV-I 
Basalt BCR-1 
Dumte DTS-I 
Pendotlte PCC-1 
Granodmrtte GSP-I 
Gramte G-2 
Basalt BR 
Gramte GA 
Granite GH 
G~~~ltC GR 
serpentine UBN 
DlOIlle DR-N 
Bauxtte BX-N 
Dlsthene DT-N 
Synthetx &us VS-N 
Feldspar FK-N 
GIalllte GS-N 

170 
1121 
700 

4 
5 

122s 
2188 
1037 
787 

23 
1095 

60 
376 

40 
45 

973 
510 

1270 

I60 
1208 
675 

>4 
I? 

1300 
1870 
I050 
850 

22 
1050 

40 
380 

30 
40 

896 
_ 

_. Flanagan (1973) 
1047-2700 OS, XRFINAA Flanagan (1969. 19731 
48&1230 OS, XRFJNAA 

OS, XRF 
OS. XRF 

855~2OCO OS. XRF. INAA 
15w3Mx) OS, XRF, INAA 

_ Flanagan (1973) 
_ 

lo-65 
345-860 

X42-l 500 

_ 

OS, XRF. DS 
OS. XRF, DS 

DS 
DS 

OS, XRF. DS 
__ 

De la Roche. Gd;mdara,” (1973bl 

De la Roche. Govmdarqu (1973a) 

* OS = Optical spectrography, DS = Direct reading spectrometry. XRF = X-ray fluorescence, INAA = Instrumental 
neutron-activation analysis. 
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the sample and blank solutions mto the burner as de- 
scribed previously. Correct the sample absorption by sub- 
tracting the blank. Calculate the barium concentration by 
reference to the calibration curve. 

BX-N (bauxite) and DT-N (disthene) samples are not 
easily solubilized by the acid attack and a fusion procedure 
ts adopted for these samples, as follows. 

Weigh out 1 + 0.0001 g of finely powdered sample. in 
a platinum crucible. Add 2.5 of 5: 1 sodium carbonate-boric 
oxide mixture and mix. Heat on a bunsen burner to 
expel carbon dioxide and transfer to a muffle at 1000 
for about 20 min. Cool and dissolve the melt in 5 ml of 
hydrochloric acid and 200 ml of water. Evaporate the solu- 
tion to about 70 ml, transfer to a lOO-ml graduated flask 
and dtlute to volume. This procedure requires a blank from 
2.5 g of fuston mixture and 5”,‘, hydrochloric acid. The 
solutions are passed through ion-exchange columns and 
analysed as described above. 

RESL LTS AND CONCLUSION 

Barium contents of the standards are shown in Table 

5. 

6. 

8. 

9. 
10. 

11. 

12. 

13. 

14. 

15. 

2. Recommended or median values are those indicated by 16. 

Flanagan” for U.S.G.S. samples (W-1. AGVl. BCR-1. 
DTS7, PCC-I, GSP-I. G-2)_ and for C.R.P.G.-A.N.R.T. 17. 

samples (BR, GA, GH, GR). Range values are indicated by 
Flanagan’ for the samples cited and by De la Roche and 
GovindaraJu 3.4 for the other samples. These authors report , D 

F. W. E. Strelow. Appbcation of ion-exchange to ele- 
ment separatron and analysis. in J. A. Marinsky and 
Y. Marcus. eds.. Ion-exchange and Solvent Extraction, 
Vol. 5. Dekker. New York, 1973. 

one value only for the BX-N and DT-N samples. Feldspar 10. J. P. Riley. Anal. Chun. Acta, 19.58. 19, 413. 

FK-N and granite GS-N are new C.R.P.G.-A.N.R.T. stan- 19. L. H. Ahrens. R. A. Edge and R. R. Brooks, ibid.. 1963. 

dards. All values found are in good agreement with the 28. 551. 

recommended or median values and the ranges reported. 20. A. D. Maynes. ihtd., 1965. 32. 211. 
21. F. W. E. Strelow. C. J. Liebenberg and C. von S. Toer- 

W. Slavin, Spettroscopia di assorbimento atomico, Etass 
Kompass, Milano, 1969. 
M. Pinta, Spectrometrie d’absorptton atomique. Appli- 
cation a l’analgse chimique, Vol. 2. p. 793. Masson, 
Paris, 1971. 
L Capacho-Delgado and S. Sprague, At. Absorptwn 
Ne~~sl.. 1965, 4. 363. 
C. Riandey. 1nrcraction.s. in M. Pmta. op. cit., Vol. I, 
1971. 
G. K. Billings. At. Absorption Newsl.. 1965, 4, 357. 
S. R. Kotrtyohann and E. E. Pickett. Anal. Chem.. 1966, 
38, 585. 
A. Gatterer and J. Junkes, Spektren der seltenen Erden, 
Specola Vaticana, Citta del Vaticano. 1959. 
R. Mavrodmeanu and H. Boiteux. Flame Spectroscopy, 
p. 271 Wiley. New York. 1965. 
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Summary-Trace amounts of barium are determined in the standard stlicate rocks and mmerals. W-l, 
AGV-1, BCR-1, DTS1, GSP-1, G-2 of the U.S. Geological Survey and BR. GA, GH, GR, LIEN. 
DR-N, BX-N. DT-N, VSN. FK-N. GSN of the Centre de Recherche Petrographique et Geochimi- 
que de Nancy and the Association Nationale de la Recherche Techmque. After an ion-exchange separ- 
ation. the analyses are carried out by atomic-absorption spectrophotometry. The separation is per- 
formed to eliminate interferences due to matrix effects. 



392 SHORT COMMUNICATIONS 

Tulanta, Vol 23. pp 392-394 Pergamon Press. 1976 Punted m Great Bntarn 

MICRO AND SUBMICRO IODOMETRIC DETERMINATION 
OF ARSENITE AND SULPHITE IONS BY 

AMPLIFICATION REACTIONS 

AMIR BESADA, Y. A. GAWARGIOUS and S. Y. KAREEM 

Microanalytical Research Laboratory, National Research Centre. 
Dokki. Cairo, Egypt 

(Received 27 March 1975. Revised 12 July 1975. Accepted 18 August 1975) 

Both chemical and physicochemical methods are available 
for the determination of arsenite and sulphite. Arsenite. 
after treatment with various oxidants, can be determined 
gravimetrically as magnesium ammonium arsenite’ or as* 
quinoline molybdoarsenate.’ Cyanotungstates or molyb- 
dates3 ceric sulphate.4 N-bromosuccinimide,5 sodium per- 
oxymolybdate” or potassium permanganate7,s have been 
utilized as redox reagents for the volumetric determination 
of arsenite. Potentiometric.’ biamperometric.‘” and spec- 
trophotometric’ ’ methods have also been described. 

Methods for sulphite include oxidation by iodine”.” or 
by permanganate and iodine monochloride.’ complexo- 
metry.” spectrophotometry,” potentiometry,” and polar- 
ography 1 * 

Because amplification reactions increase the sensitivity 
of determination of some ions,i9~” the present work was 
aimed at extending their use to determination of arsenite 
and sulphite. 

The arsenite method is based upon oxidation with perio- 
date, masking of the excess with molybdate, and sub- 
sequent iodometric titration of the liberated iodate. The 
method for sulphite depends upon oxidation with iodine 
m a bicarbonate medium, extraction of the excess with 
chloroform, oxidation of the resulting iodide with bromine- 
water. and finally iodometric titration of the iodate pro- 
duced. In this way, the degree of amplification involved 
in the two iodometric methods is 3- and 6-fold. respect- 
ively. 

EXPERIMENTAL 

Reagents 

The reagents used were of analytical grade and doubly 
distilled boiled-out water was always used. 

Ammomum molybdate tetrahydrate, 1Oqb ayueous solutwn. 
Arsenite (NaAsO,) solutions. 0.05 and 0.5 g/l. 
Buffer solution. pH 2.5-3. Prepared by adding co. 110 

ml of glacial acetic acid to 40 ml of 0.2M sodium acetate. 
Potassium iodide. Aqueous solutions. 1 and 10°fO. pre- 

pared daily. 
Potassmm periodate solutions. Prepared fresh by dissolv- 

ine (A) I e or (B) 2 g of the recrystallized salt in 600 
-~I _  

ml of water. and kept in amber botties. 
Sodium thlosulphate. OGO2 and 001M solufrons. Standar- 

dized against notassium iodate solutions. 
Iodine solution, 0,13”/;, rn chloroform. 
Sodium sulphite solution The anhydrous salt (@2 g) dis- 

solved in water (1 litre). 

Arsemte procedure 

Introduce a portion (l-4 ml) of the sodium arsenite solu- 
tion containing 0.05-0.20 mg into a 100-ml conical flask, 
add 5 ml of periodate solution A followed by 5 ml of 
the buffer solution, and immerse the flask in a water-bath 
at ca. 70‘ for 6 min. Cool, add 5 ml of each of the molyb- 
date and the 1% potassium iodide solutions, stopper the 

flask. and leave aside for 2 mm m a dark place. Then. 
titrate the liberated iodine with OGO2M thiosulphate. using 
starch as indicator as usual. Carry out a blank experiment 
and calculate the arsenite content. 

1 ml of OW2M thiosulphate = 0.0433 mg of NaAsOz 
For amounts of sodium arsenite between 0.20 and 2.0 

mg. use 10 ml of periodate solution B and heat m the 
water-bath for 25 mm at 6@70’. After coolmg, add 10 
ml of the molybdate solution and 5 ml of the lo”, iodide 
solution and complete the determination as before, mclud- 
ing a blank, using O.OlM thiosulphate solution for the tit- 
ration. 

1 ml of O.OlM thiosulphate = 0.2165 mg of NaAsOz 

Sulphrte procedure 

Transfer a I-10 ml portion of the test solution contain- 
ing 0.2-2.0 mg of sodium sulphite mto a lOO-ml separating 
funnel, add 20 ml of 59; potassium bicarbonate solution 
followed by 5 ml of iodine solution and shake for 5 mm. 
Add 10 ml of water. mix thoroughly and then leave till 
the layers have completely separated. Discard the chloro- 
form layer and remove traces of iodine from the aqueous 
layer by extraction with three lo-ml portions of chloro- 
form. Transfer the aqueous layer quantitatively into a 
250-ml conical flask, add 3 ml of 2M sodium acetate solu- 
tion and 5 ml of saturated bromine-water and stir the solu- 
tion for 15 min on a magnetic stirrer. Destroy the excess 
of bromide by dropwise addition of formic acid (cu. 0.4 
ml), add 20 ml of the acetate-acetic acid buffer, 2 ml of 
lo”/, potassium iodide solution, and titrate the liberated 
iodine with O.OlM sodium thiosulphate, adding starch as 
indicator just before the end-point. Run a blank and calcu- 
late the amount of sodium sulphite. 

1 ml of O.OlM thiosulphate = 0.1050mg of Na$O, 

RESC’LTS AND DISCUSSION 

The ursrnrte method 

Potassium periodate m slightly acidic mcdmm has been 
reported” to be a suitable reagent for the direct oxide- 
metric titration of arsemc(III), with diphenylamme as mdr- 
cator. The reaction. which is catalysed by non(B). proceeds 
accordmg to the equation. 

AS’+ + IO; + 2H+ -Ass+ + IO, + Hz0 (iI 

This reaction formed the basis of the amplification meth- 
od developed m the present work: 

AsO; + IO; - As03 + IO; (Ii) 

IO, + 51- + 6H+ +31z + 3H20 (iii) 

During the development of the method from reaction 
(ii), the following factors were studied to optimize the con- 
ditions. 

Reuctron time and temperature. At room temperature the 
oxidation of microgram amounts (50200 /lg) of sodium 
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arsenite was found to proceed slowly, so recovery was 
quantitative only after 35min reaction time. Raising the 
reaction temperature to ca. 70” enabled complete oxidation 
to occur after 6 min. For larger amounts (052.0 mg). how- 
ever, heating at 70” for 25 min was necessary. 

E&t ofpH. The optimum pH value for the periodate 
oxidation was found to be 3. Higher pH renders the reac- 
tion rather sluggish, as might be expected from equation 
(i). On the other hand, pH values lower than 3 gave rise 
to inconsistently high (cu. LL5%) recoveries of arsenite. This 
may be ascribed to partial oxidation of the iodide added, 
by the arsenate ion produced, and to incomplete mask- 
ing2’ of the unreacted periodate with molybdate. 

The function of the molyhdate. As in previous work,” 
complete masking of the unreacted periodate was achieved 
by addition of a large excess of ammonium molybdate (5 
ml of a 10% solution) at pH 3. which is stated to be the 
optimum value for masking. The excess of molybdate also 
proved to play another role, namely preventing oxidatron 
of added iodide by the arsenate ion resulting from the 
reaction. probably by formation of arsenomolybdate com- 
plexes. 

The procedure finally developed was applied to deter- 
mination of amounts of sodium arsenite ranging between 
50 pg and 2.0 mg. Highly satisfactory results (Table I) 
were obtained. The maximum and minimum recoveries are 
101.2 and 99-O% and the average recovery is 99.9%. All 
the values in Table 1 were calculated on the basis of a 
3-fold amplification, which proves that the molybdate-cata- 
lysed 4-fold amplification reaction,” involving the ad- 
ditional reaction 

AsO, + 21+ 2H+ 4 AsO; + IZ + HZ0 

does not take place. 

(in) 

The blank values found were reasonable; periodate solu- 
tion A gave a negligible value, solution B gave a maximum 
value of 024 ml of O.OlM thiosulphate. The latter blank 
value is probably due to the 25-min heating period as com- 
pared with the 6-min period employed in case of solution 
A. 

The sulphite method 

The usual iodimetric determination’2*23 of sulphite is 
based on the reaction: 

SO:- + I, + H,O- SO:- + 2HI (0) 

Much controversy exists in the l~terature’2~z3 regarding 
the iodimetric titration of sulphite. The main errors are 
loss of SOZ by volatilization, air-oxidation of sulphite and 
the precipitation of sulphur as represented in the following 

Table 1. Micro and submicro determination of sodium ar- 
senite by oxidation with periodate 

Taken Found Recovery* 0, (I 

zoo0 

I 500 

0.500 

0200 

0150 

0100 

0 050 

I 980 999 
I 996 99.8 
I 498 99.9 
I 492 995 
0 499 99R 
c498 996 
0.1990 995 
0 1999 1004l 
0 1500 1000 
0 1497 99 8 
01004 1004 
00995 99 5 
0 0503 loo6 
0.0506 101 2 

* The average recovery is 99.97,. 

equations: 

H2S03 + 4HI + 21Z + S + 3H,O (si) 

3H,SO, + 2H2S04 + S + HZ0 (cii) 

The latter reaction (vii) is said to be catalysedZ3 by hydr- 
iodic acid. Certainly, on subjection of the method to a 
drastic check, persistently low (34”;) sulphite recoveries 
were obtained. Despite the sources of inaccuracy inherent 
in this method. it is still the one in use for the assay of 
sulphite, probably because of the popular iodimetric finish. 
The apparent inaccuracies motivated our search for an ao 
curate method preferably retaining the simple and rapid 

-iodometric finish. 
The method developed 1s based on the reactions: 

Na,SO, + I7 + 2HCO; + Na,SO, 

+ 2I + 2C02 + Hz0 (viii) 

2I + 6Brz + 6H,O-+ 2103 + 12HBr (ui) 

210; + lOI- + 12H+ -+612 + 6Hz0 (x) 

As clear from equations (oiii)+), each mole of sul- 
phite is ultimately equivalent to 12 iodine atoms. Thus, 
this method gives a 6-fold amplification as compared with 
the original direct iodimetric method shown m equation 

(v). 
During the working out of the procedure, it was realized 

that the potassium bicarbonate plays a significant role, not 
only shifting the reaction towards complete oxidation of 
sulphite, but also eliminating reactions (vi) and (vii). A 
further advantage is that no volatilization of SO2 occurs, 
in contrast to the direct iodimetric method2a in acidic 
medium. 

However, experiments with increasing amounts of sul- 
phite (0.2-2.0 mg) revealed that the concentration of btcar- 
bonate should be increased proportionally (2G20.0 ml of 
5% solution) indicating that its role is definitely not simply 
an effect of pH, which remains almost constant at ca. 8.3 
throughout the whole range of bicarbonate added. If the 
weight ratio of potassium bicarbonate to sodium sulphite 
was lower than 500. the sulphite recoveries were always 
low. Fortunately, however, although a deficiency of bicar- 
bonate must be avoided. a larger excess does not affect 
the accuracy. A representative series of results, showing 
the effect of bicarbonate concentration on the sulphite re- 
covery, is given in Table 2. 

It was interesting to test whether the reaction would 
also proceed quantitatively at a higher pH value. For this 
purpose, 5?0 potassium carbonate solution (pH 105) was 
used. Very high and inconsistent values were obtained. 
amounting to about double the expected sulphite recover- 
ies. This may be due to formation of hypoiodite in such 
an alkaline medium. Hypoiodite can easily oxidize the lo- 
dide added for the iodate titration, giving rise to an ad- 
ditional amount of iodine and erroneously high recoveries. 

Regarding the use of iodine as oxidant for the sulphite, 
an aqueous solution is not suitable in the present work 
owing to the necessity of dissolving the iodine m potassium 
iodide which interferes seriously through-out the procedure 

Table 2. Effect of concentration of bicarbonate and iodine 
on the oxidation of sodium sulphite 

Sodxum sulphlte. try 

Taken Found 

Volume of Volume of 
KHCO, mdme 

SOIUtlOn. ml wIut10n. ml Recovery, “0 

0 0652 I 02 326 
0 1249 I 05 62 5 
0 1978 2 05 988 
0 1991 IO 05 996 
0 1996 20 05 998 
0 1980 20 50 990 
0 0994 20 05 50 
I9964 20 50 998 
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Table 3. Micro and submicro determination of sodium sul- 
phite by oxidation with iodine 

* The average recovery is 99.3’3,. 

except in the last step of the todateiodide reactton. A 
chloroform soiutron of todine, however. proved not only 
surtable for quantitative oxidation but also made the sns- 
ceptrbility of sulphite to air-oxidaijon negiigrbie This may 
be due to chloroform vapour over rhe organic--aqueous 
suspension almost preventing access of air to the sohttion 
during the oxidatron step. 

The amount of iodme required for oxidatton depends, 
of course. on the suiphtte concentration under test, and 
0.5 ml of the iodine soiutton (about SO”, excess) was found 
sufficient for complete oxidation of O-2 mg of sodrum sul- 
phite (cf. Table 2). For larger amounts of sulphite more 
iodme is reqmred, and the 5.0 ml requned for oxidation 
of the largest amount of suiphite to be determined (2.0 
mg) was found not to affect the results for the smallest 
(02 mg) and was therefore chosen for the general pro- 
cedure 

The procedure gave satisfactory resuhs (Table 3). The 
m&mum and maximum recoveries are 98.5 and IOL-0”; 
and the average recovery IS 99.3”,. The blank value found 
for the sulphite method did not exceed 0.22 ml of 001&f 
thiosulphate 

1. 

2. 

3. 

4. 
5 
a 

7. 

8. 

9 

IO. 

11. 

I?. 

13. 
lit. 

15. 

16. 

17 
18. 

19 

20. 
21. 

22. 

23, 
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Summary-Two methods are described for the micro and submicro todometrtc determmatron of arsemte 
and suiphite ions involving 3- and &fold amplification reactions. respecttvely. The arsemte method 
IS based on oxidation with an excess of periodate. masking of the unreacted periodate with moiybdate. 
and final todometric titration of the iodate released. The suiphite method depends upon oxidation 
with Iodine and removal of its excess by extraction with chloroform, and oxidation of the todrde 
formed to iodate, which is determined iodometricaily as usual. The two methods are sample, rapid, 
and accurate. The average recoveries obtained are 99.9 and 99.3y.i for arsenite and sulphite, respectively. 
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Elemental sulphur can be formed at the surfaces either 
during the comminution or flotation of a sulphide mineral 
or ore.‘-3 Indeed, it has been suggested tentatively” that 
it is elemental sulphur which renders sulphide-mineral sur- 
faces hydrophobic during flotation. A method to determine 
accurately the elemental sulphur content of minerals or 
ores would, therefore be useful in a study of both the effect 
of comminution on sulphide minerals and the mechanism 
of flotation. 

In all existing methods. the elemental sulphur IS 
extracted from the mineral or ore with acetone5 benzene,’ 
carbon disulphide”*’ or chloroform.* A direct ultraviolet 
spectrophotometric determmation of sulphur is often poss- 
ible6~s but the presence of other sulphur compounds such 
as sulphates, thiosulphates and xanthates or of extraneous 
organic matter which also absorb in the ultraviolet will 
interfere.’ (The presence of S’-, SO:-, SO:- and S,Oi- 
was shown not to interfere, however, if monohydric alco- 
hols were used as solvent.“) Moreover. traces of oxidizmg 
impurities in the solvent could lead to high results for 
materials having a very low elemental sulphur content, The 
preparation of high-purity solvents can be laborious. 

This paper describes a method m which elemental sul- 
phur is separated from the sample by vaporization in a 
closed tube. The sulphur then undergoes continuous subli- 
mation in a section of tube heated by a furnace, with move- 
ment, in a flow of mtrogen, towards a cold-finger con- 
denser. The sulphur is ultimately determined by spectro- 
photometry m ethanol. 

Muteriuls 

EXPERIMENTAL 

Sublimed sulphur (Fisher Scientific Co.) was washed with 
hot distilled water until free from acid and any iodine-con- 
suming substances, twice recrystallized from pyridine- 
ethanol,’ heated at 1 lo- for 2 hr to convert any amorphous 
sulphur into the rhombic form” and then crushed to pass a 
l~mesh sieve. 

A sulpbur--sodium chloride mixture was prepared as test 
materia1 to evaluate the variables that affect the efficiency 
of the apparatus (described below) for the determination 
of elemental sulphur by sublimation. The sodium chloride 
served only to facilitate the weighing of small amounts 
of sulphur. Approximately 250 mg of sulphur and 6 g of 
sodium chloride were ground together in an automated 
mortar grinder for 1 hr to achieve thorough mixing. The 
sulphur content was found by ethanol extraction to be 
4.89 k 0.070,; (6 determinations) 

The procedure developed was applied to two certified 
reference ores, MP-1” and KC-1,13 and galena. A massive 
sample of galena was crushed. and the 65-100 mesh frac- 
tion was collected and purified from siliceous matter by 
heavy-liquid separation. A small portion of this prepared 
galena was then ground to finer than 400-mesh. A sample 

Crown Copyrights reserved. 

of KC-l, hereafter denoted by KC-1 (T), which had been 
kept at 67” and 629/, relative humidity for 7 weeks was 
also analysed for elemental sulphur. The KC-l gained 
2.579; in weight because of oxidation. 

AppilrClttU 

The easily constructed apparatus (Fig. 1) consisted of 
a X-cm and a 35cm section of Pyrex tube (22 mm outside 
diameter) connected with a T 191138 glass joint, the female 
joint being attached to the XI-cm tube, hereafter called 
the “collector tube”. The open end of the 35-cm tube, the 
“reactor tube”, contained a removable plug with a gas- 
dispersion tube to pass nitrogen through the system. The 
open end of the collector tube was also equipped with 
a female T 19/38 joint to accommodate a cold-finger con- 
denser. A small outlet tube near this latter joint allowed 
the nitrogen to escape. The Pyrex tubes were inserted into 
the ports of a 23-cm horizontal-tube furnace (30 mm inside 
diameter) so that the tip of the condenser was at the port 
of the furnace. The connected tubes were not in contact 
with the furnace tube. The temperature was controlled with 
a variable transformer and monitored with a Pt, Rh/Pt 
thermocouple. 

The absorption spectrum of sulphur in ethanol was 
essentially the same as that found by Heatley and Page.’ 
Beer’s law was obeyed at 274 nm for sulphur con- 
centrations from 0 to 49 btdrnl. A second calibration curve 
for @8 pg/ml, applicable to samples of very low sulphur ) 
content, was prepared by scale expansion of the range 
&02 absorbance units. The temperature ofall solutions used 
in the preparation of the calibration curves was kept at 
20.0 + @l”. A Unicam SP 1800 Spectrophotometer and 
AR 25 Lmear Recorder were employed for all measure- 
ments. 

Fig. 1. Apparatus for the determination of the elemental 
sulphur content in minerals and ores by sublimation. 
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Suhlirnarion method. The sample was weighed mto a glazed 
porcelain boat (60 x 10 x 8 mm, Coors) and inserted into 
the reactor tube to rest approximately in the centre of 
the furnace. The plug with gas inlet tube was repositioned 
and the sulphur allowed to vaporize under the selected 
temperature and time conditions. The nitrogen how-rate 
was 30 ml/mm. At the conclusion of the reaction period, 
the collector tube was removed from the furnace and con- 
nected to either a 50- or 10%ml round-bottom flask (T 
24/40) containing 12 or 25 ml of 9S’d ethanol, respectively, 
by means of a short connector constructed from T 24/40 
and T 19/38 male joints. (Teflon sleeves were used with 
all T connections.) The ethanol was heated under reflux 
for 15 min to dissolve the sulphur that had sublimed onto 
the cold-finger condenser and wall of the collector tube. 
After coolmg, the ethanolic sulphur solution was trans- 
ferred to a 25 or 50-ml volumetric flask, brought to 20 
in .a thermostat and diluted to the mark. The absorbance 
at 274 nm was measured and the sulphur concentration 
determined from the calibration curve. For the evaluation 
of the variables affecting the determination of elemental 
sulphur, 2@1 i: 0.1 mg samples of sulphur-sodium chlor- 
ide mixture were used. For the determination of elemental 
sulphur in MP-I, KC-1 or galena, 0.5-g samples were used. 

~.~tructio~ ~er~#d, The elemental sulphur in MP-I, KC- 
1 and galena was also determined by extraction into eth- 
anol. About 05 g of sample and 25.00 ml of ethanol were 
heated under retlux for 4 hr, allowed to cool and centri- 
fuged at 1800 rpm for 30 mm to ensure complete separ- 
ation of solid matter. The absorbance at 274 nm was mea- 
sured and the spectrum m the range 250-350 nm was 
recorded for comparison with that of elemental sulphur. 

RESULTS AND DISCUSSION 

The effect of the temperature of the furnace on the frac- 
tion of sulphur recovered is illustrated in Fig. 2. The heat- 
ing period was 3 hr and a sample weight of - 20 mg 
of sulphur-sodium chloride mixture was chosen to yield 
- 1 mg sulphur. It was decided semi-~bltrarily that all 
further developmental work on this method would be per- 
formed at 123” It was considered that the rate of recovery 
was acceptable and that significant decomposition of the 
mineral or ore sample would probably not occur at this 
temperature. It should be pointed out that there is, of 

Furnace temperature. OC 

Fig. 2. Fraction of elemental sulphur recovered during a 
3-hr heating period. as a function of the furnace 

temperature. 
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Fig. 3. Fraction of elemental sulphur recovered as a fimc- 
tion of the heating period. 

course, no reason why any other furnace temperature in 
the 115-140” range (with an appropriate heating period) 
should not be equally successful. 

The effect of the duration of heating on the fraction 
of sulphur recovered at a furnace temperature of 123” is 
shown m Fig. 3. With short heating times, the fraction 
of sulphur recovered showed a slight dependence on the 
way the sample was packed in the boat. This is. of course, 
because the sulphur volatilizes more readily if the sample 
is more loosely packed. The packing, however. is imma- 
terial if the heating period is long enough for complete 
sulphur recovery. With heating times of 4 hr or longer, 
1 mg sulphur can be recovered (and sub~quently deter- 
mined) by the sublimation technique with a precision of 
- 3%. The same precision was also obtained for the recov- 
ery of 0.5 and 0.25 mg of sulphur (4 trials each; results 
not shown) with heatmg for 6 hr. 

Because the samples for the determination of elemental 
sulphur in minerals or ore will be appreciably larger than 
those of the sulphur-sodium chloride mixture, heating time 
of 6 hr was chosen for subsequent work, to ensure suffi- 
cient margin for the complete recovery of sulphur. Sub- 
sequent tests indicated that the recovery of sulphur was 
complete in a 6-hr heating period at nitrogen flow-rates of 
5-85 ml/min. 

In order to test possible interferences m this sublimation 
method, trial runs with samples of - 10 mg of sodium 
sulphate, sulphite and thlosulphate (all analyti~l grade); 
potassium ethyl xanthate (Eastman Kodak twice recrystal- 
lized from ethanol-~troleum ether) and ethyl dixanthogen14 
were performed. In all cases, no elemental sulphur was 
detected. Ethyl dixanthogen distilled but without apparent 
decomposition; this is discussed further below. 

The results for the determination of elemental sulphur 
m MP-1, KC-1 and galena are summarized in Table 1. 
One very long heatingperiod was used in one run for each 
of MP-1 and KC-l to illustrate that 6 hr was Indeed suffi- 
cient for complete sulphur recovery. The results by ethanol 
extraction and by sublimation are in good agreement with 
the exception of those for KC-1 (T) and the 400-mesh 
galena. The spectrum (in the region X&330 nm) of the 
ethanol extract of KC-1 (T) is depicted in Fig. 4. Also 
shown is the theoretical elemental sulphur spectrum having 
the same absorbance at 274 nm; this spectrum was ealcu- 
lated from predetermined values of the molar abso~tivity 
of elemental sulphur m ethanol. It IS apparent that in the 
region 250-265 nrn the determination of elemental sulphur 
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Table 1. Elemental sulphur in minerals or ores 

Sample 

Sublimation 
EtOH extn.. Heating 

% % time, hr 

MP-I @OlO 
0010 

KC-1 @130 
0.127 

KC-1 (T) 
Galena; 65100 mesh 

Galena ; 400-mesh 

0.034* 
0.007 
0+3(X 
0.010* 

* Non-typical sulphur spectrum. 

090!3 
0@0!9 
OGO!4 
0.125 
0.121 
0.123 
0.006 
0006 
o4306 
0.002 
0.002 

6 
6 

72 
6 
6 

16 
6 
6 
6 
6 
6 

in KC-l (T) by ethanol extraction is subject to interference. 
If it is assumed that the sublimation technique gives an 
accurate determination of elemental sulphur m KC-l (T), 
the theoretical contribution of sulphur to the spectrum of 
the ethanol extract can be calculated. The contribution due 
to non-elemental sulphur components can, therefore, be 
calculated and is illustrated in Fig. 4. Similarly, the ethanol 
extract of 400-mesh galena did not give a typical elemental 
sulphur spectrum. The superiority of the sublimation tech- 
nique, at least for these two examples, is clearly apparent. 

I I I I I I I I 
250 270 290 310 3x) 

Wavelength, "Ill 

Fig. 4. Spectra pertaining to the ethanol extract of KC-1 
(T). 

Possible interference due to ethyl dix~thogen adsorbed 
by minerals or ores was tested as follows. A sample of 
KC-1 was equilibrated with an ethanolic solution of ethyl 
dixanthogen. Although ethyl dixanthogen was indeed 
adsorbed by KC-l, it could not be detected by either the 
ethanol extraction or sublimation determination of elemen- 
tal sulphur. These two methods, however, gave widely dif- 
ferent results for elemental sulphur, neither of which agreed 
with that of untreated KC-l. The same observation but 
to a lesser extent was noted for KC-I equilibrated with 
potassium ethyl xanthate in ethanol. It is thought that this 
observation may give some insight into the interaction 
between xanthate or dixanthogen and the mineral or ore, 
and a study is now under way to elucidate the mechanism 
of this interaction. 

Sensitivjty 

Because of instrument noise in the expanded scale, the 
limit of instrument response to sulphur m ethanol was 0.16 
pg,/ml when l-cm cells were used. The sensitivity can, 
therefore, be calculated to be 0.2 &ml.” 5 For analytical pur- 
poses, however, it is doubtful whether results for sulphur 
less than 05 pg/ml are truly significant.” 

The sensitivity can be improved as follows. First, the 
sample size may be increased. Here. however, a prolonga- 
tion in heating period may become necessary. Second, the 
sulphur may be dissolved in less than 25 ml of ethanol or 
longer path-lengths can be used, or both. Another possibi- 
lity might be to extract a large sample (e.g.. 50 g) with 
ethanol, concentrate the extract by evaporation e.g., on 
NaCl, then subhme. 
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Scary-A new technique has been developed to determine trace quantities of elemental sulphur 
in minerals and ores. After separation from the sample by sublimation, the sulphur is determined 
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Phenothiazmes are widely used as antipsychotic drugs and 
for this reason there has been much effort devoted to the 
spectroscopic characterization of these compounds. 
Although the infrared spectra of phenothiazines have been 
well characterized.’ there have been no reports of the 
Raman spectra. Raman spectrometry appears useful in the 
identification of phenothiazmes because of the presence of 
carbonsulphur bonds and because the technique is well 
suited to the examination of solids, the physical form of 
most pharmaceutical preparations. In the present com- 
munication we report the spectra of several solid pheno- 
thiazines in the 60%1600-cm-’ region and present prehmi- 
nary assignments of the major bands. 

EXPERIMENTAL 

The formulae of the substituted phenothtazines studied 
are presented m Table 1. Compounds I (trifluoropromazme 
hydrochloride) and II were obtained from the Squibb Insti- 
tute. Compounds III and IV were obtained from Searle 
Laboratories. These compounds were used without further 
purification. Unsubstttuted phenothiazine (Aldrich Chemi- 
cal Co.) was recrystallized from benzene. 

Raman spectra were recorded on a Spex 1401 double 
monochromator equipped with a cooled RCA C31034 
photomultiplier and both photon-counting and d.c. detec- 
tion systems. He-Ne 632%nm excitation (25-35 mW at 

* Present address: Department of Chemistry, University 
of Wtsconsin, Madison, Wis. 53706, U.S.A. 

the sample) was employed. Samples were Irradiated for 
about 30 mm in the laser beam to remove residual fluores- 
cence. Samples were introduced mto the laser beam as 
powders contained m standard glass melting-point capil- 
lartes. All spectra were recorded with lOcm-’ resolution. 

RESULTS AND DISCUSSION 

The Raman spectra of the phenothiazines examined are 
presented in Table 2. Because the samples were examined 
as polycrystalline solids, depolarization ratios were not 
taken. 

The phenothidzme spectra can be interpreted as derived 
from the spectra of diphenylamine, diphenyl sulphide and 
the various saturated compounds which make up the side- 
chains. Such an approach is valid. since the phenothiazine 
is known to be folded about the SSN axis, with a dihedral 
angle between the phenylene rings of about 14&154~, 
depending on the substitution pattern.‘,’ Thus. the two 
phenylene rmgs are more or less independent and the spec- 
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benzenes. The ring mode dominated by symmetrtc phenyl- 
ene-sulphur stretching appears at 67tK680cmm’ for the 
phenothiazines investigated. In dtphenyl sulphtde (liqutd) 
this vibration occurs at 668 cm-r.’ The differences may 
be attributed to both the difference in the phase and to 
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possibly to the difference m the C--SC bond angle. This 
band is in the same region as the C-C out-of-plane defor- 
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Table 1 Formulae of substituted phenothtazines 

Compound X R 

I CFJ +ZH,), N(CH,)?. 2HCl 

CH,-CH2 

II CF, +CH, )A- r\/ ’ N-CH2-CHZ-0 +CHZ)5CH,.2HC1.HZ0 

\ / 
CH,--CH, 

III Cl +CH,),- H,)2.2HC1 

\ / 
CHZ-CH, 

CHZ-CH, 

IV Cl +CH, )3- I/ ’ P N-CH2- -CH,. 2HCl 

\ / 
CHZ-CH2 
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Table 2. Raman spectra of phenothiazines 

Phenothiazine I II III IV Assignment 

685w 

72OW 

750w 

890~ 

104ovs 

1085w 

113ow 

1165~ 

125Om 

1570m 

1605m 

610~ 

66Ow 
680s 
700w 
720~ 

740w 
760~ 
775w 
850~ 

840~ 

88Ow 

940w 

1040s 
106Om 
1088w 
1llOvs 

1145w 
1165~ 

1245~ 
1260~ 

1290~ 

1310m 

1365m 

1435w 

1465~ 

1570s 
159Om 
1605m 

610~ 

680s 
705w 
725~ 
735w 

770m 
800~ 
810~ 
825~ 

870~ 

925~ 
940m 

970w 

104ovs 
1055m 
1080~ 
1110s 
1125m 
115ow 
1160~ 
1180~ 
1185~ 

122ow 

1240~ 
1260~ 

1315s 
134Om 

143Om 
1445m 

15OOw 

1580s 
1595m 
1605m 

620m 
645m 
670~ 
685s 

735w 
745w 

795m 

815m 

840~ 
855~ 

88Ow 
890~ 
905w 
930m 
945w 
955w 

980s 

1OlOm 
1040s 
106Om 
107ow 
1llOvs 
113ow 
1145w 
1170m 

1195m 
121Om 

1235m 
1250~ 

1270m 
1290~ 
13OOm 
1325~ 
1335m 

1370m 

1410w 
1420~ 

144Om 
1460~ 
1475m 

1525m 
1570s 
159ow 
1605sh 

675~s 
700m 
720~ 

760~ 
780~ 

820m 
835~ 
850~ 
865~ 

900w 
925~ 

960~ 

995w 
1015w 
1045vs 

1075w 
1lOOvs 
1125~ 
1145m 
1175w 

12OOw 

122ow 

1250s 

1280~ 
1295m 

1320~ 
1335w 

1380~ 
1405w 
1425m 

1465~ 
1475w 

1520~ 
1570s 
1590w 
1605sh 

Symmetric Ph-S-Ph 
stretch 

Symmetric 
C-N-C 
stretch, tert. 
aliphatic ammes 

CH ring deformation 

Asymmetric Ph-S-Ph stretch 
Asymmetric C-N-C stretch 

CH ring deformation 

symmetric 
Ph-N-Ph stretch 

methylene twisting 

ring stretching 
ring stretching 
ring stretching 
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m the 690~cm-’ region.4.5 Overlap with this mode, which 
is active m art/m-disubstituted benzenea cannot be ruled 

Further refinement of these spectra and their extensions 
to higher and lower freyuencies are in progress and will 

out. be reported at a later date, 
The asymmetric phenylenesulphur stretches occur m 

the 1070..109O-cm- 1 region. in diphenyl sulphide this band 
occurs at around 1080 cn-1.4*5 
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stretch is found at 124@125C! cm- ‘. In solid diphenyl- 
Searle Laboratories, for samples of the compounds used 

amine. this vibration IS observed in the infrared at 
in this work. 

I25Ocm-‘. 
The intense 104@cm-1 band we assign to a C-H rine 

deformation. This is a strong band at IO40 em-’ fo; 
diphenylamine and at 1026cn-’ for diphenyl sulphide.’ 
A weaker C-H deformation occurs at 1165-l 175 cm” t and 
is observed at 1153 cn~ I for diphenyl sulphide.’ 
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Summary-The laser-Raman spectra of several phenothiazines m the region 600-1600cm-1 are 
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A current investigation in these Laboratories, into the treat- 
ment of low-grade fin ores, involved the reduction of tin 
calcines under various conditions. During the analysss of 
these reduced calcines dihiculty was encountered in deter- 
mining metallic iron. The reduced samples contained 
metallic iron, tin and tin-iron alloys, tin and iron oxides, 
aluminium-iron oxides (hercynite), and iron silicate (faya- 
lite, 2Fe0.SiOz). 

It was confirmed that metalhc iron can be determined 
satisfactorily in the presence of non oxides (both ferrous, 
ferric and complex oxides such as hercynite) by methods 
such as those of Kraft and Fischer* or Blum and Searl’ 
whereby the sample is treated with bromine in metbanoi 
under reflux conditions. The oxide residue is subsequently 
filtered off, washed with methanoI, and following the eva- 
poration of alcohol from the f&ate, the iron equivalent 
to the metallic Iron content is determined in dilute hydro- 
chloric acid solution. 

The method above, however, does not give accurate 
results for metalfic iron when iron silicates such as fayahte 
are present in the sample to be analysed. The errors arise 
because fayalite is attacked by hydrogen bromide which 
apparently forms in the alcoholic solution of bromme even 
when moisture is rigorously excluded.3 In Fig. 1, (a) and 
(b), are shown portions of the X-ray diffraction patterns 
of a synthetic sample containing iron (II) oxide, silica, and 
approximately 6?/, fayahte before and after treatment wtth 
bromine in methanol. It is clear that most of the fayalite 
has been dissolved during this treatment. 

Several variations of the method of Kraft and Fischer’ 
were studied in order to overcome this problem. It was 
found that whereas iodine m methanot did not attack the 
fayalite, the metaIlks--tin, iron, and iron-tin alloys-were 
halogenated only slowly. A more satisfactory variation was 
to treat the sampIe with bromine alone under reflux. then 
evaporate all excess of bromine Before extracting the iron 
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apparently forms in the alcoholic solution of bromme even 
when moisture is rigorously excluded.3 In Fig. 1, (a) and 
(b), are shown portions of the X-ray diffraction patterns 
of a synthetic sample containing iron (II) oxide, silica, and 
approximately 6?/, fayahte before and after treatment wtth 
bromine in methanol. It is clear that most of the fayalite 
has been dissolved during this treatment. 

Several variations of the method of Kraft and Fischer’ 
were studied in order to overcome this problem. It was 
found that whereas iodine m methanot did not attack the 
fayalite, the metaIlks--tin, iron, and iron-tin alloys-were 
halogenated only slowly. A more satisfactory variation was 
to treat the sampIe with bromine alone under reflux. then 
evaporate all excess of bromine Before extracting the iron 



Fig. 1. X-Ray diffraction patterns, using CL&Z radiation, 
of (a) reference sample containing FeO, SD,, and about 
6”/, fayahte; (h) as for fn) after treatment with bromine 
in methanol; (c) as for (a) after treatment with bromme 
alone and subsequent washing with methanol. Asterisks 

= fayaiite peaks. 

bromide with methanol f&g. 1). This has been developed, 
and constitutes the proposed method described here. 

EXPERlMEN‘l’AL 

Sample materials 

In order to test the accuracy of the proposed method 
a synthetic fayaiite free from metallic iron was required. 
Fayahte is dBicult to prepare, however, m pure form. 
When It is made by reducing mixtures of non oxides and 
silica the reaction is incomplete at low temperatures (beiow 
fKlV),4 although it is known that fayalite will form more 
readrly at such temperatures when ~urn~~urn is present,5 
A synthetic fayalite was therefore prepared by reducing 
a mixture of analytical grade iron(III) oxide (Merck) and 
kaolin (Suprex clay) with lap/, carbon (Colcarb Grade I, 
activated carbon) at 870” for 60 min in an enclosed 
vibrated silica reactor. The mitral mixture contained a 
small excess of iron oxide (about 6%) over the stoi- 
chlometrlc requirement to form fayalite from the silica in 
the kaolin. X-Ray diffraction revealed no free silica or 
metallic iron in the product, and apart from a trace of 
magnetite, iron was present either as iron(H) oxide or 
orthosihcate. No crystalime aluminium phase other than 
hercynite could be detected. The total iron content of the 
sample was determined by chemical analysis to be 41-O:& 
From the X-ray diffraction pattern and chemical analysis 
a fayalite content of 60-7VA was indicated. 

An iron-tin alloy was used as a source of metallic iroa 
since the metallic iron was in this form in the reduced 
tin calcmes for which the method was developed. This 
alloy was prepared by melting iron and tin metal in an 
alumina crucible m an induction furnace. The iron content 
was found to be 746”~; and the tin content 254’/,. 

Reagents 

All chemicals should be of analytIca reagent quality. 
The methanol used should ccmtain no more than 0.1% 
water. 

Transfer an accurately weighed sample, containing up 
to 100 mg of metallic iron, into a X%-ml conical Aask 
kround-glass ioint\. Add 10 ml of bromine kooled to 5% 
l% a re&x condenser, and reflux at 58” for i hr to ensure 
complete dissolution of the metallic iron and tin. After 
cooling, remove the condenser, and pass dry air through 
the flask to remove excess of bromine. Do not heat the 
sample toa strongly (above 60”), or loss of iron bromide 
may result Trap the excess of bromine (if necessary) by 
bubbling the etlluent gases through 5M sodium hydroxide. 
To prevent formation of hydrogen bromide, which will 
react with the fayahte, exclude water from the reagents 
and glassware durmg the bromination process and during 
and immediately after removal of excess of bromine. Store 
the sampies, rf reqmred, in a desiccator over phosphorus 
pentoxide. 

When the bromine has been completely removed, add 
70 ml of methanol to the Bask and stir magnetically at 
60” for 30 min to dissolve the iron bromides, After cooling, 
filter this solution through a filter of pore-size < 0.5 pm 
(Millipore EIDWF or equivalent) and wash the residue well 
with methanol. 

Transfer the filtrate to a 3OCMOO ml beaker and evapor- 
ate d ta 20 ml. Add 50 ml of hydrochloric acid and again 
evaporate to 20 ml to remove the methanol. Transfer this 
solution into a lO@ml volumetric flask and make up to 
volume with distilled water-solution A. 

Carefully transfer the filter pad containing the residue 
to a zirconium or nickel crucible and ignite at about @JO0 
to remove organic matter. When cool. add to the residue 
4 g of sodium peroxide, mix, and fuse at about 600” until 
a homogeneous liquid Aux is obtained. Cool, then add dis- 
tilled water (about 20-U) ml) sfowly to the fusion mixture, 
with a watch-glass covering as much as possible of the 
crucible. When the reactlon has ceased, transfer the reac- 
tion mixture into a 150-ml beaker and wash the crucible 
with 20 ml of concentrated hydrochloric acid, followed by 
distilled water, transferring these washings to the beakcl 
Heat to boiling to dissolve the solids and remove any dla- 
solved hydrogen peroxide. Cool, transfer the solution into 
a 100”ml volumetric flask. and make up to volume with 
dist&d water-solution B. 

Take suitable aliquots of solutions A and l3, make them 
4N m hydroGhlor~c acid. heat, reduce the Iron to iron- 
(G) with 10% stannous chloride soiuhon, adding 2 or 3 
drops m excess, cool, add 10 ml of 4+YQ mercuric chloride 
solution, 90 ml of MN sulphuric acid and 10 ml of ortho- 
phosphoric acid (1 + 1) and let stand for 5-10 mm. Titrate 
with 0.01N potassium dichromate, using barium diphenyl- 
aminesuiphonate as indicator. 

The titration of solution A gives the amount of metallic 
iron and that of solution B the iron present as oxide or 
fayalite. 

If a titration volume greater than 5 ml cannot be 
obtained it 1s preferable to determine the iron by atomlc- 
absorption spectrometry, using iron standards contaming 
the same matrix as the samples. 

To test the eEeetiveness of the separation technique a 
series of synthetic fayalite and metallic :ron mixtures was 
prepared from the metallic tin-iron alloy and synthetic 
fayalite mentioned earher. The mixtures prepared, and the 
results of their analysis by the proposed method, are listed 
in Table 1. 

The method has been successfully applied to the analysis 
of reduced tin caicines containing a wide concentration 
range of metallic iron. Four reduced tin calcine samples 
were prepared under different conditions to give: 

(A) high metallic iron (as Iron-tin alloy) and negligible 
fayaiite content; (B) moderate metallic iron and high faya- 
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Table 1. Results for the determination of metallic iron m the presence of fayalite 

Fe”/fayalite Metallic Metallic Fe as oxide Fe as oxide 
in sample Fe added.* Fe found, Differences, added?. found, Difference, 
(approx.) mg W W nly mcJ W 

@oo ml 0.25 + 0.25 85.3 85.2 -0-l 
0.02 194 2.70 i-O-76 83.2 81.8 -14 
0.10 116 12.6 +1-o 763 77.7 + I.4 
0.40 388 41.4 + 2-6 61.7 61~0 -07 
1.06 72.8 73.5 +0.7 43.5 43~9 + o-4 
1.14 76.2 77.2 + 1.0 415 41.4 -0-l 
1.14 76.8 782 + 1.4 425 43.8 fQ3 

* Metallic iron added as 74,6O/, Fe-Sn alloy. 
t Iron added as synthetic fayaiite containing 60-70?,, 2FeO.Si0,. 

Table 2. Determination of metallic iron and iron oxide m reduced tm calcmes 

Extraction usmg bromme m Extraction using proposed method 
methanol” (bromine alone) 

Fe as Fe as Total Fe, Fe as Fe as Total 
Sample oxide,? “i, metal. ‘I0 (1 

” oxtde,t”,, metal. “” Fe, on 

AEi 8.3 260 34.3 8-3 26.2 345 

: 12.9 28 28.9 17.1 31.7 30.0 20.6 29.2 12.0 1.70 326 30.9 
D 22.5 3.4 25.9 25.2 0.19 25.4 

*See Refs. 1, 2. 
t Includmg fayahte. 
$ Negligible fayahte content. 

iite content; (C) low metaihc non and high fayalite con- 
tent; (D) very low metaliic iron and high fayaiite content. 

The nature of these samples was confirmed by X-ray 
diffraction. Table 2 compares the results obtained by using 
the proposed method (bromine alone) for all four samples 
and the bromine-methanol method of Kraft and Fischer 
for samples A. C and D and that of Bium and Sear1 for 
sample B. The bromme-in-methanol results for metaihc 
iron in samples B, C, and D (high fayalite content) were 
much too high to correlate with the X-ray diffraction data. 
X-Ray data for the residues from these samples after treat- 
ment with bromine in methanol showed also that for 
samples B, C, and D some fayalite was dissolving with 
the metallic non. In sample A (negligible fayalite) the two 
methods gave the same result. 

The use of bromine in methanol to separate metallic 
tin from tin(W) oxide (cassiterite) has been demonstrated 
by Tsukahara, Yamamato and Tonomura.b The present 
authors’ proposed method (bromme alone) has resulted in 
metallic tin being separated from tin(W) oxide simul- 
taneously with the separation of metalhc non from fayaiite. 
However, as in the bromine-in-methanol method, complete 
recovery of the tm m the filtrate was not achieved, because 

of the loss of tm(IV) bromide as the methanol evaporated. 
Addition of sulphuric acid did not reduce the loss of tin(JV) 
bromide, as it does for tin(IV) chloride,’ and so far the 
concentration of metalhc tm rn the samples has been deter- 
mmed by difference. 

I. 

2. 

3. 
4. 

5. 

6. 

7. 
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Summary-In a proposed new procedure the sample is treated with bromine, the excess of bromine 
removed, and the residue extracted with methanol. After filtration the filtrate is evaporated to remove 
methanol and the bromides are dissolved in hydrochloric acid for determination of metallic iron. 
The oxide residue from the filtration IS fused in sodium peroxide and then dissolved m hydrochloric 
acid for the determination of iron present either as oxide or silicate. Iron in the hydrochloric acid 
solutions from the residue and filtrate is determined either by titration with standard potassium dtchro- 
mate solution or by atomic-absorption spectrometry. 
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EXTRACTION AND ~PECTR~PH~T~~ETRiC DETER~~NAT~O~ OF 
COPPER WITH l,l,i-TRIFLUORCI-3-(2-THENOYL)ACETONE 

Hrnm AKAIWA, HIROSHI KAWAMQTO and FUJIO IZUMI* 
Department of Chemistry. Faculty of Technology, Gunma University, Kiryu. Gunma 376, Japan 

(Recriard 18 September 1975. Accepted 1 November 1975) 

The s~~trophotometrlc d~~~rminat~on of copper with 
1. I .t -hiRlloro-3-(2-thenoyl~cetone (HTTA) has been 
reportedI-’ to have the drawback that the maximum 
absorption of the extracted species, fu(TT& at around 
34Onm cannot be used because of the mterference caused 
by the residual HTTA which shows a strong absorption 
band near 340nm. Similar mterference occurs in the 
method using l.l,l-trifluoro-3-(2~thiothenoyl)acetone.3 An 
improved method uses adduct formation of Cu(TTA), with 
pyridine.4 It is now shown that the excess of HTTA can 
be removed by scrubbing with sodium hydroxide solution 
without any decomposition of Cu(‘I’TA), if chloroform is 
used as a diluent. and a highly sensitive method results. 

A standard solution of copper(H) f 100 &ml) was pre- 
pared by dissolving copper(H) sulphate pen~hydrate in 
distilled water. Acetate buffer, pH cu 5.4. prepared by mix- 
mg 0 2M sodium acetate and O.2M acetic acid was purified 
by shaking with O.GOfiW HT’IA in chforoform; the aqueous 
phase was washed with chloroform three times and filtered. 

Transfer the sample solution contaming not more than 
JOng of copper(H) to a separatory-funnel. Add, if necess- 
ary, 5ml of 4O, potassium fluortde solution for masking. 
Adjust the pH to cu. 5.4 by additron of acetate buffer. 
then shake the aqueous phase vigorously for 3min with 
IOml of 0 001&f HTTA in chloroform. Allow the phases 
to separate and draw off the extract into another separa- 
tory-funnel. Add IOml of U.DoS;M sodium hydroxide and 
shake the mixture for 4 mm. Measure the absorbance of 
the organtc phase at 344 nm against a reagent blank. 

RESULTS AND DlSCUSSlON 

Table 1 lists the absorbances obtained with use of differ- 
ent organic solvents. Values of the partition coefficients 
of CU(TTA)~. P,,,. calculated from the literature data,5m7 
are also shown. The resistance of the extracted CU(TTA)~ 
to attack by hydroxide IS explained in terms of the differ- 
ences m P,, for the tive solvents. Since the decomposition 
of Cu(TTA), is constdered to occur in the aqueous phase, 
a high P,,% v&e will lead to increased resistance to the 
a&ah treatment. In particularly, the hydrogen-ending of 
chloroform to copper(H) @-diketonates8 may result in a 
higher vaiue of P,?, than with the other solvents. 

Figure 1 shows the absorption spectra of the CU(T”TA)~ 
complex m chloroform and of the reagent blank. obtained 
by the procedure described, showing almost complete 

“Present address. National Institute for Researches in 
Inorgamc Materials. Sakura. Nirhari. Ibarakt 300-31 

Table I. Effect of organic solvent on the absorbance 

Solvent Absorbance log pEnn 

Cyclohexane 5.123 -2.52 

KyieIle 0.496 - 

Benzene 0.541 1.12 

Garbon tetrachlorlde 0.549 5.72 

Chloroform 0.621 1.41 
l.l_ 

removal of the residual HTTA m the orgamc phase. The 
complex has maxtmum absorbance at 344nm, molar ab- 
sorpttnty 4.9 x 1041. mole-‘.cm-’ in good agreement 
wtth that measured for a chloroform solution of crystalline 
Cu(TTA)z. Therefore, the decomposition of Cu(TTA)a dur- 
mg the alkalt treatment was confirmed to be negligible. 

Copper(Tlf is efticiently extracted over the pH range 
5-6.2, but extraction is incomplete outside this pH range, 
hence a pH of 5.4 was adopted. 

Calibrarm curve 

The calibration curve obtained at pH 5.4 is linear over 
the range O- 10 ng of copper(H). In 9 determinations of 5 @g 
of copper(H), the absorbance was 0.399 rt: 0.003, the rela- 
tive standard deviation being I.O”/,. The Sandell sensitivity 

Wavelength, nm 

Fig 1. Absorption spectra of (a) Cu(TTA)z &elate and 
(b) reagent blank in chloroform. Cu(I1): 8 ng. 
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IS 0.0013 &cm2. is considerably higher than that for the 
dithizone method (0.0022&cm2) or the HTTA-pyridine 
method (0.0023 pg/cm’). 

1, 

Int~rfermcrs 

No Interference in determination of 5 pg of copper(H) 
was observed for 1 mg of Mg, Ca, Sr, 10O~(g of Mn(II), 
Zn, Ag(I), Cd, Hg(II), Pb, and 2Opg of Co(II), Ni. Forty 
times as much as Al, Fe(III), and Cr(II1) as copper(I1) taken 
will interfere seriously because of formation of hydrolysis 
products, but these metals can be masked by adding 5 ml 
of 4”,; potassium fluoride solution before adjusting the pH. 

2. 
3. 

4, 

5, 

6, 

Determmation of copper m natural water 
7 

The present method was apphed to the determination 
of copper(I1) in a natural water sample taken from the 
Watarase river. The analytical value (five determinations) S, 

was 0.060 f 0.001 &ml. The average recovery, tested by 
doing four determinations with 5pg of copper(I1) added 
to the sample solutions, was 101:; 
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Summary-Copper(IIt_trifluorothenoylacetone complex in chloroform does not undergo decomposition 
when scrubbed with sodium hydroxide solution. This allows the complete removal of the residual 
reagent, and a highly sensitive method for the extraction and spectrophotometric determination of 
copper(I1) results. 



ANALYTfCAL DATA 

A POTENTIOMETRIC STUDY OF THE COMPLEXES 
FORMED BETWEEN Ni(II) AND Zn(I1) AND 

3-MERCAPTOPRQPIONIC ACID 

In earlier investigations r4 the complexation of the metal 
ions Nizt and Zn’+ with the f&wing thiols as ligands 
was studied: 2-mercaptoethanol (MEL), 3-mercapto-1.2* 
propanediol (MPD). thioglycollic acid (TGA) and thiolac- 
tic acid (TLA). 

Not much work has been done on the complexation 
of 3-mercaptopropionic acid (3-MPA)_ Sax&a and 
G~uta~~~ studied the Ni’* and Cd’+ comaiexes of this 
l&&d and found only ~~t~onu~lea~ complexes. This is not 
smpnsmg, taking into aozount that the range of total metaf 
ion concentration used was rather restricted. fn the present 
work the eomflexation of Ni* * and Zn’* with %nemapto- 
propionic acid is studied over a large ~on~en~at~on range. 
This &and is interesting for compa&n of the results &h 
those obtained for TGA and TLA, since the carbuxyl 
group is substituted in the ,%position relative to the -SH 
group. 

EXPERIMENTAL 

Apparatus 

A digital pH-meter “Radiometer pHM52” was used, 
equipped with a G 202 C glass electrode and a saturated 
cafomel de&ode as reference The glass electrode was 
standardized with an NBS standard @OfM borax buffer, 
pH 9.18 at 25”.’ Aft so~~t~o~a were kept at 25”. 

Stock solutions (@2&f) of nickel and zinc nitrate were 
prepared and standardized as before.**z 3-Mercaptopro- 
pionic acid (3-MPA) was obtained from Fluka and redis- 
tilled just before use. Aqueous solutions of 3-MPA are 
stable for a long period if they are prepared with oxygen- 
free water and regularly flushed with pure nitrogen. All 
solutions were made up to an ionic strength of-O.5 with 
potassium nitrate (Merck p.~z.) to keep the activity coeffi- 
ctents as constant as possible. 

The trtration procedure for zinc was as described 
before_’ The totaf metal ion ~~~ntrat~on was varied from 
@tXX to ~.~~~~~ The initial hgand concentration was five 
times the tordr metal ion concentration. The reaction of 
nickel(H) with 3-MPA was too siow for direct titration. 
Therefore a series of SO-ml volumetrz flasks was prepared, 
containing solutions with constant total metal ion and 

* Present address: Laboratory of Chemical Analysrs of 
Food from Ammal Origin, Caslnoplein, 24 B-9000 Ghent, 
Belgium. 

T Present address: Dep&rtmcnt of Chemistry, Lrmburgs 
Universitair Centrum, B-3610 Diepenbeek. Belgium. 

&and concentrations but increasing amounts of base. A 
X-ml ahquot of each solution was diluted to %)-ml with 
@SM potassium nitrate, giving a second series with half 
the oxiglnal total metal ion concentration. A ~oustant pH- 
value was obtained after 1 hour. 

The cabuIations were performed with a number of com- 
puter programs written in FORTRAN IV. Ali programs 
were executed on a Simens 4oo?tjI% computer. 

The symbols used are those listed eartier,3 except that 
B reoresents Nit+ or Zn’+ (and 3 the total metal ion 
con&r&ration), A represents ‘3-MPA (and A the total 
ligaod Concentration). 

The protonation constants log Ku, of the carboxylate 
and mercapto group of 3-mercaptopropionic acid (3-MPA) 
were c&&ted by a method-described by Thiers, Van 
Poucke and Herman’ and found to be 416 and IO.10 re- 
spectively, 

With a general computer program ZPAF the formation 
functions Zfpa)s were calculated as befores A proportiona- 
hty factor described before” was used to calculate [H’3 
From the activity of the hydrogn ion. 

The formation curves for the Zn”“/3-MPA complex at1 
crossed at a value 2 = 2 1.4& farming a real or pseudo 
cross-ftver point. From graphical analysis of the formation 
curves~**lz it appeared that a mixture of mononuclear 
complexes BA, BAZ and a “core -t links” series B(A,B), 
with &,,= 3 was very probable. To find out which com- 
plexes were really present the computer program PNUC 
was useds4 

This program is based on minimization of the function 
Lr related to the difference between calculated and experi- 
mental Z-values: 

u = E (Z& - Z,,p)2 

The standard deviation of Z is given by 
Cf) 

@“(=Z) = LJti”&cXp - sar) (2) 

where fz,, is the number of ~x~~rne~ta~ points and +, 
is the number of eom$exes. This e&uIation is repeated 
for di%rent compiex compositions, and the set of eom- 
&xes that is really present wilt give the lowest values of 
LJm’,,, and a(Z). 

The calculation is started with guessed stability con- 
stants Bad guesses can ruin the calculation, If the guess 
for a certain stability constant is too low, its contribution 
to U is negligible and the constant remams unchanged 
during the calculation. The best guesses are 3-5 log fi units 
higher than the finally obtained results. 

405 
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Input values for a complex B,A, can be cal~~iiatedi3 
from 

log &P (guessed) = 2.1 (Q - 11 + Ppri (31 

where pa is the value of -log LI for B = @016 and 2 = 0.5. 
The distribution of complexes (x,.,) was calculated from 

(4) 

The results for the zinc system are gtven in Table 1. The 
possible complexes are BA, BAA. B,A*, BrAI and B4Ah. 
The complexes BA and &Al are rejected and the system 
ZnZC/3-MPA can be represented by the formation of the 
complexes BAI. B3A4 and B4A6. 

The formation curves for the NI/~-MPA system are 
shown in Fig. 1. The “core -t links” theory could not be 
apphed. As there is no “cross-over” point a mixture of 
poly- and mononuclear complexes is not very probable. 
Below Z = 0.7 the spacing of the curves points to a 
“core + links” series (AZB),, also found for other Ni’+ thiol 
complexes.‘-4 For 2 > 0.7 the spacing changes and ali for- 
mation curves tend to a value of Z,,,= 2. so complexes 
with a hgand/metal ratio of 2 are very probable. This sys- 
tem was also treated with the program PNUC, starting 
with two complexes B3A4 and B3Ab. and adding sequen- 
tially all complexes with less than seven metal ions and 
a ligand/metal ratio <: 2. The mononuclear complexes BA. 
BA2, BAs and the polymeric complexes (BA2)” with 
n = l-9 were also tested The complexes were accepted 
or rejected as described elsewhere.” The Iowest value for 
u Ill,” and o’(Z) was found for a mixture of complexes 
BsA,,, B,Ar2. B,Ag and B,A,,. As can be seen from Table 
2 the pr~ornjn~t species are B,A l z and B,A, 

DISCUSSION 

The complexes formed between Ni’+ and 3-MPA are 
totally different from the Zn’+ complexes of 3-MPA, 
which are analogous with those formed with TLA and 
TGA. 

This different behaviour is not yet understood. From ear- 
lier measurements it was found that hgands such as MEL 

Table 1. Stability constants for 3-MPA/ZnL” complexes 
from treatment with PNIJC 

Syctem h B, I’ % Ibrr prercnt L’“,,” fl?Zl 

BA 344 <Ol _ 0 015s3 06, x IO_’ 
BA, 12 I8 97 + 
B,A, 1195 <Ol - 
B,A, 30 40 32 + 
B,Ah 45 59 40 + 

i$, 
I? 18 97 + l10?7lX 063 x 10 ’ 
II 95 <o I _ 

bA, 30 47 32 + 

BIAO 45 45 40 f 

Bh 344 <01 0 0zis.F 059 x 10-3 
BA: i2lR 97 + 

B,A* 3040 32 + 
B, 1x, 45 59 411 + 

and MPD, containing the SH group as the only complex- 
mg group, form polymeric complexes B(A,B), with high 
values of II. The implant of a second complexmg group 
on the molecule can block the growth of the polymeric 
chain. The second group competes with the -SH and after 
formation of some links it can be energetically favourable 
to fill up the empty co-ordination places around Nil+ with 
the second group instead of the -SH group. This may be 
the reason why complexes higher than BsA, are lacking 
in the system Ni’~/cysteamine,’ By analogy with polymer 
chemistry we could cafl this a termination reaction. or the 
second group a “stop” group. 

The second group can also confer an extra charge on 
the complex This is the case for TGA. TLA and 3-MPA. 
Whtle the complexes of MEL. MPD and %-MEA have two 
positive charges, the complexes of Ni’+ with TGA, TLA 
and 3-MPA receive two negative charges per BA2 link. 
High charge on a complex will not be favourable for the 
stability of that complex. 

7. 

i- 
? ‘- 

c 

I- B 

. 0016 M 

- 0009M 

m 0004 M 

o 0002 M 

D 0,001 M 

Fig. 1. The formation curves of the system nickel(H)-3MPA. 
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Table 2. Stability constants for NI~~/~-MPA camp~exes 
from treatment with PNLJC 

This could explain the complex formation between Ni”” 
and 3-MPA. If, in the ca.se of N?*, a sh-membered che- 
iate, fess stable than a ~~e-~~~r~ &elate, is not able 
to stop the growing of the p~~ymenc chain, the formation 
of higher complexes will be i~b~bit~ by the higher charge 
on the comptexes. 
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Summary-The cornpositron and stabthtp constants of the complexes formed between N? and Znzc 
and 3”m~rcaptoprop~~nic acid f3-MPAE were studied by a potentiometric method at 25” and in @SM 
KE*‘Q+ For the system Zn*+/%ViPA a mixture of the mononuclear complex HA:, and the polynucfear 
~~~~~exes B3AQ and B,& was Found 113 means the metal ion and A the i&and]_ ‘The system Ni”‘/3- 
MPA can be represented by the complexes B&ro, BeAll. I&A9 and &,A,,, In tkis senes the last 
two complexes are predommant. 
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PRELIMINARY COMMUNICA-ITON 

T’HE ~~~~ATIO~ OF GLYCSROL lW WTLR BY PLOW-INJECl'ION 

ANALYSIS - d UOYEL %AY OF ASTIR VISCOSITY 
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Chemistry Department, University college oP Swansea, 

Svmnses Sx2 am, tT.K. 

J. R&&s 
Chemistry De~rt~nt A, T ethnical University of Denmark, 

2800 Lyngby, Denmark 

(Received 12 MB 1976. Accepted 15 bI& 1976) 

In a typical determinwtion by flow-injection analysis a measured amount of sample is injected 

into a flowing stream of oolovr-forming reagent and the absorbance of the solutfon is 

Gontinuous~ recorded at some suitable distance down-line. t-4 The reaction between reagent 

and sample gives rise to a peak in absorbance , having a height proportionalto the amount of 

sample injected. 

The parameters such as flow-rate, sample size and length of tubing between the sample- 

injection point and the detector, are selected so that a linear relationship exists between 

peak height and concentration of sample. Rowever there is necessarily some mixing of sample 

plug and the flowing stream of reagent. The extent of mixing will be reflected in the shape 

of the observed peak, and most obviously in the peak height. The degree of mixing willb6 

a function of the viscosity of the sample solution. %e have tested this hypothesis by 

injecting solutions of glycerol in water, which are widely used as standards for viscometry, 

into a flowing stream of water. The flowing stream had some colouring matter added so that 

the sample plug was identified by .a reduction in absorbance. 

Apparatus 

The flow-injection analyser has been described elsewhere. j-4 Samples of 100 fil or 

greater were introduced by hypodermic syringe into a sample-injection block, whilst those 

of 50 ~1 were admitted through a newly designed sample inlet. A flow-rate of 4 ml/min was 

maintained. The absorbance was measured at 620 nm in a flow-cell with optical path of 

IO mm. Occasionally there was some sample contamination from the previous sample, if it 

contained a hiSh proportion of glycerol. It was rapidly washed away by water or the next 

sample. Substitution of Teflon or polyethylene tubing made no difference. The length of 

the tube was 1.4 m, bore 1.0 mm, for the set of experiments shown in Fig. 1. 

Solutions 

lixtures of glycerol am3 wter were made up by weighing each component. The flow- 

solution was O.OOlS Rromothymol Rlue in water , buffered at pR 9.2 with a borate buffer. 

RESUITS 

The results shown in Table 1 and Fig. 1 show that with pure glycerol there is virtually 

no dye in the snmple plug, but the dye occurs increasingly as the concentration of glyoerol 

is lowered. The method oan be used to determine extremely rapidly the composition of a wide 

range of glycerol-water mixtures. The results obtained during trial runs in which tubs 

lengths, flow-rates and sample size were varied suggest that it would be easy to obtain 
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Pig. 1. Chart response fxom PLou4njeotion 
of lOO_~l eamplss 59 glycerol-water 
mixtures into a flowing stream of 
vster (for deteila, me Table 1) 

Z”rtble 1, Chtsrt rmqmn~e for flow-injection uf 
lOO-pl ssmpples of &yasrol-water 
mixtures of different tisc0eit.y 

* Mean of 4 readinga, range XI mean -t- 1 
t Xnterpolated for 21.8' Prom values (cP) in ref.5 

SCAN - 

prszxise results PO? the composition 0~52 a narrow range. The method shouM be generally 

appUc3ble to the detern&netion of tha csomposxtion of mixtures of miscible liqtids. 

The viscosity of the sa3zple is an important faetor in the extent of mixing and these 

reeults euggest that there is the possibility of measurir~g viscosity simply and rapidLy by 

injection-flaw snalyeis. 

&ny more experiments mill be required to assess the validity 0E this bypotbesi.a, but 

the presant results have far-reaohiny implications fo r the scope of flow-injection analysis 

and cous?d not have been obtained with "Anto-Analyzers" which depend on air-bubbles to 
separiafe samples. They also point to the need to ensure that the viscosities of sample and 

.5tana8pa solutions are equal, or at lea& maintained constant throughout a run on the flow- 

injection ana2gaer. This may present s special problem in clinics1 analysXs, where serum 

sample8 have considerably bigber vksaosity than aqueous standards, 

~o~o~~e~~ae~t - Ee are grateful to the ErStieh Council for a Brawl grmt to B,B, 

~~~~S 
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CHLOROFORM EXTRACTION OF METAL ETHYL XANTHATES 

FROM HYDROCHLORIC ACID MEDIA 

ELSIE M. DONALDSON 

Mineral Sciences Laboratories. Canada Centre for Mmeral and Energy Technology, Department of 
Energy, Mines and Resources, Ottawa, Canada 

(Receised 14 October 1975. Accepted 10 November 1975) 

Summary-The chloroform extraction of 32 elements (Fe, Co. Ni. Zn. Cd. Ge. Sn, Pb, V. As. Sb. 
Bi. Cu. Ag. Au. Mn. Re. Ga. in. Tl. Ce. Se. Te, Cr. MO. U. Pt. Pd. Rh, Ir, Ru and OS) from 0.1-IOM 
hydrochloric acid media in the presence of potasstum ethyl xanthate has been studied. The oxidation 
states in which some elements react, and potential analytical separations, are discussed. Pd(II), As(II1) 
and Se(IV) are completely extracted as ethyl xanthate complexes, Te(IV) ts almost completely extracted, 
and Au(II1) is largely extracted over the range of acid concentratton mvestigated. Mn(I1). Zn, Rh(III), 
Ir(IV), Ru(III), Os(IV), Cr(III), Ct(VI), Ce(II1) and Ce(IV) are not extracted. Ge is partly extracted 
from 6-10M media as the chloro-complex. Depending on the acid concentration, the remaining elements 
are all partially extracted as xanthate complexes. 

In a recent reviewi on the solvent extraction of metal 

xanthates, particularly those formed by ethyl xanthate, 
the characteristics and analytical uses of these com- 
plexes were described. Much of the information in 
this and previous reviews2-5 appears in obscure 
Soviet journals and other papers not readily access- 
ible to Western readers, or for which English trans- 
lations are not available. In many cases, the abstracts 
of these papers do not provide information on the 
optimum range of pH or acid concentration required 
for the extraction of the elements under consideration, 
or the extent to which some are extracted from rela- 
tively strongly acidic media. 

Published data6 and information obtained by the 
author in previous work, involving the separation of 
molybdenum from tungsten’ and bismuth from lead* 
by chloroform extraction of their ethyl xanthate com- 
plexes, suggested the possibility of the simultaneous 
group extraction of xanthates of elements such as 
arsenic, antimony, bismuth. selenium and tellurium 
from hydrochloric acid media. For this reason, it was 
considered worthwhile to investigate the extraction 
of the ethyl xanthate complexes of these and other 
elements into chloroform from O.l-lOA hydrochloric 
acid media. It is expected that such separations will 
be useful in the atomic-absorption analysis of metalli- 
ferous materials for many of these elements at levels 
ranging from minor to trace. 

EXPERIMENTAL 

Reagents 

Solutions of selenmm(IV). cobalt(H). chromium(II1) and 
(VI). rhenmm(VI1). cerium(II1) and (IV). uranium(V1) and 
thallium(I) were prepared from analytical-reagent grade 
salts by dissolvmg them in water. 

Solutions of rhodium(III). ruthenium(II1). iridium(IV). 
osmium(W) and iron(I1) were prepared by dissolving 
appropriate salts in water plus sufficient 10M hydrochloric 
acid for the final hydrochloric acid concentratton to be 

Crown Copyrights reserved 

1M. Solutions of molybdenum(V1). arsenic(II1). vana- 
dium(V) and germanium were prepared by dissolvmg the 
oxides in dilute sodium hydroxide solution and adjusting 
the pH of the solutions to -7 with dilute hydrochloric 
acid. 

Nickel, zinc and manganese(I1) solutions were prepared 
by dissolving the metals in hydrochloric acid. An iron(II1) 
solution was prepared by dissolving the metal m hydro- 
chloric acid and oxidizing with hydrogen peroxide. Solu- 
tions of bismuth. lead, indium(II1) and copper(I1) were pre- 
pared by dissolving the metals in nitric acid. A cadmium 
solution was prepared by dissolving cadmium carbonate 
in hydrochloric acid Silver and galhum soluttons were pre- 
pared by dissolving silver sulphate and gallium oxide in 
nitric acid. Aliquots of these solutions were evaporated to 
dryness to remove the acids before extractton. 

Gold(III), platinum(IV) and palladium(I1) soluttons were 
prepared by dissolving the metals in aqua regia. Aliquots 
of the gold and platinum solutions were evaporated to 
dryness on a hot water-bath, 10 drops of aqua regiu were 
added and the solutions were evaporated to dryness m 
a stream of air before extraction, to prevent thermal 
decomposition of the salts. Aliquots of the palladium solu- 
tion were evaporated to dryness on a hot water-bath before 
extraction 

A stock solution of tin(W) was prepared by dissolving 
the metal in 10M hydrochloric acid and diluting to volume 
with the same acid solution. A workmg solution. IM in 
hydrochloric acid. was prepared by IO-fold dilutton of this 
solution. 

A solution of anttmony(II1) was prepared by dissolving 
antimony potassium tartrate in water containing sufficient 
tartartc acid for its final concentration to be 19,. and 
adjusting the pH of the solution to -7 with dilute 
ammonia solution. 

A solution of tellurium(IV) was prepared by dissolving 
tellurtum dioxide in sufficient 10M hydrochloric acid for 
the final solution to be 0.5M in hydrochloric actd. 

All these working soluttons were prepared so as to have 
a lOO@ml concentration of the element concerned, and 
weighmgs based on formula weights were taken as correct. 
Analytical-reagent grade chloroform was used without 
further purification. 

Gerteral procedure for exrracrlon 

Sufficient 10M or concentrated hydrochloric acid to pro- 
vide the range O.l-IOM was added to 150-m] beakers. each 
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Table 1. Analytical methods used for determination of the 
degree of extraction 

Element Method 

Fe Spectrophotometry. as tluocyanate 
CO Atomx-absorprlon spectrophotometry 
NI Spectrophotometry. wth dlmethylglyoxlme 
Zn Atomr-absorption spectrophotometry 
Cd Atormc-absorption spectrophotometry 
Ge Spectrophotometry wth am”~nm” molybdatc 
Sn Spectrophotometry wth gallem 
Pb Atonuc-absorption spectrophorometry 
v Spectrophotomctry as phosphotungstovanadatc 

As Spectrophotomerry wth ammomum molybdate 
Sb Spectrophotometry as to&de 
81 Spectrophotometry as lodlde 
CU ,Atomtc-absorpuon spectrophotometry 

As Atonuc-absorpuon spectrophotometry 
Au Atotmc-absorption spectrophotometry 
Mo Spectrophotometry as permanganate 
Re Spectrophotometry as tluocyanate 
Ga Atomic-absorpnon sp-xtrophotometry 

In 
TI 
Ce 
Se 

Te 
CI 
MO 
U 
Pt 
Pd 
Rh 
Ir 

RU 
OS 

Polarography 
Polarography 
Spectraphotometry after ox&ihon to cer”m(IV1 
Spectrophotomctry wth 3.3’-dmmmobenz!dme 

hydrochlorldc 
Spectrophotomctry wth tluourea 
Spectrophotometry as chromate 
Spstrophotometry as thlocyanate 
S&trobhoto”etry wth so&urn wde 
Soectrophotometry wth stannous chlorldc 
S;ectro;hotometr; as lo&de 
Spectrophotomctry wth stannous chloride 
Spectrophotometry wth u-dranwdme 
Spectrophotometry wth thlourca 
Spectrophotometry wth tluourca 

1478nm) 
(240 73 nm, 
(530”“, 
(21386nm) 
(22.8 80rl”~ 
(830nm) 
(496nm) 
(2170nm) 
(410nml 
(845 nml 
I425 nml 
(460 nm) 
1324 75 nmj 
(328 2”“) 
1242.8 nml 
(54611”) 
1425 nm) 
(294.36- 
29442 nm 
doublet) 

l350nm) 

1420nm) 
(330ll”, 
(366 nml 
(460nm) 
(36onrn) 
(405 nml 
(408 nm) 
(475 nm) 
(530nml 
(620nml 
(480Il”, 

contaming 5-ml aliquot of a solutlon of the appropriate 
metal (i.e., 5OOpg of t d e metal), or the residue obtained 
after evaporation of an aliquot to dryness (Note 1). Each 
solution was transferred to a 125~ml separatory funnel and 
diluted to 50ml with water. Ten ml of chloroform were 
added, followed by 1 ml of freshly prepared 20% potassium 
ethyl xanthate solution, and the solution was extracted im- 
mediately (Note 2) by shaking for 1 mm. The chloroform 
phase was drained into a 150-ml beaker. The aqueous 
phase was extracted twice more, in a similar manner, with 
5-ml portlons of chloroform and 1 and 0.5 ml of xanthate 
solution, then the aqueous phase was washed by shaking 
it for 4 30 set with 5 ml of chloroform. The combined 
extracts were treated with lOm1 of SO’!, v/v nitric acid 

(Note 3) and chloroform was removed by evaporation on 
a hot water-bath. Dependmg on the volatdity and other 
properties of the element investigated, and the method 
used for its determmation, the resulting solution was sub- 
sequently either evaporated to dryness. or treated with 
stutable acids or aqua regia, and evaporated to fumes or 
to dryness. 

The amount of the metal in the chloroform extract was 
determined by the methods listed m Table 1. The percent- 
age of metal extracted was then calculated from the Initial 
known total amount of metal and that found m the organic 
phase after a triple extraction. 

iVotes 
1. Tests with selenium, tellurtum. arsenic, antimony and 

thallium in their highest oxidation states were carried out 
after oxidation of these elements with 0.5”; potassium per- 
manganate solution, in dilute (0.5M or less) hydrochloric 
acid media before the adjustment of the acid concentration 
of the solution with 10M or concentrated hydrochloric 
acid and subsequent dilution to 50ml with water. In tests 
with platmum and gold 5-ml aliquots of the solutions in 
0.5 and IM hydrochloric acid media respectively, were 
also treated with permanganate solution to ensure that 
these elements were in their highest oxidation states before 
extraction. 

2. Because of the instabIlity of many metal xanthate 
complexes, the extraction was performed immediately after 
the addition of chloroform and xanthate solution. 

3. Extracts obtained during tests with ruthenium(II1) 
were evaporated to dryness with hydrochloric acid alone, 
to prevent loss of ruthenium as the volatile tetroxide. 

RESULTS AND DISCUSSION 

The degree of extraction of a number of elements 
into chloroform, as ethyl xanthate complexes. from 
O.l-IOM hydrochloric acid media is given in Table 
2 and Figs. l-4. The acid concentrations shown are 
the initial concentrations of the solutions before the 
addition, in three successive extraction stages, of a 
total volume of 2.5 ml of 20”4 potassium ethyl xan- 

thate solution. The oxidation states of the elements 
shown are those in which they were initially added. 
Although arsenic, antimony, thallium and tellurium 

Table 2. Extraction of metal ethyl xanthates into chloroform after a triple extraction 

Species 

Extraction from O.l-IOM hydrochloric acid media, 9; 

O.lM 0.5M 1M 2M 3M 4M 5M 6M 8M 10M 

Fe(U) 2.8 
Fe(II1) 13.6 
Co(H) 91.6 
Ni(I1) 98.4 

Cd(H) 84.4 
Ga(II1) 28.2 
In(II1) 99.6 
Tl(I) 8.0 
Tl( III) 51.0 

Sn(IV) 74.4 
Cu(I1) 80.0 
A&I) 48.8 
Au(II1) 88.6 
Pt( IV) 60.8 
Pd(I1) 100.0 
VW, 64.0 
U(W) 3.4 

0.8 0.4 0 
19.2 16.6 14.0 
29.6 7.8 2.8 
40.4 18.0 8.0 

0.3 0 0 
0 0 0 

82.4 37.6 0.6 
0.6 0.5 0.4 

20.2 17.8 18.0 

54.8 28.0 14.0 
80.6 79.4 81.0 
74.0 84.8 90.0 
81.0 89.0 88.0 
35.0 28.5 26.8 

100.0 100.0 100.0 
32.0 11.2 3.8 

3.4 3.4 6.2 

0 
9.6 
0 
2.0 

0 
0 
0 
0.6 

22.2 

5.6 
74.2 
92.0 
86.0 
25.2 

100.0 
1.6 
3.4 

0 0 0 0 0 
11.4 4.6 2.0 0.4 0.2 
0 0 0 0 0 
1.6 1.2 0.8 0 0 

0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0.5 0 0 0 0 

40.8 36.4 42.0 2.8 0 

2.2 1.0 0.4 0 0 
77.0 71.2 51.0 22.8 7.0 
0 0 0 0 0 

91.0 88.6 79.8 85.0 86.0 
19.8 18.0 13.4 12.0 12.4 

100.0 100.0 100.0 100.0 loo.0 
0.4 0 0 0 0 
3.4 4 0 2.8 1.4 0.4 
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HCI(M) 

Fig. I. Extraction of As(W) (0). As(V) (0). Sb(II1) @) and 
Sb(VJ (A) as a function of HCI concentration. 

are known to react with xanthate in their lower oxi- 
dation states, tests with these elements, and selenium, 
were also carried out in their highest oxidation states 
because of the known reducing action of xanthates.’ 
Tests with other metal ions (not shown) showed that 
manganese(H). zinc, rhodium(III), iridium(IVX ruth- 
enium(III), osmium(W), chromium(II1) and (VI) and 
cerium(II1) and (IV) are not extracted from O.l-1OM 
hydrochloric acid. Germanium(IV) is partially ex- 
tracted ( - 27-907;) from 6-1OM media, not as a xan- 
thate complex, but as the chloro-complex. 

Iron, cobalt, nickel and cadmium 

Table 2 shows that iron(II1). cobalt(H) and nickel 
are partially extracted at low hydrochloric acid con- 
centrations, particularly in the range OJ-ZM. The 
extraction of these ions is reasonably consistent with 
reported data.’ The erratic results obtained for 
iron(II1) can be attributed to its partial reduction by 
xanthate during or before the extraction9*i0 The low 
extraction of iron(I1) from 0.1-W hydrochloric acid 
may be due to aerial oxidation before the extraction, 
because it has been reported that iron(I1) does not 
react with xanthate.g. lo 

HCI (M) 
0 2 4 6 6 IO 

HCI (M) 

Fig. 2. ExtractIon of Pb(II) (0) and B1(111) (0) as a function Rg. 4. ExtractIon of Se(W) (0) Se(W) (0). Te(IV) (0 J and 
of HCI concentration. Te(V1) (A) as a function of HCI concentration 

Fig. 3. 

0 2 4 
HCI l d 

8 IO 

Extraction of Mo(V1) (0) and Re(VI1) (0) as a func- 
tion of HCl concentration. 

The high percentage of cadmium extracted from 
O.lM hydrochloric acid is not consistent with earlier 
data because cadmium ethyl xanthate has been 
reported as being insoluble in chloroform and other 
non-polar solvents (carbon tetrachloride, benzene, 
dichloroethane and petrol).’ 

Gallium, indium and thallium 

Gallium(II1) and indium(II1) are partially and 
almost completely extracted respectively, as colour- 
less ethyl xanthate complexes from O.lM hydrochloric 
acid. No references to the extraction of these com- 
plexes were found in the literature. However, solid 
complexes with the formulae Ga(EX)a and In(EX)3, 

(EX = ethyl xanthate) have been reported.’ i 
The low extraction of thallium(I) from O.lM hydro- 

chloric acid is consistent with earlier work’2.‘3 in 
which a number of colourless xanthate complexes of 
thallium(I) were found to be of limited solubility in 
non-polar solvents. A solid thallium(II1) complex, 
Tl(EX)3, has been prepared” but its solubility in 
organic solvents has not been reported. Table 2 shows 
that the thallium(II1) complex (yellow) is moderately 
extracted into chloroform from 0.1 M hydrochloric 
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acid. The degree of extraction first decreases with in- 
crease in acid concentration. then increases somewhat 
over the range 46M acidity. The increase is probably 
due to the extraction of the thailium(lI1) chloro- 
complex. The ethyl xanthate complex is considerably 
more soluble in di-isopropyl ether than in chloroform. 

7711. copper and silrer 

Tin(N) is partially extracted from O.l-5M hydro- 
chloric acid media. Previously, qualitative tests have 
shown that both tin(U) and (IV) can be extracted into 
carbon tetrachloride, chloroform and other non-polar 
solvents from weakly acidic media (pH w 4).9 A solid 
tin(I1) complex with the formula Sn(EX)2 has been 
reported,’ 1 which suggests that tin(W) is probably 
reduced during complex formation. 

Table 2 shows that copper is appreciably ex- 
tracted over the whole range of acid concentration 
investigated. However, a yellow precipitate remained 
at the interface after the third extractlon and the 
washing stage. and consequently erratic results were 
obtained in these tests. Presumably this was caused 
by the low solubility of copper(I) ethyl xanthate in 
chloroform. It has been reported that copper is 
not directly reduced by xanthate ions but reacts to 
form copper(H) ethyl vanthate which rapidly decom- 
poses to form copper(I) ethyl xanthate and dixan- 
thogen. The copper(I) complex 1s reported to be in- 
soluble in chloroform in the absence of pyridine.‘s 

Silver(I) is only partially extracted as the ethyl xan- 
thate complex from -L 1M or less hydrochloric acid 
because of the partial formation of insoluble silver 
chloride. The degree of extraction at this or higher 
acidity (2-3M) is also influenced by the limited solubi- 
Iity of the yellow complex in chloroform. As with cop- 
per, some of the precipitate was not extracted and 
remained at the interface after the extraction and 
washing steps. Probably more complete extraction of 
up to _ 5OOpg of silver into chloroform from 2-3M 
hydrochloric acid can be obtained if larger volumes 
of solvent are used. 

Table 2 shows that it is partially extracted over the 
whole range of acid concentration mvesttgated. A 
sohd yellow compound with the formula Pt(EX), has 
been reported.’ L ‘* which indicates that xanthate 
reduces platmum(IV) to platinum(I1) and that the lat- 
ter reacts during complex formation. 

Palladium(H) is completely extracted from 0.1-IOM 
hydrochloric acid. 

Vanadium and uranium 

The extraction of both vanadium and uranium is 
consistent with reported data.’ The orange-red 
uranium(VI) complex has been reported to be insoluble 
in chloroform and other non-polar solvents.” Pre- 
sumably vanadium is reduced to vanadium(W) by 
xanthate and reacts in the form of the V02+ ion.” 

Arsenic and antimony 

Previous mvestigator?? found that the optimum hy- 
drochloric acid concentration for the quantitative 
extraction of arsenic(III) as the ethyl xanthate com- 
plex into carbon tetrachIoride is 0.1-0.2.M. Althou~ 
Fig. 1 shows that it can be completely extracted into 
chloroform from O.l-1OM hydrochloric acid, tests 
showed that it is probably the chloro-complex that 
is extracted at high hydrochloric acid concentrations. 
In tests with arsenic(V), the increase in extraction 
from c 5-10M acid media is considered to be due 
to reduction of arsenic(V) by chloride” and sub- 
sequent extraction as either the arseni@III) xanthate 
or chloro-complex. Arsenic(V) is not extracted as the 
chloro-complex from concentrated hydrochloric 
acid.lg The degree of extraction from 0.1-4M acid 
media could be due to incomplete oxidation of arsenic 
(III) with potassium permanganate or partial reduc- 
tion of arsenic(V) by xanthate before the extraction 
step. 

The optimum hydrochloric acid concentration 
required for the quantitative extraction of anti- 
mony(II1) as the ethyl xanthate complex into carbon 
tet~dchloride has been reported as l.8-2.5M.b Figure 

Gold, piatinum ancl ~ll~~~rn i shows that it can be completely extracted into 

Table 2 shows that gold(III) is appreciably ex- 
chloroform from O.I-5M hydrochloric acid. It is con- 

tracted over the whole range of acid concentration 
sidered that antimony(V) probably extracts as the 

investigated. The extraction of a gold-ethyl xanthate 
chloro-complex.20 

complex has not been described previously, but the for- Lead and bisrn~cr~z 
mation of a solid gold(I) complex has been reported.” 
In tests with gold(III), the extraction of the yellow 

Previous investigators’ found that the extraction 

complex appeared complete, and the dark yellow 
of bismuth ethyl xanthate into carbon tetrachloride 

extract faded rapidly on standing, which suggests 
starts at pH 0.16 and becomes quantitative at pH 

decomposition of the complex. It is considered that 
1-4. Figure 2 shows that bismuth is completely 

the reaction of gold(II1) with ethyl xanthate is analo- 
extracted into chloroform from O.l-3M hydrochloric 

gous to that of copper(H). z.e., that gold reacts to 
acid. The extraction of lead. also shown m Fig. 2, 

form a goId(II1) complex which rapidly decomposes 
agrees reasonably well with eariier work.’ 

_ 
to an insoluble gold(I) complex. A similar reaction 
has been observed for the gold(W) diethyldithio- Mol~htl~un~ and rhenium 

carbamate complex.” The acid conditions required for the extraction of 
The extraction of platinum as a yellow ethyl xan- molybdenum are shown m Fig. 3. MolybdenumWI) 

thate complex has not been described previously. but is reduced by xanthate to molybdenum~v) and it IS 
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the latter that subsequently forms the xanthate com- 
plex.2’ 

Although Fig. 3 shows that rhenium is partially 
extracted into chloroform from 4-1OM hydro- 
chloric acid no references were found pertaining to 
the formation or extraction of a rhenium xanthate 
complex. Tests showed that rhenium, initially present 
in oxidation state (VII). is not extracted as a chloro- 
complex. It is known that rhenium(II1) forms ex- 
tractable complexes, with the general formula 
ReC12(NR2~CS2), with dialkyldithio~rba~tes,z2 
which are analogous compounds to xanthates. Conse- 
quently. it may be possible that rhenium(VI1) is 
reduced to rhenium(III) by xanthate and/or chloride 
ions in relatively concentrated hydrochloric acid 
media and that rhenium(~I1) subsequently reacts to 
form an analogous type of ethyl xanthate compound. 

Selenium and tellurium 

No previous study had been made of the conditions 
required for the extraction of selenium and tellurium 
as ethyl xanthate complexes, although it has been 
reported that these elements form extractable com- 
plexes in dilute acid media.7.23*24 Figure 4 shows that 
selenium(W) can be completely extracted into chloro- 
form from O.l-1OM hydrochloric acid. It also shows 
that tellurium(W) is completely, or almost completely, 
extracted (97-1009,) under the same conditions. Tests 
showed that neither selenium(V1) nor te~urium(V1) is 
extracted as the chloro-complex into chloroform from 
concentrated hydrochloric acid media. It is con- 
sidered that the extraction of these ions as xanthate 
complexes at high hydrochloric acid concentrations 
is due to their reduction by chloride ions,” xanthate 
ions, or both. Solid selenium and tellurium ethyl xan- 
thate complexes. Se(EX), and Te(EX)2, in which the 
elements are present in the bivalent state, have been 
reported.” This indicates that selenium(W) and tel- 
lurium(IV) are reduced by xanthate during complex 
formation. 

ANALYTICAL APPLICATIONS 

The results of the present work indicate that it 
is possible to separate arsenic, selenium, tellurium, 
palladium and possibly gold from all of the other 
elements investigated, except germanium, rhenium. 
platinum and copper, by chloroform extraction of 
their ethyl xanthate complexes from 1OM or possibly 
concentrated hydrochloric acid. The group separation 
of arsenic, antimony, bismuth. selenium and tellurium 
from zinc, manganese, iron, copper and probably 
nickel and lead matrices should be possible by 
extracting from 1~ 3M hydrochlo~c acid. Co-extrac- 
tion ofiron~III~~n be avoided by reducing it to the 
bivalent state with ascorbic acid before extraction, 
Co-extraction of copper(I1) can be eliminated by com- 
plexing it with thiourea. Complexation of other eie- 
ments with tartrate and fluoride ions (e.g., tungsten. 
titanium. niobium, tantalum and tin) is also possible. 

Xanthate-chloroform extraction from acid media 
has been employed for the separation of molybdenum 
from rhenium’ and of bismuth from lead.* Separation 
of rhenium from moIybdenum may also be possible 
by extracting it from a concentrated hydrochloric acid 
medium. Separation of arsenic from antimony is poss- 
ible by extracting it from 10M or concentrated hydro- 
chloric acid. Depending on the hydrochloric acid con- 
centration of the aqueous phase during extraction, 
group separations of numerous elements from ele- 
ments such as aluminium. beryllium. manganese. zinc, 
chromium, calcium, magnesium, strontium barium, 
rhenium and germanium can be accomplished by 
employing potassium ethyl xanthate in conjunction 
with cupferronz6 and/or ammonium pyrrolidine- 
dithiocarbamate” as mixed chelating agents. 

Care must be taken in applying the results shown 
in this paper to specific analytical problems because 
the extraction profiles of the elements, shown in Figs. 
l-4 and Table 2. may change somewhat with factors 
such as the amount of the species to be extracted. 
the amount of matrix elements present, the presence 
of complexing agents (e.g., tartrate or fluoride), and 
the amount of potassium ethyl xanthate and the 
volume of chloroform used for extraction. 
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Summary-The solvent extraction of metal xanthates IS reviewed with emphasis on the characteristics 
and analytical uses of ethyl xanthate complexes. Elements reviewed include As, Sb, Bi, Cd. Co, CU. 
Cr, Ga, Au, In, Fe. Pb. Mn, Hg, MO, Ni, Pd, Pt. Re. Ag, Se, Te, Tc, Tl, Sn, U, V and Zn. 

Although it has been known for a long time that alkyl 
xanthates react with metal ions to form extractable 
chelates of the type, M(RCO&),. few reviews have 
been published in English dealing with the analyticai 
applications of xanthates and/or the solvent extrac- 
tion of their metal complexes. Reviews on analytical 
reagents containing thiol and thione groups, including 
xanthates,’ the analytical uses of metal xanthates,2 
and methods for the determination of xanthate by 
means of reactions with metal ions3 have appeared 
in obscure Soviet and other journals, but unfortuna- 
tely they are not available as English translations. 
Some relatively recent reviews”’ have appeared in 
English but the emphasis in these is on co-ordination 
chemistry rather than on analytical applications or 
solvent extraction. 

Within the last 18 years, some information on the 
solvent extraction of metal xanthates has appeared 
in several books&” dealing with the extraction of 
metal chelates: also a short review has been published 
in English.” However, in these sources combined, 
the extraction behaviour of only 16 elements was 
reviewed briefly, and the literature pertaining to other 
elements previously known to be extractable was not 
reviewed. Because of the increasing analytical use and 
potential importance of the solvent extraction of 
metal xanthates. and because recent work by the 
authorI has shown that many more metal ions (e.g., 
gallium. indium, gold, platinum and rhenium) can be 
extracted as xanthates than has been hitherto 
reported. it was considered that a comprehensive “up- 
to-date” review of the extraction and characteristics 
of metal xanthate complexes would be of interest to 
analytical chemists. 

This review is concerned mainly with ethyl xan- 
thate complexes because this reagent has been most 
widely used in analytical work. In cases where the 
original papers or English translations were not 
readily available, references have been made both to 
the papers and abstracts. The solvent extraction of 
28 elements. arranged in roughly alphabetical order, 
is reviewed up to approximately mid-1975 

EXTRACI-ION AND CHARACTERISTICS 

OF METAL XANTHATES 

Arsenic 

Chakrabarty and Dei3 studied the extraction of 
arsenic(III) ethyl xanthate into carbon tetrachloride 
from acid media and found that extraction occurs 
from hydrochloric acid that is >O.OlM and is quanti- 
tative from the O.lM acid if a double extraction is 
used. The optimum acidity is O.l-O.ZM hydrochloric 
acid, From 0.05M sulphuric acid a double extraction 
is also quantitative. After removal of the solvent by 
evaporation, arsenic is determined by a conventional 
iodometric method. Moderate amounts (up to _ 80 
mg) of fluoride, citrate, tartrate and EDTA do not 
interfere in the extraction. Lead, copper(B), cobalt(B). 
iron(III), antimony(III), bismuth, tin(N) and vana- 
dium~) interfere. 

Arsenic has been determined in foods by the 
molybdenum blue method. after its reduction to the 
tervalent state with potassium iodide, removal of 
liberated iodine with sodium thiosulphate, and isola- 
tion by xanthate-carbon tetrachloride extraction from 
a sulphuric acid medium.14 Interference from anti- 
mony and tin is eliminated by washing the extract 
with concentrated hydrochloric acid containing stan- 
nous chloride. The solvent is removed by evaporation 
and arsenic(II1) is oxidized with bromine before the 
spectrophotometric determination. Similar methods 
have been used for the isolation and subsequent 
dete~ination of arsemc in zinc- and lead-base mater- 
ialsi5 and pyrite and pyrite ashes” after xanthate- 
carbon tetrachloride extraction from dilute and I 2M 
sulphuric acid, respectively, followed by back-extrac- 
tion (and oxidation) of the arsenic with bromine 
water. Antimony interferes in both methods. 

Xantham-carbon tetrachloride extraction of arsenic- 
(111) has also been used for its isolation and sub- 
sequent determination in natural water, silicates and 
biological materials after its separation by co-precipi- 
tation with hydrous ferric oxide.r7 The colourless 
complex is partly extracted into carbon tetrachloride 

417 
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and other solvents (chloroform, dichloroethane, ben- 
zene and gasoline) at z pH 4.’ * 

Recent studies by the author have shown that 
arsenic(III) can be quantitatively extracted into 
chloroform from O.l-10M hydrochloric acid.” Ther- 
mal studies have shown that it forms a 1: 3 ethyl xan- 
thate complex” with the formula As(EX where 
EX is the ethyl xanthate ion (C2H50CSz). 

Antitnon! 

Chakrabarty and De r3 found that the colourless 
antimony(II1) complex is extracted into carbon tetra- 
chloride from >O.lM hydrochloric acid, a double 
extraction from the 1.8M acid being quantitative. The 
optimum acidity is 1.8-2.5M. From sulphuric acid 
media, the extraction starts at a concentration of 
0.25M and is quantitative from the 0.75M acid 
(double extraction). After removal of the solvent by 
evaporation, antimony is determined by iodometric 
titration. Moderate amounts (up to v 25 mg) of lead, 
cobalt(II), iron(III), bismuth, tin(IV), fluoride, citrate, 
tartrate and EDTA do not interfere, but copper( 
arsenic(II1) and vanadium(V) interfere seriously. In 
most of the above-mentioned methods for arsenic, 
antimony is co-extracted and interferes. Similarly to 
that of arsenic(III), the complex is partly extracted 
into carbon tetrachloride and other non-polar sol- 
vents at 5 pH 4.” 

Recent studies have shown that antimony(II1) can 
be quantitatively extracted from O.l-5M hydrochloric 
acid I2 Thermal studies have shown that it forms a 
1:3 complex1g with the formula Sb(EX)3.6 

Bismuth 

Chakrabarty and De l3 found that bismuth(II1) 
ethyl xanthate is extracted into carbon tetrachloride 
at pH > 0.16. quantitatively at pH l-4. The yellow 
extract can be employed for the spectrophotometric 
determination of mg-amounts of bismuth. Beer’s law 
is obeyed. at 4OOnm, over the concentration range 
5-50 pg/ml. The complex is stable for 48 hr and its 
molar absorptivity is 287 1. mole- ’ . mm- ’ at 400 nm. 
At pH 1.24, moderate amounts (up to -25 mg) of 
cadmium, chromium(III), aluminium, fluoride, sul- 
phate and EDTA do not interfere. Lead, copper( 
mercury(II), iron(III), arsenic(III), antimony(III), 
vanadium(V), citrate, phosphate and tartrate interfere 
seriously. These investigators claim that bismuth can 
be separated from arsenic by selective extraction at 
pH 4.5; arsenic(II1) can subsequently be extracted 
from the residual aqueous phase at pH 1.0. Bismuth 
can also be extracted, at -pH 4, into chloroform, 
dichloroethane, benzene and gaso1ine.i’ 

The complex has been extracted into a 1:4 mixture 
of pyridine and ethyl acetate from a sodium formate 
medium.” The extract can be used for the spectro- 
photometric determination of bismuth. Beer’s law is 
followed, at 420nm. over the concentration range 
0.06-0.14mg/m1. In the presence of 0.1’; sodium 
cyanide and 0.19; EDTA. the method IS reported to 

be selective for bismuth in the presence of copper. 
cobalt, nickel and various other ions. but thallium, 
high concentrations of ammonia, and citrate interfere. 
Extraction from the stated medium into pyridine- 
ethyl acetate has also been used for the column chro- 
matographic separation of bismuth ethyl xanthate 
and mixtures of other metal xanthates (cobalt. mckel. 
copper, iron. cadmium and mercury).” 

Xanthate-chloroform extraction has been employed 
by the author. in the determination of lead in ores 
by EDTA titration, for the separation of bismuth 
from lead in a 2M hydrochloric acid-tartaric acid 
medium.22 Recently, the author has also shown that 
bismuth can be quantitatively extracted from O.l-3M 
hydrochloric acid.” Analysis of the bismuth ethyl 
xanthate precipitatei and thermal studieslg have 
shown that it is a 1:3 complex with the formula 
Bi(EX)3.6 

Cadmium 

According to Pilipenko and Ulko.” cadmium 
forms a white ethyl xanthate complex, at _ pH 4-9, 
that is not extracted into carbon tetrachloride, chloro- 
form or other non-polar solvents. However, recent 
studies on the extraction of metal ethyl xanthates into 
chloroform from hydrochloric acid media have shown 
that cadmium is appreciably extracted (- 857; in a 
triple extraction) from O.lM hydrochloric acid in- 
itially containing 500 pg. l2 Probably complete extrac- 
tion into chloroform can be obtained at pH > 1. 

Sheyanova et a1.23 found that the cadmium benzyl 
xanthate complex can be completely extracted into 
chloroform in the pH range 1.9-5.2 with a 3 : 1 volume 
ratio of aqueous to organic phase and a lW500-fold 
excess of reagent. They found that cadmium can be 
separated from large amounts of zinc at pH > IO. 

The ethyl xanthate complex can also be extracted 
into a 1:4 mixture of pyridine and ethyl acetate from 
a sodium formate medium.” Solubility studies have 
shown that cadmium forms a 1: 2 complex24 while 
spectrophotometric and kinetic studies by the same 
investigators 25~26 indicate a 1: 1 complex. The forma- 
tion of a 1:2 complex is more probable and IS sup- 
ported by the fact that a solid complex with the for- 
mula Cd(EX)2 has been reported.” 

Cobalt 

Pilipenko and Ulkoi8 found that the green cobalt 
complex can be extracted into carbon tetrachloride 
and other non-polar solvents from weakly acid media 
or at pH up to 5 9. They state that only cobalt ethyl 
xanthate can be extracted from an alkaline medium 
(cf: cadmium, manganese and copper). They developed 
a spectrophotometric procedure for the determination 
of cobalt in nickel salts, nickel metal, iron-nickel ores 
and steels, based on extraction of the complex into 
carbon tetrachloride from dilute hydrochloric or sul- 
phuric acid media. The absorbance of the extract 
is measured at 465 nm. Interference from co-extracted 
nickel alone is eliminated by shaking the extract with 
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509; v,!v ammonia solution; that from iron(II1) (and 
nickel) by shaking it with ammoniacal ammonium 
tartrate solution. The solution of cobalt ethyl xan- 
thate in the organic solvent was found to be stable 
for 3 days if kept under water. Spectrophotometric 
studies showed that cobalt and ethyl xanthate react 
in 1: 2 ratio. Beer’s law is obeyed over the concen- 
tration range of -5-50&ml. Large amounts of 
copper, mercury and silver interfere. This procedure 
was later adapted to the determi~tion of cobalt in 
manganese ores and manganese-containing slags.” 

Extraction of cobalt ethyl xanthate into amyl ace- 
tate (or methyl isobutyl ketone) has been employed 
for the separation of cobalt from zinc solutions con- 
tainine nickel.29 After adjustment of the pH to 5.8, _ 
sufficient potassium ethyl xanthate is added to pre- 
cipitate nickel (molar ratio xanthate:nickel = 6: I). 
After extraction of the nickel, fresh xanthate solution 
is added to precipitate the cobalt, then the solution 
is oxidized by air before the extraction and sub- 
sequent spectrophotometric determination of cobalt. 
Air-oxidation of cobalt is recommended because it 
was observed that abut reacts considerably more 
slowly with xanthate ions than does cobalt(II1). The 
complex formed under these conditions was found to 
be a 1: 3 complex. 

Hayashi et aI.“O studied the effects of pH, ionic 
strength and ethyl xanthate concentration on the 
extraction of cobaiYI1) into carbon tetrachlo~de. 
They found that the optimum pH range for practi- 
cally quantitative extraction is 6.5-9. Beer’s law is 
obeyed. the complex formed is a 1:2 complex, and 
the molar absorptivity is 1.34 x lo3 l~mole-’ .mm-’ 
at 356nm the wavelength of maximum absorption. 
No evidence was found for a complex containing 
cobalt and xanthate in a higher combining ratio. 

Xanthate-ethyl acetate extraction has been used for 
the spectrophotometric determination of cobalt in 
ores and alloys. 31 Cobalt is extracted (almost com- 
pletely), in two extractions, at pH 5-9 in the presence 
of potassium chloride or sodium formate as salting- 
out agents. followed by direct measur~ent of the 
absorbance of the extract at 420 nm. Interference from 
co-extracted nickel is eliminated by shaking the 
extract with 1 or 2 drops of concentrated perchloric 
acid. Beer’s law is obeyed over the concentration 
range 12-4Opg/ml. Copper is also extracted but can 
be masked with thiourea The same investigators used 
a mixture of pyridine and ethyl acetate (1:4) for the 
extraction and subsequent determination of cobalt 
under approximately the same conditionszO They 
found that the solution of the xanthate-pyridine 
adduct obeys Beer’s law, at 42Onm. over the concen- 
tration range 10-55 pg/ml. Moderate amounts of nic- 
kel (up to 0.1 mg in 0.2 mg of cobalt) do not interfere, 
but thalhum. high concentrations of ammonia. and 
citrate do interfere. The modified extraction pro- 
cedure was also applied to the separation of cobalt 
ethyl xanthate and mixtures of other xanthates (see 
bismuth) by column chromatography.‘~ 

Cobalt benzyl xanthate can be completely extracted 
into chloroform, at pH 0.9-5.2, with a 3:l volume 
ratio of aqueous to organic phase and a lW500-fold 
excess of reagent.23 Recent studies have shown that 
the ethyl xanthate complex can be almost completely 
extracted into chloroform from O.lM hydrochloric 
acid.lZ It can also be extracted from ammoniacal 
media with ethers32 and chlorinated and aromatic 
solvents, particularly dichloromethane and cyclohex- 
anone. 

There are divergent views in the literature about 
the composition of the cobalt ethyl xanthate complex, 
i.e., whether the complex contains cobalt in oxidation 
state (II)‘8*34 or (III). 32*35 According to Allison,36 
cobalt reacts in alkabne or weakly acidic media 
(- pH 4-10) to form a I :3 cob~t(II1) complex, while 
in strong acid media a f:2 cobalt(I1) complex is 
formed. Similarly, Zagyanskii3’ found that cobalt(II1) 
xanthate is precipitated at high pH values, while in 
sulphate solutions, at pH 2.5-3.5, cobalt is precipi- 
tated mainly in the cobah state. He explained the 
formation of cobalt(II1) xanthate [Co(EXM by the 
formation of dixanthogen, which facilitates the oxi- 
dation of cobalt(I1) xanthate [Co(EX)J to the cobalt- 
(III) compound; apparently dixanthogen cannot be 
formed at pH values less than -4-5. 

Pilipenko and Ulko’* reported that the yellow cop 
per ethyl xanthate complex is insoluble in carbon 
tetrachloride, chloroform and other non-polar sol- 
vents. However, copper has been found to be co- 
extracted to a certain extent into some of these sol- 
vents and to interfere in various methods based on 
extraction of metal xanthates (e.g., see arsenic, anti- 
mony, lead and nickel). Recent studies have shown 
that it is appreciably extracted into chloroform 
(- 7080% in three extractions) from O.l-5M hydro- 
chloric acid initially containing SOO~g of the ele- 
ment.i2 

Extraction of the complex into p~~n~thyl ace- 
tate (1:4) from a sodium formate medium has been 
used for the separation of copper and other metal 
xanthates by column chromatography.21 The extract 
of the copper-pyridine adduct can be employed for 
the spectrophotometric determination of copper.” 
Beer’s law is followed, at 420nm, for copper up to 
4O.~g/ml. Interference from cobalt and nickel is 
avoided by extracting from a 0.1% EDTA medium. 
Thallium, high concentrations of ammonia, and 
citrate interfere. Extraction of the complex into 
diethyl ether from alkaline media (pH 7-8.5) has been 
used as a fractional flotation test for copper.8.38 

Pohlandt et ~1.~~ developed a s~~rophotomet~c 
method for the determination of xanthate, based on 
extraction of the copper(H) complex into chloroform 
from an alkaline cyanide medium. The absorbance 
of the extract is measured at 305 nm. Measurement 
must be made immediately after extraction because 
of the instability of the extracted complex. In these 
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studies. and m later solubilityz4 and spectrophoto- 
met&” studtes. copper and ethyl xanthate were 
found to combine in a 1 :? ratio. indicating that it 
IS copper that reacts. In earlier work41.42 it was 
assumed that copper(H) and xanthate ions react di- 
rectly (by a reduction process) to form copper(I) xan- 
thate and dixanthogen. According to Pohlandt et 
111.~~ they react in two stages, i.e., the formation of 
copper(H) xanthate and the subsequent decomposi- 
tion of this compound into copper(I) xanthate and 
dixanthogen. They reported that copper(I) xanthate 
is msoluble in chloroform in the absence of pyridine. 

Chromiun7 

The green chromium(W) complex is partially 
extracted into carbon tetrachloride, chloroform and 
other non-polar solvents from weakly acidic media 
(PH - 4f.l’ It is reported that the complex is intens- 
ely coloured but that its formation is slow and not 
quantitative. Xanthate is purported to react not only 
with chromium(W) but also with chromium(H) and. 
on long standing, with chromium(Ii1). The absorption 
spectra of the reaction products in carbon tetra- 
chloride. in the presence of excess of xanthate, indi- 
cated that the end-product is the same in each case. 
The composition of the extracted compound was not 
established. but it has been reported subsequently43 
that chromium(II1) forms a dark blue compound with 
the formula Cr(EX)a. 

Neither chromiu~V1) nor chromium(III} is ex- 
tracted into chloroform from 5 O.I-1OM hydrochloric 
acid. I2 

Gallium 
References pertaining to the extraction of a galiium- 

(III) ethyl xanthate complex have not been found 
in the literature. but a white complex with the for- 
mula Ga(EX)3 has been reported.6 Recent studies by 
the author have shown that a colourless gallium(II1) 
complex is partially extracted into chloroform ( - 289/, 
m three extractions) from O.lM hydrochloric acid 
initially containing 500 pg of gallium.‘z Complete ex- 
traction can probably be obtained at pH values > 1. 

Gold 
Although the extraction of gold as an ethyl xan- 

thate complex has not been reported previously. the 
formation and stability of a gold(I) complex has been 
studied.44.45 Recently. it was shown that a yellow 
complex is appreciably extracted into chloroform 
(-SO-900,, in three extractions) from O.l-10M hydro- 
chloric acid initially containing 500 pg of gold(III).‘2 
The dark yellow extract faded rapidly on standing, 
indicating the formation and extraction of an unstabte 
complex. It is considered that gold reacts initially to 
form a goId(II1) complex that rapidly decomposes to 
yield a gold(l) complex. 

The extraction of indzum has not been reported 
previously, but recent studies have shown that a col- 

ourless mdium(II1) ethyl xanthate complex can be 
quantitatively extracted into chloroform from 0. IM 
hydrochloric acid. i2 The formula of the complex is 
reported to be In(EX),.6 

It-Of? 

The extraction of a brown iron(II1) complex mto 
carbon tetrachloride, chloroform and other non- 
polar solvents from media of pH 5 4-7 has been 
reported. ‘s Iron(II1) has also been extracted from a 
sodium formate medium into ethyl acetate or a mix- 
ture (4: 1) of ethyl acetate and pyridine.” It is co-ex- 
tracted and interferes in many methods based on 
extraction of metal xanthates from weakly acidic and 
alkaline media (e.g.. see arsenic. bumuth, molyb- 
denum. lead, cobalt and nickel). It is partly extracted 
into chlorofo~ from 0.1-&W hydrochloric acid.’ 2 

According to Pilipenko and Ulko,r8 iron(III) is 
partially reduced by xanthates to iron(I1) (presumably 
in dilute acid media), which is reported not to react 
with xanthate.40 However. Allison36 found that a 
blood-red precipitate, presumed to be iron(I1) ethyl 
xanthate, is formed in oxygen-free solutions. Studies 
of the iron(III) system have shown that a very stable 
1:3 complex is formed in the pH range- 3.5-l t (opti- 
mum pH = 1O).‘1*46 Studies by Allison36 of the 
decomposition of solutions of xanthates in the pres- 
ence of ironfII1) have confirmed this combining ratio. 
The formula of the complex is reported to be 
Fe(EX)3.6 

Lead 

The partial extraction of a colourless or pale yellow 
lead(H) complex into carbon tetrachloride, chloro- 
form and other non-polar solvents at pH -. 4 has 
been reported. la Recently, xanthate-carbon tetra- 
chloride extraction of the complex from media rang- 
ing from neutral to -0.005M nitric or hydrochloric 
acid has been suggested for the separation of lead 
before its titrimetric determination with EDTA.47 
Copper( cobalt(H), iron(III), mercury(II), zinc, cad- 
mium, vanadiu~v), fluoride, sulphate and EDTA in- 
terfere with the extraction. Interference from arsenic 
(III) can be eliminated by preferential extraction of 
lead at pH 6; that from antimony(II1) by its preferen- 
tial extraction from a ZM acid medium. Xanthate- 
carbon tetrachloride extractton has also been used for 
the separation of lead from silver at pH _ 5, before 
its subsequent titration wtth ERTA.4s It is claimed 
that complete extraction of up to 6mg of lead can 
be obtained, at pH 3.5-6.5, in a single extraction, in 
the presence of 20 mg of xanthate and at least 15 ml 
of carbon tetrachloride: above pH 7 the rate of 
extraction becomes slow and the separation of silver 
is difficult. Silver is completely retamed as a precipi- 
tate in the aqueous phase in the pH range 2.0-6.5. 

Micro-amounts of lead in human tissue have been 
determined by atomic-absorption spectrophotometry 
on the solvent phase after extraction of the ethyl xan- 
thate complex into methyl isobutyl ketone at pH 
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3.5-9.5." CopperfIll and phosphate interfere with the 
extraction. but copper can be masked with thiourea. 
It has been shown that lead is appreciably extracted 
into chloroform (4 90-954, in three extractions) from 
z 0.1-l M hydrochloric acid initially containing 
500 !lg of lead.” SolubilityZJ and spectrophotometric 
studiesJo as well as studies of the decomposition of 
solutions of xanthates m the presence of lead.36 show 
that lead and ethyl xanthate form a 1:2 complex with 
the formula Pb(EX),.h 

It has been reported that manganese does not react 
with xanthate.” However, a recent method for the 
determmation of manganese in human tissue” is 
based on the extraction of manganese(II) ethyl xan- 
thate into methyl isobutyl ketone, at pH 6.5-9.0, from 
a lo”,, ammonium acetate medium containing a large 
excess of wanthate (1 lo,). Manganese is subsequently 
determined in the solvent phase by atomic-absorption 
spectrophotometry. Interference from nickel, cop- 
per(I1). silver. cadmium. aluminium and zinc is elimin- 
ated by their preliminary extraction with 1:~ potas- 
sium ethyl xanthate solution and methyl isobutyl 
ketone. Manganese(I1) is not extracted into chloro- 
form in the presence of potassium ethyl xanthate from 
0. l-l OM hydrochloric acid.” 

M ercrcr~’ 

A colourless or light yellow mercury(I1) complex 
is reported to be parttally extracted into carbon tetra- 
chloride at L pH 4.’ ’ Extraction of the complex into 
ethyl acetate or a mixture (4:l) of ethyl acetate and 
pyridine has been used for the separation of mercury 
xanthate from mixtures of other metal xanthates by 
column chromatography.” Studies of the decomposi- 
tion of xanthate solutions in the presence of mercury 
show that the complex formed is a 1:2 complex.36 

Extraction of the red-violet molybdenum complex 
into a mixture (I :1) of petroleum ether and diethyl 
ether from a sulphuric acid medium, followed by 
spectrophotometric measurement of the absorbance 
of the extract, has been used for the determination 
of molybdenum in steel. iron,“’ tungstic acid and 
rhenium.>’ Extraction into chloroform from a 4?; (or 
5 OSM I hydrochlortc acid medium has been used for 
the separation of molybdenum from rhenium in tech- 
nical products before the spectrophotometric deter- 
mination of rhenium.‘3 Rhenium has also been deter- 
mmed spectrephotometrically in ores, minerals and 
industrial concentrates after separation of molyb- 
denum by xanthate-chloroform extraction. s4 and in 
minerals (e.g.. molybdenite) after separation of molyb- 
denum from a hydrochloric acid medium by succes- 
sive extraction into a 1 : 1 mixture of carbon tetra- 
chloride and benzene.” 

Xanthate-chloroform extraction of the complex 
from a dilute sulphuric acid medium has been 

employed for the separation and gravimetric deter- 
mination of molybdenum in tungsten.56 Iron, nickel 
and vanadium are co-extracted and interfere in this 
method. Tungsten has been determined spectrophoto- 
metrically in steel by a thiocyanate method based on 
extraction of the tungsten thiocyanate complex into 
a mixture of isoamyl alcohol and chloroform.” The 
tungsten and co-extracted molybdenum thiocyanate 
complex are stripped from the extract with ammonia 
solution. followed by separation of the molybdenum 
by successive chloroform extraction of its xanthate 
complex from a weakly acidic medium. Recently, xan- 
thate-chloroform extraction of molybdenum. from 
4 1.5M hydrochloric acid containing tartaric acid. 
has been employed for its separation from tungsten 
before the spectrophotometric determination of 
tungsten by chloroform extraction of its thiocyanate- 
diantipyrylmethane ion-association complex.‘* More 
recent work by the same author has shown that 
molybdenum can be completely extracted into chloro- 
form, in three successive extractions, from O.l-1.5M 
hydrochloric acid.” 

Extraction of the molybdenum complex at pH 
1.8-1.9 into chloroform. followed by spectrophoto- 
metric measurement of the absorbance of the extract, 
has been advocated for the microchemical deter- 
mination of molybdenum (i.e., 10 pg or less).59 It is 
claimed that the chloroform solution of the complex 
is stable for a long time. Extraction into toluene at 
pH 1.1 l-l.56 (or from 0.02-0.08M acid) has also been 
advocated.60 The stability of the complex after extrac- 
tion into organic solvents is said to be highest in 
petroleum ether and toluene (3 days). It is stable for 
_ 14. 10 and 6 min. respectively. in benzene. chloro- 
form (cf: above) and carbon tetrachloride. It is un- 
stable in diethyl ether, isoamyl alcohol, amyl acetate 
and methyl isobutyl ketone and the colour fades im- 
mediately. Chloroform extraction of the complex and 
direct spectrophotometric measurement of the extract, 
at 510nm, has been used for the determination of 
molybdenum in steel after the removal of interfering 
elements (e.g.. iron and nickel) by electrolysis with 
a mercury cathode.6’ 

Recently,62 a method based on the separation of 
molybdenum by chloroform extraction of its ethyl 
xanthate complex from 1M hydrochloric acid. after 
reduction of molybdenum(V1) in 2M hydrochloric 
acid with hydrazine sulphate, has been proposed for 
the determination of molybdenum in ferromolybdenum 
and other complex materials. After decomposition of 
the complex with liquid bromine, molybdenum is 
stripped from the extract wtth a dilute alkaline hydro- 
gen peroxide solution and subsequently determined 
by standard gravimetric, volumetric or spectrophoto- 
metric methods. Complete extraction of molybdenum 
is obtained from 0.2-1.5M hydrochloric acid. Tung- 
sten(V1). iron(II1). copper(U) and vanadium(V) are 
masked with tartaric acid. ascorbtc acid. thiourea and 
potassium hydrogen fluoride. respectively. before 
extraction. Large amounts of copper, iron and vana- 
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dium then do not interfere. Antimony(III), bismuth 
(III), palladium(I1) and tin(I1) are completely, or 
almost completely, extracted under the proposed con- 
ditions. Nickel(H), lead(I1) and cobalt(I1) are partially 
extracted. Large amounts of EDTA, tartrate, oxalate, 
citrate, phosphate and fluoride suppress the extrac- 
tions of molybdenum. More than 1OOmg of molyb- 
denum can be separated by extraction, depending on 
the concentration of xanthate and the volume of 
chloroform used. Chloroform, benzene, carbon tetra- 
chloride and diethyl ether were found to be the best 
extractants. 

A method based on extraction of a mixed molyb- 
denum-ethyl xanthate-thiocyanate complex into ace- 
tophenone from 4-7M hydrochloric acid, followed by 
spectrophotometric measurement of the extract, at 
380 or 470 nm. has been applied recently to the deter- 
mination of molybdenum in steeL6’ The extract is 
stable for 48 hr. Iron is complexed with ascorbic acid 
and chromium(V1) and vanadium(V) are reduced with 
ferrous ammonium sulphate before extraction. Beer’s 
law is obeyed over the concentration range 1.2-13.8 
ppm of molybdenum(V1). Tin(II), lead, arsenic(III), 
antimony(III), iron( oxalate, citrate, fluoride and 
phosphate, in lOOO-fold amounts, and copper( 
cobalt(I1) and nickel, in 15fold amounts, do not inter- 
fere. Interference from rhenium is eliminated by prior 
separation of molybdenum by xanthate-aceto- 
phenone extraction from a hydrochloric acid medium. 

Chloroform or carbon tetrachloride extraction of 
molybdenum isopropyl xanthate at pH _ 5 has been 
employed recently for the direct spectrophotometric 
determination of molybdenum at 520 nm.64 

Early investigators suggested various formulae. i.e., 
MoO~(EX),,~~ Mo(EX)?~~ and MoO(OH)~(EX)~~~ 
for the molybdenum ethyl xanthate complex. in which 
molybdenum is presumed to be present as molyb- 
denum(V1). Montequi and Gallego6’ first formulated 
these compounds as a binuclear 2:4 compound, 
Mo,O,(EX),, and established, by chemical means, 
that molybdenum is present in oxidation state(V). 
Later Malatestab* also established this stoichiometry 
but suggested that molybdenum is present in both 
oxidation states. According to spectrophotometric ex- 
periments by Pilipenko and Gridchina. in which the 
complex was extracted into dichloroethane from a 
dilute acid medium. only molybdenum(V) takes part 
in the formation of the coloured complex because 
molybdenum(V1) is reduced to molybdenum(V) by the 
xanthate. The following equation illustrates this reac- 

tion : 
2 MOO;- + 6 C2H50CS; + lOH+ + 

CMO~~K~H@CW.J 
+ (CzHsOCS& + 5 Hz0 

Identical absorption spectra were obtained in tests 
with both molybdenum(V) and (VI). Molybdenum(II1) 
and (IV) do not react with xanthate. The minimum 
acid concentration required for the reaction was 
found to be 0.03M and the complex remains stable 

at acid concentrations up to 4.8M. Further confirma- 
tion of the reducing character of xanthate ions during 
complex formation is evident from the fact that solid 
molybdenum(W) xanthate complexes cannot be pre- 
pared.‘O 

Nickel 

The yellowish-brown nickel(H) ethyl xanthate 
complex can be extracted into carbon tetrachloride. 
chloroform and other non-polar solvents at -pH 
4-7.i8 Nickel has been recovered from zinc solutions 
by extraction of the complex into amyl acetate or 
methyl isobutyl ketone at pH 5.8.29 It has been deter- 
mined in manganese ores and manganese-containmg 
slags after xanthate-chloroform extraction of heavy 
metals, including nickel. from a hydrochloric acid 
medium.28 Nickel as the ammine (and iron as the 
tartrate) is stripped from the extract with an am- 
moniacal tartrate solution and subsequently deter- 
mined in the aqueous layer. Chloroform extraction 
of the xanthate complex has also been used for the 
determination of xanthate.” The xanthate in the 
extract is titrated with mercury(I1) acetate solution 
in the presence of diphenylcarbazone as indicator. 

Rao and Singhi found that nickel is almost com- 
pletely extracted into ethyl acetate at pH 5-9 in the 
presence of potassium chloride or sodium formate as 
salting-out agents. The extract can be used for the 
spectrophotometric determination of 0.05-5 mg of 
nickel at 435-480 nm. Manganese. aluminium. zinc. 
cadmium, chromate, molybdate and tungstate do not 
interfere. Copper(I1) can be masked with thiourea 
before extraction. Later Rao and Singh3’ used this 
procedure for the simultaneous extraction and spec- 
trophotometric determination of nickel and cobalt in 
ores and alloys. A similar procedure’O involving 
extraction of the nickel xanthate-pyridine adduct into 
a 4: 1 mixture of ethyl acetate and pyridine was found 
to be less sensitive. This procedure was applied to 
the separation of nickel and mixtures of other xan- 
thates by column chromatography.” 

It has been shown that nickel ethyl xanthate is 
almost completely extracted into chloroform. in three 
extractions. from 0.1 A4 hydrochloric acid initially 
containing 500 pg of nickel.” The complex is par- 
ttally extracted from 0.5-6M hydrochloric acid. Solu- 
bility studie? and studies of the decomposition of 
xanthate solutions in the presence of nickel” show 
that it combines with ethyl xanthate in a I :2 ratio. 
The formula of the complex is Ni(EX)z.h 

Recently, a method for the extraction and spectro- 
photometric determination of mg-amounts of palla- 
dium with potassium benzyl xanthate has been 
reported.’ 3 The yellow palladium( II) complex is com- 
pletely extracted into chloroform (in a single extrac- 
tion) at pH 2. followed by spectrophotometric 
measurement of the absorbance of the extract at 
460nm. Extraction is complete in the pH range l-7 
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and Beer’s law is obeyed over the palladium(H) con- 
centration range 0.95-4.73 mg!25 ml of chloroform. 
The chloroform solution of the complex is stable for 
several days. Interference from iron(II1) and lead(H) 
can be eliminated by complexation with ammonium 
hydrogen fluoride and sodium acetate. respectively. 
Nickel, cobalt(H) and cerium(II1) can be masked 
with EDTA. Mercury(I1) and cadmium, in 25fold 
amounts. interfere by forming insoluble white com- 
plexes which remain in the chloroform layer. Bismuth 
and copper(H) are co-extracted and interfere because 
of the yellow colour of their complexes. Rhodium(III), 
ruthenium(II1) and platinum(IV). in 2-fold amounts, 
do not Interfere. Interference from osmium(VIII) can 
be eliminated by its preliminary extraction into 
chloroform in the presence of hexamethylenetetra- 
mine and EDTA. Citrate. tartrate, fluoride. oxalate 
and EDTA, in 50-fold amounts, do not interfere. 
Vanadate and molybdate interfere by preventing for- 
mation of the palladium complex. 

The same investigators also studied the chloroform 
extraction of palladium with potassium butyl xan- 
thate.‘” Beer’s law is obeyed. at 460nm. over the pal- 
ladium concentration range 8-50 mg/lOO ml of chloro- 
form. Extraction is quantitative over the same pH 
range but the optimum pH for rapid extraction is 
2. All the interfering ions mentioned above also inter- 
fere in this method. Interference from iron(II1). lead, 
cobalt(I1). nickel, cerium(II1) and osmium(VII1) can 
also be eliminated as described above. 

In a recent method for molybdenum in ferro- 
molybdenum and other complex materials,62 based 
on its separation by xanthate-chloroform extraction, 
it was reported that palladium(H) is completely 
extracted as the ethyl xanthate complex under the 
conditions (1M hydrochloric acid) used for the extrac- 
tion of molybdenum. More recent studies have shown 
that the yellow complex can be completely extracted 
into chloroform, in three extractions, from O.l-1OM 
hydrochloric acid. I2 The formula of the complex is 
reported to be Pd(EX)2.6 

Pkzrinum 

The extraction of platinum ethyl xanthate has not 
been reported previously. However. studies of the 
reaction of platinum with xanthate have shown that 
it forms a yellow compound with the formula 
Pt(EX),. m which platinum is present in the bivalent 
state.7s.1b 

Recent studies by the author have shown that a 
yellow complex is partially extracted into chloroform 
from O.l-10M hydrochloric acid containing 5OO~g of 
platinum(IV). l2 The degree of extraction decreases 
with increasing acid concentration. Presumably pla- 
tinum(W) is reduced by xanthate and reacts in the 
bivalent state. The probability of platinum(W) co-or- 
dinating with four ethyl xanthate ions IS remote. 

References pertaining to the formation or extrac- 

tion of a rhenium xanthate complex have not been 
found in the hterature. Although solvent extraction 
of molybdenum xanthate from acid media has been 
employed for its separation from rhenium before the 
determination of either rhenium or molybdenum (see 
molybdenum). recent studies by the author have 
shown that rhenium is slightly extracted (5s; in three 
extractions). presumably as a colourless ethyl xan- 
thate complex, into chloroform from -4M hydro- 
chloric acid. and appreciably extracted (80”;) from the 
10M acid initially containing 500 pg of rhenium 
(VII).’ 2 Possibly complete extraction and separation 
from molybdenum can be obtained from concentrated 
hydrochloric acid. The oxidation state of rhenium in 
the complex is not known. 

Selenium 

The extraction of selenium has not been reported 
in earlier reviews of the solvent extraction of metal 
xanthates. However, it has been reported that 
selenium is co-extracted during the separation of 
molybdenum from rhenium by extraction of molyb- 
denum ethyl xanthate into a mixture of carbon tetra- 
chloride and benzene from a dilute hydrochloric acid 
medium.5s Recent work by the author, involving the 
separation of molybdenum from tungsten, has also 
shown that selenium, initially present as selenium(W), 
is completely co-extracted into chloroform from 
5 1.5M hydrochloric acid.58 More recent studies have 
shown that a colourless complex is completely 
extracted into chloroform. in three extractions, from 
O.l-1OM hydrochloric acid containing 5OOpg of 
selenium(IV).lz The formula of the complex is 
reported to be Se(EX)2. in which selenium is present 
in the bivalent state.’ Presumably xanthate reduces 
selenium(IV) to selenium(H) and it is the latter that 
reacts during complex formation. 

Silver 

According to Pilipenko and Ulko’s the yellow sil- 
ver(1) ethyl xanthate complex is not extracted into 
carbon tetrachloride. chloroform or other non-polar 
solvents at pH _ 4-9. However. it has been shown 
recently that silver is appreciably extracted into 
chloroform (90-923% in three extractions) from 2-3M 
hydrochloric acid initially containing 5OOpg of the 
element.12 The complex is not extracted at acid con- 
centrations greater than 3M. At acid concentrations 
below 2M, the degree of extraction decreases because 
of the formation of insoluble silver chloride. Probably 
more complete extraction of the relatively insoluble 
complex can be obtamed from 2-3M hydrochloric 
acid if larger volumes of chloroform are used. Also 
it would probably be preferable to extract from a sul- 
phuric acid medium. 

Tellurium 

The extraction of a mahogany-red tellurium ethyl 
xanthate complex into diethyl ether in the presence 
of thiourea was reported almost 50 years ago.” 
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Recently. the author found that like selenium, tellur- 
mm(N) is completely extracted into chloroform from 
-- 1.5M hydrochloric acid.j8 More recent work has 
shown that it is compietely, or aimost completeIy. 
extracted into chloroform (97-iOOYO in three extrac- 
tlons) from O.l-1OM hydrochloric acid containing 
500 big of tellunum(IV).” The formula of the complex 
IS reported to be Te(EX),.’ which suggests that tellur- 
ium(IV) is reduced to tellurlum(I1) by xanthate during 
complex formation. similarly to selenium. 

Jasim rr a/.” found that technetium(N) or (VII) 
forms a purple-red ethyl xanthate complex that can 
be extracted into chloroform or carbon tetrachloride 
from c l&f hydrochloric or nitric acid. They used this 
extraction procedure for the separation of technetium 
from rhenium on the ultramicro scale.” Later, Kiba 
rr a1.s’ investigated the factors affecting the extraction 
and separation from rhenium more fully and found 
that. in the presence of an excess of xanthate, techne- 
tium(VI1) can be completely, or almost completely 
(99”;). extracted into carbon tetrachloride from solu- 
tions O.l-2M in sulphuric, hydrochloric, perchloric or 
nitric acids, and at pH values up to + 2. They found 
that the best solvents are carboh tetrachloride, 
chloroform, l,l.l-trichloroethane, xylene and di-iso- 
propyl ether. Tetrachloroethylene. cyclohexane, amyl 
acetate, n-hexane, methyl isopropyl ketone and di- 
chloromethane do not extract the complex. Vana- 
dium(V), iron(N), cobalt(II), nickel, copper(H), 
molybdenum(V1) and uranium(V1) are partially co-ex- 
tracted under the same conditions. Rhenium(VI1) 
(25 mg) does not interfere with the extraction. 

The extraction of thallium(I) ethyl xanthate into 
chloroform from weakly acidic media has been inves- 
tigated and. the extracted species was found to be a 
1 : 1 complex. ** In later work.82 a number of xan- 
thates and a vanety of solvents were examined. Polar 
solvents were found to be more eflicient extractants 
than non-polar solvents. This was explained by 
assuming that the thallium(I) ion is co-ordinatively 
unsaturated. and that co-ordination sites open after 
chelation are occupied by water molecules. Because 
the relative ability of the solvent molecules to replace 
the water molecLlles will influence the degree of 
extraction. more polar ,5olvents will co-ordinate more 
readily with the chelurc and thus result in increased 
extraction. 

Recent studies have shown that a colourless thal- 
lium(1) and a yellow thallium(II1) ethyl xanthate com- 
plex can be partially extracted into chloroform (-8 
and 50“,,. respectively. in three extractions) from O.lM 
hydrochloric acid containing 500 btg of thallium(I) or 
(III).” The degree of extraction of thallium(I) de- 
creases with increasing hydrochloric acid concen- 
tration, while that of thallium(II1) first decreases. then 
increases. from _ 4-6M hydrochloric aad. probably 

because of the extraction of its chloro-complex. The 
thallium(II1) complex is more soluble tn dt-isopropyl 
ether than chloroform. The formulae of the complexes 
are reported to be TIEX and TI(EX)J.h 

Tin 

It has been reported that yellow tin(I1) and tm(IV) 
ethyl xanthate complexes are extracted into carbon 
tetrachloride. chloroform and other non-polar sol- 
vents from a weakly acid medium (pH _ it).” Work 
by the author has shown that tin(IV) is partly 
extracted into chloroform (_ 75”,, m three extractions) 
from O.lM hydrochloric acid containmg 500 ~10 of tin. 
and that the degree of extraction decreases with in- 
creasing hydrochloric acid concentration.” Probably 
quantitative extraction can be obtamed at pH values 
> 1. 

Studies of the decomposition of ethyl xanthate 
solutions in the presence of tin have shown that the 
composition of the complex corresponds to the for- 
mula Sn(EX)2,36 which suggests that tin(N) is 
reduced by xanthate during complex formation. 

Uranium 

In early work it was reported that the orange-red 
uranyl ethyl xanthate complex is both extractable” 
and non-extractable by chloroform and other non- 
polar solvents.’ 8 Zingaro 83 found that the complex 
formed in neutral or weakly acidic media is com- 
pletely insoluble in chloroform and benzene but 
readily soluble in polar solvents such as alcohols. 
ethers and ketones. Spectrophotometric studies 
showed that it is a I :2 complex. 

Extraction of the ethyl xanthate complex into 
methyl isobutyl ketone at pH 3 has been used for 
the separation of uranium from thorium.84 Tests with 
other aikyl xanthates showed that ethyl, isopropyl, 
n-hexyl and cyclohexyl xanthates give the best separ- 
ation, and that dibutyl cellosolve and dibutyl carbitol 
are the best solvents. The complex has also been 
extracted into cyclohexanone from neutral solu- 
tions.8f Only trace amounts of uranium are 
extracted into chloroform from O.l-1OM hydrochloric 
acidsI 

The yellow vanadium ethyl xanthate complex can 
be c\iracted into chloroform.~’ carbon tet~~chlorlde 
and other non-polar solvents from a weakly acidic 
medium.” Extraction of the complex has been used 
for the determination of vanadium in steel after the 
removal of iron and nickel by electrolysis with a mer- 
cury cathode. ” Vanadium and molybdenum are 
simultaneously extracted into chloroform from a 
dilute acid medium and vanadium IS subsequenti! 
determined by spectrophotometrlc measurement of 
the absorbance of the extract at 375 nm. 

Recently, it has been shown that vanadium IS par- 
tially extracted into chloroform (- hd”,, in three 
estractlons) from 0. I M hydrochlonc acid contninrng 



Solvent extractlon of metal xanthates @l 

500 pg ot vanadium(V).” The degree of extraction de- 
creases with increasing acid concentration. Vanadium 
is not extracted from h 5%IOM hydrochloric acid. 

The formula of the ethyl xanthate complex has not 
been reported but an n-butyl xanthate compound 
with the formula VO(nBuX), has been prepared and 
studied.6 This suggests that vanadium(V) is reduced 
to vanadium(N) by xanthate during complex forma- 
tion. 

Zinc 

Pilipenko and Ulko I8 have reported that the col- 
ourless zinc ethyl xanthate complex can be extracted 
into carbon tetrachloride. chloroform and other non- 
polar solvents from a weakly acid medium 
(pH _ 4-7). Hayashi et ~2.‘~ investigated the effects 
of pH, ionic strength and xanthate concentration on 
the extraction and found that, although it is not com- 
plete. optimum extraction occurs at pH 4.5-7.5. The 
complex is stable in chloroform, and the molar ab- 
sorptivity is 2.03 x lo3 1. mole- ’ .mm- ’ at 300 nm, 
the wavelength of maximum absorption. Zinc and 
ethyl xanthate were found to combine in a 1:2 ratio. 
The complex is not extracted into chloroform from 
O.l-10M hydrochloric acid.” 

Zmc benzyl xanthate can be completely extracted 
into chloroform, at pH 1.9-5.2, in the presence of a 
lOO-500-fold excess of reagent.23 

Although it has been claimed that zinc forms a 1: 1 

ethyl xanthate complex, 25.26.40 it is generally con- 
sidered that a 1:2 complex with the formula Zn(EX)2 
is formed.“.’ 
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Summary-The use of aquomolybdenum(II1) chloride as a reducing agent for the direct potentiometric 
titration of Ce(IV1. Cr(V1). Fe(II1). V(V). Mo(V1). U(V1) and H,O, is described. The variation of the 
formal redox potentials of Mo(V)/Mo(IV) and Mo(IV)/Mo(III) in varymg concentrations of hydro- 
chloric. phosphonc and acetic acids is Investigated. Aquomolybdenum(II1) chloride IS found to be 
a better reducing titrant than chloromolybdate(III) and gives better breaks in the titration curves. 
In the titration of molybdenum(V1) in 3M HCI the titration curve shows three jumps. corresponding 
to the reductions of Mo(V1) to Ma(V). and Ma(V) to Mo(IV) ciu an apparently intermediate oxidation 
state which presumably corresponds to a dimeric mixed-valence species. The aquomolybclenum(III) 
complex ion is a better reducing tttrant than chloromolybdate(III) and has a wider applicabihty. 

In an earlier communication’ it was shown that green 
molybdenum(II1) solutions contain cationic species 
and the orange-red solutions of molybdenum(II1) 
contain anionic species.’ A photometric study 
of the oxidation of these two species gave indications 
that the course of the reaction depends on the starting 
species of molybdenum(II1). the nature of the oxidant. 
and the nature and concentration of the acid used. 
Of the two species. the cationic aquomolybdenum(II1) 
chloride (green form) is more susceptible to aerial oxi- 
dation and more reactive.3 Chloromolybdate(II1) 
solution (obtained by reduction of molybdate in 
aqueous media of high hydrochloric acid concen- 
tration) has been reported to be a good reducing 
agent for titration of the common oxidizing agents.4*5 
The end-points of the titrations were determined 
potentiometrically. The susceptibility of these chloro- 
molybdate(II1) solutions to aerial oxidation varies 
with the concentration of the acid medium. 

Except for a few observations” on the formal poten- 
tials of the Mo(V)No(III) system a detailed study 
of the formal potentials of the Mo(IV)/Mo(III) system 
and Mo(Vl~‘Mo(IV) system does not appear to have 
been made. The object of the present investigation 
is to determine the formal redox potentials of these 
systems and to investigate the utility of aquomolyb- 
denum(II1) chloride as a reducing titrapt. 

EXPERIMENTAL 

Molybdenum(II1) chloride solutions (green form) can be 
obtained either by electrolytic reduction usmg platinum 
electrodes or by reduction with amalgamated zinc or alu- 
mmmm. The electrolytic method is cumbersome and time- 
consummg. Moreover the molybdenum(III) chloride solu- 
tions obtamed by electrolytic reduction are quickly con- 
verted mto the orange-red form and are less green than 
the solutions obtained through reduction with amalga- 
mated zmc or alummium This may be at least partly due 
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to the slow conversion of the green form into the orange- 
red form. Also. according to Wardlaw et (II.- both forms 
are oxidized by water when in contact with platinum. 
Hence the molybdenum(III) solutions used in thts investi- 
gation were all prepared by reduction in a Jones reductor 
and standardized as already described.’ In I-2M hydro- 
chloric acid the reagent shows no significant change in 
colour in 24 hr if kept under carbon dioxide. but after that 
period is transformed mto the orange-red form. 

Cerium(IV) sulphate solutions were prepared and stan- 
dardized as described by Kolthoff and Belcher.* 
Uranium(VI1 solutions were prepared from uranyl acetate. 
Vanadium(V) solutions were prepared from ammonium 
metavanadate after converston mto sodium vanadate in 
the usual manner. Other reagents were prepared by dis- 
solving the analytical-reagent grade materials in the proper 
acid media, and standardized. 

Molybdenum(N) and molybdenum(V) solutions were 
prepared by appropriate oxidation of molybdenum(II1) 
solutions with Ce(IV) sulphate. 

Apparutus 

The potential measurements were made with a platinum- 
wire indicating-electrode in the titration solution. a satu- 
rated calomel reference electrode and saturated potassium 
chloride bridge. All titrations were done with the solution 
under a carbon dioxide atmosphere. 

RESULTS AND DISCUSSIOY 

From the curves in Fig. 1, it is clear that (I) the 
formal potentials of Mo(IV),IMo(III) and MO(V): 
MO(N) are influenced by the acid concentration. the 
values increasing with increasing acid concentration. 
(2) aquomolybdenum(II1) chloride is a more powerful 
reducing agent than chloromolybdate(II1) when oxi- 
dized to molybdenum(IV). (3) the molybdenum(IV) 
species obtained by the oxidation of chloromolyb- 
date(II1) is a more powerful reducing agent than that 
obtained by the oxidation of aquomolybdenum(II1) 
chloride. We have also observed that in titrations 
with aquomolybdenum(II1) chloride the potentials 
become stable faster than when chloromolybdate(II1) 
is used. m the acid media studied. 
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050 r 

Coneentratton of HCI, M 

Fig. 1. Formal potenttals of Mo(V)/Mo(III). Mo(V)/Mo(IV) and Mo(IV)/Mo(III) in media of varying 
concentrations of hydrochloric acid, using aquomolybdenum(II1) and chloromolybdate(II1) solutions 

as starting materials. A: green aquomolybdenum(II1). B: Orange-red chloromolybdate(II1). 

The complicated nature of these species and their 
reactivities is also reflected in the results obtained in 
the photometric study of the oxidation of aquomolyb- 
denum(II1) chloride and chloromolybdate(II1) by 
various oxidants.’ In Fig. 1 the potentials computed9 
for the Mo(V)/Mo(III) system from the potentials of 
the Mo(IV)/Mo(III) and Mo(V)/Mo(IV) systems are 
also given. The values of the potentials reported3v4 
for the Mo(V)/Mo(III) system were O.lOOV and 

0.3OOV in l.OM and 9.OM hydrochloric acid media 
respectively. The formal potentials of these systems 
in phosphoric and acetic acid media are given in 
Tables 1 and 2. The potential measurements were 
made on solutions containing the oxidized and 
reduced forms prepared in dilute hydrochloric acid 
medium and diluted with the appropriate acids of 
required concentration. Hence these solutions con- 
tain, in addition to the acids mentioned, hydrochloric 

Table 1. Formal potenttals (v) of molybdenum systems in phosphoric acid medium 

Concentration Mo(V)/Mo(III) 
of actd, Mo(IV)/Mo(III) Mo(V)/Mo(IV) (computed) 
M Grsen O.R.* Green O.R. Green 0.R 

0.17 -0.042 - 0.270 - 0.114 - 
0.34 -0.029 - 0.280 - 0.126 - 
0.50 - 0.084 - 0.115 - 0.100 
0.68 -0.013 - 0.285 - 0.136 
1.00 - 0.002 0.105 0.310 0.134 0.154 0.120 
1.35 0.009 0.323 0.166 
2.00 - 0.123 - 0.137 0.130 
2.60 0.016 0.333 0.175 
390 0.022 0.173 0.348 0.165 0.185 0169 
8.00 - 0.193 - 0.207 

12.00 0.307 - 0.247 1 
0.200 
0.3’7 

* O.R. = Orange-red 

Table 2. Formal potentials (V) of molybdenum systems in acetic acid medium 

Concentration Mo(V)/Mo(III) 
of acid, Mo(IV)/Mo(III) Mo(V)/Mo(IV) (computed) 
M Green O.R. Green O.R. Green 0.R 

0.495 0.034 0.173 0.664 0.197 0.349 0.185 
0.990 0.063 0.163 0.698 0.195 0.38 1 0 179 
1.980 0.082 0.161 0.703 0.198 0.393 0.200 
3.96 - 0.193 - 0.208 0.201 
7.9 1 - 0.195 - 0.213 - 0.204 

11 87 - 0.203 0.232 0.218 



Aquomolybdenum(II1) chloride as a reducing titrant 

Table 3. Titrations with 0.02M aquomolybdenum(II1 j chloride 

429 

Species 
titrated 

Wfl. 

AE/AV. 
mV/O.l ml 

[aquomolyb- 
denum(II1) 
chloride] ’ Remarks 

AEIAK 
m V/O. 1 ml 

[chloromolyb- 
dan$II) 
0.04M-J4 Remarks 

Ce(IV) 0.5 
1.0 
4.0 

Cr(V1) 0.5 225 
1.0 345 
2.0 320 
3.0 250 

Fe(II1) 
4.0 
0.1 
0.5 
1.0 

2.0 

3.0 
4.0 
0.5 

1.0 

2.0 

3.0 150 
4.0 - 
6.0 - 

U(VI) 0.5 - 

1.0 31 Potentials stable within 5-10min - 

2.0 26 

3.0 23 

Mo(V1) 1.0 

2.0 

3.0 

4.0 

6.0 

230 
340 
- 

- 
- 
30 
20 

- 

- 
- 
37 

80 

105 

- 

30 

31 

55 

50 

- 

- 

Potentials stable in 5 min 
Potentials stable in 5 min 
In >4.OM HCl aquomolybdenum(II1) 
chloride is not sufficiently 
stable 
Potentials stable in 5 min 
Potentials stable in 5 min 
Stable potentials obtained slowly 
Potentials first increase, then 
decrease slowly with time for 
each addition of the titrant. 
Stable potentials obtained 
slowly. 

- 
- 

Potentials stable in 5 min 
Potentials stable in 5 min 

At higher [HCl] stable poten- 
tials obtained slowly and the 
potential jumps are very 
small 

- 
- 

Stable potentials obtained quickly 
at lower acid concentration 
Stable potentials obtained quickly 
at lower acid concentration 
Potentials become stable 
very slowly, V(V) is reduced 
to V(W) 

- 
- 
- 

Potentials not stable even after 
30 min 

Potentials decrease slowly then 
stabilize 

- 

Titration reaction 
U(vI) + Mo(III)-+U(IV) + Ma(V) 

- 

Potentials not stable within 
15 mm. MO blue formed 
at [Ha] < LOM 
Potentials stable in 5-IOmin 

- 

- 

Potentials stable in 5-10min - 

- 

- 
- 
362 

272 
- 
388 
- 

436 
39 

- 
12 

8 

- 
1 

- 

- 

100 

- 
192 
442 
- 

- 

- 

80 

106 

- 
- 
- 

Titration in 
hot medium4 

- 

- 

- 

- 
- 
- 

Stable potentials 
not obtained 
even in 30min 
Stable potentials 
not obtained 
even in 30min 
Stable potentials 
not obtained 
even in 30min 
Stable potentials 
not obtained 
even in 30min 
The potentials 
not stable even 
after 30min 
MO blue formed 
at [HCl] < l.OM 
MO blue formed 
at [HCl] <l.OM 
MO blue formed 
at [HCl] < 1 .OM 
MO blue formed 
at [HCl] < 1.OM 
Stable potentials 
are obtained in 
IO-15 mm 
The titratton 
is only possible 
in >4.OM acid 
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Table 3. (Conrinued) 

Species [Hill, 
titrated 

AEiAK 
mViO.1 ml 

[aquomolyb- 
denum(III) 
chloride] Remarks 

AE/AK 
mV/O.l ml 

[chloromolyb- 
date(II1) 
O.O4M]“ Remarks 

H202 

8.0 

1.0 

2.0 

3.0 

- - 160 Mo(V1) IS reduced 
to MO(V) only. 
No other breaks 
are observed 

140 Potentials stable in 5-10 min 75 Stable potentials 
are obtained in 
about 10 mm 

- Potentials not stable even - The potentials 
after 30 mm are not stable 

even after 30 mm 
- Potentials not stable even - The potentials 

after 30 min are not stable 
even after 30 min 

acid at a concentration of about 0.3M. The general 
trend in the formal potentials of these systems with 
acid strength is similar to that for hydrochloric acid 
medium. The green solutions of molybdenum(II1) 
obtained in sulphuric acid change rapidly to the 
orange-red form. Molybdenum(II1) solutions are 
slowly oxidized in > l.OM perchloric acid media. 

These formal potentials are in agreement with the 
earlier observations3 that molybdenum(II1) chloride 
is a better reducing agent than chloromolybdate(II1). 
Hence it was felt worthwhile to study this reagent 
as a reducing titrant. The results obtained in titration 
of common oxidizing agents used in volumetric analy- 
sis are summarized in Table 3. Some results for chloro- 
molybdate(II1) as reductant are given for compari- 
son. 

Titration of Ce(IV) in hydrochloric acid media 
more concentrated than ZM was not attempted owing 
to the possible oxidation of the medium by the oxi- 
dant.” In >4M hydrochloric acid media, aquo- 
molybdenum(II1) chloride is converted into chloro- 
molybdate(II1) rather rapidly. 

The results in Table 3 show the following. 
(1) The potential break at the end-point is generally 

at least as steep with aquomolybdenum(II1) chloride 
as with chloromolybdate(II1). 

(3) Uranium(V1) can be titrated with this new 
reductant. Uranium(V1) is reduced to uranium(IV) 
and molybdenum(II1) is oxidized to molybdenum(V) 
m the process. Attempts to titrate uranium(V1) with 
chloromolybdate(II1) failed to give stable potentials 
and a clear jump at the end-point. 

(3) In the titration of molybdenum(V1) with aquo- 
molybdenum(II1) chloride in 2M hydrochloric acid 
medium only one clear jump [Mo(VI )-MO(V)] is 
observed, while a titration in 3M hydrochloric acid 
medium gives three jumps. one for the reduction 
MO(W)--MO(V) and two for the reduction Mo(Vt 
Mo(IV). one of these corresponding to an “interme- 
diate” oxidation state, presumably involving a binuc- 

lear Ma(V)-Mo(IV) complex. For the same titration 
carried out with chloromolybdate(II1) in >4M hydro- 
chloric acid medium only one jump, corresponding 
to Mo(VI)-MO(V), is observed. At lower acidities no 
stable potentials are obtained. It may be noted in 
this connection that earlier workers concluded that 
this latter titration is possible only at very high acid 
concentration.’ ’ 

moles of Mo(lE) chloride 
males of oxidant 

Fig. 2. Potentlometric titration curves. Reduction with 
aquomolybdenum(II1) chloride: (i) Ce(IVtMo(II1) in 
l.OM hydrochloric acid medmm: (II) Cr(VI)--Mo(II1) m 
l.OM hydrochloric acid medium, (Iii) Fe(III)--Mo(II1) m 
OSM hydrochloric acid medium; (iv) V(V)--Mo(II1) in 
3.OM hydrochloric acid medium; (t’) U(VI)-Mo(II1) m 

l.OM hydrochloric acid medium. 



Aquomolybdenum(II1) chloride as a reducing tltrant 

600 
Molybaenum CllI) chlw~ck m 3M HCI 
Chloromolybdate iYE) tn 4M,6M and 8M HCi 

431 

moles of MotIICl 
moles of Mo rxu) 

Fig. 3. Potenhometric titration curves for the reduction of molybdenum(V1) with molybdemm’ 

(4) Aquomolybdenum(II1) solutions can be used for 
the reductometric titration of hydrogen peroxide at 
low acidity. 

The recommended concentrations of hydrochloric 
acid for quantitative titrations with the new reduc- 

6 

I I I I 1 
0 01 02 03 04 05 

maks of MO (IIt) 
mo(es of Hg02 

Fig. 4. Titrations of hydrogen peroxide with molyb- 
denurn( 

tants are l.OM for Ce(IV). Cr(VI), I.J(VI) and Hz02. 
3.OM for V(V) and Mo(VI) and OSM for Fe(III). The 
errors in these titrations are not more than 0.8yw 
Representative titration curves are given in Figs. 
2-4. 
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USE OF ~-DIETHYLAMINOPHENYLM~RCURIC ACETATE 
FOR THE DETERMINATION OF THIOL GROUPS 
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Summary-A simpie titrimetric method for the determination of thiol and disulphide groups in biologi- 
cal samples with ~die~ylaminophenyimer~ric acetate as titrant, is suggested. Milli~am amounts 
of cysteine (l-25 mg) are determined with a relative standard error not higher than IS;. The lowest 
determinable amount of cysteine is 0.1 mg (relative standard deviation 3T0). The accuracy and the 
sensitivity are the same as in arnperometric titration with mercuric chloride. The method has been 
successfully used for the determinatton of thiol groups in various biological samples. 

In a number of studies in biochemistry, physioio~, 
cytology and radiobiology, the thiol groups in pro- 
teins taking part in fundamental physiological proces- 
ses14 are to be determined. In the present paper, 
the commonest methods for determination of thiol 
groups are reviewed and the p-diethylaminophenyl- 
mercuric acetate method for the visual titration of 
SH-groups’ is recommended. 

For the determination of SH-groups amperometric 
titration with mercuric chloride is commonly used, 
with rotating platinum electrodes6*’ The main disad- 
vantage is that mercuric chloride, like other inorganic 
compounds of mercury and silver, has a tendency to 
form a variety of mix~-lig~d complexes containing 
a thiol group. Because of the technical ditliculties 
mentioned above, a modification has been sug- 
gestede-10 for tracing the effect of radioprotectors on 
the total concentration of SH-groups in the body tis- 
sues: the sample is homogenized in the presence of 
a substoichiomet~c amount of mercuric chloride 
solution and the reaction mixture is then titrated 
amperometrically with mercuric chloride. 

This modification was used to solve a specific prob- 
lem, that of finding the relative difference in the 
number of SH-groups in the tissues of an animal sub- 
jected to the influence of the protector and in those 
of a contro1 animal, and was adequate for the pur- 
pose. The original method has been considerably sim- 
plified. According to our results, the relative standard 
deviation in analysis of a homogenized spleen by this 
modified method was 23:~~ (the mean concentration 
of SH-groups being 1.2-1.5 pmole per 100 mg of tis- 
sue). compared with 10% by Koltho&‘s method.6+7 

The most common reagents for thiol groups are 
monofunctional organomercuric compounds, which 
react with different thiols strictly in 1: 1 propor- 
tion. 1 l-’ 3 

RHg+ + R’S- + RHgSR’ 

The detestation is usualiy carried out titrimetri- 
tally with indicators. and is the simplest, quickest and 
most convenient method. 

A comparative studyr6r6 of silver nitrate, mercuric 
nitrate and organomercuric compounds as titrants for 
thiol groups showed that polyfunctional organomer- 
curie reagents are more selective with respect to SH- 
groups. An organomercuric cation (RHg+) forms 
stepwise complexes with thiol groups to a far less 
extent than do Hg(II) and Ag(I), which accounts for 
the more accurate results. The visual titration with 
organomercuric reagents is as sensitive as the amper- 
ometric titration with mercuric compounds and is 
simple and reliable.’ 

Among organomercuric reagents, p-chloromercuri- 
benzoic acid,17-36 first suggested by Hellerman,37-39 
has become widely accepted; it can be obtained 990; 
pure. In one study4’ it was recrystallized three times, 
but in others, unfortunately, no attention was paid 
to the purity. Aqueous 0.005M solutions of p-chloro- 
mercuribenzoic acid in 0.01&f sodium hydroxide are 
known to remain stable for less than a month, and 
regular standardization is necessary. 

There are no reliable data on interferences. Judging 
by other organomercuric reagents,5 chlorides in large 
quantities would be expected to interfere, so titration 
in physiologic saline solution (0.9% NaCl) may yield 
erroneous results. The end-point is determmed 
visually or spectrophotometrically. In the first case 
sodium nitroprusside is used as indicator for tit- 
rations done at pH 3.2-5.3, but it has low selectivity 
for thiol groups. Since the titration reaction is not 
instant~eous a back-titration with cysteine is 
us~_18.2S.27,29 

A spectrophotometric method is based on the in- 
crease in absorption at 250-255 nm, when the thiol- 
compound reacts with p-chloromercuribenzoic acid.41 
The method is rather sensitive. and gives reliable 
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results with 10m5M concentration of thiol group. It 
can be used for photometric titration. The optimal 
pH range for photometric titration was not indicated. 
The Increase in absorbance is measured at 250 nm 
(pH 7.0) or 255 nm (pH 4.6). The thiol groups of 
phosphorylase were also titrated photometrically in 
a more acidic medium at pH 2.3.52 

reagents have been explored,J’-5h but addition of a 
thiol only slightly affects the electronic structure of 
the reagent, and the spectra of the organomercuric 
reagents and the products are simi1ar.‘2.‘1 

Various authors give different reaction times in 
their procedures. Since the rate of reaction of an 
organomercuric cation with different proteins varies, 
the time of colour development should be sufficient 
for constant absorbance to be reached. 

For direct photometric determination of thiol 
groups 5,5’-dithio-bis(2-nitrobenzoic) acid IS used (at 
pH 7.8-8.0). 57; it forms a product absorbing in the 
neighbourhood of 412 run. 

ITS.- + - -S RS-S 

The method used in the original study is somewhat 
unclear, and the authors of the papers that followed 
do not explain how the determination was carried 
out. Since the molar absorptivity for different mercap- 
tides of p-chloromercuribenzoic acid varies, photo- 
metric titration is recommended.4*43 The concen- 
tration of thiol groups has been found from a cali- 
bration curve44 or from the molar absorptivity of the 
mercaptide,45 but even under the most favourable 
conditions, the molar absorptivity varies and accurate 
determinations are difficult to obtain. 

Because in photometric titration the same amount 
of p-chloromercuribenzoic acid is added to both the 
control solution and the active solution, it seems 
more reasonable to have a number of measuring 
flasks with equal amounts of protein to which increas- 
ing amounts of the organomercuric reagent are 
added. For each flask the absorbance is then 
measured, each time with respect to a similar solution 
containing an equivalent amount of water instead of 
protein. Titration can be carried out in a suitable ves- 
sel or in the cuvette of the spectrophotometer, and 
the dilution should be taken into consideration. Boyer 
seems to have used the first method. though he never 
stated it specifically. His report stating that one 
measurement of the absorbance is sufficient, once the 
excess of organomercuric reagent has been found, is 
open to criticism. In that case it would have been 
necessary to calculate the concentration of thiol from 
the molar absorptivity or to plot a calibration graph. 
Individual amino-acids would have been required and 
a calibration graph would have to be plotted for each 
one. since different mercaptides of p-chloromercuri- 
benzoic acid have different absorption intensities. 
Another disadvantage of Boyer’s method is that only 
pure solutions, free from the remnants of homo- 
genized tissues, can be analysed. The different reac- 
tion rates of p-chloromercuribenzoic acid with thiols 
may yield low results in determination of the total 
number of thiol groups. Another point that gives rise 
to doubts is that for complete binding of thiol groups 
an excess of p-chloromercuribenzoic acid is 
required.46 It is for this reason that back-titration of 
excess of organomercuric reagent is often used. Other 
organomercuric reagents have been suggested, but 
they have not found wide application.“’ 

Ellman’s reagent is selective for a thiol group and 
the sensitivity of his method is the same as for photo- 
metric titration with p-chloromercuribenzoic acid. 
Ellman recommended measuring the absorbance 2 
min after the beginning of the reaction, but in his 
later works58.59 the time of measurement varies from 
5 to 15 min. The method requires the removal of 
the remnants of the homogenized material from the 
solution before the analysis, and also that a correction 
be made for the absorbance of the excess of reagent.58 
The analysis of proteins which absorb in the region 
of 412 nm also proves rather difficult. The disadvan- 
tage of the method is the lower reactivity, compared 
to organomercuric reagents.5g 

A simple titrimetric method for thiols of different 
classes, using p-dimethyl- or p-diethylaminophenyl- 
mercuric acetate as titrant has been suggested.5 The 
reagents are synthesized by simple mixing of solutions 
of mercuric acetate and the alkylaniline. Recrystalliza- 
tion from ethanol gives lW,/, pure substance. The 
reaction with thiols in an alkaline medium is almost 
instantaneous. Diphenylcarbazone is used as indi- 
cator (colour change pink -+ vtolet). In the determina- 
tion of l-50 mg amounts of thiols of different classes 
the relative standard deviation is 0.1-1.7’1, in slightly 
acidic. neutral and alkaline media. For titration of 
coloured thiols or samples containing sediments, an 
alkaline solvent, consisting of a saturated solution of 
sodium acetate in a mixture of benzene and ethanol 
(2:3) is added to improve end-point detection. The 
colour change is easily seen in the upper benzene 
layer. 

EXPERIMENTAL 

Reagents 

p-Diethylammophenylmercurtc acetate was synthe- 
sized6 and recrystalhzed from hot ethanol. Soluttons were 
prepared by dissolvmg a precisely wetghed amount m the 
mmimal amount of warm ethanol. and then diluting wnh 
water. The tttre stays constant for at least two months 
if the solution IS kept m a dark bottle at room temperature. 
The solid remains stable for not less than two years, If 
stored in darkness and at room temperature. 

Because the titrimetric methods are not sensitive A O.Z”, solution of diphenylcarbazone m ethanol was 
enough. photometric methods with organomercuric used as mdtcator. 



An 8M solutron of urea was prepared in 1M ammonmm Table 1. The pH Interval for cysteine tttratton by p-diethyl- 
acetate buffer medium at pH 8.5-10.0. In order to prevent aminophenylmercuric acetate, for different concentrations 
the catalytic effect of metalhc ions on oxidation of thiol of the titrant 
groups. IO-“M EDTA was added. 

Test samples included cystme and cysteine hydrochlo- Titrant 
ride monohydrate, lyophilized human serum albumin. with concentration, 
not less than 95”” of albumin, lyophilized ox albumin. M pH Interval 
powdered egg albumin. crystallized pancreatic ribonuc- 
lease. crystalline trypsin, papain, a suspension of crystalline 1 x 10-l 7.5-l 1.0 
aldolase m Z.OM ammonium sulphate. Chromatographi- 5 x 1o-3 8.0-l 1 .O 
tally pure reduced glutathione was used for preparing a 1 x 1o-3 9.0-l 1.0 
standard solution. 5 x lo+ 9.5-l 1 .o 

Spleens from sacrificed mongrel white mice were quickly 
cut out and homogenized by hand in a glass homogenizer. 
in buffer solution for the determination of SH-groups and 
in 8M urea for the determination of disulphide bonds. in the presence of cystine can be determined with a 

Solutions of cysteine (10-2-10-4M) m distilled water relative standard deviation of less than 17;. The low- 
were prepared on the day of use. Weighed portions of cys- 
tine and proteins were dissolved in 8M urea at pH 

est determinable amount is 0.1 mg (relative standard 

8.5-10.0. A saturated solution of chemically pure sodium 
deviation 3pi). Cystine (l-50 mg) was determined with 

sulphite was prepared every 30 min. For the two-phase 
a relative standard deviation of O.l-3.5g,. The results 

titrations, 10 g of sodium acetate trihydrate were dissolved are presented in Table 2. 
in 400 ml of benzene and 600 ml of ethanol. The presence of disulphides, organic sulphides and 

Gluten was obtained from first-grade flour by a standard 
method and frozen instantly. Later it was freeze-dried. The 

sodium sulphite (0.5 ml of saturated solution) does 

dry gluten was ground m a porcelain mortar into a fine 
not interfere. The effect of other foreign ions was stud- 

powder containing 87”, protein and 4’; moisture. Gluten ied earlier.’ When cysteine hydrochloride was 

and egg protein were dispersed in 8M urea. titrated, the indicator colour change at the equiva- 
Ammomum acetate buffer solution was prepared from lence point was more pronounced. 

1M acetic acid and ammonia solutions. The methods used for determining disulphide 

Procedures bonds usually amount to determining the SH-groups 

Thiol-groups. Place 5-15 ml of a solution of 0.4-20 mg after the disulphide bonds have been reduced.‘5.63 
of substance in water or 8M urea in a 50-ml conical flask, The reduction of cystine by sodium sulphite, which 
add 0.5-l ml of buffer solution, 5-15 ml of the benzene- 
ethanol solvent and l-3 drops of indicator, and titrate with 

is reversible to a certain extent, has been studied in 

aqueous ethanolic solution of p-diethylaminophenylmer- 
great detail. 63 The excess required not only for reduc- 

curie acetate until a permanent violet colour appears in ing disulphide bonds but also for preventing thiol 

the benzene layer. groups from oxidizing, was found. 
Total number of thiol groups and disulphide bonds. Dis- The method proposed here can be used for deter- 

perse an accurately weighed portion of raw egg protein 
or dry powdered gluten (lyophilized) in 8M urea at pH 

mining cysteine in the presence of cystine as well as 

9.0-10.0 on a water-bath at 35-40’ and add 0.2 ml of satu- 
for determining their total amount after the cystine 

rated sodmm sulphite solution. After 2 min add 2-10 ml has been reduced. 
of benzene-alcohol solvent and titrate as above. Cysteine reacts rather slowly with aromatic mer- 

Thiol-groups in spleen. Add 2-10 ml of benzene-alcohol 
solvent and l-3 drops of indicator to the homogenate, and 

cury compounds, which makes it somewhat difficult 

titrate as above. 
to find the equivalence point. This fact is usually over- 

Amperometric determinatzon of SH-groups. Place the looked when thiol groups are directly titrated with 

sample solution, containing 0.08-15 mg of substance in pchloromercuribenzoic acid or other organomercuric 
water or m 8M urea, in a titration cell. add 15 ml of 
ammomum acetate buffer (pH 7.G7.5) as background elec- 

reagents. In the case of p-diethylaminophenylmercuric 

trolyte. and tttrate amperometrically with p-diethylamino- 
phenylmercuric acetate solution 20-40 ttmes as concen- Table 2. Titrimetric determination of cysteine and cystine 
trated as the sample, at 0.7 V. usmg a wax-impregnated with p-dtethylaminophenylmercuric acetate 
rotatmg graphrte electrode and a saturated calomel refer- 
ence electrode. Relative 

Mean found,* std. devn. 
Substance mg 

0 
RESULTS AND DISCUSSION 

,0 

Cysteine 24.22 0.07 
The pH range for determining cysteine varies with 6.05 0.3 

the concentration of the titrant (Table 1). The 2.42 0 

optimal reagent concentration was found to be 
0.76 0 

5 x 10-3-2 x 10_4M. 
0.61 0 
0.31 3.0 

The lowest determinable amount of cysteine Cystme 46.46 0.1 
depends on the volume of 2 x 10m3M titrant that 23.23 0.3 

will give a definite change in the colour of l-3 drops 5.82 0.7 

of the indicator. 2.33 2.2 

The visual titration is as accurate and sensitive as 
1.62 3.5 

the amperometric method.61.62 Cysteine (l-25 mg) * Five determinations. 
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Table 3. Determination of thlol groups and disulphlde bonds with p-diethylaminophenylmercuric 
acetate (average number of groups per molecule) 

Sample 

Found by visual 
titration 

(this method) 

SH ss 

Literature 
data 

SH ss 
Literature 

method Reference 

Ox albumm 1.4 

Human serum 
albumin 2.8 

Egg albumin 2.6 

Ribonuclease - 

Trypsin 
Papain 

Aldolase 

Glutathione 
reduced 
Cysteme 

3; 

20 

0.81’ 
0.72* 

15.2 1.4 

15.1 1.0 

3.4 

4.0 

2.7 

- 

3.2 - 
- 3.0 

- 7 and 28 

15.4 

17.0 

- 

4.0 

3.0 
- 

- 

Tltrimetric, 
AgN03, 8M urea 

Titnmetric, p-CMB- 
acid,? decyl 
sulphate 
Ellman’s method, 
dodecyl sulphate 
Titrlmetric. 
HgCl,, p-CMB acid, 
8M urea 

- 
Amperometrc, 
CHBHgI, 8M urea 
Boyer’s method, 
p-CMB acid, 
8M urea 

65 

66 

67 

68 
69 

7471 

41 

* Similar results were obtained by a control iodometric method. 
t pChloromercuribenzoic acid. 

acetate the reaction also slows down near the equiva- 
lence point. when the concentrations of the reacting 
substances decrease. Therefore, near the equivalence 
point the flask should be shaken briskly for some 
time between additions of titrant. Titration in the 
presence of the benzene-alcohol solvent overcomes 
this disadvantage. The amount of mixed solvent is 
sufficient to give a separate benzene layer when 
shaking is stopped. In determining cystine after its 
reduction, an excess of p-diethylaminophenylmercuric 
acetate should be added, and the surplus back-titrated 
with cysteine under the same conditions. The results 
from back-titration do not differ from those of direct 
titration. 

We have used the proposed method for determin- 
ing SH- and disulphide groups in certain amino-acids, 
proteins and in some biological samples. The results 
obtained were checked by the method of standard 

additions. Reduced glutathione was used as a stan- 
dard solution. The number of thiol groups in glutath- 
ione was checked iodometrically.64 The experimental 
results and those found in the literature are presented 
in Table 3. 

The number of thiol groups in certain proteins was 
determined by amperometric titration with p-diethyl- 
aminophenylmercuric acetate. Conditions for the tit- 
ration of thiols were found earlier.5 In the present 
study, the optimal pH range for proteins was found 
to be 7.0-7.5 (ammonium acetate supporting electro- 
lyte). Titration at pH values outside this range gives 
erroneous and irreproducible results. Results are 
given in Table 3. The amperometric method cannot 
be recommended in practice, since it has no advan- 
tages over the much simpler visual titration. 

For determination of disulphide bonds in biological 
samples dispersion was effected by shaking with 8M 

Table 4 Amount of SH-groups m the spleen of mongrel white mice according to results obtained 
by different methods of determination 

Visual titration 
with p-diethyl- 
aminophenyl- 

mercuric acetate 

Amperometrx titration 
by mercuric chloride 

Kolthotl’s Graevskii’s 
method modification 

Mean SH content, 
~mole/lOO mg of 
tissue 

Number of determma- 
tlons 
Relative standard 
deviation. I)0 

1.48 1.24 1.39 

112 111 15 

8.8 10.2 23.0 
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urea at pH 9.0-10.0 on an automatic mixer. Urea 
not only evenly disperses protein, but also encourages 
dissolution of S-S bonds.73 

No free SH-groups were found in gluten protein. 
The content of disulphide sulphur was 0.56% of the 
total amount of protein. In raw egg protein the’con- 
tent of thiol sulphur was found to be 
0.0149 + 0.0006% and that of disulphide sulphur 
0.0522 + 0.0008%. In a comparative visual titration 
with p-diethylaminophenylmercuric acetate of SH- 
groups in 10 pmole of cysteine and an amperometric 
titration with mercuric chloride the relative standard 
deviations were O-3.20/, and 4X%-8.9% respectively.* 
Results for thiol groups in the spleens of mice, by 
both methods, are given in Table 4. 

In 112 determinations, 1.48 pmole of SH-group 
were found, on average, per 100 mg of spleen, by 
visual titration with pdiethylaminophenylmercuric 
acetate, relative standard deviation 8.8%. In 15 
amperometric titrations with mercuric chloride, the 
mean number of SH-groups per 100 mg of spleen 
was 1.24 pmole, relative standard deviation 10.20,;. In 
the amperometric titration by the Graevskii modifica- 
tion,*Pg the relative standard deviation was 23.00,‘,. 

The results prove that the visual titrimetric deter- 
mination of SH-groups is somewhat more accurate 
than Kolthoffs amperometric titration with mercuric 
chloride, and greatly superior to the modification of 
this method. 

It should be pointed out that not all organomer- 
curie reagents react in a similar way with protein thiol 
groups. Thus, for example, the error of the titrimetric 
determination of cysteine with pdirnethylamino- 
phenylmercuric acetate is higher than that with the 
p-diethyl analogue even though the reagents differ 
only in the substituent on the nitrogen atom. 

Therefore, p-dimethylaminophenylmercuric acetate 
should not be used for determining cysteine though 
it is successfully used for determining thiols of other 
classes. 

When the number of thiol groups is small, an in- 
direct extractive photometric method seems to be the 
most effective for cysteine.72 It is based on reacting 
a ihiol with p-diethyl- or p-dimethylaminophenylmer- 
curie acetate and subsequent extractive photometric 
determination of the excess of organomercuric re- 
agent, by means of diphenylcarbazone in benzene. 
Amounts of 5-12Opg of cysteine (6 x 10m6M and 
higher) are determinable with a relative standard de- 
viation of Z-6!,,. This method is slightly more accu- 
rate that Ellman’s photometric method using 
5,5’dithiobis(2-nitrobenzoic) acid. 

Urea, sulphate, nitrate, phophate, IO-fold amounts 
of disulphide and 300-fold amounts of organic sul- 
phides do not interfere. As in this case excess of the 

*The authors wish to thank S. L. Bondarenko (Institute 
of Biophysics, Ministry of Health, USSR) for doing the 
comparative determmations of SH-groups in cysteine and 
in the spleens of mice. 

organomercuric reagent is added, all thiol groups 
have a chance of reacting. Much less time is required 
for the analysis than for Boyer’s photometric titration. 
The extractive photometric method also makes it 
possible to do the determination with turbid homo- 
genates and in the presence of coloured proteins, 
because the absorbance of the benzene extract is 
measured. which excludes substances insoluble in 
benzene. The extraction of other coloured substances 
into the benzene layer is of no consequence, since 
the absorbance is measured against a blank solution 
containing all the reactants except the organomer- 
curie reagent. 
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ON THE COPPER(IEDTA-PAR SYSTEM FOR VISUAL 
AND PHOTOMETRIC END-POINT DETECTION IN 

IRON(IIItEDTA TITRATIONS 
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Summary-The copper(H)-EDTA-PAR system is proposed as indicator for direct EDTA titration 
of 0.2-20 mg of iron(II1) in acetic acid medium. The precision and accuracy have been evaluated 
by spectrophotometric titration. Microtitrations determine down to 10 pg of iron. A logarithmic concen- 
tration diagram has been constructed to present the complex equilibria involved. In an interference 
study the masking agent ammonium fluoride was found to improve the end-point detection. The method 
has been applied successfully to practical standard samples and compares favourably with other EDTA 
titrations of iron. 

The direct complexometric titration of iron(II1) in 
routine analysis is a problem not yet satisfactorily 
resolved. The formation of the iron(IIIFEDTA com- 
plex is slow at room temperature and heating is advis- 
able, but not above 40-W or hydrolysis may occur. 
Moreover, the end-point is not sharp when an indi- 
cator for iron(II1) is used. Many procedures for the 
titration have been reported, some quite recently,‘-’ 
including an excellent review of the indicators avail- 
able6 in which 57 compounds were investigated. Un- 
doubtedly, sulphosalicylic acid is among the most 
widely 6 i2 used, - but its colour. transition depends 
greatly on the pH of the solution, and the colour 
disappears gradually and a little before the equiva- 
lence point. In addition, a large excess of the indicator 
is needed (this is generally the case for phenolic indi- 
cators in this titration). For these reasons, the prob- 
lem seemed to us to be worth further investigation. 

In our previous work I3 it was shown that the sys- 
tem Cu(II)-EDTA-PAR can be successfully used for 
direct EDTA titration of barium. The precision of 
the end-point prompted us to try the same reaction 
for titration of iron(II1). 

Iwamoto’.‘” used Cu(II)-EDTA-PAN and Cu(II)- 
l+DTA-PAR system as indicators in his work on tar- 
trate as an auxiliary complexing agent and buffer in 
the chelatometric determination of iron(II1) and alu- 
minium, but Momoki and Sekino” found the Cu(II)- 
EDTA-PAN end-point sluggish in EDTA titration of 
iron(II1) in acetate buffer medium, because of hy- 
drolysis. For the present study PAR was chosen 
because of its highly sensitive colour reaction with 
coppdIU 

THEORY 

The replacement equilibrium (omitting charges for 
simplicity) is 

Fe + CuY + In* FeY + CuIn (1) 

It is possible to find the optimum conditions for this 
reaction provided the formation constants of the 
various species are available. Ringbom’s datai for 
K&,L and Km_ for iron(III+EDTA and copper( 
EDTA were used; the conditional stability constant 
of copper(PAR, log K,& = 6.4 at pH 3, was cal- 
culated from the data in our previous work.” These 
values were used to establish the following para- 
meters. 

(a) pCu,,,,*. needed to calculate ApFe’, which in 
turn is included in the equation for the titration 
error:16*18 

Relative error % = (lOApM’ - 10-ApM’)/(Cr&v)“2 

(2) 

(b) The best Cu(II)-EDTA concentration according 
to the equation:i6*” 

pFe’ = PCU,,., + log KL,lG,v 
+ log [CuY]‘/[FeY]’ (3) 

where the side-reaction coefficient log aFr,4c-, = 0.8 

at pH 3 and [AC-] = 5 x 10p2M, log tlFe(oHj = 0.4, 
log aCuye,) = 0.3 and log aytH, = 10.8 were taken into 
account. Hence log K;,, = 13.4 and log K;,, = 8.3 
were obtained and used in further calculations. 

Accordingly, when 10e2 and IO-‘M iron(II1) solu- 
tions are titrated, suitable values of [CuY]’ are lo- 5.8 
and 10e6M respectively. For practical application a 
concentration about ten times as great, i.e.. 10y5M 
was always used. Thus, in titration of O.OlM iron(II1) 
ApFe’ was 0.8 and the titration error only O.OOlO/,, 
whereas for 10W3M iron(III) ApFe’ was 1.3 and the 
error 0.019~. 

To represent more clearly the rather complicated 
ionic equilibria in this study and offer an easy way 
of surveying the conditions of the complexometric tit- 
ration in question, we constructed the logarithmic 
diagram shown in Fig. 1. Construction details will 
not be given. since they are described clearly else- 
where, 18.20-24 
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PX 

LaraFe(AC-.OH-l 
T 

Y% 

Fig. 1. Logarithmic-concentration diagram for the system Fe3+ + Cu”+ + EDTA and PAR as metallo- 
chromic indicator for Cu’+. CFe = lo-‘M; C&v = 10mSM; log K,v. = 14.3; log KcUY. + log 

%“f(H) = 8.3; log bFc(&-,o”-) = 0.9. 

The diagram allows us to read the points needed 
to construct the titration curve and to evaluate di- 
rectly the accuracy of the titration. The large break 
corresponding to + 0.19: error is obviously due to 
the high stability of the iron(IIIfEDTA complex (log 
K&v = 25.1). Taking into account the sensitivity of 
the human eye, the indicator interval (shown only ap- 
proximately) is asymmetric about PC%,,, = 6.4 in a 
direction favourable for titration. It is also evident 
that the transition interval of the indicator PAR coin- 
cides satisfactorily with the O.lp$ error section of the 
titration curve, the equivalence point of the system 
Cu2+-Y4- being near the transition point of the 
colour change interval. 

These considerations indicate convincingly that ac- 
curate results should be expected on a thermodyna- 
mic basis. However, in view of the tendency of 
iron(II1) to form kmetically inert compiexes, the reac- 
tion has been examined to prove experimentally the 
validity of these conclusions. Spectrophotometric tit- 
rations were performed to evaluate the precision of 
equivalence point detectioni6.” and the sensitivity 
and selectivity of the method. 

EXPERIMENTAL 

Reagents 

fron(lll) chloride sofutwn, O.l.M. Prepared from ferric 
chloride and standardized gravimetrtcally via ferric oxide. 
A O.OlM solution was prepared by dilution and checked 
potentiometri~lly with EDTA. a bright platmum indicator 
electrode being used. s.” Solutions of lower concentration 
were prepared by further dilution. 

* Preliminary tests might be Performed to establish the 
best PAR concentration. 

EDNA, 0.01 and 0.02M solutions. Prepared by dissolving 
the free acid.8 

Copper(EDTA solution, 10-‘&f. Prepared by dissolv- 
ing the Koch-Light reagent and checked for free copper(H). 

4-(2-Pyrtdylaza)resorcinol (PAR). A 1.00 x 10e4M 
aqueous solution was used for s~ctrophotometrlc tst- 
rations, and an aqueous O.OS*A solution for visual tit- 
rations. 

Acetic acid, OSM and ammonia solution were used for 
pH adjustment. 

Ammonium jluortde. p.a. 0.1 M solution. 
Ammanwm acetate, p.a., lo’?/, solurlon. 
All other inorganic chemicals used were of analytical- 

reagent grade. 

Specrrophorometrlc titrations 

Place the test solution in the titration cell, add 6 drops 
of copper(H)-EDTA solution, 2 ml of OSM acetic acid 
and 2 ml of 1.00 x 10e4A4 PAR*. A red-violet colour de- 
velops immediately. Dilute with distilled water to about 
20 ml, stir (magnetic stirrer), and measure the absorbance 
at 520-530 nm after each addition of O.OOZM EDTA, con- 
tinuing the titration until the absorbance remains nearly 
constant during addition of 0.243 ml of titrant. Locate 
the end-point graphically. “J’ The second intersection 
point corresponds to the amount of iron present. A typical 
titration curve IS shown in Fig. 2 and results in Table 
1. 

Visual titration 

Transfer a portion of test solution contaming 0.25-5.5 
mg of iron mto a 100-150 ml beaker. Add 0.5 ml of cop 
~r(II~EDTA solution, 2 ml of OSM acetic acid and if 
necessary adjust the pH to 2.7-2.9 with dilute acetic acid 
or ammonia solution, then dilute the solution to 50 ml 
with distilled water. Add indicator (2 or 3 drops of O.OY, 
solution) and titrate at room temperature with standard 
EDTA solution, with magnetic stirring. Near the end-point 
titrate slowly until the colour changes from red-violet to 
pure yellow (this takes 1 or 2 drops of titrant). The mtense 
pink colour of the solution a little before the end-pomt 
gives usefui warnmg. Typical results are given in Table 2. 



Iron(IIItEDTA titrations 441 

0 

0 

A 

0 

C I I I I I I I I I I I 
0 02 04 06 06 IO 12 14 16 16 

~OOXIO-~M EDTA. ml 

Fig. 2. Spectrophotometric titration of iron(M) with 
EDTA, using copper(D)-EDTA-PAR system as indicator. 
Fe 162 pg, 10-5M CuY, 2 ml of OS4 acetic acid and 
2 ml of 10T4M PAR are added. Total volume about 20 

ml. Titrated with 0.002M EDTA at 530 nm. 

RESULTS AND DlSCUSSlON 

Speccrophotometric titration 

The optimal difference in the absorptivities of the 
coloured species contributes to an abrupt change in 
absorbance after the end-point has been reached. 
Figure 2 shows the well-defined intersection and the 
absorbance jump of at least 0.2 units. 

Ringbom’s procedure applied to the spectrophoto- 
metric data gives the absorbance at the equivalence 
point by means of the equation: 

A,, = (A;“,“” + GXKI:, G,“)/(l + CAL&“) (4) 

With [CU]‘~~ = 10-6.65 and [Cu]&.Kc,,, = 0.56, A,, 
is found to be 0.261. By interpolation the equivalence 
point should occur at a consumption of 1.409 ml of 
titrant. The indicator correction is given by: 

CMInL = C&L, - KY)/(GK - Al”,““) (5) 

where Cl”,, is the total indicator concentration. The 
value [MIn],9 = 3.6 x 10T6M is obtained. The 
volume of 0.002M EDTA corresponding to this cor- 
rection is 0.036 ml. Hence, the volume of EDTA 

Table 1. Spectrophotometric titrations 

EDTA consumed, ml 
Iron 
(III), EDTA, Experimental 
H M n Theoretical (a + 5) 

269 0.005 7 0.965 0.966 + 0.004 
162 0.005 3 0.579 0.579 * 0.002 

0.002 7 1.448 1.452 k 0.007 
108 0.005 3 0.386 0.393 * 0.007 

0.002 5 0.965 0.965 i 0.004 
54 0.002 5 0.483 0.494 * 0.02 
27 0.001 5 0.483 0.473 + 0.01 
11 0.001 5 0.193 0.206 + 0.01 

Table 2. Visual titration of iron(II1) 

EDTA consumed. ml 
Iron 
(III), EDTA, No. of Expzrimental 
mg M titns. Theoretical (X f S) 

5.39 0.01 5 9.65 9.68 + 0.03 
3.71 0.01 5 6.76 6.75 + 0.02 
2.69 0.01 10 4.825 4.837 + 0.009 
1.62 0.01 5 2.895 2.914 * 0.007 
1.08 0.01 7 1.930 1.937 + 0.006 
0.269 0.005 8 0.965 0.962 f 0.015 

reacted at the equivalence point is 1.445 ml, compared 
with the 1.448 ml required for the 162 pg of iron 
in the solution tested. The same quantity was 
obtained more easily by graphical extrapolation as 
can be seen from Fig. 2. 

The results in Table 1 show that good precision 
is attainable for 10-270 pg of iron. 

Visual titration 

The concentration range of iron(II1) for visual trt- 
ration was selected (Table 2) to ensure suitable 
volume of EDTA consumed, and to utilize the high 
sensitivity of the indicator reaction. The visual tit- 
ration is less precise than the spectrophotometric tit- 
ration of the same amount of iron. With the larger 
amounts of iron, the colour of the indicator complex 
is screened by the iron(II1) species. Hence, the starting 
solution was yellowish and the pink colour appeared 
only when most of the iron(II1) was complexed with 
EDTA. The addition of fluoride (see later) improves 
the colour characteristics of the solution. 

Interferences 

Synthetic mixtures were prepared with cations 
commonly found with iron. Most interferences are 
prevented by masking with ammonium fluoride and 
use of a relatively high acidity where few other metals 
form complexes with PAR and EDTA. The presence 
of fluoride improves the detection of the end-point. 
Results are shown in Table 3. 

Of the cations studied which under these conditions 
could react with PAR, nickel, cobalt(B). zinc and cad- 
mium interfere strongly, but as Table 3 shows. ele- 
ments that generally appear in silicate materials do 
not. 

Preliminary investigations have proved ammonium 
fluoride to be the best masking agent, the presence 
of which favours the titration by increasing the appar- 
ent intensity of the indicator-complex colour, first by 
formation of the colourless fluoride complexes of 
iron(III), and secondly perhaps by formation of a ter- 
nary copper(I&PAR-fluoride complex. in which the 
unidentate halide ion occupies the fourth position in 
the inner co-ordination sphere of copper(I1) (it was 
recently again proved ” that PAR co-ordinates as a 
terdentate ligand). Fluoride is known to form ternary 
complexes with some metal-indicator complexes. giv- 
ing an increase in absorption intensity and a small 
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Table 3. Interference of foreign ions m visual EDTA tit- 
ration of iron(II1) (I.62 and 5.13 mg of Fe were taken; 

2-S trtrattons were performed for every ratio studied) 

Metal Iron-metal ion ratto Iron found, mg 
IOII (tolerance hmtt) (mean value) 

Al(II1) 1:I 1.62 & 0.01 
1:2 1.65 
1:SO’ 1.54 
1:30 5.15 

TijIV) 10: 1* 1.63 + 0.01 
1:0.6 5.15 

Zr(IV) 10: 1 1.60 
5:l 1.64 

Ca(I1) 1:I 1.62 
1:50 1.62 
1:lOQO 1.55 

Ba(I1) 1:1 1.62 
1:200 1.65 
I:150 5.11 

Sr(II) 1:500 1.55 
Mg(II) l:?OO 1.65 

1:500 1.55 
1:150 5.16 

Cr(III) 1:lO 1.55 
V(V) 100: 1 1.56 
Mn(II) 1:6 5.14 

1:20 5.17 
SO:- 1:30 5.10 
PO:- 1O:l 1.52 

3O:l 5.08 

* Masking with NHIF. 

sample (l-01-002) with the following certified compo- 
sition: Fe 69.169,, Si02 0.48O, and A1203 0.55(‘,, and 
(b) two standard talc sampies (DDR) with the compo- 
sition (if moisture 0.19,, loss on ignition 25.0”,, Si02 
32.2”,,, TiOz 1.5*;, Fe203 652O,, MgO 33.4”,,. CaO 
1.1”,,, CO2 23.2”,; (ii) moisture 0.9”;,, loss on ignition 
8.3”,,, SiOZ 4&l”,, A1203 2.5?,. Fe203 9.70”,, MgO 
30.5”,, CaO 0.2”,, K20 0.04”,,, Na10 0.03”,,, COZ 
O.“,. 

The results are given in Table 4. 

Procedure for Czech standard 

Treat 0.2-0.4 g of the finely ground material in the 
usual way with concentrated hydrochloric acid and 
fusion of the residue with sodium carbonate in a plati- 
num crucible.” Take special care not to use too great 
an excess of hydrochloric acid. Combine the solutions 
in a 250-ml volumetric flask and take a 10-20 ml 
fraction, Add 1 ml of copper(U)-EDTA solution, 3-5 
drops of PAR, l-2 ml of O.lM ammonium fluoride 
and adjust the pH by first adding dilute ammonia 
(or sodium hydroxide solution) till the pH is about 
2 and then ammonium acetate solution to pH 2.7-2.9. 
If necessary, use acetic acid to lower the pH. Titrate 
at ,room temperature, slowly near the end-point. 

Procedure for talc 

bathochromic effect,29 as observed here, this effect 
presumably being due to the strong electrophilic 
character of the fluoride influencing the rc-electron 
system of the dye.‘* 

Efict of acetate conce~trat~off 

Because acetate forms rather stable complexes with 
iron(II1). its effect was investigated and found to be 
dependent on both the acetate concentration and the 
pH. Acetate did not interfere provided the overall 
concentration was less than O.lM, and the pH was 
not more than 2.9. 

Weigh accurately about 0.5 g of the powdered air- 
dried sample and follow the procedure as described 
for analysis of a limestone.30 Transfer the residue 
after ignition to a small porcelain dish and treat as 
usual. Filter off the silica, collect the filtrate and wash- 
ings in a lOO-ml volumetric flask. and titrate aliquots 
of appropriate voiume in the same way as for the 
Czech Standard. 

The results obtained for the standard samples indi- 
cate that the method has good accuracy and preci- 
sion, sensitivity and selectivity, which allow a simple 
determination of iron in materials with similar com- 
position. 

Dete~inut~o~ of iron in sfanda~d samples 

The usefulness of the procedure outlined above was 
tested by applying it to: (~1) a Czechoslovak standard 

Table 4. Determinatton of 

~e~~o~l~~~~~e~e~r-~g authors express their sincere 
thanks to Docent Dr. 0. Budevsky from the Faculty of 
Pharmacy, Academy of Medicine for valuable discussions 
relating to the construction of the logarithmic diagram. 

non m standard materials 

Titration 
values. mf 

Samples 

Czechoslovak 
Standard 

Wetght, Fractton, Number EDTA, Average Found. “0 Certtficate 
4 ml of titns. M consumed Theoretical X+.S value, ‘,; 

0.1522 20 5 0.01 15.05 15.08 Fe 69.05 _+ 0.19 69.16 
0.4120 10 7 0.01 20.39 2041 69 11 + 0.08 
0.1382 20 3 0.02 13.68 1369 69 10 
0.4037 20 1 0.02 19.97 20.00 69.06 

20 f 0.02 19.94 20.00 68.96 
0.4120 10 1 0.02 10.25 10.2l 69.47 

10 1 0.02 10.23 LO.21 69 33 
Talc 0.5032 10 7 0.01 3.097 3.056 FelOJ 9.77 It 0.06 9 70 

Standards 0.4975 1s 5 0.01 3.001 2.92 1 6.42 It 0.06 6 25 
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ELECTROCHEMICAL DETERMINATION OF HYDROGEN 
SULPHIDE IN AIR 

JOHTX M. SEDLAI@ and KEITH F. BLURTON 

Energetics Science. Inc.. 8.5 Executive Boulevard. Elmsford. New York 10523. U.S.A. 

fhmnarv--A new method for the qua~tjtatjve analysis of sub-ppm and htgh ppm levels of hydrogen 
sulphide-is reported. The technrque IS based on the electrochemical oxidation of hydrogen sulphide 
at a potentiostatically-controlled. Teflon-bonded diffusion electrode. Two instruments (one portable 
and one a fixed-location instrument) were constructed and their operating characteristics evaluated. 
They were sensitive and selective. responded rapidly to the gas. and gave a hnear relationship between 
steady-state signal and gas concentration. Excellent zero and signal stab&y indicate that the electro- 
chemical sensor is not poisoned by the H$S. 

Hydrogen sulphide is a toxic. malodorous and corro- 
sive gas which produces severe effects on the nervous 
system at low con~ntrations and causes fatalities at 
higher con~~trations. It is produced by the anaero- 
bic digestion of all types of excreta, in oil-fields and 
refineries. during the synthetic production of fibres, 
during heavy-water production. and during the Kraft 
pulping process. The concentrations met in practicai 
situations. and hence the instrument range. will 
depend on the application. For example. the concen- 
tration in ambient air is I-5ppM,* v/v, the thresh- 
old limit for industrial exposure. set by the American 
Conference of Governmental Industrial Hygienists. is 
IOppm, and concentrations as high as 2OOppm over 
a short time are met on oil-drilling rigs. Clearly the 
anaiysis t~hnique must not be paralysed by these 
high concentrations. 

A large number of methods have been reported for 
the determination of hydrogen sulphide. The standard 
method for environmental samples involves collection 
by passage through a Cd(UH), suspension folIowed 
by reaction with ~-~no-~.~-dimethy~~iline to 
form MethyI~e Blue.lS3 The most widety used 
meth~ involves collection by passing through a 
paper tape4 impregnated with lead acetate.5’6 mer- 
curic chloride.7 silver nitrate.* or potassium 
di~yauo~~eutate.* A more precise technique utilizes 
gas chromatography with a flame photometric detec- 
tor.’ but these instruments are limited by their inabi- 
Iity to monitor continuously. by their complexity, and 
by the requirement of a-c. power and support gases. 

Recently we described an electrochemical technique 
for the quantitative determination of carbon monox- 
ide.‘n-12 ethanolI and the oxides of nitrogen.” We 
now report the extension of this method to the 
measurement of hydrogen sulphide in the atmosphere. 
The method is based on the electrochemrcal oxidatron 
ofhydrogen sulphide at a Teflon-bonded diB.rsion elec- 

* ppM = parts per milhard. I.P. parts m 10’. 

node.’ s Two experimental monitoring systems were 
fabricated and tested to show the feasibihty of this 
electr~hemica~ technique for the m~surement of hy- 
drogen suiphide; one was a portable unit while the 
other was more suitable for continuous operation in 
corrosive and contaminated environments. We now 
report on the operating characteristics of these ana- 
fysers. 

The smaller portable umt was 7 x I I x 7 in.. we&ted 
9 lb. and could be operated from a,c. mains or batteries. 
The larger. fixed-location mstrument was 15 x I2 x 6 in.. 
weighed 32 lb. and was mams-operated. 

Each instrument comprised a pump, a flowmeter. an 
ele~roehemi~l sensor. and eiectronic circuitry. The fixed- 
location instrument also contained a water-bottle (250 ml). 
Test gases were passed over the surface of the water before 
entering the sensor, to adjust the water content of the 
sample gas approximately to the water vapour pressure 
of the 289; sulphuric actd electrolyte in the sensor. This 
permitted continuous operation with minimal change in 
the electrolyte concentration in the sensor. 

The electronic circuitry (Fig. 1) consisted of a potentios- 
tat to maintam the sensing electrode at 0.4 V ts. the refer- 
ence electrode. ~rnp~an~-matching circuitry for a low 
output-impedance (lOohm). and provision for batter!, 
recharge. The low output-impedance rendered the system 
compatible with any commercial potentiometric recorder 
The ion power-requirements of the pump (0.3 WI and of 
the dectronic components (@25 WI enabled the portable 
lnstrumcnt to be operated contlnuousl~ on a “D” size nic- 
kel-cadmium batter? for approximatelq IO hr. 

The same sensor was used in both instruments: rt ts 
stmrlar to that previously described for the carbon monox- 
ide analyser.’ *,I1 Sensing (WI. counter (C) and reference 
(R) electrodes were Teflon-bonded diffuston eiectrodes.‘5 
The backs of these electrodes are open to the surrounding 
air I1 ” and the electr~hemical reaction occurs bt 
gaseous diffusion to the electrocatalytic sites on the front 
(electrolyte) side of the electrode.” The reference electrode 
was catalysed wtth platmum. and although this IS not a 
truly reversible electrode. its potential rem,uned sufficiently 
constant during operation of the cell .it I.0 + 0.03 V I’ 
Sensing and counter-electrodes contamcd a proprietary 
noble-metal catalyst material (Energetrcs Science. Inc.1 
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Fig. 1. Circuit diagram for portable hydrogen sulphlde anaiyser. W-working electrode; C-counter- 
electrode; R-reference electrode. 

The systems were set to zero either with pure air or 
by merely turning off the gas pump. The difference between 
these two methods was equivalent to less than 003 ppm 
H ?S. and therefore the use of purified atr is only necessary 
when measuring low H2S-levels. Response character- 
lsttcs were determined by passing atr with various hydro- 
gen sulphide concentrations into the sensor at a fixed flow- 
rate of 0.7l.imin. The current generated by the electro- 
chemical oxidation of the hydrogen sulphide was displayed 
on a panel voltmeter calibrated in ppm H,S and recorded 
on a Hewlett-Packard Model 680 potentiometric recorder. 

Standard gas concentrations were obtained either from 
cyhnders or from permeation tubes. Cylinders of natural 
gas, CO, NZO and COS diluted with air were obtained 
from Matheson Gas Products Co.. H2S and NO diluted 
with Nz, NO2 and SOI diluted with air, and pure air 
(“zero air”) were obtained from Alrco Inc. Permeation 
tubes of H2S, CH,SH. C,H,SH and KH&S were 
obtained from Metronics Associates. Inc. 

RESULTS AND DISCUSSION 

The operating characteristics of both instruments 
and of the twenty electrochemical sensors used at one 
time or another in these instruments were similar. The 
data presented here are typical. Of necessity the larger 
instrument was always operated from a.c. while the 
smaller was operated from a.c. or d.c. No difference 
was observed between a.c. or d.c. operation as long 
as the batteries were maintained in a state of charge. 

Instrument response time 

Hydrogen sulphide is oxidized electrolytically in 
the ~nst~ments. and after introduction of a sample. 
the current generated rapldly reaches a steady-state 
value, i,. Table 1 lists the elapsed times between 
admittance of the test gas and the attainment of 95% 
of i, (tr), and between removal of the test gas and 
the decay of the steady-state signal to 5”: of i, (t;i). 
The response was observed to quicken as the hydro- 
gen sulphide concentration was increased. 

The reaction of hydrogen sulphide at the catalytic 
surface comprises a series of discrete steps with 
several possible intermediates. Both SO? and SO:- 
were readily electro-oxidized when introduced into 
the sensor, and therefore, it was concluded that the 
final reaction product of eiectro-oxidation of hydro- 
gen sulphide was sulphuric acid. the reaction at the 
sensing electrode being 

H2S + 4H20-+H,S0, + 8H’ + 8e (1) 

Table I. Signal response and decay times 

110. t 7. t d. 

ppnt H,S WC SK t,/ 6 

0.38 39 28 0.72 
II 17 I? 0.71 

130 I1 8 0.73 
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The reaction at the counter-electrode was 

O2 + 4H’ + 4e-+2H,O 

thus giving an overall reaction of 

(2) 

H$ + 20, + H,SO, (3) 

Previous work l2 showed that the response of the 
diffusion electrode to carbon monoxide followed a 
first-order law according to equations (4) and (5) 

signal rise: i = i,(l - e-3) (4) 

signaldecay: i = i,e-” (5) 

where i is the current (signal) at any time t. and i. 
is the sensor response-time constant. With carbon 
monoxide” i. was similar for signal rise and decay, 
and independent of the concentration. 

In contrast. i-t results for 0.38. 11 and 130ppm 
of hydrogen sulphide could not be fitted to either 
equation (4) or equation (5). The signal rise and decay 
for hydrogen sulphide were therefore described in 
terms of a second-order rate-law subject to boundary 
conditions) signal rise: i = 0 at t = 0 and i = i, as 
r+ r_; signal decay: i=i, at t=O and i=O as 
t + r_. Then the sensor response characteristics are: 

signal rise: di/dt = kJi, - i)’ (6) 

signal decay: di/dt = k,i2 (7) 

As discussed below, i, was directly proportional to 
the hydrogen sulphide concentration, n,,. Thus, i, and 
n, can be substituted for one another without loss 
of generality except that the units of the rate con- 
stants k, and k, will change. Integration of equations 
(6) and (7) yields 

signal rise: + = 
1 

-t-l 
I n&t 

signaldecay: r = nokdt + 1 (9) 

Least-squares analyses of rise and decay data for a 
0.38-ppm H2S sample yielded equations (10) and (11) 

!’ = 0.987 + 0.204/t; 
i 

k, = 1.29sec-‘.ppm-’ 

(10) 

!! = 0.982 + 0.744; 
i 

k, = 1.96sec-‘.ppm-’ 

(11) 

which are in good correspondence with theoretical 
equations (8) and (9). The instrument response to 
1 I-ppm and 130-ppm H2S samples was too fast for 
accurate abstraction of i-r data points from recorder 
traces. However, the variation of t, and t, with n,, 

(Table 1) also suggests that k, and k, are dependent 
on 17~. 

The linearity of the i,/i vs. l/t plots, and the observa- 
tions that t, < tr (Table 1) and that t, and rd decrease 
with increasing rr,, (Table 1) demonstrate that the 
overall electrochemical process is indeed a second- 

order reaction and that the rate can be represented 
by equations (6) and (7). This is in contrast to the 
first-order kinetics observed for electro-oxidation of 
carbon monoxide. 

The rapid response of these instruments to hydro- 
gen sulphide is important since high levels of this gas 
can be fatal in a short time (seconds). We have no 
explanation for the invariance of the t,/t, ratio with 
the concentration (Table I ). However. this does 
demonstrate the consistency of the data. 

Relationship between signal and H2S concentration 

The relationship between signal and hydrogen sul- 
phide concentration was studied in the concentration 
ranges G-0.277 ppm and O-l 53 ppm. 

Seven concentrations in the range M277 ppm 
were prepared by using a permeation tube. The in- 
strument was calibrated with the 0.277 ppm mixture. 
and readings were taken with the more dilute 
samples. Y (ppm H,S found) was fitted to the follow- 
ing least-squares line as a function of X (ppm HIS 
taken): 

Y = oGOO3 + 0.9702 x (I 1) 

The standard deviation of the points from the line 
was only f0007 ppm H2S. 

A more elaborate set of measurements was taken 
over the O-153 ppm range. Twenty-five (X, Y) data 
points obtained with four different sensors were fitted 
to the least-squares line 

Y = 1.02 + 0.944x (12) 

In this case the standard deviation was +097 ppm 
H2S. Both standard deviations include the uncertain- 
ties of sample preparation. 

It is evident. therefore, that the signal is directly 
proportional to the H,S concentration in the range 
tested. 

Signal stability 

Figure 2 shows the zero drift (expressed as ppm 
H2S) of an instrument over 23 days. During this 
period the instrument was operated continuously on 
laboratory air and measurements were made only in 
the periods marked in the figure. 

I I I I I I 

0 5 IO 15 20 25 

Time, days 

Fig 2. Cumulative zero drift on portable hydrogen sul- 
phtde analyser (no rezeromg of instrument during the 

2%da) period). 
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Fig. 3. Cumulative span draft on portable hydrogen sul- 
phide analyser (no recalibratton of instrument during the 
23-day period). The same 30-ppm HIS test gas was used 

for all measurements. 

The results show that zero drift was insignificant 
over this period. In fact for a 0-l-ppm H2S instru- 
ment the maximum zero drift was 05”; of full scale 
per 24 hr (clearly the relative drift would be even 
lower for higher range instruments). 

On the first day of these tests. the signal was also 
recorded for a mixture with 30ppm hydrogen sul- 
phide, and thus measurement was repeated during the 
test period. The drift in the sensitivity is shown in 
Fig. 3. The weighted average signal. TiO. was 29.7 ppm 
H,S over the complete testing interval. The maximum 
change in sensitivity over a 24-hr period was always 
less than 19; of the signal. 

In a series of short-term measurements. a 130-ppm 
hydrogen sulphide mixture was passed into the instru- 
ment for 20 min (maximum time possible with the 
Mylar sample bag used). The bag was then removed 
and within 3 set a new one was connected. Forty- 
eight measurements were made on the recorder traces 
from a 90-min period to assess steady-state current- 
output fluctuations. The standard deviation of i, was 
iO.54 ppm or kO.429; relative. 

These results show that the instrument does not 
need to be zeroed and calibrated frequently to ensure 
a satisfactory degree of accuracy. 

Specrficirjt of imTrwnent wspofw 

The instrument is quite selecttve towards hydrogen 
sulphide. as shown by the results of interference 
studies shown in Table 2. These other gases are either 
common atmospheric pollutants or may be present 
at HS sources. 

The potential interferent gas was introduced at a 
known concentration into the instrument under the 

TABLE 2. RESPONSE TO SELECTED INTERFERENTS 

Concentratton requtred 
Inter- to gave 

ference Concentratton stgnal equivalent to 
gas tested, ppnt I ppm HS. phrn 

CO2 3000 No stgnal obtamed 

CHI 95°C) No stgnal obtained 

CZHZ 10 27 

C,H, I5 NO stgnal obtained 
NO 41 7 
NO, 4 40 
N,d 
so, 

100 No signal obtained 
11 8 

:: SH 
C&H 
tCH,J,S 
cos 

900 1 
i 
1 

21 

2000 3 
3 

No stgnal obtained 
No stgnal obtamed 

same conditions used for the measurement of hydro- 
gen sulphrde. Further, a sample of natural gas was 
spiked with 0.5 ppm of hydrogen sulphide. and then 
was found to give the same signal as a O+ppm mix- 
ture in air or nitrogen. None of the gases listed in 
Table 2 is as electrochemicafly active as hydrogen sul- 
phide m the sensor and no gas filter was required 
to obtain this specrhcity. 
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MICRO DETERMINATION OF CHROMIUM, IRON, COPPER AND 
COBALT IN WATER 
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Summary-A new. senwtive. calorimetric method based on the direct measurement of light-absorption 
by an ion-exchange resin phase. which has sorbed the sample complex species. has been developed. 
Detennmatlons of chromiumNIl with diphenylcarbazide. iron(H) with l,l~phenanthrolin~ copper with 
Zincon and cobalt with thiocyanate have more than ten times the sensitivity obtainable wrth conven- 
tional solution calorimetry. The present method can be applied to natural water samples contaimng 
very low levels of these metals. 

A spot-test with ion-exchange resin beads has been 
proposed by Fujimoto,’ and by Kakihana and his 
co-workers2 This technique has various advantages 
for qualitative microanalysis. In this method, concen- 
tration and selective sorption of the chemical species 
to be identified may occur simultaneously. In some 
cases, the sample species are converted into complex 
anions of higher ligand number within an anion- 
exchange resin phase, leading to remarkable enhance- 
ment of the sensitivity. 

In spite of a number of publications on the resin 
spot-test3-a and on the interpretation of resin-phase 
absorption spectra of the inorganic complexes.g-‘3 no 
papers on the quantitative analytical application of 
these resin-phase spectra could be found. A new spec- 
trophotometric microanalytical method. based on the 
direct measurement of the resin-phase absorbance 
after the sorption of sample species, has been devel- 
oped for the determination of some transition metals. 

In acid solution14 diphenylcarbazide forms a solu- 
ble. red-violet cationic complex with sexivalent chro- 
mium. having a metal-ligand molar ratio of 3:2. This 
reaction has been utilized for the micro determmation 
of chromium.” l,lO-Phenanthroline is known as a 
sensitive reagent for the calorimetric determination 
of iron. The very stable red complex cation 
Fe(phen):+ t IS formed in weakly acidic, neutral and 
weakly alkaline media. A sensitive colorrmetric 
method for copper with Zincon (2-hydroxy-5-sulpho- 
phenylazobenzylidenehydrazinobenzoic aad) was 
reported by Rush and Yoe.16 They succeeded in 
determining zinc and copper in mixtures by appro- 
priate adjustment of the pH. The spot-test for cobalt- 
(III with anion~xchange resin beads and ammonium 
thiocyanate was proposed by Fujimoto.’ This test 
was very sensitive and specific. 

The present paper describes the application of these 
colour reactions to quantitative studies on ion- 
exchange resins. 

EXPERIMENTAL 

~~.~orprjon rneusur~ellr~ on rhe resin phase 

The following ion-exchange resins were used. depending 
upon the mechanism of the colour development: Dowex 
5OW-X2. H”-form (SO-100 mesh and 100-200 mesh): 
Dowex l-X2. Cl--form IlOO-200 mesh). The mixture of 
resin. sample solution and reagent was shaken mecham- 
tally. The coloured resin beads were separated from the 
bulk solution and packed together with a small volume 
of the solution into a I-mm quartz cell. by means of a 
pipette. The absorbance was measured with a Hitachi 
recording spectrophotometer. Model EPS-3T. a perforated 
metal plate being used as a neutral density filter (of absor- 
bance 2.0) m the reJerence beam to balance the light m- 
tensities. 

From the observed absorbance rl at a given wavelength, 
the net absorbance ART of the complex species sorbed on 
the resin can be obtained from the equation 

ARC = A -Awl. -AR -AM. (11 

where ,4.,,,,, represents the absorbance of the interstitial 
solution between the resm beads. AR that of the resm back- 
ground and ARL that of the reagent m the cell. The 
absorbance due to the sample complex m the interstitial 
liquid may be neglected. The values of ARC. AR and ARL 
are affected by the packmg of the resin beads because of 
the change in path-length or scatlermg behaviour in the 
cell. The packmg should therefore be reproducible. The 
following procedure was found to be adequate. The 
ab~rptjon spectrum of a resin layer containing no col- 
oured spenes was measured agamst pure water. The absor- 
bance at two different wavelengths. one corresponding to 
the absorption maxImum of the coloured species and the 
other in a reB]on where the resm alone absorbs (700-800 
nml was read from the chart. The absorbance difference 
ma) be assumed lo be constant under the sirnllar packing 
conditions. In practice. AR at 700 or 800 nm was constant 
to nithm &0.025. The value of AR at the absorption maxt- 
mum. m equation (I ). was calculated from the absorbance 
difference and the measured value of AR at 700 or 800 
nm. Thus the net absorbance ARC can be obtamed b! sub- 
tractmg AR from the overall absorbance. When ‘4Rl cannot 
be neglected. ARC + ARL. Instead of ARC. is obtained b) 
the same treatment. 
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Procedure jbr the determinatton of chromlum( VI) wtth 
dlphen&urha;ide 

To a ZOO-ml water sample contairimg 0.01-0.3 pmole of 
~hrorniu~~1~ enough 5N sufphursc acid was added to 
make the concentration of this acid ap~roxImate1~ 0.05N. 
Then 5 ml of 0.25’, acetone solution of diphenylcarb~~de 
and 0.5Og of Dowex SOW-X2 (MO-200 mesh) in the hy- 
drogen form were added. The mixture was stirred for 15 
min and the supernatant solution discarded, the residual 
resin slurry transferred to the cell and the absorbance 
measured at SSOnm. 

To a 200-ml water sample containing O.I-2 Mumole of 
non. 5 ml of O.OlM l.lO-phenanthroline. 5 ml of 105; hyd- 
roxylamine solutron, 5 ml of 0.5M acetic acid-sodium ace- 
tate buffer (PI-I 5) and OSOg of Dowex 5OW-X2 in the 
hydrogen form (100-200 mesh) were added and the mixture 
was stirred for 30 min. The coloured resin was collected 
and its absorbance measured at 514 nm. 

Procedure for the determination of copper with Zincon 

To a 200-ml water sample containing 0.1-l mole of 
copper( 10 ml of 0.2M potassium hydrogen phthalate- 
sodium hydroxide buffer (pII 5.2) and OSOg of Zincon- 
treated resin were added and the mixture was stirred for 
30 min. The resin was collected arid* its absorbance 
measured at 63Onm. The Zincon-treated resin was pre- 
pared by shaking 30 g of Dowex 1-X2 in the chloride form 
(100-200 mesh) with 50 ml of 0.13% Zincon-0.02M sodium 
hydroxide solution for 1 hr. 

Procedure for the determinatwn of cobaft with tltio- 
cymate 

To a 1000-ml water sample contaming 2-20mole of 
cobalt(II), 20ml of 50’?? ammomum thiooyanate solution 
and 0.5Og of Dowex l-X2 in the chloride form (100-200 
mesh) were added and the mixture w+as stirred for 30 min. 
The blue resm was collected and its absorbance measured 
at 630nm. 

All ehemieals used were of analytical ,grade and all ex- 
periments were carried out at room temperature. 

RESULTS AND DISCUSSION 

dbsorption spectra in resin and solution 

The complex of chr~rnj~rn~v~) with diphenyicarba- 
zide can be sorbed on cation-exchange resins and to 
some extent on anion-exchange resins by molecular 
interaction as well as by ion-exchange. The net absorb- 
ance curve of the sorbed complex was constructed 
from the difference between the resin phase curve and 
the resin background curve. The net resin-phase ab- 
sorption spectrum of the complex is similar to that 
obtained in solution but the maximum is shifted to 
longer wavelengths (550nm), as shown in Fig. I. For 
quantitative studies the cation-exchange resin Dowex 
5OW-X2 (100-200 mesh) was used in 0.05N sulphuric 
acid medium. 

Only ration-ex~h~ge resins sorb the ~ron~~~~~,~~ 
phenanthro~ine compiex and give the same absorp- 
tion spectrum as that of an aqueous solution. 

The Zincon complex of copper(U) has a molar ratio 
of 1: 1 and has an absorption maximum at 6OOnm 
in solution, The maxunum for free Zincon is at 
470nm. When both species are sorbed on amon- 

0 

A, ml 

Fig. 1. (a) Absorption spectra of Dowex 1-X2 resin contain- 
ing chromium complex of diphenyI~b~ide. A, assumed 
resin background of sample: IS. reference resin spectrum; 
(b) Net absorptton spectra of chromium complex of 
diphenylcarbazide. A, solution spectrum; B, Dowex 50 

W-X2 resin spectrum; C, Dowex l-X2 resin spectrum 

exchange resins, the maxima shift to 630 and 570 nm 
respectively (Fig. 2). These maxima are so dose that 
the combined spectrum usually exhibits onfy a 
shoulder at 630nm. Consequently the absorbance at 
630 run may include a contribution from free Zincon. 
The copper-Zincon complex is not sorbed on anion- 
exchange resins from acidic solution. but the Zincon 
reagent is sorbed irreversibly from alkaline solution. 
T’he resin containing presorbed Zincon reagent was 
therefore added to acidic water samples. The excess 

x, i-m 

Fig. 2. Absorption spectra of copper-Zincon complex and 
free Zincon. --. solution spectrum: _ . Zincan pre- 

sorbed on Dowex I-X? resin. 
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A. “in 

Fig. 3. Absorptton spectra of cobalt-thiocyanate com- 
plexes. -. solution spectra A. 0.7M NH,SCN + Co(U): 
B. 0.7M NH&N + Co(H), I :I acetone-water; C, 8M 
NH,SCN + Co(D);. . . spectrum of Dowex l-X2 (100-200 

mesh, Cl--form) equilibrated with solution A. 

of uncomplexed Zincon was not desorbed during the 
equilibration. 

Figure 3 shows the absorption spectrum of the 
cobalt(II)-thiocyanate complexes sorbed on the 
anion-exchange resin, together with spectra of the 
solutions for comparison. It may be seen that the 
resin spectrum is similar to that obtained with solu- 
tions in which the thiocyanate concentration is as 

high as 8M even when the thiocyanate concentration 
in the equilibrating solution is as low as 0.7M. The 
tendency of the complex to change to one with higher 
ligand numbers in the anion-exchange resin phase 
may be exploited. 

Time-dependence of co/our development 

Almost all of the chromium in 200ml of sample 
solution is sorbed on the resin within 15 min equilib- 
ration (Fig. 4). The presence of other electrolytes. such 
as sodium chloride (at the concentration level found 
in sea-water) has no effect on the sorption rate of 
the complex. The chromium concentration can be 
determined with the aid of a calibration curve con- 
structed by use of a fixed equilibration time. even 
though the sorption of chromium is not complete. 
Figure 4 also shows that the use of resin particles 
of larger size leads to a slower sorption rate. Equilib- 
rium with Dowex 5OW-Xl (SO-100 mesh) and 2OOml 
of solution took more than 1 hr to reach. 

The complete sorption of copper requires a long 
time, probably because of the slow rate of internal 
diffusion of the complex in the particles (Fig. 5). For 
rapid analysis it is convenient to equilibrate until just 
after the early sorption stage. 

A study of the rate of development of the colour 
of the cobalt-thiocyanate complex indicates that with 
large sample volumes a longer equilibration time is 
required for quantitative sorption, but the sensitivity 
is increased (Fig. 6). There is no limitation upon the 
size of sample volume taken, but a large volume 
requires a longer equilibration time. The calibration 
curve should be prepared under the conditions used 
for the sample to be analysed. 

Calibration 

The calibration graph for chromium is reasonably 
linear in the concentration range 5 x 10-s- 
1.5 x 10e6M, that for iron in the range 

OBl- 

Time. mm 

Fig. 4 Colour development of chrommm-diphenylcarbazide complex in the cation:exchange resin 
phase. Resin. 0 Dowex 5OW-X2 (50-100 mesh. H’-form) 0.50 g. 0. 0 Dowex 5OW-X2 (100-200 mesh. 
H+-form) 0.50 g. Solution. 0. l 0.15 pmole Cr(VI). 200ml + 5N H,SO,. 2ml. 0 0.15 pmole 

Cr(V1) + 0.6M NaCl. 200 ml + 5N H2S04. 2 ml. 
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Fig. 5. Colour development of copper-Zincon complex in the anion-exchange resin phase. Resin, Dowex 
I-X2 (100-200 mesh Cl--form, Zincon presorbed) 0.50 g. Solution, 0.50 pmole Cu(II), 200 ml + 0.2M 

phthalate buffer (pH 5.2). 10 ml. 

5 x 10-‘-l x 10e5M, that for copper in the range 
5 x lo-‘-5 x lo-‘M and that for cobalt in the 
range 2 x 10e6-2 x 10e5M. Deviations are about 
*s-lo%. 

Sensitivity 

In Table 1 the sensitivity for each system is com- 
pared with that obtained with a conventional colori- 
metric method. The concentrations giving an absor- 
bance of 0.50 are listed. In each case the sensitivity 
was about ten times that for conventional colori- 
metry. 
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Fig. 6. Colour development of cobalt-thiocyanate com- 
plexes in the amon-exchange resin phase. Resm, Dowex 
1-X2 (100-200 mesh, Cl--form) 0.50 g. Solution, 0 6 mole 
Co(III 1000 ml + 507; NH,SCN, 20 ml. 0 6 pmole Co(II). 

100 ml + 50’6 NH&N. IO ml. 

Effects of foreign ions 

Most metals which interfere in the calorimetric 
determination of chromium, such as vanadium(V), 
iron(III) and molybdenum(V1) did not interfere when 
present in up to one hundred times the concentration 
of chromium(V1). Table 2 shows that. with the excep- 
tion of copper, errors in the range of 5-109, are 
obtained. 

Iron(III), cobalt(H) and nickel(I1) ions were found 
to interfere in the determination of copper when their 
concentrations exceeded ten times that of the copper 
(Table 3). 

Table 4 shows the effects of several ions on the 
determination of cobalt(I1). Iron(II1) and high concen- 
trations of alkali caused considerable interference. 

Applications of ion-exchanger colorimetrp 

The present method may be applied to the analysis 
of natural water samples such as sea. river and lake 
water. The error of 5-10% is not excessive for the 

Table I. Comparison of sensitivity of ion-exchanger colori- 
metry and conventional calorimetry (metal concentration 

giving a final absorbance of 0.50) 

Ion-exchanger 
calorimetry, M 

Conventional 
calorimetry*. M 

Cr(V1) 

Fe ~ 
cu 
co 

6.2 x lo-‘t 1.8 x lo-5 
6.7 x IO-‘3 1.8 x 1O-5 
2.9 x 1o-6 3.9 x 10-S 
2.5 x 1o-6 2.2 x 10-s 
9.4 x 1o-6 3.0 x lo-’ 

* l-cm cell. 
t 0.05N HISOL medium. 
J 0.05N H2SOJ and 0.6M NaCl medium. 
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Table 2. Effect of foreign ions on the determination of chromium(W) 

Added Cr taken Cr found. Relative 
molar ratio to Cr IO-'M 4c IO-'M error, y0 

VW) 100 
1000 

Cr(II1) 100 
1000 

Fe(II1) 100 
1000 

CU(I1) 1 
10 

Mo(V1) 100 
1000 

1.0 0.092 
5.1 0.395 

5.1 0.435 
5.1 0.260 

5.1 0.429 
5.1 0.498 

5.1 0.434 
5.1 0.425 
5.1 0.375 
5.1 0.299 

5.1 0.376 
5.1 0.401 

1.1 
4.9 

5.4 
3.2 

5.3 
6.2 

5.4 
5.3 
4.7 
3.7 

4.7 
5.1 

+ 10 
-4 

+6 
-37 

+4 
+22 

+6 
+4 

-8 
-27 

-8 
0 

Table 3. Effect of foreign ions on the determination of copper(I1) 

Added. 
molar ratio to 

cu 
Co taken, Co found Relative 

IO-‘M ARc+&L 10-6M error, y0 

Fe(II1) 

Co(I1) 

Ni(I1) 

Zn(I1) 

8 
80 

8 
100 

8 
100 

100 
800 

3.0 0.722 2.8 

2.5 0.687 2.6 
2.5 undeterminable 

2.5 0.623 2.3 
2.0 0.661 2.5 

2.5 0.671 2.5 
2.0 0.664 2.5 

2.0 0.552 2.0 
2.5 0.204 0.41 

-7 

+4 

-8 
+25 

0 
+25 

0 
-84 

Table 4. Effect of foreign ions on the determination of cobalt(H) 

Added, 
molar ratio to 

co 
Co taken, 
IO-'M ARC 

Co found. Relative 
lo-‘M error, “/b 

Cr(II1) 

Fe(II1) 

Ni(I1) 

CU(I1) 

NaCl 

NaOH 

HCI 

10 
100 

0.1 
1 

10 
100 

1 
10 

lo4 
10s 

IO‘+ 

104 

0.10 
0.50 
1.5 

1.0 
1.0 

1.0 
1.0 

1.0 
1.0 

1.0 
1.0 

1.0 
1.0 

1.0 

1.0 

0.057 
0.265 
0.769 

0.525 
0.532 

0.508 
1.142 

0.478 
0.550 

0.473 
0.375 

0.512 
0.451 

0.000 

0.523 

0.11 
0.50 
1.4 

1.0 
1.1 

0.96 
2.2 

0.91 
1.2 

0.90 
0.71 

0.97 
0.86 

+ 10 
0 

- 7 

0 
+ 10 

- 4 
+ 120 

- 9 
+ 20 

- 10 
- 29 

- 3 
- 14 

-100 

- 1 



454 KAZUHISA YOSHIMURA. HIROHIKO WAKI and SHIGER~ OHASHI 

micro determination of metals in practical environ- 
mental analysis. The technique can be extended to 
the determination of other metals which give com- 
plexes having characteristic absorption maxima. 
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COMPARISON OF FIGURES OF MERIT FOR FLUORIMETRIC ANALYSIS OF 
RHODAMINE COMPLEXES OF GALLIUM AND INDIUM BY EXCITATION 

WITH PULSED LASER AND BY XENON ARC SOURCES* 

N. B. ZOROV,~ T. F. VAN GEEL and J. D. WINEFORDNER 
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(Recriced 3 April 1975. Accepted 11 September 1975) 

There are several reviews concernmg the absorption and 
fluorescence spectrometric determination of gallium and 
indium by means of Rhodamme dyes. I-3 The sensitivity 
of measurement of these complexes’” and the optimum 
conditions for extraction and measurement of trace con- 
centrations of indmm rin Rhodamme complexes’. ‘-’ have 
also been reported. Hitherto. there have been no reports 
on the optimizatton of experimental conditions in fluon- 
metry in order to obtam the best detection limits. In the 
present study. two different arrangements are used to 
determme analytical figures of merit for indium and gal- 
lium Rhodamine dye complexes: (i) a commercial spectro- 
photofluorimeter with a special high-intensity xenon 
source. and (ii) a fluorimetric system with a pulsed 
nitrogen laser as the excitation source (at 337.1 nm). 

EXPERIMENTAL 

Reagents 

Rhodamine B and Rhodamine 6G were purified:” 
1.5 x IO-‘M solutions of each dye in either water or 6M 
hydrochloric acid were prepared Hydrochloric (6M) and 
sulphuric acid (7,5M) solutions were prepared from the 
reagent grade concentrated acids; hydrobromic acid was 
redistilled and diluted wtth distilled water to prepare a 
2M solution. Thiophene-free benzene was used for the 
extraction studies. 

A standard gallium stock solution was prepared by dis- 
solving 1162 mg of gallium metal (99.9999; pure) in 20 ml 
of 6M hydrochloric acid and diluting to 50.0mI. A more 
dilute standard solution containing 0.02ppm of gallium 
was prepared bv dilutton of the stock solution with 6M 
hydrochloric acid. 

*Work supported by NIH GM 11373-12. 
t On leave: Department of Chemistry. Moscow State 

Umversity. Moscow 117234. USSR. 

I 

A standard indium stock solution was prepared by dis- 
solving 388.5 mg of indium metal (99999T0 pure) in 20 ml 
of hydrobomic acid with heating. and then diluting to 
500ml. A more dilute standard solution containing 
@02 ppm of indium was prepared by dilution of the stock 
solution with 2M hydrobromic acid. 

Apparatus 

Spectrofluorimeter. An Aminco-Bowman spectrophoto- 
fluorimeter with a IO-mm sample cell was used. An EIMAC 
(VIX-150-UV. Eimac Divtsion. San Carlos, CA 94070) 
xenon arc lamp with integral reflector and powered by an 
EIMAC power supply replaced the conventional 
AMINCO source assembly. A potted Hamamatsu lP21 
multiplier phototube was powered by a separate high-vol- 
tage power supply. The photoanodic currents were 
measured with a low-noise nanoammeter.” 

The pulsed nitrogen laser fluorescence system consisted 
of a lOO-kW pulsed nitrogen laser (C950, AVCO Research 
Lab.) focussed onto the solution in a 10 x IOmm quartz 
cuvette placed directly in front of a 250-mm focal length 
monochromator (E&700. GCAjMcPherson Instrument). 
An RCA lP28 photomultiplier tube and boxcar integrator 
(Model 160. Princeton Applied Research Corp.) were used 
to process the pulsed signals. and a potentiometric 
recorder (Servoriter II, Texas Instrument), was used for 
the read-out. Flat. front-surface mirrors were used to obtain 
an additional pass of the laser pulse through the sample 
solution and to increase the fluorescence signal. In Fig. 
1. a block diagram of the system is given. 

Procedures 

Determinarion qf gallium. The analytical calibration 
curve is prepared by adding gallium (@02, 004. O-06. 
008 PgJ to 60-m] separating funnels. adding 05 ml of Rho- 
damme B (or Rhodamine 6G) solution in 6M hydrochloric 
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Ftg. 1. Block diagram of N?-laser-exctted fluorimeter. 
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Table 1. Analytical figures of merit for fluorescence of Ga and In Rhodamme complexes 

Modified Ammco-Bowman spectrophotofluorometer 

Element Dye 
Wavelength. nm 

Excitation Emisston 

Limit of 
Analytical curve Blank standard detection 

a, PA b, pA ml wB-’ deviation, PA nglml 

Rhodamme B 563 584 0.073 0.18 0.017 0.94 
Ga Rhodamine 6G 527 548 0.76 0.92 0.19 0.21 

In Rhodamine B 564 578 0,059 035 0.028 @90 
Rhodamine 6G 525 551 0.65 0.90 0.1 I 0.12 

Nitrogen laser 

Element Dye 

Wavelength, nm 

Excitation Emtssion 
Limit of detection 

n&l 

Ga Rhodamine B 337 584 1.1 
Rhodamine 6G 337 548 0.10 

In Rhodamine B 337 578 1.3 
Rhodamine 6G 337 551 0.16 

acid and then sutlicient 6M hydrochloric acid to make the 
final volumes about 5 ml. The solutions are shaken to mix 
them thoroughly, then 5 ml of benzene are added, and the 
mixture is again thoroughly shaken for 1 min. After the 
organic solvent phase separates (about 10 min), the mixture 
is centrifuged at 3ooO rpm for 4 min. The fluorescence 
signal of the benzene extract is measured (1 x 1 cm quartz 
cuvette). 

Determination of indium. The analytical calibration curve 
is prepared by adding indium (01, 0.02, 0.03, 0.04 pg) to 
60-ml separating funnels, followed by 05 ml of Rhodamine 
B (or Rhodamine 6G) solution in water, 5 ml of 7.5M sul- 
phuric acid and enough hydrobromic acid to make the 
final volume 7.5 ml. The solution is shaken to mix it thor- 
oughly, 5 ml of benzene are added, and the mixture is thor- 
oughly shaken for 1 min; the mixture is centrifuged as 
for gallium. and the fluorescence signal of the resulting 
benzene layer is measured. 

f 

c 

0 02 04 06 08 

HBr Concsntrot~on(Ml 

Fig. 2. Fluorescence signal of extracts of bromide com- 
plexes of indium with Rhodamine 6G (a) and Rhodamine 
B (b) as a function of hydrobromic acid concentration. 

RESULTS AND DISCUSSION 

Opttmum condittons for extraction and measurement of gal- 
lium and indium 

The extraction and measurement conditions for gallium 
were identical to those given previously.” but those for 
the mdium complexes were examined in the present work. 

E&t of acidity. The maximum fluorescence signal was 
obtained with Rhodamine B when the indium solutton was 
made 5M in sulphuric acid before extraction; similar 
results were previously’3 obtained with Rhodamine 6G. 

E#ect of bromide concentration. The influence of hydro- 
bromic acid concentration on the measured fluorescence 
signals of the indium-Rhodamine complexes is given in 
Fig. 2. For hydrobromic acid concentrations greater than 
about 0.4M. the fluorescence signals reached a plateau. For 
further comparative studies, a hydrobromic acid concent- 
ration of 0.53M was chosen. 

Fluorimetric limits of detectIon jbr galhm and indium 

The limits of detection for gallium and indium Rhoda- 
mine B and Rhodamine 6G complexes obtained with the 
xenon arc source as well as with the pulsed nitrogen laser 
were determined and are listed in Table 1. For the con- 
tinuum xenon source, the slope a and intercept b for the 
straight line analytical curves (y = a + hx) were deter- 
mined as well as the standard deviation of the blanks (sig- 
nal level), and these values are also listed in Table 1. The 
limits of detection for gallium and indium with Rhodamme 
6G are lower by a factor of 5-8 than those of the best 
fluorimetrrc methods previously reported.s,” The two dif- 
ferent excitation-detection methods that were used give 
comparable detection limits. However, the work of Smith 
et ~1.‘~ and the present work with the simple nitrogen 
laserlb system indicates the potential usefulness of laser 
excitation sources for fluorimetric measurements of mol- 
ecules in the condensed phase. 
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Summary--Optimum conditions have been established for formation and extraction of indium-Rhoda- 
mine complexes. and limits of detection found for fluorimetric determination of gallium and indium 
by means of Rhodamine dyes, using the excitation with pulsed laser and xenon arc sources. 
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In a previous paper,’ we reported the potential use of dlth- 
izone gel beads for the selective trapping of mercuric ion 
from aqueous samples. Although dlthizone is labile, its zinc 
chelate is very stable during prolonged storage on gel 
beads. In this easily prepared form it is a good extractant 
for mercuric ion. Other sulphur ligands, such as thio- 
thenoyltrifluoroacetone (STTA)‘. are also effective for gel 
extraction of the same metal ion. 

Mercury trapped on the gel-bead column can be back- 
extracted with a hydrogen halide solution. with a concent- 
ratlon factor of 100-200. 

In this paper, we report a more detailed study on dithi- 
zone and STTA gel columns. and the back-extraction of 
mercury. Mercury m synthetic or natural sea-water at the 
ppm or ppM level, has been successfully preconcentrated 
by the proposed procedure. 

* Contribution No. 383 from the Department of Organic 
Synthesis, Kyushu University. 

t Present address: Kitakyushu Technical College, Shii, 
Kokura-Minaml-ku. Kitakyushu. 803 Japan. 

f Present address: Chemical Blotestmg Center, Shoshl- 
ma-machi, Kurume. 830 Japan. 

$ Polymer beads were obtained by courtesy of Mitsu- 
blshi Kasei Kogyo Co.. to whom the authors’ thanks are 
due. 

EXPERIMENTAL 

Reagents 

Thiothenoyltrifluoroacetone [l,l,l-triRuoro4(2-thlenyl)- 
4-mercaptobut-3-en-2-one] obtained commercially was used 
without further purification. Dithizone (analytical grade) 
and zinc dithizonate (laboratory preparationj) were recrys- 
tallized from chloroform. All other reagents were of ana- 
lytical grade. 

Procedures 

Preparation of the gel beads and the column. Polystyrene 
beads (2% divinylbenzene)$ were washed with acetone until 
the extract became colourless, dried at 1 lo” for 24 hr and 
finally sieved to yield SO-100 mesh particles. The dry 
polymer beads (2 g) were soaked in 10 ml of a chloroben- 
zone solution containing 005-007% zinc dlthizonate 
[Zn(HDz)2] or O-OS% thiothenolytrifluoroacetone, for 
24 hr at room temperature. The gel beads. after centrifuga- 
tion. were suspended in water and packed into a glass 
tube (1.1 cm’ x 25 cm) to @ve a column of 10 cm height. 
The interstitial volume of the column was 5%6ml. Thus. 
the ratio of stationary to mobile phase is approximately 
1, implying that the gel column extraction may be regarded 
as a multi-step extraction process between equal volumes 
of the two phases. 
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from aqueous samples. Although dlthizone is labile, its zinc 
chelate is very stable during prolonged storage on gel 
beads. In this easily prepared form it is a good extractant 
for mercuric ion. Other sulphur ligands, such as thio- 
thenoyltrifluoroacetone (STTA)‘. are also effective for gel 
extraction of the same metal ion. 

Mercury trapped on the gel-bead column can be back- 
extracted with a hydrogen halide solution. with a concent- 
ratlon factor of 100-200. 
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mercury. Mercury m synthetic or natural sea-water at the 
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Thiothenoyltrifluoroacetone [l,l,l-triRuoro4(2-thlenyl)- 
4-mercaptobut-3-en-2-one] obtained commercially was used 
without further purification. Dithizone (analytical grade) 
and zinc dithizonate (laboratory preparationj) were recrys- 
tallized from chloroform. All other reagents were of ana- 
lytical grade. 

Procedures 

Preparation of the gel beads and the column. Polystyrene 
beads (2% divinylbenzene)$ were washed with acetone until 
the extract became colourless, dried at 1 lo” for 24 hr and 
finally sieved to yield SO-100 mesh particles. The dry 
polymer beads (2 g) were soaked in 10 ml of a chloroben- 
zone solution containing 005-007% zinc dlthizonate 
[Zn(HDz)2] or O-OS% thiothenolytrifluoroacetone, for 
24 hr at room temperature. The gel beads. after centrifuga- 
tion. were suspended in water and packed into a glass 
tube (1.1 cm’ x 25 cm) to @ve a column of 10 cm height. 
The interstitial volume of the column was 5%6ml. Thus. 
the ratio of stationary to mobile phase is approximately 
1, implying that the gel column extraction may be regarded 
as a multi-step extraction process between equal volumes 
of the two phases. 
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Column operation. All aqueous solutions to be passed 
through the column were presaturated with chlorobenzene. 

The aqueous solution containing a known amount of 
metal tons was passed through the column at a given rate. 
and the effluent was colfected in IO-ml fractions, which 
were analysed for metal ions [mercury with dithizone’ 
copper and zinc by atomic-absorption spectrophotometry 
at 324.7 and 213.9 nm respectively). 

Mercury was back-extracted from the column wtth 
either IM hydrobromic acid or 8M hydrochlortc acid in 
the case of dithizone gel, and with sulphunc acid-potas- 
sium bromide solution (4Oml of @05M HzSG4 pius tOmi 
of IOU, KBr solution) in the case of STTA gel. The effhrent 
was collected in lO-ml fractions, in which the mercury was 
determined with dithizone at pH 5-6.’ 

RESULTS AND DLSCUSSlON 

The purpose of this lnv~ti~tion was to concentrate 
mercunc ion selectively from a very dlute aqueous solu- 
non onto the gel-bead column containing chelating agents 
of high selecttvity for mercuric ion, and to recover it from 
the column by back-extraction into the aqueous phase for 
the final mercury determination. 

Since our prelimtnary report on the use of the dithizone 
gel column,’ we have used polystyrene gel beads rather 
than di~~~sorbitoi gel particles, because they result in 
more reproducible column performance. 

Dithizone and thiothenolytrifluoroacetone’ were chosen 
as the chelating agents because these were known to be 
highly selective for mercuric ion at low pH. and to have 
a high distribution ratio. 

Ditkizonr gel 

The poor durability of the free dithizone gef used earlier 
has been improved by using the zinc chelate. 

At pH f. the reactions proceed in two steps: 

[Zn(HDz),], f Z[H+], = [H,Dz], + [Zn*+], 

[HzDz], + [Hg’-]w = [Hg(HDz)&, + 2[H+]* 

where H2Dz represents dithizone, and suffixes g and w 
indicate the gel and aqueous phases, respectively. The 
colour change on the column and the analysis of the 
effluent support this reaction scheme. 

The origmal pink colour of the zinc dithtzonate gel 
turned to blue instantaneously as the acidic sample solu- 
tion flowed through the column. then an orange zone of 
mercury dithizonate appeared gradually from the top of 
the column. Almost all the zinc on the column was ehtted 
in the first few fractions of efIluent. whereas the break- 
through of mercury was observed after conversion of the 

Effluent, ml 

Fig. 1. Extraction of mercury(I1) with zinc dithizonate gel 
column at pH I. 

Gel soaked with 0.068‘& Zn(HDz)? solution, flow-rate 
1.5 mli’min. 

Effluent, ml 

Fig. 2. Extractton of mercury(H) with ztnc dithizonate gel 
column at pH 5.6. 

Gel soaked with 0046% Zn(HDzjt solution; tIow-rate 
15 ml/min. 

gel mto the mercury complex form was complete, as shown 
in Fig. 1. 

At higher pH (56), however, the mercuric ion was 
extracted by direct exchange: 

CZnWD&l, + 2Uig2’lw 
= [Hg,DzJ, t [Zn2’]l + 2[H’]W 

As the reaction proceeded zinc ton was gradually released 
from the column whilst the mercuric ion was being 
extracted mainly as the secondary complex. Accordingly. 
the original pink colour of the column turned to orange- 
red from the top. This reaction scheme IS also supported 
by the results shown m Fig. 2. 

Mercuric ion extracted as the prtmary complex at tow 
pH could be easily back-extracted by sunply elutmg wtth 
1M hydrobromic acid or 81M hydrochloric acid, by analogy 
with the batch extraction process.’ However, mercury 
extracted as the secondary complex. could not easily be 
back-extracted with these eluents. 

Thus. extraction at low pH was preferable for precon- 
centration of traces of mercury. because of the higher selec- 
tivity as well as the quantitative recovery of mercury by 
the back-extraction, although the extraction capacity is 
only about half that at the higher pH. 

The selectivity of dithizone for mercury becomes higher 
as the pH is decreased, and only metal ions such as palla- 
dium. silver. copper and mercury are compiexed in a fairly 
acid (@i-O5N) solution.’ On the other hand the interfer- 
ence from halide tons becomes serious with decreasing pH. 
Eor example. the extraction of mercury from sea-water is 
quantitative at pH 2 but incomplete at pH 1. 

Table 1 illustrates the preconcentration of mercury from 
synthetic and natural sea-waters spiked with a trace level 
of mercury. Sample solution, adjusted to pH 2 with sul- 
phurtc acid, was passed through the column. and after 
extraction, the column was treated either with l&f hydro- 
bromic acid or 8M hydrochloric acid. As shown in the 
table. hydrobromic acid is more effective as a back-extrac- 
tant than hydrochloric acid. because less is required for 
the quantitative recovery of mercury. 

Under these conditions. copper may also be extracted 
by the gel. However. rt remains on the column when mer- 
cury is back-extracted with 1 A4 hydrobromic acid, because 
of the relatively few formation constant of tetrabromocop- 
per(H) (&, = 10s for CuBri- and &, = 10” for HgBri-).” 

STTA gel 

The extraction behaviour of mercurtc ion with STTA 
has been mvestigated in some detail,“~~ and the sefectivity 
of STTA for heavy metal ions was found to be simtiar 
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Table I. Extraction at pH 2 and back-extractton of mercury (dithizone gel column) 

459 

Concn. of Hg, 

HCI (flow-rate 1 ml/min) 

Volume, nrI 30 10 20 20 10 50 30 30 40 40 
Hg recovered. M 115 290 95 100 96 254 106 251 95 101 
Recovery. O0 97 99 96 102 98 102 106 100 95 101 
Concentration factor 4 50 50 100 200 5 33 17 25 50 

Table 2. Extraction at pH 4 and back-extraction of mercury (STTA gel column, flow-rate 1.5 ml/min) 

Concn. of Hg. ppnr 1.0 
Amount passed ml 500 
Total amt. of Hg. fig 500 

Synthetic sea-water Natural sea-water 

0.1 @05 002 01 @05 002 001 
1000 2000 2500 2000 2000 2500 2500 

100 100 50 200 100 50 50 

Volume of eluent. ml 50 25 10 10 25 10 10 10 
Hg recovered. pg 483 99 86 34 192 84 32 27 
Recovery, 9,, 966 99.0 86.0 68.0 96.2 840 660 54.0 
Concentration factor 10 40 200 250 80 200 250 500 

to that of dithizone. Thus, mercuric ion can be selectively 
extracted with STTA from 2 1N sulphuric acid. 

The capacity of the STTA gel column increased linearly 
with increasing concentration of STTA in the range 
6-20 x 10e3M. indicating the formation of a 1:2 (metal: 
ligand) chelate. With 0.02M STTA gel. an extraction capa- 
city of 4.5pq/ml of gel bed was obtained. At a much 
higher SlTA concentration. such as O.lM. some STTA 
tends to leak into the aqueous phase during the column 
operation. although a higher extraction capacity such as 
19 peq/ml is attained. a value comparable with that 
obtained on the dithizone-impregnated polyurethane foam 
co1umn.s 

The stability constant of Hg-STTA seems to be slightly 
lower than that of mercury drthizonate. because mercury 
can be back-extracted from the STTA gel column with 
a mixture of 40ml of 0.05M sulphuric acid and lOm1 of 
lO”,0 potassium bromide solution. This eluent will not 
back-extract mercury from the dithizone gel. 

When up to 5OOng of mercury on the column is eluted 
with this mixture at a flow-rate of 1.5 mlimin, all the mer- 
cury is found in the first 50ml of effluent. 

The lower stability constant of the mercury STTA com- 
plex also means that the Interference from halide ions is 
more serious. Thus. with the STTA gel quantitative extrac- 
tion and recovery of mercury from sea-water required a 
pH 2 4. 

Table 2 shows the result of the preconcentration of mer- 
cury from synthetic and natural sea-waters spiked with a 
low level of mercury. Samples were adjusted to pH 4 with 
sulphuric acid and passed through the column at a flow- 
rate of 1.5 mhmin. The rather poor recovery for 0.05 ppm 

Hg or less may be due to loss of mercury from the sample 
solution during storage, which is often experienced with 
very dilute mercury solutions.’ 
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Summary-Mercury(H) at the sub-ppm level is selectively trapped on a column packed with cross-linked 
polystyrene gel beads soaked with zinc dithizonate or thiothenoyltrifluoroacetone. Mercury trapped 
on the beads can be back-extracted into the aqueous phase with a hydrogen halide solution. Mercury 
in sea water at ppm or ppM level has been successfully preconcentrated by this procedure. 
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There are numerous papers on use of thiosemicarbazones 
for photometric ~termlnation of metal ions but none on 
use of phenylthiosemicarbazones. This is surprising, 
because their reactions are more sensitive and their com- 
plexes are easily extracted. Picolinaldehyde thiosemicarba- 
zone (PAT) has found several applications.‘-6 In this 
paper. the use of picolinaldehyde 4-phenyl-3-thiosemicar- 
bazone (PAPT) as photometric reagent for the determina- 
tion of cobalt is described. 

Its reactions with metal ions are more sensitive than 
those of PAT. The cobalt(H) complex is stable even in 
very acid medium. and can be extracted into chloroform. 

CH=N-NH-C-NH -0 ’ \ - 
PAPT 

The classical reagents’ for determining cobalt have 
various disadvantages. In recent years, numerous spectro- 
photometric determinations of cobalt have been pro- 
posed i”.i ’ but none has entirely solved the problem. 

EXPERIMENTAL 

Reagents 

Picolinaldehyde 4-phenyl-3-thiosemicarbazone solutions, 

Make 0.1 and O.OS”/;, w/v solutions m dimethylformamide. 
and 0.05’4 in chloroform. 

Standardized cobalt solution. 
Su@zr solution, pH 4.7. Dissolve 56.0 g of sodmm acetate 

and 25.0 ml of glacial acetic acid in water and dilute to 
a litre. 

Dowes 50-X8 resin, sodium form. 
All solvents and reagents were of analytical grade. 

Syntheszs of the reagent 

4-Phenyl-3-thiosemicarbazide (4.6 g) was dissolved in 
150 ml of hot ethanol and added to 3.0 g of picolinaldehyde 
m 35 ml of ethanol. The mixture was refluxed for 2 hr. 
and allowed to cool to room temperature. The yellow crys- 
talline product was filtered off and reerystalhzed from eth- 
anol. The yield was > 809; (m.p. 204-205”: found C 60.846. 
H 4.6’~;. N 21.8’;, S 12.8:;; calculated for C,,H,,N,S; 
C 60.91”;. H 4.71%, N 21.85::. S 12.50?/,). 

Propertres of the reagent 

PAPT is sparingfy soluble in water, moderately soluble 
in chloroform (4.01 g/l.). ethanol (2.91 gil.). methanol 
(4.43 g/l.) and nitrobenzene (9.36 g/l.). and very soluble in 
dimethylformamide (168.2Og/l.) at room temperature. 

Infrared spectra were obtained (KBr discs), and the 
bands assigned (cm- ‘) to the stretching vibrations of 
-NH- (3300s and 3110m) >C=N (1595s and 154OsL 
and ;C=S (1105. 1075, 1040 m and 835 w). 

The ultraviolet spectrum of an aqueous solution of the 
reagent, in neutral medium. shows an absorbance maxi- 
mum at 318 nm. This band undergoes a bathochromic shtft 
to 356 nm in acidic medium, and in alkaline medium to 
330nm. Phillips and Merritt’s method” was used for 
determination of the ionization constants. in 29; ethanol- 
water medium (1 ml of 2 x 10e31M PAPT solution in eth- 
anol, diluted to 50ml with distilled water). The values 
found were pK, = 3.66. ply2 = 10.47. 

Reactions with metal tons 

The reacttons of 36 ions with PAPT were tested at 
various pH values. The samples were prepared m SO-ml 
volumetric flasks. with 2 or 10ppm of metal ion, 20ml 
of 0.05”; PAPT solution m dimethylformamide, 10ml of 
buffer solution and dilution to 50 ml with distilled water: 
the spectrum from 350 to 700nm was measured against 
a reagent blank. The most important results are summar- 
ized in Table 1. 

Recommended procedures for the determination of cobalt(Il) 

In weakly acid medium. To a cobalt solution (lO-LOO fig 
of Co) m a SO-ml volumetric flask, add 2Oml of 0.059; 
PAPT solution in dimethyiformamide, 10 ml of pH 4.7 ace- 
tate buffer. 10mI of 0.5M potassium chloride and dilute 
to the mark with water. Measure the absorbance in l-cm 
cells at 390nm against a reagent blank. 

In strong/y acid medium. Place the cobalt solution 
(25100 pg of Co in not more than 10 ml) m a SO-ml stan- 
dard flask. Add 0.1 g of ascorbic acid. 10 ml of O.l”, PAPT 
solution in dimethylformamtde. 10 ml of 2M hydrochloric 
acid and 10ml of OSM potassmm chloride and dilute to 
volume. Measure the absorbance, in I-cm cells. at 430 nm 
against the reagent as blank. 

B.v e.vtraction o/the complex. Place the sample solutron, 
contaming up to 2Opg of Co, in a separating funnel. Add 
2 ml of pH 4.7 acetate buffer, 2 ml of 0.5.W sodium perch- 
lorate and dilute to 10 ml with water. Extract with 10 ml 
of 0.05”, PAPT solution in chloroform. with vigorous 
shaking for 2min: transfer the chloroform layer into a 
25-ml catibrated flask, ddute to the mark with chloroform 
and dry with anhydrous sodium sulphate. Measure the 
absorbance at 400 nm against a blank obtamed by extrac- 
tion in the same way. 

Determrnatron of’ cobalt in steels. Dlssolve 0.25 g of steel 
in 30ml of uyua regiu under reflux. Dilute the solution 
to 100 ml m a standard tIask with distilled water. Analyse 
an ahquot of this solution by the “strongly acid medium” 
method. <Any silica or tungstic acid precipitated should be 
filtered off. 

RESLLTS AhD DISCL’SSIO~ 

PAPT is amphotenc, with protonation of the rmg 
nitrogen atom. and/or dissociation of a proton from the 
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Table 1. Characteristics of PAPT complexes in solution 

&l,,. 1o-3 x E, 
Metal ion PH nm /.mole-‘.cm-’ pD* 

Ag 10 1.2 3.6 
Hg(I) 4.5 380 19.1 5.1 yellow 
Hg(II) 4.5 384 31.0 5.3 yellow 
Au(II1) 10 370-380 25.6 5.2 yellow 
V(V) 4.5 440 7.1 5.9 orange-yellow 
&II, 4.5 10 381r 390 390 21.5 10.8 5.3 5.6 yellow yellow 

Zn 4.5 390+00 32.7 6.1 yellow 
Pt(IV) 4.5 400-410 23.4 5.3 orange-yellow 
Cu(I1) 4.5 400-410 18.4 6.3 yellow-green 

10 380-390 31.8 6.3 yellow-green 
Cd 4.5 390 39.5 5.6 yellow 
COW) 4.5 390 29.9 7.6 yellow 
Co(I1) 4.5 390 29.9 7.6 yellow 
Ni 4.5 380-390 32.3 7.6 yellow 
Fe(II1) 4.5 390-400 35.6 6.6 yellow 
Fe(I1) 4.5 380 38.7 6.8 yellow 

620 6.0 6.6 green 
3.0 530-560 4.1 6.0 red-violet 

* pD = -log D; D = detection limit. g/ml. 
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thiol group. It IS stable in dimethylformamrde-water solu- 
tion. Reducing agents do not affect it but oxidizing agents, 
such as potassium persulphate and hydrogen peroxide. des- 
troy it. 

The benzene ring substituted on the thiosemicarbazone 
produces an auxochromic effect for the complexes formed, 
giving better sensitivity than other thiosemicarbazones.z.i3 

Reaction with cobalt 

PAPT forms a yellow cobalt(I1) chelate at pH 5 and 1. 
the wavelengths of maximum absorption being 390 and 
420nm. respectively (Fig. 1). The complex is formed 
rapidly and its absorbance remains stable for at least 24 hr. 
Reducing and oxidizing agents do not affect the cobalt- 
complex spectrum. 

The complex is retained on a cationic ion-exchanger 
resm in weakly acidic but not in alkaline medium. prob- 
ably I4 because of the equilibrium: 

Co(HPAPT), 2 + = CO(PAPT)~ + 2H + 

The absorbance-pH graph for the cobalt complex is shown 
in Fig. 2. The optimum pH range for complex formation 
is 4.4-6.9. so an acetate buffer is proposed: 

2’0, 

1-e r 

l’6 - 

1 

Fig. 1. Absorption spectra of solutions of the PAPT- 
cobalt complex (2 ppm) at the pH values Indicated. 

The stoichiometry of the complex is shown by the con- 
tinuous variations method to be 1:2 metal:ligand at both 
pH 4.7 and 1.0. Therefore, two different species exist, each 
having the same cobalt:PAPT ratio. At low pH values 
the absorbance decreases because of the bathochromic shift 
of the reagent. 

The optimum pH range for extraction of the complex 
into chloroform is 4-7 and sodium perchlorate is the best 
salting-out agent. 

Analytical applicatwns 

In acetate bufir. Beer’s law is obeyed at pH 4.7 for 
0.2-2ppm of cobalt and the molar absorptivity is 
29.9 x lo3 1 .mole- ’ .crn- ’ (at 390 nm). The optimum con- 
centration range, evaluated by Ringbom’s method, is 

Fig. 2. Absorbance-pH graphs of the PAPT-cobalt com- 
plex: A. extracted into chloroform 2 ppm cobalt (j.,,,,, 
400 nm): B. in homogeneous medium. 2 ppm of cobalt (&,,., 

400 nm). 
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Table 2. Influence of foreign eons m cobalt determination Table 3. Determination of cobalt in steel 
at pH 1 

Cobalt. “; 
Interference level, ppm 

1 2 5 25 50 Steel type Added Found 

Au(II1) 
Cu(I1) 
V(V) 
Ag 
Pd(I1) 
Pt(IV) 

Sn(I1) Hg(I) 
Hg(II) 

Cr(II1) Pb 
Ni 

Bi, W(VI), Ca. Fe(H), Mo(VI), Cd. Sr. Ce(III), Ba. Zn. 
Mn(II), Be, Al, LI, Rb do not interfere at the 100-ppm 
level. 

0.2-2ppm. The relative error (95’/, confidence hmlts) is 
f 0.2sg. 

The interferences for 1 ppm of cobalt were investigated: 
1OOppm of W(VI), Mo(VI), As(III), Th. U(VI), Ca, Ba, Be, 
Sr, Mg, Rb, Li, PO:-, SCN-, citrate and tartrate, and 
50ppm of Mn(I1) and Al ions did not interfere. Ag, Pb, 
I-&(I), I-WI), Cd, Bi SnW, S4W. AuUII), PdW, FeUD, 
Fe(III), Cu(II), Ni, Zn and V(V) ions interfere when they 
are present in concentrations below I or Zppm, and Cr 
in 10 ppm concentration. 

Cr-Ni Steel I 1.95 1.86 
Cr-Ni Steel I 0.97 0.90 
Cr-Ni Steel I 0.46 0.43 
Cr-Ni Steel I 0.23 0.22 
AISI-316T 1.91 1.95 
AISI-316T 0.95 0.98 
AISI-316T 0.45 0.43 
AISI-3 16T 0.24 0.25 
AISI-316E 1.89 1.92 
AISI-3 16E 0.96 0.89 
AISI-316E 0.47 0.45 
AISI-316E 0.23 0.21 

cobalt in spiked samples of Hoepfner Gebr. Chromium 
Nickel Steel I, AISI 316-T Steel and AISI 316-E Steel*. 
The results are shown in Table 3 (average of 10 determina- 
tions). 

In strongly acid medium. lks is the most interesting pro- 
&lure because it removes numerous interferences and, 
more importantly, the determination of cobalt in the pres- 
ence of iron is made possible. Beer’s law is obeyed between 
0.2 and 2 ppm of cobalt. The molar absorptivity at 430 nm 
is 15.1 x lO”l~mole-‘.cm- ‘. Ringbom’s m&hod shows 
that 0.8-1.5 ppm is the minimum-error range. The relative 
error (95% limits) is * 1.0%. 
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Summary-The characteristics and analytical apphcations of plcolinaldehyde 4-phenyl-3-thiosermcarba- 
zone are described. This compound gives coloured reactions with cobalt(II), iron(I1) and (III), nickel(H). 
copper( palladium(I1) and other ions, that are much more sensitive than those with picolinaldehyde 
thiosemicarbazone. The 1:2 yellow cobalt(I1) complex has been used for the spectrophotometric deter- 
mination of cobalt in the presence of iron, and applied to steel analysis. 
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The liquid-liquid extraction of ReO; by means of different 
ketones has been the subject of a number of investiga- 
tions.‘-i5 The advantage of this extraction is that it can 
be carrted out in acidic as well as in neutral or alkaline 
medium. Only a few investigations on the mechanism of 
this extraction are available’*‘i.i3 and it has not been com- 
pletely elucidated. Cyclohexanone (Ch), which is one of 
the most useful ketones, has been used in this study. The 
purpose of the present work was to carry out a more 
detailed study of ReO; extraction with cyclohexanone. 
elucidate some aspects of the extraction mechanism, and 
to show the possibility of separating molybdenum in deter- 
mination of rhenium in molybdenum ores, concentrates 
and preparations. 

EXPERtMENTAL 

Reagents 

Stock solutions of rhenium and molybdenum were pre- 
pared from KReO, and (NH&,Mo~~.~H~O. Cyclohex- 
anone, b.p. fraction W-156’ was used. Its purity was 
checked by gas chromatography. All other reagents were 
of analytical grade. 

Apparatus 

Absorbance was measured with a CcP-4 spectrophoto- 
meter. Radiometric measurements were carried out with 
Vakutronic V20 counting equipment. Atomic-absorption 
measurements were carried out with a Pye-Unicam SP 90B 
spectrophotometer. 

Procedure 

Distribution coefficients of rhenium were determined in 
two ways: radiometrically with ‘s6Re and photometrically 
by the thiocyanate method.16 The concentration of 
rhenium in both phases was measured. Distribution co- 
efficients of molybdenum were determined by means of 
atomic absorption. Equal volumes of the aqueous and 
organic phases (5 ml) were shaken in glass centrifuge tubes 
fitted with ground-glass stoppers. Equilibrium was attained 
after 5 min and the two phases were separated by centrifu- 
gation. The volume changes of the two phases for each 
point of the extraction curves have been taken into con- 
sideration when calculating the distribution coefficients. 

RESULTS AND DKXUSSION 

Extraction of ReO; from different media 

Curves for extraction of ReO; with Ch from aqueous 
solutions of some mineral acids are shown in Ag. 1. Corre- 

sponding curves for aqueous solutions of the correspond- 
ing sodium salts and sodium hydroxide are shown in Fig. 
2. No data for phosphate medium are presented, because 
of the low solubility of alkali metal phosphates. 

The importance of the salting-out agent is evident. Ions 
interact with water in different ways depending on their 
electric charge and radius, affecting the structure of water 
and its activity*’ to ditTerent extents. The non-hydration 
of NO; and Cl- helps their own extraction, thus influenc- 
ing unfavourably the ReO; extraction. Probably, the de- 
crease in extraction at higher acid concentrations is con- 
nected with the competitive extraction of the correspond- 
ing anions or condensation of perrhenate in the presence 
of the acids. * s. i ’ 

There is no information about the extraction of ReO; 
with Ch from solutions of phosphoric acid, hydrochloric 
acid. sodium carbonate and sodium hydroxide. Distribu- 
tion coefficients for some other media (sodium sulphate, 
ammonium sulphate) determined by us differ from the 
reported values’ by approximately one order of magnitude 
but we found their salting-out efficiencies to be in the same 
order as reported by Gerlit et al.,’ except for the changed 
places of OH- and Cl-. 

Choice of diluent 

Some “inert” diluents were tested. The most suitable 
appeared to be benzene and chloroform. Rhenium was 
extracted with 500,; solution of Ch in the latter diluents 

Fig. 1. Distribution of ReO; by extraction wrth cyclohex- 
anone from aqueous solutions of inorganic acids. 
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Fig. 2. Distribution of ReO; by extraction with cyclohex- 
anone from neutral and alkaline media. 

from 2N sulphuric aad with D = @I7 and from 2N 
sodium hydroxide with D = OQO4. The experimental data 
show that it is possible to carry out back-extraction of 
Re by adding diluent to the organic phase after the extrac- 
tion. 

Determination of solvurion and hydration numbers 

Solvation numbers were determined graphIcally from 
plots of log D vs. log [Ch] for different concentrations 
of the investigated media, using benzene and chloroform 
as diluents. The fact that irrespective of the nature of the 
diluent straight lines with equal slopes were obtained is 
regarded as evidence of the reliability of the result. The 
same value of the mean solvation number. namely 
S = 9.6 + @6, with statistical certainty of 950,‘,, was 
obtained when ReO; was extracted with Ch from solu- 
tions of sulphuric acid, lithium sulphate, sodium sulphate 
and sodium hydroxide of different concentrations. When 
the extraction is performed from potassium sulphate 
medium S = 6.0 + @l. Therefore when the cation and 
anion are both “positively” hydrated,” the extraction pro- 
cess proceeds by means of solvation with a greater number 
of Ch molecules than in the cases when the cation is 
“negatively” hydrated as in the case of the potassium ion. 

Hydration numbers were determined by a modified 
Fischer method. Titrations were carried out in the presence 
of small concentrations of methanol and high concen- 

Fig. 3. Distribution of Mo(VI) by extraction with cyclo- 
hexanone from aqueous solutions of acids and sodium 

carbonate. 

tratlon of pyridine. *’ Thus. the side-reactlon between 
ketone and methanol, causmg a liberation of an additional 
amount of water. was eliminated. The results show that 
in extraction of 0.02M solution of ReO; In the presence 
of potassium sulphate, sodium sulphate and sodium 
hydroxide, the solvates which pass into the organic phase 
are not hydrated. The amount of water m the rhemum- 
contaming extracts IS equal to that found in blank tests. 
Thus, it may be deduced that cyclohexanone solvates the 
corresponding perrhenate directly without partuzipatlon of 
water. 

The extract obtamed after extraction of ReO; from 
sodium sulphate and sodium hydroxide medium was eva- 
porated and the content of sodium and rhenium in the 
dry residue was determmed. The two ions were present 
in amounts corresponding to their stoici-uometric quanti- 
ties in NaReO,. Other evidence of the solvate mechanism 
of extraction of ReO; from neutral and alkaline medium 
is the fact that anhydrous NaRe04 is very soluble in cyclo- 
hexanone. The proposed solvate extraction mechanism 
does not agree with the suggestions of some other 
authors.” 

When the extraction is carried out from 2N sulphuric 
acid, the differences in the water content of the blank test 
extracts and of those containing rhenium are statistically 
significant (according to Kaiser and Specker’s criterion) 
and the hydration number found is 7. In this case, solva- 
tion of the protons takes place by means of bridge water 
molecules. 

Extraction of Mo( Vi’) porn different media 

Similar investigations were carried out with Mo(VI) and 
nitric acid, sulphuric acid, phosphoric acid and sodium 
carbonate media. Extraction curves are shown in Fig. 3. 
It is seen that phosphoric acid solutions provide the best 
conditions for separation of rhenium from molybdenum. 
The separation coefficient in 3-4N phosphoric acid is 
/3 = 3 x 104. 

Rhenium is completely and selectively extracted from 
concentrates of high molybdenum content if extractlon is 
carried out from sodium sulphate medium m the presence 
of the solid phase obtained after the decomposition of the 
sample with peroxide. 

Determination of rhenium in molybdenum concenfrates 

A sample of molybdenum concentrate containing 
5-1Opg of rhenium is mixed with 1 g of sodium peroxide 
in an iron or nickel crucible and the mixture is kept for 
30 min in a molten state in a muffle furnace. When the 
melt is cool, 5 ml of water are added and the crucible is 
left for 30 min on a boding water-bath. Then the contents 
of the crucible are transferred by means of 5 ml of IO”, 
sodium sulphate solution into a centrifuge tube fitted with 
a ground-glass stopper. ExtractIon is carried out with 
10ml of Ch from sodium carbonate and sodium sulphate 
solution in the presence of the solid phase containing the 
major part of the molybdenum in the form of slightly 
soluble molybdates. The phases are separated by centrifu- 
gation. The organic phase is transferred into a separatory 
funnel, 10ml of water are added and rhenium is back- 
extracted after addition of an equal volume of chloroform. 
Rhenium 1s determined in the aqueous phase by the thio- 
cyanate method. The method has been applied to the 
determination of rhenium in non-standard molybdenum 
concentrates. A mean Re value of 92.8 fig/g was obtained 
with relative standard devlatlon 2.4’; (9 rephcates). The 
absence of a methodical error was checked by standard 
addition. The results for rhenium content are m very good 
agreement with the results obtained by other techniques 
for decomposition of the concentrate and extractlon of 
rhemum. 
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Summary-A study has been made of the extraction of ReO; from the following media: nitnc. hydro- 
chloric. sulphuric and phosphoric acids. and sodium nitrate, chloride, sulphate, carbonate and hydroxide 
solutions. The extraction curves were obtained and hydration and solvation numbers determined. It 
is concluded that in acidic medium the extraction foilows a hydratosolvate mechanism; in neutral 
and alkaline medium only a solvate mechanism is observed. Similar investigations were carried out 
with molybdenum(W). The separation of rhenium and molybdenum is discussed. 
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Knecht and Atack’ titrated molybdenum(lIl) with a stan- 
dard solution of Methylene Blue. the colour of the dye 
indtcating the end-point. According to them the molyb- 
denum(Il1) is oxidized to molybdenum(W) and then to 
molybdenum(V). On the other hand Treadwell and Nter- 
iker.’ in then potentiometric titration of molybdenum(llI) 
with Methylene Blue. observed only one break. corre- 
sponding to the oxidation of molybdenum(llI) to molyb- 
denum(V). The titration curve showed no indication of for- 
mation of molybdenum(W) as an intermediate stage. 
Molybdenum(lll) is known to exist in two forms (green 
and orange-red). According to Sagi and Rao3.4 the green 
form is cationic aquomolybdenum(lll) chloride and the 
orange-red form is anionic chloromolybdate(lll). The type 
of molybdenum(lIl) obtained depends upon the method 
of preparation. Aquomolybdenum(lll) chloride has a lower 
formal redox potential than chloromolybdate(lII).5~6 The 
two species behave differently with different oxidants.3.7 
The green form is stable only at hydrochloric acid concen- 
trations <4M whereas the orange-red form IS stable In 
all concentrations of the acid. 

The reaction of the two forms of molybdenum(Il1) 
with Methylene Blue has now been re-examined. 

EXPERIMENTAL 

Reagents 

Methylene Blue solutions were standardized with a stan- 
dard solution of titanium(Il1) chloride.8.g 

Aquomolybdenum(Ill) chloride and chloromolyb- 
date(lI1) solutions were prepared by reducing ammomum 
molybdate solution in 3M and 8M hydrochloric acid re- 
spectively. in a Jones reductor. and stored under carbon 
dioxide. They were standardized against standard cermm- 
(IV) sulphate via oxidation with excess of ferric alum 
solution and titration of the iron(l1) with ceric sulphate, 
with ferroin as indicator.” 

Procedure 

Known volumes of chloromolybdate(II1) and aquomo- 
lybdenum(lll) chloride were titrated with standard Methy- 
lene Blue solution in l-8M and 0.54M hydrochloric acid 
media respectively. until the solution showed the colour 
of Methylene Blue. The orange-red form first became straw 
yellow. then pale green and finally blue; the green form 
first became reddish brown. then pale bluish green and 
finally blue. The end-pomts for the orange-red form were 
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Knecht and Atack’ titrated molybdenum(lIl) with a stan- 
dard solution of Methylene Blue. the colour of the dye 
indtcating the end-point. According to them the molyb- 
denum(Il1) is oxidized to molybdenum(W) and then to 
molybdenum(V). On the other hand Treadwell and Nter- 
iker.’ in then potentiometric titration of molybdenum(llI) 
with Methylene Blue. observed only one break. corre- 
sponding to the oxidation of molybdenum(llI) to molyb- 
denum(V). The titration curve showed no indication of for- 
mation of molybdenum(W) as an intermediate stage. 
Molybdenum(lll) is known to exist in two forms (green 
and orange-red). According to Sagi and Rao3.4 the green 
form is cationic aquomolybdenum(lll) chloride and the 
orange-red form is anionic chloromolybdate(lll). The type 
of molybdenum(lIl) obtained depends upon the method 
of preparation. Aquomolybdenum(lll) chloride has a lower 
formal redox potential than chloromolybdate(lII).5~6 The 
two species behave differently with different oxidants.3.7 
The green form is stable only at hydrochloric acid concen- 
trations <4M whereas the orange-red form IS stable In 
all concentrations of the acid. 

The reaction of the two forms of molybdenum(Il1) 
with Methylene Blue has now been re-examined. 

EXPERIMENTAL 

Reagents 

Methylene Blue solutions were standardized with a stan- 
dard solution of titanium(Il1) chloride.8.g 

Aquomolybdenum(Ill) chloride and chloromolyb- 
date(lI1) solutions were prepared by reducing ammomum 
molybdate solution in 3M and 8M hydrochloric acid re- 
spectively. in a Jones reductor. and stored under carbon 
dioxide. They were standardized against standard cermm- 
(IV) sulphate via oxidation with excess of ferric alum 
solution and titration of the iron(l1) with ceric sulphate, 
with ferroin as indicator.” 

Procedure 

Known volumes of chloromolybdate(II1) and aquomo- 
lybdenum(lll) chloride were titrated with standard Methy- 
lene Blue solution in l-8M and 0.54M hydrochloric acid 
media respectively. until the solution showed the colour 
of Methylene Blue. The orange-red form first became straw 
yellow. then pale green and finally blue; the green form 
first became reddish brown. then pale bluish green and 
finally blue. The end-pomts for the orange-red form were 
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sharp in 6-8M hydrochloric acid media but not at lower 
acid concentrations (because of slow reaction). For the 
green form, the end-points were not clear at any acid con- 
centration. because the end-point reaction was slow. 

The titrations were repeated potentlome~icaIly. Titra- 
non of chIoromolybdat~II1) in 6-8M hydrochloric acid 
was best, because stable potentials were obtamed in 
2-3 min after each addition of titrant and a potential jump 
of 1OOmV was obtained exactly at the visual end-point. 
whereas in 2-5M hydrochlortc acid stable potentials were 
obtained only after waiting for 5-10min after each addi- 
tion of titrant and the potential jump was only 5&60 mV. 
With aquomoly~enum(III) chloride no potential jump 
was obtained until the solution had become blue. and 
5-10 min were required for the potential to become stable 
after addition of the titrant, so satisfactory titrations could 
not be carried out. 

Titrations of Methylene Blue with chloromolybdate(II1) 
and aquomoly~enum(II1) chloride in similar acid condi- 
tions by vtsual and potentiometric methods gave results 
simtlar to those for the titrations described above. 

RESULTS AND DISCUSSION 

The results obtained in the visual and potentiometric 
titrations of chloromolybdate(II1) (e.g., Fig. 1) showed that 
in 6-8M hydrochloric acid media the Methylene Blue is 
reduced to leuc~Methylene Blue and moly~en~(iI~ is 
oxidized to molybdenum(V) oniy. In less concentrated acid 
(2-5M) a fraction of the molybdenum(V) formed is oxi- 
dized to molybdenum(VI), the fraction mcreasing with de- 
crease in acid concentration. This is expected from the 

mies of Meihyime Bluehole of shkmmoiybdate fIU) 

Fig I. Potentiometric titrations of chioromoiybdate(III} 
with Methylene Blue in hydrochloric acid media. 

variation of the formal redox potential of the MO(W)/ 
MO(V) couple in medta of low hydrochloric actd concen- 
tration.’ t and confirms the results obtained by Sagi and 
Rae.” The results of the reverse titrations confirm these 
conclusions. 

The results obtamed in the visual titration of aquo- 
molybdenum(I1) chloride with Methylene Blue show that 
oxidation to molybdenum(V) is incomplete even though 
aquomolybdenum(II1) chloride IS a more powerful 
reductant than chloromolybdate(IIIl (according to the 
formal redox potentials). 

We consider that only 6-8M hydrochloric acid media 
are suttable for titration of Methylene Blue with molyb- 
denum(III), which itself must be tn the form of chloro- 
molybdate(II1). 

Other reductometrtc reagents available for the direct 
titratton of Methylene Blue are titanium(II1) chloride.*,“ 
chromium(H) sulphate,‘3,‘4 iron(B) sulphate” and ascor- 
bic acid-i6 Of these the titration with iron is done 
slowty, with a I-min wait after each addition of titrant. 
The titrations with ascorbic acid and ti~nium(II1) require 
higher temperatures. Titanium(II1) chloride and chromium- 
(H) sulphate are highly susceptible to atmospheric OXI- 
dation whereas chloromolybdate(II1) is less susceptible.” 
and the titrations with chloromolybdate(II1) now proposed 
can be carried out at room temperature. 

~c~nuw~e~~~enr-~e of the authors (T.B.B.1 is grateful 
to C.S.I.R. (New Delhi) for the award of a Junior Research 
Fellowship. 
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Summary-The reaction of Methylene Blue with aquomolybdenum(II1) chloride and chloromolyb- 
date(III) in hydrochloric acid media has been mvestigated Chloromolybdatef III) can be satisfactorily 
used as a reductometric titrant for Methylene Blue in 6-8M hydrochloric acid medium. The end-point 
can be detected either ~tentiomet~~lly or visually. Aquomolybd~um(II1) chloride is not useful as 
a tttrant for this estimation. 
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Samples containing large amounts of Ca and Mg are some- 
times analysed by the classical technique, but this is prone 
to errors because of co-precipitation and solubility effects.’ 
The alkaline earth metals are so easily co-precipitated with 
the ammonia group precipitate that reprecipitation and 
adequate washing of the precipitate is essential if high 
results for alumina and low results for Mg and Ca are 
to be avoided. Careful control of pH is also essential dur- 
ing the ammonia group precipitations to avoid alumina 
escaping precipitation and then being brought down in 
the oxalate or, more probably, the phosphate precipi- 
tations. For this reason the method is inconvenient in a 
routine laboratory.’ 
. Most complexometric methods involve the determina- 
tion of lime and of lime plus magnesia the magnesia being 
obtained by difference, but difficulties arise in the lime 
determination and the complexometric determinations are 
not completely satisfactory either.24 

The determination of small amounts of magnesium is 
often based on lake formation or indirect photometric 
determination. 3,4 Dyes used include Titan Yellow,5-’ cur- 
cumin, 1,2.5.8-tetrahydroxyquinone, erc. It is very difficult 
to obtain accurate and reproducible results with lake-form- 
ing compounds because of variations in dyestuff samples, 
impurities in protective colloids, precipitation of the lake, 
rapid fading of the colour. and the uncertain effect of other 
metals.3 The indirect photometric procedures are mostly 
based on the gravimetric methods, but so many manipula- 
tions are involved that there is a very great possibility 
of error.3 

The development of the EDTA titration of magnesium 
with Eriochrome Black T as indicator suggested the use 
of this dye for a photometric procedure.* Interference by 
the alkaline earth metals is eliminated by precipitating 
them with sodium tungstate. Interference by Zn, Cu, Cd 
and Co is eliminated with potassium cyanide. Fluoride, 
phosphate. sulphate and oxalate should be absent3 Similar 
methods which utilize the formation of a coloured magne- 
sium complex employ 2-[2-hydroxy-3-&t-xylylcarbamyl]- 
I-naphthylazophenol and its sulphonate as reagents.‘*” 
Iron, copper and aluminium interfere by reacting with the 
reagent. 

Magnesium can be determined in low concentration by 
spectrophotometric measurement of its 8-hydroxyquinoline 
complex. The magnesium must be almost completely iso- 
lated by extraction before its determination although the 
Interference due to small amounts of Ni. Co. Cu. Ag, Au 
and Pt can be eliminated by masking with sodium 
cyanide.3.1 r*i2 

This paper describes an alternative method that is 
applicable to silicate materials that are low m iron and 
aluminium and is more sensitive and less subject to inter- 
ference from common diverse ions. In a prevtous paperi 
we have shown that Mg and Eriochrome Cyanine R ERCR 
form a true solution of a well-defined coloured complex 
and that the reaction is complete in the pH range 
1 l&l 1.5. The same reaction has now been used for direct 
magnesium determination m silicate analysis. 

EXPERIMENTAL 

Reagents 

ERCR solution O.OlM. Dissolve 5.36 g of ERCR in 10 ml 
of nitric acid (1 + 1) and add 100ml of water, 8 g of 
sodium chloride, 8g of ammonium nitrate and dilute to 
1 litre with water. This solution is stable for monthsi 

Standard magnesium solution, O.OOlM. Dissolve 0.2033 g 
of MgCl,.6H20 in 1 litre of distilled water and standar- 
dize gravimetrically if necessary.’ 

Bujii solution. Mix 0.2M ammonia and 0.2M 
ammonium chloride in 32: 1 ratio and add 25 ml of 25% 
ammonia solution (spgr. 0.91) per litre. 

Spectral churacteristics and optimum conditions 

In Fig. 1 curves A and B show the absorption spectrum 
of ERCR in the presence and absence of magnesium at 
pH 11.5 in ammonium buffer solution. As shown earlier.” 
complex formation is complete in this medium and the 
absorbance is independent of pH in the range 11.0-11.5. 
The order of addition of reagents is immaterial At pH 
11.5 (chosen for the present work), a l&fold molar excess 
of reagent is sufficient for complete complex formation, 
but it is better to use at least a 30-fold excess. The colour 
is essentially completely developed in 10min and then 
remains unchanged for at least 1 hr. 

Calibration curve and procedure 

Weigh accurately a 0.5-g ground sample into a platinum 
dish. Decompose the sample and determine the Shea..’ 
After removal of the silica with hydrofluoric acid fuse 
the residue with 2g of potassium pyrosulphate. Cool, add 

Fig. 1. Absorption spectra of (A) 1.5 x IOe3M ERCR/l.S 
x IO-‘M Mg(II); (B) 1.5 x lo-“M ERCR. 
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w’ater and 10 ml of 5% sulphurtc acid to dtssolve the fusion 
cake. Add the solutton to the filtrate from the silica deter- 
mmation in a SOO-ml volumetrtc flask. Dilute to the mark 
and pipette 100 ml into a 2%ml beaker. Add 1 or 2 drops 
of cont. nitrrc acid, boil for I-Zmin, add l-2g of 
ammonium chloride. precipitate R,Os by adding ammoma 
solutton (1 + 1) dropwise (pH c 8. umversal indicator), 
keep warm for about 10 mm and filter (coarse paper) col- 
lecting the filtrate in a 250-ml volumetric flask, cool and 
dilute to volume. Pipette an ahquot of 1 or 5 ml, depending 
on the magnesium content. into a St&ml volumetric Bask, 
add 7.5 of O.OIhJ ERCR, 25 ml of buffer solution and dilute 
to volume. Determine the absorbance of the solution at 
570nm agamst a blank as reference, usmg 30-mm cells. 

To prepare the calibration curve transfer 1.0. 1.5, 2.0, 
2.5. 3.0, 3 5. 4.0 and 4.5 ml of the standard magnesium 
solutton to %-ml volumetric flasks, add to each flask 5 ml 
of the reagent blank, 7.5 ml of ERCR solution, 25.Oml of 
buffer solution and diiute to volume with water. Determine 
the absorbance of each solution at 570 nm against a btank 
as reference, using 30-mm ceIis. Find the equation of the 
line ALZA = a + KM, and test the constant a for equality 
to zero.l5,‘6 

The calibration curve should be linear over the range 
2 x 10-5-10-4M magnesium. 

RESULTS AND DISCUSSION 

Accuracy 

The accuracy was tested in two principal ways: (a) by 
the absolute method in which a synthetic sample was 
employed, and (h) by the use of standard samples. Various 
amounts of magnesium were used because the determinate 
errors m the procedure may be a function of the amount 
present.“.t8 Many replicate analyses for Mg in synthetic 
samples. covering the range of concentration over which 
the method is applicable, when analysed by the method 
of least squares gave a hnear relation between amount 
found and amount added, passing through the origin, with 
a slope equal to umty. Statistical analysis’s*16 showed the 
procedure to be free from both a constant bias and an 
error of relatrve type, i.e., one that increases with the 
amount of Mg. 

Determination of the accuracy of a method by use of 
pure solutions is only the first step in evaluation of the 
accuracy.” The effect of accompanying species in varying 
amounts must also be examined. Such a programme is 
so laborious that it is rarely, if ever, carried out to its 
full extent.” One way of reducmg the labour is to consider 
the deter~nation in a specified con~ntration range in a 
material of more or less fixed composition, both with re- 

spect to the elements which may be present and thetr rela- 
tive amounts. By the use of suitable synthetic samples the 
effect of foreign elements on the Mg determinatton was 
thus systemattc~y evahtated. We anaiysed four samples 
containing 12. 18, 24 and #gg of Mg, and various 
amounts of the elements to be studied for possible interfer- 
ence. The amounts of magnesium found from five separate 
determinations were compared by the Student criterion 
with the amount of magnesium taken. The investigation 
showed that the effect of the foreign substances is a func- 
tion of their relative contents; there was no effect when 
the con~ntrations (in a nottonaf “‘sampie”) were less than: 
CaO c 16”/,, MnO .. 2”/ ZnO z 2.00/,, AI,O, _ lo;, 
Feat% _ 1.0% and TiOr _ I%, Thus we may conclude 
that our procedure is applicable to silicate glasses contain- 
ing sodium, potassium, calcium and magnesium as major 
constituents as well as to feldspars, clays and others low 
in alumina and tron oxides. 

The use of liquid synthetic samples does not always suf- 
fice however.” We therefore also used standard samples 
of glass, clay, feldspars, china clay and sands. The results 
for glass are given in Table 1. The distribution was normal 
and a statistical analysis should be compatible with these 
data. We thought at first that the existence of a relative 
type of error in the data was related to the amounts taken 
for analysis. Therefore, to determine the adequacy of the 
sample stze we tested stattstically the significance of the 
differences between the mean values of different subsample 
volumes for each glass. For this purpose we compared the 
standard deviations of the subsamples by the Cochran cri- 
terion. The estimates were so close [see Table 2, data for 
the G-criterion-_Cr,..d c G(95, k = 4, f = 4) = 0.681 that 
the differences could have arisen by chance. Since our 
results were ciassiffed into more than two groups we 
also utilized analysis of variance.t6 The F-values showed 
(see Table 1) that there is no evidence for bias at the 
four levels of concentration [Ffwnd c F(95, f, = 3, 
fi = 16) = 3.241. Finally, the mean values for each sub- 
sample size were compared with the true composition by 
means of the t-criterion. The difference appears not to be 
greater than can be attributed to chance, since 
koum( c r(95,f = 19) = 2.09. As mentioned, since the differ- 
ent subsamples correspond to samples of different sizes. 
the results of Table 1 reveal that there were no determinate 
errors in the determination of MgO in glasses. These data 
were also used to test the accuracy of the method expressed 
by the difference AX between the contents found and the 
true values p (given m Table 1 as AX/&,). The precision 
of the procedure was measured by the coeffictent of vari- 
ation V,. aiso given in the Table. 

The proposed method was applied to the analysis of 
a series of samples. Table 2 shows the results of five repii- 

Table I. Effect of the subsample volume on the results of the magnesium determination 

Composltmn of the samples 

A B C 

LO, 726 724 718 
AhO, i OS 238 I 16 
Fe20, 007 015 Oil 
cao 120 5 50 656 
wgo 390 277 453 
Na,O 1496 1496 1468 
K:O trace 096 066 
so* 032 027 045 
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Table 2. Comparison of the results obtamed by the proposed method wtth the complexometric determination of MgO 
in different materials 

Sample 
True value. 

0, 
,0 

The proposed method Complexometric method 

AX/b Total AX/& Total 
x.” ,, s.“,, ;v,:; “:, error.‘,, X,“” s,“, v,.o,, Oc, error.‘,, 

Clay 0.63 & 0.02 0.65 0.027 4.0 3.2 12 0.72 0.220 30.0 14.4 84 
Feldspar 0.19 + 0.01 0.20 0.013 6.5 5.3 19 0.27 0.028 10.4 42.0 72 
Sand 0.15 f 0.01 0.15 0.014 9.4 0.0 19 0.16 0.067 42.0 6.1 96 
China clay 0.06 + 0.007 0.06 0.009 15.0 0.0 30 0.09 0.009 10.0 3.4 80 

cate magnesia determinations in these samples by the pro- 4. 
posed method and by the complexometric method. The 
standard devtation of the first method s, was compared 5. 
with that of the other, s2, in order to compare the preci- 6. 
sions of the two procedures. The vartance ratio F exceeded 
the tabulated values. Hence there is evidence of a real dis- 7. 
parity between the two estimates and the precision of the 
proposed method is superior to that of the other (see also 8. 
the coefficient of variation V.). The evidence for a positive 9. 
bias of the volumetric method may here be regarded as 
conclusive. The results of Table 2 also give a view of the IO. 
total errors of both procedures.” They were calculated 11. 
as the ratio of the sum of the absolute error and twice 12. 
the standard deviation to the true value. 13. 

14. 
15. 
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Summary-A simple and sensitive method for determining magnesium in silicates low in aluminium 
and iron (glass, clay, feldspars. etc.) IS presented. The method is applicable m the classical procedure 
of silicate analysis and magnesia is determined with Eriochrome Cyanine R m an ammonium buffer 
solution at pH 11.5. There is no interference by elements likely to occur in such samples. The accuracy 
and the precision of the proposed method are superior to those of the complexometric method. The 
limit of detection is 0.007% MgO. 
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During our work on liquid-membrane ion-selective elec- sodium ton. The electrode. while exhibiting linear near- 
trodes it was observed that ndecanol alone showed a Nernstian response over three decades of activity. has a 
shght potentiometrtc selectivity for lithium ion relative to relatively poor selectivity with respect to univalent cations. 

However. the observed potentiometric selectivity coefh- 
cient for lithium relative to sodium is 0.33 which is the 
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Fig. 1. Construction details of the versatile liquid ion-exchange electrode body. 

sodium, a glass-membrane electrode made from LAS 15-25 
glass.‘.’ This response should be of interest to researchers 
using liquid ion-exchange membrane etectrodes with long- 
chain alcohols as the ion-exchanger solvent. 

A good approximation to the EMF of an electro- 
chemical cell containing an ion-selective electrode with a 
fixed internal electrode is given by an extended Nikolsky 
equation’ 

where E,,,, is the measured potential of the cell containing 
the ion-selective electrode, E’ is constant for a particular 
electrode-reference pair and includes contributions from 
the internal and external reference electrodes and Junction 
potentials, R. K F. and :, have the usual meanings, u, 
is the activity of the primary ion in the sample solution, 
iuy$ is the potentiometric selectivity coefficient and aI is 
the activity of an interfering ion in the sample solution. 

The electrode body developed during this study allows 
easy removal of the tip for exchanging membranes. rinsing 
and refilling of exchanger, and removing water or bubbles. 
The exchanger volume can be reduced by grinding down 
the tips. which is useful if the exchanger material is expen- 
sive or difficult to obtain. If stocks are kept of internal 
reference units and tips with several types of membranes, 
an electrode can be assembled and in use wIthin 5 min. 
The electrodes cost ~$5 each to make. 

EXPERIMENTAL 

Cell potentials were measured with a Vibron Model 
33B-2 Vibrating Capacitor Electrometer as a null detector 
and impedance matcher to a Rubicon Type B High Preci- 
sion Potentiometer. Response times were monitored by 
connecting a Sargent SRL recorder to the output of the 
electrometer. The electrode and a saturated KC1 reference 
electrode (Coming 476050) were immersed in the test solu- 
tlon m a 125-ml jacketed beaker maintaIned at 25’ f 0.02” 
by circulating water. and stirred by a magnetic stirrer, all 
placed inside a Faraday cage. except the water pump. 

Reagents 

Reagent-grade chemicals were used without further puri- 
fication. All solutions were prepared in doubly distIlled 
water and stored in polyethylene bottles. Halide solutions 

were standardized against silver nitrate. n-Decanol was dis- 
tilled at 0.15mmHa and 60-61”. the middle third being 
taken for use. The-purity was checked by infrared spc; 
troscopy. GLC, and refractive index. Phase-separating 
membranes for the liquid ion-exchanger electrodes were 
cut from “Millipore” HA 0.45 pm plam white cellulose ace- 
tate filters. Lithium chloride-4444 agar internal filling solu- 
tions were prepared by adding 1 g of Difco “Bacto-Agar” 
to 25 ml of O.IM lithium chloride, and heating, wrth stir- 
ring, in a container placed in boiling water. until all the 
agar had dissolved. 

Electrode constructton 

The electrodes were made in two parts from TSi20 
ground-glass joints (Fig. 1). A sdver wire was sealed mto 
a 3-mm o.d. glass tube, either with epoxy glue or by melt- 
mg the glass tube directly around the wire. The exposed 
end of the silver wire was coated electroIyti~lly with silver 
chlorrde to form the internal reference electrode. which was 
inserted into the male jomt and attached at the side on 
top, leaving an au gap for filling the Jomt with the lithium 
chloride-agar solution. Devcon “5-Minute Epoxy” was 
used so that immersion in boiling water allowed easy disas- 
sembly. The tube was filled by dipping into hot agar solu- 
tlon. It was found that d a small amount of agar was 
allowed to solidify outside the tsp. it was easier to assemble 
the complete electrode without trapping air-bubbles at the 
tip. Grindmg a small Hat on the ground-glass surface of 
the male Joint resulted in a vented reservoir which num- 
mized the hydrostatic pressure differences across the mem- 
brane and allowed easy replacement of the solvent-ex- 
changer medium lost by dissolution in test soluttons. The 
membrane tip was made by grinchng down the X5/20 
female joint until the desired exchanger volume was 
obtained. The membrane was attached with slhcone rubber 
sealant, which provided a flexible and inert seal. The elec- 
trode was assembled by filling the tip with the ion-ex- 
changer solution and slowly inserting the Internal reference 
unit. takmg care that no air-bubbles were trapped. The 
two pteces were then held together by two rubber bands. 

Repeated addltlons of standard stock solutions were 
made to a known volume of doubly distIlled water until 
little significant change in cell potential was observed. 
When caesium hydroxide was used to raise the pH of test 
solutions to approximately 9.4 m some studtes, the follow- 
mg procedure was used. A known volume of doubly chs- 



SHORT COMMUNICATIONS 471 

tilled water was transferred to the beaker (thermostatically 
controlled) and allowed to come to thermal equilibrium. 
A small syringe needle connected to plastic tubing was 
used to bubble a stream of nitrogen through the solution 
for 40 mm to remove acidic gases such as carbon dioxide. 
A known amount of standard caesium hydroxide solution 
was then added by micropipette to raise the pH to the 
desired value. The nitrogen flow was maintained over the 
top of the solution during the experiment to ensure that 
carbon dioxide would not be reabsorbed. 

Single-ion activity coefficients were estimated from the 
Davies equation4 

iog,,y, = -0.51 z:[I”2/(1 -I- I’:*) - 0.3 I] 

where 7, is the smgle-ion activity coefficient at 25’ in water. 
I the ionic strength of the test solution. and :, the charge 
on the ion, 

RESULTS 

New electrodes made with freshly dtstilled n-decanol 
exhibited either zero response or very slight response to 
anions, but after soaking m O.lM lithium chloride for 
18-24 hr gave increasingly cationic response until the 
Nernstian slope was reached. When the decanol in the elec- 
trode was replaced or small amounts were added to replace 
losses due to dissolution and leakage, the electrode again 
needed a presoakmg period to establish full response. 

Figure 2 shows the response of an electrode. already 
soaked in lithium chloride solution. to lithium, sodium, 
and potassmm chloride solutions. Each curve is based on 
35 data points. Caesium hydroxide was added to raise the 
pH of the test solutions to 9.4. The tailing of response 
at low activity for both lithium and sodium is due to the 
caesium ion interference. and starts where the ion concen- 
tratrons are approximately equal to the 2 x 10-sM of the 
caesium. A 90y0 response was reached in -+ 15 set and 
equilibrium potentials were usually obtained within 1 min, 
with a drift of less than 0.2mV/hr. Potentials could be 
measured to within kO.1 mV at higher concentrations and 
+ l.OmV at concentrations of approximately IO-'M. The 
“noise” of the eiectrode potential was usually a function 
of the magnetic stirrer speed. The electrode resistance 
appeared to be about the same order of magnitude as that 
of the standard glass electrode. 

K PO1 
Ll. h. was found to be 0.30 from the potentials 

measured in the different solutions. Since the sodium and 
potassium curves superimpose, K& was also 0.30. 

To verify that the electrode behaviour was not a function 
of the anion used. lithium nitrate. sulphate, and perchlorate 
were also studied. The chloride and nitrate curves superim- 
posed exactly, but the sulphate curve had a slightly higher 
slope. 60.0 mV/decade as compared to the 57.5 mV/decade 

2 3 4 3 

-log acttwty MCI 

Fig. 2. Response of the n-decanoi electrode to LiCl, NaCl, Fig. 4. Response of the n-decanol electrode to LiCl and 
and KC1 solutions at pH 9.4 and 25°C. NaCl solutions, with a “Nucleopore” filter membrane. 

0 

w 
z -30 

1 
t -10 

/ 

430 

-log octnf1ty Llct 

Fig. 3. Response of n-decanol electrode at 25°C to LiCl 
solutions at pH 4.0, 5.8, and 9.4. 

for the other two salts. This difference can probably be 
explained by the fact that the response varies gradually 
over a period of time m any case, and the experiments 
were not conducted with electrodes of the same age. 

As a further check on the e&t of anions the other lith- 
ium halides were investigated. At concentrations > IOeZM. 
severe downward drifts in potential were observed on suc- 
cessive additions of the bromide or iodide. This drift is 
probably due to the transport of the halide ion through 
the low-dielectric membrane as an ion-pair with lithium, 
which occurs more readily at higher concentrations, caus- 
ing mixed potentials at the internal Ag/AgCl reference elec- 
trode. 

The limit of detection for this electrode is pH-dependent 
(Fig. 3). Solutions of pH < 4 gave very limited response 
to changes in lithium activity, but the electrode showed 
nearly linear EMF-log activity curves for hydrochloric 
acid solutions from 10Yi to 10e6M with a 53.5 mV/decade 
slope. From these data and from Fig. 3, Kz:" was calcu- 
lated to be -5CrlOO. 

To study the behaviour of the electrode in strongly basic 
media, hthium and sodium hydroxide solutions were used. 
The results were almost quantitatively the same as those 
obtained with the chlorides (Fig. 2). Agam the tailing that 
appeared was due to the interference from caesium hydrox- 
ide which was added to adjust the pH. From the difference 
in potential for 10e3M solutions, Kzhm was found to be 
0.33, indicating that the electrode response and selectivity 
were affected little by strongly basic solutions. 

To prove that the selectivity for lithium was not due 
to an ion-exchange mechanism on the “Millipore” cellulose 
acetate filter, a Lexan “Nucleopore” 0.4-m filter, which 
should not possess ion-exchange properties, was substi- 
tuted for the “Milbpore”. The results for pH 9.4 lithium 
and sodium chloride solutions are shown in Fig. 4. The 
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Table I Experimentally determmed activities of “un- 
known” LiCl solutions 

Actual activity Experimentally 
of unknown determined 
solutions. ,M activity. M 

Relative 
error 

0, ‘0 

1.47 X 10-l 1.50 X lo-* + 2.3 
8.25 x 10-j 8.21 x lo-’ -0.5 
5.23 x 1o-3 5.39 x 10-3 +3.1 
3 18 x IO-’ 3.07 x 10-3 -3.6 
2.81 x 1O-3 2.21 x to-3 -4.3 
9.56 x 1o-J 9.29 X 1o-4 -2.8 

curves were obtained after soaking the electrode for 24 hr 
m O.lM lithium chlortde (as for the “Millipore” electrodes). 
The response to both ions was linear over only a short 
range. and the slopes for both ions were 33mV/decade. 
From this slope and the difference in potentials at a given 
activity. KFN, was calculated to be -0.4, close to that 
obtained wtth the “Millipore” filter, indicating that the se- 
lectivtty is due only to the n-decanol. The reduced slopes 
obtamed with the “Nucleopore” membrane are probably 
attributable to insufficient pre-equilibration times. 

A suitable pH buffer-ionic strength adjustment medium 
could not be found for use with the electrode. All those 
tried-various amine salts and organic bases-gave rise 
to such a potential that low activities could not be investi- 
gated, and the electrode showed little selecttvity between 
umvalent ions. Organic bases often inhibited or altered 
the electrode response by apparently dissolving in the n-de- 
canal. 

Table 1 shows the results of a number of typical lithium 
determinations on pure solutions. They suggest that in the 
10-‘-10-3M region the errors are determined pnmarily 
by the reproducibility of the potential readings. 

CONCLUSIONS 

Lithium salts are known to be somewhat selectively 
extracted from aqueous solutions by higher alcohols. This 
phenomenon may be the origin of the selectivity for hth- 
ium relative to sodium observed for the n-decanol-water 
Interface electrode. 

Liquid-liquid membrane electrodes have been described 
before. e.g.. in the classic work of Haber and Klemensiew- 
icz’ and more recently by Liteanu and Mioscu6 who 
showed that liquid-liquid interface potentials are functions 
of hydrogen-ion concentration in the aqueous phase. 

The results of thts study indicate that a long-chain alco- 
hol such as n-decanol has the ability to complex and trans- 
port alkali metals through an organic membrane. The elec- 
trode exhibits linear near-Nernstian cationic response from 
10-l to approximately 5 x IO-‘M for lithium ion. and 
the exhibited selectivity seems to be a property due to 
the solvent rather than the membrane. The response of 
the n-decanol system is relatively unaffected by the anions 
used in the test solutions. The slope of the electrode re- 
sponse varies slightly with the age of the electrode. but 
is usually within 56-58 mV/decade as long as the n-decanol 
IS replaced at fairly frequent intervals. With suitable calib- 
ration. the electrode could be used to determine the activi- 
ties of unknown lithium solutions with errors of less than 
5”/,. The selectivity coefficients for lithium relative to 
sodium or potassium are s 0.30-0.33. K z:*,, is nearly the 
same as that of the LAS 15-25 glass electrode for lithium 
ion. K& was found to be 5 50-100. However. because 
of the overall lack of selectivity towards other univalent 
ions and the stringent pHcontro1 needed to detect low 
activittes. the electrode would be rather limited for practi- 
cal lithium determinations in other than pure solutions 
of lithium salts. However it should be noted that long- 
chain alcohols such as ndecanol have often been used as 
solvents in liquid-membrane ion-exchanger electrodes’,’ 
and the response of this system to alkali metal ions should 
be taken into consideration in ISE research where true 
responses of experimental systems might be altered by this 
effect. 
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Summary-An electrode selective for lithium relative to other alkali metal ions is described. The sensor 
is based on n-decanol as both the liquid membrane and exchanger. The electrode exhibits more than 
3 decades of linear near-Nernstian response and has selectivtty comparable to the LAS 15-25 glass 
univalent-cation electrode. 
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Lead salts such as the resorcylate, salicylate, stearate and 
2-ethylhexoate and the red oxide (minium) are employed 
as modifiers of propellants. Classical te.chniques’.2 for the 
determination of lead in powder formulations involve wet 
oxidation of the sample with nitric and sulphuric acids 
followed by determination of lead in the residue, either 
as the sulphate or the chromate. These are lengthy pro- 
cedures and the determination as molybdate3 is also time- 
consuming. Macorkindale and Lamond* reported the use 
of perchloric acid achieving complete oxidation of the pro- 
pellant sample in approximately 1 hr. The lead in the 
resulting solution was determined by polarogaphy or by 
complexometric titration with EDTA. The U.S. 
MILSTD-286B5.6 specifies the determination of lead in 
propellants by an atomic-absorption technique. This 
method (T 311$ achieves complete oxidation of the 
specimen with nitric and perchloric acids, but is hazardous 
and requires the use of a good fume-cupboard made from 
non-organic materials. A second method (T 316.1)’ speci- 
fied in the American Standard, recommends incomplete 
digestion in nitric acid and the residual organic matter 
can clog the capillary inlet of the atomic-absorption spec- 
trophotometer. This technique also suffers from matrix 
effects. 

The present work was undertaken to improve the lead 
extraction procedure in the analysis of powders and 10% 
acetic acid was used to extract the lead from different types 
of propellants. The present paper compares the results so 
obtained with those of the gravimetric chromate method. 

EXPERIMENTAL 

Apparatus 

Lead extractions were performed in 3Nml Erlenmeyer 
flasks fitted with reflux condensers (ground-glass joints). 

All results were obtained with a Carl Zeiss PMQII Spec- 
trophotometer with the FA2 flame attachment. A Servogor 
pen-recorder was used in conjunction with a Zeiss TEcon- 
verter. The lead resonance line at 283.3 nm was used.’ An 
oxidizing non-lummous air-acetylene flame was used. 

Reagents 

All solutions were prepared with glass-distilled water 
and all chemicals used were of analytical-reagent grade. 
A stock solution of lead was prepared from lead nitrate 
and contained 5”’ la v/v mtrrc acid. Stock and calibration 
solutions were made up to volume with IO”/, v/v acetic 
acid. 

Sample preparation 

Samples used in this study included cast and extruded 
double-base propellants and double- and single-base cast- 
mg powders. Propellant samples were prepared by grind- 
ing to approximately 20-mesh in a Wiley mill.8.9 but cast- 
ing powder granules were not ground. 

Procedure 

The following extraction procedure is applicable to all 
the powder formulations mentioned. For extruded double- 
base propellants there is an alternative techmque for lead 
extraction, which does not require complete dissolution of 
the sample. In all cases the sample should not be larger 
than 2.Og. 

Place &I accurately weighed amount of sample contain- 
ing 0.0075-0.015 g of lead in an Erlenmeyer flask contain- 
ing IOml of 10% v/v acetic acid. Add SO ml of acetone 
and reflux until dissolution is complete. (The acetone can 
be omitted, if desired, but 20 ml of glacial acetic acid must 
be used and the dissolutton takes longer, 40-60 min.) While 
the solution is still hot add 1OOml of IO:< v/v acetic acid 
(18Oml of distilled water if glacial acetic acid was used 
as solvent) with stirring, in order to obtain a tine-grained 
or fibrous precipitate (avoid the formation of a thick 
gummy precipitate). Boil gently for 5 min under reflux. 
then filter hot into a 500-ml volumetric flask containing 
IOml of glacial acetic acid. Add IODml of IO”, v/v acetic 
acid to the residue, reflux for 5 min, mto the volumetric 
tlask then filter and repeat this step twice more. once with 
IOOml of 10% v/v acetic acid and finally with 40ml of 
distilled water. (If acetone was used as the solvent, use 
5Oml of 10% v/v acetic acid and 90 ml of water for the 
last two extractions.) Make up to the mark with 109~ v/v 
acetic acid. mix, and measure the lead by atomic-absorp- 
tion spectrophotometry, adding acetone to the standards 
in order to obtain the same concentration as in the sample 
solution. The standards should contain 15-30 ppm of lead. 

An alternative method applicable only to extruded 
double-base propellants is as follows. Transfer an accu- 
rately weighed amount of the specimen containmg 
0.0075-0.015g of lead to an Erlenmeyer flask. Add lObm1 
of lo”/0 v/v acetic acid and reflux for 30 min. Transfer 
the hot supernatant liquid into a NO-ml volumetric &ask 
containing IOml of glacial acetic acid. Add 100 ml of lo”,, 
v/v acetic acid to the residue and reflux for IS min. 
Transfer to the volumetric flask and repeat the extraction 
one with IOOml of lo”,; v/v acetic acid and finally with 
90 ml of distilled water. using extraction times of 10 min. 
Make up to the mark with IO:/, v/v acetic acid. Determine 
the lead content by atomic-absorption spectrophotometry. 

RESULTS 

To establish the validity of the technique. the lead con- 
tent of several samples was determined by the procedure 
described and also by the chromate method.’ The results 
are given in Table 1. It can be seen that. in all cases. 
good agreement was obtained. 

A study of the precision showed the relative standard 
deviation to be 3.1?; (ten replicates). which is satisfactory. 
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Table 1. Comparison of propellant lead content determined by the gravimetric chromate method and 
the proposed procedure 

Sample 

Cast propellant A 
Cast propellant B 
Casting powder C 
Casting powder D 
Casting powder E 
Extruded double- 
base propellant F 
Extruded double- 
base propellant G 
Extruded double- 
base propellant H 

Chromate method 
Pb, % 

1.75 
1.59 
1.72 
2.30 
1.85 

0.97 

1.15 

1.39 

Acetone-10% acetic 
acid extraction/AAS 

Pb. “,; 

1.73 
1.60 
1.75 
2.29 
1.79 

IO:& acetic acid 
extraction/AAS 

Pb. 9; 

1.00 

1.13 

1.41 

DlSCUSSlON 

The proposed procedure was used satistactorily for a 
number of solvent-free and cast double-base propellants 
and double- and single-base casting powders containing 
lead salicylate, lead Zethylhexoate, lead stearate and lead 
resorcylate. Some variation will be needed for powder for- 
mulations containing red lead oxide (minium), such as dis- 
solution in 20ml of glacial acetic acid However, it has 
been established that the present extraction procedures are 
satisfactory for the samples studied. 

It appears likely that the extraction of lead from the 
sample with 10% acetic acid is controlled by the complex- 
ing action of the nitrocellulose. The ability of the polymer 
to form a stable complex with the metal ion has a decisive 
effect on the extraction efficiency. Cast formulations are 
not completely extracted with 10% acetic acid even if finely 
ground material (IO-mesh or finer) is used. Porous samples 
of casting powders obtained by prior extraction with meth- 
ylene chloride did not give complete extraction of lead, 
even though the amount extracted was larger than that 
from non-porous samples. Only when the sample was com- 
pletely dissolved in acetone or glacial acetic acid was total 
lead extraction achieved. On the other hand, with highly 
plasticized extruded propellants, complete extraction was 
achieved with 10% acetic acid from milled samples 
(20-mesh), without treatment with acetone or glacial acetic 
acid. 

Important advantages of the proposed method are its 
safety and simplicity. It avoids sample digestion with 
strong acids and the use of a dilute acetic acid solution 
(to remove matrix materials) avoids matrix interferences 
(e.g., effects of the nitrocellulose. polymers) on the proper- 
ties affecting nebulization rate. The extracted material 
never constituted more than 0.1% of the final solution even 

when acetone or glacial acetic acid was used. It is unne- 
cessary to use the method of standard additions or to 
match standard and sample solutions (except for acetone 
content). 

We have found that the proposed technique is also suit- 
able for copper extraction, allowing simultaneous deter- 
mination of lead and copper in propellants. 
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Long-chain monocarboxyhc acids. including versatic, 
naphthenic. and capric acids have been used as extractants 
for such metal ions as Fe(II11’~2 CU(II),~-~ Ni(II),‘.* and 
C0(11).~@ In many cases. these metal species have been 
found to be extracted as polymers into benzene as solvent. 
Cu(I1) has been particularly noted as being capable of 
forming dimeric complexes with acetic acid.” as well as 
with the other monocarboxyiic acids listed above. Recently, 
chlorendic actd. a hexachloro-substituted norbomyl 
l.t-dicarboxylic acid. has been studied as an agent for 
extracting Fe(II1) into both MIBK and benzene. In both 
cases only monomeric species are extracted.” In this work 
the equilibrium between Cu(I1) and chlorendic acid will 
be studied to compare the parameters with those for the 
monocarboxylates. 

EXPERIMENTAL 

Reagents 

Copper solutions were prepared from reagent grade 
CU(C~O~)~.~H~O. Chlorendic acid was obtained from 
Hooker Chemical Co. (Niagara Falls. N.Y.). Benzene and 
methyl isobutyl ketone (MIBK) were of reagent grade and 
used wrthout further purification. 

Apparatus 

Solutions were shaken automatically. The pH was 
measured with a Fischer Accumet model 520 pH-meter 
equipped with a combination glass and calomel electrode. 
Absorption spectra were recorded with a Beckman DB-G 
spectrophotometer, and atomic-absorption measurements 
were made with the Jarrell-Ash model 810 atomic-absorg 
tion spectrometer. 

Equilibration and analysis 

Ten-ml aliquots of Cu(I1) solution were shaken with 
equal volumes of chlorendic acid dissolved in either MIBK 
or benzene. The pH was adjusted by dropwise addition 
of either concentrated perchloric acid or lO:L sodium hyd- 
roxide solution. After equilibration for designated time 
periods, the phases were allowed to settle. and the aqueous 
phase was separated. and filtered to remove any suspended 
drops of the organic phase. The pH of the aqueous phase 
was measured and then the phase was analysed by atomic- 
absorption spectroscopy. 

RESLLTS AND DISCUSSION 

Equilibrium consideratrons 

The generalized equilibrium expressions for the solvent 
extraction of metal ions with dibasic acids has been derived 
previously.” and gtven as follows. 

1ogD = log&, + $ogx + (p + q + r)log[HzL] 

+ (21, + q) pH + (d log[m (1) 
x 

The equation may be rewritten as. 

t log[cu(II)] - log[Cu(II)] = log K,, + ; log x 

-t (P + r + q)logCHzL] + (2p + q)pH .a 

The species in the organic phase are designated by the 
horizontal bar, while other parameters are defined as fol- 
lows: 

D = distribution coefficient 
K., = overall equilibrium constant 

p = number of L2- species 
9 = number of HL- species 
r = number of H,L species 
x = degree of polymerization 

The equation may be used to determine the various 
extraction parameters empirically, by use of a graphical 
slope technique. 

Extractions as a function of metal concentration 

Figure 1 illustrates the plot of log D us. log[cu(I1)] at 
different equilibrium pH ranges. Since K.,. [m], pH. 
and x remain reasonably constant in the ranges studied. 
the slope of the plot. (x - 1),x, may be used to calculate 
x. the degree of polymertzation. from equation (1). Curves 

I-x-x- c 
x 

. l .-*-e-.-D 
a-.. . l . 

0 50 I I I 
-45 -40 -35 -30 

tog [i] 

Fig. 1. A plot of log D vs. IoLm1. A: [Cu(II)],, = 
0.2 x 10-3-l.0 x IO-“M, [H2LJ,. = O.lOM. pH,, = 
4.7-5.0. B: [CU(II)]~, = 0.1 x lo-3-l.o x 10-s&f. - 
[H2Lli. = O.lOM. pH,, = 464.9; C: [Cu(II)],, = 0.2 - 
x 10-3-l.0 x 10-3M. [HzL],. = O.lOM. PH., = 
3.5-3.7; D: @(II)],, = 0.1 x 10-3-1.0 x lO_“M. 

[H,L],. = O.lOM. pH,, = 3.2-3.5 
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Fig 2. A plot of log D us. equilibrium pH. [Cu(II)]i, = 
I X 10_3M, [H,LB. = 1.0 x IO-‘&f. 

- 3.0 

-51) 

-5.5 

- 6.0 

A and B. in the equilibrium pH ranges 4.7-5.0 and 4.6-4.9 
respectively, show slopes equal to 0.5, which corresponds 
to values of x = 2, indicative of the extraction of dimeric 
species. While curve B flattens out at higher metal concen- 
trations, it would be anomalous to infer that a monomer 
is being extracted, since existence of the polymer would 
be favoured at higher concentrattons.” In the lower pH 
ranges, 3.2-3.5 and 3.5-3.7 for curves C and D, slopes 
equal to zero are obtained. implying that monomeric com- 
plexes are favoured. 

Extraction as n function of equilibrwm pH 

In Fig. 2 the plot of log D us. equilibrium pH is shown. 
Experimentally, the pH was changed by dropwise addi- 
tions of either perchloric acid or sodium hydroxide solu- 
tion. The slope of the line m the pH range 2.5-4.5 is equal 
to 1.03, which corresponds to the extractton of a metal 
ion with a charge of +l from the aqueous phase. At first, 
one would think that the partially hydrolysed Cu(OH)’ 
is extracted; however, equilibrium calculations for this pH 
range indicate that the con~ntration of Cu(OH)+ is minis- 
cule compared to the concentration of Cu2+.t4 However, 
the extraction of CuHL’ as the main aqueous species 
would explain the slope of + I. 

To test this hypothesis for the extraction of a dimerized 
species, equation (2) would have to be used since in the 
case of polymerization there is a dependence of the extrac- 
tton on the metal ion concentratton. However. plotting (log 
[~U(II)l)/~ - log [Cu(II)] us. pH for x = 2, still gives a 
slope equal to umty. implying the extraction of CuHL’ 
for the dimer as well as for the monomer 

At pH values greater than 4.5, the distributton coeffi- 
cients begin to decrease, probably due to the formation 
of anionic Cut+-chlorendic acid complexes which are 
back-extracted into the aqueous phase. In this pH range. 
4-5. chlorendic acid exists as H2L only to the extent of 
O.Ol-3.37; (p&, = 2.60, PK.* = 4.76). At higher pH 
ranges, the proportion of L*-:HL- increases, indicating 
that more highly dissociated ligands are present in the 
aqueous phase. increasing the likelihood of the formation 
of hydrophtlic anionic Cu”-chlorendates. Simtlar pheno- 
mena were observed by Dyrssen in the extraction of metal- 
&diketonates.‘s 

-2.5 - 2.0 -1.5 - I.0 -0.5 

LOP g$] 

Fig. 3. Plot of log D - 1 pH us. log m]. Curve A: 
r_cuwL. = 1 X lo-‘?& [RJlin. = 0.1 x 10-l - 1.0 
x iO-‘M.pH,,. = 3.6-4.5.CurveB:[Cu(II)],,. = 1 x 10-3M, 
[m]t.. = 0.075 x 10-t - 1.0 x 10-‘&f, pH, = 4.7-5.8. 

Extraction as a function of ligand concentration 

In the pH range 3.6-4.5, which was found to yield mono- 
meric s ties, the slope of the plot of log D - (2p + q)pH 

p”z us. log[H* 1, for 2p + q = 1. gives a slope equal to 1.11 
for line A. Fig. 3. This is indicative of the extraction of 
a 1 :l chlorendic acid-Cu(I1) complex, most probably 
[Cu(II~LZ--)I. 

However, in the higher pH range 4.7-5.8. curve B, the - 
slope of the plot of log D - pH us. log [H,L] is equal 
to 1.72, indicating a 2:1 complex. This would imply the 
extraction of [Cu(II)(HL-),I, and/or [CU(II)(L’-).H~L]~. 
Again, since a dimer is expected to be extracted m this 
rang@ie plot of (log[Cu(II)])/x - log[Cu(II)] - pH VS. 
Iog[HaL] still generates a slope equal to two. 

E&f of extractmg solwnr 

In the equilibrium pH range 2.0-6.0, Cu(II) is not 
extracted into benzene. This is very unusual smce other 
monocarboxylate-CulII) complexes are very readily 
extracted.3-6 Apparently, whatever compkx forms in the 
aqueous phase is much too polar to be extracted mto 
the non-polar benzene. However, MIBK, being a polar sol- 
vent, would be much more likely to extract a highly polar 
complex. In addition, the presence of the carbonyl oxygen 
atom. a co-ordinating donor, would probably cause some 
interaction between the complex and the solvent. thus 
enhancmg the extractton efficiency. 

With MIBK, the extractions proceed quite raptdly. 
achieving equilibrium within f 5 min. 
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Summary-The solvent extraction of Cu(II) with chlorendic acid has heen studied. The composition 
of the extracted species appears to he a function of pH. In the pH range 3.2-4.6. a monomeric species 
exists [Cu(II)(L’-1, while at pH values greater than 4.5, a dimer in the form of [Cu(II)(L*-).H?L], 
and/or [Cu(II)(HL-),I2 is extracted. 
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ANALYTICAL DATA 

FORMATION CONSTANTS FOR THE COBALT(II) CHLORIDE-l -NITROSO-2- 
NAPHTHOL SYSTEM IN ETHANOL-BENZENE MIXTURES* 

VINCENZO CARUNCHIO, ROBERTO BEDETI and MAURO TOMASS~~ 

Istituto di Chimica Analitica dell’llniversiti di Roma. 00185 Rome, Italy 

(Received 25 July 1915. Accepted 14 October 1975) 

The earlier investigations on the complex species obtained 
from cobalt(H) chloride and 2-nitroso-1-naphthol in eth- 
anol-benzene solvent mixtures’*’ have been repeated for 
the isomeric ligand l-nitroso-2-naphthol. 

EXPERIMENTAL 

Materials, apparatus and operative conditions were the 
same as previously described.‘.’ 

RESULTS AND DISCUSSION 

The absorbance of the reaction mixtures (C,,X, = 10) 
increases slowly, becoming constant in about 1 hr. The 
spectrophotometric results at 500, 525 and 550 nm were 
processed by the mole-ratio3 and Asmus (modified by 
Klausen and Langmhyr)4 methods to determine the com- 
plexation ratios of the species and the conditional forma- 
tion constants (Table 1). The absorption spectrum does 
not alter meaningfully with changing solvent medium; this 
is confirmed in the literature.’ 

The /I’ values obtained from the data for the different 
wavelengths were in good agreement. Increasmg the eth- 
anol content in the mixture raises the L/M complexation 
ratio to 4:l. The presence of such a species with a uni- 
dentate ligand is confirmed in other s01vents.~. 

The same interpretations as before’.’ can be applied to 
these results; I-nitroso-2-naphthol should be present 
mainly in the quinonoid form (Ila, Ilb) in all the four 
solvent mixtures investigated: 

(I) (IId (JIbI 

The tautomeric equilibrium for this ligand is reported to 
be shifted to the right (forms Ila. Ilb) quantitatively 
(visible, ultraviolet. and NMR spectra).‘.’ while for the 
isomer 2-nitroso-1-naphthol the equilibrium seems to be 
strongly dependent on the solvent.*.9 When the ethanol 
content is high, the donicity of the solvent mixture is rele- 
vant; the naphthol can hardly co-ordinate the cobalt by 
its quinonoid oxygen, the electrons of which are strongly 
bound in the benzene ring resonance, particularly because 
of the competitive action exerted by the solvent. At lower 
ethanol percentages. the donicity of the solvent diminishes. 
so the naphthol can act as a bidentate ligand. Uni- and 
bidentate complexation by the nitrosonaphthols is in 
agreement with the structural conclusions presented by 
Sathe and Shetty” about the species formed by the ligand 
in its quinonoid form with copper(I1). 

The formation constants of the cobalt(I1) complexes with 
the two isomers are very similar (they differ by only one 
order of magnitude at most). This is in accordance. at least 

Table 2. Absorptivities (lo3 1. mole-‘.cm-‘) for cobalt- 
(II) chloride-l-nitroso-2-naphthol (ei) and cobalt(H) 
chloride-2-nitroso-I-naphthol (e2) systems calculated 

graphically at 525 nm, for ligand excess (CJC, = 10) 

Ethanol 
concn.. 
s< v/c fl 

100 9.6 
75 10.3 
50 9.8 
25 9.2 

* Values not reported in ref. 2. 

sZ* 

14.2 
14.5 
150 
15.5 

Table 1. Values of the conditional formation constants for the cobalt(H) chloride I-mtroso-2-naphthol system in ethanol- 
benzene mixtures at 25°C 

Ethanol Species 
concn.. found, 
:zO r/r L/M 

B 
‘* 

i, = 550 nm i. = 525 nm i=5OOnm Mean 

100 4:l 5.8 x IO’” 6.3 x 10” 6.0 x 10” 6.0 x 10” 
75 4:l 5.9 x lOIS 5.1 x lOIS 5.4 X 10’” 5.4 x 10’5 
50 3:l 3.9 x 10” 3.2 x 10” 4.9 x 10” 4.0 x 10” 
25 3:l 1.2 x 10” 1.3 x 10” I.1 X 10” 1.2 X 10” 
25 2:l 0.9 X lo6 2.6 x 10h 2.1 x lo6 1.9 x 10” 

* (mole/l.)-’ for species ML, 

* Work supported financially by the Consiglio 
Nazionale delle Ricerche. Rome. Italy. 
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in prmclple. with the acidity constants of the two ligands, 2. 
which were found polarographically to be different by one 
logarithmic unit (in aqueous solution).” The most striking 
difference is presence of the ML, species in the 2-nitroso- 
I-naphthol system in 50% ethanol medium, but not with 
the isomer investigated here; this is to be interpreted only 
through the differences in the tautomeric equilibria and 
the effect of the solvent. Increasmg the benzene concen- 
tratlon shifts the equilibrmm to the left for the 2-nitroso-l- 6. 
naphthol isomer, favouring bidentate ligand action and an 
ML, species. I. 

The molar absorptivitles of the complexes formed with 
the two isomers are similar (Table 2) and not appreciably 8. 
influenced by changing the medium. 
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Summary-The values of conditional formation constants for the cobalt(I1) chloride+l-nitroso-2-naph- 
thol system were determined at 25” in ethanol-benzene mixtures of different compositions by spectro- 
photometry in the visible region. Comparisons were made with the results previously obtained with 
the isomeric ligand 2-nitroso-I-naphthol. In both cases the L/M complexation ratio of the species 
found increases with increasing ethanol content of the medium. 
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GAS-LIQUID CHROMATOGRAPHIC STUDY OF MONOSUBSTITUTED 
BENZALDEHYDE ISOMERS 

ALBERTME E. HABBOUSH and ISMAIL K. AL-Hrm 
College of Science, University of Baghdad, Iraq 

(Received 4 June 1974. Revised 8 January 1975. Accepted 30 October 1975) 

Gas-liquid chromatography has been used for the identifi- phases was studied by several workers”” but only a few 
cation and separation of aromatic compounds, including 
aldehydes. ‘.* Procedures have been given for the detection 

investigators have used aldehydes as test compounds.*2*‘3 

of benzaldehyde and some of its derivatives.3s4 Prabucki 
In the present work, general quantitative separation of 

and Lenz” reported the separation of aromatic aldehydes 
monosubstituted benzaldehydes on liquid phase-s of 
various physical and chemical characteristics has been 

on a mixture of polyethylene glycol isophthalate and achieved and the selectivity of these liquid phases for ben- 
polyethylene glycol400. The selectivity of stationary liquid zaldehyde isomers investigated. 

Table 1. Packing specification of the columns 

Apumm L (APL) 20 3.40 325 Chvaoaorb P 83 - 100 

Di~~~~l) ubncat* 
mm) 0.91225 20 3.40 175 CbmmowrbP 60-00 

Dinowl plrAlmlmAa (m) 10 1.031 1% Ca?aomorb 1 83 - 100 

2.4,7WArMluwema~ (l’2F) - 10 0.995 200 Chrollaorb I 8) - 100 

vmmuid. 930 ma 2 0.191 250 Okamorb W a, - loo 
Am - - 

polneowlmm lmo1mD) 
mJ.- 5p - 27 

APlwm L + Bmeom 34 
(APL + 34) 

0.924 $5 1.73 150 O&ma.ebI eo - 100 

10 l IO 1.614 250 Cbrmow?bI 8, - 100 
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in prmclple. with the acidity constants of the two ligands, 2. 
which were found polarographically to be different by one 
logarithmic unit (in aqueous solution).” The most striking 
difference is presence of the ML, species in the 2-nitroso- 
I-naphthol system in 50% ethanol medium, but not with 
the isomer investigated here; this is to be interpreted only 
through the differences in the tautomeric equilibria and 
the effect of the solvent. Increasmg the benzene concen- 
tratlon shifts the equilibrmm to the left for the 2-nitroso-l- 6. 
naphthol isomer, favouring bidentate ligand action and an 
ML, species. I. 

The molar absorptivitles of the complexes formed with 
the two isomers are similar (Table 2) and not appreciably 8. 
influenced by changing the medium. 

9. 
REFERENCES 10. 

1. V. Carunchio, A. Bondoli and M. A. Fogaroli, Talanta, 
1971, 18, 1217. 11. 

V Carunchio, R. Bedetti and G. De Cecco, ibid., 1973, 
20, 787. 
A. S. Meyers and G. H. Ayres, J. Am. Chem. SOL, 
1957, 79, 49. 
K. S. Klausen and F. J. Lanmnhvr. Anal. Chim. Acra. - . . 
1963, 28, 501. 
H. El-Khadem and W. M. Orabi, Z. Anorg. Allgem. 
Chem.. 1969, 365, 315. 
M. Bobtelsky and E. Jungries, Anal. Chim. Acta. 1955, 
12, 248. 
N. A. Ibrahim, R. M. Issa, S. E. Zayan and G. B. 
El-Hefnawey, J. Prakt. Chem.. 1973, 315. 202. 
T. Shono, Y. Hayashi and K. Shmra, Bull. Chem. Sot. 
Japan, 1971, 44, 3179 and references therem. 
K. K. Chatterjee, AnaL Chim. Acta, 1959, 20, 423. 
R. M. Sathe and S. Y. Shetty, J. Inorg. Nucl. Chem. 
1970, 32, 1383. 
H. P. Cleghom, J. Chem. Sot. (B), 1970, 1387. 

Summary-The values of conditional formation constants for the cobalt(I1) chloride+l-nitroso-2-naph- 
thol system were determined at 25” in ethanol-benzene mixtures of different compositions by spectro- 
photometry in the visible region. Comparisons were made with the results previously obtained with 
the isomeric ligand 2-nitroso-I-naphthol. In both cases the L/M complexation ratio of the species 
found increases with increasing ethanol content of the medium. 
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GAS-LIQUID CHROMATOGRAPHIC STUDY OF MONOSUBSTITUTED 
BENZALDEHYDE ISOMERS 

ALBERTME E. HABBOUSH and ISMAIL K. AL-Hrm 
College of Science, University of Baghdad, Iraq 

(Received 4 June 1974. Revised 8 January 1975. Accepted 30 October 1975) 

Gas-liquid chromatography has been used for the identifi- phases was studied by several workers”” but only a few 
cation and separation of aromatic compounds, including 
aldehydes. ‘.* Procedures have been given for the detection 

investigators have used aldehydes as test compounds.*2*‘3 

of benzaldehyde and some of its derivatives.3s4 Prabucki 
In the present work, general quantitative separation of 

and Lenz” reported the separation of aromatic aldehydes 
monosubstituted benzaldehydes on liquid phase-s of 
various physical and chemical characteristics has been 

on a mixture of polyethylene glycol isophthalate and achieved and the selectivity of these liquid phases for ben- 
polyethylene glycol400. The selectivity of stationary liquid zaldehyde isomers investigated. 

Table 1. Packing specification of the columns 

Apumm L (APL) 20 3.40 325 Chvaoaorb P 83 - 100 

Di~~~~l) ubncat* 
mm) 0.91225 20 3.40 175 CbmmowrbP 60-00 

Dinowl plrAlmlmAa (m) 10 1.031 1% Ca?aomorb 1 83 - 100 

2.4,7WArMluwema~ (l’2F) - 10 0.995 200 Chrollaorb I 8) - 100 

vmmuid. 930 ma 2 0.191 250 Okamorb W a, - loo 
Am - - 

polneowlmm lmo1mD) 
mJ.- 5p - 27 

APlwm L + Bmeom 34 
(APL + 34) 

0.924 $5 1.73 150 O&ma.ebI eo - 100 

10 l IO 1.614 250 Cbrmow?bI 8, - 100 
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EXPERIMENTAL 

Apparatus 

A Perkin-Elmer model 451 fractometer equipped with 
a thermistor-type thermal-conducttvity detector was used. 
The recorder was a 2.5-mV Honeywell Electronic unit. 
Nitrogen was used as the carrier gas. The average column 
temperature was controlled to within 0.2”. The columns 
(2 in. long and &in. o.d.) were specially made to specifica- 
tion by Perkin-Elmer, U.K. They were U-shaped, made 
from stamless steel, and covered with asbestos sleeves to 
ensure uniform heating. The composition of the liquid 
phases and the packing specifications of the columns are 
shown in Table 1. 

Samples 
Equal weights of the isomers (Fluka, purest available) 

were blended in 3-ml cylindrical Pyrex cells. Sample sizes 
ranged from 0.1 to 4~1 for liquid isomers and from 0.2 
to 8 ~1 of 10% w/w solution in acetone for solid isomers. 
Samples were injected with a lO-pl Hamilton syringe with 
a l-in. fixed needle. 

RESULTS AND DISCUSSION 

Flow-rates were found to be optimum at 2.5 ml/min at 
NTP and this value was used throughout. Bach injection 
for an individual isomer or mixture of isomers was 
repeated at least twice and the results were found to be 
reproducible. 

The specific retention volumes, V,“, were calculated 
according to Littlewood et aLL4 The retention volume for 
the air-peak was taken as zero. Specific retention volumes 
for monosubstituted benzaldehydes at different column 
temperatures on the liquid phases examined are listed in 
Table 2. 

The general elution order of the benzaldehyde isomers 
was mainly o-, m- and p. The o-isomers were resolved from 
m- and p-isomers and had the shortest_retention volumes 
with the exception of o-methoxybenzaldehyde. This is 
mainly atttributed to the “orrho” effect, the intramolecular 
hydrogen-ending that occurs between the formyl group 
and o-substituents, which minimizes the interaction of the 
o-isomers with the liqutd phases. However, the fluoro, 
chloro and nitro groups, which possess higher inductive 
effects in the o-position, will decrease the basicity of the 
carbonyl groups and reduce their association with the 
liquid phases. 

The elution order of m- and p-benzaidehydes followed 
the order of their dipole moments. wtth the exception of 
m- and p-nltrobenzaldehydes on APL + 34, and at- and 
p-fluorobenzaldehydes on DNP. DEHS. PPG and APL + 
34. The reversed elution order in the first case may be 
attributed to the two partial negative charges on the 
nitro groups in the p-position, which may be attracted by 
the large posnive charges on APL + 34, while the boiling 
point and dispersion forces have a greater influence on 
the elution order in the second case. 

The most selecttve liquid phase for the separation and 
quantitative determination in this investtgation is APL + 
34. followed by DNP and DEHS. which is probably due 
to its special activity toward aromattc isomers. DNP and 
DEHS selecttvely resolved fluorobenzaldehydes. but only 
partial resolution of these isomers was obtained on PPG. 

~c~now~edgeme~ts-The authors are grateful to Dr. Sabri 
M. Farroha for his interest and helpful suggestions, and 
are indebted to the Head of the Chemistry Department, 
College of Science. and to the University of Baghdad for 
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work. 
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Summary-Monosubstituted benzaldehyde isomers have been studied quantrtatively on nine stationary 
liquid phases of various physical and chemical characteristics and at different operating temperatures. 
Apiezon 1 + Bentone 34, dinonyl phthalate and di(2-ethylhexyl)sebacate are found to be selecttve for 
quantitative separation of the isomers studied. 
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THERMODYNAMIC EXAMINATION OF pH MEASUREMENTS 
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Consider the acid-base reaction 

A, + B,-rA2 + B, (a) 

where A,.B, and Az,B2 are two conjugate aad-base pairs 
in the Bronsted-Lowry sense. If the extent of the reaction 
is denoted by 5 the affimty for the reaction can be 
expressed by 

6G -- 
( J 65 T,P 

= -A$ + RTIn’z - RTlnaL (b) 
ah 

p bemg the chemical potential and a the actlvlty of a com- 
ponent at temperature T If now both acid-base pairs refer 
to the same aqueous solution, the affinity is zero; if, 
further, A,,B* represents the pair HsO+, H20. equation 
(b) can be rearranged to 

A# p=log%L= - 
%,o* RT In 10 

-log K + log 2 (c) 

which gives the thermodynamic definition of p, its relation 
to pH. and its relation to the well-known Henderson- 
Hasselbach equation, K being the equilibrium constant. 

Electromotiue force, p. and pH 

Consider now the electrochemical reaction 

A+e--+B++H, (d) 

where A.B is an acid-base pair. The electromotive force. E, 
of this half-reaction IS given by 

E = E” 
RT a, RT 

-Tlna,-Tlnukz (e) 

If the acid-base pair is H,O+. H20 then, as known, the 
value zero is given to E”. When E refers to this acid-base 
pair it will be denoted by E, in what follows; further. it 
is assumed that the activity of hydrogen is always the same 
for any two expresslons which give a difference BE. When 
this is the case the difference 

(f) 

expresses the thermodynamic affinity of reaction (a). If the 
pau A2.Bz represents H30’, H20. then 

All half-reactions (d), referrmg to the same solution. have 
the same electromotive force. Therefore, d E and E, refer to 

the same solution, (g) may be rearranged to 

p=]og%!L= o 
aH,0. 

RG+ log%= -1ogK 
a, 

+ log? (h) 
4 

However, if two acid-base pairs A,.B1 and A,.B,. do not 
refer to the same solution but to the solutions X and S. 
respectively, then equation (h) is valid for each solution and 

-(E, - E,)F -(E, - .Es)F 
= 

RTlnlO = RT In 10 
(i) 

which shows that an electrometnc determination of pk m 
comparison with ps-if ps IS selected as a standard-results 
in a pH determination if, and only if. the activity of water 
is the same m both solutions. A consistent electrometnc 
determination of pH mvolves this extra restrictlon which 
is not necessary when p is measured. 

The present operational definition of pH should, strictly 
speakmg. be modified by adding this restriction.’ However. 
this will hardly be generally accepted, and this problem 
can probably be solved most easily by accepting the pres- 
ent definition as prescribing the measurement of the quan- 
tity p. When desired. the activity of water may be kept 
constant. whereby Ap will give ApH. 

By assigning a value to one of the solutions, UIZ. solution 
S, a value can be found for the other. For this purpose 
It is more meanmgful and useful to assign p values instead 
of pH values to solutions prepared from buffer substances, 
e.g.. as prescribed by the National Bureau of Standards.’ 
It IS often pomted out that a pH scale-e.g.. the NBS 
scale-only has significance for dilute solutions where the 
activity of the water is practically the same as for pure 
water.3.4 One notices that the results of these consider- 
ations are not conditloned by such an assumption about 
the composition of the systems involved. 

The thermodynamic basis of the operatIona defimtlon 
may be elucidated further by means of the followmg 
expression derived from (b) and (h). 

Q 
Px - Ps = log < = /RT In 10 

where Q,.2 is a mass-actlon expresslon of the same form 
as the equilibrium constant K,,z; both are associated with 
reactlon (a). Thus the present operational defimtlon can 
be said to prescribe an evaluation of the instantaneous 
rate of change of G (at constant T and P) with respect 
to the extent of the Bronsted-Lowry acid-base reactlon 
(a) in which any two acid-base paus may partlclpate as 
long as the one pair belongs to solution X and the other 
to solution S. 
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Summary-The electrometric determination of pH is essentially an evaluation of the thermodynamrc 
quantity -logaB,o* from a measurement of an electrical potential difference between two electrodes. 
It is accordingly necessary to examine the electrometric method in light of thermodynamic concepts 
in order to disclose the meaning of experimental pH values and their limitations. In thts paper it 
is shown by thermodynamic constderations that the evaluation of -logau,o+ is actually a special 
case of the evaluation of the thermodynamic quantity 

The operational definition of pH prescribes a general method to evaluate this quanttty, but not 
-logan,o+ as commonly believed. 
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PRELIMINARY COMMUNICATIONS 

KAWGARRSR(IV) AS AW OXIDDZTRIC RR.4G.KRl’ IK SUIPRURIC ACID SOLFIORS 

S.K. Mandal and B.R. Sent 

Regional Research laboratory, Bhubanaawar 751004, India 

(Received 11 m 1976. Accented 30 J&K& 1976) 

During studies on the behaviour of oxidizing agents on a tetraohlorohydroquinone (TCI%O) 

coluum, ’ we observed difficulty in reducing potassim permangmate in acidic medium. 

Preliminary experiments showed that permangmate solution prepared in sulphuric acid of 

high concentration (~8. @ changes its oolour from pink to yellow in about 24 hr. This 

reaction is initially very vigorous and takes place with evolution of oxygen. The aolut ion, 

when passed through a TCRQ column, is reduced quantitatively to maosngenase(II). Addition of 

a measured and excessive amount of iron(I1) and back-titration with a standard dichromate 

solution ehons that a 2-electron reaction occurs. We therefore suggest that manganesa(IV) 

is formed from permanganate at high aulphuric acid oonaentration. 

Kanganese(IV) salts are strong oxidizing agents. The standard potential2 of the redox 
4+ systam Kn + 21-h 2+ is 1.577 V (c& k!n& + s-t&?+, 1.62 V; Mnk 

ho;; + 8~+ + 5=+lan2+, 1.52 v>. 
+z4Wn “+, 1.511 v; 

The older literature cited by IEellor’ reported the 

reduotion of perrmnganate in concentrated aulphurio acid, but there was little evidence for 

formation of manganese(IV) .4-6 Some authors’l-lo have reported the formation of 

manganese(N) by reduotion of permanganata with alkaline tellurite or by oxidation of 

manganese(II) with a-line hydrogen peroxide in the presence of excess of tellurate, which 

stabilizes the manganese(IV). Desiderl” studied the mechanism of perznwnate reduction 

at a platinum electrode and presented evidenoe for the existenoa of manganese(II1) and 

&lo2+ as intermediates in presence of manganeee(I1) and sulphurio acid. Kharabadze12 

reported the production of aulphates of ma~anese(II1) and (IV) by the anodio dissolution of 

manganeee metal in ooncentrated sulphurio acid. 

This preliminary lnvastigation reporta the conditions under which mmnganase(IV) oan be 

obtained in sulphuric acid solution and its use as an aridimetrio reagent. PotassiLaII 

permanganate solutions in 9lJ eulphuric aoid were found to be reduced within 12 hr. The 

choice of sulphurlc acid conoentration was s-what arbitrary. At lowar acidities 

conversion of permanganate into manganeee(IV) was slow, but for purposes of titrimetry It is 

not desirable to go abwe this acidity. The solution is yellow in dilute and dark-broom in 

ooncantrated solutions. 

Swctronhotoaatrio studies 

The 8bSoqhiOn spectrum of a dilute solution of potassium permanganate (8 x lo-%$ in 

sulphuric acid was soanned from 200 to 600 NP at various time intervala. There Is a gradual 

decrease in the permanganate conoentration and after about 7-8 hr there is no permanganate 

left. The absorption spectrum of a 124~ old 2 I 10-k manganeee(IV) solution in s 
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Fig* I. !!?b%r% i% % %hOUfder 8t 265-285 n5, but no waxilBU5 'R86 

ia fhS tisibl8 region althowh peXV5%nga&8 Snd w%n@n8ss(m) 

m reapectivslg. ~~naff8(~1~~, which is Stable in 

not %bSorb ia the U~t3TSTi0.ol8-k rs&~~ 13 

Preparation of stands54 111%~b~is8(1v) SOlUtio5 

TO pr8p&X'e % C.Cg SOlUtiOn, dissQlwe ebout 7.9 g of pctasSi!i~~t pex5%n&%n%f8 in 9 

sUlphuX!io acid tith &$Oroue ratirrim, preferably br magnet3.u stirxex, OMF a period of 6-8 

hr. b%w% the sOlutio5 ov~#&gltt, I&HI mnkd it up f~ 1 litre with $3l& sulphtaric acid and 

th8n standrudier Zt as follQws: 

(i-1 With iron sul~h%ta aolutfon, M%he 25 ml of imu solution (previously 

st%ndoTdi58d with peawmga~te or diahroruate~ 1-z in aulphuric soid, and titrats it with 

tha %xX@3%?l8se(fwf solution in th8 pralasnce of a drop of ferrain indiastor. 

(ii] With soditllp oxalate ffo~uti~~ Heat 25 ml of sodium oxal%te solution fin I-=% 

sulphux~c aoid) to TOa, %nd tftr%t8 it With tb% ~~~%3~~~~~ %O&tiQZL The md-point ia 

iudicatad by % light pink colour, pxe5uPvrbl.y due to manganae%(III). 

The titre d8tclrior%t%% By 0.1-O.& pax day and solutions need to be standardiz%d d%iXy. 

~~~e38(~~ as alt ox&ii%UftXfC lW%Edi 

Our iuiti%l studisa have ahow thst ~~ne~(~~) can %a$ %s %5 oxidi5iBg agent for 

almost all t&e comzsntio5al rertuctants, se, P8 2+, RF+, J+, C,O$ I" to* ft is abo 

ObS8rved that it oxidi5es oeriU&Il) t0 Qewi!.%5(~). Potentiometr"iQ titrations of 

&~&UgsnssS(Iv) (platinum aleotrode) with Fe2+, VC2+, and Ce3* all give two potential break6 

pr%%W%%b& due to th8 rsduetSo5 of ~n~~e%e(~~~ first t0 ~~~88e(~~~~ and th8n to 

~~~~se(~~)* Ho#~r~ ths first bweak is very sm%ll (slope 2.5 mV/C.O~ ml) and onls the 

s8oOnd is USafU% (SlOpa about 2p mt@.o$i latllc Equilibration of thS el0&TOd8 potentials 

tah8s about 3 !Y& in the end-point region). The reverse titration5 are also pomible bUG 

show only thu change from meng%neee(X'V~ to u%ngenese(II) (elope about 270 mW/C.C5 ml at th% 

end-pOi!lt for irOn, less for th8 others)* ~~n8se(~~ c8n be u%erd aa an 02ddisetric 

reagent for 
studies and 

and will be 

ths ~~ntitati~ esti~t~on of a variety of reductants. Detailed analytical 

kinetics of the reduction of penrsamganate to ~~~%E8(~~~ are new in prQgreS5 

publisfisd later. 
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A NEK CHELATEXQRMIN(I iLLSIN 'JOITS DITHIZONE FUNCIIONAL GROUP 

PREPARED BY THE CON'&WXX~ OP AN ANXCIi-ZXG&NGE DYW.l? 

H. T8n8ka, Y. Chikuma*, A. ffarad8, T. Ueda and S. Yube 

Faculty of Pharmaceutical Sciences, Kyoto Univereity, 
S8kyo-ku, Kyoto 606, Japan 

(heceivad 6 && 1976. Acceoted 8 As 1976) 

For the concentration and collection of heavy metal icne by 8 chelatiw reein, the 

presence of the thiolgroup aa the chelating group on the resin ia deeirabls because of 

ite selectivity and ability to form stable chelates. Soam effective thiol-containing 

chelating resins for the adsorption of heavy met81 ions have been synthenirted. '-4 HowwE, 

the introduction of the thiol group into the resin mtatrix is not easy. Further, the reein 

is not easily recoverable after adsorption of metal ions. Some chel8te-forming gr8nulea 

have been introduced for the a8me purpose. 5-7 They are easily prepared, but their exchange 

capacity is not 8s h%gh 86that of the chelating reef& 

Xe hsve prepared a &elate-forming resin of a new type, by the Simple procedure 

described below, namely by the treatment of coaezon strongly basic anion-exchange reein with 

a sulphur-conteining cheLtiry agent which involves the functional group for the anion- 

exchsnge together with the chehting group. le selected a sulphonic acid derivative of 

ditbizone (~~aO3S~~~~~~~-~ eSG31?8) ($, as chelating agent. &was synthesized 

from I$ydrazinobenzeneaulphonic acid and carbon disulphide as follows. Carbon disulphide 

(1.5 ml) an6 ethanol (60 ml) were added to about 40 ml of an aqueous solution of 

p_hydrazinebenzenesulphonic acid (6 g) snd sodium hydroxide (1.3 g) and the solution w8f1 

refluxed for eeveral hours. After the aclution ~888 cooled, addition of 200 ml of ethanol 

gave a white precipitate, The precipitate (I g>, dierolved in a small amount of rater, 

~8s added to 25 ml of et&no1 containing 0.2 g of sodium hydroxide. The solution 

immediately turned red. The red precipitate deposited by the eddition of aoetone (200 ml) 

was collected by filtration. Thin-layer chrcemtography of the product (aclvent; methanol) 

gave one bpct. f is stable a8 its sodium salt both in aqueous solution and the dry state, 

but is very unstable as the free acid. The spectral properties of 5 (Pig. 1) are similar 

to those of dfthizane. 

The chelate-forming resin '~88 obtained when 1 g of the anion-exchange reein (Amberlife 

IkA 400 in the chloride form, 100-200 mesh) was stirred with 50 ml of aqueow solution of 

various amounts of & 

The eachtrnge cspacity for 41, ex8mined by the bstuhwiee r&hod, wa8 1.9 mmole per g of 

dry resin. The time required for the saturation of the resin with& 1~s 2-3 br, and only 

20 air. w88 needed for the edsorption of about 8 third of this amount, and this is enough for 

practical use of the resin. The resin thus prepared, if stored in 8 refrigeretor, ie stable 

for at least three weeks. 

UIc whom requests for reprints ehould be addressed. 
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Fig. 1. Absorption spectra of 2.5 x 10-k sulphonic acid derivative of 

dithizone, r. (-+$I 1.2, (- -1 pIi 12.0, (-) ph 1.2 with 

1.25 I 10-a; Hg2+, (- -1 @I 12.0 with 2.5 I lo-% Hg2+. 

The occurrence of ion-exchange between the resin and &was confirmed by the release of 

an equal number of moles of chloride ion (determined by Yobr’s method). I is, however, not 

eluted from the resin even with ~~ sodium hydroxide. The strong adsorpti:n of & on the 

resin matrix may be explained in terms of both ion-exchange and some physical adsorption. 

In fact, dithizone is considerably adsorbed on the resin matrix, but without release of 

chloride. 

The behaviour of the resin towards mercury(X) is shown in Fig. 2. The binding ratio 

of Hg(I1) to & on the resin wae found to be about 1:2 from Fig. 2, and the composition of 

the mercury(I1) ohelate with; in the pH range 1.0-5.4 was also 1:2 (mole-ratio method). 

This means that the L on the resin was utilized completely for the effective adsorption of 

mercury( II). 

The mercury(I1) adsorbed could not be released by 20$ mineral acid solution, but it was 

released almost completely by concentrated hydrochloric acid, as shown in Table 1, and the 

original resin was recovered. The eluate was violet after the treatment with concentrated 

hydrochloric acid and the absorption spectrum of the eluate was found to be simlkr to that 

of isomerized dehydrodithizone. 8 The resin recovered could be used repeatedly for the 

adsorption of meroury(I1) by the same procedure. 

Xecently the preparation and properties of a similar type of resin, loaded with 

&quinolinol-$-sulphonic acid, which is useful for the collection of various hinds of metal 

ione, were reported briefly.g Resins with a sulphur-donor group may be significant for the 

selective collection of heavy metal ions. This new type of resin may be particularly useful 

because it is very easily prepared and the original resin can be recovered. 

kclmowledgeaent - The authors are indebted to Dr. Yoshizasa Tanaka of Okayama University for 

his helpful advice on the preparation of f. The authors wish to thank the Ministry of 

Education, Japan, for a Grant-in-Aid (No. 011013). 
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Fig. 2. Ion-exchange capacity of anion-exchange resin treated with 

sulphonic acid derivative of dithizone, for mercury(II). 

Table 1. Recovery of mercury(I1) frorc ohelate-forming resin on which i (200 mg) 

and I&'+ (44 II%) were adsorbed per g of dry anion-exchange resin 

Eluent Recovery, %* 

a.* m, 160 al 96 

11M HCl, 100 ml 94 

*Mercury in the eluate was determined by the dithieone method 
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THE INFLUENCE OF HALIDES ON AMPEROMETRIC 
COMPLEX-FORMATION TITRATIONS WITH THE 

ROTATING MERCURY ELECTRODE 

G. DEN BOEF and F. FREESE 

Laboratory for Analytical Chemistry, University of Amsterdam, Nieuwe Achtergracht 166, 
Amsterdam 1004, The Netherlands 

(Rtvxived 5 December 1975. Accepted 17 December 1975) 

Summary-The interference of halides with complexometric titrations, indicated by means of the anodic 
wave of the ligand at a rotating mercury electrode, has been studied theoretically. The effect of halides 
strongly depends on the pH of the solution. In alkaline solutions there appears to be no interference 
by chloride at all. A critical value for the halide concentration can easily be found for any medium. 
The theoretical predictions have been verified experimentally. 

Amperometric complex-formation titrations using a 
rotating mercury electrode as indicator electrode have 
been described.‘.2*3 The method enables micromolar 
concentrations of metal ions to be determined. In 
order to maintain constant values of the conditional 
stability constants of the metal complexes formed, the 
titration solution has to be buffered. Proper choice 
of the pH can improve the selectivity of the titrations. 
Low pH values further the selectivity for the deter- 
mination of metal ions forming very stable complexes 
with the titrant,‘*3 whereas high pH values are 
favourable for the selective titrations of metal ions 
that complex only negligibly with hydroxyi ions and 
ions of the alkaline buffer systems.’ The first group 
contains such metal ions as copper(H), thorium(IV) 
and gallium(III), whereas the alkaline earths ions 
belong to the latter group. 

As the concentration of the ligand during the tit- 
ration is monitored by means of the anodic dissolu- 
tion of the electrode, the possible interference of 
halide ions has to be considered. The half-wave 
potential of the anodic ligand wave becomes more 
negative with increasing pH. Hence the interference 
by halides will be less serious in alkaline solutions. 

In a previous paper’ a few scattered results were 
given for the inHuence of chloride and bromide on 
the titration of copper(I1) with TRIEN. In the present 
communication the problem will be treated more sys- 
tematically. 

THEORETICAL 

The theoretical treatment will be given for the in- 
fluence of halides on determinations at a dropping 
mercury electrode. The electrode reactions are sup- 
posed to be reversible, yhich is correct for d.c. polaro- 
graphy.4.” 

The current-voltage curve for the anodic dissolu- 
tion of mercury in a medium containing a ligand L 

that forms 1:l complexes with mercury(II), is given’ 
by (25”, SCE) 

E = 0.608 + 0.0295 log tag_ 

- 0.0295 log &_ + 0.0295 log(i/i,, - i) (I) 

It has been assumed that the species involved in the 
electrode reaction have the same diffusion constant 
and that the only side-reaction is that of L with pro- 
tons. 

Taking the value of KHeL as 10” and tabulated 
values of zLcH1_ the half-wave potential E&,,, can be 
given as a function of pH. For the anodic dissolution 
of mercury in a medium containing halides two possi- 
bilities arise, i.e., the formation of the insoluble mer- 
cury(I) halide or the formation of a mixture of mer- 
cury(I1) halide complexes. The two cases will be 
treated separately. When an insoluble mercury(I) 
halide is formed the current-voltage curve is given 

by 
. ‘ 

E = 0.543 + 0.0295 log ,&x2 - 0.059 log 7 (2) 
X 

as derived by Kolthoff and Miller.’ Assuming a limit- 
ing current of lOpA for a IOe3itf halide solution, 
kx will have a value of 104pA. 1. mole-‘. 

For the current-voltage curve in the case of com- 
plex-formation of mercury(H) with halides, we also 
start with the Nernst equation, 

E = 0.608 + 0.0295 log [Hg2+], (3) 

in which [Hg2’]> is the concentration of mercury(I1) 
at the electrode surface. The reaction at the electrode 
surface is 

Charges for X and the complexes will be omitted in 
the rest of the paper: K represents the average ligand 
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number at the surface of the electrode. The average 
ligand number E is defined by Bjerrum as 

Hence 

” 

i n/C CXI” 
67 l 

$ /LPI” 
(4) 

i = ia + ic = kH,(Il, 1 [HgX,], (7) 
0 

Substitution of (7) into (5) leads to 

E = 0.608 - 0.0295 log %,+.(xk 

Thus HgX, stands for a mixture of complexes of 
Hg(I1) with X, the composition of which is fixed by 
[Xls, the concentration of the free halide at the elec- 
trode surface. 

i 
+ 0.0295 log ~ 

k 
(8) 

Hd) 

For the problem under study, simplifications can 
be made, leading to an explicit relationship between 
potential and current, but this is not so in general. 
As the general case may be of interest for other appli- 
cations as well, it seems useful to give the full deriva- 
tion here. 

In equation (3) [Hg’+], has to be replaced by an 
expression taking into account the reaction between 

Hg(I1) and X at the electrode surface. The extent to 
which Hg(I1) reacts with X can adequately be de- 
scribed by means of the side-reaction coefficient CLAN 

The current-potential curve can now be drawn by 
means of equations (6) and (8) starting with [X], as 
a parameter. For every value of [Xl, a value for ~(u~(x), 
and for ti, can be calculated. Then the corresponding 
values of E and i can be obtained. The equations 

(6) and (8) reflect the continuous change in the aver- 
age ligand number of the mercury(H) halide com- 
plexes formed at the electrode surface, down to ii, = 0 
at the final rise of the current-voltage curve. It can 
also be seen from equation (6) that a limiting current 

id = ; kx i[Xlm - cx1,; 
b 

i CHgXnl 

Hence 

xHUX) = oLHgz+l 

i: CHgXJs 

may occur when two conditions are fulfilled: (a) [Xl 
must be negligible with respect to [Xlbulkr (h) i?, must 

remain constant over a certain concentration range 
Alog[X] of the halide. 

From equations (6) and (8) it can be seen that this 
limiting current will develop over a potential range 

or 

E = 0.608 + 0.0295 log ’ 
@MxI 

AE = 0.0295 n,Alog[X] 

E = 0.608 - 0.0295 log aHgtx,, 

” 
+ 0.0295 log 1 [HgX,], (5) 

0 

The current-potential relation can be derived by 
assuming a steady state at the electrode surface.’ This 
means for the halide ion X that the supply of X to 
the electrode surface by diffusion, which is propor- 

tional to ([X],,,, - [Xlp), is just compensated by the 
amount of X consumed per unit of time by Hg(I1) 
produced at the electrode surface, which is i&i/2F. 

Hence 

i = i, + i, = % {[Xlbulk - [X&j (6) 
4 

where i:, and i, represent the anodic and the cathodic 
current respectively. 

The supply of Hg(I1) in any form per unit of time 
is i/2F, which in the steady state is compensated by 
the diffusion of mercury(I1) and its halide complexes 
into the bulk of the solution, which is proportional 

to 

i CWGI. 

In practice, halides will not interfere when present 

in concentrations of the same order of magnitude as 
the compounds involved in the titration reaction, as 
under these circumstances the anodic ligand wave 
can always be seen in the polarogram even when the 
anodic halide wave occurs at the same potential. 
Therefore the interference of halides only has to be 

considered for concentrations large with respect to 
the concentration of the species to be determined. 
Whether the interference will be serious or not, will- 
from a polarographic point of view-depend on the 
potential at the point of intersection of the halide 

wave and the ligand wave, relative to the half-wave 
potential of the ligand wave. The current value at 
the point of intersection will always be low in com- 
parison with the limiting current of the halide wave. 
We may assume that at these relatively low currents 
the halide concentration at the electrode surface will 
not differ much from that in the bulk of the solution. 
This means that for our present purpose ~~~(xi, in 
equation (8) may be replaced by the constant value 
a HeCX)hu,r, which results in 

E = 0.608 - 0.0295 log xug(x)hU,l 

i 
+ 0.0295 log ___ 

k 
(84 

H@lIIl 

if Hg(I1) and its halide complexes have the same diffu- from which the initial rise of the current-potential 

sion coefficient. curve can be drawn directly. 



Influence of halides on amperometric complex-formation titrations 

cl- O.OOlM CI- 

- E vs SCE 

Fig. 1. Current-voltage curves, calculated for the anodic oxidation of mercury at a DME in solutions 
of different concentrations of chloride. Sofid lines: 2Hg + 2Cl- -+ Hg,C12 + 2e; Dotted lines: 

Kg + nCI- + HgClL’-“I+ + 2e. 

Figure 1 presents some polarograms according to 
equations (2), (6), (8) and @a) for chloride concen- 
trations 1, lo-‘, 10ek and iW3M. Both kx and ktirPlt 
have been taken as 104 A. 1. mole- f. Values for log 
#&$I) and 7i, given in Table 1, have been calculated 
with log fil = 6.7; log /& = 13,2; log f13 = 14.1 and 
log p4 = 15.1. S&$& has been taken as lOAI’-‘. It 
can be seen from Fig. 1 that under all circumstances 
there is interference due to the formation of Iig,Cl*. 
The same holds for bromide. For iodide however, 
complex formation begins to predominate in about 
5 x IO- “M solutions, but this is of na practicaf signi- 
ficance, as iodide interferes already in lower cuncen- 

Table 1. Values ofczHgfClf and PI for various values of [Cj- 

Ccl-l, M 1% @H&I) ii 

1 15.15 3.89 
10-l 11.61 2.92 
IO--? 9.24 2.09 
1W3 7.20 2.01 

trations. So in the following only the interference by 
the formation of Hg,Xz will be considered. Further- 
more the discussion will be restricted to complexo- 
metric titrations with EDTA as the ligand. 

Figure 2 presents polarograms at different pH 
values according to equation (I) for a concentration 
of EDTA of about IW3M {id = 10 PA and log 
K woL = 22) and polarograms according to equation 
(2) fur different concentrations of chloride. Serious in- 
terference is assumed to start when the concentration 
of chloride reaches a critical value at which the inter- 
fering current-voltage curve and the current-voltage 
curve of the liganh interseet at the half-wave potential 
of the ligand wave. The values of the interfering con- 
centrations of chloride calculated in this way have 
been compared with experimentally obtained values. 

EXPERIMENTAL 

Polarograms with the dropping mercury electrode were 
taken with a Me&ohm E polarograph. The buffers3 and 
titration equipment IT3 were the same as used before. Half- 
wave potentials of the ligand wave were determined by 

tM CI- 01M Cl- O.OlM Cl- o.mt M cl- 
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Fig. 2. Current-voltage curves. calculated according ta equation (1) (id = 10 pA, dotted fines) for differ- 
ent pH values, and according to equation (2) @Iid lines) for different concentrations of chloride. 
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Table 2. Critical values for [Cl-] in the case of 10-3M 
EDTA at a DME 

PH Buffer 

3.50 phthalate 
4.55 phthalate 
4.50 acetate 
5.00 acetate 

[cl-l, M 

0.001 
0.005 
0.005 
0.01 

derivative polarogra’phy. Interference was assumed to 
occur when the peak at the half-wave potential vanished 
owing to the presence of the halide. 

Table 2 gives the values of the chloride concentration 
at which the half-wave peak disappears for ditferent pH 
values in the case of an EDTA concentration of 10-3M. 
There is good agreement between the results in Table 1 
and the theoretical conclusions from Fig. 2. Table 3 gives 
similar results for 10m4M EDTA. Table 4 gives some 
results for measurements of half-wave potentials of 10m4M 
EDTA in the presence of bromide. The agreement between 
the experimental results and the theoretical predictions, 
which are not given for bromide here, is also very good. 

So far, theoretical considerations and experimental 
results have been compared for the anodic wave at the 
dropping mercury electrode. It can be expected that the 
situation will not alter much when a rotating mercury elec- 
trode is used, indicating lower concentrations of the ligand 
at higher sensitivity in the presence of the same concen- 
trations of halide. 

In equation (1) the values of i and id will not alter much, 
as the possible increase of the current due to the fact that 
a rotating electrode is used is nearly compensated by the 
decrease of the current due to the smaller concentrations 
of the compounds involved in the titration reaction. More- 
over the half-wave potential will remain the same. Hence 
the overall change in the wave will be small. 

The curve of equation (2) will remain the same at the 
initial rise of the current-potential curve, where i G i,,, 
because the last term in equation (2) originates from 
0.059 log[X],, which for i 6 i,, may be written as 0.059 
log[X],,,,,. Hence the lower part of the curve of equation 
(2) at a certain value of [X],>,a,l will be the same for the 
rotating and the dropping electrode. 

As the halide wave [from equation (2)] and ligand wave 
[from equation (I)] remain nearly unaltered, the conclu- 
sions obtained from Tables 2-4 for the interference of 
halides with the ligand wave for concentrations of the 
ligand of IO-“ or 10e3M at the dropping electrode will 

Table 3. Critical values for [Cl-] in the case of 10m4M 
EDTA at a DME 

PH Buffer [Cl -I> M 

5.05 acetate 0.001 
5.55 acetate 0.005 
6.0 phosphate 0.05 
7.0 phosphate 0.1 
7.5 phosphate 0.5 

Table 4. Critical values for [Br-] in the case of 10m4M 
EDTA at a DME 

PH Buffer 

6.0 phosphate 
7.0 phosphate 
8.0 tris 
9.0 borate 

[Br-I. M 

5 x 1o-4 
5 x 10-d 

0.01 
0.1 

Table 5. Critical values for [Cll] and [Br-] in the tit- 
ration of lo- ‘M copper(H) with EDTA at a rotating mer- 

cury electrode 

PH Buffer (lo-*M) 

5.0 acetate 
5.0 acetate 
7.0 maleate 
7.0 maleate 
9.0 tris 
9.0 tris 

[Halide], M 

[cl-] = lo-3 
[Br-] = lo-’ 
[Cll] = lo-* 
[Br-] = 10e4 
[cl-] = 10-l 
[Br-] = lo-’ 

Table 6. Critical values for [Cl-] in the titration of IO-‘M 

copper(H) with TRIEN and DTPA at a rotating mercury 
electrode 

PH Buffer (lo-*M) 

5.0 acetate 
5.0 acetate 
7.0 maleate 
9.0 tris 
9.0 tris 

Titrant K-1, M 

TRIEN 0.001 
DTPA 0.005 
TRIEN 0.01 
TRIEN 0.1 
DTPA 0.5 

remain the same for the interference of halides with tit- 
rations involving ligand concentrations of lo-*M at the 
rotating electrode. 

If, however, the interfering process would be the forma- 
tion of mercury(I1) halide complexes the electrode would 
take a more negative potential and the interference would 
become more serious. As we have already seen, mercury(I1) 
halide formation will in general not be the interfering pro- 
cess. 

All these considerations neglect the differences between 
currenttvoltage curves obtained with a dropping and a 
rotating electrode. Nevertheless, the experimental results, 
obtained for titrations at a rotating electrode in the pres- 
ence of chloride and bromide, appear to be in agreement 
with the theoretical considerations given for the dropping 
electrode. 

Table 5 gives the values of the chloride and bromide 
concentrations which do not interfere with the determina- 
tion of 10-5M copper(I1) with EDTA at different pH 
values. As DTPA and TRIEN have slight advantages over 
EDTA as a titrant for copper(H) a number of determina- 
tions with these ligands have been carried out in the pres- 
ence of chloride. Some typical results are given in Table 
6. When DTPA is used as the titrant, slightly larger 
amounts of halides can be tolerated. When TRIEN is used. 
the titration curves show sharper end-points, 
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Rbum&L’analyse des Clkments g I’iitat de traces dans les roches peut &tre soumise g de nombreuses 
causes d’erreur. On peut en distinguer deux grandes catkgories: les erreurs likes A I’kchantillon analysk, 
c’est-i-dire B la mtthode d’khantillonnage, A la prkparation de l’tchantillon (broyage et homogkntisa- 
tion). A la r&partition des kkments dans cet khantillon, et, les erreurs dues g la technique d’analyse 
utilisie. Dans cet article, nous nous inttressons plus particulikrement g I’erreur due a la rtpartition 
des &l&men& dans la poudre de roche B analyser. Une mtthode exptrimentale relativement rapide 
et simple est utiliske pour Cvaluer l’importance de ce genre d’erreur dans quelques tchantillons types. 
Cette mtthode est fondle sur l’analyse par activation neutronique. La variance d’khantillonnage a 
ktk aussi dkterminte en fonction de la masse de la prise d’essai. Les rksultats montrent que des analyses 
faites sur des prklkvements de petite quantitk de poudre peuvent entrainer des erreurs importantes 
sur le r&&at final (erreur d’un facteur deux ou plus dans la d&termination du hafnium dans un 
granite au niveau d’une prise d’essai de 10 mg). Un modtle thkorique simplifit nous permet d’expliquer 
les rksultats expkrimentaux tout au moins qualitativement. 

Le dkveloppement relativement r&cent de la girochi- 

mie est une conskquence directe des progrks rCalisCs 
en chimie analytique. En particulier, les mkthodes 
physiques ou instrumentales rapides, fondles sur la 
comparaison d’un signal Cmis par un &talon et 
khantillon g analyser, soumis A une excitation 
(action sur le cortkge tlectronique ou sur le noyau 
des atomes) sont maintenant communkment utiliskes 
pour le dosage des Clkments majeurs et des Clkments 
B 1’Ctat de traces dans les roches et les minkraux. 

La quantitk et la qualiti: des rksultats disponibles 
s’en trouvent considtrablement accrues. 

Les problkmes analytiques ne sont pas tous pour 
autant rCsolus. 11 suffit pour s’en convaincre, de se 
rifkrer aux nombreuses compilations publikes dans la 
littkrature, concernant les Ctalons de roches au&i bien 
amkricains que franqais. En voici quelques exemples. 

Pour les Clkments majeurs: 

Roche 

G, 
G2 
DRN 
DRN 

Coefficient de 
Elkment variation, “4 RCfkence 

AlA& 3 1 
SiOl 1,5 1 

A1203 3,7 2 
SiOz 1.6 2 

*Dt-tacht du Centre de Recherches Pttrographiques et 

Gtochimiques de Nancy. 

Pour les ClCments B 1’Ctat de traces: 

Etendue (range) 
Roche Eliment ppm Rtfkrence 

Gz Zr 25WOO I 
Gz Rb 108-503 1 
DRN co 20-70 2 
DRN Rh 52-82 2 

Nous avons pris ces exemples au hasard g titre in- 
dicatif. Mais, ceux-ci montrent bien que, si pour les 
Clkments majeurs la concordance est bonne entre dif- 
fkrentes mkthodes et difftrents laboratoires, la situa- 
tion est assez inquiktante en ce qui concerne les 
ClCments ?t 1’Ctat de traces. 

11 s’agit 18 d’une constatation d’ordre gCnkra1. L’exa- 
men critique des principales causes d’erreurs qui 
peuvent affecter les donnkes gkochimiques est d’une 
importance primordiale, puisque la vkrification des 
thitories gtochimiques en dkpend. 

Parmi lescauses possibles, Shaw3 en distingue trois 
principales: 

-une httkrog&itC possible au niveau de l’ensemble 
gkologique 6tudiC 
-une erreur due g khantillonnage sur le terrain 
(celle-ci dtcoulant de la premikre) 
-une erreur due A l’analyse chimique. 
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On peut en ajouter une, due au prCl&ement d’une 
partie de I’khantillon en vue de l’analyse (cette erreur 
Ctant kgalement like k l’h&?roginkiti: kventuelle de 
l’~hantillon). 

Les troisieme et quatrikme points concernent direc- 
tement I’analyste. Nous nous proposons dans ce qui 
suit d’ktudier l’incidence de la taille des pr&vements 
sur le dosage des Clkments i 1’Ctat de traces. 

augmente. C’est un terme approximativement cons- 
tant dans un certain domaine de taille d’khantillon. 

Ces quelques rappels faits, nous nous proposons 
d’ttudier le com~rtement des klkments en traces 
dans cette optique, c’est-g-dire de determiner expkri- 
mentalement Ia fonction & =f(m) dans des cas con- 
crets (S, sera exprimk en % de la teneur de 1’Clkment). 

PHINCIPE DE LA METHODE 

MODELES ~ECHANTILLONS 

L’Cchantillon de roche qui parvient au laboratoire 
d’analyse, se prksente sous la forme d’une poudre 
dont la taille moyenne des grains est d’environ 80 
pm. Au niveau du grain cette poudre est httCrog&ne, 
et cela d’autant plus que la roche d’origine est com- 
posQ de plusieurs espkces minkrales. Le soin apporti: 
B la prkparation de I’Cchantillon broyt: peut kgalement 
jouer un r61e important. 

Wilson4 dans une Ctude thkorique partant de l’hy- 
pothitse d’une distribution binomiale des grains 
montre que l’erreur relative introduite de ce fait dans 
le dosage d’un Gment est inversement proportion- 
nelle 8 la racine carrke du nombre de grains n contenu 
dans l’khantillon analysk. Soit : 

,- 

J K' J K 
SR = - ou SR = 

n 
; 

oh nz est la masse de la prise d’essai, K et K’ sont 
des constantes qui dependent des proportions rela- 
tives des diffkrentes espkces minCrales et de leur den- 
sit&. Ingamells et al. 5,6 dans une sCrie d’articles con- 
sacrks au m&me probkme proposent d’utiliser la cons- 
tante I( comme “constante d’tchantillonnage”. K a 
en effet Ia dimension d’une masse. C’est la masse de 
la prise d’essai telle que “le coefficient de variation 
dG B l’khantillonnage”, soit de 1%. Cette constante 
est alors caractiristique d’un tliment dans une 
poudre de roche dkterminke. Une telle donnke serait 
prkieuse pour l’utilisation des &talons de roche. Elle 
permet de choisir la taille du prt?lkvement convenable 
pour I’analyse. 

Malheureusement, ce modele qui a pour origine la 
distribution binomiale n’a pas un caractkre g&&al. 
Un effet de sCgrCgation Cventuel n’apparaft pas. 

Une “thkorie gin&ale de l’khantillonnage” d&e- 
1oppCe de man&e semi empirique par Visman’,’ en 
s’appuyant sur des “modtles ci priori” de population 
conduit i donner 5 la fonction & =f(m) la forme: 

SR = J 2 
-+B 
m 

oti A et 3 sont des constantes. A s’ident&e B la cons- 
tante K pr~~demment dkfinie, 5 est la composante 
de la variance due B un effet de skgrkgation. Duncan’ 
dans une critique de la thkorie de Visman donne des 
justifications tht-oriques h cette formulation et met en 
garde contre le fait qu’il s’agit lsi aussi d’une approxi- 
mation. En particulier B ne peut bvidemment pas 6tre 
un terme constant lorsque la tnitte du prklkvement 

Nous avons utilisk I’activation neutronique comme 
technique analytique. II n’est pas nkessaire pour 
rksoudre notre probl6me de determiner les teneurs des 
Clkments. Nous utilisons simplement le fait que la 
radioactiviti: mesurke pour un kkment donni: est pro- 
~rtionnelle k la masse de cet ClCment, ou, en 
ramenant & I’unitC de masse de ~~ch~tilton, ;i la 
teneur en cet Clkment. 

Soit: 
ti = kiAi 

ou ti est la teneur en un k1Cment i, Ai le rksultat de 
la mesure de radioactivitt: en nombre de d&sin& 
grations par unitC de temps, et ki une constante qui 
dCpend des caractirristiques nuclkaires de l’t%ment et 
de l’intensitk du flux de neutrons utilist. 

Si on irradie simultankment IZ tkhantillons, ki est 
identique pour tous. Dans ces conditions, nous pou- 
vons krire : 

aflOg ti) = Cr(lOg Ai) (1) 
a(log kif Ctant nul puisque ki est une constante (le 
flux de neutrons tttant constant comme nous l’indi- 
quons plus loin). Si les erreurs sont faibles, elles sont 
assimilables k des diffkrentielles. L’expression: 

dti) -.-- = _- = to-2 sRs 

est kquivalente B (1) (5 est la teneur moyenne dans 
les n Cchantillons; Ai est la moyenne des mesures de 
radioactiviti: pour les n kchantillons irradiks simul- 
tandment). 

Dans la pratique nous avons travaittk sur les skies 
de prClkements de 1.50, iO0, 50 et 10 mg. Chaque 
sCrie comportait n = 12 zi 2.5 pr6litvements. La tech- 
nique d’irradiation a ktk d&rite par ailleurs.” Les 
mesures de radioactiviti: ont CtC faites au moyen d’un 
dktecteur solide (germanium dopC au lithium) et nous 
avons estimk la variance pour chaque drie j et chaque 
klkment i par: 

” 

d’OLi 

1 tA, j - Xl2 
sf = j=l_---- 

n-1 

lOOSi 
SRi = ----- 

Ai 
A ce stade se pose te probkme de savoir si Sz est 
bien une estimation de la “variance dkhantillon- 
nage”. En effet des contributions importantes pour- 
raient intervenir g divers niveaux: 

+rreur due A des variations du Rux de neutrons, 
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erreur due a la pesee de l’echantillon, 
--erreur due a la variation de geometric des echan- 

tillons par rapport au detecteur, 
*rreur due a la mesure de la radioactivitt. 
En ce qui concerne les trois premiers points, nous 

avons constate que les erreura sont negligeables par 

rapport B la quatrieme. Cette derniere cause est 
predominante et peut seule entrer en consideration. 

11 est possible de l’estimer. En effet : les phenomenes 
de d&integration sont decrits par la loi de Poisson” 
pour laquelle la moyenne est &gale g la variance. Le 
nombre de desintegrations N mesure Ctant tres eleve, 
on admet que ce nombre appartient g une distribu- 
tion de Gauss de moyenne N et d&cart type $?. 

D’OQ 
I- 

s 

d 
= l@&‘Ni + Bi, 

Ai 
/, (avec Ni - Bi = Ai) 

ob S, est Wart type sur la mesure de radioactivite, 
Ni le nombre de d&integrations mesure dans la zone 
d’energie qui concerne l’element i, et Bi le bruit de 

fond dans cette zone. 
Dans bien des cas, un test de comparaison entre 

Sn et S, n’est pas necessaire. 
Voici quelques valeurs caracttristiques: 

Element *S,,% S,% 

Th 5 02 
co 2,3 0,4 
Ta 2,3 0,7 
Rb 1,5 12 
Ni 3,7 3,7 

Nous avons elimine les cas litigieux, c’est ?t dire 

ceux pour lesquels le test de comparaison Si = S,’ 
contre Si > S,’ (test de 2’) n’etait pas significatif ou 

tout juste significatif, soit en pratique S, > 2S, (exem- 

ple de Rb dans le tableau precedent). 

RESULTATS 

Les resultats obtenus pour deux Ctalons du 
C.R.P.G. (Nancy, France) GA et GSN. qui sont des 
granites et pour une obsidienne (verre naturel) sont 
report& en coordonnees log-log SUT les figures. La 
masse du prelevement est port&e en abscisse et en 
ordonnee, les valeurs de Sa en pour cent. 

Cette representation est commode en particulier 
dans le cas ou la fonction Sa =f(m) est de la forme 
Sa = m La courbe representative est alors une 
droite de pente (-t) et le point d’intersection de cette 
droite avec la droite Sa = 1 donne la valeur de K. 

Cas de GSN (Fig. 1) 

I1 apparait que le modele le plus simple est compat- 
ible avec nos resultats pour tous les elements etudies 
dans GSN. Dans le tableau suivant, nous donnons 
quelques valeurs de K pour differents elements dans 
cet etalon. 

Elkment K mg 

cs 60 
co 100 
SC 40 
Ta 60 
Th 400 
Hf 1000 

Ce resultat montre que si on veut doser le hafnium 

dans le granite GSN en utilisant des prises d’essai 
de 10 mg, il faudra faire 100 dosages pour esperer 
avoir une precision de 1% sur la teneur en hafnium. 

A Hf 

l Th 

Ta Co 

IO 50 100 IO 50 too 

mg w 

Fi;r. I. Granite GSN. Evolution du coefficient de variation en fonction de la masse des prklkvements. 
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Ta.Th Hf Tb.Cs. 

mg 
Fig. 2. Obsidienne. Evolution du coefficient de variation 
en fonction de la masse des prklkwements. La droite de 
pente (- 4) en pointill& reprksente l’homogkisation 

parfaite. 

On ne peut Cvidemment pas extrapoler ces droites 
jusqu’k des masses voisines de 1 mg ou infkrieures, 
mais il est g craindre qu’un dosage n’ait plus de sens 

g ce niveau. 
11 faut remarquer aussi que pour des Clkments tels 

que Cs, Co, SC qui sont normalement assocks B des 
ttlkments majeurs, les valeurs de K sont loin d’&tre 

faibles. 

Cas de l’obsidienne (Fig. 2) 

L’obsidienne est un verre. Tous les 61Cments doi- 
vent y &tre particulikrement bien rkpartis de man&e 

uniforme. Nous constatons que tous les Clkments se 
comportent de la m&me manikre et que dans la 
gamme de 10 g 150 mg “le coefficient de variation 

dQ g Whantillonnage” est faible 1,5x mais constant. 
Cela ne peut s’expliquer que par la prksence d’une 
phase qui n’est pas de l’obsidienne (ce qui est exact, 
l’obsidienne reprtsente 95% environ de l’ensemble) et 
surtout que la poudre n’a pas ktk correctement 
homog6ntisCe aprks le broyage. Seule la composante 

de sCgrCgation intervient. 
Le modkle 

S, = /” + B 

convient dans ce domaine de 10 B 150 mg avec 

A/m < B. 

Cm du granite GA (Fig. 3) 

La situation est beaucoup plus complexe pour GA. 
Le hafnium et le zirconium se trouvent sous forme 
de zircons (SiZr04) qui sont des grains bien indivi- 
dualisks et rkpartis rkgulikrement dans la poudre de 
roche. Le modtle simple SR = a s’applique par- 
faitement g ces deux ClCments. Constatons seulement 
que la valeur de K pour le hafnium est particulikre- 
ment Clede (K = 5ooO mg) cinq fois plus forte que 
celle annoncke pour GSN. 

Pour des klkments tels que Th, Ta, Ce, Tb (lan- 
thanides d’une manikre gkrale), qui ne sont pas 
associks k des tltments majeurs, on observe des 

A Tb 

mg 

Fig. 3. Granite GA. Evolution du cocficient de variation 
en fonction de la masse des prC_kvemcnts. 

courbes comportant un plateau (ou tout au moins 
une variation trb faible de &). Si 111 augmente, S, 
tend vers 0. Pour les masses infkrieures h 10 mg on 
doit s’attendre g une augmentation de la valeur de 

Sk. 
Ce type de variation a d’ailleurs t-t& dkrit par Dun- 

can’ comme une “possibilitk”. 
Ces formes de courbes traduisent un dkfaut d’ho- 

mogknkisation. Aucun des deux modkles proposks ne 
permet de les dkcrire totalement. Nous avons ditjjh 
dit plus haut que le terme B de la formule 

.S, = tl (A//II) + B n’ktait qu’approximativement cons- 
tant et ceci dans un domaine limittt. 

MODELE PROPOSE 

Supposons que la poudre soit dtcomposCe en n 
zones fictives, la proportion de zone i ktant ,f; 
(i = 1,2. et zh = 1). 

Pour Ctablir I’expression de la variance. nous 
admettons les hypothkses suivantes: 

-la taille des prtlkvements est petite devant la 

taille de chaque zone ; dans ce cas. le nombre de prkk- 
vements qui pourrait se faire sur une “frontike” entre 
deux zones est nkgligeable; 

- un grain de poudre peut contcnir ou ne pas con- 
tenir I’Ckment a doser et dans les grains qui contien- 
nent cet ClCment, sa concentration y est constante; 

--tous les grains ont la m2me dimension ct dans 
une zone donnte. ils sont rt-partis uniformkment. 
Dans une zone i, la probabilitk de rencontrer un grain 
contenant I’ttlCment B doser est ,fi. Pour un prklkve- 
ment de taille n grains, l’espkrance du nombre de 
grains Xi contenant I’tYCment est EXi = r2pi. 

La variance de Xi est o”(Xi) = EX,? - (EX;)’ avec 

O’(Xi) = !1pi( I - pi). 
Pour l’ensemble des zones, c’est B dire pour la tota- 

lit& de la poudre, la variance est: 

a2 = EX’ - (EX)* 

avec EX = CiJEXi et EX* = &ffEX,‘. Soit en expri- 
mant EXi et EX: en fonction de II. pi et Ji: 

CT* = ~~f~pi(l - pi) + ~$(~lpi)* - (Zfirlpi)* 
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ou une valeur relative: premikre composante et pour la seconde. sous cer- 

OR’ = 
x.hPi(l - Pi) + cf;Pf - (ZcfiPi)* taines conditions, une indkpendance (en premikre 

n(Cf,Pi)2 KfiPi)* 
(4 approximation). 

Nous avons 18 une description de l’allure des 

Rernaryues courbes expkrimentales et une possibilitk de deter- 

1. Dans cette expression, si 1; = 1 (ce qui entraine 
miner certains parametres de la poudre de roche, en 

fi = f3.. .h.. = 0) le second terme est nul et 
particulier le degrC d’homogt:nCisation. 

0; = (1 - P) CONCLLISION 
np 

(3) 

oti p est une constante caracteristique de la poudre 
et R est proportionnel a la masse m du prCl&vement. 

I1 nous pa&t essentiel que pour les Ctalons de 

La formule (3) s’tcrit: ai = A/m (A = constante). 
roche internationaux. une description la plus com- 

2. Tant que la taille des prCl&ements reste tr& in- 
pltte possible de leurs caractkristiques statistiques soit 
donnke. 

fkrieure B la taille des zones, le second terme de l’ex- 
pression (2) est constant et crk est de la forme: 

Ces renseigneinents sur l’homog6n& des poudres 

sont importants pour l’utilisateur (et pour le fabri- 
A 

a:=-+B 
cant); ils permettent de choisir la masse de prise d’es- 

m sai compatible avec une certaine pr6cision et aussi 

Ces deux formules sont celles propoies au para- de tester efficacement une prockdure analytique. 

graphe “modkles d’Cchantillons”. Nous avons constatC que le seul parametre proposk 

11 est Cvident que si la taille des prCl&vements croit, par Ingamells (A = constante d’&chantillonnage) est 

le nombre de zones distinctes diminue. L&art entre insuffisant dans bien des cas. 

lesf; diminue Cgalement et cri tend vers z&o. Nous pensons que la donnke cornpEte de la fonc- 
tion CT~ =f(m) soit sous forme graphique, soit sous 

EXEMPLE NUMERIQUE forme d’une description statistique, est indispensable 

Supposons que i puisse prendre deux valeurs i = 1 
pour l’utilisation correcte des &talons de roche. Cela 

et i = 2. Si nous nous plaqons dans une partie de 
est surtout vrai pour le dosage des Cltments g l’ktat 

la courbe SR =f(m) ot & est constant, le premier 
de traces, mais aussi pour les i_lCments majeurs si les 

terme de l’expression (1) est nul et aa s'itcrit : 
pr616vements sont petits (quelques milligrammes par 
exemple). 

(k2 - l)f, + 1 

OR’ = [(k - I)f, + 11’ - ’ BIBLIOGRAPHIE 
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METAL OXIDE ELECTRODES AS SENSORS IN 
COMPLEXOMETRIC TITRATIONS 
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Summary-EDTA titrations of lead and manganese, and of some other ions by using these as indicator 
ions, have been followed potentiometrically with PbO, and MnO, electrodes. Explanations are put 
forward for the anomalies observed in the titration curves. With the MnO, electrode, formation of 
an Mn(III)-EDIA complex is responsible for the diminished potential breaks. With the PbO, electrode 
the decrease in the potential break and the distortion of the curves in acid solution may be due 
to reaction between electrode coating and titrant. The MnO, electrode has been used for titrations 
of Ba*+, Ca2+, Cd2+ and Cu2+ with errors < 1%. 

Ion-selective membrane electrodes have tended to re- 
.place metal and amalgam electrodes for end-point in- 
dication in potentiometric titrations. However, it 
seems that for several ions metal oxide electrodes may 
be useful either in direct potentiometry or as end- 
point sensors in titrations. 

Oxide electrodes were originally used for the 
measurement of PH.’ The potential of an electrode 
consisting of a metal Me and its oxide MeO,,, may 
be expressed by 

E = Ei,.+,, + $ln K1O - y ln ao- (1) 

where KS0 represents the solubility product of the 
oxide. This equation can be transformed into 

When the metal oxide electrode is in contact with a 

solution of the metal ions in a different oxidation state 
from that in the oxide, then the potential-determining 
reaction may be described by 

MeO,,, + nH+ + (n - m) e$ Memi + nH,O 

and the potential given by 

RT 
E = Eiro,l,Mcm+ - ___ (n - m)F In aM,m+ 

n RT -f f (n _ m) k_ In aH+ c3) 

or, when the pH and the ionic strength are constant, 

RT 
E = E$,=cons,. - ~ (n _ m)F In %m+ (4) 

According to this equation the oxide electrode 
could. in principle, be used for a direct measurement 
.of Me”‘, or in a potentiometric titration of this ion, 
or of other ions by using the technique of an indicator 
ion.’ 

Polarized platinum electrodes coated with oxides 
of Mn(IV), Pb(IV) or Bi were used by Kraft3 in poten- 

tiometric titrations. Nomura and Nakagawa4 used a 
Pt/Mn02 electrode as indicator for the complexo- 
metric titration of various ions. Vandael’ used a plati- 
num helix coated with lead or bismuth oxide for 
the same purpose. Wang and co-workers’ detected 
titration end-points with an electrode consisting of 
Pb02 in paraffin. The shapes of the titration curves 
were often unexplained. 

In this study the application of platinum electrodes, 
coated electrolytically with MnOz or PbOz, as indi- 
cator electrodes in chelatometric titrations has been 
investigated. A mechanism is put forward as an 
explanation of the observed irregularities in their be- 
haviour. 

EXPERIMENTAL 

Potentials were measured with Radiometer pHM 26 and 
Wroclaw N-512 ELPO pH-meters. Radiometer K 401 calo- 
me1 and G 222 B glass electrodes were used, and indicator 
electrodes were prepared by anodic deposition of oxides 
on a 0.7-cm2 platinum foil under conditions used in elec- 
trogravimetry? 

All reagents were of analytical grade. Doubly distilled 
water was used for the preparation of solutions. The con- 
centrations of standard solutions were established by the 
usual methods. 

DISCUSSION AND RESULTS 

Direct chelatometric titrations 

The variation of the electrode potentials as a func- 

tion of pH was studied for 10m3M solutions of man- 

ganese(I1) and lead(I1) with and without an excess 
of EDTA (Fig. 1). The curve 1 for Mn*+ is linear up 
to pH 9 with slope of 120 mV/pH, in good agreement 
with the 118 mV/pH predicted by equation (3). The 
curvature at high pH is due to the formation of hyd- 
roxo-complexes. Titrations should be possible above 
pH 8, but it was found that stable potentials are 
reached only very slowly, which make the titrations 
rather impractical. 

The potentials of the PbO, electrode were much 
less reproducible than those of the Mn02 electrode 
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2 4 6 6 IO 2 4 6 6 10 

PH PH 
Fig. 1. Potential-pH relationship for MnO, (u) and PbO, (hj electrodes in solutions containing Mn’+ 

and Pb’+ Ions, respectively: l,l’--10W3 M Me*+; 2,2’-10-3 M MeEDTA + 10m3 M EDTA. 

and the agreement between the calculated and exper- 
imental values for a titration was poor (Fig. 2). The 
rate of titration significantly influences the results, 

which usually have a positive error (2-10x for 
titrations in acetate and ammonia buffers). In the 
first part of the titrations the potential of the Pb02 
electrode is adequately described by the equation: 

E = GoLPh~’ 
RT [Pb’+] 

-+--- c(Ph 

+ y ln[H+] 
(5) 

where apb is the side-reaction coefficient for Pb2+ tak- 
ing into account the presence of hydroxide and buffer. 
However, at pH < 6.5 for a lead concentration of 
about IO-‘M the system PbOz, Pb2+ is thermo- 
dynamically unstable in aqueous solution. When’ the 

titrant is added in excess, the potential after the end- 
point should be given by the equation: 

+ ‘$ln[H’] (6) 

where Y represents the EDTA ligand, and K,$,Y the 
conditional stability constant of the complex. However 

the potential of the system PbOz. PbY is much more 

positive and the reaction 

2Pb0, + 2H,Y2- s 2Pb(II)Y’- + O2 + 2Hz0 (7) 

tends to proceed to the right. As a result of this the 
ratio [Y’]/[PbY’] decreases and the potential slowly 
decreases after the end-point. Wang found6 that the 

maximum sometimes observed for this titration curve 
does not correspond exactly with the end-point. Reac- 
tion (7) is a source of positive error even when the 
titration curve has a conventional S-shape. Because 
of these errors, the titration does not seem likely to 
have any useful applications. 

Chelutometric titrations with indicator ion 

In this type of titration the potential of the indi- 
cator electrode’ should be given by the equafion: 

E = Eia2,~ez+ - 

+ ‘qln[H’] (8) 

0 I 0 I 

Fraction titrated Fraction titrated 

Fig. 2. Complexometric titration of 10-j M solutions of Mn’+ and Pb2+ with MnO, (pH 9.3) and 
PbO, (pH 4.6) indicator electrodes: solid lines-theoretical curves; poinls--experimental data. 
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L 1 I I 
a I 2 

Fraction titrated 

Fig. 3. Titration of 10-3M solutions of various metal ions 
with MnO, indicator electrode in 1M ammonia buffer at 
pH9 (Cd’+, CL?+) and at pH 10 (Ba’+,Ca”), 

CM, = 1o-5A4. 

where N represents the ion titrated, CL the total con- 
centration of the indicator ion and K’ the conditional 
stability constant of the complex indicated by subs- 
cript. 

In the case of the MnOz electrode, titrations of 
Ba’+, Ca’+, Cd’+ and Cu2+ with EDTA were inves- 
tigated in various buffers, in the presence and absence 
of dissolved oxygen (Fig. 3). The ~tential breaks 
observed are adequate for a determination of the end- 
point when concentrations of 10-3-10-4M are used. 
As expected, the concentration of the indicator ion 
(10-‘&f) does not affect the change in potential. The 
potentials observed at the beginning of the titrations 
(f = 0) are close to those predicted theoretically (Figs. 
4,s) but those observed after the end-point (f = 2) are 
not, the difference being 150 or 190mV in the pres- 
ence or absence of oxygen, respectively. independent 
of pH and the cation being titrated. Similar discre- 
pancies have been observed by Nomura and Nak- 
agawa.4 

To explain this behaviour we have considered the 
following reaction: 

MnO, + Mn(II)Y’- + H2Y2- + 2H’ 

-+ 2Mn(III)Y- + 2H,O (9) 

studied previously by Yoshino et ~1.~ Because of for- 
mation of Mn(III)Y- the titrated solutions become 
yellowish after the end-point and the disproportiona- 
tion of Mn(III)Y- gives a dark precipitate of MnOz. 
In calculating the electrode potential the following 
equilibria should be considered: 

Mn3+ + e$Mn”’ (11) 

Mn3+ + Y”- $ Mn(III)Y- (12) 

Using the standard potentials, the following equation 
for the electrode potential can be arrived at: 

E = 2E;n02iMn~4 - E;,stiMnz+ 

+ RT in ~Y4-12&wn,uCH+14 
F [Mn(III)Y -1 

(13) 

To compare this expression with experimental data the 
concentration of Mn(III)Y - should be eliminated, as 
it cannot be estimated directly. 

From the stability constant of the complex 

K 
[Mn~III)Y-] 

Mn(iii)Y = [Mn3+,[Y”-J (14) 

and the equilibrium constant 

(1.9 

of the redox reaction 

MnOz + Mn2+ + 4Ht + 2Mn3’ + 2H20 (16) 

u 
B 

I 
a 

w 

- IO 

0 200 
E ew ITIV SCE 

E exp . mV vs. SCE 

Fig. 4. Comparison of theoretical and experimental poten- 
tials of MnO, indicator electrodes in titrations of various 
metal ions in 1M ammonia buffer in the absence of oxygen 

(10) for C” Mn = lO-‘M atf= 0 andf= 2. MnO, + 4H+ + 2e s Mn’+ + 2HZ0 
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200 - f=O 

: 
$ 

% 
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_u 
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0 200 

E exp * mVvs. SCE 

I I I 
200 400 

E exp . mV vs. SCE 

Fig. 5. Comparison of theoretical and experimental poten- 
tials of MnO, indicator electrodes in titrations of various 
metal ions in 1M ammonia buffer in the presence of 

0 oxygen for C,,, = 10-‘M atf= 0 andf= 2. 

calculated from the redox potentials as equal to 
10-8.4”, one can obtain the following expression for 

the concentration of Mn(III)Y - : 

[Mn(III)Y-] = KMn(,,,,YK1”[Mn2’]‘12Cy4-] [H’]’ 

(17) 

which may be substituted in (13) to give the potential 
as: 

+ R_TIn CY”-ICH’I” (18) 

F K”2[Mn2+]“2 

When no Mn(III)Y- is formed, which is assumed to 
be the case, the potential of the electrode should be 
described by the equation: 

E = EinOllMnz+ - ‘$ h 
CH'I' 

[Mn2+] ‘I2 
(19) 

The difference between (19) and (18) is independent of 
both the cation titrated and the pH of the solution, and 
is given by 

AE = E~nOzmn~+ - E&J+~~z+ + cln RT G (20) 

PH 

Fig. 6. Potential-pH relationship for PbOz electrode in _ _ ^ ~ 
1 1x lo-‘M solutions containing Pb”, Ca”, Cu” or Zn”. 

Table 1. Determination of various metal ions with MnO, 
indicator electrode 

Metal 
ion 

Ba’+ 

Ca’ + 

Cd’+ 

cl?+ 

PH 

10.0 

10.0 

9.0 

9.0 

Amount, pm& 
Error, 

Taken Found % 

91.1 97.4 +0.3 
96.8 -0.3 
97.5 +04 

95.3 95.7 +0,2 
95.5 - 
95.3 -0.2 
954 -01 
95.4 -0.1 

96.8 97.3 +@5 
97.2 +0,4 
97.2 fO.4 
97.5 +0.7 

100.1 101.0 +0,9 
100.6 +0,5 
101.2 fl.1 
100.3 + 0.2 

When calculated for Cy = 10m3M, and using the 
standard potentials9 the value of AE is 177 mV, in 
very good agreement with the experimental values, 
thus lending support for the proposed reactions 

scheme. 
Though the formation of Mn(III)Y- is not a disad- 

vantage in a practical titration, the slowness of the 
electrode to give stable potentials is. However, with 
a 3-min wait after addition of titrant, reasonable 
results were obtained (Table 1). 

With the PbOz electrode the curve of potential 
vs. pPb does not depend on the presence of other 
cations if no Pb’+ is added. From the potential us. 
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Fig. 7. Potential-pH relationship for complexometric titration of Cu2+ (a) and Zn2+ (b) with PbOz 
indicator electrode: 1,1’-10-3 M Me’+ ; 2,2’-lO_sM MeEDTA + 10e3 M EDTA. 

pH relationship (Fig. 6) it follows that in all instances Table 2. Determination of various metal ions with PbOz 

the position of the equilibrium of the reaction indicator electrode 

Pb02 + 2H+ z$ Pb’+ + 1/202 + Hz0 (21) 

depends on the lead-ion concentration, and is shifted 
to the right to such an extent, that in titrations of 
other cations it is not necessary to add Pb2+ as indi- 
cator ion. 

Metal 
ion PH 

Amount, mtnole 
Error, 

Taken Found ” ‘” 

As the potential-pH diagrams in the presence of 
Cu-EDTA and Zn-EDTA (Fig. 7) indicate that below 
pH 8, Pb02 should dissolve from the electrode, tit- 
rations should only be possible at pH higher than 
this, which was confirmed by experimental titration 

curves (Fig. 8). It was found, contrary to what was 
stated by Wang,6 that titrations in acetate medium 
were of no practical utility since the electrode reacts 
with the solution. Further, titrations in alkaline media 
are not recommended because of the large positive 
errors (Table 2). 

Ca’ + 9.0 0.0973 0.1047 + 7.6 
0.1040 + 6.9 

10.1 0.1050 + I.9 

Gl2+ 9.0 0.1050 0.1065 +1,4 
0.1090 +3,8 

ZnZ+ 8.0 0.0999 0.1035 f3.6 
9.1 0.1042 f4.3 

0.1025 + 26 
9.4 0.1070 f7.1 
9.8 0.1040 +4.1 

Both the experiments and the calculations clearly 
indicate that the MnO, and PbO, electrodes cannot 
perform reliably as sensors in titrations, because they 

(2 

56C 

52C 

> 
E 

) 

, 

,- 

0 
Fraction titroted 

0 I 

Fraction titrated 

Fig. 8. Complexometric titration with PbO, indicator electrode in 0.1 M acetate buffer (1.1’) and 0.1 M 
ammonia buffer (2.2’): 1,2-10-3 M Cuz+; 1’,2’-10-s M Cd*+. 
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are thermodynamically unstable under the titration 

conditions, although the MnO, electrode can be used 

under certain circumstances. The application of PbO, 

electrodes reported by other workers must be based 

only on the relative slowness of the reactions under 

some conditions, but stable and reproducible poten- 

tials should not be expected. 
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ADDITIONAL RESULTS ON THE VALUE 
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ornery-Repetition of the authors’ earlier high-precision coulometric titrations of 4-aminopyridine 
by the hydrazine-platinum anode and back-titration methods, at the National Bureau of Standards, 
has yielded a new value for the Faraday, almost identical with the earlier value but with lower uncer- 
tainty. The earlier value has been recalculated. using a new value for the density of 4-aminopyridine. 
The weighted average of the new and old values is 94486.57 1972 NBS coulombs per equivalent, 
the standard deviation of the mean being 0.48 coulombs per equivalent (4.9 ppm). 

During 197.5, Koch, Hoyle and Diehl’ reported a 

high-precision coulometric titration of 4-aminopyri- 
dine carried out at Iowa State University (ISU) by 
two methods and calculated a value for the Faraday. 
We have now repeated both titrations at the National 
Bureau of Standards (NBS), where one of us (W.F.K.) 
was a guest worker during the spring of 1975, taking 
advantage of the better electrical circuitry and the 
national standards of electricity, time and mass there. 

EXPERIMENTAL WORK 

A block diagram of the basic circuitry used in the work 
at NBS is shown in Fig. 1. A lOO-mA constant-current 
source, designed and built by Mr. Bruce F. Field of NBS, 
was used during the major portion of each titration. The 
current from this source was adjusted so that the potential 
drop across a standard resistor was exactly that of a Wes- 
ton unsaturated cell. The cell and the potential drop over 
the resistor were arranged in opposition and the difference 
in potential was measured with a Leeds & Northrup Digi- 
tal Linear Amplifier. Model 9829-D, capable of detecting 
0.1 /tV. Periodic adjustments were necessary to maintain 
the balance at zero, but deviations never exceeded 
I ppm,/hr. 

The standard resistor. nominally 10 ohms, manufactured 
by the Leeds & Northrup Company. was a wire-wound 
spool resistor without a protective canister, and was 
specifically adapted for coulometric work by Dr. Vincent 
E. Bower of NBS. The resistor was immersed in a well- 
stirred oil-bath kept at 26.5”. The resistance under these 
conditions was 9.999757 ohms (standard deviation 
2 x lo-’ ohm) as calibrated against the national working 
standard of resistance one week before the work reported 
in this paper. 

The Weston unsaturated cell was placed within an en- 
closure, the temperature of which was controlled to 
kO.01 -. The potential of this cell was compared, before 
each titration, with a set of four saturated Weston cells 
(Guildline Instruments, Standard Cell Enclosure Model 
9152T4, Number 2300) which in turn was calibrated 
weekly against the national working standard. The value 
of the cell changed from 1.0190386 to 1.019038OV during 
the three weeks of the work; the standard deviation of 
the mean was 2 x lo-’ V. The value obtained on the day 
of each titration was used in the calculations. 

For the region of the equivalence-point of each titration. 
a constant-current source designed and built by Dr. 
Richard S. Davis, of NBS, was used. The output was ap- 
proximately 3.35 mA, the exact value being obtained dur- 
ing each titration by measuring the potential drop across 
a standard resistor, with a well-calibrated voltmeter, Data 
Precision Digital Multimeter 2540Al. 

Both current sources were allowed to warm up through 
a dummy load having a resistance comparable to that of 
the titration cell, about 150 ohms. A switching system of 
mercury-wetted relays. built by Dr. Richard S. Davis, was 
used to switch from the dummy load to the titration cell. 
simultaneously triggering the timer. No significant switch- 
ing transients were observed. 

The weight-burette was weighed on a Mettler single-pan 
semimicro balance, Type B6. The internal weights of this 
balance were calibrated with a set of Ainsworth Class M 
stainless-steel weights, NBS Cahbration Test Number 
232.09/307. 15 September 1971, which had been repeatedly 
checked at NBS since 1971. 4-Aminopyridine was weighed 
on a Mettler single-pan mi~obalance, Type MS/SA, by 
the double substitution method, only the 2-g and the 5-mg 
weights of the Class M set being used. 

All weighings were corrected to true mass, using 
1.2682 g/ml for the density of 4-aminopyrid~ne (pycnometer 

CC AA 

Fig. 1. Circuitry of the coulometric titration apparatus at 
the National Bureau of Standards. A. Constant-current 
source (i~rnA)~ AA, constant-current source (3.35 mA); 
B. electronic timer; C, standard resistor (10 ohm); CC, stan- 
dard resistor (200 ohm); D, null-point detector; E. unsatur- 
ated Weston cell; F, titration cell; G, voltmeter; II, relays 

and switches; I, dummy load. 
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method, using xylene previously saturated with 4-amino- 
pyridine as the transfer medium and subjecting the 
xylene-4-aminopyridine mixture to vacuum before final fill- 
ing), 1.0504 g/ml for the density of the perchloric acid (di- 
rect pycnometric measurement), 7.89g/ml for the density 
of the Class M weights, 7.77g/ml for the density of the 
internal weights of the semimicro balance, and for the den- 
sity of air, a value obtained by weighing a Baxter’s globe 
(the one used earlier at ISU, a recalibration at NBS agree- 
ing with the value used earlier within 1 part per thousand). 
The correction to true mass was calculated by using the 
equation 

W~khL,,,,,, = 
Wekht,d - (L/L~,11131 

Cl - (4&L,,,)l 

rather than the usual approximation form.2 An error of 
1 part per thousand in the density of 4-aminopyridine 
causes an error of 0.7 ppm in the correction factor. 

Timing 

A General Radio Counter, Model 1192-B was tied di- 
rectly to the IO-kHz NBS standard time signal and was 
accurate to better than 1 msec. 

Titrations 

These were identical to those previously described,’ 
except that approximately 1 g of 4-aminopyridine was dis- 
solved in the electrolyte before the pre-electrolysis and pre- 
titration in all the titrations, including the standardizations 
of perchloric acid. This was done (1) to make the inflection- 
points of the pretitration and the final titration more 
nearly identical, and (2) to make the computer method 
of locating the inflection-point applicable to all titrations. 

RESULTS 

Data and results of the titrations are given in 

Tables 1 and 2. Estimated values for the systematic 
errors are given in Table 3. These were combined 
and the combined value combined with the random 
error as outlined in earlier papers.‘,3 The values for 

the Faraday thus obtained were: 
By the hydrazine-platinum anode method 

F = 96486.58 1972 NBS coulombs per gram- 

equivalent weight 

oi = 0.56 1972 NBS coulombs per gram-equiva- 
lent weight 

cr; = 0.23 1972 NBS coulombs per gram-equiva- 
lent 

By the back-titration method (platinum cathode) 
F = 96486.53 1972 NBS coulombs per gram- 

equivalent weight 
Ui = 0.67 1972 NBS coulombs per gram-equiva- 

lent weight 

6, = 0.27 1972 NBS coulombs per gram-equiva- 
lent weight 

These values were averaged by the weighting 
method used in the earlier paper;’ the weighted aver- 
age is 

F = 96486.55 1972 NBS coulombs per gram-equi- 
valent weight and the standard deviation of the mean 
is 0.57 coulombs per gram-equivalent weight or 
5.9 ppm (combined random and systematic errors). 

Most of the systematic errors in the work at NBS 
were markedly lower than those in the work at ISU;’ 
see Table 3. The uncertainty in the e.m.f. of the unsa- 
turated Weston cell used at NBS was more than one 
order of magnitude smaller than that of the cell used 
at ISU, which was estimated by Mr. Wayne A. Rhine- 

hart to be 4 ppm. The uncertainties arising from the 
resistance standard, timing and null-point detection 
were negligible in comparison with the major errors. 

The timing device used at NBS was tied directly to 
the national standard time signals, giving an improve: 
ment of more than an order of magnitude over the 

timing device used at ISU. Improvement in the 
measurements of mass resulted largely from the use 
of a more sensitive balance in the weighing of the 
weight-burette in the back-titration method. 

Because the 4-aminopyridine titrated in the work 
at NBS was prepared in identical fashion to that 

titrated at ISU, the purity was treated as before. The 
end-point in each titration at NBS was located by 
computer treatment of the data exactly as had been 
done at ISU;4 hence the uncertainties remain the 
same. The uncertainty in the molecular weight is 
believed by E. Cohen and B. N. Taylor (private com- 

Table 1. Coulometric titration of 4-aminopyridine with acid generated at 
the hydrazine-platinum anode (Performed at the National Bureau of Stan- 

dards, Washington, D.C.) 

I 2.00397, 1643 55392 I025 IR56Y 964x7 42 
2 2.003856 1643.44072 1025 17392 96486.31 
3 1.999276 1639.68924 1025.176R9 Y6486.59 
4 1.99X141 1638.74854 1025.17073 96486.01 
5 2.002364 1642.22969 1025.18179 96487 M 
6 1.996416 1637 33482 1025.17137 96486.07 

AVSK4g.e 964X6.5X 
Standard deviation of the mdiwdual observatiok 0.56 

Standard devianon of the mean 0 23 

Mol. wt. 4-aminopyridine: 94.11702; purity of 4-aminopyridine: density 
of 4-aminopyridine: 1.2682 g/ml. 
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Table 2. Titration of 4-aminopyridine with perchloric acid (coulometric end- 
point) and standardization of perchloric acid coulometrically (Carried out 

at the National Bureau of Standards, Washington, D.C.) 

Standardization of perchloric acid 
Weight of 

Titration perchlorlc acid. 
number g 

Quantity of electricity. 
IY72 NBS codon,h\ 

Concenlratlon of 
perchlor,c aad. 

I972 NBS ~n~,l,~,nh\jy 

I 19.89932 1713.15270 X6.091017 
2 23.35100 2010.33282 86091937 
3 21.31479 1835.00390 86.090639 
4 
5 
6 

21.24380 1828.92525 86.092189 
25.35871 21X3 15892 X6.0910X7 
25.48692 2 I94 20708 86.091496 

Average X6.091394 
Standard deviation of the individual observatmn 0.ooo591 

Standard deviation of the mean OooO241 

A B C D E F G H 
I 1.994609 26.97462 2322.20264 27746017 2044.82247 1025 17459 96486.38 
2 2.000273 2X.39864 2444.87850 394.23191 2050.64659 1025.18336 964X7.20 
3 2.005422 26.999 I9 2324 39790 
4 2.006358 31.91053 2747.22201 
5 2.006463 27 36959 2356.28616 
6 2.004939 25 X3462 2224 13845 

268.50852 2055.88938 1025.16547 964X5.52 
690.33941 2056.88260 1025.18225 96407.10 
299.31870 2056.96746 1025.17089 96486 03 
16x.71383 2055.42462 1025.18063 96486.95 

AVerage 96486.53 
Standard deviation of the individual observation 0.67 

Standard dew&on of the mean 0.27 

Headings of columns: A, titration number; B, weight of 4-aminopyridine, g; C, weight of perchloric 
acid, g; D, electricity delivered via perchloric acid, C; E, additional electricity to reach end-point, 
C; F, total electricity, C; G, electrical equivalent, C/g; H, value of Faraday, C/equiu; C = 1972 NBS 
coulomb. 

Mol. wt. 4-aminopyridine: 94.11702; purity of 4-aminopyridine: 100%. density of 4-aminopyridine: 
1.2682 g/ml. 

munication) to be 3 ppm calculated by The random error in the standardization of the 
o,&, = (5uJ2 + (60~)~ + (20~)~; this is a more for- perchloric acid was essentially the same in the work 
mally correct method than the weighted average at both institutions, the same being true for the ran- 
method used in the earlier paper. This uncertainty dom error in the back-titrations. The reduction in 
reflects the maximum range of variation in all the random error in the anodic titrations by a factor 
measurements reported on the isotopes of carbon and of three was particularly satisfying in that it added 
hydrogen and is not an error in the normal sense; support to the validity of the hydrazine-platinum 
to the extent that it can be so considered, it is used anode method’ for titrating weak bases. It had been 
here, subject to revision after a determination of the noticed that the current source in the ‘Coulometric 
isotope ratios in the 4-aminopyridine has been made. Analyzer” used at ISU was beginning to deteriorate 

Table 3. Summary of systematic errors (ppm) affecting the titrations of 4-amino- 
pyridine made at Iowa State University and at the National Bureau of Standards 

Anodic titrafmns’ Cathodic htratmnst 

1su: NBS\\ Isu: NBS 

Standard e.m.f. 
Resistance standard 
Time 
Measurement of potent 
Null-paint detection 
Mt& 
Purity 
Molecular wght 
End-point detection 
Standardization of 

percbloric acid 
Random error 

4 0.2 
02 0.2 
0.2 001 

ial 3 
II 01 

4 1.0 
3 3 
3’ 3 
7 7 

II Ii 

6.4 2.4 

4 0.2 
0.2 02 
0.2 001 
3 I, 
II 01 

4 1.0 
3 3 
3’ 3 
3 3 
34 28 

2.4 2.8 

* Coulometric titration with hydrogen ion generated at the hydrazine-platinum 
anode. 

t Back-titration coulometrically after the addition of excess of perchloric acid. 
$ Titrations made at Iowa State University (reference 1, Tables 3 and 4). 
$ Titrations made by Dr. Koch at the National Bureau of Standards and reported 

in this paper. 
)I Not applicable. 
‘I Estimate revised from the value of 0.3 ppm used in earlier paper; see text. 
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during the later stages of the work and finally, after 
the titrations were completed, did require replacement 
of a capacitor; this could explain the larger scatter 
in the titrations done by the hydrazine-platinum 
anode method at KU. 

Combination of present and earlier ualuesfbr the Fara- 
day 

The value for the Faraday reported in our earlier 

work, 96486.69 (8.4 ppm) 1972 NBS coulombs per 
gram-equivalent weight, was based on the value 
1.2695 g/ml for the density of 4-aminopyridine. Recal- 
culation with the new value for the density (obtained 
by vacuum treatment) and the larger value for the 
uncertainty in the molecular weight yields 96486.62 

(8.9 ppm). The value for the Faraday obtained by 
averaging this value with the new value yields 

F = 96486.57 1972 NBS coulombs per gram-equi- 
valent weight 

gY = 0.48 1972 NBS coulombs per gram-equivalent 

weight = 4.9 ppm 
Values for the Faraday obtained since 1959 are 

listed in Table 4. The agreement of the value reported 

Table 4. Summary of recent values for the Faraday 

1 Craig, Hoffman, Law and Hamer. 
NBS. 1960. Dissolution of 96486.7216.X) 
silver. Recalculated* 

2. Marinenko and Taylor. NBS. 
1968 Reductmn of 
bennxc acid?. Recalculated* 

964X7.30(12) 

3. Marmenko and Taylor. NBS. 
lY6X Reduction of 
oxalic acid dihydratct. 
Recalculated* 

‘)64X625(16) 

4. WeIghfed average* ol2 and 3 
5. Thus work (weighted average 

of tatrations af ISU and NBS) 
6. Waghted average of I, 4. 5 
7. Cohen and Taylorf, NBS. 1973. 

Indirect. calculated 

96486.95 (9 6) 

964X6.57(49) 
964X6.670 71 

964X4.5612 8) 

*As recalculated by Cohen and Taylor in 1973. ref. 6, 
pp. 679. 704. 

t Uncertainty includes random and systematic errors 
and is in terms of the standard deviation of the mean, 
expressed in parts per million. 

1 Ref. 6, pages 704, 717. 

in the present paper with that of Craig c’t al. (as recal- 
culated) is strikingly good, the difference being only 
1.5 ppm. A weighted average of the results of Craig 
et al., Marinenko and J. Taylor (the average of their 
values being used), and the present work has been 
calculated, Table 4. The range from the low value 
of the present work to the high value of the Mar- 
inenko and Taylor work is 3.8 ppm, just about equal 
to one standard deviation of the mean (combined ran- 
dom and systematic errors). 

The conclusion must be drawn that the work lead- 
ing to the lower value for the Faraday as calculated 
by Cohen and B. N. Taylor6 (see also ref. 1, page 
727, col. 1) from other physical measurements should 

be re-examined. Alternatively, if the electrochemical 
value is incorrect, the electrode process in water must 
be more closely examined for some basic flaw com- 
mon to such different processes as the anodic dissolu- 
tion of metallic silver, the anodic generation of hydro- 
gen ions, and the cathodic generation of hydroxyl 
ions. Establishing a value for the Faraday by electro- 
chemistry in a non-aqueous solvent might contribute 

to the solution of this problem. 
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NEW IODOMETRIC METHODS FOR THE 
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Summary-New methods are described for the iodometric microdetermination of arsenic in organic 
compounds after wet digestion or oxygen flask combustion. After evaporation of the arsenic solution 
to dryness and dissolution of the residue in water, acetone is added and the solution is treated with 
iodide-iodate and the iodine liberated (by the interfering acids and the first dissociation step of arsenic 
acid) is reduced with thiosulphate. The KHsAsO, left is then reacted with zinc sulphate in presence 
of excess of KI and KIOs. Acetone is added and the liberated iodine is titrated with thiosulphate. 
This titration corresponds to the second and third dissociation steps of arsenic acid and is used to 
calculate the arsenic content of the compound. When arsenicals not containing sulphur are decomposed 
by the oxygen flask method, the arsenic acid solution obtained is reacted directly with zinc sulphate 
in presence of KI and KIO, and the iodine released is titrated with thiosulphate. In this case, the 
titration corresponds to all three dissociation steps of arsenic acid. The average recoveries obtained 
by the two methods are 99.5 and 99.9%, respectively. 

Several methods are available for the determination 

of arsenic in organic compounds after wet digestion’ 

or oxygen flask combustion.‘13 Most are based on 

production of arsenate which is then determined 
gravimetrically, ’ s4 potentiometrically,5 colorimetri- 
cally,z,3 or by atomic-absorption spectrophotometry.6 
Iodo- and iodimetric methods are familiar’ for 
arsenic though both suffer from drawbacks. The reac- 
tion of arsenic acid with iodide in acidic medium has 
been reported’ to be very sensitive to pH. The tit- 
ration with iodine yields better results, but involves 
a rather lengthy and involved procedure. 

In the present work, new iodometric methods are 
described for the microdetermination of arsenic in 
organic compounds, similar in principle to the 
methods proposed for phosphorus,7s exploiting the 
hydrogen ions of arsenic acid. Thus, the arsenic acid, 
obtained after sample decomposition, is allowed to 
react with zinc sulphate and on addition of potassium 
iodide and iodate, iodine is liberated, which is titrated 
with standard thiosulphate. 

EXPERIMENTAL 

Apparatus 

A 500-ml oxygen flask, the stopper of which is provided 
with a silica spiral (5 or 6 turns) made from a 7-8cm 
length of 2-mm diameter tubing. The spiral is sealed at 
one end to a rod protruding from the stopper, and tapered 
upwards at the lower end. The tapering end of the spiral, 
which replaces the conventional platinum holder, is sit- 
uated in the centre of the conical flask. The spiral is a 
slightly modified version of that advocated by Belcher et 
(~1.~ for submicro work. 

Reagents 

All reagents were of AR or MAR grade except where 
otherwise mentioned, and doubly distilled water was 
alwavs used. 

Sodium thiosulphate solution, 0.05 and O.OlM, standar- 
dized against potassium iodate solutions of suitable con- 
centrations. 

Potassium iodide solution (O.lM), potassium iodate solu- 
tion (O.O2M), zinc sulphate solution ( - 0.1 M). 

Procedures 

Wet digestion method. Transfer 6-8 mg of sample care- 
fully into the bottom of a 25-ml Kjeldahl flask, add 1 ml 
each of concentrated sulphuric and nitric acids, and heat 
cautiously till the appearance of SO9 fumes. Add a further 
0.5 ml of concentrated nitric acid, heat to fuming and 
repeat the same step after addition of 0.5 ml of 30% hydro- 
gen peroxide, continuing repetition until the digest 
becomes colourless. Continue heating till practically all the 
sulphuric acid has been removed. Cool and transfer the 
contents of the flask quantitatively into a 25-ml glass dish, 
with small portions of water, and evaporate to dryness 
on a boiling water-bath. 

Dissolve the residue in ca. 5-7 ml of hot water and 
transfer the solution into a lOO-ml conical flask. Add 10 ml 
of acetone and 2 ml each of O.lM KI and 0.02M KI03 
solutions. Stopper the flask and after 5 min titrate the 
liberated iodine, first with 0.05M sodium thiosulphate to 
a pale yellow and then with O.OlM thiosulphate solution 
till colourless. Then add 1 ml of -0.lM zinc sulphate. 
- 100 mg of solid KI and -5Omg of KIO,. Stopper the 
Rask and after 5 min again add 10 ml of acetone. Titrate 
the liberated iodine wiih O.OlM sodium thiosulphate till 
colourless. Run a blank experiment with benzoic acid as 
sample. Since the reaction sequence corresponds to 
H,AsO; = I, 5 2S#-, then I ml of O.OlM Na,S,O, = 
0.3746 mg of As. and the percentage of arsenic in the 
organic compound is 

As = 37.46(Y - X)M 

W 
x 100% 
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where Y and X are the titration volumes (ml) for the 
sample and the blank respectively, M is the molarity of 
the thiosulphate solution, and W is the weight (mg) of 
the sample. 

Oxygen jIc.& ~er~~~. For arsenicais containing no sul- 
phur weigh enough sample to give at least 0.7 mg of 
arsenic. Transfer it onto a piece of ashless filter paper, 
and (if necessary) add 5 mg of potassium nitrate as an aid 
to combustion. Fold the paper twice at right angles and 
roll it up to fit into the quartz spiral. Burn the sample 
as usual in a SOO-ml oxygen-filled flask containing 3 ml 
of cont. nitric acid. Shake the flask occasionally during 
the next IOmin, then rinse the stopper and walis of the 
Rask with - 2 ml of cont. nitric acid. Place the flask on 
a steam-bath and evaporate the solution to dryness; repeat 
the evaporation step twice, adding 3 ml of water each time. 
Dissolve the residue in 5 ml of water and add 1 ml of O.lM 
zinc sulphate solution, followed by solid KI (- 1OOmg) 
and KIO, (- 50 mg). Stopper the flask and leave it aside 
for 5 min. Titrate the iodine with O.OlM sodium thiosul- 
phate solution, using starch as indicator. Run a blank ex- 
periment with benzoic acid as sample. 

Since the reaction corresponds to 2HsAs0, = 31, E 
6&O:-, 1 ml of O.OlM Na&Os z 0.2497 mg of As, and 
the arsenic content of the sample is 

24.97 (Y - X)M x loo 

w 

where Y, X, M and tV have the same meanings as before. 
For compounds containing sulphur as well as arsenic, 

proceed similarly up to the end of the evaporation steps. 
Then dissolve the residue in 5 ml of hot water and apply 
the double titration procedure described for the wet diges- 
tion method, starting with the first addition of acetone, 
and using the same method of calculation. 

RESULTS AND DISCUSSION 

The two methods are based on complete conver- 
sion of the arsenic into arsenic acid, the protons of 
which are used to produce an equivalent amount of 
iodine in the iodide-iodate reaction. 

The wet digestion method 

It would be desirable not to have to use an acidic 
digestion medium, but none was known that would 
decompose all the compounds tested. With the miner- 
alization method used, the problem is to get rid of 
the excess of acid. This should be possible by 

repeated evaporations since arsenic acid dehydrates 
at 180-200” to As205 without loss of arsenic and 
AsZO, is stable up to 380”.9 Only above this tem- 
perature does decomposition to As,Os occur 
(2As,05 = As&, + 20,). However. it was found that 
a variable amount of sulphuric acid was always left, 
causing high or low apparent recoveries of arsenic, 
depending on the relative amounts of acid left in the 
sample and blank solutions, 

As in the case of phosphorus determination,’ the 
acetone in the medium allows complete reaction, in 
the first step, of the traces of interfering acids, while 
making the arsenic acid function only as a monobasic 
acid. The presence of acetone also renders the iodine 
colour very bright yellow, so the iodine also acts as 
the indicator. To improve the end-point detection the 
acetone is added in two portions, one along with the 
iodide-iodate mixture for the first reaction, followed 
by titration after a -5-min waiting period, and the 
second only just before the second titration so that 
the reaction with zinc sulphate has enough time to 
proceed rapidly and completely. 

In contrast to sulphuric acid, other acids (e.g., 
halogen acids and/or nitric acid) expected to arise 
from digestion of samples containing acidic elements 
other than arsenic, do not interfere since these are 
completely eliminated in the repeated evaporation 
steps. 

Satisfactory results (Table 1) were obtained, show- 
ing an average absolute error of f0.3% and an aver- 
age recovery of 99.5%. Arsenazo [3-(2-arsonophenyla- 
zo~4,5-dihydroxy-2,7-naphthalene disulphonic acid] 
gave ca. 3.5% low arsenic recovery probably because 
of impurity and/or incomplete decomposition. The 
blank values did not exceed 0.06 ml of O.OlM thiosul- 
phate solution which is considered reasonable for 
such a rather lengthy digestion procedure (up to 6 hr). 
It was the slowness of the d~omposition that led 
to development of the oxygen flask method. 

The oxygen jask method 

However, to make the procedure generally applic- Preliminary tests with the ordinary platinum 

able to any arsenic-containing compound, the prob- sample holder and saturated bromine-water or hydro- 

lem of interferences was overcome completely by in- 
corporating the two-step titration method advocated 
previously’ for the analogous determination of phos- 
phorus. 

In the first step, the arsenic acid and any other 
acid remaining are allowed to react in aqueous ace- 
tone medium with KI and K103: 

6H3As04 I- IO; + 51- 

+6H,AsO, + 3H20 + 31z 

6HX + IO; + SI- 

-+6X_ + 3H*O + 312. 

The total iodine liberated, due to arsenic(V) and any 
other acidity, is removed by titration, first with O.OSM 
thiosulphate, to avoid excessive dilution, till pale yel- 

low, and then with O.OlM ~iosulphate till colourless. 
This titration value is not needed, of course, in the 
calculation. In the second step, the dihydrogen 
arsenate is allowed to react with zinc sulphate where- 
by zinc arsenate is formed along with liberation of 
an equivalent amount of protons, which then react 
with KI and KIO,, both added this time in solid 
form to avoid dilution, with quantitative liberation 
of iodine, which is directly titrated with O.OlM thio- 
sulphate, to a colourless end-point. The titration 
value obtained in this second step is used to calculate 
the arsenic content of the organic sample. 

2H,AsO; +- 3Zn*’ -+Zn3(As0.& + 4H’ 

6H+ -t SI- + IO; -+ 3H,O + 31, 
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Table 1. Iodometric microdetermination of arsenic in organic compounds by the wet digestion 
method 

As, % 
Weight, Recovery, % 

mg CMC. Found 

Triphenylarsine 

n-Butylarsonic acid 

Phenylarsonic acid 

Benzylarsonic acid 

4-Dimethylaminoazobenzene-4’-arsenic acid 

Triphenylarsine sulphide 

Arsenazo 

4.936 24.46 24.2 98.9 
5.805 24.2 99.0 
7.871 24.8 101.4 
4.956 41.15 41.6 101.0 
6.100 40.8 99.2 
4.344 37.09 37.4 100.9 
7.006 36.8 99.2 
4.106 35.67 35.4 99.2 
5.520 36.0 100.9 
5.986 21.46 21.2 98.9 
8.240 21.7 101.2 
5.606 22.11 22.4 101.4 
8.300 21.8 98.7 
6.010 13.13 12.7 96.6 
8.416 12.7 96.7 

gen peroxide as absorption medium gave very low 
arsenic results. This was not unexpected, because 
arsenic has been reported” to alloy with platinum. 
Thus, a modified version of the quartz spiral stopper, 
introduced previously,‘s3 was used, but the arsenic 
values found were still low, indicating incomplete 
decomposition and/or incomplete oxidation of As(II1) 
to As(V). Although it is customary to use alkaline 
hypobromite3 or alkaline hydrogen peroxide4 as 
absorption medium to obtain arsenic(Vk3 the use of 
alkaline medium was ruled out because the present 
method is based on the acidity of the arsenic acid. 

Trials were then made with concentrated nitric acid 
as absorbent. In addition to oxidizing As(II1) to 
As(V), the excess of nitric acid was easily and 
smoothly removed by heating on a boiling water- 
bath, leaving a white residue of arsenic acid which 

dissolved easily in hot water. Addition of zinc sul- 
phate to this solution gave a precipitate of zinc 
arsenate and an equivalent amount of protons, the 
arsenic acid acting as a tribasic acid: 

2H3As04 + 3Zn2+ + 2Zn3(As04)2 + 6H+ 

The protons liberated can be determined by the 
iodideiodate reaction. The volume should not exceed 
6-7 ml for the precipitation reaction to proceed quan- 
titatively within 5 min, and an equal period should 
be allowed for complete iodometric reaction. 

The use of concentrated nitric acid as the absorbent 
succeeded for all the samples analysed except thorin 
and 4-dimethylaminoazobenzene-4’-arsenic acid, 
which gave results 69% low. About 5mg of potas- 
sium nitrate, mixed with the sample before wrapping 
in the ashless filter paper flag, proved highly efficient 

Table 2. Iodometric microdetermination of arsenic in organic compounds by the oxygen-flask 
method 

Compound 
Weight, 

mg 

As, % 

Calc. Found 
Recovery, % 

Triphenylarsine* 

n-Butylarsonic acid* 

Phenylarsonic acid* 

Benzylarsonic acid* 

4-Dimethylaminoazobenzene-4 

Triphenylarsine sulphidet 

Arsenazot 

Thorint 

-arsenic acid* 

4.380 
5.000 
7.531 
4.506 
5.354 
4.152 
5.650 
4.950 
7.017 
4.976 
7.401 
5.906 
7.555 
5.004 
6.826 
5.162 
8.005 

24.46 24.7 
24.7 
24.2 

41.15 40.9 
41.4 

37.09 37.4 
37.3 

34.67 34.4 
34.5 

21.45 21.7 
21.2 

22.11 22.4 
22.2 

13.13 13.4 
12.8 

18.04 17.7 
17.7 

101.1 
101.0 
99.1 
99.4 

100.5 
100.7 
100.6 
99.3 
99.5 

101.2 
98.9 

101.2 
100.4 
102.2 
97.8 
97.9 
97.8 

* Calculated on the basis of 3-fold amplification. 
t Calculated on the basis of 2-fold amplification. 
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as an auxiliary oxidant during combustion. In addi- 
tion to raising the arsenic recoveries to an average 
of ca. 98 and 99% for these two compounds, respect- 
ively, the potassium nitrate caused no interference, 
and may conveniently be added to any arsenical 
sample. 

Satisfactory results (Table 2) were obtained. As 
expected, nitrogen and halogens did not interfere, 
because their products are readily expelled in the eva- 
poration steps. The effect of halogens was tested by 
addition of micro-amounts of hydrochloric acid, bro- 
mine-water, and iodine either to the absorbed com- 
bustion products of triphenylarsine or in blank exper- 
iments. 

On the other hand, sulphur-containing arsenicals 
could not be successfully analysed by the simple 
oxygen flask procedure, owing to the incomplete 
removal of sulphuric acid in the evaporation step, but 

this problem was readily solved by applying the two- 
step procedure developed for the wet digestion 
method. Arsenazo yielded better arsenic recoveries by 
the oxygen flask method than by wet digestion. 
Thorin, however, gave 2% low recovery, possibly 
ascribable to impurity. The results in Table 2 show 
an average absolute error of +0.3% and overall aver- 
age recovery of 99.9%. The blank values (0.04ml of 
O.OlM thiosulphate) were smaller than those for wet 

digestion. 

Conclusions 

The oxygen flask method is superior in the follow- 

ing respects: (i) it is simpler and less tedious than 
the wet digestion method; it offers a 3-fold amplifica- 
tion (except for the sulphur arsenicals) compared with 
the 2-fold amplification for the wet-digestion method: 
(ii) in general it gives the better results. 

Phosphorus, of course, interferes quantitatively, as 
expected from the previous work’,’ but compounds 
containing both arsenic and phosphorus are not very 
common. 
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NON-DESTRUCTIVE MULTI-ELEMENT PHOTON- 
ACTIVATION ANALYSIS OF ENVIRONMENTAL 

MATERIALS 

TOYOAKI KATO, NOBUYOSHI SATO* and NOBUO SUZUKI 

Department of Chemistry, Faculty of Science, Tohoku University. Sendai, Japan 

(Received 18 July 1975. Rroised 8 December 1975. Accrptrd 14 January 1976) 

Summary--A non-destructive method of photon-activation analysis with 30-MeV bremsstrahlung fol- 
lowed by high-resolution gamma-spectrometry has been developed for multi-element determination 
in ambient air and in air-pollution emissions. The sample materials were the NBS standard reference 
material. Fly Ash. and atmospheric particulates collected on a Millipore filter. Simultaneous irradiation 
of the sample with synthetic multi-element standards containing 33 elements has shown that the tech- 
nique can determine up to 21 elements in a single sample. The method is simple and gives reproducible 
results. 

Because of increasing concern with environmental 
pollution problems, attempts have been made to de- 
velop methods for the elemental analysis of water, 
air and soil. The most immediate problem is the 
analysis of air-pollution samples and many labora- 
tories are devoted to this task.’ Any method 
employed must be sensitive, accurate, versatile, and 
if possible, capable of the simultaneous determination 
of many elements. Because air-pollution samples have 
complex, ill-defined matrices, wet methods may intro- 
duce errors by loss or contamination of trace species. 

Many of these difficulties are avoided by activation 
analysis. without chemical treatment, before irradia- 
tion. Neutron-activation analysis has been applied to 
the measurement of many elements in atmospheric 
particulate materials, 2m-y but this method is not cap- 
able of analysing for all elements of environmental 
significance. Lead, which has unsuitable nuclear 
properties. is determined by atomic-absorption spec- 
trophotometry or X-ray fluorescence, although pulse 
methods”,” to detect the 0%set 207mPb, or fast 
neutron,” photon-13-‘h and charged-particle”~‘” 
activation may be used. The advantage of multi- 
element determination is shared by activation analysis 
and photon- and particle-excited X-ray fluores- 
cence_20m23 but severe matrix effects are encountered 
with the last technique. 

Photon activation shares with thermal neutron 
activation the advantages of homogeneous activation, 
but produces an entirely different range of nuclides 
by (y,n), (y,p) and other photonuclear processes. A 
number of reviews on the principles and general fea- 
tures of photon-activation analysis.‘L27 useful com- 

pilations or listings of the nuclear characteristics of 
the products.28m3’ and gamma-ray spectrum catalo- 

* College of General Education, Iwate University, Mor- 
ioka. Japan 

gues 32--34 are now available. Aras rt ~1.~’ have 

demonstrated the multi-element capability of photon- 
activation analysis in air-pollution studies by present- 
ing abundance data for 14 elements in atmospheric 
particulate materials. Chattopadhyay and Jervislh 
also reported an instrumental method for the simul- 
taneous determination of 30 elements in market- 
garden soils, using a 45-MeV linear accelerator. 

The present paper describes the multi-element 
analysis of the NBS standard reference material, 
SRM-1633 Fly Ash, and of atmospheric particulates 
collected on Millipore filters from the urban atmos- 
phere. 

EXPERIMENTAL 

Samples and comparison standards 

The NBS standard reference material 1633 Fly Ash is 
provided in finely powdered form. It is prepared by the 
U.S. National Bureau of Standards for intercomparison 
purposes. 36 It was used as l-g samples packed in alu- 
minium foil and pressed into a disc 13 mm in diameter 
and 5 mm thick. 

A Millipore AA membrane filter (0.8 pm pore diameter) 
was used for atmospheric particulate collection. A piece 
20 x 25 cm was cut from the original sheet and particu- 
lates were collected by pumping 1000 m3 of air through 
this filter at 0.62 m’/min. Collections were carried out on 
the roof of the four-storey Miyagi Prefectural Office Build- 
ing in Sendai. Japan. The filter sample was cut in two 
and each half was placed in the cavity of a stainless-steel 
hydraulic press and compacted into a cylindrical pellet 
13 mm in diameter and 5 mm thick. A similar piece of 
unused filter was treated in the same way to provide a 
blank. 

Comparison standards used in this work were synthetic 
multi-element pellets containing the elements of interest 
distributed evenly in a matrix of boric acid. These stan- 
dards were prepared by mixing 33 elements, in the form 
of their oxides, at appropriate concentration levels with 
boric acid. In preparing these standards, reagents with a 
chemical purity of 99.99% or better were used. A l-g 
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Table 1. Concentrations of elements in the synthetic multi- 
element standard 

Concentration level. 

ppm 

Element 

10,000 
5000 

200 

50 

Ca, Cl, Na, K 

Mg 
Br, Cr. 0.1, Fe. Mn, Ni, Pb, Ti, 
Zn 
Ag, As, Ba, Cd, Ce, Co, Cs, I, 
In, MO, Nb, Rb, Se, Sr, Sb, Te, 
Tl, Y, Zr 

sample of this mixture was pelleted for irradiation. Table 
1 gives the concentration levels of the elements in these 
pellets. 

Irradiation 

A linear electron accelerator of Tohoku University was 
the bremsstrahlung source. The sample and the compari- 
son standard pellets were stacked in a silica tube so that 
the standards were placed at the front and back of the 
sample for simultaneous irradiation. The tube was placed 
in a water-cooled sample holder and was aligned along 
the beam axis with the front face of the tube 10-15 cm 
from the photon-producing converter (2-mm thick Pt foil). 
A typical irradiation was performed with a 70-PA beam 
of 30-MeV electrons. The precise experimental details have 
already been reported. 37 The irradiation time was 2 hr 
for Fly Ash and 6 hr for atmospheric particulates and filter 
blanks. No significant chemical decomposition of the 
organic filter material was observed. 

Counting and evaluation 

Gamma-rays were observed with a lithium-drifted ger- 
manium detector with a sensitive volume of 33 cm3, 
ORTEC Model 8101~0525, and its output was coupled 
to a 4096-channel pulse-height analyser (Toshiba Electric 
Co. Ltd., Japan). The counting system had a resolution 
of 2.4 keV for the 1332-keV gamma-line of 6oCo. Counting 
was repeated for increasing intervals over a period of one 
month or longer. For short-lived nuclides, 38K and 34mCl, 
the counting time was progressively increased from 4 to 
16 min. During this interval, a 50-mm thick Lucite plate 
was placed between the sample and the detector to absorb 
positrons from a number of positron-emitting nuclides. For 
nuclides with intermediate half-lives, counting times of 
30-60 min. and for long-lived nuclides, counting times of 
5-20 hr, were used. After measurement of the short-lived 
nuclides, the aluminium wrapper for Fly Ash was rejected 
and the contents were again wrapped in fresh aluminium 
foil for further counting. The gamma-rays were character- 
ized by comparison with the gamma-spectra obtained by 
irradiating the pure elements, and listed with nuclear 
data.38 In obtaining full-energy peak areas, total peak 
counts were computed and background contributions were 
subtracted, assuming linear variation of background over 
the peak of interest. Decay curve analyses were used to 
check for interferences. A mean specific activity for any 
specified gamma-ray in terms of the peak areas from the 
standards on both sides was used for calculating the abun- 
dance of the element in question in a sample. 

RESULTS AND DISCUSSION 

Gamma-rays observed 

Typical gamma-ray spectra measured at several dif- 
ferent decay times after irradiation of the atmospheric 

particulate sample are shown in Figs. l-3, together 
with those of the multi-element standard measured 
at comparable decay times. As observed in the multi- 
element analysis of biological materials,3” determina- 
tion of the elements giving rise to short-lived nuclides 
could only be achieved for those which emitted gam- 
ma-rays with high energies, because of the swamping 
51 I-keV annihilation radiations from positron-emit- 
ters. In the case of atmospheric particulate samples. 
such high activity was mainly due to 20-min 1 ‘C from 
the organic filter material. The only products used 

for measurement at earlier decay times were 7.71-min 
3*K and 32-min 34”‘C1. After a decay time of 1 day, 
however, almost all products of interest could be 
observed in gamma-ray spectra. For quantitative 
measurements, consecutive counting has been 
required, over periods up to 10 days, to check for 

spectral interferences. At this stage, all of the elements 
in the comparison standard, except Ag, Ba and Te, 
could be measured. The elements identifiable in both 
the sample and standard have been determined quan- 
titatively. In selecting the peaks used for quantitative 
measurement, the intensities, spectral interferences 
and peak-to-background ratios were taken into 
account. Table 2 gives the elements determined and 
the peaks selected, together with time intervals for 
measurements after irradiation, practical limits of 
detection and major competing nuclear reactions. The 
spectral interferences caused by overlapping gamma- 
rays have been studied with the aid of a list of promi- 
nent gamma-rays emitted by various products from 
irradiation of each pure element with 30-MeV brems- 
strahlung.30 Most of these problems could be solved 
by decay analyses of the counting data, when the 
gamma-ray peaks given in Table 2 were selected. To 
rule out the 808-keV peak of 47Ca, measurements of 
cobalt by the 81 I-keV peak were made 3G40 days 
after irradiation. Similarly, long decay periods were 
used for cerium to eliminate the contribution by the 
160-keV peak of 47Sc. Zinc was measured by using 

the 185-keV peak of 67Cu rather than the 1 1 I5-keV 

peak of 65Zn because of the interference by the 
1121-keV peai of 46Sc. 

The practical detection limits were estimated from 
the spectral data of the atmospheric particulate 
(Sample 1 in Table 4). These are the amounts of the 
elements giving a full-energy peak area corresponding 
to three times the standard deviation of the area un- 
der the peak of interest, from a particulate sample 
collected from 500 m3 of urban air, with 6-hr irradia- 
tion time with a 70-PA beam of 30-MeV electrons. 
counted with a 33-cm3 Ge(Li) detector for periods 
as stated. It is difficult to define the detection limits 
since they depend on the experimental conditions and 
the nature of the matrix. 

Fly ash 

Lehmden et aL4’ mentioned that fly ash from a 
coal-fired heat-generation source is important for two 
reasons. It has a matrix similar to that of emissions 
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Fig. 1. Gamma-ray spectra for short-lived nuclides taken with a 33-cm3 Ge(Li) detector after a 6-hr 
irradiation of an air-filter sample and a multi-element standard with 30-MeV bremsstrahhmg. D.T. 
and CT. designate the time interval between irradiation and counting, and the counting period, respect- 
ively; SD. indicates source-to-detector distance; SE and DE designate single and double annihilation 

photon escape peaks, respectively; values on each peak are energies in keV. 

to the atmosphere, but with a larger particle size, and of interest so as to obtain the net counting rates for 

there is interest in the removal of trace elements in the sample and the standards and comparison of the 

coal-fired processes. Elemental abundances in Fly Ash sample with a mean specific activity from standards 

for 17 elements have been obtained (in duplicate) and on both sides of the sample. There are possibilities 
results are given in Table 3, together with literature of contributions to the (r,n) or (y;p) reactions used 
values where available.‘6*3h Error limits are based on for abundance determination from (y,pn), (~,a) and 
counting statistics of sample and standards. They are (y,cm) reactions with elements adjacent in the Periodic 
the overall statistical errors associated with subtrac- Table (Table 2). Detailed nuclear considerations 
tion of the background under the full-energy peak based on the experimental yields of the photo-nuclear 
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@I) Multielement standard 

u^ O.T. 17.6 hr 

c : 
d I” z 

x (6) Atmospheric particuiates 

D.T. 15.0 hr 

I 1 I 1 I , I * 1 L 
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Fig. 2. Gamma-ray spectra taken at an intermediate decay time with a 33-cm3 Ge(Li) detector after 
a 6-hr irradiation of an air-fifter sample and a multi-element standard with 30-MeV brernsst~blun~. 

Bg indicates peaks occurring in natural background: see also caption for Fig. I. 

reactions of various types 28 showed that in most in- 
stances these secondary contributions did not pro- 
duce serious interference problems. 

Calcium was determined either by the 44Ca(y,p)43K 
or by the 48Ca(y,n)47Ca reaction. Of the peaks of 43K 
and 47Ca, the 374 and 619-keV peaks of 43K and 
the I298-keV peak of 4’Ca were found to produce 
precise values of calcium concentration. The values 
obtained from these three different peaks fell within 
the range &2% for all samples. The calcium results 
given were the average of the values from these 
peaks (Tables 3-5). 

For titanium. of the peaks of the three isotopes. 
‘%C, 48Sc and %Sc, the 160-keV peak of 47Sc gave 
the highest full-energy peak. Although 47Sc could also 
be produced by the P--decay of 47Ca, interferences 
from its decay were not significant at earlier decay 
times for this material. The 1314-keV peak of 48Sc 
was also used for determinations and the average 
vafues from these two peaks are listed (Tables 3-S). 

In the determination of manganese by using the 
ssMn(y,n)54Mn reaction, the major source of interfer- 
ence is from iron by the s6Fe(~,pn)s4Mn reaction. 
When an amount of pure iron was irradiated with 
30-MeV bremsstrahlung, an activity ratio of 
1.03 x 10e3 was obtained as the ratio of the 83%keV 
full-energy peak of s4Mn to the 847-keV full-energy 
peak of 56Mn. The 54Mn activity due to the 
55Mn(y,n)54Mn reaction for a given sample was, 
therefore, calculated by multiplying the count rate un- 
der the X47-keV peak by 1.03 x IO- 3 and then sub- 
tracting this value from the count rate under the 
835-keV peak corrected for decay to the end of irra- 
diation. A correction of 56% was required for Fly 
Ash. 

In the magnesium determination utilizing the 
25Mg(y,p)24Na reaction, aluminium interferes through 
the reaction 27AI(n,z)24Na. A separate irradiation of 
equal quantities of magnesium and aluminium under 
identical conditions resulted in a 24Na production 
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Table 2. Nuclides and gamma-rays used for determination and practical limits of detection for an atmospheric particulate 
sample 

Time interval Practical limit 
Product Gamma-ray for measurement of detection Major competing 

Element Process nuclide Half-life used, krV after irradiation nglm3 reaction 

As 
Ca 
Ca 
Ca 
Ce 
Cl 
co 
Cr 
Fe 
I 
K 

Mg 
Mn 
Na 

Ni 
Pb 
Rb 
Sb 
Sr 

Ti 

Ti 
Y 
Zn 
Zr 

(r.n) 
(1’?P) 
(Y,P) 

I:? 
cy:x, 
(xn) 
(y,n) 

I:9 
(ylE) 
(li,P) 
(y.n) 
(yn) 

(xn) 

1:? 
(Y::) 
(yn) 

(V,P) 

(Y?P) 
(y,n) 

I;? ,n 

17.9 d 596 
22.4 hr 374 
22.4 hr 619 
4.53 d 1298 
140 d 166 

32.0 min 2130 
71.3 d 811 
27.8 d 319 

2.576 hr 847 
13 d 388 

7.71 min 2170 
15.0 hr 1368 
303 d 835 
2.60 y 1275 

36.0 hr 1378 
52 hr 279 
33.0 d 881 
2.80 d 564 
2.83 hr 388 

3.43 d 

1.83 d 1314 
108 d 1836 
59 hr 185 

78.4 hr 910 

160 

IO-15 d 0.4 
l-2 d 85 
1-2 d 110 

l&15 d 140 
30-40 d 0.5 
30-60 min 90 
30-40 d 0.6 
IO-15 d 3.6 
2-5 hr 85 

l&15 d 0.5 
IO-30 min 280 

I-2 d 13 
lo-15 d 2.5 
I@15 d 31 

1-2 d 2.9 
1-2 d 12 

l&15 d 0.6 
1-2 d I.1 
2-5 hr 0.04 

2-5 hr 

I-2 d 
lo-15 d 
2-3 d 
l-2 d 

5.6 

72 
0.3 

20 
1.4 

‘%e(y,pn)“As 
4sS~(y,2p)43K 
4hTi(y.3p)43 K 
4”Ti(y,2p)47Ca 
‘41Pr(y.pn)‘3”Ce 
3yK(y.m)34”‘C1 
“Ni(y.pn)““Co 
5”Fe(y,m)“‘Cr 
“Mn(n.y)‘hMn 
‘z8Xe(y,pn)‘LhI 
40Ca(;‘,pn)38K 
27Al(n,a)24Na 
‘hFe(y,pn)‘4Mn 
Z4Mg(y,pn)‘ZNa 
“AI(y.rn)“Na 
None 
None 
shSr(i’,pn)84Rb 
‘23Te(y,p)‘2’Sb 
89Y(y.pn)87”‘Sr 
9’Zr(y.rn)87”‘Sr 
5 ’ V(y,r)J’Sc 
48Ca(y,n;[jm)47S~ 
“V(y,pd)48Sc 
“Zr(y,pn)s8Y 
71Ga(y,$h7Cu 
“Mo(y,m)8”Zr 

inhomogeneities. Although the data from NBS are ments. There is a wide range in the reported concen- 
not complete, the agreement, where comparable, is trations of many elements in several samples having 
excellent. In comparing our results with those of similar matrices (prepared by the U.S. Environmental 
Chattopadhyay and Jervis,16 the agreement is more Protection Agency for intercomparison purposes,) 
satisfactory for trace elements than for major ele- and Lehmden et ~1.~’ have stressed the heterogeneous 

Table 3. Elemental abundances of NBS Standard Reference Material 1633, Fly Ash 

Element 

Abundance, ppm 

This work Literature 

Chattopadhyay 
Analysis l* Analysis 2* NB+t and Jervislh 

As 64 k 1 65 &- 1 
Ca 5.17 * 0.05 x lo4 5.04 f 0.04 x IO4 
Ce 156 &- 2 150* 2 
co 44 * 5 40 + 4 
Cr 142 f 13 141 f 11 
Fe 4.14 + 0.22 x lo4 4.33 * 0.30 x lo4 
K 1.67 f 0.05 x lo4 1.51 + 0.08 x IO4 

Mg 1.45 + 0.02 x lo4 1.43 + 0.02 x lo4 
Mn 512 k 18 470 + 16 
Na 0.391 * 0.021 x 104 0.380 + 0.016 x lo4 
Ni 95 f 3 97 + 5 
Rb 98 + 2 93 1 2 
Sb 7.2 + 0.6 6.9 + 1.2 
Sr 1222 + 7 1266 + 9 
Ti 0.786 If: 0.010 x lo4 0.745 f 0.009 x lo4 
Y 61 + 2 66 f 2 
Zr 289 + 8 307 + 10 

61 +3 

(38) 
125 + 10 

1.68 x lo=’ 

495 f 30 

98 + 3 

(112) 

(1380) 

60.7 + 2.6 
3.92 + 0.28 x IO4 

35.4 k 2.8 
131 + 6.1 

6.08 k 0.52 x IO4 

1.48 + 0.01 x lo4 
495 + 25 

0.340 * 0.03 x lo4 
96.8 + 3.2 

7.14 + 0.56 
1373 * 95 

0.723 + 0.04 x lo4 

301 * 22 

* Error limits are standard deviations based on counting statistics of the sample and standards. 
i Probable certified values. Values in parentheses are informational values. 
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Table 4. Atmospheric concentrations of several elements 
in Sendai samples 

Concentration ng/m3 

Element 

AS 
Ca 
Ce 
Cl 
co 
Cr 
Fe 
I 
K 

Mg 
Mn 

:a 
Pb 
Rb 
Sb 
Sr 
Ti 
Y 
Zn 
Zr 

Sample l* Sample 2t 

12 1.6 1.3 
1.54 x lo4 2.28 k 10’ 2.42 x lo3 

8.6 1.3 1.9 
570 460 490 

2.1 1.6 1.4 
20 28 22 

8.76 x lo3 1.19 x IO3 1.17 x lo3 
10 6.1 4.6 

1.51 x 10’ 1.31 x lo3 1.12 x 10’ 
2.73 x lo3 460 490 

437 78 76 
5.27 x lo3 1.82 x lo3 1.79 x lo3 

13 4.3 5.3 
220 167 165 

9.5 0.5 0.7 
3.4 1.6 1.9 

52 4.9 5.1 
1.04 x lo3 158 167 

6.2 0.5 0.4 
280 220 210 

25 2.1 2.5 

* Sample collected on 18-19 February 1974, 27 hr, clear 
weather. 

t Duplicate analyses of sample collected on 2-3 Sep- 
tember 1974, 25 hr. cloudy weather. 

nature of samples of this sort. As an example, the 
presence of the large iron-containing particles in Fly 
Ash would be a contributory source of the wide vari- 
ation in reported iron concentrations (5.3-25x). 

Atmospheric particulates 

Apart from the 17 elements determined in Fly Ash, 
chlorine, iodine, lead and zinc were also determined. 
The results obtained are shown in Table 4. The 
observed concentrations appear to be in the range 
found for other urban areas in Japan,**’ although the 
number of determinations is too limited for real com- 
parison. 

The 56Fe(y,pn)54Mn contribution to the total 54Mn 

activity was estimated as described above, and it was 
found that the corrections required for the air-filter 
samples ranged from 11 to 14%. To check for interfer- 
ence from aluminium in the magnesium determina- 
tion, aluminium concentrations were measured spec- 
trophotometrically. A relatively high value of 15.5 
&m3 was observed for sample 1 in Table 4 and a 
correction of 2.6% was required in this case. When 
considering the Al:Mg ratios (2, or 3 at most), rou- 
tinely observed in air-filter samples from industrial 
and urban areas,3S6 this sour& of interference may 
not pose serious problems. 

Filter blank 

A critical requirement for the method is that the 

filter material used should have very small blanks for 
the elements to be determined. Table 5 gives the con- 
centrations of the elements, determined by photon ac- 
tivation analysis, in the Millipore filters used, together 
with the literature data,42-44 where available. Con- 
siderable variations can occur from one batch of filter 
material to another and also over the area of a single 

Table 5. Concentrations of elements in the Millipore filter blanks 

Element 

Concentration ng/cmz 

This work AAWP304 Literature 

Dams et a1.4Z Dudey Dale 
Lot 1 Lot 2 AAWP025 AAWP047 et ~1.~~ et a1.44 

As 
Ca 
Ce 
Cl 
co 
Cr 
Fe 
I 
K 

Mg 
Mn 
Na 
Ni 
Pb 
Rb 

ND* 2.6 
503 1000 

ND* ND* 
2.47 x lo3 2.36 x 10’ 1 

ND* ND* 
18 30 
17 30 
12 16 

690 410 
113 660 

5.3 22 
809 2.04 x 10’ 

5.1 12 
5.2 18 
0.3 4.9 

- - 
500 370 
<0.5 <0.5 
700 1000 60 

0.4 0.1 0.03 
20 15 20 
80 40 

- - 

120 100 
400 200 

2.5 2 0.25 
520 400 50 

14 120 
- 
- 

0.29 
20 

4.72 
500 

Sb ND* 0.7 0.4 1 0.013 0.20 
Sr 3.2 4.9 - 

Ti 5.5 9.6 10 <lO 
Y ND* 1.6 - 

Zn 11 20 10 7 0.16 14 
Zr ND* 0.4 - 

* Not detected. 
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sheet. The blank values for all elements except chlor- 
ine were sufficiently small to require only minor blank 
corrections. The chlorine blanks in our filters were 
large, about 63% of the total amount of chlorine 
observed in an air sample. Large chlorine blanks have 
also been reported for polystyrene membrane 
filters.3s,42 Millipore filters are considered to be dis- 
advantageous in neutron-activation analysis, for they 
tend to disintegrate during irradiation, but this filter 
can be used in photon-activation analysis and is easy 
to use. has a low blank, and a high particle retentivity. 

CONCLUSION 

The present method is promising for the study of 
air pollution and can be applied to a wide range of 
environmental materials as a useful complement to 
other analytical methods. In addition to the elements 
determined in atmospheric particulates by Aras rt 
~l.,~’ other elements such as Co, Fe, K, Mg, Mn. 
Rb, Sr and Y have been determined in this work. 
Manganese can be determined if careful correction 
is made for the iron contribution. Both Rb and Sr 
in atmospheric particulate materials can be deter- 
mined much more easily than by instrumental neu- 
tron-activation analysis. For Y, as well as Pb and 
Zr, non-destructive analysis by thermal neutron acti- 
vation is not generally attainable, because of their 
adverse nuclear properties. Such difficulties are not 
inherent in photon activation analysis. The con- 
centrations of 20 or more elements in the same 
sample can be measured with reasonable sensitivity 

and reliability. 
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Summary-Utility df Zeo-Karb 226 and Dowex A-l for the separation of Tl and In at 5-ppm level 
from high-purity zinc and zinc-base alloys has been investigated. With Zeo-Karb 226 (NH:), Tl+ 
is conveniently separated from these materials and also from many other cations, with l.OM ammonium 
nitrate as the eluent. It is subsequently determined with Rhodamine B. This separation principle is 
also applied to the analysis of PbTl alloys. Both Tl and in (along with Fe) are preconcentrated 
on Zeo-Karb 226(H+) from a solution of the sample at pH 3.0. Suitabte methods of subsequent deter- 
mination of Tl and In are described. In the case of Dowex A-l(H+), T13+, In3+. Fe”’ and Cu*+ 
are retained from a solution of the sample at pH 2.0. An o-phenanthroline solution at pH 2.0 elutes 
all but traces of CL?+. In3’ along with Fe”+ IS eluted with l.OM hydrochloric acid. Finally, Tl is 
eluted with 2.OM hydrochloric acid containing sulphurous acid. 

it is necessary to control the thallium and indium 
contents at less than 10 and 5 ppm respectively in 
high-purity zinc and zinc-base alloys used in the die- 
casting industry.” Before their photometric deter- 
mination, they are separated from associated elements 
by solvent extraction.2*3 Use of cation- and anion- 
exchangers is reported for the separation of TI and 
In from other cations, but not from these materials. 

The ease with which Zn’+ forms complexes with 
EDTA4 and other complexing agents5,‘j (citrate, tar- 
trate, oxalate and pyrophosphate), unlike Tl+, forms 
the basis of cation-exchange separation of thallium 
in zinc dusts, electrolytes etc. Separation of thallium 
from antimony in presence of zinc on a cation- 
exchanger by using 2074 sodium hydroxide solution 
as the eluent is also reported.’ Sulphuric acid (1M) 
is also used to separate thallium from zinc and other 
elements.8 Thallium is separated from zinc on an 
anion-exchanger, on the basis of formation of the 
anionic chloro-complex by Zn2+ and not by Tl+ in 
hydrochloric acid medium.g On an anion-exchanger 
in carbonate form zinc and many other cations are 
retained while Tl+ passes through.” 

Indium is separated from zinc and other ele- 
ments on strong acid cation~xchangers with sulpho- 
salicylic acid,‘,’ 1 ethylenediammonium dihydro- 
chloride,” lithium chloride,13 ammonium sulphate or 
sulphuric acid” and hydrochloric acid.” Similar sep- 
arations on anion-exchangers in hydrochloric acid,16 
EDTA,l’ ammonium carbonate’8*‘9 and ammonium 
sulphate’4 media are also reported. 

This paper describes the use of Zeo-Karb 226 in 
H+ and NH: forms and Dowex A-l (H+) for the 
separation of trace amounts of thallium and indium 
from high-purity zinc and zinc-base alloys and their 
determination at 5-ppm level. 

EXPERIMENTAL 

Reagents 

Thallium solution. Thallous nitrate (1.3Og) was dissolved 
in a litre of acidified water and standardized gravimetri- 
tally by the chromate method.” This solution was diluted 
(as and when required) to give a working thallium solution 
of 10 #g/ml concentration. 

lndium so&ion. The zone-refined metal (0.960 g) was dis- 
solved in hydrochloric acid, made up to loo0 ml, and stan- 
dardized by EDTA titration?’ This solution was diluted 
(as and when required) to give a working solution of 
10 pg/ml. 

‘04Tl and “‘“‘In were supplied by the Isotope Division 
of our Research Centre. All other reagents were of analyti- 
cal grade. 

ion-exchangers 
The preparation of Zeo-Karb 226 in the ammoniumzz 

and hydrogen ion 23 forms and Dowex A-l (H+)Z4 was 
described earlier. 

Absorbance measurements were made with a matched 
pair of “Corex” cells (IO-mm path-length) on a Beckman 
Model DU spectrophotometer. The @- and y-counters were 
fabricated by the Electronics Division of this Research 
Centre. 

Zeo-Karb 226 (NH:) 
Univalent alkali metal ions are separated from multi- 

vaient cations by selectively eluting with O.lM ammonium 
solution from Zeo-Karb 226 (NHa).22 Since the exchanger 
has much greater affinity for TL+ than alkali metals ions 
owing to its high polarizability, Kd values of TI’ and some 
typical multivalent cations were determined as a function 
of ammonium nitrate concentration in the solution phase, 
by equilibrating 25 ml of the aqueous phase at pH 3-5 
(avoiding pr~ipitation) with 0.25 g of the exchanger for 
4 hr. The results are given in Table 1. The &-value of 
Tl+ decreases to less than 10 in presence of l.OM 
ammonium nitrate, while those of the other ions are con- 
siderably higher. 

Separation of thallium from other ions. The conditions 
of elution of Tl” were studied with 2.0 g of ion-exchanger. 
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Table 1. K, values of metal ions at different concentrations of NH: on Zeo-Karb 226 (NH:) (0.25 g) 

Metal 
ion 

Tl+ 
Mg’+ 
Ni*+ 
cu2+ 
Zn’+ 
CdZ+ 
uo:+ 
Pb’+ 
Al3 + 
Th4+ 

0.5M NH: l.OM NH; 1SM NH; 2.OM NH: 

6.56 x lo3 25 9 7 <5 
>104 194 95 53 36 
> lo4 910 290 181 105 
>104 >104 9.90 x lo3 6.15 x lo3 3.35 X lo3 
>104 6.56 x lo3 4.90 x lo3 4.03 X lo3 3.53 x lo3 
>104 7.04 X lo3 5.96 x lo3 5.45 x lo3 4.90 x IO3 

I 

>104 > lo4 >104 >104 >104 

Table 2. Separation of Tl from multivalent cations (Tl 
taken = 1.00 mg) 

Metal 
ion 

Mg2 + 
Ni2+ 
Zn’+ 
Pb2+ 
uo:+ 
In3 + 
Th4+ 

Taken, Found, 

mg mg 

11.3 11.3 
11.7 11.7 
11.4 11.5 
10.4 10.4 
10.0 10.0 
11.6 11.5 
11.0 10.9 

Tl found, 

Y? 

0.99 
1.03 
1.01 
1.03 
1 .oo 
1.01 
1 .oo 

Based on this, the following procedure was developed to 
separate l.Omg of thallium from about 10mg each of the 
multivalent ions Mg*+, NiZf, Zn*+, UO:+, Pb*+, In3+ 
and Th4+. The results, in Table 2, show quantitative separ- 
ation of thallium. 

of 2.OM nitric acid and determined by a suitable method. 
Separation of TI in zinc-base and Pb&T/ a//o)s. When 

1.0 g of zinc was taken in 30 ml of I .OM ammonium nitrate 
and passed through 12g of exchanger (column 
2.0 x 16.5 cm), followed by ammonium nitrate, zinc was 
found in the first lOOmI of effluent. An examination of 
the column revealed considerable channelling, due to the 
shrinkage of the exchanger on changing from the NH; 
to the Zn*+ form. This was obviated by equilibrating the 
zinc solution with 6.Og of the exchanger in a beaker and 
then transferring this onto a column of another 6.Og of 
exchanger. Under these conditions, all the Tl+ was found 
in the first 2OOml of effluent, with no zinc appearing in 
the first 4COml. In fact, the zinc band on the exchanger 
moved very little. Then synthetic samples of zinc-base 
alloys and high-purity zinc (zone-refined, from Chemistry 
Division of our Research Centre) were prepared and ana- 
lysed following the procedure given below. The results are 
given in Table 3. 

This principle is also successfully applied for the analysis 
of PbTI alloys and the results are included in Table 3. 

Procedure. Binary mixtures of thallium(I) and a multi- Procedurefor zinc and zinc-base u//o~~s. A 1.000-g sample 
valent cation were prepared in 1.OM ammonium nitrate is dissolved in 25 ml of 6M hydrochloric acid in a beaker. 
at a pH of 3-5 and passed through a column of Zeo-Karb The solution is evaporated to dryness. The residue is dis- 
226 (1.0 x 10.0 cm) (NH: form) at a flow-rate of 1 ml/min, solved in about 30 ml of l.OM ammonium nitrate and the 
followed by 100ml of l.OM ammonium nitrate. Thallium pH adjusted to 3.0. Then 6.Og of the exchanger are added 
in the effluent was determined by the Rhodamine B and stirred well. Meanwhile, a column of another 6.Og 
methoda with 50 ml of aqueous phase and 10 ml of ben- of the exchanger (2.0 x 8cm) is prepared. The contents 
zene phase. The other cation was then eluted with 100ml of the beaker are transferred to the column. and the 

Table 3. Analysis of synthetic samples of high-purity zinc, zinc-base and Pb-Tl alloys 

Material 
Tl taken, 

/@J 

Tl found, 

/GJ 

Pb taken, 

mg 

Pb found. 

nY 

High-purity 
zinc (l.Og) nil nil 

5.0 5.0 
10.0 10.0 

Zinc-base 
alloy* (1.0 g) 

Lead-thallium 
alloys (0.5 g) 

5.0 4.9, 5.0, 5.1 
5.0, 5.0, 4.9 

32.4 3;8 104.6 105.2 

387.7 390.6 104.6 105.7 

193.8 194.3 205.7 207.2 

95.6 95.0 418.5 418.6 

*Composition (with weight in mg in brackets): Zn (1000) Al (50) Cu (IO), Mg (0.5) Fe (0.7) Pb 
(0.03) In (O.OOS), Sn (0.02), Cd (0.05). 
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Material Taken 

Thallium, w Indium, /.Q 

Found Found 

Zeo-Karb 226 Dowex A-l Zeo-Karb 226 Dowex A-l 
(H+) method method Taken (H+) method method 

High-purity 
zinc (1.0 g) 

Zinc-base 
alloy* 

nil nil nil nil nil nil 
5.0 5.1 5.0 5.0 4.9 5.0 

10.0 9.8 10.6 10.0 10.2 10.7 
25.0, 24.0, 23.6, 23.6, 24.8, 26.0, 25.5, 25.0, 

25.0 25.0, 23.5, 24.5, 24.5, 25.0 25.0, 25.0, 26.5, 25.0, 
24.0, 25.0 26.6, 25.3 24.5, 25.0 25.5, 23.8 

* Composition as given in Table 3. 

effluent is collected. The column is washed with 250mi 
of I.OM ammonium nitrate. The volume of the combined 
effluent is reduced to 100 ml by boiling and 20 ml of con- 
centrated hydrochloric acid are added..Tl is oxidized with 
5 ml of bromine water. Excess of bromine is boiled off. 
After cooling, the pH is adjusted to 3.0 and the solution 
passed through a &lumn of 1.0 g of Zeo-Karb 226 (NH:), 
followed by 10-20ml of water. The effluent is rejected. 
T13’ is eluted with 5Oml of 2.OM hydrochloric a&d and 
determined by the Rhodamine B method (described 
earlier). 

Procedure@ Pb-Tl alloys. About 0.5 g of sample is ac- 
curately weighed and dissolved in dilute nitric acid in a 
beaker. The solution is evaporated to near dryness. Then 
4.Og of ammonium nitrate are added and dissolved in 
50 ml of water. The uH is adiusted to 3.0. To this 2.0 e 
of Zeo-Karb 226 (NH:) are added and stirred. Meanwhili 
2.Og of fresh exchanger are made into a column 
(1.5 x 6cm). The contents of the beaker are transferred 
to the column quantitatively, followed by washing with 
200 ml of l.OM ammonium-nitrate. Thaliium present in 
the 250ml of effluent is determined by the iodide 
method.‘6 Lead is eluted from the column with 1OOmi 
of i.OM nitric acid and determined complexometricaliy 
with EDTA.” 

Zeo-Karh 226 (H+) 

From the variation of K, values of several cations on 
Zeo-Karb 226 (H+) as a function of PH,‘~ separation of 
In and Ti from high-purity zinc and zinc-base alloys 
appears feasible. Hence, the elution behaviour of In, 
Fe(III), Tl(III), Al, Sn(IV), Zn, Cu(II), Mg, Pb and Cd 
at pH 3.0 on a column (1.0 x 8.0cmf of exchanger was 
studied, at a flow-rate of 1 ml/min. In, Tl and Fe were 
sorbed quantitatively, while the rest passed out readily 
when eluted with 200ml of water at pH 3.0. This gives 
an easy method of preconcentration of T1 and In. Since 
the accompanying iron can be taken care of in the deter- 
mination of Tl and In. the procedure given below was 
developed for the separation of TI and In together from 
Zn and other associated elements. The two were subse- 
quently determined in different aliquots. The results 
obtained are given in Table 4. 

Procedure. About 5g of zinc or alloy sample are accu- 
rately weighed into a beaker, dissolved in 50ml of hydro- 
chloric acid (l:i), and the solution is evaporated to dry- 
ness. The salts are dissolved in 50 ml of 2.OM hydrochloric 
acid and 5 ml of bromine water are added to oxidize TI’ 
to T13+. Excess of bromine is boiled off. The solution is 
diluted to 100 ml and the pH adiusted to 3.0. This solution 
is passed through a preconditioned column containing 2 g 
of Zeo-Karb 226 (H+) at a flow-rate of 1 ml/min. The 
column is washed ‘with 200 ml of water at pH 3.0. The 
et&rent is rejected. Then 50ml of 2.OM hydrochloric acid 

are passed through the column at the same flow-rate. The 
effluent is collected in a 50-ml flask (up to the mark). 

A lo-ml aliquot is taken in a separating funnel, 1 ml 
of phosphoric acid [to complex Fe(III)] is added, and the 
Tl content determined by the Rhodamine B method de- 
scribed earlier. 

A 30-ml portion of the 50ml is evaporated in a beaker. 
The residue is dissolved in 5 ml of 6N sulphuric acid, and 
transferred to a separating funnel with 5 ml of water. Then 
10 ml of 3M potassium iodide are added and equilibrated 
with 6 ml of butyi acetate. The aqueous layer is rejected. 
Then 2 ml of 2% oxine solution in butyl acetate are added 
to the organic phase and mixed. This solution is scrubbed 
with 5 ml of potassium cyanide solution (10% KCN + 1M 
NH3 in 2:3 ratio). The aqueous phase is discarded. The 
water droplets from the stem of the separating funnel are 
removed with a filter paper. The organic phase is trans- 
ferred to a IQ-ml volumetric flask and made UD to volume 
with butyl acetate. The absorbance is measured at 400 nm 
against a corresponding reagent blank. The indium content 
is computed from a calibration curve. 

Lkwex A-l (H’) 

Among the ions derived from the metals present in zinc- 
base alloys, T13+, I$’ and Cu2+ exhibit high K, values 
on this exchanger at pH 1.0 and 2.0.28 Hence, their behav- 
iour on a column (1.0 x 4.0cm) was studied, by taking 
the solutions at these pH values and washing with water 
at the same pH. T13 + is strongly retained on the exchanger 
at both pH values, without elution on washing with 100 ml 
of acidified water. In the case of In3+ and Cuzc, elution 
starts in the first 25 ml of washing at pH 1.0, but not at 
pH 2.0, even in 50ml. A O.OlM o-ahenanthroline solution 
at pH 2.0 elutes Cu2+ but not In3 +’ and T13 +. Experiments 
were then carried out on the elution of Tl and In with 
hydrochloric acid of different concentrations in presence 
and absence of suiphurous acid. T13+ is retained at any 
acidity between 0.4 and 2.ON while indium is eluted quanti- 
tatively with 50mi of l.ON acid and more than 50ml of 
0.4N acid. Hence, l.ON acid is preferred to elute I$’ selec- 
tively. In presence of sulphurous acid T13+ is eluted with 
2.ON acid. Since this acidity is convenient for its sub- 
sequent determination with Rhodamine B, other acid con- 
centrations have not been tried. 

Based on the information above, the procedure given 
below was found to be quite ~t~sfactory -for a sequential 
separation of Tl and In in zinc-base allovs and their deter- 
mination at 5-ppm levei. 

Procedure. A 5.0-g sample is dissolved and Tl+ oxidized 
to T13+ as described under Zeo-Km6 226 (H’). The pH 
of the solution is adjusted to 2.0. This solution is passed 
through a column (1.0 x 4.0cm) of Dowex A-l (H+) 
(100-200 mesh) at a flow-rate of 1 ml/min. The column 
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is washed with 100 ml of water at pH 2.0 to remove practi- 
cally all the zinc and aluminium. Then it is washed with 
100ml of O.OlM o-phenanthroline at pH 2.0 to remove 
copper. Iron and indium are then eluted with 50ml of 
l.OM hydrochloric acid. ln3+ is determined by the oxine 
method described earlier. Tl is then eluted with 50ml of 
2.ON hydrochloric acid containing sulphurous acid (1.2%). 
This solution is boiled to remove sulphur dioxide, cooled, 
oxidized and then analysed by the Rhodamine B 
method. described earlier. 

DISCUSSION 

The K, value of TI+ on Zeo-Karb 226 (NH:) is 
quite high (6.56 x 103). As such it is difficult to separ- 
ate it from multivalent cations, which are primarily 
sorbed. However, in presence of l.OM ammonium 
nitrate, the K, value of Tl+ decreases to a negligible 
value (<lo), while those of multivalent ions are still 
considerably higher. Hence l.OM ammonium nitrate 
is able to elute Tlf selectively, leaving many multi- 
valent cations on the exchanger. 

This principle is successfully applied to analyse 
high-purity zinc and zinc-base alloys for traces of Tl 
and also for the analysis of P&T1 alloys. When higher 
amounts of material are taken for analysis, the 
exchanger shrinks on sorption of the sample and 
channelling occurs. This was obviated by sorbing the 
sample by mixing it with the exchanger in a beaker 
and then transferring it to a column of the exchanger. 

In the determination of Tl by the Rhodamine B 
method, a large excess of ammonium nitrate caused 
positive interference. This excess of ammonium salt 
is reduced by employing the same exchanger (smaller 
quantity) but oxidizing Tl to the tervalent state for 
its sorption and then eluting with acid. 

Indium cannot be separated by employing the salt 
form of Zeo-Karb 226. However, this exchanger in 
H+ form was shown to be useful to separate Tl and 
In together from zinc and some other associated ions, 
thus allowing the determination of both the elements, 
different aliquots being used. 

The property of Dowex A-l of functioning as a 
chelating as well as an anion-exchanger under suit- 
able conditions is utilized to achieve a sequential sep- 
aration of Tl and In from zinc-base alloys. At pH 
2.0, ions such as Fe3+, In3+, T13+ and CL?’ are 
sorbed through chelation, while T13+ in hydrochloric 
acid is held as an anionic chloro-complex. 

It should be mentioned that elution of Cu2+ with 
1OOml of O.OlM phenanthroline is not quantitative. 
Out of 5000 ,ug of Cu taken, about 150 pg remain on 
the column. Elution is not continued further for two 
reasons. The small amount of Cu coming out with 
indium does not interfere in the determination of the 
indium. Secondly, eluting the last traces of Cu may 
require an unduly large volume of phenanthroline 
solution. 

Lead has a K,, value of 390 at pH 2.0. Hence it 
may be retained on the exchanger at the beginning, 
but since its K, falls to 140 in presence of phenanth- 
roline, it is likely to be eluted along with the copper. 

In view of this, its behaviour was not studied in detail. 
However, it was taken in the synthetic samples to 
ascertain whether it interferes in the present analysis. 
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Summary-X-Ray photoelectron spectroscopy (XPS) and XRF as techniques for monitoring air pollu- 
tion are compared. Sulphide and oxides of sulphur (SOI, SO3 and SO:-) have been determined on 
copper plates exposed for different lengths of time to an atmosphere containing hydrogen sulphide. 
The total amount of sulphur increases with the time of exposure but the sulphide reaches a constant 
value after 59 days. An interpretation of the mechanism of oxidation of hydrogen sulphide is offered. 

Many studies on air pollution have been performed 
by using atomic absorption,’ atomic fluorescence,’ the 
ring-oven technique,3 and X-ray fluorescence.4 These 
methods are suitable for qualitative identification and 
quantitative determination of elements, but not for 
identifying their chemical form or species. Speciation, 
i.e. the determination of species, is desirable in order 
to understand the chemical processes in the environ- 
ment and to follow the corrosion processes going on 
in an atmosphere containing corrosive gases. X-Ray 
photoelectron spectroscopy (XPS) differentiates 
between chemical species of an element and is a 
potentially useful tool for environmental studies.5 The 
present investigation was undertaken to analyse the 
surface of a metal plate exposed for varying periods 
to the atmosphere. Sulphur compounds and a copper 
plate were selected for the study, first because the 
oxidation states of sulphur and copper may be corre- 
lated with XPS chemical shifts and secondly because 
a copper plate is easily corroded.hm8 

EXPERIMENTAL 

Commercial copper plates (JIS tough-pitch 35 x 
3.5 x 0.35 mm) were stored in a vacuum desiccator after 
treatment by the following processes: soak in warm 
ethanol for I hr then wash successively with water, 1M 
hydrochloric acid and ethanol, and then dry in an air blast. 
The copper plates were placed under a screen (situated 
in various meteorological sampling stations) to avoid rain- 
water. Standard sulphur solutions for X-ray fluorometric 
determination were prepared by the procedure of Pope 
et 01.~ X-Ray fluorometric measurement was performed 
by using a Rigaku Gigerflex. type SXA 3, with a ger- 
manium analysing crystal and chromium target X-ray tube. 

X-Ray photoelectron spectra were obtained on an 
AEI-ES 200 electron spectrometer, using Al K,,,, X-ray 
radiation. The photo-emission chamber was maintained at 
IO-’ mmHg. The binding energies of the photoelectrons 

were determined, assuming the energy of carbon Is elec- 
trons to be constant at 285eV. 

RESULTS AND DISCUSSION 

X-Ray ,puorescence studies 

Figure 1 shows a typical X-ray fluorescence spec- 

trum of sulphur on the surface of copper. A sharp 
sulphur Ii, line is observed at 110.7” (28) without any 
interference from other elements. A calibration curve 

based on this line is linear up to a concentration of 

100pdcrn’ [log S (pg/cm’) = 1.09Olog C (count/l0 
set) - 4.1601. In order to test the validity of the calib- 
ration curve, known amounts of sulphur were added 
to the sample. A recovery of approximately 100% was 
obtained when the added sulphur was below 
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Fig. 1. X-Ray fluorescence spectrum of sulphur on the sur- 
face of a copper plate. 

529 



530 KATSUO MURATA, SHIGERO IKEDA, TAKAE UTSUNOMIYA and ARATA YAW 

Table 1. Determination of the total sulphur by XRF and sulphide by XPS 

Sample Station* Exposure. days 
Total sulphur, 

k&m2 
S’- species 

!-elm2 

No. 1 desiccator 0.5 28 2x 
(5GlOO ppm H,S) 

No. 2 A 31 3.7 1.8 
No. 3 A 59 15 10.5 
No. 4 A 206 49 12.3 
No. 5 B 12 1.7 4.4 
No. 6 C 28 0.82 

*Stations A and B are in an area polluted with H,S, A being 1.5 km from the pollution source, and B 0.3 km. 
Station C is in an unpolluted area. . 

50pg/cm’ though the recovery varied somewhat at 
the sulphur level of 100pg/cm2. X-Ray fluorometric 
(XRF) determinations of sulphur for six samples are 
given in Table 1. All samples produce black com- 
pounds on the surface of copper plate, indicating the 
formation of copper sulphides or copper (II) oxide. 

At station A the total sulphur increases steadily 
with the number of days of exposure to the atmos- 
phere up to 59 days when a constant value is 
obtained. At station B the rate of adsorption of sul- 
phur is greater, whilst at station C it is lower. These 
results correspond with the position of each station. 

X-Ruy photoelectron spectroscopic studies 

Figure 2 shows a typical photoelectron spectrum 
of a copper plate exposed to the atmosphere. Ele- 
ments such as carbon, oxygen, sulphur, and copper 
are readily detectable on the surface of the plate. 

Sulphur 2p photoelectron spectra 

There is a correlation between binding energy and 
oxidation number in inorganic sulphur com- 

pounds,7,10q” sulphide [S( - II)] has the lowest bind- 
ing energy (160.8 eV) and sulphate [S(VI)] the highest. 
Sulphite [S(IV)] and sulphur [S(O)] are also dis- 
tinguishable, having binding energies of 165.8 and 
164.5 eV, respectively. 

Figure 3 shows typical sulphur and copper 2p 

photoelectron spectra for samples 1,2,4 and 6. Only 
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the peak at 161.7 eV, corresponding to S2- species, 
is observed on the surface of the copper plate exposed 
to H2S gas in the desiccator. Since no satellite Cu 
2p peaks, which are characteristic of Cu(II) com- 
pounds, are observed, the black compound produced 
on the surface is probably Cu2S. Sulphur 2p peaks 
for samples 2 and 4 are roughly divisible into two 
groups having lower and higher binding energies, in- 
dicating sulphide (S’-) species and sulphur oxide 
(S02, SO:-, SOs) species, respectively. Species such 
as SO:- and So are unlikely. The peak at higher 
binding energy is so broad that it contains com- 
ponents of other species. Craig et al.” reported that 
the peak in the vicinity of 170 eV binding energy con- 

sists of three components, S03, SO:-, and SOz, as 
shown in Fig. 4. The resolution of our spectrometer 
is not good enough to distinguish these species so 
we shall class SO,, SO:-, and SO, together as su/- 
phur oxides. At station A the ratio of sulphur oxides 
to sulphide changes with the length of exposure. If 

no oxidation of sulphide occurred on the copper 
plate, the ratio would be almost constant in the 
course of. time. Actually oxidation reactions of sul- 
phide must proceed since the ratio changes with the 
exposure time. The unexpected higher ratio of sulphur 
oxides to sulphide as shown in Fig. 3b may be attri- 
buted to the prompt production of sulphur oxides 
from hydrogen sulphide early in the exposure. Kishi 
et ~1.‘~ have recently investigated the mechanism of 
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Fig. 2. X-Ray photoelectron full spectrum of a copper plate exposed to the atmosphere. 
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Fig. 3. Photoelectron spectra of S Zp and Cu 2p: (a) sample 1; (b) sample 2, (c) sample 4, (d) sample 6. 

the interaction of hydrogen sulphide with adsorbed 
oxygen on lead, by XPS. According to their results, 
the oxygen Is peak height decreased on exposure of 
the “oxidized” surface, which had been exposed to 
oxygen at 2 x IO-’ mmHg for lOOsec, to hydrogen 
sulphide. Accompanying the decrease in the oxygen 
1s intensity was the emergence of the sulphur 2p 
peak: initially the sulphur 2p binding energy is about 
t63.5 eV, but later it is 160.6 eV. It would be expecfed 
from these experimental results that atmospheric hy- 
drogen sulphide would react with the oxygen pre- 
viously chemisorbed on the copper surface and with 
the metallic copper at the same time. Therefore nearly 
equivalent amounts of sulphur oxides and sulphide 
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Fig. 4. Sulphur 2p spectrum of MgO exposed to S02. 
[Redrawn from reference 121. 

are produced in the early stages. In time, the oxi- 
dation of sulphur compounds takes place on the cop- 
per plate, as shown by the increase in the peak due 
to sulphur oxides (Fig. 3~). The concentrations of sul- 
phide for samples 2-5 are given in the last column 
of Table 1. They were estimated from the ratio of 
sulphide to sulphur oxides, obtained from the sulphur 
2p photoelectron spectra, assuming that the XPS 
cross-section of sulphur 2p and the escape depth of 
sulphide and sulphur oxides are approximately the 
same. As evident from Table 1, the sulphide concen- 
tration increases in the early stages, but during the 
59-206 day period the concentration of sulphide in- 
creases only slightly, while the concentration of sul- 
phur oxides increases considerably. The following in- 
terpretation is given for these results. The dilute hy- 
drogen sulphide liberated in the atmosphere is 
adsorbed on the surface of the copper plate. The 
adsorbed gas immediately reacts with the previously 
chemisorbed oxygen and the metallic copper in the 
presence of oxygen and moisture, resulting14 in the 
production of sulphur oxides and Cu,S as follows: 

2&S + 30z + 2S02 f 2Hz0 

2Cu + S2- + Hz0 + 30, --+ Cu,S + 20H- 

Available sites on the copper surface are gradually 
occupied and used up by HIS gas in the course of 
time. A steady state is reached with respect to sul- 
phide in the atmospheric environment. Then the rate 
of copper(I) sulphide formation decreases, since the 
hydrogen sulphide can react with the metallic copper 
only after permeating the surface layers of sulphide 
and sulphur oxides. However, the amount of sulphur 
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Fig. 5. S 2p photoelectron spectrum of a copper plate, previously treated with H,S, then exposed 
to ozone. -~~~ Cu + H,S; --- (01 + H2S) + 0, (Intensities of the two spectra are not on the 

same scale). 

oxides increases, by the oxidation of the surface sul- 
phide layers, the catalytic oxidation of hydrogen sul- 
phide on the copper plate, and the adsorption of sul- 
phur oxides from the atmosphere. 

In the laboratory experiment, hydrogen sulphide 
reacts immediately with the copper plate to produce 
black copper sulphides. At this point, sulphide species 
are the only sulphur compounds on the surface of the 
plate. When the plate is exposed to ozone 
(h 1000 ppm) in the desiccator, the sulphide peak in- 
tensity decreases considerably and the intense peak of 
sulphur oxides appears as shown in Fig. 5. This implies 
that the oxidation of sulphide on the surface of the 
copper plate is possible during the long exposure to 
the atmosphere. This oxidation would start on the sur- 
face layers of sulphide. Blyholder et u/.,‘~ who studied 
infrared spectra of H2S adsorbed on Fe and Ni, 
showed that H,S in the atmosphere could interact 
dissociatively with both metallic and oxide surfaces 
of particles in the atmosphere. The ease with which 
H,S interacts with the different kinds of surface sug- 
gests that heterogeneous reactions play a major role 
in the oxidation of H2S in the atmosphere.15 There 
are instances when sulphide acts as a catalyst.‘6-‘8 

Therefore the contribution from the catalytic oxi- 
dation of hydrogen sulphide on the sample plate must 
also be considered. It is, of course, expected that small 
amounts of atmospheric SO2 and sulphuric acid mist 
are also adsorbed on the surface of the copper plate, 
as is found for sample No. 6 (Fig 36). 

Two reaction pathways are to be considered for 
the oxidation of hydrogen sulphide. One is hetero- 
geneous oxidation of hydrogen sulphide on the sur- 
face of the copper plate as mentioned above. The 
other is homogeneous photo-oxidation in the atmos- 
phere, followed by adsorption of the sulphur oxides 
on the copper plate. The oxidation following direct 
photolysis of H2S is unlikely to occur in the atmos- 

phere since this gas does not absorb ultraviolet radi- 
ation of wavelength longer than 260 nm. l9 It results 
from reaction of atoms or radicals produced by the 
photolysis of other species such as NO1 and H202 
in the following way: 

NOp -!!L NO.+ 0. 

H,O, hv 20H. 

The oxidation of hydrogen sulphide then proceeds in 
two steps:” 

H,S I SO, A SO,. 

The first step hardly occurs in the absence of the 
absorbing species mentioned above. However the 
second proceeds since SO2 has absorption bands at 
294 and 384 nm. Therefore if there are sufficiently 
high concentrations of oxidants such as NO2 and 0, 
in the area polluted with H,S gas, both hydrogen 
sulphide and sulphur oxides produced by photo-oxi- 
dation are adsorbed on the copper plate. Photo-oxi- 

dation is most likely to occur in urban districts where 
the concentration of oxidants such as NO2 is high. 

Copper 2p photoekctrorl spectru 

It is well known that the existence of copper 2p 
satellites is an easy guide for the determination of 
oxidation states of copper.‘,“’ The existence of satel- 
lites is associated with paramagnetic species. Cu(I1) 

has a paramagnetic 3d9 structure while Cu(I) has a 
filled 3d subshell. The copper 2p spectrum readily 
identifies Cu(I1) species, but fails to destinguish 
between Cu(0) and Cu(1). 

The surface of sample 1 shows the production of 
black sulphide. Since no satellites are observed in the 
copper 2p spectrum as shown in Fig. 3a, the reaction 
product should be not CuS but Cu,S. 
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Samples 2-6 have satellites in the copper 2p spec- 

trum, indicating the existence of Cu(I1). Moreover the 
peaks of Cu 2p,,, (ca. 954 eV) and Cu 2p,,, (cu. 
934eV) are broader than those of Cu(0). This is due 
to the appearance of new peaks having slightly higher 
binding energy. The peak height of the new peaks 
increases with the exposure times. Therefore these 
new peaks would indicate the formation of Cu(I) and 
Cu(II), because similar peaks are observed for a 
sample of copper exposed for a few days to air satu- 
rated with water vapour.” Broadening of peaks 
would be due to the superimposition of the peaks 
of Cu(O), Cu(I), and Cu(I1) with slightly different bind- 
ing energy. Since CuS and Cu2S04 are unstable and 
change into CuSO, in moist air, Cu,S and CuSO, 
are expected to be the predominant copper com- 
pounds containing sulphur. 

CONCLUSION 

In the areas polluted with hydrogen sulphide, hy- 
drogen sulphide liberated from the source diffuses 
into the atmosphere. In urban areas part of the gas 
is photo-oxidized in the presence of oxidants such 

as N02. However the photo-oxidation would be un- 
likely to occur in rural surroundings, where the con- 
centration of oxidants is low. There most of the gas 
falls on the surface of the earth. Thus hydrogen sul- 
phide is adsorbed on the copper plate. The adsorbed 
gas immediately reacts with metallic copper and the 
chemisorbed oxygen in the presence of the atmos- 
pheric moisture and oxygen, with the formation of 
Cu2S species and sulphur oxides on the surface of 
the copper. The Cu2S gradually changes into CuS04 
as the end compound during long exposure. Ad- 
ditional H2S is adsorbed on the Cu,S layers, and a 
part of it permeates to react with metallic copper. 
This adsorbed gas is oxidized catalytically on the sur- 
face of Cu,S to produce SO2 and S03. Thus the in- 
crement of sulphide is small, while the increment of 

sulphur oxides is great because of additive contribu- 
tions from the oxidation of Cu,S, the catalytic oxi- 

dation of H2S, and the atmospheric SO2 and sul- 
phuric acid mist. 

Thus XRF and XPS are valuable techniques for 

monitoring air pollution and understanding of the 
process of corrosion of copper. 
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Summary-The separation of gold by solvent extraction is reviewed. 

Liquid-liquid extraction, in favourable circumstances, 

combines a high degree of selectivity with the ability 

to concentrate minute amounts of material and to 

segregate the minor from the major constituents of 

complex mixtures. It is sometimes possible to find 

conditions such that a particular constituent of a mix- 
ture is removed exclusively and essentially quantitat- 
ively in a single extraction. Also it is easier than preci- 

pitation for handling large samples. 
The extracted metal ion is usually incorporated in 

a neutral chelate molecule or an ion-association com- 
plex. Ion-association systems may be of different 
types, but that in which the solvent plays a specific 
role is particularly important. The metal ion forms 
an anionic complex with anions such as chloride or 
nitrate, which then “associates” with a protonated 
oxygen-containing organic solvent such as an ether. 
The classic example of such a system is the extraction 
of iron from 6M hydrochloric acid with ether, where 
the complex HFeCl,(C2HJ20 is formed.’ A similar 
type of behaviour is also observed for gold.2,3 The 

formation of an extractable species by a suitable sol- 
vent would therefore depend on the efficiency of for- 
mation of such ion-association systems. The strength 
of the solute-solvent interaction will determine the 
extraction efficiency of the solvent used, or rather the 
distribution coefficient of the solute. It would be of 
great value to an analytical chemist to know before- 
hand the order of distribution coefficients of different 
solutes in various solvents. Some generalizations have 
been made by Morrison and Freiser.4 In a homolo- 
gous series, the lower members are more efficient sol- 
vents than the higher ones.5*6 A knowledge of the 
dissociation constant of the solvent complex in the 
organic phase is important since this may also affect 
the distribution coefficient.h-2’ Further, the two 
phases must separate quickly and efficiently, and this 
is dependent on several factors. Thus quick separation 
of phases is ensured by a larger interfacial tension** 
between them, low viscosity of the organic phase, high 
density difference between the two solvents, and low 
solubility of the organic solvent in the aqueous phase. 

Radiochemical, calorimetric and various spectro- 
metric methods (such as atomic absorption and flame 
emission) complement solvent extraction since the 
organic phase may be analysed directly. Solvent 

extraction is particularly well suited for the purifica- 
tion of radioisotopes. 

This review will be confined to the liquid-liquid 
extraction of gold, of which no comprehensive recent 
survey is available. though Beamish et al. earlier made 
a general review of the methods of separation and 
calorimetric determination of gold.23 

Studies on the solvent extraction of gold as its 
chloride complex were first reported by Lenher and 

Kao’ in 1926. They examined the extraction of gold 
into various esters, especially ethyl acetate. By this 
method gold can easily be separated from other ele- 
ments, e.g., Na, K, Mg, Ba, Fe, Al, Sr, Ca, Cr. Mn, 
Co, Ni, Zn, Hg, Cu. Cd, Pd, Bi, Sb, As, and Sn.. Use 
of ethyl acetate as an extractant for gold from hydro- 
chloric acid medium was studied by several other 
workers, who separated it from irradiated copper,24 
platinum,25 refined silver,*‘j fission products,*’ irra- 
diated biological materials,*’ rocks, minerals,2g,30 
sulphide ores, meteorites,31 petrochemicals3 * and sea- 
water.33 Ethyl acetate is, however, seldom used nowa- 
days, because of its solubility in water. 

Ether also finds application as a good extractant 
for gold.34.35 It is particularly useful in extracting 
gold from nitric acid solution; the distribution coeffi- 
cient is dependent on the acid concentration. The 
effects of temperature and salting-out agents have 
been studied and the complex HAu(NO,), has been 
postulated.36s37 

Methyl isobutyl ketone (MIBK) has been found to 
be very useful in extracting gold from waste cyanide 
solution.38 Here Au(I) is initially oxidized to Au(II1) 
by permanganate in hydrochloric acid medium. The 
method is, however, not free from interferences. Along 

with gold. Cr(VI), Mo(VI), Ga(III), As(V), Sb(V), 
Sn(IV), Se(IV), Te(IV) and Ge(IV) are also partially 
extracted. The extraction of Au(II1) by MIBK at dif- 
ferent hydrochloric acid concentrations has been stu- 
died.3ym43 The distribution of the gold depends on 
the concentrations of both the gold and the hydro- 
chloric acid, without a definite dependence on either 
alone. If an excess of hydrobromic acid is present, 
MIBK is very efficient.44 Maeck et a1.45 examined 
the extraction of Au(II1) as a quaternary ammonium 
salt (tetrapropylammonium) from ayrru regia medium 
into MIBK. A coloured complex is formed and is the 
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basis of a spectrophotometric determination. A com- 
plete recovery of Au(III) directly from aquu reyitr 

(diluted) medium with MIBK was reported4’ recently. 
the only interferences being due to the partial extrac- 
tion of Ag. As and Sb. 

Tributyl phosphate (TBP) in xylene, chloroform or 
iso-octane, and trioctylphosphine oxide (TOPO) in 
chloroform also find wide application” in the extrac- 
tion of gold. The species that is extracted is supposed 
to be of the form [H30+.3R,P0.yH,0][AuXi], 
where R is the butoxy or octyl group and X is chlor- 
ine or bromine. A solution of 50?, TBP in toluene 
was found48 to extract gold quantitatively from 3M 
hydrochloric acid containing lithium chloride as salt- 
ing-out agent. The great potentiality of alkylphos- 
phine oxides as analytical extractants has been uti- 
lized4Y in extracting Au(I) with tri-n-octylphosphine 
oxide or 2-ethyl-n-hexylphosphine oxide in cyclohex- 
ane. at different hydrochloric acid concentrations. 

The extraction of gold(l) cyanide into organic sol- 
vents’” containing tertiary amines has been studied. 
Au(I) is reported”‘,” to occur in the organic phase 

as HAUL, which is solvated with one molecule 
of tertiary amine. The extraction is dependent on the 
pH of the aqueous phase. The extraction of Au(I) 
cyanide by a series of quaternary ammonium salts 
has also been examined”3.‘4 and a trioctylmethyl 

ammonium salt was observed to be the most effective 
extractant. Groenewald5’ described a very sensitive 
method for extraction of gold from its cyanide solu- 
tion into a di-isobutyl ketone solution of trioctyla- 
mine (TOA) or trioctylmethylammonium chloride 
(TOMA). Ca and Mg (2 x IO-“h!) and Cu, Fe, Zn 
and Mn (2 x 10-3- 5 x IO-‘M) do not interfere. The 
solvent n-butyl acetate containing trioctylamine has 
also been founds’ suitable for the extraction of Au(I) 
cyanide directly. The aqueous phase has to be 
adjusted to pH 4 to ensure quantitative extraction. 
A highly selective method for the extraction of 

Au(II1) from sulphuric acid into a chloroform solu- 
tion of trioctylamine (TOA) has been described by 
Adam and PIibil.” 

Murphy and Affsprung5’ observed that a gold 
chloride complex forms a precipitate with tetra- 
phenylarsonium chloride, which can be extracted with 
chloroform. The extracted species is supposed to be 
the ion-pair [(C,H,), As’][AuCI,]. Interference due 
to iron is suppressed by means of fluoride and none of 
the platinum metals interferes when present in con- 
centration one tenth that of the gold. The same re- 
agent has been recommended ” for the substoichio- 
metric determination of gold after neutron activation. 
The presence of Sb, Te and nitrate, however. hindered 
the extraction. By using tetraphenylarsonium chloride 
Alimarin and Perezhogin”’ determined traces of gold 
in Pb, Bi, Cu and Zn. No interference was observed 
even when the primary base metals or osmium were 
present to the extent of - 1 g. The authors were able 
to determine 5 x IO- ” g of gold with an error of 

about _+5;6 by using the substoichiometric principle 
in neutron-activation analysis. 

In a study by Rakovskii et aL6’~“* the large 
organic tetraphenylguadinium cation (TPG) was 
used for substoichiometric extraction of gold as 

[Au(SCN),][TPG+] into chloroform. but it was 
observed that the presence of Pd hindered the separ- 
ation of the phases. No such problem occurred in 
the substoichiometric extraction of AuCl, with TPG 
in I ,2-dichloroethane. 

A solution of tetrabutylammonium perchlorate 
in chloroform can be used as an ion-association 
extractant for tetrachloroaurate(II1). Bravo and Iwa- 
motoh3 showed that the distribution coefficient 
can be increased to 3 x lo3 by variation of the 

11Bu4N+ICC10~1),,,~[C10~l.,,, ratio. 
The reagent p-dimethylaminobenzylidenerhodanine 

in isoamyl acetate was found to be a selective extrac- 
tant for gold from hydrochloric acid medium by Cot- 
ton and Woolf.64 Poluektov,6’ however, preferred to 
use the reagent in benzene-chloroform medium for 
separation of gold in presence of a few drops of 1M 
nitric acid. 

A method of determination of gold with Cu, Zn 
or Hg-diethyldithiocarbamate (DDC) in acid 
medium by means of radiometric titration, using 

tetrachloromethane as the solvent has been de- 
scribed.“.” End-points corresponding to molar 
Au:DDC ratios of 1: I and 1:2 were observed on the 
titration curve of gold(II1) when DDC was used as 
the titrant. The compounds formed successively are 
[CI?Au(DDC)] and [Au(DDC),]+Cll. The first com- 
pound is completely extracted into trichloromethane 

or benzene and the extractibility of the second com- 
pound increases with increasing solvent polarity. 
Gold(I) forms only one compound with DDC, 
AuDDC. For determination of gold present as im- 

purity in beryllium metal, Negina and Zamyatninah8 
used the reagent in chloroform. Eugene’” also used 
Cu- DDC solution for substoichiometric separation of 
gold isotopes from irradiated meteorites. 

Selective extraction of gold with a solution of 
0.01~-1121 dibutyl sulphide from hydrochloric acid 
medium has also been reported.‘“.” Either chloro- 
form or benzene may be used as the diluent. 

Block rt ~1.‘~ also studied the distribution of many 
metal bromides, including that of gold, at various 
hydrobromic acid concentrations. The percentage of 
gold extracted into the organic solvent varies from 
99.5% to 99.9% in the hydrobromic acid concen- 
tration range ll3M. 

The extraction properties of a number of ele- 
ments with dibutyl phosphorothioic acid was studied 
by Handley.73,74 The relative order of extraction 
was found to be Pd(II) z Au(II1) > Cu(I) > Hg(I1) > 
Ag(1) > Cu(I1) > Bi(II1) > Pb(I1) > Cd(I1) > Ni(I1) 
> Zn(I1). 

The various systems referred to above are summar- 
ized in Table I. 
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Table I. Extraction systems 

Aqueous phase Organic phase Sample studied References 

2-7M HCl Diethyl ether 
2M HCl Diethyl ether 
8M HCl Diethyl ether 
HCI Diethyl ether 
HBr Diethyl ether 
HI Diethyl ether 
8M HNOs Diethyl ether 
Aqua rrgia Diethyl ether 
HCl Isopropyl ether 
7-7.5M HCl Di-isopropyl ether 
HI Methyl isopropyl ether 
IM HCl Ethyl acetate 
HCI Ethyl acetate 
HCl Ethyl acetate 

226M HCI, HN03 Ethyl acetate 
Ethyl acetate 
Ethyl acetate 
Ethyl acetate 
Ethyl acetate 
Ethyl acetate 

3M HCI 
H$O,-KI 
HCI 
&8M HCI 

HCl, HNO,, KClO,-KI 
Ph,iso-PrPCl, NaCNS 
HCI 
4% HCI 
HCI 
Aqua rvgia 
HCI 
0.5-8M HCl 
HBr 
3M HCl 

HNO, 
7M HCI 
HCl 
H$O, 
H,SO, 
HISO, 
O.IM HCl 
HCI. HBr 

0.01 M HCl 

HCI 

0.01 M HCI 

5.3M HCl 

HSCN 

0. I -6M HCl 

0.551 M HCI 
HCI 

Isoamyl acetate 
Toluene 
Aliphatic esters 
Benzene. carbon tetrachloride, 
n-heptane, chlorobenzene, 
o-dichlorobenzene, nitrobenzene 
Carbon tetrachloride 
Benzene or toluene 
Butyl acetate 
Ether or ethyl acetate 
Isoamyl alcohol 
Methyl isobutyl ketone 
Methyl isobutyl ketone 
Methyl isobutyl ketone 
Methyl isobutyl ketone 
Methyl-isobutyl ketone, 
methyl-n-amyl ketone, 
methyl-n-hexyl ketone, 
butyl acetate. 
ethyl acetate 
Dibenzyl sulphoxide 
Tribenzylamine (TBA) 
Di-n-octyl sulphide 
Dithizone/chloroform 
Dithizone/chloroform 
Dithizonejchloroform 
Dithizone/chloroform 
Tributyl phosphate/xylene/ 
carbon tetrachloride/ 
iso-octane 
Trioctylphosphine oxide 
(TOPO)/chloroform 
Tetrabutylammonium 
perchlorate/chloroform 
Tetraphenylarsonium 
chloride/chloroform 
Tetraphenylarsonium 
chloride/benzene 
Tetraphenylguanidium salt 
(TPG)/I.2-dichloroethane 
Tetraphenylguanidium salt 
(TPG)/chloroform 
Dibutyl sulphide/chloroform. 
benzene 
Dibutyl sulphide/benzene 
Crystal Violet or Methyl 
Violet/benzene or toluene 

Rocks, meteorites 
Quartz 
Impurities 
Platinum metals, mercury 
Aluminium 

Platinum 

Silicon 

Palladium. platinum 
Copper 
Igneous rocks. meteorites 
and sulphide ores 
Iridium, platinum 
Sea-water 
Marine organisms 
Biological materials 
Lead 
Associated fission 
products 

Mercury 

1277131 
34 
81 
3. 7. 8. 82 
35 
xx 
36, 37 
25 
95. 97 
94 
107 
132 
24 
29-31, 83, 85.-87, 
102, 103. 124 
84 
33 
104 
2x 
105 
27 

93 
100 
5 
75 

Silicon 
Gold alloys 
Ores 

Platinum, lead 
Ore 
Ore 

Cyanide waste 

Bismuth 

Ores 
Low grade ores 

Platinum metals, iron, etc. 

Natural specimens 

Rock samples 

92 
133 
135 
140 
136 
46 
116-121 
39.-4 I 
44 
38 

98 
123 
80 
III 
108. 109. 112 
110, 113 
141 
47 

63 

58-60, 122 

76 

61. 62 

79 

70 

71 
134 
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Table l-continued 

Aqueous phase Organic phase Sample studied References 

HCI 

HCI 

HCI 

H,S04, HCI 

IM HISO,. 
0.1M HCIOl 

Aqua rrgia 

I -7M HCI 

PH 4 

Aqua regiu 

0.12M HCI 

0.1M HNO, 

HBr 

6M HCI 

HCI 

Phenyl-r-pyridyl ketoxime/ 
chloroform 
Diethyldithiocarbamate/ 
chloroform 
Diethyldithiocarbamate/ 
chloroform 
Diethyldithiocarbamate/ 
chloroform 
Cu. Zn or Hg--diethyl 
dithiocarbamate/ 
chloroform or benzene 
Cupdiethyldithiocarbamate 
Trioctylamine (TOA) or 
trioctylmethylammonium 
chloride (TOMA)/di-isobutyl 
ketone 
2-Ethyl-n-hexylphosphine 
oxide or tri-n-octyl 
phosphine oxide/cyclohexane 
Trioctylamine (TOA)/n-butyl 
acetate 
Tetrapropylammonium/methyl 
isobutyl ketone 
p-Dimethylaminebenzylidene- 
rhodanine/isoamyl acetate 
p-Dimethylaminebenzylidene- 
rhodaninefienzene-chloroform 
Polyoxyethylene glycol/ 
dichloromethane 
Polyoxyethylene glycol/ 
dichloromethane 
Dibutyl carbitol(diethylene 
glycol dibutyi ether. butex) 

115 

Beryllium 6X 

x9 

Biological materials, lead. 90. 96, 126 
silica and rocks 
Biological materials and tin 66. 67 

Meteorites 69 
Geological samples 55 

49 

56. 99 

45 

64, 7X 

65 

13X 

139 
Precious metal concentrate 144 

PH 6 
3M HCl 
HCI 
HCI 

HCl 
HCN 

HCI 

HBr 

8M HN03 

H,SOh 

Phenylacetic acid (PAA)/chloroform 142 
Ethyl acetate 143 
Tri-n-butyl phosphate (TBP) 145. 146 
Tri-n-octyl phosphine oxide/toluene 147 
Mesityl oxide (4-methyl-3- 91 
penten-2-one) 
Primene JM-T/xylene 77 
Bis( I -isobutyl-3,5-dimethyl- 101 
hexyl)a&ne/kerosene 
8.Mercaptoquinoline/chloroform, II4 
benzene. (‘I(‘. 
Iron(II~I,IO-phenan- Elements other than 106 
throline/chloroform platinum metals 
Mercaptans, RSH (R = Bu, 14X 
dodecyl and tert.-dodecyl) 
O,O,S-Triethyl thiophosphate 149 
Tributyl phosphate/carbon 137 
tetrachloride 
Petroleum sulphoxides/C,-C8 Technological waste 150 
alcohols solution 

I. 

2. 

3. 
4. 

5. 

6. 

7. 
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As shown in a review,’ one of the most well-known and 
useful amplification methods is the reaction in which’ 
iodide ions are oxidized to iodate ions by chlorine or bro- 
mine. After removal of excess of the oxidant, the iodate 
ions formed are reduced by addition of more iodide ions, 
in acid medium, to give three molecules of iodine for each 
original iodide ion. This method has often been applied 
indirectly to other ions which show a quantitative relation- 
ship with iodide. For example, Gawargious’ recently 
applied an indirect amplification for determination of 
arsenic by oxidizing arsenite ions to arsenate ions with 
iodine. After extraction of the excess of iodine, the iodide 
amplification reaction was applied. 

In the present work, thiocyanate and thiosulphate ions 
are oxidized by iodine in alkaline solution to sulphate ions. 
In both procedures, the excess of iodine is extracted with 
chloroform; the iodide ions resulting from the redox reac- 
tion are retained in the aqueous phase and then the ampli- 
fication reaction is applied. 

Thiocymute 

In a hydrogen carbonate medium (pH 8.2), thiocyanate 
ions are oxidized by an excess of iodine to sulphate ions? 

SCN- + 41, + 4H,O+ SO:- + ICN + 71- + 8H+ 

On acidification with sulphuric acid to pH 2.5, which is 
necessary for the subsequent amplification reactions, the 
iodine cyanide reacts with iodide ions to give iodine and 
hydrocyanic acid: 

ICN+I-+H++I,+HCN 

This molecule of iodine together with the excess of iodine 
is extracted into chloroform. Hence the overall reaction 
can be considered to be 

SCN- + 31, + 4HZO+SO:- + 61- + 7H+ + HCN 

Bromine water is added to this aqueous solution to oxidize 
iodide ions to iodate ions: 

3Br, + I- + 3H,O-+ IO; + 6H+ + 6Br- 

and to convert hydrocyanic acid into bromine cyanide: 

Br, + HCN-+BrCN + H+ + Br- 

Finally, after the destruction of the excess of bromine with 
formic acid, potassium iodide is added and the following 
reactions take place: 

IO; + 51- + 6H+ + 31, + 3H,O 

BrCN + 21- + H+ + IZ + HCN + Br 

Thus from each original thiocyanate ion, 19 molecules of 
iodine are obtained. 

Thiosulphate 

In sodium hydroxide solution (pH 12), iodine forms 
hypoiodite ions, which oxidize thiosulphate ions to sul- 
phate ions:“ 

I, + 20H- -+OI- + I- + HZ0 

S,O:- + 4OI- + 20H- -+ 

2SO:- + 4I- + HZ0 (1) 

On acidification, the excess of hypoiodite is converted into 
iodine, which is then extracted into chloroform. The ampli- 
fication reaction is then applied to the iodide left in the 
aqueous solutions. Hence each original thiosulphate ion 
gives rise to 24 molecules of iodine. 

Investigation of reaction conditions 

Eflect of pH. The oxidation reactions described are car- 
ried out in alkaline medium, and because iodine oxy- 
anions are involved the oxidation potentials will be inde- 
pendent of the pH, and the reactions possible will be dif- 
ferent from those in acidic solutions. In alkaline solutions, 
iodine is capable of oxidizing thiocyanate and thiosulphate 
ions to sulphate ions. However, the pH values required 
are different. For thiocyanate, a hydrogen carbonate 
medium (pH 8.2) is sufficiently alkaline for the oxidation. 
At higher pH values, for example, in sodium hydroxide 
solution (pH 12), inconsistent results are obtained after dif- 
ferent reaction times, as shown in Table 1, and in acidic 
medium (pH 5 acetate buffer) the results are low (Table 
1) because sulphate is not the end-product and a smaller 
consumption of iodine is to be expected. 

Table 1. Effect of pH on oxidation of thiocyanate and 
thiosulphate ions by iodine 

Solution added 
(10ml) 

NaOH (1M) 
NaHCO,( 10% v/v) 
Acetate buffer 
H2S0,(0.1N) 

Titration volume, ml, for 

PH SCN-* s,o:-t> 

12 6.7-9.51_ 9.65 
8.2 7.40 4.00 
5.0 4.5 
1 2.40 

* Expected value for 22.5pg of SCN- is 7.39 ml of 
2 x lo-‘M Na2S,0,. 

t Oxidation period varied from 30 min to 9 hr. 
2 Expected value for 44.8 pg of S,O:- is 9.60ml of 

2 x 10m3M Na,S,O, for oxidation to SOi- and 2.40ml 
for oxidation to S 02-. 4 6 
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Table 2. Range of applicability of the thiocyan~te 
determinations 

Thiocyanate 
taken, w 2.7 4.5 9.0 22.5 45.0 90.0 
No. of deter- 
minations 3 3 3 11 3 2 
Mean 
recovery, ‘x 103.2 100.6 99.8 99.7 99.2 98.8 
(titration) 
Mean 
recovery, % 98.8 100.f 97.4 99.9 1GO.f loo.4 
(spectropho- 
tometry) 
Final volume 
for spectro- 50 loo 100 250 500 1000 
photometry, ml 

For thiosulphate oxidation. a sodium hydroxide solution 
(pH 12) is necessary; hydroxide ions participate in the 
redox reaction [reaction (I)]. Low results are obtained in 
a hydrogen carbonate medium, as shown in Table 1. In 
acidic medium (pH l), two thiosulphate ions are oxidized 
by one molecule of iodine, to the tetrathionate ion (Table 
1). 

After complete oxidation of either anion by iodine, acidi- 
fication to <pH 2.5 is necessary. The excess of hypoiodite 
is converted into iodine, which is then extracted by chloro- 
form. The remaining aqueous solution is suitable for the 
amplification reaction as described above, and the iodine 
formed is titrated with standard thiosulphate solution or 
measured spectrophotometrically.” 

The extraction of iodine was originally done by using 
four 1%ml aliquots of chloroform and shaking momentar- 
ily until the aqueous and organic phases were thoroughly 
mixed. The blank titration obtained by this procedure was 
1.552.0ml of 2 x 10-3M sodium thiosulphate. Increasing 
the number of extractions and the volume of chloroform 
gave no improvement. However, with a I-min shaking at 
each extraction, four IO-ml diquots of chloroform gave 
a blank of OS-O.6 ml of 2 x 10-3M thiosu~~hate. The use 
of different mineral acids for acidification, such as sul- 
phuric or perchloric acid, fed to no significant difference 
in the blank. 

The coefficients of variation were calculated for eleven 
measurements of both ions. For 22.5 &g of thiocyanate, the 
coeflicient of variation obtained by the titrimetri~ method 
was 0.6?& and that by s~ctrophotometry was 0.X?,& For 
44.8 /tg of thiosuiphate, the coefficient of variation for the 
titrimetric finish was 0.7%; for 33.6#g and the spectro- 
photometric finish, it was 0.9%. 

The determination of both anions was essentially at the 
trace level. The results were quantitative (> 98.50/ recov- 

cry) in the ranges 2.7-90 pg (> 98.5‘;,; recovery) for thio- 
cyanate and 4.5.-9Opg for thiosulphate (Tables 2 and 3). 

irrterf>rence.s 
The following cations and anions in fOO-fold weight 

ratio to the ion being determined did not interfere in the 
determination of 23 pg of thiocyanate: CdZ+, Pb’ +, En2 +. 
Ca’+, Crs’, Co’+, Na+, K+, Cl-, Br-, NO;, SO:-, 
CO:-, ClO;. Fe3+, Cu’+ and Hg:* interfered, as did 
anions which participated in redox reactions with iodine. 
such as SaO:-, SO:-, SZ- and As@-. These anions (and 
thiocyanate, but, of course, not thiosui~hate~ also inter- 
fered in the determination of 45itg of thiosu~phate, but 
of the cations tested, onfy Fe3 + and Hg:’ interfered. 

EXPERIMENTAL 

Reagents 

Potassium thiocyanate. The analytical-reagent grade 
material, dried under vacuum at 80” for 24 hr, was weighed 
out f7.557 mg) by microbalance and dissoIved in 1 Ooo ml 
of distilled water. This stock solution was stabte over a 
long period. 

Sodium thiosulphate. A O.lM solution prepared from 
standard ampoules (and stabilized with sodium carbonate), 
was diluted to 2 x 1K3M. This solution is stable for two 
weeks when kept in the dark. A 2 x lW4~W sohttion must 
be prepared daily and was used as the stock solution for 
investigation af the determination of thiosulphat~. All solu- 
tions were standardized against the potassium iodate solu- 
tion. 

~~t~ss~u~ iodate. The analytical-reagent grade material, 
dried at 180” was weighed out f0.2354g) and dissolved in 
1OOOml of distilled water. This stock solution is used for 
standardizing the thiosulphate solution and for the spec- 
trophotometri~ calibration curve. 

Amptijcufion procedures 

Thiocyunate (2.7-9Opg). In a 25&m) separating funnel, 
mix 10 ml of 10% sodium hydrogen carbonate solution and 
thiocyanate solution containing not more than 9Occg of 
th~ocyanate. Add 3 drops [O.S ml) of saturated iodine solu- 
tion in chloroform and mix well by shaking. After 5 min, 
add 4 ml of 4iV sulphuric acid; extract the iodine released, 
with four IO-ml portions of chloroform, shaking consis- 
tently for 1 min at each extraction. Completely transfer the 
aqueous layer to a lOO-ml stop~ered-masks add I ml of 
saturated bromine water and swirl periodically during the 
next 5 min. Add 3 ml of SOY;, formic acid to destroy the 
excess of bromine, and add 1.5 g of potassium iodide (ana- 
lyti~i-reagent grade). Titrate the solution with 2 x 10-“M 
thiosulphate after 5min fl m) of 2 x W3M Na&U, 
solution = 3.04 pg of SCN-). Alternatively, dilute to a stan- 
dard volume equivalent to a thiocyanate concentration of 
0.1 ppm and measure the absorbance of the solution at 
350nm in a IO-mm glass cell with distilled water in the 
reference cell;’ obtain the iodine concentration (and hence 

Table 3. Range of applicability of the th~osu~phate determinations 

Thiosulphate 
taken, 1-(8 4.48 13.4 22.4 33.6 44.8 89.6 
Mean 
recovery, “/, 98.9 (2) 97.2 (2) 102.5(12) 99.2 (4) 99.8 (11) 99.2 (2) 
(titration)* 
Mean 
recovery,? 7; 97.8 97.8 98.9 99.3 I0f.O 102.1 
~spectro~hotome~y~ 
Final volume for 
spectrophotometry. ml 50 100 250 250 250 500 

* Number of determinatjo~s is shown in brackets. 
t Mean of 3 results (11 results for 44.8 pg). 
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the thiocyanate concentration, SCN- = 191Z) from a calib- 
ration graph, obtained as described below. 

Apply the whole procedure to a blank of distilled water 
and subtract the reading from that obtained for the sample 
reading. 

~~~us~~~~ur~ (4.5-90 pg). Use the procedure described 
for thiocyanate but add 10ml of 1M sodium hydroxide 
in place of the sodium hydrogen carbonate solution, and 
use 7 ml of 4N sulphuric acid for the acidification. (Titri- 
metry: 1 ml of 2 x 10w3M Na,S,03 = 4.66 pg of S,Oi-; 
spectrophotometry: S@- = 241,.) 

S~ecfropho~ometric calibration procedure. Pipette exactly 
2.5, 5, 8, 10, 12, and 15-ml portions of the stock potassium 
iodate solution into a series of 100-ml volumetric flasks. 
Dilute with distilled water to about 50ml. Add 1.58 of 
potassium iodide (analytical-reagent grade) to each solu- 
tion followed by 5 ml of 2N sulphuric acid, and make up 

to 100ml with distilled water. After 5 min measure the 
absorbance of each solution at 350nm in a lo-mm glass 
cell with distilled water in the reference cell, and prepare 
a calibration graph of absorbance against iodine concen- 
tration (1 mole of KIO, - 3 moles of I,; 1 ml of standard 
KI03 solution = 3.3 x 10m6 mole of IZ = lOOmI of 
3.3 x 10m5M IZ = 0.118ppm SCN- = 0.154ppm S,O:- 
in the final solution measured). 
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Summary--Thiocyanate (2.7-90 pg) and thiosulphate (4.5-90 fig) ions are oxidized by iodine in alkaline 
media to sulphate ions. After acidification, the excess of iodine is extracted into chloroform, and the 
iodide ions formed in the redox reaction subjected to an amplification reaction. Either a titrimetric 
or a spectrophotometric finish may be used. Each thiocyanate and thiosulphate ion results in the 
ultimate production of 19 and 24 iodine molecules, respectively. 
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In quest of new chromogenic reagents of the ferroin type 
it became of interest to consider ~4,~trisubstituted pyrimi- 
dines containing combinations of pyridyl, phenyl, and 
methyl groups. Twelve of the eighteen possible compounds 
in this group possess the desired ferroin chromophoric 
group. Nine of these, because of steric considerations, 
should prove chromogenic only for copper(I). To test this 
hypothesis, and with a view also to providing new copper- 

specific chromogenic reagents, the preparation of as many 
of these nine as possible was undertaken. 

Successful synthesis of five of the desired compounds 
was achieved by the action of an amidine hydrochloride 
on an unsaturated ketone in the presence of alkali, a pro- 
cedure previously demonstrated effective in synthesis of 
4-phenyl-2,6-bis(2-pyridy1)pyrimidine.l Thus acetamidine 
hydrochloride with pyridylacetophenone’ yielded 2-meth- 

Table I. Synthesis and analysis of new chromogens 

RZ 

R,CH=CHCOR, + 
/NH2 

R,C\ 
NH -R,@ R, ?L 

Yield, m.p., Crystn. Calculated . 
Compound R, 

7 Y 
R> R3 soivent 

Found, ‘t( 
% “C FOrtllUia c H N f H N 

G% 2.C&N 40 90 CH,OH C,,H,,NI 77.7 5.30 17.0 77.5 5.2 17.1 
2.C,H,N 2.CrHaN 40 138 CH,OH CI~HIINI 72.6 4 87 22.6 72.3 5.0 22.8 
CeHq 2-CdI*N 56 217 Methyl Cz,HsrN, 81.3 4.89 13.6 81.5 4.8 13.7 

Cellosolve 
2-C&N 2GHaN 40 283 Methyl CXOHIINI 71.4 4.55 IS.1 17.4 4.7 

Callosolve 
18.3 

Ce,Hr can< 22 158 CH,OH CxH,sNs 81.5 4.89 13.6 81.7 4.8 13.8 
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the thiocyanate concentration, SCN- = 191Z) from a calib- 
ration graph, obtained as described below. 

Apply the whole procedure to a blank of distilled water 
and subtract the reading from that obtained for the sample 
reading. 

~~~us~~~~ur~ (4.5-90 pg). Use the procedure described 
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yl-4-phenyl-6-(2-pyridyl)pyrimidine (I) and 2-methyl-4,6- 
his@-pyridyl)pyrimidinc (II) with pyridalacetylpyridine.2 
From benzamidine hydrochloride and benzalacetylpyri- 
dine2 or p~idalac~tophenon~. 2,4-diphenyi-6-(2-pyridyl~ 
pyrimidin~ (III) resulted. From benzamidine and pyridal- 
acetylpyridine, 2-ph~nyl-4,6-bis(2-pyridyl~yrimidine (IV) 
was the result. Picolinamidine hydrochloride and benzal- 
acetophenone yielded 2-(2-pyridyl)-4,&diphenylpyrimidine 

(VI. 
Attempts to use 3-pentene-2-one, benzalacetone, or cro- 

tonophenone in the same general procedure as above to 
prepare other compounds desired were unsuccessful. Pyri- 
dalacetone’ was unavailable. Further attempts to condense 
the amidines previously mentioned with various diketones 
by the method of Pinner4 or of Haley and Maitland’ were 
also unavailing. 

The chromogenic reactions of the successfully synthe- 
sized compounds have been evaluated with various metal 
ions. and the results are reported here. 

EXPERIMENTAL 

Prrpuration of trisuhstitutrd pprimidines 

A mixture of 0.005 mole of amidine hydrochloride, 0.1 
mole of unsaturated ketone, 0.01 mole of potassium hyd- 
roxide, and 25 ml of ethanol was heated for 3 hr on a 
steam-bath. After evaporation of half the alcohol, an equal 
volume of water was added. The resulting precipitate was 
filtered off, dried and crystallized from the solvent indi- 
cated in Table 1. I and V gave oils, which were extracted 
with ether; the ether was then evaporated and the residue 
crystallized from the solvent indicated. In the preparation 
of II. sodium ethoxide was substituted for potassium hyd- 
roxide. Elemental analyses, yields, and melting points are 
listed in Table I. 

Chelutiorl studies 

The procedures, reagents, and standard solutions have 
been described before.b Spectra were recoided with a Cary 
Model 14 spectrophotometer. 

RESlJLTS AND DISCL’SSlON 

All five of the new compounds yielded coloured com- 
plexes with copper(I) but not with any other ion in tests 
with dilute metai ion solutions. Thus the expectation that 
these would prove to be specific chromogens for copper(I) 
proved valid. Such specificity undoubtedly arises because 
the bulky methyl or phenyl substituents adjacent to the 
co-ordinating nitrogen atoms in the ligands sterically 
hinder complete attainment of octahedral (but not of tetra- 
hedral) co-ordination of bidentate ligands. Copper(I) 
readily accommodates to tetrahedral co-ordination and is 

the only metal ion to be both fully complexed and to give 
an intense colour. This type of specificity has been 
observed previously for numerous examples of similarly 
substituted ferroin-type compounds.’ 

Compound III lacks sufftcient solubility in aqueous 
media to be used as a practical calorimetric reagent. Reli- 
able spectral data could not be obtained for its brown 
copper(I) chelate, because it proved insoluble in all solvents 
tested. 

The results of studies to determine optimum formation 
conditions and spectral characteristics of the copper(I) che- 
lates are summarized in Table 2. Two of the compounds, 
I and II. exhibit properties attractive for analytical appli- 
cation as copper reagents. Absorbances of their copper(I)- 
chelate solutions follow Beer’s law and are sufficiently high 
to allow detection of 1.1 x IO-‘A4 copper(I), with a path- 
length of 1 cm and an absorbance of 0.010. They compare 
favourably in sensitivity with previously reported copper- 
specific chromogens.‘.* 

The results are also of interest in providing further 
guidelines for synthesis of new and perhaps superior re- 
agents. For example, the results for 111. IV and V clearly 
indicate that a phenyl group ortho to a fcrroin group will 
exert an adverse influence on the absorptivity of the cop- 
per(I) chelate, and reduce the solubility and stability. In 
the case of IV it is observed that its copper(I) chelate disso- 
ciates appreciably on moderate dilution with ethanol, an 
indication of its low stabiiity. For the spectral study of 
this chelate, the alcohol content of the solutions was kept 
to a minimum to reduce fading but still provide sufficient 
solubility for the complex. Under these conditions it was 
necessary to filter off the excess of IV, which precipitated, 
before spectral measurement of its chelate. 

Another interesting feature is that, unlike most copper(I) 
chelates with ferroin-type ligands, the chelates of II and 
IV are only partially extractable into isoamyl alcohol. Fur- 
thermore the extracts differed in colour from the aqueous 
phase. The low extractability and solvent-dependent spec- 
tral characteristics of these two copper(I) chelates are 
believed to be associated with either the unto-ordinated 
pyridyl or the non-utilized second ferroin group that each 
of their ligands possesses. 
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Table 2. Properties of copper(I) chelates 

Chelate pH for colour formation Principal absorption band* 
Ligand colour Range Maximum colour Wavelength, nm f, I.molr- ‘. cm- ’ 

I Orange-brown 3-8 5-7 484 8,700 
II Purple 3-9 3-7 495 8,800 
III Brown (ppte.) 4-8 t t t 
IV Violet 3-8 4-7 510 2,800 
V Orange-brown 3-12 &-I 425 5,200 

* Chelate solutions prepared with pH 7 buffer and diluted to volume with I : t ethanol-water. 
t Chelate lacks suitable solubility for reliable measurement. 
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Summary-Preparation and metal-ion chromogenic properties of five new 2,4,6_trisubstituted pyrimi- 
dines containing pyridyl and methyl or phenyl groups are described. All five exhibit specific chromo- 
genic reactions with copper(I), and two possess suitable characteristics for use as sensitive spectrophoto- 
metric copper reagents. The results obtained are also of interest in designing related chromogenic 
reagents 
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3-PHENYL-5ISOXAZOLON4-CARBOXYLIC ACID ETHYL ESTER AS 
A SELECTIVE REAGENT FOR THE SPECTROPHOTOMETRIC 

DETERMINATION OF IRON(II1) 

F. CORIGLIMW and S. DI PASQUALE 

Istituto de Chimica Analitica, Universita di Messina, Italy 

(Received 20 October 1975. Accepted 30 October 1975) 

Earlier studies have shown that 3-phenyl-5-isoxazolon+ 
carboxylic acid ethyl ester (HIS) (I) is a monoprotic 
medium strong acid which reacts as a ligand with iron(III), 
giving three successive complexes.’ The uncharged species 
is extractable into methyl isobutyl carbinol (hexol) as a 
red chelate. The reaction is selective and sensitive. Under 
suitable conditions, the reagent can be used for the spectro- 
photometric determination of iron(II1). 

(I) 

EXPERIMENTAL 

Reagents 

Standard iron(llZ) solutions. Precipitated iron(II1) hyd- 
roxide was dissolved in hydrochloric or perchloric acid. 
The solutions obtained were then standardized gravimetri- 
tally. 

3-Phenyl-5-isoxazolon-4-carhoxylic acid ethyl ester. The 
reagent was synthesized by the method of Stagno d’Al- 
contres et aL2 and recrystallized from diethyl ether. A stock 
solution (O.OlM) was prepared by dissolving the appro- 
priate amount of the reagent in methyl isobutyl carbinol 
(hexol). 

Bugler solutions. Potassium hydrogen phthalate (O.lM) 
and hydrochloric acid or sodium hydroxide solutions were 
used to prepare buffer solutions of pH 2.2-5.0. 

All other chemicals used were analytical-reagent grade. 

Procedure 

To a suitable ahquot containing 13.5-135.0 pg of iron, 
add 10.0 ml of O.OlM solution of HIS in hexol, keeping 
the pH at 2.2-5.0 with a buffer solution. Make the volumes 
of both phases 10 ml and shake for 5 min. Separate the 
organic layer and measure its absorbance at 490 nm 
against a hexol blank. Calculate the iron concentration 
from a previously prepared calibration curve. 

RESULTS AND DISCUSSION 

Absorption spectra and reaction conditions 

The complex exhibits maximum absorbance at 490 nm 
where the reagent does not absorb. The colour of the com- 
plex in the organic phase is stable. 

The absorbance at 490 nm is constant over the pH range 
2.2-5.0 for IO-IM HIS concentration. For general pur- 
poses, full colour development requires a total reagent con- 
centration 2 1.4[Hf] + 0.003 + 3[Fe(III)], as revealed 
by equilibrium studies.’ A further excess does not interfere. 

The system adheres to Beer’s law up to 15.0 ppm ot 
iron. The optimum range for accurate determination, as 
evaluated from a Ringbom plot, is 1.35-13.5 ppm. The sen- 
sitivity of the colour reaction is 0.013 pg/cm2 (at 490 nm), 
with molar absorptivity 4.2 x IO’ l.mole~‘.cm~‘. 

The precision of the method has been checked by mea- 
suring the absorbance of 10 samples, each containing a 
final concentration of 6.7 ppm of iron. The mean absor- 
bance was 0.500 with standard deviation 0.007. 

Composition and imtability comtauts 

The values of the partition coefficient (5.5) and dissocia- 
tion constant (1.4 x lo-‘) of HIS, the formula of the 
extracted complex, (Fels,), its partition coefficient (10.5) 
and formation constant (5.6 x 109) have been obtained by 
partition methods.‘.3 The formation of higher complexes 
than the neutral species can be ignored owing to the main- 
tenance of unvarying metal distribution at higher ligand 
concentration and PH.~ This is consistent with the chelat- 
ing properties of the l&and. 

Effect of other ions 

The effect of various ions was studied at pH 2.5. The 
general procedure was followed, except that the solutions 
of foreign ions were added before the reagent solution. 
The method is selective. 

With 6.0 ppm of iron(III), the following ions present 
in the amounts (in ppm) shown in parentheses did not 
cause a deviation of more than +2”/, in absorbance from 
that expected: borate (250) nitrate (3000). nitrite (2000) 
phosphate (1000) arsenate (4000). sulphate (SOOO), chloride 
(3000). bromide (ZOOO), thiocyanate (2000) acetate (4000) 
tartrate (SOOO), citrate (4000) cyanide (300) fluoride (100). 
oxalate (200) Ag (500). Tl(1) (3000). Mg (1000) Ca (2000). 
Sr (4000), Pb (1500). Mn(I1) (2500). Fe(l1) (2500). Cd (SOGO), 
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The complex exhibits maximum absorbance at 490 nm 
where the reagent does not absorb. The colour of the com- 
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The absorbance at 490 nm is constant over the pH range 
2.2-5.0 for IO-IM HIS concentration. For general pur- 
poses, full colour development requires a total reagent con- 
centration 2 1.4[Hf] + 0.003 + 3[Fe(III)], as revealed 
by equilibrium studies.’ A further excess does not interfere. 

The system adheres to Beer’s law up to 15.0 ppm ot 
iron. The optimum range for accurate determination, as 
evaluated from a Ringbom plot, is 1.35-13.5 ppm. The sen- 
sitivity of the colour reaction is 0.013 pg/cm2 (at 490 nm), 
with molar absorptivity 4.2 x IO’ l.mole~‘.cm~‘. 

The precision of the method has been checked by mea- 
suring the absorbance of 10 samples, each containing a 
final concentration of 6.7 ppm of iron. The mean absor- 
bance was 0.500 with standard deviation 0.007. 

Composition and imtability comtauts 

The values of the partition coefficient (5.5) and dissocia- 
tion constant (1.4 x lo-‘) of HIS, the formula of the 
extracted complex, (Fels,), its partition coefficient (10.5) 
and formation constant (5.6 x 109) have been obtained by 
partition methods.‘.3 The formation of higher complexes 
than the neutral species can be ignored owing to the main- 
tenance of unvarying metal distribution at higher ligand 
concentration and PH.~ This is consistent with the chelat- 
ing properties of the l&and. 

Effect of other ions 

The effect of various ions was studied at pH 2.5. The 
general procedure was followed, except that the solutions 
of foreign ions were added before the reagent solution. 
The method is selective. 

With 6.0 ppm of iron(III), the following ions present 
in the amounts (in ppm) shown in parentheses did not 
cause a deviation of more than +2”/, in absorbance from 
that expected: borate (250) nitrate (3000). nitrite (2000) 
phosphate (1000) arsenate (4000). sulphate (SOOO), chloride 
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oxalate (200) Ag (500). Tl(1) (3000). Mg (1000) Ca (2000). 
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Hg(l1) (4000), Al (2000), As(III) (2000), Bi (200), Cr(III) at lower pH (1.5) and/or higher reagent concentration 
(2000), La (400), Ti(IV) (50), Th (2000), V(V) (IOOO), Mo(VI) (4 x IO-‘n/I). 
(200), W(VI) (300). Barium (5000), cobalt(I1) (800), nickel 
(300), copper(I1) (60) and zinc(H) (900) react with HIS, giv- REFERENCES 

ing slightly soluble complexes, which do not give rise to 1. G. D’Amore, F. Corigliano and S. Di Pasquale, Ann. 
any appreciable colour in the hexol phase. Palladium(II) Chim. Rome, 1964, 54, 317. 
(100) and uranium(V1) (500) give extractable yellow com- 2. G. Stagno d’Alcontres, G. Lo Vecchio and G. 
plexes with negligible absorption at 490 nm. Reducing Lamonica, Gazz. Chim. Ital.. 1961. 91, 1005. 
agents for Fe(III) should be absent. 3. D. Dyrssen and L. G. Sill&n, Acta Chem. Stand., 1953, 

When required, a better selectivity can often be achieved 7, 663. 

Summary-The red complex developed on interaction of iron(II1) with 3-phenyl-5-isoxazolon-4-carbox- 
ylic acid ethyl ester in the pH range 2-5 can be extracted into methyl isobutyl carbinol. Based on 
this, a selective and rapid method for the spectrophotometric determination of traces of iron has 
been developed. The complex has an absorption maximum at 490 nm. Beer’s law is followed up 
to 15.0 ppm of iron. The molar absorptivity is 4.2 x 10’ l.mole-‘. cm-‘. None of the common ions 
interferes in the determination of iron, even though present in large excess. 
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Few methods are available for spectrophotometric deter- 
mination of phenolic hormones (oestrogens and catechol- 
amines); most of them are neither selective nor specific. 
Reactions with concentrated sulphuric acid alone’ and in 
combination with phenolic compounds (the Kober reac- 
tion)’ have been reported for the determination of oes- 
trogens and many other steroid hormones having either 
an -OH or a :C=O group or both. The Kober reaction, 
combined with the Ittrich extraction of the fluorescent 
colour complex, with an organic solvent containing a solu- 
tion mediator. has been widely used for both spectrophoto- 
metric? and fluorimetric? estimation of oestrogens. How- 
ever, the colour and fluorescence developed by these reac- 
tions depend on the acid concentration. heating time, pres- 
ence of oxidant, type of solvent and excitation wavelength. 

Steroids containing the -CH?CO- group are deter- 
mined by reaction with m-dinitrobenzene (the Zimmer- 
mann reaction).5 This reaction was satisfactorily applied 
to the determination of oestrone.h Antimony trichloride’ 
and hydrazine’ have been also used for the determination 
of some oestrogenic hormones containing the carbonyl 
function (e.g., oestrone and equilenine) but progestanes and 
androgens react similarly. Reactions with heteropoly 
acids’,“’ and iodic acid I1 have been utilized for the deter- 
mination of oestrogens’ and catecholamines,lO~” but none 
of these reactions is free from interferences by other non- 
phenolic hormones. 

However, selective reactions for the determination of 
oestrogens and catecholamines, by virtue of their phenolic 
character, have been advocated. These are based on coup- 
ling reactions of oestrogens” and catecholamines’3 with 
diazotized amines or condensation of oestrogens with 
phthalic anhydride14 under suitable reaction conditions. 

* To whom inquiries and requests for reprints should 
be addressed. 

Reaction with ferric chloride in presence of air has been 
reported as fairly specific for adrenaline,15 and the reaction 
with iodine” allows the estimation of noradrenaline in 
presence of adrenaline. The accuracy of these methods 
depends on critical adjustment of the experimental condi- 
tions. 

The present paper reports a new simple method for the 
spectrophotometric determination of oestrogens and cate- 
cholamines by reaction with nitric acid followed by treat- 
ment with alkali. The effect of reaction temperature, time. 
solvent, and alkali concentration have been investigated 
and the optimum experimental conditions for successful 
application of this reaction to the determination of oestrone. 
oestradiol, ethinyloestradiol, adrenaline and noradrenaline 
are described. The reaction is specific and selective for 
phenolic oestrogens with regard to other steroid hormones 
of the progestane and androgen classes. 

EXPERIMENTAL 

Reagents 

All the reagents used were of analytical-reagent grade 
unless otherwise specified. Stock solutions of oestrone. oes- 
tradiol, ethinyloestradiol (Nutritional Biochemical Corpo- 
ration, U.S.A.), adrenaline and noradrenaline (B.D.H.) were 
prepared by dissolving 3 mg of each in 10 ml of ethyl alco- 
hol. The purity of the hormone samples was not less than 
99%. 

Procedure 

Construct a standard calibration curve for each hor- 
mone by transferring 0.20, 0.40, 0.50, 0.70, 0.90, 1.00 and 
1.20 ml portions of the stock solutions to 20-ml graduated 
tubes. Evaporate to complete dryness on a boiling water- 
bath. Cool, add l.Oml of 16M nitric acid and place the 
tubes for 10 min in a water-bath controlied at 50 & 5” 
for oestrogens (oestrone, oestradiol, ethinyloestradiol) or 
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Hg(l1) (4000), Al (2000), As(III) (2000), Bi (200), Cr(III) at lower pH (1.5) and/or higher reagent concentration 
(2000), La (400), Ti(IV) (50), Th (2000), V(V) (IOOO), Mo(VI) (4 x IO-‘n/I). 
(200), W(VI) (300). Barium (5000), cobalt(I1) (800), nickel 
(300), copper(I1) (60) and zinc(H) (900) react with HIS, giv- REFERENCES 

ing slightly soluble complexes, which do not give rise to 1. G. D’Amore, F. Corigliano and S. Di Pasquale, Ann. 
any appreciable colour in the hexol phase. Palladium(II) Chim. Rome, 1964, 54, 317. 
(100) and uranium(V1) (500) give extractable yellow com- 2. G. Stagno d’Alcontres, G. Lo Vecchio and G. 
plexes with negligible absorption at 490 nm. Reducing Lamonica, Gazz. Chim. Ital.. 1961. 91, 1005. 
agents for Fe(III) should be absent. 3. D. Dyrssen and L. G. Sill&n, Acta Chem. Stand., 1953, 

When required, a better selectivity can often be achieved 7, 663. 

Summary-The red complex developed on interaction of iron(II1) with 3-phenyl-5-isoxazolon-4-carbox- 
ylic acid ethyl ester in the pH range 2-5 can be extracted into methyl isobutyl carbinol. Based on 
this, a selective and rapid method for the spectrophotometric determination of traces of iron has 
been developed. The complex has an absorption maximum at 490 nm. Beer’s law is followed up 
to 15.0 ppm of iron. The molar absorptivity is 4.2 x 10’ l.mole-‘. cm-‘. None of the common ions 
interferes in the determination of iron, even though present in large excess. 
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function (e.g., oestrone and equilenine) but progestanes and 
androgens react similarly. Reactions with heteropoly 
acids’,“’ and iodic acid I1 have been utilized for the deter- 
mination of oestrogens’ and catecholamines,lO~” but none 
of these reactions is free from interferences by other non- 
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Reaction with ferric chloride in presence of air has been 
reported as fairly specific for adrenaline,15 and the reaction 
with iodine” allows the estimation of noradrenaline in 
presence of adrenaline. The accuracy of these methods 
depends on critical adjustment of the experimental condi- 
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are described. The reaction is specific and selective for 
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Reagents 

All the reagents used were of analytical-reagent grade 
unless otherwise specified. Stock solutions of oestrone. oes- 
tradiol, ethinyloestradiol (Nutritional Biochemical Corpo- 
ration, U.S.A.), adrenaline and noradrenaline (B.D.H.) were 
prepared by dissolving 3 mg of each in 10 ml of ethyl alco- 
hol. The purity of the hormone samples was not less than 
99%. 
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Construct a standard calibration curve for each hor- 
mone by transferring 0.20, 0.40, 0.50, 0.70, 0.90, 1.00 and 
1.20 ml portions of the stock solutions to 20-ml graduated 
tubes. Evaporate to complete dryness on a boiling water- 
bath. Cool, add l.Oml of 16M nitric acid and place the 
tubes for 10 min in a water-bath controlied at 50 & 5” 
for oestrogens (oestrone, oestradiol, ethinyloestradiol) or 
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loo” for eatecholamines (adrenaline, noradrenaline). The 
heating time should be strictly adhered to. Cool, add 4 ml 
of SM sodium hydroxide portionwise and make up to 
lO.Oml with ethyl alcohol. Mix and allow to stand for 
5 min at room temperature. Measure the absorbance. in 
lO.O-mm cuvettes, at 430, 385, 430, 380, 380nm for oes- 
trone, oestradiol, ethinyloestradiol, adrenaline, noradrena- 
line respectively, against a blank prepared under identical 
conditions. Draw a graph of the absorbance against hor- 
mone concentration. Follow the same procedure with 
samples of unknown concentrations. 

RESULTS AND DISCUSSION 

Nature of the reaction 

To Investigate the nature of the reaction, oestrone was 
nitrated at 50” and the reaction product was isolated, re- 
crystallized from methanol and identified. The infrared 
spectrum of the product showed strong absorption peaks 
at 1350 and 1540cm-’ due to the symmetrical and asym- 
metrical -NO2 stretch. The absorption band observed at 
810 cm-’ is probably due to out-of-plane deformations of 
two adjacent hydrogen atoms on an aromatic ring, whereas 

(Deep yellow cOlOur ) 
Scheme 1 
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Fig. 1. Effect of nitration temperature on the absorbance of the nitration products of: (a) oestrone, 
(b) oestradiol, (c) ethinyloestradiol, (d) adrenaline and (e) noradrenaline, in sodium hydroxide solution. 
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the broad absorption band at 3100_3700cm- belongs to 
the bonded -OH group.” Hence oestrone undergoes an 
electrophilic substitution reaction in position 4 under the 
present reaction conditions. The phenolic group, by virtue 
of its + M effect, and the -CH,- group, by its + I effect, 
activate the 4-position of the aromatic nucleus. p-Naphthol 
is known to undergo electrophilic substitution in the G(- 
position. which is reactive as is position 4 in oestrogens.” 
In addition, the absorption spectrum of the nitration 
product of oestrone, in ‘sodium hydroxide medium, was 
compared with the spectra of o-, m-, and p-nitrophenols. 
o-Nitrophenol displays the same spectrum. Most probably, 
all other phenolic hormones undergo reactions of similar 
nature. 

The formation of coloured species from the nitration 
products of oestrone in alkaline media is ascribed to the 
ability of the o-nitrophenate ion to tautomerize to yield 
the quinonoidal nitronic acid salt.” The formation of the 
aci-form is accompanied by an increase and extension of 
the conjugated system. Consequently, the reaction of oes- 
trone may be represented by Scheme 1. 

It is well known that the reaction of nitrophenols with 
alkalis is usually used for their quantitative determina- 
tion.20 

Effect of nitration temperature and time 

Reaction of phenolic hormones with 16M nitric acid for 
10 min was investigated at temperatures ranging from 0 
to 100”. Oestrone, oestradiol and ethinyloestradiol show 
maximum and constant absorption at 430,385 and 430 nm, 
respectively, on nitration at 40-60°C. With nitration at 
above 70”, a gradual decrease of the absorbance values 
is observed, which is probably due to oxidative side-reac- 
tions. However, nitration at 100” is recommended for 
adrenaline and noradrenaline (Fig. 1). 

The effect of nitration time on the absorbance of the 
products was also investigated by carrying out the nit- 
ration reaction for 5, 10, 15, 20 and 30 min at 50” for 
oestrogens and at 100” with catecholamines. A heating 
time of 10 min is considered optimal for all the hormones 
under investigation (Fig. 2), but must be strictly adhered 
to. 

2 

lir 
0 IO 20 30 40 

Time of nitration at 50°, min 

4 
(b) 

~Absorbance at 385 nm 

l Absorbance at 430 nm 

N 
‘0 

Ol 

Time of nitmtion at 509 min 

4, 

Cd) 

3- L 

Time of nitration at 100”. mm 

I I I 
0 IO 20 30 4 

Time of nitration ot 100°, min 

i 
.C 

Fig. 2. Effect of nitration time on the absorbance of the nitration products of: (a) oestrone, (b) oestra- 
diol, (c) ethinyloestradiol, (d) adrenaline and (e) noradrenaline, in sodium hydroxide solution. 
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Efect qf ,solnent urld alkali concentration 

Since I ml of I6M nitric acid is used in. the nitration 
reaction, 0.7g of sodium hydroxide is needed to render 
the solution alkaline. Higher amounts of alkali (up to I.2 g) 
do not affect the absorbance values. The intensity of the 
coioured nitration products after addition of sodium hyd- 
roxide was tested in various water-miscible organic sol- 
vents (e.g.. ethyl alcohol, acetone, dimethylformamide and 
dioxan). A SOY;, v/v concentration af ethyl alcohol proved 
to be the best. since there was no precipitation but maxi- 
mum absorbance. 

Nitration of oestrone, oestradiot. ethinytoestradioL 
adrenaline and noradrenaline under the present conditions, 
followed by treatment with alkali gives products which dis- 
play absorption maxima at 430nm (E:$,,, 187) 385nm 
(El’&, 263) 430nm (Ei&, 183), 38Onm (Ej&, 284) and 
38Onm {E:%n, 3.53). respectively. Beer’s law is obeyed at 
these maxima over the range 0-5Qong of hormone in the 
t&ml volume of the finat solution. In a series of analyses 
with hormone concentrations of IO--5Opg/ml, the results 
obtained showed an average recovery of 98.9% and a rela- 
tive standard deviation of *OS%. 

The present method offers two main advantages over 
the Kober-fftrich reaction,‘4 which is widely used for the 
analysis of oestrugens, namely simplicity and selectivity. 
The selectivity towards other non-phenolic steroid hor- 
mones (e.g., testosterone, progesterone and androstana- 
lone) was tested. The accuracy of the results is not affected 
by the presence of these steroids in up to 1000-fold molar 
ratio to the oestrogenic hormones, since they do not re- 
spond to the nitration reaction. On the other hand, these 
steroids develop intense colours in concentrated sulphuric 
acid solution ’ and consequently they interfere when the 
Kober-Ittrich reagent (hydroquinone in concentrated sul- 
phuric acid) is used. 

The present method gives results at least as accurate 
as those obtained by the Kober-Iftrich procedure, $ob- 
ably because the latter reaction is susceptibie to the effect 
of sunlight, solvent contamination. and concentration of 
sulphuric acid.‘“4 These experimental variables require 
careful adjustment and precautions. 

On the other hand, the method is less sensitive than 
the Kober--1ttrich reaction. I1 The least amount that can 
be determined by the nitration reaction with acceptable 
accuracy is IOng~ml in the final solution (i.e., 3OOhrg of 

the hormone), Although a lower concentration (2pg/ml) 
can be satisfactorily determined by using a 5-cm cell, the 
sensitivity is still below that of the Kober-Ittrich reaction. 

Comparison with the methods based on the red colour 
developed on oxidation ofcatecholamines’” shows that the 
present method compares favourably with many of them 
in both sensitivity and selectivity and is simpier than most. 
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Summary--A new simple, selective and accurate spectrophotometrio method is described for the deter- 
mination of mono- and dihydric phenolic hormones (oestrogens and catecholamines) by nitration at 
50” and IOO”, respectively. for 10 min, followed by treatment with alkali. Coloured products with 
absorption maxima at 430, 385, 430, 380 and 38Onm. linearly proportional to the concentration of 
oestrone, oestradiol, eth~~yloestrad~o~, adrenaline and noradrenaline, respectively, are obtained. fnfor- 
mation is presented on the effect of nitration time, temperature, solvents, and alkali concentration. 
The method is satisfactorily apptied to the determination of these hormones in the range l&SO~g/ml 
in the fhrai solution, of volume tOmI. The relative standard deviation is f 0.5% and no interferences 
are caused by non-phenolic hormones. 
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Beamish’ has reviewed the reagents used up to 1965 for 
the spectrophotometric determination of ruthenium. Of 
these, thiourea,’ dithio-oxamide,3 p-nitrosodimethylani- 
line4 and I,lO-phenanthroline” are the best. However, in 
the thiourea method Fe(III), Co(II), Cr(III), Os(IV), Ni(II), 
Cu(I1) and Pd(I1) interfere and the sensitivity is low. Dithio- 
oxamide is more sensitive than thiourea, but other plati- 
num metals interfere. In the p-nitrosodimethylaniline 
method, exact adjustment of pH is required, the absorb- 
ance due to the reagent is appreciable, and the colour 
development is not complete even after heating for 50 min. 
Further, the tolerance limit for other platinum metals has 
not been studied. With I, IO-phenanthroline, the develop- 
ment of colour is not complete even after 2 hr and the 
precision is low. The last two methods also require distilla- 
tion of ruthenium tetroxide. The present paper describes 
determination of ruthenium with ethyl-a-isonitrosoaceto- 
acetate (HEINA). which has already been used for Pd(II).6 

EXPERIMENTAL 

Reagents 

Ethyl+ isonitrosoacetoacetate was prepared as reported 
earlier. b Analytical-grade chemicals and reagents were 
used. Stock ruthenium solution was prepared by dissolving 
1 g of pure ruthenium(II1) chloride in 20 ml of 10M hydro- 
chloric acid by heating on a water-bath and diluting to 
100 ml with water. Ruthenium in the stock solution was 
estimated as ruthenium metal.’ The solution was further 
diluted as required. Radioisotopes were obtained from the 
Isotope Division, Bhabha Atomic Research Centre, Bom- 
bay, India. 

Procedures 

Extraction. To an aiiquot of ruthenium chloride solution 
(containing I mg of ruthenium), 2.0 ml of 5% solution -of 
HEINA in water were added and the pH was adjusted 
to the desired value with hydrochloric acid or sodium hyd- 
roxide solution. The mixture was heated on a boiling 
water-bath for 15 min, cooled and treated with 5 ml of 10M 
lithium chloride, then equilibrated for 2 min with 1Oml 
of benzyl alcohol. The phases were separated and ruth- 
enium estimated in each by the rubeanic acid method.’ 
The pH of the equilibrated aqueous phase was measured. 
The extraction coeflicient was calculated. In the study of 
the extraction in the presence of other ions, the ion of 
interest was added before the reagent. Radioactive tracers, 
if available, were used to follow the extraction of other 
ions. The value for the separation factor, S, defined as 

Extraction coefficient of ruthenium 
s=- 

ExtractIon coefficient of the element of interest’ 

was calculated. 
Spectrophotometric determination. To a solution contain- 

ing l-180 pg of ruthenium, 2 ml of 5% solution of HEINA 
in water were added and the pH was adjusted to 5 with 
sodium acetate-acetic acid buffer (total volume 5 ml). The 
solution was heated for 15 min, cooled, treated with 5 ml 
of IOM lithium chloride and equilibrated (2 min each time) 
with two 5-ml portions of benzyl alcohol. The organic 
extracts were collected in a IO-ml measuring flask and 

made up to the mark with benzyl alcohol. if necessary. 
The absorbance of the solution was measured at 470nm. 
against benzyl alcohol. The amount of ruthenium was 
determined from a calibration curve prepared by the same 
procedure. The calibration plot was linear over the range 
l-180 /lg of ruthenium per 10 ml of extract. 

RESULTS AND DISCUSSION 

Extraction 

The extraction was studied over wide range of exper- 
imental conditions. The extraction coefficient (Table 1) for 
ruthenium varies with the pH of the solution being maxi- 
mal over the pH range 4-6. The extraction is improved 
considerably if the aqueous solution is heated to boiling 
for at least 15 min before the equilibration with benzyl 
alcohol (Fig. l), and is quantitative at pH 5 from 5M lith- 
ium chloride (heated for 15 min). Benzyl alcohol is the 
most satisfactory solvent (Table 1). The extraction is not 
significantly affected by phosphate, pyrophosphate. chlor- 
ide, bromide, iodide, chlorate, nitrate, sulphate. persulph- 
ate, sulphite, oxalate, tartrate, citrate, thiosulphate, tiio- 
cyanate and EDTA. Only cyanide, iodate and bromate 
suppress the extraction. The interference by iodate and 
bromate can be removed by adding iodide and heating 
on a water-bath for 15 min. 

The separation factors given in Table 2 indicate that 
ruthenium can be efficiently separated from a number 
of elements. but Pd(II), Rh(II1) and Pt(IV) are 
extracted along with the rutheniim’ into benzyl alcohol 
under the conditions used. However. ruthenium can be 

Table I. Extraction coefficients of ruthenium as a function 
of pH of the aqueous phase 

PH Solvent 
Extraction 
coefficient 7) Extraction 

I .o 
.3.0 
3.5 
4.0 
4.2 
5.0 
6.0 
1.2 
9.7 

11.5 
5.0 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

5.0 
5.0 

5.0 

Benzyl alcohol 

>, 
Isobutyl methyl 

ketone 
Butanol 
Octanol 

Isoamyl alcohol 
Ethyl acetate 
Amy1 acetate 
Ethyl methyl 

ketone 
Chloroform 

Carbon 
tetrachloride 

Benzene 

9.0 90.0 
11.0 91.7 
19.0 95.0 

101 99.0 
148 99.3 
196 99.5 
200 99.5 

24.5 96. I 
7.5 x5.2 
2.6 72.2 

80 98.8 

21.0 
21.0 
20.0 
15.0 
14.1 
I I .o 

95.3 
95.3 
95.2 
93.x 
93.3 
91.7 

x.2 
5.9 

2.8 

x9.1 
x4. I 

73.7 
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Table 2. Separation factors for different ions in the extrac- 
tion of Ru-HEINA complex into benzyl alcohol from 5M 
LiCl solution at pH 5.0 Ruthenium taken, l.Omg; lOml 

of each phase 

Separation 
factor Ions 

> 10” Fe(III),* Sn(II),t Ni, Sb(III)_F 
>105 SC, Ca, Mn(II), PO:-, Na, Cu(II),* La,* 

Rc(VIII. Cr(lTI).* W(VI), Ce(III), Zn, Zr, Cs, 
Cd, Mo(VI). K, Pt(IV).$ 

> lo4 Tl(I), Pt(IV).: 
> to3 Co(H), Ag, IrfIV). 
> IO2 Pt(V1). 
>I Rh(II1). Pd(I1). 

* In the presence of citrate. 
t In the presence of tartrate. 
\\ Solvent used CCI+ 
: Solvent used CHCI-,. 

separated from rhodium and platinum by extraction into 
carbon tetrachloride. The recovery of ruthenium is more 
than 99% if the aqueous phase at pH 5 is equilibrated 
thrice with equal volumes of carbon tetrachloride. Separ- 
ation from palladium can be achieved by extracting palla- 
dium into chloroform containing 1% HEINA, from IM 
acetic acid medium; the loss of ruthenium from the 
aqueous phase is negligible. 

Spectropholometric determination 

The absorption spectrum of ruthenium-HENNA in ben- 
zyl alcohol shows an intense peak at 470 nm. The absorb- 
ance due to the reagent is negligible at this wavelength 
(Fig. 2). Beer’s law is obeyed over the range 0.1-18 pg of 
ruthenium per ml. The molar absorptivity is 1.05 x IO4 
l.mole-‘.cm-‘. The absorbance shows no sibilant 
change in 5 days. 

An HEINA concentration corresponding to HEINA: 
Ru = 40 is sufficient for the extraction and colour develop- 
ment of IOOpg of ruthenium. However, in the presence 

I t I I I 
0 5 IO 15 20 25 

Heoting time, min 

Fig. 1. Extraction of ruthenium as a function of heating 
time. In the absence of LiCl (0) and in the presence of 

5M LiCl (A). 

X, nm 

Fig. 2. Absorption spectra of Ru-HEINA complex (0) and 
HEINA (A) in benzyl alcohol. Ru = 0.84 x 10-“&f. 

HEINA = 620 x lo-“M. 

of IOmg of other ions which interact with HEINA. it is 
necessary to use 100mg of HEINA for the extraction of 
100 pg of ruthenium. 

Up to lOmg of the following ions will not interfere 
in the spectrophotometric determination of ruthenium: 
Mn(II), Cu(II), Zn, Cd, U(VI), Mg, Ca, Ba, V(IV). Pb, 
Mo(VI), W(VI), Th, Be, Hg(II), Ag, Te(VI), and the anions 
mentioned earlier. Up to 5 mg of @(IV), or 1 mg of each 
of Au(III), Se(IV) and Se(V1) will have no significant effect 
on the colour in the benzyl alcohol extract. The interfer- 
ence by the iodate and bromate can be removed as already 
described. Fe(II), Fe(II1) and Cr(II1) do not interfere in 
the presence of tartrate. Up to 1OOpg of Pd(II), Pt(IV), 
Rh(III), Ir(IV) and 500 pg of Co(I1) can be tolerated if the 
absorbance is measured at 540 nm. At this wavelength 2 pg 
of ruthenium in 10 ml of benzyl alcohol gives an absorb- 
ance of 0.014. 

The precision and accuracy of the proposed method 
were tested by analysing solutions containing known 
amounts of ruthenium. The average of 10 determinations 
of 5.0 pg in 10 ml of solution is 5.0 pg and the standard 
deviation is 0.1 pg. 

~C~~ow~~~ge~~~f-The authors are grateful to the Univer- 
sity Grants Commission, New Delhi, for the award of a 
Junior Research Fellowship to one of them (M.R.P.) 
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Emory-Ruthenium is extracted by benzyl alcohol from SM LiCl containing ethyl-~-isonitrosoaceto- 
acetate at pH 46. The extraction is quantitative if the solution is heated to boiling for 15 min. 
The benzyl alcohol extract shows maximum absorbance at 470 nm and at this wavelength Beer’s law 
is obeyed over the ruthenium concentration range 0.1-1.8 pg/ml. The error is 4% for 0.5 fig/ml. 
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RAPID SPECTROPHOTOMETRIC DETERMINATION OF 
RUTHENIUM WITH DIETHAZINE HYDROCHLORIDE 
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There are few satisfactory methods for spectrophotometri~ 
determination of ruthenium.’ Most use an almost neutral 
reaction medium and require either beating or a long time 
for the colour development. During investigation’ of its 
reaction with palladium(H), diethazine hydrochloride (DH) 
was found to give a red colour with ruthenium(II1) instan- 
taneously in the presence of sulphuric or hydrochloric acid, 
This reaction is now utilized for rapid spe~trophotom~tric 
determination of ruthenium(II1). 

EXPERIMENTAL 

Reagents 

DH solution. Prepared in doubly distilled water. stored 
in an amber-coloured bottle in a refrigerator, and standar- 
dized.3 

Rur~~~~~i~rn sohtfion. Ruthenium(II1) chloride (- 1 g) dis- 
solved in 500 ml of doubly distilled water containing suffi- 
cient hydrochforic acid to give a concentration of IM. 
Standardized gravimetrically4 by precipitating the hydrous 
oxide, igniting in air, reducing in hydrogen, and cooling 
in an atmosphere of carbon dioxide. More dilute solutions 
were prepared as needed. 

All other reagents were analytical grade and were used 
without further ptlrification. 

Procedure 

l.mole.~‘.cm~’ and the sensitivity is 0.0 19 p&m” for an 
absorbance of 0.001. The absorbance of six solutions con- 
taining 4 ppm ruthenium had a maximum relative devi- 
ation of 1.5”,:, and an average relative deviation of 0.45’:,,. 

The following amounts (fig/ml) of foreign ions were 
found to give less than 2% error in the determination of 
4 ppm of ruthenium: LJO,(II) 1200: Ni(I1) 1000: Cu(I1) 
200; Co(H) 25: Ir(II1) 8; Pt(IV) 6; Rh(II1) 6; phosphate 
2600; sulphate 2500; fluoride 2500; acetate 2400; chloride 
2200; oxalate 1800; nitrate 1200; EDTA 1000; bromide 
700; iodide 10. Thiosufphate. Gs(VfI1). Pd(I1). Au(II1). 
Ag(I), Ce(IV), Fe(II1) and V(V) interfere seriously. 

The sensitivity is higher than that with thioureaJ 
p-Nitrosodimethylaniline’ is more sensitive than the new 
reagent but the permissible acidity range is narrow and 
heating is required. The major advantage of DH is the 
rapidity of the reaction at room temperature. Uranium, 
which is frequently associated with ruthenium, is tolerated 
up to 1200ppm. which is another major advantage. 

The fuel for the initial core loading of the Experimental 
Breeder Reactor II is an alloy of 95’s,, uranium, 2.5:,, 
molybdenum, 2”; ruthenium and smaller amounts of 
zirconium, pailadium and rhodium. Synthetic mixtures 
containing the metals corresponding to this alloy were pre- 
pared and the ruthenium content was determined. The 
results are given in Table 1. 

Transfer an aliquot of sample solution, containing 
25526Opg of ruthenium, to a 25%ml volumetric flask. Add 
sufficient sulphuric acid for its final concentration to be 
l.SM. Add 5 ml of 0.2?, DH solution. Dilute to volume 
with doubly distilled water. Measure the absorbance at 
515 nm DS. a reagent blank. Prepare a calibration curve 
in the same way. 

Table 1. Determination of ruthenium in synthetic mixtures 

Composition 

Ru, U, Mo. Zr, Pd, Rh. 
plum p~)ni ppm PP W’~ IJlJm 

RESULTS AND DlSCUSSlON 

The complex gives maximum absorption at 515 nm, 
where neither the reagent nor ruthenium(II1) has signifi- 
cant absorption. A Job plot and the molar-ratio method 
both indicate a 1: 1 complex. Ion-exchange studies show 
.the complex is cationic. When formed in hydrochloric acid 
the complex shows higher sensitivity but lower stability 
with time and a narrower Beer’s law range than when pre- 
pared in sulphuric acid medium. Buffering does not further 
stabilize the complex. The absorbance is unchanged when 
the sulphuric acid concentration is varied between 0. I and 
2.2&f. At least a tenfold excess of reagent is needed for 
completeness of reaction, so 5 ml of 0.20,; solution is ade- 
quate for the range covered. The colour is stable for about 
.40min in sulphuric acid medium but only 10min 
in hydrochloric acid. The absorbance is not affected by 
temperature in the range 5-70”. The order of addition of 
reagents is not critical. 

0.40 19 0.5 0.01 0.01 0.01 0.40 
0.80 38 1.0 0.02 0.02 0.02 0.80 
1.20 57 1.5 0.03 0.03 0.03 1.19 
1.60 76 2.0 0.04 0.04 0.04 1.42 
2.00 Y5 2.5 0.05 0.05 0.05 1.97 

REFERERCES 

1. F. E. Beamish and J. C. Van Loon, Rrcent Adtwuces 
in thv Analytical Chemistry of the Noble Met& p. 310. 
Pergamon, Oxford, 1972. 

2. H. Sanke Gowda and P. G. Ramappa. Indirm J. Ckm., 
1975. 13, 418. 

3. H. Basinska and K. Nowakowski, Actcr PO/. Pft~~t.m., 
1972, 29, 459. 

The complex obeys Beer’s law over the range 1.0-10.4 
ppm of ruthenium. The optimum range (Ring~m p10t“~) 
is 2-9 ppm. The molar absorptivity is 5.35 x lo3 

4. F. E. Beamish, The Analytical Chrmistry qf the Noble 
Metals, Pergamon, Oxford. lY66. 

5. A. Ringbom. Z. Anal. Chem., 1938. 115, 332. 
6. G. H. Ayres, Amd. Chem., 1949, 21, 652. 
7. J. E. Currah, A. Fischer, W. A. E. McBryde and F. 

E. Beamish, ihid.. 1952, 24, 1980. 

RLI 
found, 

PP 

Summary-Diethazine hydrochloride reacts with ruthenium(II1) instantaneously at high acidity (sul- 
phuric or hydrochloric acid) to form a red 1: I complex with absorbance maximum at 515 nm. A 
tenfold molar excess of reagent is necessary for complete complexation. Beer’s law is obeyed for 
1.0-10.4 ppm of ruthenium(III), with optimum concentration range 2-9 ppm. The molar absorptivity 
is 5.35 x lo3 l.moll’.cm”L. 
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Luminol is 3-aminophthalic acid hydrazide or 5-amino-2,3- 
dihydro-1,4-phthalazinedione. This compound has been 
known for a long time.’ and recommended for detection 
of blood and hydrogen peroxide.2 ’ In alkaline solution 
at about pH 12.5 it exhibits an intense blue luminescence 
with hydrogen peroxide, but only in the presence of a suit- 
able catalyst. Haemoglobin and related substances, like 
haemin or blood, have been used, and various metal ions” 
or metal complexes.’ Potassium ferricyanide causes strong 
luminescence even in the absence of peroxide. Some 
other compounds (hypochlo~ite, ozone, sulphite, chlor- 
ine, carbon dioxide) produce weak or short-iasting 
luminescence which must be taken into account if less than 
0.0005% H,Oz is to be determined. Some other com- 
pounds destroy this luminescence in an unknown manner, 
but in water analysis only hypochlorite need be removed 
(by about 0.1 g of urea or ammonium chloride). Lumines- 
cence due to hypochlorite or ozone appears even in the 
absence of the catalyst and vanishes during one minute. 
Calcium and magnesium in concentration higher than 100 
mg of the oxide per litre may be masked by a stoichio- 
metric amount of EDTA (in large excess EDTA diminishes 
the luminescence intensity). 

M22 M L-+ N RI 

Fig. 1. Transistorized amplifier for iuminosity measure- 
ment. PhR photoresistor; R, zero setting; R2 sensitivity 

range. 

Procedure 

Hydrogen peroxide is formed from dissolved oxygen in 
water by various forms of radiation, e.g., sound, radioac- 
tivity, ultraviolet and solar rays and by static or magnetic 
and bioelectric agents.’ m9 so a method for its determina- 
tion in minute amounts is needed. Although haemoglobin 
as catalyst has been improved by mixing it with Cu-trieth- 
anolamine complex, 5.‘0 its use is inconvenient. It is now 
found that the cobalt(III)-triethanolamine complex reacts 
in the same way and gives the same intensity as haemoglo- 
bin. 

To 100-140 ml of water add 5 ml of 0.05% luminol 
solution and enough standard peroxide solution to give 
a final concentration of 0.~02-O.~S~~ HIOz and dilute 
accurately with water to 150 ml. Then add 558 drops (or 
0.3 ml) of Co-TEA solution, mix well, place the cuvette 
in the dark chamber and measure the luminescence inten- 
sity at exactly the same time after mixing for all samples 
(IO or 15 set). 

The procedure for samples is the same, but with 140 
ml of test water and no peroxide. A blank solution 
measurement is necessary. A calibration curve is shown 
in Fig. 2. Because the luminescence intensity decreases 
rapidly (by 2%300;, in 30 set), the measurement must be 
done at a fixed time after the solution is mixed and this 
time should be as short as possible. Alternatively the decay 
curve may be scanned (Fig. 3). For hydrogen peroxide 
levels below O.OOQlp/ a photomultiplier with suitable 
measurement devices must be used. Freshly prepared 
luminol solution is not suitable. because the enol-keto 
equilibrium must be reached. which occurs after about 48 

Reagents hr. 

Luminol solution, 0.05% in 5% sodium hydroxide solu- 
tion. Stock 0.30/, and 0.03% hydrogen peroxide solutions 
were prepared from 30% peroxide and standardized by 
permanganate titration. 

A solution of the catalyst was prepared by dissolving 
0.5 g of cobaltous nitrate and 2.5 ml of triethanolamine 
in about 50 ml of water, leaving the solution open to the 
air and occasionally stirring it. After 3-4 hr this solution 
was heated to about 80” (to destroy some traces of hydro- 
gen peroxide formed by auto-oxidation), cooled and 
diluted with water to 100 ml. 

5C 
4 
x 

Apparatus 

Luminescence intensity was evaluated with a transistor- 
ized amplifier (silicon transistors) and a CdS photoresistor, 
according to the scheme in Fig. 1. An ammeter with two 
sensitivity ranges was used. Cells of 100 or 150 ml capacity 
can be used. Before measurement the zero is set with resis- 
tor R,. 

2.5 5 IO 20 

% H&x IO+ 

Fig. 2. Calibration curve for O.o002-0.0044;, HzOl in’ 
I50 ml final volume. Curve I, luminosity after 5 sets. curve 
2. luminosity after 60 sec. when catalyst has been added 

and mixed. 
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min 

Fig. 3. Luminosity decay 1Osec after reagent mixing for 
three H,O? concentrations. pH 12.5. temperature IX’. 

RESULTS AND DISCUSSION 

It was found that varying the pH between 11 and 13, 
the amount of luminol solution between 3 and 1OmI and 
of the catalyst solution between 4 and 10 drops (0.205 ml) 
has little or no effect on the luminescence intensity. Above 
pH 13 and below pH 10 the intensity decreases rapidly. 
The luminescence is approximately of the same intensity 
and duration as obtained by using haemoglobin. 

lrttrrjiirencrs and practical use 

There are many positive and negative influences on 
luminol luminescence and further investigation is necess- 
ary. In most cases hydrogen peroxide may be detected or 
determined with good reproducibility, because its solution 
in water does not contain interfering compounds. Irra- 
diated or activated water may also contain radicals such 
as ,HOz. which can react with luminol, but our knowledge 
of such radicals is still poor. By use of the luminol reaction 
hydrogen peroxide may also easily be detected in diethyl 
ether. 

1. 

2. 

3. 
4. 
5. 
6. 

7. 

8. 

9. 
10. 
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N-Substituted hydroxylamines have long been regarded as The colour is stable for several days. The stability of 
group reagents for vanadium(V), forming coloured chelates the vanadium chelate may be attributed to the increased 
with it. Because of their greater aromaticity, diary1 hydrox- basicity of the donor atom. The selectivity of the method 
ylamines, in general, produce greater intensity of colour. may be attributed to steric hindrance due to the presence 
The nature and position of the substituents can also im- of one methyl group in the ortho position of each of the 
prove the selectivity. phenyl rings. 

Ever since the introduction of BPHA (N-benzoylphenyl- 
hydroxylamine) by Shame’ as a reagent for vanadium, 
several of its analogues have been similarly used but none 
is entirely free from interference, expecially from the ele- 
ments used to make alloy steels. 

EXPERIMENTAL 

Reagents 

We have been unable to obtain satisfactory results with 
the N-benzoyl-o-tolylhydroxylamine method2.3 or with the 
N-p-methoxybenzoyl-rn-tolylhydroxylamine method” when 
analysing alloy steels containing chromium, molybdenum, 
tungsten, cobalt and vanadium. We therefore sought a new 
reagent of the hydroxylamine type, and have found one 
in the reagent described in this paper. 

The reagent N-o-toluoyl-o-tolylhydroxylamine was pre- 
pared according to the method described earlier,’ and used 
as a 0.4% solution in chloroform. All chloroform used was 
freed from alcohol and other impurities beforehand by 
washing first with a few drops of sulphuric acid and then 
successively with dilute ammonia and water. then distilled 
and dried over anhydrous sodium sulphate. 

* Present address: Geological Survey of India, Jaipur 
302001, Rajasthan, India. 

All reagents were of analytical-reagent grade. Solutions 
of niobium and tantalum were prepared by pyrosulphate 
fusion of the oxides and dissolution of the cooled melt 
in oxalateetartrate solution. 
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min 

Fig. 3. Luminosity decay 1Osec after reagent mixing for 
three H,O? concentrations. pH 12.5. temperature IX’. 

RESULTS AND DISCUSSION 

It was found that varying the pH between 11 and 13, 
the amount of luminol solution between 3 and 1OmI and 
of the catalyst solution between 4 and 10 drops (0.205 ml) 
has little or no effect on the luminescence intensity. Above 
pH 13 and below pH 10 the intensity decreases rapidly. 
The luminescence is approximately of the same intensity 
and duration as obtained by using haemoglobin. 

lrttrrjiirencrs and practical use 

There are many positive and negative influences on 
luminol luminescence and further investigation is necess- 
ary. In most cases hydrogen peroxide may be detected or 
determined with good reproducibility, because its solution 
in water does not contain interfering compounds. Irra- 
diated or activated water may also contain radicals such 
as ,HOz. which can react with luminol, but our knowledge 
of such radicals is still poor. By use of the luminol reaction 
hydrogen peroxide may also easily be detected in diethyl 
ether. 
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A standard solution of vanadium(V) was prepared from 
ammonium metavanadate dissolved in dilute ammonia and 
then diluted to a known volume with doubly distilled 
water: it was standardized by iron@) titration.6 Other 
standard solutions were prepared from it by appropriate 
dilution. 

Grneral procedure 

An aliquot of vanadium(V) solution was mixed in a 
separating funnel with an equal volume of 8M hydro- 
chloric acid, 5 ml of 0.4% reagent solution and 5 ml of 
chloroform. The mixture was shaken thoroughly for a few 
minutes and the reddish-violet chloroform layer was separ- 
ated, dried over anhydrous sodium sulphate and quantitat- 
ively transferred to a 25-ml volumetric flask. The aqueous 
layer was similarly extracted with two further 5-ml por- 
tions of chloroform, separated, dried and transferred to 
the same 25-ml flask. The combined extracts were then 
diluted to 25 ml with chloroform. The absorbance was 
measured at the absorption maximum, 510 nm. 

RESULTS AND DlSCUSSION 

Characteristics of the complex 

The complex has maximum colour intensity in 2-6M 
hydrochloric acid medium. Maximum intensity is reached 
instantaneously at room temperature and is constant for 
about 4 days. A volume of 5 ml of reagent solution was 
found more than sufficient for complete development of 
the colour with 10 pg/ml of vanadium. Excess of reagent 
has no adverse effect. 

The system obeys Beer’s law over the vanadium concen- 
tration range 0.5.-10 pg/ml. The optimum concentration 
range’ is 2-8 {4g/ml. The relative error per i”i, absolute 
photometric error’ is 2-7x. The Sandell sensitivity’ calcu- 
lated for an absorbance of O.Dol is 0.011 pg/cm2. The 
molar absorptivity is 4.75 x 16 1. mole- ’ .cm- l. 

Job’s method,1° the molar-ratio method,” and the 
slope-ratio method” all showed a 1:2 metal:ligand com- 
plex to be formed. 

E$&t of‘ diorrsr iU,lS 

In determination of 4 fig of V(V) per ml, there was no 
interference from 20 mg (this is not the tolerance limit) 
each of Fe(III), Co(H), Ni, Cu(II), Cd, Hgfil), Ca, Mg, Be, 
Mn(lI), AI, Cr(III), Cr(VI), S,Os’-? Mn(VII), Mo(VI), 
W(Vl), U(VI), Sn(IV), Zr, Hf, Ti(IV) (masked with fluoride), 
Nb, Ta, oxalate, citrate, tartrate, EDTA (disodium salt), 
fluoride, sulphate, nitrate and perchlorate. For Pd(II), the 
tolerance limit was found to be 5 mg. Both SCN- and 
HzOz cause negative errors. 

BCS Nos. 220 HS and 64b HS were analysed for vana- 
dium by the method described below, the results being 

1.31 and 1.37% for 220HS (certified value 1.35%) and 1.95, 
1.97 and 2.00?; for 64b HS (certified value 1.992,). 

Procedure. About 0.6 g of the steel, in a covered 250-ml 
beaker, was treated with IO-15 ml of aqua regia and left 
aside for IQ-15 ,min. When the initial brisk reaction had 
subsided, the solution was evaporated, on the hot-plate, 
to -5 ml. Then 5 ml of concentrated hydrochloric acid 
were added and after heating for a few minutes the solution 
was cooled to room temperature, diluted with IO-15 ml 
of doubly distilled water and filtered. The precipitated 
tungstic acid was washed with hot l&f hydrochloric acid 
until free from iron (tested with thiocyanate~. The com- 
bined washings and filtrate were transferred into a LO-ml 
volumetric flask and diluted to the mark with water. A 
l-ml aliquot of this solution was pipetted into a separating 
funnel and treated with 2-3 ml of freshly prepared 4% 
potassium persulphate solution (or dilute permanganate 
solution until the solution appeared faintly pink) and an 
equal volume of 8N hydrochloric acid was added to make 
the acidity nearly 4M. The vanadium was then extracted 
and measured as in the general procedure. 
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Summary-A newly synthesized reagent, ~-o-toluoyl-~-o-tolylhydroxyIamine is used in a sensitive and 
selective spectrophotometric method for determination of vanadium(V). The method has been success- 
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Electrical measurements of ion-current signals from spark- 
source mass-spectrometers present unique experimental 
difficulties.’ One of these is the automatic ranging of a 
sensitive electrometer amplifier during the sequential 
measurement of different ion-signals by peak-switching 
technique. These ion-signals, which commonly fluctuate 
between zero and high current,* are too erratic for com- 
mercial auto-rangers. This paper describes briefly an elec- 
tronic circuit which satisfactorily performs automatic 
attenuation on a Cary 401 MR electrometer used for mea- 
suring spark-source mass-spectrometer ion-signals. The 
genera! electrical detection system has already been 
described.334.’ 

A block diagram of the circuit is given in Fig. 1. Electri- 
cal inputs required for the circuit are at the left of the 
figure. Electrical outputs are at the top, and operator 
switch controls are at the bottom of the figure. The pur- 
pose of the circuit is to find the proper range in which 
the average value of the electrometer signal for a specific 
spectral ion-beam (NUCLIDIC ION in Fig. 1) is closest 
to 2So:, of full scale. A variable time period (INTEGRATE 
TIME switch) determines the sampling time in which the 
ranging is performed. The instantaneous level of the 
TOTAL ION BEAM in the spectrometer, monitored by 
a separate amplifier, is also input to the circuit. If this 
total ion-current falls below a preset level during the rang- 
ing period, then the auto-ranger restarts the range-finding 
procedure. This is done because experience has shown that 
certain ion-signals are extraordinarily high (or low) just 
before failure of the ion-source to provide a spark-break- 
down. 

The auto-ranger determines the electrometer gain-setting 
in two steps, called COARSE RANGE and FINE 
RANGE, with a MASTER COARSE/FINE CONTROL. 
During coarse ranging the output of the electrometer is 
sampled to determine if it is between IO and 9SY,, of full 
scale. If the output is outside this range, the coarse range 
is appropriately changed and the output is again sampled. 
The fine range is determined by integrating the electro- 
meter output for a preset time. The integrated value 
determines one of five ranges to be set for the measure- 
ment. Ranging will not go below a preset LOWEST 
RANGE. Both coarse and fine ranging are accomplished 
in the same manner. When ranging, two shift registers 
(SHIFT REGISTER logic) are used: one for up-ranging 
and the other for down-ranging. The outputs of the shift 
registers are applied to an up/down decade counter in 
RANGE CONTROL, which contains the range. Zero cor- 
responds to the most sensitive range and 9 corresponds 
to the least sensitive range. 

The auto-ranger can be operated in two modes. manual 
or auto, as selected by the operator. In the manual mode 
the decade counter is forced to the setting of the 
MANUAL RANGE switch and in the auto mode the 
decade counter is influenced by up or down clock inputs 
controlled by the SHIFT REGISTER logic. Activation of 
the auto-ranger for this mode is recognized by a signal 
on ACTIVATE AUTO-RANGE. Completion of auto- 
ranging is externally recognized by a high signal on 
AUTO-RANGE COMPLETE. RANGE DISPLAY is a 
seven-segment LED digit. The BCD to DECIMAL 
DECODER activates the appropriate RELAY DRIVERS 
and the RANGE RECORDING interface. 

*Work performed for the U.S. Energy Research and De- The timing sequence for the auto-ranger is given in Fig. 
velopment Administration under Contract No. W-7405- 2. Three sequences are of interest: FINE CONTROL. 
eng-82. The U.S. Government retains a non-exclusive and COARSE CONTROL, and MASTER COARSE,/FINE 
royalty-free license in and to the copyright. CONTROL, as shown in the figure. General control is 

t Current address: Fisher Controls, Marshalltown, Iowa maintained by MASTER COARSE/FINE and the 
50158. sequence starts with START COARSE. After I msec 

- 
I COARSE/FINE h 

TOTAL ION CONTROL 1 - ’ 
SHIFT 

REGISTER 
logic 

COARSE ,\ 
RANGE 

RANGE 

CONTROL 
RANGE 

DISPLAY 

CLOCK 
FINE I 

RANGE 

- 

1 ‘NT;TE ) 1 LEE’ ) 1 AuTYgkkN”AL 1 / Mgg ) 
Fig. 1. Block diagram for auto-range circuit 
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MASTER 
-i 

START cDARSE’L-----I 
III 
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I 

CONTROL 
A--VI ” ’ L 

lms 
AUTORANGE 

lms 
COMPLETE 

ACOARSE ‘- I-l__ 

1mS 
I 

’ ‘C SAMPLEZ--i%ikk 

COARSE 
CONTROL ’ 

ll?lS 
I 1 ‘A- 
COARSERANGE 

_efl 

I Ill75 

II’ ]2mslCObRSE COMPLETE 

I A_’ %E’RANGE 1 , 
-11-I I-DELAY4 

---t------i m FINE COMPI ETE 

Fig. 2. Timing diagram. 

COARSE CONTROL is initiated when signal COARSE 
goes high as indicated. The NUCLIDIC ION input is sam- 
pled at signal C SAMPLE. If the input is less than IO 
or greater than 95”//, of full scale then a COARSE RANGE 
change occurs. When the coarse-range change is completed 
there is a DELAY before the input is again sampled. If 
the input is between the 10 and 95?;, levels the COARSE 
COMPLETE signal goes high, thus ending coarse ranging. 

Fine ranging starts when START FINE is high. The 
fine-range sequence consists of a period of integration of 
the NUCLIDIC ION input, a sampling of an INTE- 
GRATE output, a FINE RANGE change if necessary, and 
a DELAY for the electrometer to settle. The integration 
period is determined by an RC network which is controlled 
by the INTEGRATE TIME switch-setting. The most satis- 
factory integration period has been found to be approxi- 
mately 3 sec. As a result of the integration sampling, the 
range is changed up or down by the number of clock 
pulses at the CLOCK input of an up-shift register or a 
down-shift register in the SHIFT REGISTER logic, After 
a delay, signal AUTO-RANGE COMPLETE ends the 
auto-ranging sequence. The circuit has performed satisfac- 

torily for the past two years. A complete circuit diagram 
with pertinent annotation can be obtained upon request. 
Please address inquiries to Robert J. Conzemius. Ames 
Laboratory. Iowa State University, Ames, Iowa 50010. The 
authors wish to thank Harry J. Svec and Willard L. Tal- 
bert for their advice and support, and David F. Anderson 
who constructed the circuit, 
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DETERMINATION OF II-HYDROXYQUINOLINE WITH 

N,2,6-TRICHLORO-p-BENZOQUINONEIMINE 

J. A. JOSEPH and L. SZEKERES 

Chromalloy Pharmaceuticals Inc., Los Angeles, California 90066, U.S.A. 

(Rucrid 25 June 1975. Acc,epred 4 September 1975) 

&Hydroxyquinoline (oxine) is used as an antiseptic, anti- 
perspirant, and deodorant and is also widely used as an 
analytical reagent; for these and other reasons there are 
several methods for the determination of this compound. 
For determination of microamounts of oxine, spectro- 
photometric methods I.2 are the most suitable. Microdeter- 
mination of oxine also provides indirect microdetermina- 
tion of several cations. 

It is well known that N,2,6-trichloro-p-benzoquinone- 
imine (chlorimide) forms blue indophenol derivatilsb uith 
phenols which have an unsubstituted purtr-position, ’ and 
it has been used for determination of pyridoxine,4-- potas- 
sium guiacol sulphonate,’ salicylamide,’ and phenyleph- 
rine.‘O 

In this paper we describe a new and convenient spectro- 
photometric method for the determination of X-hydroxy- 
quinoline in complex mixtures. This procedure is based 
on our observation that an isopropyl alcoholLwater solu- 
tion of 8-hydroxvquim~linr forms at pH 8 a stable blue 
indophem~l der:vative \+lth N,2,6-trichloro-p-benzo- 
quinoneimine. 

EXPERIMENTAL 

Rrtrgerzts 

All chemicals and reagents used in this work were either 
USP or NF grade. N,2,6-Trichloro-p-benzoquinoneimine 
(Eastman Kodak) was used \\ithout further purification; 
a solution of 12 mg in 100ml of isopropyl alcohol was 
prepared. This solution must be prepared fresh before use. 

I I I I 
400 450 500 550 600 650 700 750 800 

Fig. 1. Absorption spectrum for S-hydroxyquinoline indo- 
phenol derivative. 

The buffer solutions used were ([I) 16g of ammonium 
chloride and 16 ml of ammonia solution (sp.gr. 0.910) per 
100ml of solution, (b) 207; w,v sodium acetate solution. 

A stock solution containing 35-60mg of X-hydroxy- 
quinoline (accurately weighed) was prepared in 80ml of 
ethyl alcohol and when dissolution \+;Is complete. the solu- 
tion was diluted to 100ml with ethyl alcohol; IOml of 
this solution were diluted to 100 ml with isopropyl alcohol, 
and 1Oml of this stock solution were diluted to 100ml 
with isopropyl alcohol to provide the working standard 
solution. 

Table 1 

8-Hydroxy- 
quinoline, 

rn$, 

0.708 
0.590 
0.708 
0.590 
0.472 
0.236 
0.708 
0.590 
0.472 
0.354 
0.236 
0.590 
0.472 
0.354 
0.236 
0.590 
0.354 
0.295 
0.236 
0.177 

100 ml of solution contains 

Salicylic Benzoic 
.Gd, acid, 

@I %l 

12.04 13.15 
10.04 10.96 
24.09 26.30 
20.08 21.41 
16.06 17.53 
8.03 8.76 

30.12 32.88 
25.10 27.40 
20.08 21.92 
15.06 16.44 
10.04 10.96 
10.04 10.96 

8.03 8.76 
6.02 6.57 
4.01 4.38 
4.01 4.38 
6.02 6.57 
6.02 6.57 
6.02 6.57 
6.02 6.57 

iMint crystal, 

m(/ 

220.7 
183.9 
321.4 
267.8 
214.2 
107.1 
551.7 
459.3 
367.4 
275.6 
183.7 
183.7 
147.1 
110.3 
73.6 
73.6 

110.3 
110.3 
110.3 
110.3 

Absorbance 

0.54 
0.45 
0.55 
0.45 
0.36 
0.18 
0.54 
0.45 
0.36 
0.26 
0.18 
0.45 
0.36 
0.27 
0.18 
0.46 
0.28 
0.23 
0.18 
0.13 

8-Hydroxy- 
quinoline 

found, 

m!l 

0.703 
0.589 
0.716 
0.590 
0.473 
0.242 
0.705 
0.589 
0.473 
0.345 
0.240 
0.588 
0.475 
0.354 
0.244 
0.590 
0.359 
0.300 
0.236 
0.177 

Recovery, 
,I 
<I 

99.3 
99.8 

101.1 
100.0 
100.2 
102.6 
99.6 
99.8 

100.2 
97.5 

101.5 
99.7 

100.5 
100.1 
103.6 
100.0 
101.5 
101.7 
100.0 
100.0 



A weighed sample, equivabnt ta 3$-t% mg of 8-kydroxy- 
quinoiinc, was d&so&d in about 8Om$ of ethyl alcokot 
and difuted to loOmI w&k the same s&vent, thfm tO ml 
of this solution were diluted to 100 mt with isopropyl alco- 
hol. This solution was filtered through a dry Wkatman 
No. 41 filter paper, and the first 30 ml of filtrate were dis- 
carded. Then 10ml of the clear filtrate were diluted to 
100 mt with isopropyl alcokoL 

Five mt t)f the test s&ti~n or tke urtrking standard 
are placed in ii dry R;rsk #it&d with ;I ground-g& stopper. 
T‘o this sotutiun are ,ldded 2 mf of isoprapyf ~~icokot, f ml 
of ammonia buffer, 1 ml of sodium LLcetate solution and 
1 ml uf N,2,6-trichloro-p-benzoquinoneimine reagent. The 
mixture is shaken for a fe\%- sec. After a feu min the s&z- 
tion becomes blue. After 5-6 min the aksorban~ at 625 nm 
[Fig. 1) is measured against isopropyl alcokd in f-cm cells. 
The oxine content is caicculated by simple ~ro~rti5n from 
tke data for the standard. 

DISCUSSlON 

The re:tcticm is 

pH 9.2-9.4, so the pH is without effect. The normal uolour 
of the isopropyl ;dcohol solution of the reagent is pale 
ye&w, but it slu\sly tsrns pink on stctrage. Tke pink s;)iu- 
tion gives il green product with oxine ;tnd sktruid mtl be 
used. Tke culour reaches maxirn~~~~ intensity \vithin 
5-6min :md rem;& stable for several hours. 

An advantage r>f this method is tk:lt it is usable in the 
presence of snli~ylir: acid, which interferes in the determini\- 
tion of ~~hyd~~xyquino~ine with ferrtc ions as reagent. 
Generally pkenoi derivatives which have an unsubstituted 
prrr+position interfere with the determination. ‘The dnublc 
dilution and iiltration zre used to eliminate insoluble iiiier 
m:teriats alto. from pk~~rm~~~~ut~cal nnd Lither prep;ir:iticms. 

i he error for 0.2-0.7 rns of oxine in the finaf IOQ mt 
of st?tution is 2 37;, (‘T;lbfe I) the rekrtive st,:nd;trd devi- 
&on being 1 V3:{,. 

155, 109. 
5. f&T??, ihid., 1944, 155, 119. 
6. D. Melnick, M. Hockberg, H. W. Himes and B. t. 

user, ihid., t945, f#* I. 
7. 

producing an a&-brrse indic;itor t\ki<k is red ;tt pW c 6.2 9. 
and blue at pH > 8.2. Tke c&ur intens&) is therefore 
dependent on the pH. but tke solutions are buffered at ID. 

Summary-Skis paper describes a photometric assay procedure for the deterrn~n~~ti~~n of smnfi amounts 
of 8~ky~r~~xyquino~i~e~ based on the formation of a blue indo~k~n~~~ derivzttive fr~?rn the reaction 
of 8”hydr~)xyquinoiine uitk N,26-trickioro-p-benzoquinoneimine. 
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FLAMELESS ATOMIC-ABSORPTION 
SPECTROMETRY OF MAGNESIUM 
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Department of Chemistry, Faculty of Engineering, Mie University, Kamihama-cho, Tsu-shi, Mie-ken 514, Japan 

(Receiaeci 23 September 1975: Accepted 8 December 1975) 

Little has been said about the interference mechanism in 
flameless atomic-absorption spectrometry. Aggett and 
West’ suggested that interferences in carbon-filament ato- 
mization occur in the vapour phase rather than as a result 
of a reaction on the filament itself and this idea is sup- 
ported by the results of experiments with a double-filament 
arrangement. Aggett and Sprott established that the inter- 
ferences may originate both on the surface of the graphite 
rod and in the vapour phase immediately above the rod.’ 

The present communication describes a detailed examin- 
ation of interference effects, made on the magnesium sys- 
tem with a metal micro-tube atomize? in an attempt to 
obtain understanding of the phenomenon. 

EXPERIMENTAL 

Apparutus 

Atomic-absorption measurements were made with a 
Nippon Jarrell-Ash 0.5-m Ebert-type monochromator 
coupled to an R 106 photomultiplier tube (Hamamatsu 
TV Co.) and JEOL AA-HMA signal-control unit as a sig- 
nal-amplifier. The output signal from the signal-control 
unit was displayed on an Iwatsu DS 5016 dual-beam 
“synchroscope” with a time constant of 1 psec. 

A molybdenum micro-tube (25 mm long and 1.5 mm 
i.d.)3 was used as atomizer. Two small indentations (1 mm 
in depth and 1 mm in diameter) were made 3 mm apart 
in the central part of the interior of the micro-tube to 
accommodate the sample. The micro-tube assembly was 
mounted in the absorption chamber (300 ml volume) which 
was purged with argon at a flow-rate of 460ml/min and 
hydrogen at a How-rate of 20 ml/mitt. The micro-tube was 
fabricated and mounted on two supports so that there was 
no localized variation in tube temperature. 

A magnesium hollow-cathode lamp (Hamamatsu TV 
Co.) was used as source. The radiation from it was un- 
modulated, for fast tracing of the output from the photo- 
multiplier. The spectral line used was 285.2 nm. In order to 
limit radiation from the micro-tube reaching the photo- 
multiplier, a slit was placed in front of the micro-tube. 
The voltage signal from the atomizer and the absorption 
signal were recorded simultaneously by using the two 
beams of the synchroscope, and the temperature was deter- 
mined from the voltage signal, which was previously 
rel,ated to the temperature measured by optical pyrometer. 
A deuterium lamp was used for checking whether interfer- 
ents absorbed radiation. 

Reugents 

Chloride solutions were used for all elements tested. 
Solutions were transferred to the indentation in the micro- 
tube with a home-made glass micropipette. 

Meusuremrnt technique 

Atomizutionj~om sepurute sample indentations. A magne- 
sium solution was placed in one indentation in the micro- 
tube and the interfering ion (in IOOO-fold amount) in the 

other, and the samples were dehydrated slowly by operat- 
ing the tube at low power for about 30 sec. After cooling 
of the tube, high power was applied for atomization of 
magnesium and interferent, The diffusional mixing of the 
two atom-clouds in the micro-tube was assumed to be suf- 
ficient, on the basis of observations of the escape-times 
of the atom-clouds from both ends of the tube, and of 
the absorption profiles. 

Mixture-utomizution. A mixture of magnesium and inter- 
fering ion was placed in one of the indentations. and the 
tube was heated as above. 

RESULTS AND DISCUSSION 

Interference studies were carried out on 4 pg of magne- 
sium and IOCGfold amounts of potentially interfering ions. 
Interfering ions studied include Na, Al, Ca, Cr(III), Mn(II), 
Fe(III), Co(II), Ni, Cu(II), Zn. Se, Sr, Sn, Pd, Te and Pb. 
Atomization was performed at I600 ‘, which was optimum 
for magnesium. Simultaneous synchroscope traces or tem- 
perature and absorption profiles showed that only 0.1 set 
was needed to raise the tube temperature from 600 to 
2000’, and the magnesium absorption was started after 
attainment of the selected temperature. The absorption 
profiles of magnesium in the presence of most potential 
interferents were similar to that of magnesium alone in 
both atomization processes, though the absorption of mag- 
nesium was somewhat reduced in the mixture-atomization 
process. A deuterium lamp was used to check for non-ato- 
mic absorption by the foreign ions. Exceptions were Zn, 
Pb, Mn and Cr. Zinc and lead caused broadened absorp- 
tion profiles for magnesium, with a long tail when the mix- 
ture-atomization process was used, as shown in Fig. 1. 
These profile shapes may result from delayed atomization 
of magnesium, probably because of compound formation 
in the indentation. Chromium gave interfering effects 
(broadened absorption profiles) with magnesium in both 
atomization processes. Observation of the absorption pro- 
file for atomization from separate indentations would sug- 
gest that the interaction was partially occurring in the 
vapour phase. It is known that chromium(I11) chloride 
reacts with hydrogen at 400” to form chromium(H) chlor- 

Time 0.6 set /div 

Fig. I. Synchroscope traces of atomization of magnesium: 
u, pure magnesium; h. magnesium in one indentation and 
zinc in the other: c, mixture of magnesium and zinc in 

one indentation. Atomization temperature, 1600 
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ide, which is present as the dimer (Cr2CI,) in the vapour 
phase at 1500”. The probable mechanism of chromium in- 
terference in atomization from separate sample inden- 
tations is delayed atomization of magnesium due to partial 
interactjon with chromium chloride in the vapour phase. 
The absence of interference from other elements tested in 
atomization from separate indentations may be due to 
their chlorides being sufficiently dissociated at 1600 
Aggett et a/.‘,z proposed an interference mechanism in- 
volving vapour-phase condensation or co-precipitation of 
analyte atoms in an atmosphere saturated with a large 
excess of gaseous foreign metal atoms or molecules, in car- 
in-~lament atomization. McIntyre et ~1.~ described the 
severe interference by chromium when copper and nickel 
were atomized with a molybdenum filament, and use of 
a purge-gas mixture of 5”/, hydrogen in argon, and sug- 
gested that the interelemental interference occurs at least 
partially in the vapour phase. 

The use of hydrogen in the absorption chamber was 
necessary to protect the molybdenum tube from oxidation. 
Otherwise, atomization with a molybdenum tube was not 
possible. The metal micro-tube atomizer provides an en- 
vironment with uniform temperature throughout it, and 
the effective lifetime of the free atoms may be considerably 

Time . 0.6 set ldiv 

Fig. 2. Synchroscope traces of atomization of magnesium: 
(I and d, pure magnesium; h and c. magnesium in one 
indentation and lead in the other; c and& mixture of mag- 
nesium and lead in one indentation. Atomization tempera- 

ture, 1600” for a, h and c; 2200” for d. c, andf: 

(b) 

(e) (f) 

1 g 
Time 0.6secldiv 

Fig. 3. Synchroscope traces of atomization of magnesium: 
CI and ri. pure magnesium; h and e, magnesium in one 
indentation and chromium in the other; c and 5 mix- 
ture of magnesium and chromium in one indentation. 
Atomization temperature, 1600” for U. h and c; 2200” for 

d, e and .f: 

longer than when a filament system is used. Therefore, the 
dissociation may be more effective in the micro-tube than 
with the filament. 

The interferences in mixture-atomization appear to be 
complex. No correlation could be found between interfer- 
ence effects and any physical properties, such as boiling 
points, melting points and vapour pressures of the magne- 
sium salts or the interfering salts. 

Elevated temperature (2200’) helped to reduce interfer- 
ences as shown in Figs. 2 and 3. This may be due to effec- 
tive atomization in the micro-tube atomizer. Atomization 
at higher temperature is recommended for minimizing in- 
terferences provided a fast-response detection system is 
applied. 
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Summary--Interferences in flameless atomic-absorption spectrometry of magnesium were investigated 
by the use of a molybdenum micro-tube atomizer with a double indentation. Two atomization processes 
were compared in order to understand the interference mechanism: atomization from separate inden- 
tations, and mixture-atomization. Most elements tested gave no interference in atomization from separ- 
ate indentations, whereas magnesium absorption was somewhat reduced in mixture-atomization, How- 
ever, zinc and lead caused broadened absorption profiles in mixture-atomizations Chromium interfered 
in both atomjzation processes. The origin of these interferences is discussed. 



Talanra. Vol 23, pp 563-568. Pergamon Press, 1976. Prmted I” Great Bntam 

SELECTIVE STRIPPING VOLTAMMETRIC DETERMINATIONS 
EMPLOYING CELLS FOR ELECTROLYSIS WITH 
SIMULTANEOUS ION-EXCHANGE OR SOLVENT 
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Summary-Cells have been designed for strippmg-voltammetry analyses employing graphite working 
electrodes and mercury film electrodes on a graphite support, permitting ion-exchange or solvent extrac- 
tion separation simultaneously with the pre-electrolysis. The ion-exchange separation was tested on 
the determination of mercury in the presence of excess of copper( lead and cadmium and on the 
determination of bismuth in the presence of excess of copper(H). The solvent extraction separation 
was tested on the determination of mercury(I1) m the presence of copper(H), lead and cadmium and 
the determination of copper(H) in the presence of bismuth. Very good results were obtained by using 
ion-exchange, where the sensitivity and precision of the determination are comparable wrth those 
obtained in the determinations without separation, the separation efficiency bemg very high, limited 
virtually only by the capacity of the ion-exchanger used. The solvent extraction separations yielded 
poorer results: the sensitivity of the determination is decreased substanttally, the separation efficiency 
1s not very high and difficulties arise from the adsorption of the organic phase on the electrode surface 

The main problem in the application of stripping vol- 
tammetric techniques is that of achieving adequate 
selectivity in determinations on more complicated 
materials, while preserving as high a sensitivity as 
possible. Some aspects of this complex problem have 
already been treated in our previous papers.‘-3 Some 
improvement in the selectivity over classical stripping 
determinations with a mercury drop electrode can be 
achieved by using mercury-film electrodes and by 
using other than d.c. measuring techniques, such as 
ac. voltammetry, square-wave voltammetry or pulse 

and differential pulse voltammetry. However, a pre- 
liminary separation step is frequently necessary. Pre- 
liminary separations are usually tedious and often 
lead to dilution of the sample, introduction of impuri- 
ties and loss of the substance to be determined 
through adsorption, coprecipitation, etc. With sol- 
vent-extraction separations, some of these problems 
can sometimes be alleviated by performing the strip- 
ping determination directly in the organic phase after 
extraction (see, e.g., refs. 4 and 5); however, the sensi- 
tivity of the determination is not very high, the strip- 
ping peaks obtained are usually broad and non-sym- 
metrical, and the electrode surface may be affected 
by the organic solvents. Stripping voltammetry has 
already been combined with ion-exchange by pump- 
ing portions of the eluate from a chromatographic 
column into the electrolysis cell and performing the 
stripping determination m each portion of the solu- 
tion.’ 

The present paper describes a technique for simul- 
taneous separation and pre-electrolysis, which in 
many cases removes these difficulties. 

EXPERIMENTAL 

Chemicals and apparatus 

All chemicals employed were of p.a. purity, obtained 
from Lachema, Czechoslovakia. Stock soluttons of metal 
salts were obtained by dtssolving the solid substances in 
water, except for mercuric nitrate solution, which was pre- 
pared by dissolving metallic mercury m dilute mtric acid. 
The solutions were standardized by EDTA titrations and 
dilute solutions for experiments were prepared immediately 
before the measurement. 

Strongly acidic cation-exchanger Dowex 5OW-X8 
(50-100 mesh) in the H+-cycle was employed for ion- 
exchange separations. For solvent extractions, ethyl acetate 
and a 0.0013’~ solution of dithizone in carbon tetrachlor- 
tde was employed. 

The soluttons were deaerated by passage of nitrogen, 
freed from traces of oxygen by bubbling through solutions 
of sodium anthraquinone-/I-sulphonate and chromium(H) 
chloride, regenerated with amalgamated zinc. 

The stripping-voltammetry measurements were carried 
out by using two- and three-electrode polarographs con- 
structed in the laboratory from operational amplifier 
modules connected to an EZ-7 linear recorder (Labora- 
torni pii’stroje, Czechoslovakia). A stream of nitrogen was 
employed for stirring the solutions and its flow-rate was 
kept constant by using a liquid manostat. The measuring 
cells employed will be described below in the sections deal- 
ing with the particular separation techmques. 

A stationary graphite disk was employed as the working 
electrode. Spectral graphite (Elektrokarbon, Czechoslo- 
vakia) was impregnated under reduced pressure (water- 
pump) with paraffin at 100” for 5 hr. The electrodes (2 
mm in diameter) were cemented in glass tubes and polished 
with metallographtc papers (SIA, Switzerland; 2/O, 4/O, 6/O) 
and with damp velvet. In some expertments, glassy carbon 
(Le Carbone Lorraine, France) electrodes of the same 
dimensions, polished in the same manner, were employed. 
Mercury contacts were used. Mercury films were deposited 
in situ on the polished graphite or glassy carbon support 
according to Florence.’ Platinum wire auxthary and satu- 
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3 

2 

li 13 14 

Fig. 1. Cell for strippmg determmatlons with simultaneous 
separation on ion-exchanger with circulating solution 
(1,I ltnitrogen inlets for solution deaeration and stirring, 
(2,7knitrogen inlets for passage over the solution, 
(3,8ttubes from and to the pump, respectively, for solu- 
tlon circulation, (4,14tfrlts, (5tair outlet tube, (6t_auxl- 
liary platinum electrode, (9tSCE liquid bridge, 
(10tworkmg graphite electrode, (12tground-glass Joint, 

(13tlon-exchanger, (1 S+Teflon stopper. 

rated calomel reference (K 401, RadIometer) electrodes 
were employed. All potentials are referred to the saturated 
calomel electrode at the experimental temperature, 
20 + 2”. 

Procedure 

Unless otherwise stated, the measuring procedure in- 
volved the followmg steps’ 5-min deaeration by passage 
of nitrogen, followed by 5-min pre-electrolysis at -0.8 V 
in the solution stirred with nitrogen; then the stirring was 
stopped (nitrogen was passed over the solution) and after 
a 30-set rest period the stripping voltammogram was 
recorded at a scan rate of 600 mV/mm. The working elec- 
trode was repolished with damp velvet before each 
measurement. 

RESULTS AND DISCUSSION 

Strrpping determinations with ion-exchange 

The first cell employed is shown in Fig. 1. The left- 

hand compartment contains the test solution (5 ml), 
the right-hand one contains the pure base electrolyte 
(5 ml) and the electrode system. The two compart- 
ments are separated by an ion-exchange column and 
the solution is circulated by a simple peristaltic pump 
through the ion-exchanger from the sample compart- 
ment into the measuring compartment and back into 
the sample compartment at a rate of 0.5 ml/min. 
Simultaneously, pre-electrolysis at the required poten- 
tial is carried out. 

This principle was tested by using the separation 
of Hg *’ from Cd*+, Pb’+ and Cu*+ in dilute hydro- 
chloric acid.* Mercury is not removed by the ion- 

exchanger under these conditions, but passes through 
the column and can be determined, while the other 
ions are retained. An example of this determination 
is shown in Fig. 2, curve (a). Hydrochloric acid (0.2M) 
serves as both the ion-exchange medium and the base 
electrolyte. It is evident that perfect separation is 
achieved (the small lead peak is caused by the pres- 
ence of Pb*+ in the acid originally present in the 
measuring compartment). The separation can be per- 
formed successfully with substantially higher excesses 
of the interfering elements and the upper limit is 
determined only by the capacity of the ion-exchange 
column. Therefore, this technique is especially advan- 
tageous for complicated systems and also for studying 
ion-exchange, as very small amounts of substances 
eluted from the ion-exchanger are immediately deter- 
mined. 

The main disadvantages of the cell for routine work 
are that washing of the apparatus between the 
measurements is rather tedious and that the detection 
limit is higher than in the determination without sep- 

aration, because the sample is diluted by the base 
electrolyte present in the measuring compartment, 
and the efficiency of the pre-electrolysis is lower at 
the start, until the whole sample volume in the left- 
hand compartment has been pumped through the 
ion-exchanger into the electrode compartment. There- 

fore, longer pre-electrolysis times are required for low 
concentrations. On the other hand, the reproducibi- 
lity of the measurements is good (the relative standard 
deviation generally amounts to a few per cent). 

t I (JJA) 
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Fig. 2. Determmation of 10m6M Hg2+ in the presence of 
10e4M Cd’+, Pb*+ and Cu’+, employing simultaneous 
cation-exchange in 0.2M hydrochloric acid base electrolyte. 
Pre-electrolysis for 5 mm at -0.8 V, volume of solution 
5 ml. Scan rate 600 mV/min. (a) Determination in the cell 
depicted m Fig. 1, with circulating solution. (h) Determina- 
tion in the cell depicted in Fig. 3, with cation-exchanger 

dispersed in the test solution. 
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a! 

b, 

Fig. 3. (a) Cell for stripping determinations using ion- 
exchanger dispersed in the test solution. (ltworking 
graphite electrode, (2tliquid bridge to SCE, (3kauxiliary 
electrode, (4~nitrogen inlet for passage above the solu- 
tion. (5bnitrogen inlet for solution deaeration and stir- 
ring. (b) Ion-exchanger measure. (It-handle, (2)-frit, 

(3wylindrical glass vessel. 

For routine determinations it is much more con- 
venient to add ion-exchanger directly to the sample 

solution. The experimental technique is identical with 
that of common stripping-voltammetry determina- 
tions and the cell is very simple (see Fig. 3~). Constant 
amounts of pretreated ion-exchanger, stored in the 
base electrolyte, are added to the solution by using 
the measure depicted in Fig. 3b, after removal of the 
excess of solution from the resin by suction through 
the frit of the measure with a water pump (dry weight 
of resin added was 0.6 g). The solution is then deaer- 
ated for 5 min, electrolysed for 5 min, care being 
taken that the solution is sufficiently stirred with the 
stream of nitrogen, so that the cation-exchanger par- 
ticles move through the bulk of the solution, and then 
the stripping voltammogram is recorded after settling 
of the exchanger. 

The same determination was carried out as with 
the previous cell-see Fig. 2b. It can be seen that 
the separation is somewhat poorer than with the cell 
with solution circulation, owing to the smaller 
amount of ion-exchanger present, but the determina- 
tion is substantially more sensitive, because the 
sample solution is not diluted and the pre-electrolysis 
efficiency is not decreased. Under the conditions used, 
the limit of detection was 2 x lo-‘A4 Hg2+ (this 

value can be decreased substantially by using pre- 
electrolysis times longer than 5 min), the calibration 

curve was linear up to 5 x 10-6M Hg’+ and the 
maximum permissible concentration of interfering ele- 
ments was 10e3M. Hence the separation efficiency 
was still very good. The standard deviation for rela- 
tive determination of 10m6M Hg2+ in the presence 
of 10e4M concentrations of Cu2+, Pb2+ and Cd2+, 
calculated from 10 determinations, was 8.3% (for the 
determination of Hg2 + alone in the absence of the 
resin under these conditions, the limit of detection 
was 7 x 10e8M Hg2+ and the relative standard devi- 
ation for 10e6M Hg2+ was 4.3%). 

In order to test a determination employing the mer- 
cury-film electrode, bismuth was determined in the 
presence of copper. The test solution was lo-“M 

in Hg(N%), and the mercury film was de- 

posited in situ during the IO-min pre-electrolysis at 
-0.8 V. The base electrolyte was 0.4M hydrochloric 
acid.’ The determinations were carried out without 
and with 0.4 g (dry weight) of resin. Without ion- 
exchanger, Bi3+ down to 3 x 10m9M could be 
detected in the presence of up to 18 times as much 

Cu*+. The relative standard deviation for the deter- 
mination of 5 x 10-‘M Bi3+ alone without the 
exchanger, calculated from 10 determinations, was 
4.3%. In the presence of the exchanger, Bi3+ down 
to lo- ‘M could be detected in the presence of up 
to 4 x lo-‘A4 CU” (4000-fold molar ratio). The 
calibration curve was linear for 10-8-10-7M Bi3+ 
in the presence of 4 x IO-‘M Cu’+. The relative 
standard deviation calculated from 10 determinations 
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Fig. 4. Determination of 5 x lO_‘M Bi3+ in the presence 
of 2 x lo-‘M Cu*+ in the absence of the cation- 
exchanger. Pre-electrolysis 10 min at -0.8 V, base electro- 
lyte 0.4M hydrochloric acid, 10-&M Hg’+. 2.5 ml sample 

volume, scan rate 800 mV/min. 
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Fig. 5. Determination of 5 x 10-*M Bi3+ in the presence 
of 4 x 10m5M Cu’+, with 0.4 g of the cation-exchanger 
dispersed m the solutton. For experimental condittons see 

Fig. 4. 

of 5 x lO_sM Bi3+ in the presence of 4 x 10e5M 
Cu2+ was 10.4%. Typical voltammograms are shown 
in Figs. 4 and 5. 

It can be seen that the detection limit and reprodu- 
cibility of the determination with the ion-exchanger 
present are not much poorer than in its absence and 
that good separations can be achieved. The procedure 
is very rapid and simple. No mechanical damage to 
the films deposited on the electrode, caused by the 
moving resin particles, was observed. 

It can be generally concluded that simultaneous 
ion-exchange considerably improves the selectivity of 

stripping-voltammetric determinations, without ad- 
versely affecting the performance in any way. The ion- 
exchange equilibrium is established very rapidly un- 
der these conditions (in a much shorter time than 
the deaeration stage), so the separation efficiency 
depends only on the capacity of the ion-exchanger 
used. One limitation of these techniques lies in the 
necessity of using a base electrolyte which simul- 
taneously satisfies the requirements of the separation 
and of the stripping determination. Only those sys- 
tems can be analysed in which the species to be deter- 
mined is not adsorbed on the resin but all the other 

species are: the capacity of the ion-exchanger must 
be large enough to remove all of the interfering spe- 
cies completely. 

Stripping determinations with solvent extraction 

The solvent extraction method is somewhat differ- 
ent from that involving the use of ion-exchangers. The 
sample solution and the base electrolyte are generally 
different and must be completely separated by a mem- 
brane containing the extraction system. The sample 
solution must have a composition that permits selec- 
tive extraction of the determinand into the organic 
phase while the other components of the system 
remain unextracted, and the base electrolyte must 

ensure efficient back-extraction of the determinand 

mto the aqueous phase. Moreover, the quickest poss- 
ible passage of the substance through the organic 
layer must be ensured, to achieve sufficient sensitivity 
with reasonably short pre-electrolysis times. After 
several unsuccessful attempts, the cell depicted in Fig. 
6 was finally constructed. The Teflon cell body con- 
tained two compartments separated by a layer of filter 
paper soaked with the appropriate organic phase. The 
compartments were placed at an angle to accommo- 
date the electrodes and the nitrogen Inlets as close 
to the membrane as possible in order to increase the 

sensitivity of the measurement. 
The solutions (3 ml of each) were placed in the 

appropriate compartments and nitrogen was passed 
for 5 min. Then the pre-electrolysis was performed 
with the solutions stirred by the stream of nitrogen. 
The cell was tested for leakage by placing a solution 
of potassium permanganate in the left-hand compart- 
ment and water in the right-hand one. The compart- 
ments were separated by a layer of filter paper soaked 
in ethyl acetate. Traces of permanganate in the nght- 
hand compartment were detected (spectrophotometri- 
tally) after 12 min. 

The determination of 5 x lO-‘jM Hg2+ m the pres- 
ence of 100 times as much Cd2’, Pb’+ and Cu2+ 
was studied, using the extraction of mercuric ions into 
ethyl acetate from 0.125M hydrochloric acid and 
back-extraction into O.lM nitric acid.” A typical 
stripping voltammogram is shown in Fig. 7. It can 
be seen that the separation is poorer than with ron- 
exchange and the sensitivity also considerably de- 
creased (5 x l0-6M Hg2+ yields a peak about 5 jtA 

i 

Frg. 6. Cell for strtpping determinattons wrth simultaneous 
solvent extraction. (lt_auxtliary electrode, (2,9tmtrogen 
inlets for solution deaeration and stirring, (3,lOt_nitrogen 
inlets for passage over the solutton, (4,5eTeflon body, 
(6tlayered filter paper soaked in the extractant, (7+gra- 

phite working electrode, (8)-hquid brrdge to SCE 
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t 1 +A) 
- 

: 

Cd+Pb 

I I I I I I 
-0,6 -0,L -0,2 0 0,2 0,L 0,6V 

Fig. 7. Determination of 5 x 10-6M Hg’+ in the presence 
of 5 x 10m4M Cu’+, Pb2+ and Cd2+ wtth simultaneous 
solvent extraction into ethyl acetate. Sample solution 3 ml, 
0.125M in hydrochloric acid (left-hand compartment); 5 
ml of O.lM nitric acid (right-hand compartment); 5 min 
pre-electrolysis at -0.8 V, extraction layer 0.57 mm thick, 

scan rate 600 mV/min 

in height in the absence of the extractant, while in 
its presence the peak is only about 0.15 fi high). 
The reproducibility of this determination is also 
poorer than when using ion-exchange: the relative 
standard deviation, calculated from five experimental 
values, is 167& compared with 4.4% in the absence 
of the extractant. 

An attempt was made to improve the sensitivity 
and the efficiency by varying the membrane thickness 
and applying an electric field across the membrane 
(placing the auxiliary electrode in the sample com- 
partment and carrying out electrolysis across the 
membrane). However, the use of thin membranes and 
of an electrical field leads to poor separation, while 
thick membranes render the measurement insensitive. 

An additional difficulty lies in passivation of the 
electrode by the organic phase dissolved in the 
aqueous solution, occurring both with impregnated 

graphite electrodes and glassy carbon electrodes and 
manifested by a gradual decrease in the currents 
measured, and by a shift of the stripping peaks to 
more negative values. This phenomenon cannot be 
suppressed by simply polishing the electrode, and 
only prepolarization of the electrode in the base elec- 
trolyte for 3 min by applying 1.5 V a.c. (50 Hz) fol- 
lowed by polishing can restore the original state of 
the electrode surface (see Table 1). For this reason 
it 1s also impossible to carry out determinations in 
a two-phase system in the vessel, which otherwise 
would certainly be the simplest solution to the extrac- 
tion-separation problem. 

In order to test less polar organic systems which 
promise better separations, the determination of 

Table 1. The effect of electrode passtvation on the deter- 
mination of mercury 

Peak height, 

K‘t 

Peak potential, 
V 

0.42 +0.22 
0.13 +0.15 
0.04 f0.11 
0.49* + 0.22 

(5 x 10-6M Hg’+, organic phase layer 1.35 mm thick, 
electric field applied across the membrane. other condi- 
tions identical with those described for Fig. 7). 

* After a.c. prepolarization (+ 1.5 V, 50 Hz) for 3 min 
in the base electrolyte. followed by repolishing. 

Cu2+ by using a mercury-film electrode was tested 
with separation from Bi 3+ by extracting the copper 
from a solution of pH 1.5-2.0 (nitric acid) into a 

0.0013% dithizone solution in carbon tetrachloride 
and back-extracting into 6M hydrochloric acid.’ ’ A ’ 
typical stripping voltammogram is given in Fig. 8. 
The separation was very effective; copper ions passed 
through thick membranes, in the absence of an elec- 
tric field across the membrane, and bismuth ions were 
not detected, but the passivation of the electrode, 
which could not be suppressed even by prepolariza- 
tion, rendered the results irreproducible. 

A certain advantage over the simple ion-exchanger 
method lies in the separation of the measuring space 
from the sample compartment, thus facilitating a 
much wider choice of media for the extraction and 
for the back-extraction with the electrochemical 
determination. Also the selection of organic extrac- 
tants is very wide and applicable to a great variety 
of systems. However, it must be concluded that sol- 

1 
I 

-0,e -Ofi -0,c -o/2 v 
E 

Fig. 8. Determination of 10-6M Cu” in the presence of 
lo-‘M Bi3+ with simultaneous extraction mto a dithizone 
solution in carbon tetrachloride. Sample solution 3 ml, pH 
2 (left-hand compartment); 5 ml of IO-“M Hg*+ in 6M 
hydrochloric acid (right-hand compartment); 5 min pre- 
electrolysis at -0.8 V, extraction layer 1.08 mm thick, scan 

rate 800 mV/min. 
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DOSAGE COULOMETRIQUE PRECIS DES ACTINOIDES: 
APPLICATION A DE FAIBLES MASSES-I 

URANIUM 

JACQUES RAVENFL, CHRISTIAN S~RET et CLAUDE BERGEY 
Commissariat a 1’Energie Atomique, Centre d’Etudes de Bruyeres-le-Chatel, Boite Postale No. 61, 

92120-Montrouge, France 

(Rqu lr 12 juln 1975. Accept; lr 9 lanvirr 1976) 

RCsum&Un dosage p&is de faibles masses d’uranium par coulomttrie a potentiel contr8le est 
propose. Ce dosage permet d’obtemr des prtcisions de l’ordre de O,I% pour des prises d’essai d’uranrum 
de 0,l d 1 mg et de 0.5% pour de trts fatbles masses (15 p(g). Les ameliorations, permettant ces resultats. 
qui ont ete apporttes a l’appareillage et en particulier aux composants de la cellule, sont exposees 
et discutees. 

Depuis la sortie des nouveaux inttgrateurs de grande 
qualite, la coulometrie a pris une importance nou- 
velle, et voit l’eventail de ses applications s’elargir du 
fait de la fidelite, de la precision et de la specificite 
inherentes a cette technique. En particulier, le dosage 
de l’uranium par coulometrie a potentiel control& 
CtudiC par Thomason,’ Shults,’ Kelley,3 Goode,4 
Angeletti’ et par Molina et Brigaudeau’j permet des 
dosages a O,l% de precision en utilisant des quantites 
d’uranium de l’ordre de 5 a 20mg par titrage. Desir- 
ant preparer des solutions de references d’uranium 
isotopiquement purs 233U, 235U, 23sU, nous avons 
Cte amends, vu le prix tres tlevt de ces isotopes, a 
Ctudier une methode de dosage coulometrique de l’ur- 
anium sur de faibles prises d’essai (0,l a 1 mg), tout 
en conservant une bonne precision. Cette methode 
est classique quant a son principe: coulometrie a 
potentiel control& en milieu H2S04, utilisant la reac- 
tion Clectrochimique: 

UO:+ + 2e- + 4H+ +U4+ + 2H,O 

Souhaitant obtenir un dosage sensible et precis tout 
en gardant un temps d’electrolyse assez court, nous 
nous sommes attaches: 

(a) a obtenir un coefficient de cellule le plus grand 
possible (etude de la geometric de la cellule et du 
regime #agitation); 

(h) a abaisser le courant residue1 farada’ique (utili- 
sation de reactifs ultra-purs, soms apportes au dega- 

zage) ; 
(c) i &valuer avec precision le courant residue1 

capacitif (utilisation dun ensemble d’integration per- 
mettant de mesurer avec precision de trts petites 
quantites d’tlectricitt); 

(d) B Climiner les parasites tlectriques. 

PARTIE EXPERIMENTALE 

Appareillage 

Cellule. En coulometrte a potentiel controle, on mesure 
la quantite d’electrtcite correspondant a I’mtegratton du 

courant d’electrolyse: 

Q = j;l,lO-“‘dt = 2&(l - lO-A’) (I) 

avec A = coefficient de cellule. 
D’aprts Ravenel et Soret,’ nous voyons que lors dun 

dosage coulomttrique direct la mesure peut Ctre arr&tCe 
lorsque le rapport concentration finale sur concentratton 
imtiale est inferieur a I’erreur relative admise (O,l’A dans 
notre cas): 

C, i, 

c,=l, 
= 10-A’ < 10-3 

&Oh 
t > 3/A 

Pour obtenir un temps d’electrolyse court, 11 faut done 
avoir un coefficient de cellule (A) tlevt. Ce coeffictent de 
cellule depend de la geomttrie de la cellule et des condi- 
tions d’agitation; il est proportionnel a S/K S designant 
la surface de l’electrode et Vie volume de solution d’elec- 
trolyte. Dans le cas dune electrode de mercure, dans une 
cellule cylindrique: S/V = l/h (h = hauteur de la solutton). 
I1 faut done obtenir h le plus petit possible. Nous utthsons 
des cellules en “Plextglas” poli, usinees avec prectston 
(figure 1). Le diamitre inttrieur de ces cellules est de 
335 mm. La hauteur minimum de solutton a mtroduire 
est h = 4 mm, soit un volume minimum de 2,5 ml. 

Des comparaisons experimentales nous ont amen&s a 
concevoir l’agitateur (figure 1) de diamttre = 16 mm. La 
surface de cet agitateur est polie. En rotation, il ne provo- 
que pas de projections de solution sur les parois de la 
cellule. II Porte une pointe centrale qui kite d’emprisonner 
une bulle gazeuse au moment du contact avec la solution, 
augmente la surface portante sur le mercure et stabihse 
celui-ci dans son mouvement de rotation, 

Les coefficients de cellules obtenus dans ces conditrons 
sont de I’ordre de A = 0,012/S. Pour un dosage a 0.1% 
pres, 11 nous faut done un temps d’ilectrolyse suptrieur 
a 4 min. 

Le support de cellules employ& est cehn mis au point 
par la Section de Chimie Analytique du Plutomum et 
d’Electroanalyse (C.E.A.-C.E.N./Fontenay-aux-Roses).b’O 
II est equip& dun moteur SF MI dont la vitesse constante 
de rotation est de l’ordre de 3OOO/mm. Nous lui avons 
apporte quelques modrfications, afin de I’utiliser dans des 
conditions optimales. Un niveau a bulle, des pteds antivt- 
bratones, un reglet pour reperer la posttion de l’agttateur. 
un manomttre de controle de la pression d’argon ont et& 
ajoutis. Un berceau en acier inoxydable. qut revolt la cel- 
lule, permet la translation verttcale amsi que le verrouillage 
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Electrode Colomel 

cuve en plexlglos 

Electrode contr6l6e 

Fig. 1. Cellule de coulometrie. 

de celle-ci sur le support, et assure la harson electrique 
entre la masse et le fil de platine plongeant dans l’electrode 
de mercure. Cet appareil est place dans une boite a gants 
sous atmosphere d’argon. 

Les caracterrsttques de cet ensemble, I’utlhsation de pro- 
duits “ultra-purs”, le som apportt au degazage, ont permis 
de redune la valeur des courants r&duels de 10e5 a 
lo-’ A. D’autres ameliorations portant sur l’ensemble 
d’mtegratron nous ont permts de reduire les courants para- 
sites et de mesurer avec precision la quantite d’tlectricite 
non utilisee pour la reduction tlectrochimique des tons 
uranium. 

En~nhlr d’intbgrarion. L’ensemble d’integration se com- 
pose : 

(a) dun convertisseur tension-frequence Hewlett-Pack- 
ard type 2212 A, (taux de converston: IO5 rmpulsions par 
seconde pour 1 V; linearitt de O,Ol% en pleine gamme; 
stabilite de + 0,0.2’% pour 8 hr) place dans une cage de Far- 
aday en cuivre; 

(h) de r&stances &talons AOIP type RE et REH (preci- 
sion d’etaionnage de f 0,02%); 

(c) dune echelle de comptage (compteur HVL type M 43 
ou compteur ORTEC, modtle 715). 

Nous verifions ptriodiquement la linearite de reponse 
de nos convertisseurs au moyen dun generateur de tension 
continue Hewlett-Packard, modtle 740 B. Nous avons con- 
state que les convertisseurs sont dune plus grande fiabilite 
dans la plage des tensions allant de 10e4 a I V. 

Montage &ectrrque (figure 2). Le montage electrique se 
compose: 

(a) dun potentiostat Tacussel, type PRT 20-2 X a 
reponse rapide; 

(h) dun enregistreur Tacussel, type EPL2 B fonctlonnant 
en regrme potentlometrique grace a un tiroir type TV 11 
CD [cet enregistreur place aux bornes dune resistance 
AOIP de 1On trace la courbe i = F(t) et permet de s’as- 
surer du bon deroulement de la coulomttrie (absence de 
parasites en particulier)] ; 

(c) dun voltmetre numerique Schneider, type Vn 954 qui 
controle le potentiel impose a I’electrode de travail. 
Ces apparells sont group& dans une baie mobile alimentee 
en courant rtgule a + 1%. Un certam nombre de precau- 
trons ont ete proses, afin de mimmlser les perturbations 
d’orrgme electrique (halsons par cables coaxiaux, contacts 

en or, soudures a l’argent. Une diode placee dans le circuit 
supprime certains parasites rtinjectes vers le potentiostat). 
Un commutateur de changement de gamme permet de 
choisir la resistance d’inttgration en fonction de la quantite 
de I’tlement a doser. Un interrupteur (Z) permet le con- 
trole de la derive de la base zero du convertisseur avant 
et aprts la coulomttrie en court-circuitant la resistance de 
mesure. Une resistance de 500R hmlte le courant dans 
le circuit, quand la mesure se fait sur la resistance Ctalon 
de 10R. 

Methodr 

PrGparation de solutiotls 8uranium ~talonne’rs. La prepa- 
ratton des solutions se fan a partir d’uranium metal elec- 
trolytlque de trts haute purete. Un echanttllon est dtcape, 
puis siche sous courant d’azote et pese dans une fiole con- 
ique prealablement taree. dans laquelle se feront la drssolu- 
tion et la muse en acrdtti convenable. Le metal est dissout 
dans l’acide perchlorrque 11,5M a 60”, puts I’actde per- 
chlorique est chasse par ebullition modtree en presence 
de I’acide sulfurique. Apres refroidissement, on ajuste I’acr- 
dite a rr IN avec de I’eau bldistlllte (on opere de mEme 
avec l’oxyde d’uranium qul est prealablement Porte B 900” 
dans un creuset en quartz, puis dissout en milieu acide 
nitrique 14M). 

Pwparation de la coulomitrw On introdmt dans la cel- 
lule environ 8 ml de mercure. puts 3 ml de I’acide sulfurique 
IN. Le compartiment de f’electrode de reference et le com- 
partiment de l’electrode anodique sont remplis de I’acrde 
sulfurique IN jusqu’a tquilibre de la pression mterne de 
l’argon. L’argon prealablement humldifie par barbotage 
dans une solution sulfurique lN, est introdmt dans la cel- 
lule au-dessus de la surface du liqmde. Apres un court 
degazage, la solution subit une prereduction a -0,385 
V/ECS jusqu’a I’obtentton dun courant residue1 constant 
(mferieur a 10e6 A). On pro&de alors a la mesure 
du “blanc” en prelevant dans la cellule 1 ml de solutron 
prereduite que I’on remplace par 1 ml de solutron acide 
ayant sub1 le mCme trattement que la solution d’uramum. 
On verromlle la cellule pour proceder a un degazage de 
5 min. La base zero et le taux de conversion du convertis- 
seur sont rtgles, pms le potentiel 0,385 V/ECS est impose 
et la mesure du blanc a lieu jusqu’a obtention du courant 

Fig. 2. Schema Clectrique. 
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No de sol”tmn 

Prl= 
d’essiu, 

w 

Valeur moyenne. 

v/s 

COrf0ZtlO” 
moyenne de Ecart 6 la Ecart moyen 

Nombre bruit de valeur thko- Ecart type relatd, s,, 
de dosages land. % r1que. % relatlr. s. “a % 

Metal 
u 8-l 
M&l 
u a-2 
Metal 
u k-4 
‘J’U/U3-I 
Oxyde US-I 
“‘U-u3.2 
Oxydc US-I 
Oxvde US-2 
Oxide US-3 

“‘U UD5 

8.822 8 8.826 8 0.10 

10.05x 5 10.061 II 010 

10,334 5 10.332 
0.6 0.6114 

1.0581 0.5 1.0580 
0.5 0.6457 

I.0581 0.2 I.0597 
1.4392 0.2 I.4414 
0,029 I 5 0.03 0.02935 

0,015 0.02920 
0.1 0.2636 

IO 0.015 
IO 0.20 
9 0.10 

I2 0.10 
2 0.25 
I 0.40 
I 3 
2 6 
5 0.6 

0.05 0.06 0.02 

003 0.12 0.04 

0.02 0.1 I 0.03 
._ 009 0.03 

0.01 0.10 0.03 
0.12 0.04 

0.15 _ _ 
0.15 _ _~ 

0.50 0.30 

0.08 0.04 

r&duel (environ 10 min). On note le nombre d’impulsions 
sur I’khelle de comptage. Aprts la mesure, la d&rive de 
z&o du convertlsseur et la valeur du courant rtsiduel sont 
mesurkes avec pricision en plaGant le commutateur de 
changement de gamme sur 1OOOR. 

Pour la coulomttrie de la solution d’uranium, 1 ml de 
solution d’tlectrolyte support est pklevt et remplack par 
environ 1 ml de solution B doser. Le poids exact de cette 
ahquote est dktermint par diffkence de poids sur une 
balance Sartorlus au 10 pg. 

La suite des operations se fait dans des conditions identi- 
ques B celles du blanc. La manipulation compkte dure 
environ 1 hr. 

Expression da risultats. La concentration cherchke est 
exprimte par la formule: 

MN, C=----- 
nFPKR 

(2) 

ou A4 = masse atomlque de l’klltment; n le nombre d’klec- 
trons &hang&s; F = 96.487 C; K = le taux de conversion 
du convertisseur; R = la rkistance de mesure; P = poids 
de la prise d’essai, N, = N, - (N, + N, + N,,); 
NM = nombre d’impulsions lu sur le compteur; 
NR = nombre d’impulsions (NRt) correspondant A l’intkg- 
ratlon du courant rCsidue1 (IR) pendant le temps de mesure 
(t); N, = nombre d’impulslons correspondant A la dtrlve 
kventuelle de la base z&o (2,) du convertisseur; 
NB = nombre d’impulsions correspondant au blanc (ce 
nombre est B corriger du courant rbsiduel et de la d&rive 
de la base zkro du convertlsseur lors de la mesure de ce 
blanc). On a N, = ZJ; en pratique Nz G N,/5000. 

Les premiers ksultats obtenus sur plusieurs solutions 
d’uramum sent consIgn& dans le tableau 1. 11s sent donnCs 
dans l’ordre chronologique. 

APPLICATIONS 

Nous avons CtudiC la possibilitk d’appliquer la 
mkthode de dosage coulomttrique g l’ktalonnage 
d’une solution d’uranium 233 (teneur isotopique: 
99,553%). Deux solutions CtalonnCes d’uranium 

nature1 mCta1 klectrolytique et deux solutions 
Ctalonntes d’oxyde d’uranium nature1 &talon ont CtC 
prkpartes et dilukes A des aliquotes de la solution 
U3-2 do&e par coulomktrie. Ces mklanges isotopi- 
ques ont Cd do&s en spectromttrie de masse, ce qui 

nous a permis de comparer les concentrations 
&al&es par chaque mkthode. Les rkultats sont 
donnts dans le tableau 2. 

DISCUSSION ET 

Une Ctude statistique’ ’ 

CONCLUSION 

montre qu’il n’y a pas 

de d&rive dktectable de l’appareillage et que notre 
mkthode est reproductible. Nous avons obtenu un in- 
tervalle de confiance autour de la moyenne de 
+0,068x. La correction de bruit de fond ne d&passe 

pas 0,2x pour les quantitks de l’ordre de 0,5 mg U. 
Enfin, nous avons constatk que les mesures sont 
justes dans le domaine considS (0,5 g 8 mg d’ur- 
anium do&). 

Sur des quantitks de 0,l g 0,2 mg, les rksultats sont 
encourageants. Bien que l’influence des corrections 

devienne plus importante, les rksultats sont a peine 
diffkrents de plus de O,l% de la valeur thkorique, ce 
qui est conforme B nos exigences de prkision. 

Ces rksultats ont pu ctre acquis grdce 8: 

-des amkliorations importantes sur les compo- 

sants de la cellule et de son support, qui se sont tra- 
duites par un gain d’un facteur deux sur les coeffi- 
cients de cellule prkitdemment publiks, 

-l%limination trks poussCe des parasites klectrosta- 
tiques et hertziens, des surtensions A la fermeture du 
circuit, 

-l’amClioration des contacts, 
-1’emploi de rkactifs ultra-purs. 

Tableau 2 

Nombre 
de mesurcs 

Coulomitrle Spmtromitrle de masse 
Concentratton 

Concentration u en 2”U pur. Concentration Nombre 
total. mg/g “?A S. % en =)u. wls d’essas S. %, 

I2 X = 0.6486 X, = 0.6457 0.12 X,, = 0.6461 4 0.2 
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Nous avons rkalisk des dosages sur des quantitks 4. 
de 15 B 30 pg. Les valeurs trouvkes s’kartent de prks 
de 0,5% de la valeur thkorique; nous pensons cepen- 5 
dant pouvoir amkliorer ces mesures sur des faibles 6. 
quantitks (IOpg B 0,1x prks), grlce B la conception 
d’une microcellule. 

7 
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USE OF LONG CHAIN ALKYLAMINES FOR 
PRECONCENTRATION AND DETERMINATION OF 

TRACES OF MOLYBDENUM, TUNGSTEN AND 
RHENIUM BY ATOMIC-ABSORPTION 

SPECTROSCOPY-III 

TUNGSTEN IN GEOLOGICAL SAMPLES 

C. H. KIM, P. W. ALEXANDER and L. E. SMYTHE 

Department of Analytical Chemistry, University of New South Wales. P.O. Box 1, Kensington, N SW., Australia 2033 

(Rrceiurd 15 Drcrmher 1975. Accepted 4 February 1976) 

Summary-Tungsten is determmed by atomic-absorption spectroscopy after its reduction to the W(Vt 
thiocyanate complex with tin metal and extraction with Alamine 336 mto chloroform. Atomic absor- 
bance is measured on a final MIBK solution after evaporation of the chloroform and redissolution 
of the residue in MIBK. Interference effects are shown to be neghgible for diverse cations and amens, 
includmg Fe, Cu, Cr, Co, MO, Al and Bi. Analysis of geological samples with an exceptionally wide 
range of W content from 2.8 ppm to 10% is achieved with relative standard deviations better than 
5%. 

A rapid and reliable method for the determination 

of traces of tungsten in geological samples is not at 

present available. Existing gravimetric and spectro- 

photometric methodsip are generally insensitive and 

suffer from interference problems. Atomic-absorption 

methods for tungsten in geological samples have been 
reportedL7 but are not applicable to trace determina- 
tions. Thomas et aL4 improved the sensitivity by addi- 
tion of potassium as ionization suppressor and phos- 
phate as releasing agent. Keller and Parsons,’ and 
Quin and Brooks6 determined tungsten m ores after 
dissolving digested ore residues in alkali. Rae’ devel- 
oped a method for solvent extraction of tungsten into 
3% Aliquat 336 m di-isobutyl ketone, followed by di- 
rect aspiration of the extract into a nitrous oxide- 
acetylene flame. All of these methods are suitable only 
for per cent level quantities of tungsten in ore samples 
because of the poor sensitivity of tungsten determina- 
tion by AAS. 

Recent methods include determination by flame 
emission with vidicon tube detection.’ proton-activa- 
tion analysis’ and visible spectrophotometry by com- 
plexing with hydroquinone,” but these have not been 
applied to analysis of geological samples. Microgram 
quantities of tungsten in natural waters have been 
determined by Korrey and Goulden’ ’ by extraction 
with benzoin antiioxime. They found interference from 
Fe(III), V(V) and Mo(VI), making the method unsui- 
table for geological samples. A rapid spectrometric 
method for tungsten in steels and wolframitei2 is 
based on extraction of the yellow W(V)thiocyanate 
complex with 2% tribenzylamine in chloroform and 
measurement at 410 nm. The method has few mterfer- 
ences and a sensitivity of 0.013 pg/ml. Beer’s law is 
obeyed up to 24pg/ml. However, the proving trials 

of the method related only to relatively high concen- 
trations of tungsten in special steels and there were 
no details of applicability to trace amounts of 
tungsten in most geological materials. The same 
authors considered extraction of the tungsten(V)-thio- 
cyanate complex with other amines. 

We recently reported a general methodi for 
extraction and preconcentration of molybdenum, 
tungsten and rhenium with long-chain alkylamines, 
before atomic-absorption analysis. In this paper, we 
describe a detailed application of this method to the 
determination of tungsten at ppm levels in geological 
samples, 

EXPERIMENTAL 

Rragums and apparatus 

All reagents have been described previously.i3 The ato- 
mic-absorption spectrophotometer used was a Varian 
Techtron AA5 and mstrumental settings have also been 
reported.13 

Procedure 

The general procedure described previouslyi for deter- 
mination of tungsten was its extraction from 50 ml of 3M 
hydrochloric acid containing 2 ml of 20% stannous chlor- 
ide solution and 2 ml of 20% potassium thiocyanate solu- 
tion mto a solution of a long-chain alkylamine in chloro- 
form, followed by evaporation of the chloroform from the 
separated organic phase and dissolution of the residue in 
methyl isobutyl ketone (MIBK). Tungsten in the final 
MIBK solution was then determined by atomic-absorption 
spectrometry. 

This general procedure was modified for determination 
of tungsten m soils and geological samples in order to 
ehmmate interference problems, as follows. Samples 
(0. IO@ I .ooO g, 150 mesh) contammg less than 600 pg of 
tungsten were dissolved by the method of Kim et &,I4 
giving a final solution of approximately 20 ml m 10M hy- 
drochloric acid in a 50-ml beaker. A granular piece of tin 

573 
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Table 1. The concentration of Alamine 336CHCla for extractton and the final volume 
of MIBK 

Approximate content Colour of W-SCN m Concentration of 
of W, iis aqueous phase Alamine 336-CHCl,, 7; MIBK, ml 

20 Very weak yellow 0.5 1.0 
l&40 Weak yellow 0.5 20 
25100 Yellow 1.0 so 
XL200 Strong yellow 1.0 10.0 

10~400 Very strong yellow 1.0 25.0 

metal (0.5-1.0 g) was added, followed by 1 ml of 20% stan- 
nous chloride solution and the solution was boiled for 
20min (some tm metal should remain). The solution was 
then cooled rapidly in Ice-water and 2 ml of 50% sodium 
thiocyanate solution were added. As a source of thio- 
cyanate ion. sodmm thiocyanate was preferred because 
potassium would be precipitated by the perchlorate 
remaining in solution after the dissolution procedure for 
the geological samples. After 20 min reaction time, the 
solution was transferred to a IOO-ml separating funnel. the 
beaker and tm metal being rmsed with cold water and 
further water added to a final volume of about 50 ml. 

The tungsten was extracted with lOm1 of O.S-1.0% Ala- 
mine 336 m chloroform by vigorous shaking for Zmin. 
The organic phase was dramed into a 25-ml beaker or 
a 25-ml weighing bottle, depending on the final volume 
of MIBK required and the aqueous phase was washed with 
a second IO-ml portion of Alamine 336 in chloroform. The 
combined extracts were heated on a steam-bath to evapor- 
ate the chloroform and a few ml of MIBK were added 
to dissolve the restdue. On cooling, the solution was trans- 
ferred to a 2%ml volumetric tlask and made up to volume 
with MIBK washmgs from the beaker. For low tungsten 
concentrations, l-5ml of MIBK were added directly to 
the 25-ml weighing bottle instead of the 25-ml beaker and 
the residue was dissolved m the MIBK by gentle warmmg 
after the stopper had been placed on the bottle. The absor- 
bance of this final MIBK solution was then measured rela- 
tive to pure MIBK as a blank, wtth the mstrumental par- 
ameters previously specified. I3 A range of concent~tions 
of Alamine 336 in chloroform and also of the final MIBK 
volume was required, depending on the tungsten content 
of the sample. as shown in Table 1. 

RESULTS AND DISCUSSION 

The general method for extraction of the thio- 
cyanate complex of tungsten into chloroform solu- 

tions of long-chain aliphatic amines has been de- 
scribed previously.‘3 From this work, Alamine 336 
was chosen as the most suitable extracting agent and 

the following results give a more detailed account of 
the use of this method of analysis for tungsten in 
geological samples. In particular, when the previous 
method was applied to analysis of ores, some modifi- 
cations were found to be necessary because of inter- 
ference effects reported earlier13 and methods are 
given below to overcome these problems. It is shown 
that less than 10ppm of tungsten can be determined 
by this technique. 

E&et of acid and other rragrnts 

The effect of hydrochIoric acid concentration on 
the extraction of the W(V~thiocyanate complex into 
Alamine 336 in chloroform was investigated as shown 
in Table 2. A single extraction with 10 ml of l”/, Ala- 
mine 336 in chloroform was carried out, over a range 
of hydrochloric concentrations from 3M to 10M in 
the aqueous phase. After evaporation of the extract, 
the residue was redissolved in MIBK and made up 
to 10mf. The extractability was constant up to 7M, 
but decreased markedly at higher concentrations. 
Extraction from less than 3M hydrochloric acid was 
not tested, because of difficulties m control of acidity 
after the initial reduction in 15 ml of lOM hydro- 
chloric acid. The final concentration of hydrochloric 
acid was chosen to be between 4 and 6M. Table 2 
also shows the measured absorbance as a function 
of volume of 20% stannous chloride solution used 
for reduction of 0.200 mg of tungsten in 20 ml of 10M 
hydrochloric acid. A single extraction was carried out 
with 1Oml of 1% Alamine 336 in chloroform after 
complexing with 2ml of 20% potassium thtocyanate 
solution. In addition, Table 2 shows the effect of vary- 
ing the volume of potassium thiocyanate solution 
with the volume of 20% stannous chloride solution 

Table 2. Effect of reagents m W extraction* 

HCl concentration?, SnCl, volumet, 
M Absorbance ml Absorbance 

3.0 0.62 0.5 0.57 
4.0 0.62 I.0 0.61 
5.0 0.62 2.0 0.61 
6.0 0.62 3.0 0.60 
7.0 0.60 4.0 0.60 
8.0 0.57 5.0 0.59 
9.0 0.51 

10.0 043 

KSCN vplumet, 
ml Absorbance 

0.5 0.56 
1.0 0.58 
2.0 0.61 
3.0 0.61 
4.0 0.6 1 
5.0 0.6 I 

* Extraction of 0.200 mg of W from 50 ml of aqueous solution. 
t Concentration of reagent varied with other reagent concentrations kept constant 
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Table 3. Effect of Alamine 336 on W extraction and absorbance 

Concentration* 
of amine in 

CHCI,, % v/v Absorbance 
Concentration oft 

amine in MIBK, % v/v Absorbance 

0.1 0.44 0.2 0.31 
0.2 0.57 0.5 0.53 
0.4 0.61 I.0 0.60 
0.6 0.61 2.0 0.61 
0.8 0.62 4.0 0.60 
1.0 0.61 6.0 0.61 
15 0.62 8.0 0.60 
2.0 0.62 10.0 0.58 

* Extraction of 0.200 mg of W into amine/CHCl, solvent. 
t Solvent for final aspiration into the flame after evaporation of CHCI, 

kept constant at 2 ml. Little effect on absorbance was 
observed with either reagent, as shown previouslyi 
with Amberlite LA-1 as the extractant. For the pur- 
pose of applying this procedure to the determination 
of tungsten in geological samples, some modification 
to the reduction system was required, however. 

effect of Alamine 336 on absorbance of tungsten in 
MIBK 

Table 3 shows the effect of varying concentrations 
of Alamine 336 in MIBK on the tungsten absorbance 
after the evaporation of the chloroform and dissolu- 
tion of the residue in 10ml of MIBK. Low absor- 
bance values were obtained at amine concentrations 
less than OS%, owing to incomplete extraction. 

The results also show that Alamine 336 can be used 
over a much wider concentration range than Amber- 
lite LA-1r3 without effect on absorbance. This was 
attributed to the lower viscosity of Alamine 336 in 
comparison to Amberlite LA-l. Furthermore, there 
was no background absorbance by the MIBK solu- 
tion up to a 10% content of Alamine 336. Therefore, 
pure MIBK can be used as a blank solution for the 
adjustment of zero absorbance. 

Recovery of tungsten 

Quantitative recovery of 0.200mg of tungsten was 
obtained by extraction with solutions of Alamine 336 
in chloroform m the concentration range 0.4-2.0%. 
as shown in Table 3. The degree of extraction 
achieved was an approximately 25% improvement 
over the extraction previously reported.13 In general, 
double extractions with Alamine 336 concentrations 
greater than 0.4% in chloroform were used, depending 
on the quantity of tungsten in the sample solution, 
in preference to a single extraction, for quantitative 
recovery. 

Interference effects 

A wide range of cations and anions likely to be 
present in geological samples was tested for interfer- 
ence in the extraction of tungsten (0.2OOmg), as 
shown in Tables 4 and 5. Each ion was added to 
0.200 mg of tungsten in 20ml of hydrochloric acid, 
in IOO-fold to lOOO-fold w/w ratio to tungsten. The 
tungsten was then extracted from the aqueous solu- 

tion containing 2 ml of 20% stannous chloride solution 
and 2 ml of 20% potassium thiocyanate solution, into 

two lo-ml portions of 1% Alamine 33tihloroform. 
Serious interference was observed in the presence of 
large excesses of copper, iron and molybdenum. Cop- 
per caused difficulties in extraction by formation 
of a white precipitate of CuSCN. It was found that 

iron(II1) in large excess (200 mg) was incompletely 
reduced by 2 ml of 20% stannous chloride solution. 
Molybdenum caused complications because of co- 
extraction into Alamine 336~chloroform as the thio- 
cyanate complex. All these interferences caused a 
negative error in the tungsten absorbance. 

Several anions were also tested for Interference as 
shown in Table 5. When added in large excess in 
quantities ranging from 1 to 10 mmole, only nitrate 
interfered severely with the extraction owing to 
its strong oxidizing effect in concentrated hydro- 
chloric acid. Most interferences, however, were satis- 
factorily eliminated by the use of tin metal as a reduc- 

tant. 

Reduction with tm metal 

Interferences from Fe(III), Cu(I1) and MO(V) were 
ehminated by exploiting differences between the 
reduction potentials of tungsten and of these cations. 
For the quantitative extraction of tungsten or molyb- 
denum as the thiocyanate complex, their oxidation 
state must be +V. If Mo(V1) can be reduced to 
Mo(III), the extraction of molybdenum can be pre- 
vented because Mo(II1) is only weakly complexed by 
thiocyanate.r5xr6 We found that when Sn(I1) or 
Ti(II1) was used at hydrochloric acid concentrations 
greater than 8M for the reduction of tungsten in the 
presence of molybdenum W(V1) was quantitatively 
reduced to W(V) while Mo(V1) was reduced to 
Mo(II1). Under these conditions the reduction of 
molybdenum was incomplete and Mo(II1) was readily 
re-oxidized on standing in air. This instability caused 

difficulties in the clean extraction of the tungsten 
thiocyanate complex. 

It was finally shown that tin metal alone or with 
Sn(I1) was superior to other reducing agents for the 
reduction of tungsten in the presence of Mo(VI), 
Fe(II1) and Cu(I1). It was necessary to heat the 10M 
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CatIon 
(salt used) 

No add&Ion 

Ag (AgzSO,) 
Al (metal) 

Au (NaAuCl,) 

Ba (BaClz) 

IG @Cl,) 

Ca (CaClJ 

Cd (CdClJ 

cc CCe(SO,),l 

co (CoClz) 

Cr (CrCI,) 

cu (CuClz) 

Fe (FeCl,) 

Hg (HgCl,) 

In (InCl,) 

K (KCI) 

Li (LiCI) 

C H. KIM, P. W. ALEXANDER and L. E. SMYTHL 

Table 4. Effect of cations on W extraction (200mg taken) 

Amount added Cation Amount added 
(as “9 of metal) Absorbance (salt used) (as MS of metal) Absorbance 

2 
20 

200 . 
L 

20 
200 

20 
200 

20 
200 

20 
200 

20 
200 
20 

200 
20 

200 
20 

200 
20 

200 
20 

200 
20 

200 
20 

200 
20 

200 

0.60 
0.60 
0.59 
0.60 
0.55 

0.61 
0.61 
060 
0.60 
0.59 
0.60 
0.60 
0.60 
0.61 
057 
060 
0.61 
0.60 
0.61 
0.58 
0.47 
0.60 
0.25 
0.61 
0.56 
061 
0.61 
0.61 
0.62 
0.60 
0.61 

Mg WgClJ 

Mn (MnCI,) 

Mo E(NH&Mo+Ll 

Na (NaCl) 

NH, (NH,Cl) 

i% (NiCI,) 

Pb (PbC03) 

Pd (PdIJ 

Pt (Pto) 
Re (KReO,) 

Rh (metal) 
Sb (SbCI,) 

Th (Thtl,) 

Tl (TiCl,) 

V (NH,VO,) 

Zn (ZnCl,) 

Zr (ZrOClJ 

20 0.60 
200 0.60 

20 0.60 
200 0.61 

20 0 58 
200 0.05 

20 0.61 
200 0.61 

20 0.6 I 
200 0 59 

20 0 59 
200 0 60 

20 0.61 
200 0.61 

2 0.58 

2 0.60 
2 0.60 

20 0 51 
2 0.61 

20 0.60 
200 0.62 

20 0.60 
200 0.60 

20 0.60 
200 0.62 

20 0 51 

20 0.60 
200 0.60 

20 0.60 
200 0.59 

hydrochloric acid solution containing tin metal to 
ensure complete reduction to Mo(II1) and the solu- 
tlon was then cooled in ice-water to prevent re-oxida- 
tion. Sn(I1) was added along with the tin metal to 
increase the rate of reaction, and the rate of consump- 

Table 5. Effect of anions on W extraction 

Anion (salt used) 
Amount added 

rnndr 9 Absorbance 

No ad&tlon* 060 
Acetate 1 0.08 0.60 

(CH,COONa) 10 0 82 0.60 
Borate 1 006 0.58 

(HBO.3) 10 0.60 0.53 
Citrate I 0.20 0.60 

[C~H~(OH)(COOH)~.H~O] 10 200 0.59 
Nttrate I 0.08 0.30 

( NaNO,) 10 0.85 0.10 
Perchlorate 1 0.14 0.61 

(NaClO, HzO) 10 1.41 0.56 
Phosphate I 0.16 0 60 

(Na,HP0,.2H20) 10 I 56 0.62 
Silicate 1 0 28 0.59 

(Na,SiO,-H@) 10 2.84 0.50 
Sulphate 1 0.32 0.61 

(Na2S0,. lOH,O) 10 3.20 0 59 
Tartrate I 0.15 0.60 

[(CHOHCOOH),] 10 1.50 0.58 
Tetrafluoroborate 1 0.13 0.61 

(KBF,) IO I 26 0.55 

* W taken. 0.200 mg 

tion of tin metal was further increased by the presence 
of other oxidizing elements such as Fe(III), Cu(II), 
Cr(V1) and nitrate. 

Table 6 gives results for the determination of 
tungsten in the presence of molybdenum and iron 

after reduction with the Sn/Sn(II) system. At least 
90% recovery was obtained in the presence of 
lOOO-fold ratio of molybdenum to tungsten. In addi- 
tion, large amounts of Cu(I1) were spontaneously 
reduced to copper metal by tin metal with the solu- 
tion at room temperature. Greater than 90% recovery 
of tungsten was obtained from a mixture of 0.200 mg 
of tungsten and 200 mg of Cu(I1). Nitrate interference 

Table 6. Effect of MO and Fe on W extraction 

W taken, MO added, Fe added, W found, 

w my w ‘%I 

0.200 - 0.200 
0 200 2 0 198 
0 200 20 - 0.195 
0.200 200 - 0 183 
0.200 500 0.194 
0.200 1000 O.I83 
0.200 2 100 0.194 
0.200 2 200 0.198 
0.200 20 100 0.195 
0.200 20 200 0 183 
0.200 100 100 0.183 
0.200 100 200 0.183 
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Table 8. Results of standard additions 

Sample 

Tasmama 
SOII 3 
(18) 

Drill core 
171390 

(1 g) 

W added, w W found, ~9 

5 11.8,11.0, II.1 
10 16.0, 17.0, 16.0 

5 8.0, 8.0, 7.5 
10 13.0. 12.0. 12.5 

No. of 
detns. Mean, pg Range, w RSD, % 

3 11.27 0.8 4.19 
3 16.33 1 .o 3.62 

3 7 83 0.5 3 77 
3 12 50 I .o 4.73 

was also satisfactorily ehminated by reduction with 
Sn/Sn(II). 

CONCLUSIONS 

Calrhration curve 

The absorbance was a linear function of tungsten 
concentration in the range 5-25 ppm tungsten when 
x 10 scale expansion was used. The calibration allows 
the determination of tungsten in the range from 1.0 

to 600ppm in a sample by use of a range of final 
MIBK volumes from 1 to 25 ml. An absorbance read- 
ing of 0.05 was found to correspond to approximately 

1.5 ppm of tungsten, i.e., 1.5 pg of tungsten in 1 g 
of sample. This low content can therefore be deter- 
mined satisfactorily by the present procedure with 
1 ml of MIBK as the final solvent volume. The stan- 
dard solutions were prepared by dilution of a stock 
solution of 100 ppm tungsten in the form of a 
W~SCN~Alamine 336MIBK stock solution. These 
solutions were stable for more than two months, but 
absorbance measurements of solutions of geological 
samples must be completed withm one or two days 
after preparation because of the complex nature of 
such solutions. 

It has been found that tungsten can be determined 
in geological samples over a wide concentration range 
by atomic absorption, without serious interference 
from excesses of many metals, particularly iron and 
molybdenum, which interfere in the calorimetric 
method12 when present in large excess. High sensi- 
tivity has been achieved by the extraction-precon- 
centration procedure with Alamine 336. The method 
has been shown to provide a rapid, sensitive pro- 
cedure and has been applied for the first time to 
analysis of samples containing tungsten concen- 
trations as low as 2.8 ppm and ranging up to IO%, 
with standard deviations better than 5%. 
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Results of’ sample analysis REFERENCES 

Table 7 shows the analytical results for four differ- 
ent kinds of sample. The analytical results for the 
scheelites were in good agreement with the gravi- 
metric values determined by Warman’ Equipment 
Ltd., except for the values obtained by calorimetry 
(No. 33 and 34). We assume that the high calorimetric 
results are a consequence of interference from 
iron and molybdenum. The analytical data from 

C.R.A., Queensland, for the drill core samples were 
obtained by X-ray fluorescence spectrometry without 
matrix correction. Results were generally in good 
agreement with independent laboratory values. 
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1971. 
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Studies of standard additions of tungsten to two 
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tion. Total tungsten recoveries were in good agree- 
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All the results shown in Tables 7 and 8 gave rela- 
tive standard deviations not exceeding about 5% over 
a wide range of tungsten concentration from 2.8 ppm 
to 10%. The method is rapid and determinations can 
be carried out batchwise with up to 50 samples, in 
an average time of about 10 min for each determina- 
tion after the dissolution of the solid sample. 
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Summary-Differential spectrophotometry is used in conjunction with the stannous chloride method 
to determine platinum with < 1% relative error in reforming and emission-control catalysts. Detailed 
instructions are given for decomposition of the samples. 

Because platinum-bearing catalysts have the ability 
to reform or rearrange the molecular structure of 
hydrocarbons, “reforming catalysts” have become of 
great importance to the petroleum industry. 

Further, the enactment of the Federal Clean Air 
Act requires the introduction of platinum- and pla- 
tinumpalladium-bearing catalysts in the form of 
catalytic converters in automobiles from 1975 models 
onward, to achieve satisfactory control of exhaust 
emission. 

Both the reforming catalysts (- 0.3 or - 0.6 Pt) and 
the emission-control catalysts (0.0354.11% Pt) con- 
tain the platinum as a deposit on a substrate consist- 
ing mainly of y-alumina, or, in the case of “octafining” 
catalysts, of y-alumina plus silica. Rhenium (-0.3% 
or - 0.6%) is frequently present in reforming catalysts, 
and palladium (0.0154.04°~) in emission-control cata- 
lysts. The amount of u-alumina is usually small in 
fresh reforming catalysts. Spent reforming catalysts 
which, because of their platinum content, are usually 
recycled, may be contaminated with a variety of 
metallic impurities and carbon. In addition, because 
of high-temperature applications of some of these 
catalysts, part of the acid-soluble y-alumina may be 
converted into cc-alumina, which is acid-insoluble. The 
platinum in spent emission-control catalysts is not at 
present recovered. 

Since the use of platinum-bearing catalysts involves 
substantial investment of money, the accurate deter- 
mination of platinum represents a sine qua non in 
all financial transactions. Agreements between pro- 
ducers and consumers of both types of catalyst there- 
fore generally specify platinum results to agree within 
1% relative. This requirement can be met more easily 
in the case of the reforming catalysts, which have the 
higher Pt content. 

The literature on determining platinum in catalysts 
is not extensive. For reforming catalysts an X-ray 

fluorescence approach was described by Lincoln and 
Davis.’ Distillation of the platinum as the chloride, 
followed by the spectrophotometric p-nitrosodimethyl- 
aniline procedure, was suggested by Conrad and 
Evans.’ Dissolution of the catalyst in hydrochloric 

acid, followed by a spectrophotometric stannous 
chloride finish, was used by Maziekin et aL3 A gravi- 
metric method based on the precipitation of platinum 
with dimethylphenylbenzylammonium bromide was 
suggested by Kuebler4 who also recommended a 
spectrophotometric diaminobenzoic acid procedure 
for the determination of small amounts of platinum. 
There is no literature yet on the determination of 
platinum in emission-control catalysts, although it is 
known that the producers of the catalysts, as well 
as the AC. Spark Plug Division of General Motors, 
have been investigating extensively various 
approaches using X-ray fluorescence spectroscopy.’ 
Because of the high and fluctuating background, due 
to the various forms in which the alumina may be 
present, and because of the lack of meaningful stan- 
dard samples, this technique does not yet appear to 
be capable of meeting the requirements for precision 
and accuracy, but may serve as a tool in quality con- 
trol. The determination of platinum (and palladium) 
in emission-control catalysts by atomic absorption 
after collection of the platinum and palladium with 
either tellurium6 or sodium formate as precipitant 
has recently been reported. This technique is at pres- 
ent capable of providing platinum results with a rela- 
tive standard deviation of about 1.5%. This falls 
somewhat short of the desired accuracy (error less 
than 1%). 

The spectrophotometric determination of platinum 
by the stannous chloride system appears to be the 
best suited approach for the determination of plati- 
num in both types of catalyst. It has been thoroughly 
investigated. 3S8-‘2 Ayres and Meyers9 showed that it 
can be used for differential spectrophotometric 
measurement of platinum. It is this particular feature 
which makes the method attractive for the precise 
determination of platinum in both types of catalyst. 

EXPERIMENTAL 

Apparatus 

Spectrophotometer. Beckman DU equipped with 
matched l-cm cells. 

579 



580 SILVE KALLMANN 

Vitreous graphite cructbles. Obtamable from Societe Le 
Carbon Lorraine, Paris, and Boonton, N.J. 

Normal laboratory equipment. Muffle furnace, stoves, 
steam-bath, HaS cylinders, glassware, alumina crucibles, 
Rose crucibles. 

Oprional equipment. Fire-assay furnace, scorifiers, and 
cupels. 

Reagents 

Sodium dlmethylglyoximate solution, 2%. 
Stannous chloride solution, 300/,. Dissolve 300 g of 

SnCI, .2H,O bv warmine with 500 ml of concentrated hv- 
drochloric-acid-and dilu;e to 1 litre with water. _ 

Sodturn formate solution, 25%. 
Saturated solution of bromine m water. 

Collection of the platrnum 

Fresh reforming catalysts containing only platinum. De- 
compose four different sample weights ranging between 10 
and -12 g (Pt -0.3%) or 7 -and 9 g (Pt -0.6%) in 600-ml 
beakers bv heating with 200ml of 6M hvdrochloric acid 
on a hot-plate with a surface temperature of about 100”. 
(For precautions to guard against the pick-up of moisture 
and for the determination of “total solids” see reference 
3.) Add from time to time a few ml of 30% hydrogen per- 
oxide to aid m the dissolutron of the platinum. Maintain 
the volume with 6M hydrochloric acid until dissolution 
is complete and the solution clear, then transfer to 1000-ml 
volumetric flasks. Should, however, a haze persist after 
12 hr of heating, filter, and wash with hydrochloric acid 
(1 + 99). Transfer the clear solutions to lOOO-ml volumetric 
flasks. 

Platinum-rhenium catalyst. Decompose four different 
sample weights (chosen as above) in 600-ml beakers, by 
heating gently and with intermittent stirring, in a mixture 
of 100 ml of water, 20 ml of 25% sodium formate solution 
and 150 ml of sulphuric acid (1 + 1). When decomposition 
is complete, dilute to 400 ml with hot water, and simmer 
until the platinum has coagulated. Allow to cool, filter off 
on a retentive paper, and wash the beaker twice and the 
paper thoroughly with sulphuric acid (1 + 99). Wipe the 
beaker with a piece of moistened filter paper and add this 
to the funnel. Wash ~beaker and paper finally once with 
warm water. Keep the precipitation beaker, and either dis- 
card the filtrate or use it for the determination of rhenium. 

Char the filter paper in a small porcelain crucible, gradu- 
ally increase the temperature, and finally heat at about 
750” for l&20 min. After cooling, transfer the residue with 
a small stream of hot water to the precipitation beaker. 
Clean the crucible with lOm1 of hot aqua regia and add 
the solution to the beaker. Add an additional 15 ml of 
aqua regia to the beaker, heat for 5 min on a steam-bath, 
dilute with 25 ml of water, filter through a small paper 
mto a 150-ml beaker, and wash the paper thoroughly with 
mtric acid (1 + 9). 

Evaporate the solution to dryness on a steam-bath and 
repeat the evaporation twice with addition of 3 ml of 3M 
hydrochloric acid between successive evaporations. Dis- 
solve the salts m 20 ml of 6M hydrochloric acid. Transfer 
the solutions to lOOO-ml volumetric flasks. 

Spent reforming catalysts. Heat four drfferent sample 
weights ranging between 8 and 12 g in porcelain dishes 
for about 5 hr at 550” to destroy carbonaceous matter. 
Depending on the solubility of the alumina, treat the resi- 
due remaining after the ignition step either with sulphuric 
acid (1 + 1) and sodium formate as for Pt-Re catalysts 
or with sulphuric and phosphoric acids as for emission- 
control catalysts. Transfer the final solutions of the plati- 
num to lOtJO-ml volumetric tlasks. 

Emission-control catalysts. The preferred method m- 
valves fire assay for the recovery of platinum and palla- 
dium in the residue. 

Transfer different sample weights ranging between 12 
and 18 g to 600-ml beakers. Add 50 ml of phosphoric acid 
and stir thoroughly with a rod to break up any lumps. 
Add 25 ml of water and stir. Add 50 ml of sulphuric acid, 
stir and place on a hot-plate with a surface temperature 
not exceeding 200”. Stir the solution intermittently during 
the heating. After the water has been expelled (5510mm), 
dissolution of the sample is usually complete in about 
20 min. If decomposition appears incomplete, cool for a 
few minutes, add 25 ml of water, and reheat. 

Allow to stand, cool for about lOmin, add lOOm1 of 
water, 15 ml of hydrochloric acid, and an excess of bromine 
water to effect dissolution of the platinum and palladium. 
Dilute with hot water to 400 ml and boil for a few minutes 
to expel excess of bromine. Small amounts of residual bro- 
mine do not interfere. 

Add to the solution 5 mg of copper as chloride or sul- 
phate solution, dilute to 500ml with hot water, and pass 
hydrogen sulphide into the hot solution for about 20mm 
at a rate of about 3OOml/min. Again heat the solution 
to near boiling and repeat the treatment with hydrogen 
sulphide. 

Filter off the sulphides on a 12-cm retentive paper con- 
taming a little filter pulp. Wipe the beaker and H&tube 
with moistened filter paper and add this to the sulphides 
on the paper. Wash the beaker twice with sulphuric acid 
(5 + 95) containing some hydrogen sulphide, then once 
with cold water, adding the washings to the funnel. Set 
the beaker aside for further cleaning (see next paragraph). 
Wash the paper at least 12 times with the sulphurrc acid 
(5 + 95) containing hydrogen sulphide, to remove the alu- 
minium salts and phosphoric acid. Discard the filtrate. 

Char the paper in a small alumina crucible in a muffle 
furnace at a low temperature, then heat to about 700” for 
10 min. To the cooled crucible add 5 ml of hydrochloric 
acid and 2 ml of nitric acid, cover, and warm to dissolve 
the platinum and palladium. Wash the solution mto a 
150-ml beaker. Treat the 600-ml precipitation beaker with 
a little hot aqua regza and wash this solution also mto 

. the 150-ml beaker. Boil the combined solution to dissolve 
the platinum and palladium completely. Filter the solution 
through a small filter paper, mto a 250-ml beaker, and 
wash thoroughly with nitric acid (2 + 98). 

The residue may require treatment as below, if there 
is more than a few mg and it is discoloured. Otherwise, 
discard it, evaporate the filtrate to dryness on a steam- 
bath, and continue wtth the separation of Pt and Pd, as 
described below. 

For treatment of the residue, Ignite the paper m a 2-in. 
scorifier. Add 50 g of test lead, 20 mg of silver, and cover 
with 3 g of borax. Scarify until a lead button weighing 
about 2&25 g is obtained (this requires about 25 min at 
900” and is complete when the molten lead is reduced m 
size to approximately 1 cm diameter m the centre of the 
molten slag). Cupel the lead button at approximately 
900-950”. The resulting silver bead contains the traces of 
platinum and/or palladium retained by the material insolu- 
ble in aqua regia. Dissolve the silver in a 150-ml beaker 
in 20 ml of hot nitric acid (1 + 4). Add 3 ml of hydrochloric 
acid to precipitate the silver and dissoive platinum and 
palladium. Boil for about 5 min, dilute with 100 ml of 
water, and warm until the silver chloride has settled. Cool, 
filter off, and wash twice with nitric acid (2 + 98). Discard 
the silver chloride. Combine the filtrate with the mam 
platinum- and palladium-bearing solution and evaporate 
to dryness on a steam-bath. 

To separate platinum and palladium, dissolve the salts 
by heating with 30 ml of a mixture of concentrated perch- 
lorrc and hydrochloric acids and water (2:1:97 v/v), cool, 
transfer the solution to a 125-ml separatory funnel, add 
5 ml of sodium dimethylglyoximate solution and mix. Pal- 
ladium will precipitate. Extract the palladium by shaking 
for 30 set with 15 ml of chloroform. Run the chloroform 
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phase into a 150-ml beaker if a palladium determination volume. Add cold water until the flasks are three-quarters 
is required, otherwise discard it. Repeat the chloroform full and mix. Cool the solutions to 20 + 2”. Add enough 
extraction until the solution is clear, indicating quantitative stannous chloride solution to make its final concentration 
removal of the palladium. 3% w/v. Dilute to volume and mix. 

Transfer the aqueous phase back to the 150-ml beaker 
previously used and evaporate the solution to dryness on 
a steam-bath. Add to the residue 10 ml of nitric acid and 
5 ml of perchloric acid and evaporate to dryness at a low 
temperature. Stir the residue with a glass rod to ensure 
that all free perchloric acid is expelled. However, do not 
bake the salts. 

Dissolve the residue by heating with 40 ml of 6M hydro- 
chloric acid on a steam-bath. If the platinum content of 
the sample is 0.035% or less, wash the solution into a 
100-m] volumetric flask. For a platinum content between 
0.035 and 0.07% wash the solution into a 200-m] volu- 
metric flask. For platinum contents between 0.07 and 
0.15% use a 500-m] flask. Continue with the determination 
as in the next section. 

Allow the solutions to stand for 15 min to obtain maxi- 
mum colour development, then measure the absorbance 
of standards and sample solutions as follows. Transfer 
sample solution and the two standards nearest to it in 
concentration to l-cm cells. Using a wavelength of 403 nm, 
set the spectrophotometer zero with the lower standard 
in the light-beam. Then, measure the absorbance of the 
other standard and the sample relative to the lower stan- 
dard. Repeat until the absorbance can be established 
within +0.005 or better. Repeat for the other samples, 
using the appropriate pairs of standards. 

Calculations. Calculate the amount of platinum in the 
sample as follows. 

If no fire-assay facilities are available, proceed as follows. 
Decompose the sample as already described. Filter the cold 
solution through a 12-cm retentive paper containing a little 
filter pulp, preferably by suction. Wipe the beaker with 
a piece of moistened filter paper and add this to the funnel. 
Wash the beaker twice and the paper ten times with dilute 
sulphuric acid (5 + 95). Reserve the filtrate. Ignite the 
paper in a vitreous graphite crucible at about 550”. Cool 
the crucible, wet the residue with a little water, add about 
5 ml of hydrofluoric acid and 2 drops of sulphuric acid, 
and heat on a hot-plate until the silica and finally the 
acids have been expelled. Add 3-5 g of sodium bisulphate 
to the crucible, cover with a quartz or porcelain lid, and 
heat in a muffle furnace at 650” for about 20min. Allow 
the crucible to cool, leach the melt in a 250-m] beaker 
with 50 ml of water and 5 ml of hydrochloric acid. Add 
a little bromine water to ensure complete dissolution of 
any platinum and/or palladium. Combine this solution 
with the filtrate reserved from mltial dissolution. Precipi- 
tate the platinum and palladium with hydrogen sulphide 
as described above, omit the fire-assay treatment and con- 
tinue with the separation of platinum and palladium. 

c 

3 
= (C, - C,)A* + c 

Al 
1 

where-C, = mg of Pt in lower standard, Cz = mg of Pt 
in higher standard, Cs = mg of Pt in sample, A, = absorb- 
ance of higher standard, A2 = absorbance of sample. 

DISCUSSION 

The decomposition steps described are applicable 
to any type of reforming and emission-control cata- 
lysts with the exception of those where, because of 
heat treatments, the catalyst has been largely con- 
verted into a-alumina. In the latter case, however, 
reasonably good recovery of platinum (about 99%) 
can be obtained as follows. 

Determination of platinum 

Preparation of standards. The maximum concentration 
of platinum suitable for measurement is 65 pg/ml. The 
platinum for the standards must be weighed with an error 
of <O.l’?. In view of the normal weighing error on micro- 
balances, this means that a minimum of about 5 mg of 
platinum is needed. To make the standards, weigh on a 
microbalance such quantities of platinum that the plati- 
num concentration in each sample will fall between that 
of two standards 5)_~g/ml apart in concentration. The 
volumes of the standard solutions when ready for measure- 
ment (i.e., after the reaction etc.) are best matched to those 
of the samples for which they are to be used. This means 
a maximum of 6.5 mg for a 100-m] flask, with 0.5-mg inter- 
vals between standards, 13 mg and 1-mg intervals for 
200-m] flasks, 32.5 mg and 2.5-mg intervals for 500-ml 
flasks, 65 mg and 5-mg spacing for lOOO-ml flasks. An alter- 
native is to use appropriate portions of a platinum stock 
solution, always provided that the measurement error is 
<O.l% (weight fractions could be used, for example). 

Transfer the standards to covered 50-ml beakers, and 
dissolve the platmum by warming with 5-15 ml of aqua 
regiu (depending on the amount of platinum). After disso- 
lution, wash off the cover-glass, evaporate the solution to 
dryness on a steam-bath, and repeat the evaporation twice, 
with addition of 1-2 ml of hydrochloric acid (1 + 3) m 
between. Dissolve the residue in 10 ml of hydrochloric acid 
(1 + 3), and transfer the solution to an appropriate volu- 
metric flask. 

Mix the catalyst with a third of its weight of 
ammonium carbonate (to prevent the volatilization 
of any platinum halide) gradually heat to 1200”, cool, 
extract the platinum with aqua regia, and repeat the 
heating and extraction cycle on the insoluble residue. 
Alternatively, fuse the catalysts by fire-assay pro- 
cedures with a flux consisting of litharge, borax, 
sodium carbonate and a reducing agent, such as 
starch, using silver and gold as collectors. Scarify the 
resulting lead button, if necessary, and cupel it to 
obtain a silver-gold bead containing the platinum. 
Dissolve the bead in dilute nitric acid, filter off the 
gold, and precipitate the silver as chloride. In the fil- 
trate of the silver chloride determine the platinum 
as described in the main procedure. (For a discussion 
of various critical aspects of the fire-assay procedure 
and the treatment of the silver-gold bead see refer- 
ence 14.) 

DlfSerential spectrophotometry 

For a discussion of the optimum conditions for the 
colour development see reference 3. However, tests 
carried out in our laboratory indicate that it is not 
necessary to add aluminium chloride to the standards 
as required by reference 3. A 45-&ml platinum stan- 
dard read against a 40-@ml standard gave identical 
absorbances of 0.213 k 0.001 when read in the pres- 
ence or absence of 45 mg of A1ClJ.6Hz0 per ml. 

Add to the volumetric flasks enough concentrated hy- 
drochloric acid to make the final concentration 35% by 

The rationale for preferring differential measure- 
ment is as follows. A 20+g/ml platinum solution will 
give an absorbance of about 0.8 in a l-cm cell when 
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Table 1. Precision measurements 

Amount of platinum 
used for zero adjust- 

ment setting, mg 

Amount of platinum 
used to measure 

precision, rng 
Volume, 

ml 

Average 
absorbance 

reading 

Precision 
of 

readings 

0 0.50 100 0.203 + 0.0025 
5.00 5.51 100 0.204 0.0012 

10.00 11.00 200 0.205 0.0014 
25.03 21.52 500 0.204 0.0010 
30.00 35.03 1000 0.203 0.0013 
35.03 39.98 1000 0.203 0.0011 
39.98 45.03 1000 0.204 0.0010 
45.03 50.01 1000 0.204 0.0012 
50.01 55.00 1000 0.203 0.0014 
55.00 60.02 1000 0.203 0.0012 
60.02 65.04 1000 0.202 0.0013 
65.04 70.02 1000 0.198 o.OQ20 

measured against water as reference. Suppose the 
measurement error is 1%. If an attempt is made to 
decrease the error by a factor of three by taking three 
times the concentration of platinum, the absorbance 
will be too high to be read even approximately. If, 
however, instead of water, standard platinum solu- 
tions are used for the zero-absorbance settings and 
the difference in platinum concentration of any pair 
of neighbouring standards is the same, then the differ- 
ence in absorbance between neighbouring standards 
should also be the same (See Table l), and correspond 
(if Beer’s law is obeyed) to an absorbance of about 
0.2 for a S-pg/ml difference. Thus for a 54&ml 
sample measured with the aid of 50 and 55 &nl 
standards (themselves prepared with ~0.1% error) the 
overall error will be only about a tenth of the actual 
absorbance measurement error, so an absorbance 
error of 4% would still give an overall error of only 
about 0.4%. 

The maximum concentration of platinum which 
can be handled by the procedure is about 65 pg/ml 
in the solution measured. Above this, the slit-widths 
cannot be further adjusted and the colour system 
apparently departs from Beer’s law. However, a small 
departure from Beer’s law can be tolerated, if the 
platinum concentration does not exceed 70 fig/ml and 
not such a high degree of accuracy is required, since 
the measurement is still differential. Likewise, if the 
same concentration slightly exceeds that of the high- 
est standard, meaningful results are obtained, as is 
illustrated by the following experimental results: 

Cl = 5O.OOmg Cr = 55.05 mg 

CZ = 55.05 mg CZ = 60.00 mg 

A, = 0.213 A, = 0.208 

AZ = 0.228 AZ = 0.016 

In order to ensure that the measurements of the 
absorbances are matched by corresponding improve- 

c 
3 

= (55.05 - 50.00) 

0.213 

c 
3 

= (60.00 - 55.05) 

ments in the platinum collection procedure, sample 0.208 

weights are intentionally chosen in the proposed 
methods so that they require the use of at least four 

x 0.228 + 50.00 x 0.016 + 55.05 

different standards. = 55.41 mg = 55.42 mg 

Table 2 

Type of Pt reported, % 
catalyst Lab. A. Lab. B 

Umpire determination 
by 

proposed procedure, Pt, % 

Relative standard 
deviation, 

% 

Fresh 
catalyst 

(Pt only) 

Fresh 
catalyst 

(Pt-Re) 
Octafining 
catalyst 
Spent 
catalyst 

0.342 0.350 0.343 0.35 
0.330 0.340 0.333 0.40 
0.623 0.607 0.625 0.30 
0.644 0.632 0.640 0.28 
0.336 0.343 0.341 0.40 
0.328 0.320 0.321 0.43 

0.394 0.387 0.392 0.42 
0.399 0.409 0.403 0.57 
0.297 0.313 0.301 0.35 
0.335 0.325 0.325 0.43 
0.343 0.352 0.344 0.42 
0.595 0.606 0.604 0.65 
0.613 0.627 0.614 0.70 
0.104 0.110 0.104 0.50 
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However, if an attempt is made to extend the 
measurements much beyond 0.25 absorbance units, 
because the system follows Beer’s law, serious mis- 
takes can be introduced as is demonstrated below. 

Platinum Absorbance 
concentration measurement 

j@-J 
25.06 0 
30.06 0.197 
35.06 0.387 
40.06 0.559 
45.00 0.694 

The increase in the platinum colour follows Beer’s 
law. The measuring device (photo tube), however, is 
unable to determine the linearity. Therefore the 
linearity cannot be proven by constructing a calib- 
ration curve, but only by the expedient of measuring 
differences in the absorbances in the range between 
0 and 0.2. 

Separation of platinum and palladium 

For the determination of platinum in emission- 
control catalysts the platinum is separated by the 
dimethylglyoxime-chloroform extraction tech- 
nique.“s13 A re-examination of the optimum acid 
conditions led to the proposed perchloric acid-hyd- 
rochloric acid-water (2: 1:97) medium. No palladium 
was found in the platinum fraction (detection limit 
1Opg) and no palladium in the platinum fraction 
(detection limit 5 pg), when up to 10 mg of palladium 
was separated from up to 25 mg of platinum. Palla- 

dium can be determined in the chloroform extracts 
by evaporating off the chloroform layer, treating the 
residue with aqua regia, evaporating the solution to 
drynesb, dissolving the salts in a measured volume 
of 2% potassium cyanide solution and determining 

Table 3. Effectiveness of the proposed procedure when 
applied to emission-control catalysts 

Platinum Palladium Platinum 
added, added, found, 

mg W Wl 

5.035 2.0 5.04 
5.005 2.0 4.97 
5.515 2.2 5.53 
5.527 2.2 5.48 
6.528 2.6 6.47 
8.502 3.4 8.52 
9.005 3.6 8.95 
9.474 3.8 9.44 

10.051 4.0 9.99 
10.567 4.2 10.60 

Error, 
% 

+0.1 
-0.7 
+0.3 
-0.8 
-0.9 
f0.2 
-0.6 
-0.4 
-0.6 
f0.3 

the palladium by atomic-absorption spectroscopy, 
with palladium standards in cyanide medium. 

Verification of accuracy of procedures 

No standard samples of either type of catalyst were 
available. However, in the case of fresh reforming 
catalysts, in the course of determining platinum by 
the proposed procedure on an umpire basis, compara- 
tive results became available which are reported in 
Table 2. 

It should be emphasized that the proposed methods 
of separation are also applicable if ordinary spectro- 
metry is employed and the consequent lower accuracy 
is acceptable. 

Since neither standard samples nor reliable com- 
parison samples of emission-control catalysts were 
available, the following tests were carried out to prove 
the effectiveness of the collection steps. To the filtrates 
from the hydrogen sulphide separation, obtained 
while analysing catalysts from three different pro- 
ducers, measured amounts of platinum and palladium 
were added in the form of solutions of the chlorides, 
the platinum metal being weighed individually on a 
microbalance. The solutions containing the platinum 
and palladium were then carried through all remain- 
ing steps of the procedure. The results are reported 
in Table 3. 
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ATOMIC-ABSORPTION SPECTROMETRY OF LASER-NEBULIZED SAMPLES 
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(Received 18 November 1975. Accepted 12 February 1976) 

In flame-emission and atomic-absorption spectrometry, the 
solid sample introduction techniques applicable with simple 
table instruments have been the subject of several investi- 
gations. In recent developments some type of flameless ato- 
mization device such as a graphite tube furnace, a tantalum 
filament, an electric arc or a laser beam is used. The free 
atoms generated in this way can be detected directly. An 
alternative method involves the transport of the fine par- 
ticles from the primary vaporization source into a second- 
ary high-temperature zone where the aerosol particles are 
atomized and detected. The primary heating process can 
be considered as thermal nebulization. The following com- 
binations of thermal nebulizatlon and atomization-exci- 
tation sources are known: spark and flame,’ d.c. arc and 
capillary arc,* d.c. arc and flame3 and tantalum filament 
and inductively coupled radiofrequency plasma.4 The arc 
and flame combination was developed in our laboratory 
for use with powdered samples.5 Recently, a laser and 
flame combination has been introduced. Experiments with 
metals, solutions and non-metallic solid samples are de- 
scribed m this paper. 

The dimensions of the laser crater were studied for nic- 
kel-base alloys, as a function of the energy input and the 
focus. A distance of about 0.3 mm between the focus points 
of white light and of the infrared laser radiation was es& 
mated. The best precision and absolute sensitivity were 
obtained with medium energy input and with focusmg of 
the laser beam a distance of 0.3 mm above the sample sur- 
face (a displacement of 0.6mm for the adjusting white 
light). Under these conditions a circular crater of 0.35 mm 
diameter was produced. No formatlon was detected of 
large droplets which might cause poor precision and low 
absolute sensitivity. Morton and co-workerss were able to 
produce deep conical craters without large droplet forma- 
tion when perfect focusing and Q-switched laser beams 
were used. 

EXPERIMENTAL 

In Fig. 2 an analytical curve for iron in nickel-base 
alloys is shown, each point representing an average of 
5 measurements. The concentration range of iron is 8-92x 
and some alloys with high chromium and cobalt contents 
are also compared. The absorbance is proportional to iron 
concentration between 8 and 65% and variation of the 
major component has little effect. An average relative stan- 
dard deviation of 7% was found. 

In Fig. 1 an arrangement for a laser-flame combination 
is shown, which has a very simple transport system. A 
glass chamber is fixed by a rubber gasket around the 
mount of the objective lens. The chamber is open at the 
base to allow the exit of the laser beam and the entry 
of the sample vapours, and connected to the mixing 
chamber by the “ejector” which transports the sample by 
suction. A stoichiometric acetylene-air flame was used with 
an observation height of 10mm. An air flow-rate of 
11 I./min through the ejector nozzle produced a flow-rate 
of 3.2 l./min as carrier gas. 

In the application of the laser-flame method to solution 
analysis a photographic plate was used as the target. The 
photographic emulsion was developed after a strong expo- 
sure and showed high absorptivity for the laser light. A 
solution volume of 0.2 ~1 was applied to the emulsion sur- 
face and the residue was vaporized by a laser beam of 
medium energy. Analytical curves for sodium were linear 
up to 25 ng per 0.12 mm’ whether plotted as peak absor- 
bances without blank corrections or as integrated values 
from which the blank signal of the emulsion had been 
subtracted. Analytical curves having a similar character 

A Zeiss, Jena, Model LMA-1 laser microprobe appar- 
atus was used, having a neodymium-doped glass laser rod, 
emitting at 1060nm. The energy input and output are 
about 1000 and 1 J respectively at maximum. This appar- 
atus operates without a Q-switch mode, and the pulse 
duration is 5OOps, comprising approximately 250 laser 
spikes. A Unicam Model SP 90A atomic-absorption 
spectrometer was used. Although the pulse duration of the 
laser beam was m the millisecond range, the duration of 
the half-peak absorption signal from the flame was about 
1 set, corresponding to the transit time of the aerosol 
through the transporting and mixing systems. No special 
demand on the response time of the detection unit is made 
and this is a critical point when dnect laser atomization 
is used.6,7 Statistical treatment of the peak signal and the 
integrated signal measurements has shown an equal preci- 
sion, so that no integration 1s necessary with the laser- 
flame method. 

Laser 

* Presented in part at EUROANAL II, Budapest, 
August, 1975. Fig. 1. Schematic diagram of the laser-flame combination. 

Flame 
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Table 1. Analytical performance 

Element Energy Out-of- 
and input, # focus,$ 

matrix J nwn 

Fe* 920 0.0 
Fe* 650 +0.3 
Fet 820 -0.3 
Nag 1020 0.0 
Nat 820 -0.3 
Cdt 820 -0.3 
Cut 820 -0.3 
Znt 820 -0.3 

Detection limifl 

% ng 

0.5 20 
0.9 1 
0.1 4 
0.009 0.2 
0.008 0.3 

0.01 0.4 
0.04 2 
0.01 0.4 

Rel. std. Concentrahon 
devn., range, 

% % 

24 l&90 
6.8 l&90 
94 0.1-O 8 

12 0.04-0.2 
13 0.024.2 
8.2 0.02-0.2 

12 O.lXl.8 
10 0.054.5 

* Nickel-base alloy. 
t Gelatine with silver grains, developed photographic plate. 
ij Pressed corundum plates. 

# Energy input was varied by the voltage on the flash lamp. 
$ Out-of-focus corresponds to the distance of the mfrared laser beam focus above (positive) or below 

(negative) the sample surface. 
T The most sensitive resonance line for each element was selected. 

Fe 24833 

0 Fe-NI-CU b-15%) 
A Fe-NI-Co &G-30%) 
0 Fe-NI-Cr (Ia-22%) 
m Fe-NI-Cr (2%) 

Fe. % 

Fig. 2. Analytical curves for iron m nickel-base alloys. 

were established for iron, cadmium, copper and zinc solu- 
tions. 

Sodium in the 0.04-o.2% concentration range could be 
determined in the corundum plates used in the electronics 
industry. A series of these plates was analysed by other 
methods and were used as standards for the laser-flame 
method, the highest energy input being used. 

RESULTS 

In Table 1 the analytical performance for metals, solu- 
tions and solid (corundum) samples IS summarized. In the 

first row data are given for those cases m which deep 
craters in alloys were produced. Some improvement m the 
relative detection limits appears, with a high loss m preci- 
sion and absolute detection limit, but the average relative 
standard deviation IS 10% and this IS sufficient for many 
purposes. The absolute detection limits are in the ng range 
for the elements studied. Relative detection limits are cal- 
culated ‘from the weight of gelatine (as orgamc matrix) 
removed by the laser beam. 

CONCLUSIONS 

These experimental results suggest that the formation 
of solid aerosols at elevated temperatures is governed by 
laws which allow us to use this process in quantltatlve 
analysis. The concentration of fine particles is proportional 
to the amount of the sample evaporated even under the 
conditions of non-stationary vaporization. The techniques 
are simple and make possible separate optimization of the 
nebulization and the atomization-excitation steps. 
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Summary-Thermal nebulization of nickel-base alloys, corundum plates and residues of solutions was 
performed with a laser beam. The solid aerosol was aspirated mto an acetylene-air flame by an ejector. 
Linear analytical curves in wide concentration ranges were established and an average relative standard 
devlatlon of 10% was found. The detection limit is in the ng range for iron and copper, and lower 
for zinc, cadmium and sodium. 
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ITS MIXTURES 
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The main purpose of this series of papers’,’ is the develop- 
ment of a general approach for the selection of the most 
appropriate conditions for volumetric determination of 
acids and bases in ethylene glycol (EG). For many non- 
aqueous solvents this selection is usually made empirically, 
but in the present treatment a somewhat different 
approach is proposed. EG has properties very similar to 
water: amphiprotic behaviour, relatively high dielectric 
permeability, tendency to form hydrogen bonds etc., which 
is why some methods used for the selection of suitable 
titration conditions in water could, in principle, be applied 
to EG. A number of methods based on examination of 
the titration curve are used for this purpose,3-6 but the 
graphical method5s6 IS probably the easiest. For its appli- 
cation, the acid-base constants of all protolytes taking part 
in the titration equilibrium have to be known. That is why 
m the previous papers the autoprotolysis constants of EG 
and its mixtures’ and the constants of some acid-base indi- 
cators’ were determined. 

The present paper describes the method for selection 
of the titration conditions. Since EG is most frequently 
used as a solvent medium for the titration of water-insolu- 
ble weak bases,’ a number of alkaloids were studied in 
this investigation, and this necessitated determination of 
their protolysts constants in EG medium. 

EXPERIMENTAL 

Reagents 

Ethylene glycol, its mixtures and the titrants were puri- 
fied, prepared and standardized as described earlier.i*2 
Reagent-grade codeine and ephedrine were used after dry- 
ing in a vacuum desiccator, without purification. Mor- 
phine, papaverine and quinine were prepared by making 
alkaline aqueous solutions of their hydrochloride and re- 
crystallization from ethanol-ether mixture. 

Apparatus and procedure 

The protolysis constants were determined by potentio- 
metric titration using a cell without liquid junction, 
equipped with a glass and a silver-silver chloride electrode: 

e,;;g;de O.lM(B + KC1 + HCI), SH AgCl-Ag 
/1 

* In this work as in the previous one,’ the EG mixtures 
are treated as separate solvents with then own acid-base 
properties and dielectric constant. 
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The experimental arrangement and the procedure was the 
same as before.’ The temperature was kept at 25” + 0.2”. 
Standardized O.lM hydrochloric acid was used to titrate 
ca. O.OlM alkaloid solution in O.lM potassium chloride. 
The titration was continued after the equivalence point 
so as to yield data which were used to calibrate the electro- 
chemical cell for the particular experiment. 

The e.m.f. of the cell (E) at 25” is given by the equation 

E = E”’ - 0.05916 log[SH;] (1) 

The E”‘-value of the cell was calculated from the titration 
data after the equivalence point by means of equation (1). 
From this equation it follows that 

E - E” 
PCH = -1wCSH:l = o.05916 (2) 

The protolysis of the conjugate acid (BH+) of the alka- 
loid (B) in EG or EG mixture (SH)* can be presented 
by the equation 

BH+ +SH=B+SH: (3) 

The concentration (KcaH+) and the thermodynamic (&a+) 
protolysis constants are given by the equations: 

K’BH+ = CSH:l (CBI/CBH+I) (4) 

Ken+ = {SH:}({B;/{BH+}) = K’a,, + fSH; (f&H *) (5) 

Since [BH+] = [Ha] + [S] and [B] = [B],,, - [HCl] 
- [S-l, from (2) and (4) a relationship can be written, 
which is used in practice for calculation of the pK’,,+- 
values: 

E - E” 
pK’,n+ = o.05916 + log 

[HCl] + [S-l 

CBlmt - WC11 - K-1 

where [HCl] is the molar concentration of the added acid, 
CBlmt - is the total concentration of the alkaloid base deter- 
mined by a Gran plot,* and TS-1 is the molar concen- 
tration of the lyate ibn of the solvent. The latter was calcu- 
lated only for pen > 10, from the values of the concen- 
tration autoprotolysis constants.’ 

As an illustration of the method used for calculation 
of the protolysis constant, the experimental data from a 
potentiometric titration and their treatment for the deter- 
mination of the pK ‘a”+ -value of codeine in EG are shown 
in Table 1. 
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Table 1. Experimental data and their treatment for the calculation of pK&,+ of codeine 
in ethylene glycol 

v “Cl> 

ml PCH -losCBH+l/CBI PK&+ 

0.600 f95.4 
0.800 + 85.5 
1.000 + 16.2 
1.200 + 66.9 
1.400 +569 
1.600 f45.4 
1.800 + 30.4 
2.300 -293.5 -482.9 
2.400 -307.2 -482.9 
2.500 -315.8 -482.7 
2.600 - 322.0 -482.4 
2.800 -331.6 -482.6 
3.000 -338.5 -482.7 
3.200 - 343.9 -482.8 

Mean E” = -482.7 If- 0.2* 

9.773 -0.415 9.358 
9.597 - 0.230 9.367 
9.448 - 0.064 9.384 
9.291 + 0.097 9.388 
9.112 + 0.265 9.387 
8 92-l +0.456 9.383 
8.669 + 0.699 9.368 

Mean pKE,u + = 9.376 kO.01 l* 

Co~idrttorzs: 20ml of 1.08 x 10V3M codeine tttrated with 0.1001 M hydrochloric acid 
m ethylene glycol O.lM m potassmm chloride. The base was neutralized with 2.160 ml 
of hydrochlortc acid (this volume was determined by Gran plot). 

* Confidence interval (p = 0.95) 

If it is assumed that the activity coefficients m equatton 

(5) arc&n; = Jau + andf,, = 1, then the concentration con- 

stants determined in the described manner are equal to 
the thermodynamic ones. The identical values obtained for 
the constants by measurements at two different ionic 
strengths (0.1 and 0.05) confirm the validity of this 
assumption. 

The protolysis constants of the conjugate acids of some 
alkaloids (pK,,+) determined in the present work in both 
EG and its mixtures are given m Table 2. In the same 
table the protolysis constants for the corresponding bases 

(PK,) computed by the well-known relation 

pK, = PK, - PKHH+ are also given. The KS values are 
the autoprotolysis constants of the solvent, determined m 
the previous work.’ 

OUTLINE OF THE METHOD 

The theoretical titration curves of all the alkaloids were 
constructed. The curves were drawn by a graphical 
method,6 based on the logarithmic concentratton diagram, 
(lc-diagram). Thts type of diagram is widely used for the 
presentation of acid-base equilibria in aqueous media, but 
so far has not been applied to a non-aqueous medium. 
An essential difference when the lc-diagram is applied to 
a non-aqueous solvent is the length of the pH-scale, which, 
as well known, is defined by the autoprotolysis constant 

(pK,) of the solvent. In Fig. 1 the construction of a titration 
curve for O.OlM codeine is shown. The left hand part rep- 
resents an lc-diagram. Note that the length of the pH-scale, 
m accordance with the autoprotolysis constant of EG, is 
15.7 units. The basic principles and construction details 
of the Ic-diagram are discussed in full by Sillen’ and other 
authors,“~” and therefore no details will be given here. 
It will only be mentioned briefly how titration curves are 
constructed by using an Ic-diagram. 

Point 1 in the lc-diagram (see Fig. 1) represents the in- 
itial pH-value of the EG solution 0.01M m alkaloid (B). 
This point is transferred to the right-hand part of the figure 
at position 1’ at Y = 0% added titrant. Point 2 represents 
the pH-value of a O.OOlM solution of BH+, hence 10% 
of the alkaloid B present has been converted into its conju- 
gate acid BH+. Therefore point 2 1s transferred to 2’ at 
Y = 10%. The crossing point 3 corresponds to the equality 
[B] = [BH+], hence this point is transferred to Y = 50% 
(3’). Point 4 corresponds to a pH-value of a solution which 
contains 10% of the initial concentration of the free base 
and point 4 is transferred to 4’ where Y = 90%. Similar 
considerations transfer point 5 to 5’ at Y = 99%, 6 to 6’ 
at Y = 99.9%. Pomt 7 is the pH-value of a O.OlM solution 
of BH+, hence 7 is transferred to 7’ at Y= 100%. After 
this point the lyonium ions are in excess, consequently 
their concentration can be read from the SH:-line. It is 
obvious then, that point 8 corresponds to a surplus of 
the acid, or Y = 100.1%. Similarly, points 9, 10 and 11 

Table 2. Protolysis constants* of alkaloids in ethylene glycol and its mixturest 

Alkaloid 

EG EG-E EG-W EG-EMK-Ch 

PK,, + PK~ PK,,, + PK, PK,, + PK, PKBH+ PKB 

Quinine I 5.23 10.49 5.25 10.66 4.49 10.36 
Papaverine 7.25 8.47 7.30 861 6.52 8.33 7.14 8.67 
Codeine 9.38 6.34 9.42 649 8.71 6.14 
Morphine 9 51 621 9.47 6.44 8.81 6.04 9.31 6.50 
Quinine II 9.90 5.82 9.94 5.91 9.18 5.67 
Ephedrine 11.29 4.43 1121 4.70 10.46 4 39 

* Confidence mterval pK,,,, . & 0.01 (p = 0.95) 
t Symbols: EG--ethylene glycol, E-ethanol (IO%), W-water (5%) EMK-Ch+thy1 methyl ketone-chloroform 

(5 + 5%). 
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are transferred to Y = 101, 110 and 200%. After the main 
points of the titration curve are known, it is an easy matter 
to draw the full line as shown in Fig. 1. The part of the 
titration curve which covers the pH-values corresponding 
to Y = 99.991OO.l’A may be called the equrvajence region 
of the titration curve. For end-points within this range 
of pH-values the error of the titration is less than or equal 
to +O.l%. It must be added that the equivalence region 
is easily found from the k-diagram as shown by an arrow 
in Fig. 1. 

After the theoretical curve is known, an appropriate 
acid-base indicator can be chosen for the detection of the 
end-point. Obviously the transition interval of the mdi- 
cator must coincide with the equivalence region of the ti- 
tration curve. As can be seen from Fig. 1, Bromophenol 
Blue (BPB) is a very suitable indicator for the accurate 
( f 0 1%) determmation of codeine in EG. 

There is quite good agreement between the theoretical 
titration curve and the experimental data as shown in Fig. 
1, where the open circles denote the experimentally 
measured pH-values. Also in accordance with theory, a 
very sharp colour change was observed with Bromophenol 
Blue as indicator. 

Figure 2 shows the theoretical curves for O.OlM solu- 
tions of the alkaloids investigated, constructed similarly. 

DISCUSSION 

The results from this series of investigations show that 
acid-base equilibria in EG are simple and similar to those 
in water. This allows the application of methods commonly 
used in investigations of acid-base equilibria in water solu- 
tions. The utility of EG and its mixtures as a medium 
for the determination of water-msoluble weak bases has 
been proved by means of a detailed study. 

From the theoretical curves (Fig. 2) tt is shown that 
the visual titration error is kO.l% for 0.01 or O.lM solu- 
tion of these alkaloids in EG and its mixtures, except for 
quinine and papaverine where the error may be up to 
+0.5x. The water content (5%) of EG, though it makes 
the titration conditions worse by shortening the equiva- 
lence region of the curve, does not affect the accuracy of 
the determination. It is found both theoretically and exper- 
imentally that the most suitable indicator for titration of 
the alkaloids investigated was Bromophenol Blue 
(pKh, = 6.49). except for quinine, for which Bromocresol 
Green (pK’,, = 7.38) was best. 

,_ 

14 - 

u 
Y. % 

Fig. 1. Titration curve of O.OlM codeine with hydrochloric 
acid in ethylene glycol. -_t theoretical titration curve 

o experimental data 

08 
50 loo 150 200 250 3 

Y. % 
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Fig. 2. Theoretical titration curves of O.OlM solutions of 
ephedrine (I), quinine (2), morphine (3) and papaverme (4) 

in ethylene glycol. 

According to theoretical considerationsi the titration 
of bases IS improved in solvents that decrease the Ks/Ka 
ratio, i.e., increase the pKsn+ -value. The pKan+-values of 
the alkaloids in EG and EG mixtures, compared with the 
correspondmg values in water, 10% acetone-water, meth- 
anol and formic acid” show that EG as medium provides 
better titration conditions. 

The pK,n+-values in EG (Table 2) are on average 1.5 
units higher than those in water. Since the protolysis of 
charged acids of the type BH+ does not involve any charge 
separation [equation (3)], the decrease of the acid strength 
can be attributed to the lower basicity of EG.13 Because 
EG is more acidic than water,‘.” a greater basicity of 
the alkaloids should be expected. Nevertheless, Table 2 
shows that the pK,-values are on average 0.3 units higher 
in EG than in water. Since the protolysis of an uncharged 
base (B) is accompanied by charge separation, this differ- 
ence can be explained by the influence of the lower dielec- 
tric permeability of EG. The addition of ethanol (10%) 
and ethyl methyl ketone+hloroform (5 + 5%) does not 
affect significantly the strengths of the bases and their con- 
jugate acids. The addition of water, as expected, leads to 
an increase in the acid strength-the pKau+ -values are on 
an average 0.7 units lower in EG-water (5%) mixture than 
in pure EG. 

The results obtained in this series of papers provide a 
means of avoiding the empirical approach for the selection 
of titration conditions for this non-aqueous solvent. The 
convenient potentiometric method permits an accurate 

determination of the constants needed for the construction 
of the theoretical titration curves. These curves con- 
structed by the lc-diagram method allow a rapid and accu- 
rate enough prediction of the titration conditions, ciz. 
evaluation of the titration error, choice of a proper indi- 
cator, appropriate concentration of the base to be titrated, 
etc. There is reason enough to expect that the same 
approch could be extended to other amphiprotic solvents 
possessing properties similar to those of EG. 
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Summary-Theoretical titration curves are used for the selection of appropriate conditions for the 
acid-base volumetric determination of weak bases in ethylene glycol medium. The theoretical curves 
for titration of some alkaloids are deduced graphically on the basis of the logarithmic concentration 
diagram. The acid-base constants used for the construction of the theoretical titration curves were 
determined by potentiometric titration in a cell without liquid junction, equipped with a glass and 
a silver-silver chloride electrode. It is shown that the alkaloids investigated can be determined accurately 
by visual or potentiometric titration. The same approach for the selection of titration conditions seems 
to be applicable to other non-aqueous amphiprotic solvents. 
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Because of their selectivity for heavy metals, chelating 
resins have been used for the concentration and separation 
of trace metals in food extracts,‘.’ oil-field brine,3 indus- 
trial waste waters,4 geological samples,’ and sea-water.6-8 
Most of this work was performed on Dowex A-l (Chelex 
IOO), which has an iminodiacetic acid functional group. 
Dowex A-l is a gel-type resin which undergoes pro- 
nounced swelling and shrinking. This resin has rather slow 
kinetics and a comparatively high affinity for calcium and 
magnesium.6z9 

To meet the growing needs of ecological research in pol- 
lution control” and elsewhere, new chelating resins are 
contmually being developed. Among those showing pro- 
rmse for trace metals are dithiocarbamate,“,” natural 
polymer, I3 8-aminoquinoline,‘4 polyamine-polyurea” and 
lsothiouronium’ exchangers. Hirsch et a1.16 started with 
a macroporous polystyrene-DVB resin and prepared a 
resm containing the iminodiacetic acid functional group 
and another contaming an arsenic acid group. Macro- 
porous resins are much less susceptible to swelling and 
shrinking and appear to have faster reaction kinetics than 
gel-type chelating resins. 

A series of macroporous arsomc acid resins has now 
been prepared by a synthetic method similar to that used 

*A non-exclusive royalty-free license in and to copyright 
is retained by the U.S. Government. 

by Hirsch et al. I6 The effect of varying pore diameter and 
surface area on the properties of the final resins has been 
studied. These arsomc acid resins are now proposed for 
the concentration of trace metal ions from hard water and 
sea-water. 

EXPERIMENTAL 

Apparatus 

A Milton Roy Pump No. 19-60029-003 or hehum pres- 
sure was used to maintam a constant flow-rate through 
the resin column. 

An RIDL AEC 320-3 single-channel analyser was used 
for counting the activity of the radiotracers, at a wmdow 
setting of 1.3 MeV. 

Plasma emission analyses were performed on the 
ICP-OES system built at Ames LaboratorIes. 

Reagents 

XAD-1, -2, and -4 macroporous resins were obtained 
from Rohm and Haas. The 15&200 mesh resm was pre- 
washed with acetone and concentrated hydrochloric acid 

For all trace analyses 0.5 g of resin IV was packed m 
a column measuring 2.8 x 0.6 cm. 

54Mn, 65Zn, and 59Fe gamma-emitters with 997” radio- 
metric purity were obtained from New England Nuclear 
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Because of their selectivity for heavy metals, chelating 
resins have been used for the concentration and separation 
of trace metals in food extracts,‘.’ oil-field brine,3 indus- 
trial waste waters,4 geological samples,’ and sea-water.6-8 
Most of this work was performed on Dowex A-l (Chelex 
IOO), which has an iminodiacetic acid functional group. 
Dowex A-l is a gel-type resin which undergoes pro- 
nounced swelling and shrinking. This resin has rather slow 
kinetics and a comparatively high affinity for calcium and 
magnesium.6z9 

To meet the growing needs of ecological research in pol- 
lution control” and elsewhere, new chelating resins are 
contmually being developed. Among those showing pro- 
rmse for trace metals are dithiocarbamate,“,” natural 
polymer, I3 8-aminoquinoline,‘4 polyamine-polyurea” and 
lsothiouronium’ exchangers. Hirsch et a1.16 started with 
a macroporous polystyrene-DVB resin and prepared a 
resm containing the iminodiacetic acid functional group 
and another contaming an arsenic acid group. Macro- 
porous resins are much less susceptible to swelling and 
shrinking and appear to have faster reaction kinetics than 
gel-type chelating resins. 

A series of macroporous arsomc acid resins has now 
been prepared by a synthetic method similar to that used 
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is retained by the U.S. Government. 

by Hirsch et al. I6 The effect of varying pore diameter and 
surface area on the properties of the final resins has been 
studied. These arsomc acid resins are now proposed for 
the concentration of trace metal ions from hard water and 
sea-water. 

EXPERIMENTAL 

Apparatus 

A Milton Roy Pump No. 19-60029-003 or hehum pres- 
sure was used to maintam a constant flow-rate through 
the resin column. 

An RIDL AEC 320-3 single-channel analyser was used 
for counting the activity of the radiotracers, at a wmdow 
setting of 1.3 MeV. 

Plasma emission analyses were performed on the 
ICP-OES system built at Ames LaboratorIes. 

Reagents 

XAD-1, -2, and -4 macroporous resins were obtained 
from Rohm and Haas. The 15&200 mesh resm was pre- 
washed with acetone and concentrated hydrochloric acid 

For all trace analyses 0.5 g of resin IV was packed m 
a column measuring 2.8 x 0.6 cm. 

54Mn, 65Zn, and 59Fe gamma-emitters with 997” radio- 
metric purity were obtained from New England Nuclear 
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Co. Synthetic sea-water was made according to Lyman 
and Fleming.” 

All chemicals were of the highest available purity. 

Synthesis 

The synthesis used was adapted from methods used by 
Hirsch.16 The resin was nitrated with a 60/40 v/v mixture 
of sulphuric and nitric acids at 65-70” after addition at 
0”. It was reduced to the amine with mossy tin in cone. 
hydrochloric actd at 70-75”. The reduction product was 
slurried with 1M sodium hydroxtde to remove tin salts, 
chtlled to 0” in cont. hydrochloric acid, and diazotized 
by slow addition of iM sodium nitrite. The resin was 
washed with sodium carbonate solution and coupled with 
sodium arsenite in aqueous soln at 70-75”. All reactions 
other than diazotization were allowed to proceed for half 
a day. 

Infrared spectra of the phenylarsonic acid resins I, II 
and IV and the monomeric acid were taken on a Beckman 
IR7. 

The 2.9 pm arsenic acid O-H stretch was visible for each 
of the three resms and matching bands in the region of 
1 l&13.0 pm were found m the resins and the monomer 
that can be ascribed to the arsenic acid group. 

Recovery 

The recovery of trace metal ions was determined as a 
function of the effluent pH. One litre of distilled deminera- 
lized water containing 0.5 ppm of the metal ion was buf- 
fered to the approprtate pH and passed through the resm 
at a flow-rate of 7 ml/min. After collection and washing, 
the adsorbed metals were stripped from the column with 
25 ml of 4.ON perchloric acid and determined by plasma 
emission. atomic absorption or calorimetrically with 
Arsenazo I. 

Complexing agents 

To 250 ml of distilled demineralized water containing 
f 0 ppM (parts per milliard) of metal ion (including radio- 
tracer) and 10 ppm of complexant, 5 or 6 drops of ortho- 
phosphoric acid were added. The phosphortc acid was 
added as a buffer and was necessary for 100% recovery 
of tron(II1). The pH was adjusted to 5.0 and the solution 
was passed through the column at 7 ml/min. The metals 
were then stripped from the column with 25 ml of 4M 
perchloric and the activity of an aliquot of the effluent 
was measured. 

Recovery of truce metals 

One litre of distilled demineralized water, tap-water, or 
synthetic sea-water at pH 5 and containing 0.5 ppm of 
heavy metals was passed through the resin at 7 ml/min, 
followed by 100 ml of metal-free pH-5 0 solution, and the 
metals were eluted wtth 25 ml of 4M perchloric acid and 
determined by plasma emission or atomic absorption. 

For trace metals at sub-ppM level, the procedure was 
stmilar. but with 5 ml of 2 /Qrnl tracer solution replacing 
the 0.5 ppm of heavy metals. Detection was by gamma 
emisston. 

In the analysis of the tap-water, no metal tons were 
added. 

Separation of uranium(V1) from other heavy metals 

A 1-litre sample containing 0.5 ppm of uramum(V1) and 
other heavy metals and O.OiM in EDTA was buffered to 
pH 5.0 with orthophosphoric acid and ammonia and 
passed through the resin column at 7 ml/mm. The column 
was then washed with lOOm1 of O.OlM EDTA at pH 5.0 
and 100 ml of pH-5 wash-solution (both solutions buffered 
with phosphoric acid and ammonia). The column was then 
stripped with 25 ml of 4M perchloric acid. The uranium 
was determined coiorimetrically and the other heavy 
metals were determined by plasma emisston 

Separation of thortu~lv) from other heavy metals 

A litre sample containing 0.5ppm of thorlum(IV) and 
other heavy metals and O.lM in perchloric acid was passed 
through the resin at 7 ml/mitt. The resin column was 
washed with 100 ml of O.lM perchloric acid and the thor- 
ium was then stripped from the column with 25 ml of cont. 
perchloric acid and determined by plasma emisston. 

Batch abstraction of trace metals 

Resin IV, 0.5 g, was added to 250 ml of pH-5.0 solutton 
containing 2.0 ppm of the heavy metals. The solutions were 
stirred for 2, 6, or 24 hr before collection of the resin. The 
adsorbed metals were washed from the resin with 2.5 ml 
of 4M perchloric acid. 

RESULTS AND DISCUSSION 

Arsenic acid resins were prepared from XAD-1, -2, and 
-4, which are macroporous polystyrene-DVB resins of 
varying pore size and surface area. The arsenic acid resins 
are designated I, II and IV, corresponding to the numbers 
of the XAD-resin starting material. The physical properties 
of the three resins are summarized in Table 1. Each of 
the three resins contains a nitrogen-containing group as 
an impurity although less than reported by Hirsch.16 
The resin IV syntheses was repeated and the yield in each 
step was estimated by analysis for the appropriate func- 
bona1 group. Nitration gave approximately 12 nitro 
groups per benzene ring. Reduction to the amine gave 
approximately 0.8 amine group per benzene ring, 67% 
yield. Conversion mto the arsomc acid then gave approxt- 
mately 0.6 arsenic acid group per benzene ring for an over- 
all yield of about 50%. 

The ratios of arsenic acid group per benzene ring and 
acidic hydrogen atoms per benzene ring were calculated 
from the arsenic and hydrogen analyses, the average mol- 
ecular weight per resm umt bemg based on the calculated 
arsenic acid content and the remainder assumed to be 50% 
styrene and 50% DVB. The actdic hydrogen content is 
more than the 2: 1 ratio of H:As expected for an arsomc 
acid group and probably represents tttratable protonated 
amine. Although the exact values may be somewhat in 
question the trend seems clear; converston mto the arsomc 
acid is highest in resin I and lowest in resm II The large 
pores in XAD-1 appear to lead to high reactivity In 
XAD-4 the very high surface area is able to compensate 
for the smaller pores and good conversion into the arsenic 
acid was obtamed. 

Table 1. Properties of the XAD-arsenic acid resins 

Surface Pore 
area, diam., 

k 
As/benzene H/benzene 

m2/s ring ring C, % H. % N, % Kinetics 

As03H,-XAD I 100 205 2.4 5.2 52.8 5.2, 3.3 Slow 
AsO,H,-XAD II 300 90 0.3 0.8 58.1 5.4 5.0 Rapid 
AsO,H,-XAD IV 784 50 0.75 1.8 51.3 5.2 3.2 Rapid 
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I 

Fig I. Effect of pH on recovery of Cu(II), Mn(II) and 

Mg(II). 

Column experiments with various metal cations mdi- 
cated that the kmetics of resins II and IV are excellent 
and those of resin I somewhat slow. Because of this and 
the higher capacity of resin IV (compared to resin II), resin 
IV was chosen for all subsequent experiments. This resin 
has httle swellmg tendency and is stable even m the con- 
centrated acid and base soluttons used to wash the resin 
and to strip some metal ions from the resm. 

Small columns packed with resin IV were equilibrated 
with buffered aqueous solutions. Then solutions of various 
metal ions buffered to the same pH were passed through 
the column and the amount of metal ton retained by the 
column was determined. The degree of retention as a func- 
tion of pH is plotted for various metal ions in Fig. 1-3. 
The selectivity order for metal ions, based on the assump- 
tion that the more stable complexes are retained at lower 
pH, is as follows: Th4’ r UO:+ > RE3+ r Cu2+ > Pb2+ 
> A13’, Fe’* > Zn’+ r Ni’+, Co’+ > Cd’+, Mn” > 

Mg2+ (RE = rare earths). This IS in agreement with the 
order reported by Hirschi of Cu2* > Zn2+ > Ni2+ z 
Co2+ > Mn2+ > Ca2+ > Mg’+. 

Separation of thorium(IV) from all other metal ions 
studied was possrble because of the affinity of resin IV 
for thormm at low pH values. Recovery of thorium at 

0 cu+2 
A Mn’2 
A Mg+’ 

i 

a 

01 ’ I I I I I I I I 

-3 -2 -I 0 I 2 3 4 5 6 

PH 

Fig. 2. Effect of pH on recovery of Th(lV), U(V1) and 
Fe(II1). 

-0 I 2 3 4 5 6 

PH 
Fig. 3. Effect of pH on recovery of RE(III), Al(II1) and 

Cd(H). (RE = rare earths). 

pH 1.0 was 102.5% (from spectrophotometric determina- 
tion), with less than 1% of any of the other metal tons 
being retained. A successful separation of uranmm(V1) 
from other metal ions was accomplished by adding EDTA 
to complex the foreign metal ions. Spectrophotometric 
analysis showed 98.3% recovery of uranmm(V1) at pH 5.0 
in OOlM EDTA medium. Chromium(II1) was the only in- 
terference (11% recovery). 

Eight trace metals were added to demineralized water, 
tap-water and synthetic sea-water, the pH was adjusted 
to 5.0 and I-litre samples were passed though a resin IV 
column. The sorbed metal ions were then eluted with 25 ml 
of 4M perchloric acid and the metal ions determined by 
plasma emisston or atomic-absorption spectroscopy. The 
results, shown in Table 2, indicate excellent recovery except 
for chromrum(III), which has a very slow reaction rate with 
ligands. With use of radiotracers, the experrment was 
repeated for three metal tons at the ppb (parts in 10’2) 
level, As shown in Table 3, the recovery is still quantitative 
within experimental error, even in the presence of a large 

Table 2. Recovery of trace metals m aqueous media with 
resin IV 

Metal Recovery,* 7: Recovery,t % Recovery,? 7; 
ion Pure water Tap-water Sea-water 

Cd’+ 102 98.7 100.5 
co2 + 100 102.3 104.0 
Cr3 + 745 513 - 

cu2+ 103 96.8 101.0 
Fe3’ 1015 101.2 102.0 
Mn” 97 97.2 22 
Ni2* 101 100.5 105 
Pb2+ 98 100.3 100.3 
Zn2 + 98 96.0 1008 

* Plasma emission. 
t Atomtc absorption 

Table 3. Recovery of metals at ultra trace level in aqueous media with resm IV 

Metal 

Fe3 + 
Mn2+ 
Zn2+ 

Cont., 

ppb* 

38 
5 

32 

Pure water 

105.6 
96.2 
97.2 

Recovery, % 
Tap-water 

101.2 
97.2 
949 

Sea-water 

106.3 
94.6 

100.8 

* Parts per billion (lOi*). 
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Table 4. Recovery of trace metals in ISU tap-water wtth 
resin IV, ppM* 

NI Zn’ Fe Pb Mn Cu 

No. I 41.2 66.2 123.7 11.2 91.3 900 
No. 2 40.0 68.8 123.7 11.2 56.3 1160 
No. 3 36.2 65 0 127.5 16.2 105.0 1160 

* Parts per mllhard (10’). 

excess of sodium. magnesium and calcium salts. Triplicate 
analyses of tap-water were also carried out (Table 4). 

The effect of complexing agents on the recovery of 
zinc(H), manganese(I1) and iron(II1) at 10 ppm concen- 
trations was studied by adding a thousandfold w/w ratio 
of various complexing reagents. The added reagents in- 
cluded acetate, anthranilate, chloride, citrate, glycine, phos- 
phate, sahcylate, succinate, urea and EDTA. The recovery 
of manganese and zinc was unaffected by any of the com- 
plexants except EDTA. The recovery of iron was low m 
the presence of substances that form complexes having a 
stability constant greater than lo*. 

Comparative studies showed resin IV to be more effec- 
tive for retention of trace metal ions when used in a 
column than for batch collection. For example, by the 
batch method recoverres were only about 90% for cop- 
per(H) and lead, 709d for tron(III), 40% for nickel. and 
15$7’, for cadmium. 

Some calcium and magnesium is retained by the arsenic 
acid resin column at pH 5.0. If desired, about 95:/, of the 
calcium and magnesium retained by the column can be 
removed by elution with pH 4.0 buffer before the trace 
metal ions are stripped with 4412M perchloric acid. 
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Summary~Macroporous arsomc acid resins with different pore sizes and surface areas were prepared 
and the properties compared. One of the resms was used for concentration of trace metal tons from 
demineralized water, tap-water, and sea-water. The effect of pH and complexing agents on the recovery 
of metal ions was studied. A method for separation of uranium(V1) and thorium(IV) from each other 
and from other metal ions was developed. 
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The ion-exchange behaviour of inorganic ions in citric’ in the resolution of a limited number of metal ions. Qur- 
and formic2 acid media has been reported. Anion-exchange esht et al.” have separated Fe(II1) and other metal ions 
in tartaric acid media has been studied by Pitsttck et ~1.~ in formic, oxalic, tartaric and citric acid media, but the 

and Morie et ~1.~~~ who describe the separation of some only comprehensive investigation was made by Rouchaud 
transition metals. Cation-exchange studies6-9 have resulted et al.’ 1 They examined both cation- and anion-exchange 

and determined distribution coefficients for several ions m 
*This work was supported in part by C.N.R. of Italy tartaric acid media containing nitric acid. 
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0 I M tartarlc 
ocldpH=3.50 

0 I M tartarlc acid 
pH=400 

0.2 M tartam 0.2Mtartarlc 
acid pH= 3 50 acldpH=4.00 

cum P 
Ni (II) 

ml of eluate 

Fig. 1. Elutlon curves of Fe(III), Cu(II), Ni(II), Co(II), Cd(I1) and Mn(I1) m tartaric acid. Resm Dowex 

50 W X8 (2OS400 mesh), NH; form 

In the present work we describe the cation-exchange of EXPERIMENTAL 

the ions Mn(II), Cd(II), Co(II), P&(11), Cu(II), Al(II1) and The resin used was Dowex 5OW X8, 20@400 mesh. It 
Fe(III), m tartarlc acid solution at molarGies between 0.1 was converted into the NH:-form with 3M ammonium 
and 1.0 and at pH values up to 10. chloride and washed with demineralized water. For the 

Table 1. K, values on Dowex 50W X8 resm (20&400 mesh), NH: form in tartaric acid at various molarltles and 

PH 

K,, in tartarlc acid at DH values of 

Tartaric 
acid concn., 

M Ion 

the free 

acid* 3 00 3.25 3.50 4.00 8.00 9.00 1000 

Mn(I1) 0.1 s.a. 
0.2 s.a. 
0.3 4826 
0.5 4326 
1.0 4326 

Cd(I1) 0.1 s.a. 
0.2 s.a 
0.3 s.a. 
0.5 s.a. 
1 .o s a. 

Co( II) 0.1 s a. 
02 s.a 
0.3 s.a. 
0.5 s.a. 
1.0 2136 

Ni(I1) 01 s.a. 
0.2 4631 
0.3 3282 
0.5 2860 
1.0 2860 

Al(II1) 01 s.a. 
0.2 s.a. 
0.3 s.a. 
0.5 s.a. 
10 s a. 

Cu(I1) 0.1 3143 
0.2 2493 
0.3 1806 
0.5 490 
1.0 329 

Fe(III) 0.1 1324 
0.2 1273 
0.3 465 
05 211 
1.0 164 

1423 782 
299 165 
129 51 
41 21 

931 725 
183 120 
108 23 
33 17 

710 323 
115 58 
36 22 
2.6 n.a. 

520 247 
67 30 
8.9 5.0 

n.a. n.a. 

443 
51 

n.a. 
n.a. 

183 
n.a. 
na. 
n a. 

96 
n.a. 
n.a. 
n.a. 

18 
n.a. 
n.a. 
n.a. 

n.a. 
n.a. 
n.a. 
n.a. 

n.a. 
n.a. 
n.a. 
n.a. 

339 135 
73 24 
30 8.2 

260 87 
42 10.1 
21 17 

128 32 
6.6 n a. 

n a. n.a. 

12 
n.a. 
n.a. 

8.3 
n.a. 
n.a. 

33 
n.a 
n.a 

3.1 
n.a 
n.a. 

7.7 
n.a. 
n.a. 

n a. 
n.a. 
n.a. 

n.a. 
n.a. 
n.a. 

n a. 
n.a 
n.a. 
- 

74 
14 
1.3 

OX. 
OX 
45 
16 
6.0 
4.6 
2.5 
19 

n.a. 
n.a. 
n.a 
n.a. 
76 
0.9 

na. 
na. 
n.a 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
6.4 
6.1 
71 
5.6 
4.1 

n.a 
na. 
n a. 
n.a. 
n.a. 

OX. 

OX. 

OX. 

OX 

209x4 
102 
58 
28 
13 
18 

n.a 
n.a. 
n.a. 
n.a. 

94 
48 
34 
21 
14 

n.a. 
n.a. 
na 
n a. 
n a. 
142 

88 
51 
39 
4.1 

n.a. 
n.a. 
n.a. 
n.a. 
n.a. 

OX 

OX. 

OX. 

OX. 

OX. 

656 
237 
119 
51 
22 

154 
152 
109 
121 
102 
505 
256 
122 
70 
25 

na 
n.a. 
na. 
n.a 
n.a. 
452 
444 
189 

17 

5.9 
na 
na. 
n.a. 
n.a. 
n.a. 

* pH values for tartarlc acid of a given molarity are. O.lM, pH 2.10; 0.2M.pH 1.90; 0.3M.pH 1.80; 0.5M,pH 1 70, 
l.OM. pH 1.50. 

n a. not adsorbed; s.a strongly adsorbed, ox. oxides. 
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batch experiments the resin was air-dried to constant 
weight at 70” and stored in a desiccator over silica gel. 

The metal ions examined were used as 0.2N solutions 
of the chloride or nitrate salts, after standardization. 

Eluents 

The eluents were prepared from reagent grade chemicals. 
Tartaric acid was used at molarities of 0.1, 0.2, 0.3, 0.5 
and 1.0. The pH was adjusted between 3.00 and 10.00 by 
the addition of ammonia or sodium hydroxide solution. 
Solid sodium hydroxide was used for the pH values 3.00, 
3.25, 3.50 and 4.00 to avoid the precipitation of ammonium 
salts. For the pH values 8.00, 9.00 and 10.00, adjusted with 
cont. ammonia solution, increasing K,, values were 
obtained, while the uptake of the ions was zero from solu- 
tions adjusted with sodium hydroxide. 

Determination of K, values 

The distribution coefficients (Kd) were determined by the 
batch equilibration method. Resin (0.5 g dry weight), 50 ml 
of the appropriate tartaric acid solution and 2 ml of the 
metal Ion solution, were shaken for 15 hr at room tempera- 
ture. After equilibration, the resin phase was separated by 
filtration and the ion concentration was determined on an 
aliquot of the filtrate, by atomic-absorption spectrophoto- 
metry, using the standard addition method. 

Columns 

For column experiments borosilicate glass tubes were 
used, 1.2 cm i.d., 28 cm long, fitted with sintered glass 
plates. The resin bed was 22 cm deep. Fractions (10 ml) 
were collected automatically and analysed by atomic- 
absorption spectrophotometry. 

RESULTS AND DISCUSSION 

Table 1 gives the distribution coefficients (Kd) obtained 
m the present work. In tartaric acid the K, values decrease 
regularly with increase in the acid concentration. All the 
values are too high, however, to allow separations to be 
achieved m a short time with practical elution volumes. 
The K, values decrease with increasing tartrate concen- 
tration at constant pH and with rising pH at constant 
tartrate concentration. The value for Fe(III) differs mark- 
edly from that reported by Qureshi.“’ The K, values are 
in accord with the tendency of the ions to form tartrate 
complexes. ‘* When amonia is used to adjust the pH, there 
is a regular decrease of K, with increasing tartrate concen- 
tratlon at constant pH, and a regular increase of K, at 
constant tartrate concentration with increasing pH, with 
the exception of Mn(I1) which oxidizes, and Fe(II1) and 

Al(III), which are not absorbed. The increase of Kd values 
can be ascribed to the formation of cationic ammine com- 
plexes. 

From Table 1 we can predict the possibdity of achlevmg 
several interesting separations. 

Separation 

Fe(III), Cu(II), Ni(II), Co(II), Cd(I1) and Mn(I1) were 
separated. The resm was preconditioned with five bed- 
volumes of the first eluent and samples were added in the 
same medium (O.lM tartaric acid at pH 3.5). The elutlons 
were effected at an overpressure of 190 mmHg and the 
loading of the resin bed was 0.1 meq of each ion used. 
The flow-rate was 2.5 ml/min. Elution curves are shown 
in Fig. 1 and it can be seen that the peaks are sharp 
and well separated. 

Acknowledgements-The authors are grateful to Prof. R. 
Ferro, Director of the Institute, for his valuable interest 
and encouragement in this work and also to C.N.R. of 
Italy for financial support. 

REFERENCES 

1. R. Frache, A. Dadone and F. Baffi, 1/II Convegno 
Nazionale di Chimica Inorganica, Pesaro, Italy, 1974, 
Corn. DlO. 

2. Idem, Atti de/ XII Congress0 Nazionale Societci Chi- 
mica Italiana, S. Margherita di Pula, Cagharl, Italy, 
1975, Corn. CA5. 

3. G. F. Pitstick, T. R. Sweet and G. P. Morie, Anal. 
Chem., 1963, 35, 995. 

4. G. P. Merle and T. R. Sweet, ibid., 1964, 36, 140. 
5. Idem, J. Chromatog., 1964, 16, 210. 
6. K. Kimura, N. Saito, H. Kakiana and T. Ishimori, Nip- 

pon Kaaaku Zasshi. 1953. 74. 305: Chem. Abstr.. 1953. b7, 985tif: 

7. D. I. Ryabchikov and V. E. Bukhtiarov, Zh. Anaht. 
Khim., 1952, 7, 377; Chem. Abstr., 1953, 47, 4787e. 

8. A. P. Kreshkov and E. N. Sayushkina, Chem. Abstr., 
1957, 51, 16197a. 

9. Z. Marczenko, Chem. Anal. (Warsaw), 1957, 2, 255; 
Chem. Abstr., 1958, 52, 18545 

10. M. Qureshi, K. G. Varshney and R. C. Kaushik, Anal. 
Chem., 1973, 45, 2433. 

11. J. C. Rouchaud and G. Revel, J. Radioanal. Chem., 
1973, 16, 221. 

12. A. E. Martell and L. G. Sill& Stability Constants of 
Metal Zen Complexes, Suppl. No 1, p. 317. The Cheml- 
cal Society, London, 1971 

Summary-The cation-exchange behaviour of Mn(II), Cd(II), Co(II), Ni(II), Cu(II), Al(II1) and Fe(III), 
m tartaric acid media was studied. Separations of Fe(III), Cu(II), Ni(II), Co(II), Cd(I1) and Mn(I1) 
on Dowex 50W X8 have been achieved. 



596 SHORT COMMUNICATIONS 

Talanta, Vol 23, pp 596598 Pergamon Press. 1976 Prmted m Great Br~tam 

SP~CTROPHOTO~ETRIC D~TER~I~ATIO~ OF VANADIUM AS 
V(II1) OXINATE 

V. YATIRAJAM and S. P. ARYA 

Department of Chemistry, Kurukshetra University, Kurukshetra 132119, Haryana, India 

(Receiaed 22 October 1975. Accepted 13 January 1976) 

Almost all the numerous photometric methods for vana- 
dium determmatmn are based on vanadium(V) complexes. 
Only a few are based on vanadmm(IV) complexes. There 
are even fewer methodslm4 based on vanadium(II1). 
Although some of them are highly sensitive, it would be 
advantageous to have methods with higher tolerance limits 
to anafyttcally important elements to avoid prehminary 
separations. The limitation in usmg vanadium(III) appears 
to be its production and the stability of tts complexes 
Electrolytic,’ amalgam6 or stannous chloride4 reduction 
IS frequently used for producmg vanadium(II1). A greater 
choice of reagents and condittons should be posstble if 
introduction of metal tons can be avoided in the reduction. 

Accordmgly, we present below a method of producing 
vanadium(II1) by sodium dithionite reduction and its 
extraction by oxine for its spectrophotometric determina- 
tion. 

EXPERIMENTAL 

Reagents and solutzons 

Vanadium solution. A stock solution (10 mg of V/ml) was 
prepared from sodium metavanadate and standardized by 
the oxine method;7 suitable dilution gave lOO- and 
lo-flgcglml solutions. 

8-Hydroxyqutnoline. A 2% solution in carbon tetra- 
chloride. 

Solutions of’ other elements. Prepared by dissolvmg suit- 
able salts in water or dilute sulphunc acid to give 10 or 
1 mg of element per ml. 

Samples. Synthetic samples were prepared by mixing 
solutions of the ions to give the required compositions 
(see Table 4). 

Rutile and Yemenite Finely powdered sample (1.0 g) was 
fused’ with 5 g of fusion mixture in a platinum crucible 
for nearly 30 mm. The melt was cooled and taken up m 
hot water. The msoluble restdue was filtered off on What- 
man No. 41 paper and washed 4 times with 5 ml of hot 
water each time. The filtrate was just acidified to htmus 
wtth dilute sulphurtc acid and boiled to expel carbon diox- 
ide. Any precipitate was filtered off, and washed twice with 
5-ml portions of hot water. The filtrate and washings were 
cooled and made up to 5 ml. Aliquots of this solution 
were then used for the determinatton of vanadium by the 
procedure. 

Determination procedure 

To 20 ml of solution containing < 175 pg of vanadium 
at pH 3-10, in a 150-ml separatory funnel, solid sodium 
dithiomte (05-2.Og) was added. After wattmg for 2 mm 
the funnel was stoppered and shaken gently for 2 min with 
lOm1 of the oxine solution in carbon tetrachloride, can 
bemg taken to release the pressure occasionally. After tht. 
layers had separated, the solvent phase was removed and 
passed through Whatman No. 41 paper (moistened with 
carbon tetrachlortde) into a 25-ml volumetric flask. The 
extraction was repeated wtth another 1Oml of the oxine 

solution. Any complex sticking to the filter paper was 
washed mto the flask, with oxine solution added dropwise. 
The solutton was made up to the mark with carbon tetra- 
chloride and mixed. The absorbance of the yellow complex 
was measured in l-cm cells at 420 nm with a Beckman 
DU sp~trophotometer~ against a stmdarly treated reagent 
blank. The latter gave an absorbance of 0.006 against oxme 
in carbon tetrachloride. 

Samples containing other elements. Masking agents were 
added after the reduction to vanadium(III), as shown m 
Table 3. In the case of tungsten, the tartrate was added 
to the solution at pH 8.5-10, before reduction. 

RESULTS AND DISCUSSION 

When sodmm dtthionite is added to mg amounts of 
vanadium(V) in slightly alkaline or acid solution, the 
pH decreases gradually, depending upon the amount 
of the reductant. The green solution obtained shows an 
absorption spectrum similar to the one obtamed for 
vanadium(II1) prepared by electrolyttc reduction’ or mer- 
cury reductor.’ 

When the solutton is shaken with oxine m carbon tetra- 
chloride a yellow complex is extracted quantitatively, 
showing an absorption peak at 420nm. An initial pH of 
3-10 before addition of dtthionite gives a constant absor- 
bance; the absorbance is lower if the inittal pH is outside 
this range. Carbon tetrachloride is found to be the best 
solvent (Table l), giving the highest absorbance. A single 
extraction with 10ml of solvent was made from 20ml of 
aqueous phase. The colour 1s not stable m other solvents 
except benzene, and in it has lower absorbance at the same 

L,X. 
The effect of vartous parameters on the V(III)-oxmate 

absorbance in carbon tetrachloride is shown in Table 2. 
the other conditions in each study being kept at the lower 
end of the optimum range. The optimum condittons for 
maximum absorbance are, inmal pH of the aqueous phase 
3-10, reduction with 0.552.0 g of sodium dithtonite, 2 mm 
waiting after mtxing and 2-3 min equtlibration with l-4”,; 
oxine solution in carbon tetrachloride. A single extractton 
with oxme m carbon tetrachloride removes more than 99’%; 
of the vanadmm but a second extraction with 10 ml of 
the solvent ts recommended for 100% recovery 

On the basis of Job’s curves. the extracted specres has 
a 3: I hgand:metal composition.” The species has an 

Table 1. Absorbance of vanadium(III)-oxmate complex in 
different solvents (V 5 pg/ml m the aqueous phase) 

Solvent Absorbance 

Carbon tetrachlorlde 103 
Benzene 0.995 
Chloroform 0.858 
Methyl isobutyl ketone 0.940 
Amy1 acetate 0.920 
Amy1 alcohol 0.662 
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Table 2. Dependence of the V(III)-oxinate extraction on different parameters (V 5 pg/ml in the aqueous 
phase) 

Oxine/CCl,, % 0.02 0.05 0.1 0.2 0.5 1.0 2.0-4.0 
Absorbance 0.70 0.96 0.98 0.99 1.005 1.016 1.03 

Sodium dlthionite, g 0.1 0.2 0.5-2.0 
Absorbance 0.7 0.98 1.03 

Time of contact, min 0.25 0.5 1.0 2.0-3.0 5.0 
Absorbance 0.93 1.00 1.01 1.03 1.01 

absorption maximum at 42@425 nm, with sensitivity for 
vanadium of 0.004 pg/cm2 (Fig. 1). At wavelengths shorter 
than 370nm, the blank absorbs highly. There 1s no other 
peak at wavelengths up to 850 nm even at 0.8 mg/ml vana- 
dium concentration. Beer’s law is obeyed up 7 pg of V 020 

per ml of solvent phase. The absorbance remains constant 
for 45 min 

s 

6 4 
$ 

Eflect of diverse ions 2 
010 

Sodium chloride (5 g), sulphate (5 g), tartrate (2 g), ace- 
tate (3 g), thiourea (1 g) and ascorbic acid (1 g) have no 
effect on the extraction of vanadium. Only limited amounts 
of sulphosalicylic acid (0.4 g), thioglycollic acid (0.6 ml) and 
potassium cyamde (0.2g) can be tolerated. Nitrate can be 0 

tolerated up to 5 mg/ml. Phosphate (2 g of the sodium salt) 350 400 450 500 550 

decreases the extractlon. Fluoride and oxalate in x, “rn 

> 50 mg/ml and EDTA m > 5 mg/ml concentrations mask Fig. 1. Absorption spectrum of V(III)-oxinate; V-a) 0.8, 
the vanadium extraction completely. (b) 0.4 pg/ml of solvent phase. 

Table 3. Extraction of diverse elements 

Element 

Al(II1) 
Zn( II) 

Cu(II)f 
WI) 
Fe(III) 
Co(I1) 

WVI) 

Th(IV) 

Ti(IV) 

Sn(I1) 
Sb(II1) 
Ni(I1) 

Cr(V1) 

Cr(VI), Ce(IV) 
Ca(II), Cd(I1) 

Bi(V)f 
As(V) 
PbUI) 
Hg(II), Mn(II), 
Mg(II), SrUI), 
Ba( II) 

Tolerance hmit 
mg/20 ml* 

100 
100 
20 
10 

2 
15 

80 

30 

1 

100 
30 
15 

50 

5 
20 
20 
40 
50 

100 

Colour of 
extract 

Yellowish green 
Yellow 
Yellow 
Yellow 
Blackish brown 
Yellow 

Faintly yellow 

Faintly yellow 

Yellow 
Yellow 
Greenish yellow 

Yellow 

Colourless 
Colourless 
Colourless 
Colourless 
Colourless 
Colourless 

Masking agent9 

SSAt(0.4 g) 
SSAt(0.4 g) 
SSAt(0.4 g) 
SSAt(0.4 g) 
SSAt(0.4 g) 
SSAt(0.4 g) 
or cyanide 

(0.2 g) 
Tartrate 

(0.5 g) 
Citrate 

(0.05 g) 
Tartrate 

(2.0 g) 
TGAI(0.6 ml) 
TGAI(0.6 ml) 

Cyanide 

(0.2 g) 
Ascorbic acid 

(l.Og) 

- 

* For an absorbance < 0.002, in presence of masking agent, if any. 
!Added after reduction by sodium dithionite unless otherwise stated; cyanide and citrate 

were added as potassium salts and tartrate as the sodium salt. 
t SSA = sulphosahcylic acid. 
’ TGA = thioglycollic acid added before reduction. 
$ Precipitates formed after dithiomte reduction were filtered off before extraction. 



598 SHORT COMMUNICATIONS 

On reduction with sodrum dithionite at pH 3-7, mercury 
and lead give black, arsenic brown and cadmium yellow 
sulphlde precipitates; strontium and barium give 
white precipitates of their sulphates. These precipitates 
need not be filtered off as they do not affect the extraction 
of vanadium. Any slight emulsion appearing at the inter- 
face is removed in the filtration of the organic phase. Bis- 
muth and copper form black sulphide precipitates which 
should be filtered off before the extraction. Even then, 
some copper seems to be left, giving a yellow solution after 
extraction with oxine m carbon tetrachlorlde. This can be 
prevented by masking with sulphosalicyhc acid after the 
reduction. Other elements, such as alummium, zinc, 
uranium, iron, cobalt, mckel, titanium, antimony, tin and 
chromium give yellow or yellowish green solutions because 
of extraction of their oxinates. This can be prevented (up 
to the tolerance limit) by using the masking agents shown 
in Table 3. Addition of sulphosalicylic and thioglycollic 
acids lowers the pH but the same maximum extraction 
1s obtained by increasing the time of equilibration to 4 
min in the first extraction. 

When the vanadium sample solution IS brought to the 
desired pH, some of the hydrolysable ions precipitate. 
Dithiomte is added without filtration of these precipitates 
as they do not interfere with the process of extraction. 
Only m the case of tin and antimony is thioglycolhc acid 
to be added to the neutral solution before the reduction. 
Under these conditions, tin does not give any precipitate 
but antimony gives the orange-red sulphide which remains 
at the Interface. If thioglycollic acid is not added, tm and 
antimony sulphldes are precipitated and give an emulsion 
on shaking with the solvent. The thioglycollic acid also 
prevents the extraction of oxinates of these elements. In 
the case of titanium, the vanadium is adsorbed on the 
hydrolytic precipitate and hence the tolerance is very low. 
Molybdenum gives a brown precipitate on shaking with 
oxme m carbon tetrachlonde, forming unbreakable emul- 
sions and being partly extracted. Therefore, molybdenum 
must be separated. The tolerance limits cannot be raised 
because of the upper limits of masking agents for vana- 
dium extraction. 

Applications 

The sensitivity of the method is double that obtained 
by usmg oxine or its derivatives with vanadium(V) and 
1s rarely exceeded by other photometric methods for vana- 
dium. With the masking agents suggested, the limits of 
tolerance of interfermg elements are much higher than in 
the other methods. Only molybdenum interferes seriously. 
The reduction of V(V) to V(III) by dithlonite is very con- 
vement and rapid. The method uses ordinary reagents and 
takes 10 min or less m series. The use of a single heavier 
solvent is also an advantage. 

Table 4. Analysis of samples by the proposed method 

Sample composition 

Matrix* 

Fe(l.7) Cr(0.24) Co(O.OlS)t 
Fe(l.5) Cr(O.12) W(O.35)$ 
Sn(40) Sb(15) Ce(5) 
Th(30) 

W(50) 
Rutile (V = 0.125x)$ 
Ilmenite (V = 0.0911%)$ 

V added, V found, 

,u9 p(9 

15 15.0 
6 5.9, 6.0 

40 40.3 
40 40.0 
30 30.0, 30.1 

0.125% 
0.0912% 

* The number of mg of the element m the ahquot taken 
for analysis is given in brackets. 

t Analogous to Crocar. 
$ Analogous to High Speed Steel. 
$ By ferron method 

The scope and apphcabdlty of the method is shown by 
the satisfactory analysis of different synthetic samples and 
of rutile and ilmenite (Table 4). 
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Summary-Vanadium(V) is rapidly reduced by dithionite to V(II1) which is extracted as the oxinate 
mto carbon tetrachloride. Vanadium is determined by measuring absorbance of the complex at 

nn,rx = 42c-425 nm with a sensitivity of 0.004 pg/cm* and Beer’s law range of O-7 pg/ml. Several mg 
of some important elements can be tolerated if they are masked. Molybdenum Interferes seriously 
The method has been applied to synthetic samples, rutile and ilmenite with satisfactory results. Using 
ordinary reagents and taking 10 mm or less in series for a determmation, the method has a sensltivlty 
rarely exceeded by others with a much higher tolerance for other elements. 
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Analysis for low and high amounts of tungsten is required 
for natural and industrial samples contaming some of the 
elements silicon, calcium, iron, manganese, cobalt, chro- 
mium, nickel, vanadium, molybdenum, copper, tin and bis- 
muth. Except for the recent method of determmation with 
iron(III) in thiocyanate medium,’ the volumetric methods 
for tungsten are likely to give inconsistent and unreliable 
results.‘” The gravimetrtc methods2b~3”~4” are based on 
precipttation as tungstic acid or as the tungstate of organic 
bases or easily volatilized cations. The process is hmdered 
and the precipitates are contaminated by several elements 
of importance in tungsten materials, e.g., phosphorus, sili- 
con, iron, vanadium, chromium, arsenic, antimony and 
tin.3b The precipitates do not have definite composition 
and must be ignited to tungstic oxide. The barium and cal- 
cium tungstate methods are mconsistent and inaccurate5 
and the lead tungstate method reqmres preliminary preci- 
pitation of tungstic acid. 4b All these methods are rather 
slow. The semimicro oxmate method is said to be unsui- 
table.6 

the funnel vigorously for 1 min. Extract the tungsten thio- 
cyanate complex with 25 ml of TBA/chloroform solutton 
by shaking for 1 mm. Separate the mercury and then 
transfer the solvent layer to another separating-funnel. 
Repeat the extraction with 5 ml of solvent. Strip the 
tungsten from the combined extracts with two 25-ml por- 
tions of water made just alkaline to litmus and containing 
2 ml of 6% hydrogen peroxide, shaking for 1 min each time. 
Filter, then boil the combined back-extracts with enough 
hydrogen peroxide to oxidize tungsten and destroy the 
excess of thiocyanate. Acidify to pH 4: 2 and boil to 
destroy the hydrogen peroxide. Cool the solution and 
determine tungsten. 

Modification for presence of vanadium and titanium. When 
vanadium and/or titanium are present, scrub the TBA 
extract with 20 ml of 7M hydrochlortc acid for I min 
before stripping the tungsten. 

Precipitation as tungstic acid m the presence of cin- 
chonme is the most useful method for macro amounts, 
but is tedious, and contaminating elements have to be 
removed. The chromatographic,3c ion-exchange,3c precipi- 
tationgd and solvent extractionse methods handle only 
semtmtcro or micro amounts of tungsten and other ele- 
ments in specific mixtures. 

Modification for presence of won and silica. With up to 
1OOmg of iron and/or 50mg of silica present, shake with 
mercury for 2-3 min, before extracting with TBA in chloro- 
form. 

In vtew of the industrial importance of tungsten, we 
present a method for its gravtmetric determination as the 
tetraphenylarsonium salt, after its extracttve separation as 
the thtocyanate from Interfering elements. 

Modification for presence of molybdenum. When molyb- 
denum is present, adjust the sample solutton to 2M in 
hydrochloric acid and to contain 3 g of tartaric acid for 
each 100 .mg of tungsten, in a final volume of IO ml. Then 
separate molybdenum by the xanthate method.’ After sep- 
aration of the last chloroform extract, adjust the aqueous 
phase to 4M in hydrochlortc actd and 0.4M in potassmm 
thiocyanate m a final volume of 35 ml, and then follow 
the general procedure. 

EXPERIMENTAL 
RESULTS AND DISCUSSION 

Reagents and soltalons 

Tungsten solution. Sodmm tungstate solutton was stan- 
dardized volumetrtcally with tron(III).’ 

Tetraphenylarsonium chloride solution, 1%. 
Potassium thlocyanate solution, 5M. 
Trlbenzylamme solution (TEA). A 2% w/v solution m dis- 

tilled chloroform. 

Determination as terraphenylarsonium tungstate 

Mercury. Purified with nitric acid.’ 

Procedure 

Determutation as tetraphenylarsonium tungstate. To a 
slightly alkaline solution containing 5-60 mg of tungsten, 
add tetraphenylarsonium chloride solution in 50% excess 
or till precipitation is complete. Dilute to about 40 ml and 
adjust the pH to 2 (pH-meter) with hydrochloric acid (cau- 
tion, tungstic acid starts to precipitate at pH < 1.5). Wash 
the electrodes with 1 ml of O.OlM hydrochloric acid and 
filter off on a smtered-glass crucible (porosity 4). Wash 
the precipitate successively with 4, 2, 2, 1, 1 and 1 ml of 
0.01 M hydrochloric acid. Dry for 45 min at lltL115”, cool 
it over fused calcium chloride m a desiccator and weigh it. 

Tungstate condenses to paratungstate (pH 3-4) and 
metatungstate (pH l.5-3),9 which are precipitated as tetra- 
phenylarsonium salts. The precipitation starts at pH s 6 
but the weight of the salt from a given amount of tungsten 
is quantitative and reproducible only for the pH range 
I 554. The conversion factor tungsten/tetraphenylarsomum 
tungstate is 0.4468. A lapse of up to 1 hr between pH- 
adjustment and filtration, or a change of temperature from 
25” to 40” has no effect. The filtrate and washings contain 
1 Rg of tungsten per ml; therefore the mmimum possible 
volume should be used. The precipitate 1s highly soluble 
in hot water and acetone, and less so in alcohol, ether 
and chloroform. Tartaric, citric and oxalic acids prevent 
precipitation. In the presence of even traces of a large 
number of other elements,” heteropolytungstates are 
formed which are also precipitated by the tetraphenylars- 
onium ion. It is, therefore, possible to use this method 
only after prior separation of almost all other elements, 
as proposed m the procedure above. 

Extractire separation of tungsten as thiocyanate. Place 
the solution, containing not more than 50mg of tungsten, 
m a lOO-ml separating-funnel and adjust it to be 0.4M 
m potassium thiocyanate and 4M in hydrochloric acid in 
a final volume of 25 ml. Add 2 ml of mercury and shake 

Extractive separation of tungsten as thiocyanate 

Generally, the methods already available suffer interfer- 
ence from iron, vanadium, chromium, cobalt, mckel, cop- 
per and especially molybdenum. The recent mercury-thio- 
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Table 1 Effect of anlons 
cyanate 

extraction of 
= 50.0 mg) 

tungsten thio- Table 2. Analysis of samples by the proposed method* 

Salt added 

None 
Sodium chloride 
Potassium acerate 
Sodium sulphate 
Trisodium phosphate 
Potassium citrate 
Sodium tartrate 
Potassium oxalate 

Extraction 
Amount, Of 

B tungsten,* :‘;, 

99.7 
2.0t 99.6 
1.0 99.6 
2.0t 99.3 
2.0t 99.1 
10 98.3 
I .ot 98.2 
1.0 97 8 

* By difference. 
f Added before reduction. 

cyanate+TBA method’ ’ for spectrophotometnc determma- 
tion of tungsten suffers Interference only from molybdenum 
and niobium and IS simple and rapid it was therefore 
chosen for the extractive separation of tungsten. 

Various parameters for extraction of SOmg of tungsten 
were checked. The degree of extra&Ion mcreases with aci- 
dity np to 4M hydrochloric acid and then decreases at 
hlghcr acldltj. It 1s maximal from 0 2 to 0.4M potassmm 
thlocyanate, but the layers do not separate well at lower 
concentrations. A Z’?,, solution of TBA In chloroform and 
1 mm reduction time gives maximum extraction but these 
levels are not critlcal. A single I-min equlllbratlon with 
an equal volume of just alkalme hydrogen peroxide solu- 
tion strips the tungsten quantitatively, but repetltlon is 
recommended as a safety precaution. Smaller volumes of 
aqueous phase cause emulsions. The condltlons selected 
give 99 7”,,, extractlon. 

Alloying elements other than molybdenum (25”; 
extracted) and niobium (lo:l; extracted), titanium and 
vanadrum accompany tungsten either not at all or only 
In traces. Titamum and vanadium can be almost com- 
pletely removed by scrubbing with 7M hydrochloric acid 
before the stripping, without affectmg tungsten. The traces 
of other elements are removed as the hydroxides by fil- 
tration of the alkaline peroxide solution. No tungsten 1s 
lost by adsorptlon on the small hydroxide preclpltate Thus 
tungsten can be separated practically quantitatively from 
Iron, mckel, cobalt, chromium, vanadmm, tltamum, cop- 
per, bismuth, manganese, uranium, lead, zirconium, 
arsenic, antimony and sIllcon. Only molybdenum and nlo- 
bium still accompany tungsten. Molybdenum can be con- 
venlently removed quantitatively wlthout loss of tungsten 
by xanthate extraction’ from the mItta sample solution 
m 2M hydrochloric actd containing tartatlc acid. The 
aqueous phase IS then adjusted to the optimum conditions 
for the mercury-thiocyanate-TBA extractive separation, In 
a total volume of 35 ml. Thus only mobium accompames 
tungsten, and then only m part, but fortunately IS rarely 
encountered m tungsten materials.. 

Chloride and acetate decrease the extraction of tungsten 
very slightly, sulphate, phosphate, citrate, tartrate, oxalate 
do so m that order (Table 1). Stliclc acid does not cause 
any d&iculty and therefore need not be removed for prep- 
aratmn of the tungsten sample solution 

Tungsten Tungsten 
Sample composition,t added, found, 

my mg my 

Co(37.4), Cr( 18 7) 18.70 18.72 
Fe(l71) 9.35 9.34 
Fe(75), Cr(6), V(0.3) 17.00 16.97 
Fe(l14), Q(7), Co(90) 18.70 18.73 
Fe( 158), Cr(46), NI( 16), 8 00 8.01 

Mn(l.1) 
Fe(6.Q Mn(5), Sn(0.6), 29 92 29.89 

B1(0.12), Ca(0.05) 
Ferrotungsten A, 75.27; W -“_ 75 33:‘G 
Ferrotungsten B, 73.3’;; W -_ 73 39”, 
High Speed Steel, 19 61”; W - 19 73:; 

(KS 241,‘l) 

* Decomposed as described earlier.’ ’ 
f The first SIX samples are analogous to stelhte, tungsten 

steel, high-speed steel, KS. magnet steel, MIdvale HR and 
Spanish wolframite respectively. 

Applicn ttnns 

The extractive separation method is generally apphcable 
to all tungsten materials both natural and industrial. The 
separation and determmation together take less than 2 hr 
for a single sample and much less in series. The method 
gives highly satisfactory results with a relative overall error 
of 0.1-O 2”:, over a range of 5-60 mg of tungsten (Table 

2). 
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Summary--Small amounts of tungsten tn natural and industrial samples can be freed from all Important 
interfering elements by extraction of molybdenum by xanthate, reduction of tungsten by mercury and 
extraction of tungsten(V) thiocyanate mto tnbenzylamine, and finally back-extraction. The tungsten 
can be then determined as tetraphenylarsonium tungstate by precipltatmg it at pH 2-4, filtering it 
off and drying it at 1 IO’ for 45 min. An overall error of 0 l-0.2’:;, is obtained for 5-60mg of tungsten. 



SHORT COMMUNICATIONS 601 

T&mm. Vol 23. pp 601402 Pergamon Press, 1976 Prmkd m Great Bntam 

ESTIMATION OF CYANIDE ION IN METAL SALTS 
AND COMPLEXES BY MEANS OF CHLORAMINE-T 
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Cyanides have industrial applications such as extraction 
of noble metals, use as insecticides, in photography and 
the paper industry and in the preparation of various 
cyanogen derivatives. Reagents such as silver nitrate,’ alka- 
line potassium permanganate’ and iodine in alkaline 
medium3 are used for the estimation of cyanide. We have 
now found chloramine-T (CAT) and dichloramine-T 
(DCT) give a two-electron oxidation of cyanide. Direct titr- 
ation was found impracticable and a back-titration pro- 
cedure was developed. The method can be extended to 
estimation of both cyanide and thiocyanate in a mixture. 

EXPERIMENTAL 

Reagents 

CAT was purified by the method of Morris et nf.4 An 
approximately 0.1 N solution was prepared and standar- 
dized by the todometric method. DCT was prepared and 
purified by the method of Jacob and Nair.5 An approxi- 
mately O.lN solution in glacial acettc acid (containing 10% 
acetic anhydrtde) was prepared and standardized by the 
iodometric method. Compounds of accepted grades of pur- 
ity were used m preparing other solutions. Standard buffer 
systems were employed.6 

Zinc cyanide was prepared by mtxing zinc sulphate and 
potassium cyanide solutions m 1:2 molar ratio. The pre- 
cipitate was washed with water and dried over anhydrous 
calcium chloride. Zn: theoretical 55.68%; found 55.8% 

Lead cyanide was prepared by mixing lead acetate and 
potassium cyanide solutions in 1:2 molar ratio. The pre- 
cipitate was washed with ice-cold water and dried over 
anhydrous calcium chloride. Pb: theoretical 79.92%. 
Found 80.4%. 

K,Zn(CN)4, K2Pd(CN)4, K2Hg(CN), and KAg(CN)2 
were prepared by standard methods’ and their composi- 
tion was checked. 

Procedures 

Soluble cyanides with CAT. Adjust the pH of the 
aqueous solution (containing 0.01-4.0 mmole of cyanide) 

to 4 with acetate buffer. Add it to a known volume 
(3&40x excess) of O.lN CAT in an iodine flask and set 
aside for about 30 mm, shaking occasionally. Rinse down 
with 20 ml of water, add 10 ml of 2N sulphuric actd and 
10 ml of 20% potassmm iodide solutton and titrate with 
0.1 N sodium thiosulphate (Vi ml). Run a blank with the 
same volume of CAT solution alone (V, ml of thiosul- 
phate needed). The amount (x mg) of cyanide ion is given 
by x = 13.OOy(l/,-Vi) where y is the normality of the thio- 
sulphate. 

Soluble cyanides with DCT. Add 0.01-4.0 mmole of 
cyanide dissolved in water or pH 4 buffer to a known 
volume (- 7G80% excess) of O.lN DCT contammg about 
30% of acetic anhydride. Complete the determination as 
with CAT. 

Insoluble cyanides with CAT. For zinc cyanide dissolve 
the solid m dilute acetic acid, adJust the pH to 4, then 
treat as for soluble cyanide but wtth 1 hr standing time. 
For lead cyanide treat samples in pH-4 buffer as for solu- 
ble cyanides, but keep at about 70” for 30 mm. 

Insoluble cyanides with DCT. For zmc cyanide proceed 
as for soluble cyanides but allow 1 hr standing time. For 
lead cyanide add samples in pH-4 buffer to 70-80’4 excess 
of DCT. then enough acetic anhydride to react with all 
the water m the mixture, keep at about 40” for 30min 
and complete as before. 

Complex cyanides with CAT. Proceed as for soluble 
cyanides for potassium tetracyanozmcate; for potasstum 
tetracyanopalladate(I1) do the same but boil for about 30 
min before the back-titration; for potassmm tetracyano- 
mercurate keep at about 40” for 30 mitt; for potassium 
dtcyanoargentate let stand at room temperature for 1 hr. 

Complex cyantdes with DCT. For the tetracyanozincate 
proceed as for soluble cyamdes; for the other three com- 
pounds add the excess of DCT and enough acetic anhy- 
dride to remove the water, keep at room temperature for 
30 min for the mercury complex, 60 min for the silver 
complex, and at 50” for 30 min for the palladtum complex, 
and complete as before. 

Blank titrations with CAT or DCT are carrted out under 
the same conditions as for the determmattons. 

Table 1. Estimation of potassium cyanide in presence of halides 

Composition of mixture, mg 

NaF KC1 KBr KI KCN 

KCN 
found, 

mg 

12.4 10.1 11.3 10.7 6.74 677 
20.8 19.8 21.2 20.5 16.75 16.84 
40.5 39.7 38.9 41.3 33.1 33.9 

102.3 100.2 99.8 101.6 101.0 101 7 
204.4 201.1 203.9 200.5 202.0 202.8 
501.3 500.0 502.3 5046 403.9 404.2 

- 
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Table 2. Estimation of potassmm cyanide and thiocyanate with chloramme-T 
- 

Weights found. mg 
Comjsasltion of mixture, 

nlg Procedure I Procedure If 

KCN KCNS KCN KCNS KCN KCNS 

3.31 3.93 3.34 3.97 3.34 3.96 
6.74 7.87 6.68 1.92 6.71 7.89 

16.83 19.67 16.75 19.79 15.75 19.78 
33.7 39.3 34.0 39.3 34.0 39.3 
50.5 59.0 50.5 58.9 50.7 58.7 
67 3 18.7 61.3 78.6 677 78 3 
842 98.3 84.1 98.3 84.1 98.3 

101.0 118.0 100.9 117.9 100.9 1180 

-OS&f zinc sulphate to precrprtate zinc cyanide; filter it 
off. wash it with about 30 ml of ice-cold water till free 
from halide, dissolve it m dilute acetic acid and analyse 
as above. 

Soluble cyanide and thiocyunate in a miwrure. Determine 
the sum of cyanide and thiocyanate as for soluble cyanide. 
and then the cyanide (in another sampie) by the procedure 
for cyanide m presence of h&de (procedure I). Alterna- 
tively (procedure II) determine the thiocyanate in the fil- 
trate as for soluble cyanide. If there is only enough for 
one sample, analyse the precipitate for cyanide and the 
filtrate for thiocyanate. The equivalent weight of thio- 
cyanate IS 7.25 g. 

The stoichmmetry of oxidation of KCN by CAT (or 
DCT) can be represented by 

KCN f- RNClNa(or f~~a,j + H&b+ 
KCNO + RNHz (or +RNH2) + NaCI(or HCl) 

where R = p-CH&&SU2. The presence of KCNU m 
the reaction products was detected by spot-testss9 The 
sulphonamide was detected by paper chromatography. 
Benzyl alcohol saturated with water was used as the sol- 
vent, with 0.5% vamllin in 1% hydrochloric acid in ethanol 
as the spray reagent (R,- = 0.91) 

In preliminary experiments it was found that the degree 
of ox&ion of ~otassmm cyanide in 30 min was maximal 

at DH 3-5. and auantitative with a 30-40X excess of CAT. 
W;th a l&20% excess the reaction is complete only after 
I hr. In other media quantitative oxidation takes 2 hr with 
30-40x excess of CAT. With DCT, oxidation was found 
to be quantitative if the titration medium contained 30% 
acetic anhydride. 

A I. Vogel, A Text Book of Quantrtative frrovgar~ic 
Analysts, 3rd Ed., p. 271. Longmans, London, 1961. 

2. I. M. Kolthoff and R. Belcher. ~~~~~~r~i~ Ana&& 
Vol. III+ p. 36. Interscience, New York, f957. 

3. Idem, op. crt., p. 302. 
4. J. C. Morrrs, J. A. Salazar and M. A. Wmeman, J. 

Am Chem. Sot. 1948, 70, 2036. 
5. T. J. Jacob and C. G. R. Nair, Talanru, 1972, 19, 347 
6. A. Fmdiay, Pmctrcnl Physical Cftemrstry, 8th Ed., p, 

268. Longmans London, 1954. 
7. T. Moeller, ~~o~~~i~ C~ie~~s~~. p. 719 Wiley, New 

York 1962. 
8. F. Feigl, Spat Tests rn lnorgunic Analyas, 5th Ed., p. 

285. Elsevrer, Amsterdam, 195X. 
E A. Werner, J. Chem. Sot. 1923, 123. 2577; Chem. 
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Several methods’0-‘4 have been reported for the deter- 
mination of cyanide and thtocyanare in a mixture. Raa 
and Murthy’$ have shown that CAT oxidizes thiocyanate 
m acid medium (pH 1-6) in about 30 mm, with an etghtY 
electron change per mole. 

The maximum error m determination of 2-220 mg of 
various cyanides, simple and complex, ranged from 3:/, at 
the bottom of the sample weight range to just under 1% 
at the top, Results for mixtures are shown in Tables 1 
and 2. 

REFERENCES 

Summary-A simple and accurate method for the estimation of cyamde in salts and complexes is 
based on oxidation with chloramine-T (in pH 4 buffer) or dichloramine-T (in presence of acetic anhy- 
dride). The oxidation mvolves a two-electron change. Halides interfere wtth the estnnatton of KCN, 
but the interference can be ehminated by precipitating and determining zinc cyanide A method for 
estimating KCN and KCNS in mixtures is also described. 
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RUTHENIUM AND OSMIUM WITH THIOBENZHYDRAZIDE 
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Department of Chemistry, Presidency College, Calcutta 700012, India 

(Receioed 19 March 1975. Revised 16 June 1975. Accepted 21 November 1975) 

OF 

Several organic reagents’.’ containing the -CS-I’!-N < 
group, e.q.. 1,4-diphenvlthiosemicarbazide3s“, 2,4-diphenyl- 
;hlosemicarbazlde,“ _ o-hydroxythlobenzhydrazide,s h&e 
been proposed for the spectrophotometry of ruthenium 
and osmium. In the present communication thiobenzhyd- 
razide is recommended as a suitable reagent for the extrac- 
tion of ruthenium and osmium in chloroform and for the 
subsequent photometric determination of those metals in 
the presence of a moderately large excess of diverse ions 
commonly associated with them. 

EXPERIMENTAL 

Reugents 

Ruthemum(II1) chloride hydrate was dissolved m dilute 
hydrochloric acid and the solution standardized by the 
hydrolytic precipitation method.6 Standard osmium solu- 
tlon’ was made by dissolving a weighed amount of osmic 
acid m O.lM caustic soda. Solutions for spectrophoto- 
metric measurements were prepared by appropriate dilu- 
tlon of the stock solution. Sodium acetate solution and 
dilute hydrochloric acid were used for the regulation of 
pH. All the reagents and chemicals used were of analytical- 
reagent grade. 

Preparation and properties of thiobenzhydrazide. Thio- 
benzhydrazide was first prepared by Ho1mberg.s A slightly 
modified procedure was used, as follows. Dissolve 2.12g 
of carboxymethyldithlobenzoate9 in 15ml of 1M sodium 
hydroxide and cool the solution in ice. Slowly add l.Oml 
of hydrazine hydrate (80%) dissolved in 10ml of 1M 
sodium hydroxide. Allow the mixture to stand for 2 hr in 
an ice-bath. Neutralize with cold, dilute hydrochloric acid 
(the pH should remain between 5.5 and 6.5), leave in the 
ice-bath for 1 hr, filter, crystallize from tepid water and 
dry in vacuum. The pure compound melts at 71-72”. 

Thiobenzhydrazide 1s appreciably soluble in water and 
highly soluble in most organic solvents. It is stable towards 
acids and very dilute alkalis, but is decomposed by con- 
centrated nitric acid and strong oxidizing agents. The re- 
agent should preferably be stored at below 15”. 

An approximately O.OlM solution of thiobenzhydrazide 
solution was prepared m spectroscopic grade ethanol. 

Spectrophotometrrc determination of ruthenium 

Place a measured volume of ruthenium(II1) chloride 
solution m a lOO-ml separatory funnel, and dilute to 20 ml 
with hydrochloric acid and water so that the final hydro- 
chlorlc acid concentration of the solution is 1-4M. Add 
2-3 ml of 0.01 M thlobenzhydrazlde and heat on a boiling 
water-bath for 2&25 min. Cool and extract with four suc- 
cesslve 5-ml portions of chloroform. Combine the 
extracts, dilute to 25 ml, dry with anhydrous sodium sul- 
phate and measure the absorbance at 520 nm against 
chloroform. 

Spectrophotometric determination of osmium 

Place an aliquot of osmic acid solution m a lOO-ml 
separatory funnel and dilute to 15 ml. Add 2 ml of 5% 
EDTA solution to mask the interfering ions, If any, and 
adiust the DH of the solution to 2.34.8. Add 2 ml of O.OlM 
thiobenzhydrazide (the final volume should be ~20 ml) 
and allow to stand for 10 min. Extract with three successive 
5-ml portions of chloroform, combine the extracts in a 
25-ml volumetric flask and make the volume up to the 
mark. Dry the extract with anhydrous so&urn sulphate 
and measure the absorbance at 385 nm or 480-490 nm 
against a reagent blank. 

RESULTS 

Characteristics of the complexes 

The absorbance spectra of the thiobenzhydrazide com- 
plexes of ruthenium and osmium in chloroform are shown 
in Fig. 1. The absorbances remain constant for at least 
24 hr. The concentration ranges for conformity to Beer’s 
law are 0.73-7.33 pgiml at 520 nm for ruthenium and 
1.20-12.04 pg/ml at 385 nm and 1.2&18.06 pg/ml at 
48&490 nm for osmium. 

The optimal acidity for complete extraction of ruth- 
enium is 1.0-4.5M hydrochloric acid and for osmium pH 
2.3W.80. The extraction coefficients and degrees of extrac- 
tion of the ruthenium and osmium complexes into 
various solvents are shown m Table 1. From these data 
four successive extractions with 5-ml portions of chloro- 
form should extract 99.9% of the ruthenium, and three 
such extractions should extract 99.8% of the osmium pres- 
ent. 

The minimal reagent:metal ratios for complete colour 
development with ruthenium and osmium were 15:l and 
10: 1 respectively. Molar-ratio studies” indicated that 
osmium (VI) forms a 1:2 metal: ligand complex. The com- 
position of the ruthemum complex, however, could not 
be determined. 

It may be pointed out that both ruthenium(V1) and 
ruthenium(III) give the same colour reaction with thio- 
benzhydrazide. Similarly osmium (VIII) and osmium (VI) 
produce the same colour with the reagent. It appears that 
ruthenium (VI)and osmium (VIII)are reduced to ruthenium- 
(III) and osmium (VI) respectively before complex for- 
mation. 

The molar absorptivities, Sandell sensitivities” and opti- 
mal concentration ranges of the determmatlon of ruth- 
enium and osmium are given in Table 2. 

Accuracy and precision 

The relative mean errors were ~0.5% and the relative 
standard deviations < 1% for 2-4 mg of ruthenium. and 
612 mg of osmium (10 replicates at each level). 
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Fig. 1. Absorption spectra of thiobenzhydrazlde complexes 
of ruthemun and osmium. 

Interferences 

The effect of a number of foreign ions was studied; the 
procedures involved appropriate acidity adjustment, use of 
EDTA as maskmg agent and sulphur dioxide as reducing 
agent. In some cases the extracts were centrifuged before 
the absorbance measurements. Osmium should be 
extracted as the thiobenzhydrazide complex before the 
determination of ruthenium. Table 3 shows the concen- 
tratlon of foreign ions that caused an error less than 216. 

k mixture containing 91.7 i~g of ruthemum and 150.5 /ig 
of osmium was taken m a separatory funnel and 2 ml of 
5% EDTA solution were added. The pH of the solution 
was adjusted to 4.5 and 2ml of O.OlM thlobenzhydrazide 
were added The rmxture was allowed to stand for IO min, 
then was extracted with chloroform, and the osmium 
absorbance was measured at 48&490nm. The acidity of 
the aqueous layer was then adjusted to be 3.@4.OM in 
hydrochloric acid, 3 ml of O.OlM reagent solutlon were 
added and ruthenium was determmed as described in the 
procedure. Errors in the determmation of both metals were 
less than 25;. 

DISCUSSION 

Ttnobenzhydrazide has been found to be a suitable re- 
agent for the extraction and photometry of ruthenium and 
osmium. The method permits the determmatlon of ruth- 
enium selectively in the presence of diverse ions commonly 

Table 2. Molar absorptivity, sensitivity and optimal con- 
centration range for photometry of ruthenium and osmium 

Wave- Molar absorp- Sensiti- Optimal 
length tivity, WY, concentration 

1,171 1. moleC’. cm-’ w/cm2 w/ml 

520 1.24 x lo4 0.008 1.63-5.71 
385 1.37 X IO4 0.014 2.79-9.76 

48S-490 8.84 x lo3 0.022 4.3&15.05 

Table 3. Effect of foreign Ions on the photometry of ruth- 
enium and osmium 

Amount tolerated, my, in the determma- 
tion of 

ruthenium osmium 
Foreign Ion [Ru(III) = 91.7 pq] [Os(VII::J 150.5 

TI(IV) 2 00 2.00 
VW) 2.50 2.50 
Cr(II1) 1.50 1.50 
Mn(I1) 2.00 2.00 
Fe(II1) 1.50* 2.00 
Co(I1) 1.00 2.00 
N1 1.00 t ‘0 
Cu(I1) 0.90 1 -45; 
Zn 5.00 5.00 
Ga 3.00 2.00 
Mo(V1) 1.00 1 .oo 
Ru(III) 0.91 
Rh(II1) 200 1.50 
Pd(I1) 1 .oo: l.OO$ 
Cd 2.50 2.50 
In 300 3.00 

WVI) 100 I .oo 
Re(VI1) 1 66* 1.66 
Os(VII1) 0.75t - 

Ir(II1) 3.00 3.00 
Pt(IV) 1.22: 0.81 
Au(II1) l.OO$ 1 .OQ$ 
Hg(II) 2.00 2.00 
Pb 2.50 2.50 
TI(II1) 1.00 1.00 
U(VI) 200 2.00 

*Prior reduction with sulphur dioxide. TPrior separation 
by extractIon with thiobenzhydrazide. ICentrifuged before 
absorption measurement. 

Table 1. Effect of solvents on the extraction of thlobenzhydrazide complexes of ruthenium and osmium 

Solvent 

Extraction 
coefficient 

of ruthenium 
complex 

from 3.OM HCl 
Ruthenium 

extracted. “;, 

ExtractIon 
coefficient 
of osmium 

complex 
at pH = 4.0 

Osmium 
extracted, 

“I 

Chloroform 
Carbon tetra- 

chloride 
Methyl lsobutyl 

ketone 
Isoamyl alcohol 
Benzene 
Petroleum ether 

24 96.0 33 97.1 
0.088 8.1 22 95.6 

1.78 64.0 10.7 91.5 

24 96.0 22 95.6 
0.17 14.6 9 90 

1.24 55.6 
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associated with it, especially in the presence of other plati- 
num metals. The sensitivity of the method for the deter- 1, 

mination of ruthenium is comparable to that of existing 
procedures for the metal. For osmium, the method is highly 

2, 

sensitive when the absorption measurements are made at 3, 

385 nm and rather less sensitive if the absorbances are 
measured at 48&490 nm. However, the longer wavelength 
1s preferred because of the higher selectivity. Among other 

4, 

advantages of the reagent, ruthenium and osmium can be 5, 

separated and subsequently determined spectrophotometri- 
tally. 6. 

Thiobenzhydrazide seems to be a potentially useful re- 7. 
agent for the determination of ruthenium and osmium in 
rocks and alloys. The metals may be brought into solution 
bv NaOH-Na,O, fusion’* as ruthenium (VI) and 

8. 

osmium (VI) ions. The excess of peroxide should be des- 9, 
troyed before the metals are determined with thiobenzhyd- 10. 
razide as described above. 

11 
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Summary-Ruthenium forms a pink complex with thiobenzhydrazide in hot 1.&4.5M hydrochloric 
acid medium, which can be extracted with chloroform, and the extract shows maximal absorbance 
at 520 nm. The chloroform-extractable osmium-thiobenzhydrazlde complex formed at pH 2.34.8 shows 
maximal absorption at 385 nm as well as at 48&490 nm. The colour of the extracts of both the com- 
plexes is stable for more than 24 hr and can be employed for the spectrophotometry of ruthenium 
and osmium in the presence of a considerable excess of diverse ions commonly associated with them. 
Ruthenium and osmium can be quantitatively separated from one another with thiobenzhydrazide. 
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Phosphoric acids with a high phosphorus pentoxide con- 
tent are called “polyphosphorlc acids.“’ Polyphosphoric 
and sulphuric acids both find use as dehydrating agents, 
especially in cyclodehydration-ring-closure reactions.2-6 
Analytical methods exist for analysis of concentrated phos- 
phoric acids,’ for titration of soluble phosphate com- 
pounds,’ and for estimation of triphosphoric and pyro- 
phosphoric acids in the presence of ortho- and metaphos- 
phoric acids.’ A complex procedure is available for titri- 
metric assay of mtric, phosphoric, sulphuric, and hydro- 
chloric acids in the same sample.’ Orthophosphoric acid 
may be titrated with sodium hydroxide but only two neu- 
tralization steps can be utilized.‘O 

We report here an accurate, convenient method for 
assaying sulphunc-polyphosphoric acid mixtures used in 
the synthesis of 1,3,4-thiadiazoles.” Reaction yields are 
low if either concentrated sulphuric acid or polyphosphoric 
acid (PPA) alone is employed or they are mixed in other 
than a 1:3 (w/w) mixture. Calculation of percent by weight 
of each acid species is demonstrated. 

EXPERIMENTAL 

Titrations were done with a Brinkmann Metrohm E436 
automatic titrator and a glass-calomel combination elec- 
trode. Standard 0.05N sodium hvdroxide was used for all 
titrations 

Before determining the percentages of sulphuric acid and 
PPA m the mixture, It 1s necessary to determine (a) the 
presence of hydrolysed PPA and (b) the experimental 
equivalent weights of PPA and sulphuric acid, using the 
same individual acids that were used to prepare the mix- 
ture. 

Detrrrninatlon of hydrolysrd PP -I 

Weigh 500 mg of the PPA mto a IOO-ml volumetric 
flask, dissolve it in water, dilute to volume, and mix. 
Pipette 5 ml into a suitable titration vessel, add 60 ml of 
water and titrate with 0.05N sodium hydroxide, with stir- 
ring to ensure only one sharp end-point. 
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Phosphoric acids with a high phosphorus pentoxide con- 
tent are called “polyphosphorlc acids.“’ Polyphosphoric 
and sulphuric acids both find use as dehydrating agents, 
especially in cyclodehydration-ring-closure reactions.2-6 
Analytical methods exist for analysis of concentrated phos- 
phoric acids,’ for titration of soluble phosphate com- 
pounds,’ and for estimation of triphosphoric and pyro- 
phosphoric acids in the presence of ortho- and metaphos- 
phoric acids.’ A complex procedure is available for titri- 
metric assay of mtric, phosphoric, sulphuric, and hydro- 
chloric acids in the same sample.’ Orthophosphoric acid 
may be titrated with sodium hydroxide but only two neu- 
tralization steps can be utilized.‘O 

We report here an accurate, convenient method for 
assaying sulphunc-polyphosphoric acid mixtures used in 
the synthesis of 1,3,4-thiadiazoles.” Reaction yields are 
low if either concentrated sulphuric acid or polyphosphoric 
acid (PPA) alone is employed or they are mixed in other 
than a 1:3 (w/w) mixture. Calculation of percent by weight 
of each acid species is demonstrated. 

EXPERIMENTAL 

Titrations were done with a Brinkmann Metrohm E436 
automatic titrator and a glass-calomel combination elec- 
trode. Standard 0.05N sodium hvdroxide was used for all 
titrations 

Before determining the percentages of sulphuric acid and 
PPA m the mixture, It 1s necessary to determine (a) the 
presence of hydrolysed PPA and (b) the experimental 
equivalent weights of PPA and sulphuric acid, using the 
same individual acids that were used to prepare the mix- 
ture. 

Detrrrninatlon of hydrolysrd PP -I 

Weigh 500 mg of the PPA mto a IOO-ml volumetric 
flask, dissolve it in water, dilute to volume, and mix. 
Pipette 5 ml into a suitable titration vessel, add 60 ml of 
water and titrate with 0.05N sodium hydroxide, with stir- 
ring to ensure only one sharp end-point. 
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Determination of experimental equivalent weight of sulphuric 
acid 

Accurately weigh m triplicate 500 mg of the sulphuric 
acid into each of three lOO-ml volumetrtc flasks. Dissolve 
in water, dilute to volume and mix well. From each solu- 
tion, ptpette 5.0 ml into small boiling flasks and dilute with 
60 ml of water. Reflux the samples for 3 hr and then cool 
to room temperature. Quantitatively transfer each sample 
to a tttratton vessel and titrate, while stnring, with 0.05N 
NaOH through the single end-point. 

The sulphurtc acid is refluxed like the samples in order 
to treat any impurities in the same manner. 

Determinatton of experimental equivalent weight of polyphos- 
phoric acid 

Accurately weigh in triplicate 500 mg of the PPA sample 
into lOO-ml volumetrtc flasks. Continue as described for 
sulphuric acid; the hydrolysed samples will show two end- 
points m the titration. 

Determmation of percentages of sulphuric and polyphos- 
phorrc acids in the mixture sample 

Accurately weigh in triplicate 500 mg of the mtxed actd 
sample into 100-ml volumetric flasks. Continue as de- 
scribed in the previous section; two end-points will be 
obtained. 

Calculations 

The first step m the procedure, performed only on the 
stock PPA used to make the mixtures, ensures that each 
PPA sample will only have one end-point. The presence 
of more than one sharp end-pomt indicates partial hydroly- 
sts, and the stock of that PPA should be discarded since 
part of its dehydrating strength is already lost. 

The experimental equivalent weight of sulphurtc acid is 
calculated as follows from the volume of sodium hydroxide 
requned for titration: 

eq. wt. HZSO, 

(mg H,S04 m 100 ml) x (5.0 ml) 

= (100 ml) x (ml NaOH) x (normality NaOH) 

Calculatton of the experimental equivalent weight of PPA 
is done by usmg the volume of base necessary to reach 
the first end-point for each hydrolysed PPA sample: 

eq. wt. PPA 

(mg PPA m 100 ml) x (5.0 ml) 

= (100 ml) x (ml NaOH) x (normality NaOH) 

The volume of base required to reach the second end-point 
IS also calculated. Theoretically, titration to the first end- 
point and from the first to the second end-point should 

0 Vl V2 

VOLUME, ml 

Frg. 1 

consume the same volume. However, experimental work 
has shown the latter volume to be larger than the former, 
perhaps because of slight titration towards the third equt- 
valence point of phosphoric acid.” Thus, the difference 
between the first and second end-points ts dtvrded by the 
volume for the first end-point, and this ratto is used later 
as a “volume correction factor” for the base consumed 
in titration of the acid mixtures. 

For calculation of results of mixed-acid titrations refer 
to Figure 1. 

For each such titratton, the volume of base at each end- 
point V, and Vz is calculated. VI is the volume of base 
required to titrate the sulphuric acid completely and the 
hydrolysed PPA to the first neutralization step. Vz IS V, 
plus the volume required to titrate to the second neutrahz- 
ation step of the hydrolysed PPA. The second neutrahz- 
ation step of hydrolysed PPA thus requires V, - V, = V3. 
V, is divided by the volume correction factor calculated 
previously, to give the corrected volume of base necessary 
for titration of one equivalent of hydrolysed PPA. V4. V4 
is subtracted from VI to give V,, the volume of base equtv- 
alent to the sulphuric and. The volumes V, and f’T are 
used to calculate the amounts of PPA and sulphurtc acid 
in the mixture: 

% PPA 

= (V4, ml) x (normality NaOH) x (eq. wt. PPA) x IO4 

(mg mixed acid) x 5 

% H,SQ, 

= (V,, ml) x (normality NaOH) x (eq. wt. H,SO,) x IO4 

(mg mixed acid) x 5 

The orthophosphoric acid (H,PO,) equivalent to the 
stock PPA is calculated by using the volume of base 
needed to reach the first end-point for hydrolysed PPA: 

% H,PQ, 

(ml NaOH) x (normality NaOH) x 98 x 100 x 100 
= 

(mg PPA) x 5 

The P,O, equivalent to the PPA is then calculated from’” 

% PzOs = % H,PO, x ; 

The amount of P,Os in the mixed acid samples 1s calculated 

by. 

% PzOs in mixture 

= (“4 PzOs in PPA) x (% PPA m mtxture) 

100 

RESULTS AND DISCUSSION 

The equivalent weight of hydrolysed PPA must be 
experimentally determined for each lot used since the exact 
composition of PPA before and consequently after hy- 
drolysis is unknown.’ The equivalent weight of the sul- 

Table 1. Assay results for synthetic acrd mrxtures 

Acid, %w/w Relative 
taken found error, 76 

PPA 71.3 78.3 + 1.2 
HzSQ4 22 I 22.2 -22 

PPA 57.5 57.6 f0.2 
HzSQ~ 42.5 42.0 - 1.2 
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Table 2. Typlcal assay results for PPA and H2S0, m mixtures 

Sample H2S04, % 

Relative 
error PPA, % 

Relative 
error 

1 24.2 ; 24.4 0.8 75.7; 76.1 0.5 
2 25.0; 24.7 1.2 75.7; 75.6 0.1 
3 24.2; 24.3 0.4 76.8; 77.1 0.4 

phurlc acid should also be experimentally determined m 
the manner used for sample assay. Typical equivalent 
weights found for hydrolysed PPA and sulphuric acid were 
86.8 and 51.6, respectively. Typical values of the phos- 
phorus pentoxide and orthophosphorlc acid equivalents of 
the PPA were 83.4% (literature,l’ 83 0) and 115.3% (litera- 
ture,’ 2 115.0) respectively. 

To test the accuracy of this method, synthetic mixtures 
were prepared and assayed. Results are presented in Table 
1. 

Precision of the determinations IS good, as illustrated 
in Table 2 which presents duplicate assay results for both 
acids in several mixtures which were assayed. 

A 3-hr reflux time was found adequate for complete hy- 
drolysls of the PPA samples, although 8 hr has been used 
for ortho- and polyphosphate mixtures.’ Some condensed 
phosphates have been shown to be completely hydrolysed 
m less than 4 hr.’ 3 In this work, 8 ht of reflux gave assay 
results essentially identical with those of 3 hr. Refluxing 
for 1.5 hr left the PPA incompletely hydrolysed. 

This paper reports a convenient titrlmetric method for 
determination of sulphuric and polyphosphoric acids in 
mixtures. Accuracy and precision are good and the method 
IS useful to monitor the acid proportions, which are impor- 
tant to ensure correct dehydrating strength in chemical 
reactions. 
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Summary-Polyphosphoric and sulphuric acids in a mixture may be determined simultaneously by 
titration. Experimental equivalent weights of the separate individual acids are first determined and 
these values are used to calculate weight percents for each acid in the mixture. Hydrolysis of the 
polyphosphoric acid (PPA) for three hours is necessary for quantitative conversion into orthophosphoric 
acid. 
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Equations were given in a previous paper,’ describmg the 
transition potential of an indicator (E), the end-point error 
(AFT), the mdicator consumption error (AK) and the total 
absolute titration error (AI’). The transition potential 
depends on the formal redox potential of the indicator. 
its spectrophotometric characteristics and in most cases 
on the Indicator concentration. The total systematic error 
is a function of the formal redox potentials of the titrant 
and titrand, and the transition potential of the indicator 
correspondmg to the end-pomt potential of the titration. 

In this study the calculated transition potentials and 
errors have been compared with the experimental values 
for some Indicators. As model systems the following were 
chosen. Variamine Blue and 4-amino-4’-methyldiphenyla- 
mine as reversible one-colour indicators [titration of 
iron(H) with vanadium(V)]. Ferrom as a reversible two- 
colour indicator [titration of iron(I1) with cerium(IV). 
Diphenylaminesulphonic acid as a pseudoreversible’ one- 
colour indicator [titration of iron with cermm(IV)]. 

EXPERIMENTAL 

Eaaluut~on of transhon potential 

The transition potentials were evaluated by the method 
proposed by Belcher et al.’ with concentrations from 
1 x 10-s to 5 x 10m4M, for the Indicator m the titrated 
solution at the end-point. 

All titrations were carried out in 200-ml beakers ap- 
proximately 5 cm in diameter, with a magnetic stirrer, and 
a platinum-saturated calomel electrode pair for measure- 
ment of the potentials. The indicator was in most instances 
added as the 5 x 10m3M solution. The titrations were 

started with O.lM titrant and the end-points were 
approached by adding a O.OlM solution for better evalu- 
ation of the colour-change and potential at the end-point. 

In the case of Variamine Blue the colour changes from 
green to violet-red. The absorbance of solutions at the end- 
point was measured at 1 = 530nm where the oxtdized 
form has an absorption maximum.4 In several titrations 
the final absorbances were m the range 0.27-0.32. 

For 4-amino-4’-methyldiphenylamine the colour change 
was similar, and the absorbances at 520nm were in the 
range 0.260.33 at the end-point. 

Ferroin changed from red to colourless at concen- 
trations below 5 x 10e5M, but above 1 x 10m4M a dis- 
tinct two-colour change from red to blue-violet was 
observed. As the sensitivity of the eye to these two colours 
is different, the absorbance ratio at the end-point has been 
determined experimentally. Equal absorbances at 510 and 
590 nrn’, 6 do not correspond to the point of visual colour 
change, but an absorbance ratio of 3:2, corresponding to 
a concentration ratio of 3O:l. does, For this reason an 
M-value of 1.5 was used in the subsequent calculations. 

Because diphenylammesulphonic acid is a pseudorevers- 
ible indicator its apparent transition potential may change 
when some of the indicator has been destroyed by local 
excesses of the titrant. The amount lost depends on the 
rate of stirring and on the duration of the whole titration. 
Two sets of measurements were therefore made with this 
mdicator-with total titration times 5 and 10min. At the 
end-pomt the absorbance at 585 nm’ was found to be m 
the range 0.3-0.7. At low concentrations of this indicator 
the solution changed from colourless to violet, but at 
higher concentrations, especially when the duration of the 
titration was longer, from green to violet. The experimental 

Table 1. Conditions for titrations 

Indicator Titrand solution 
2, 

V Titrant 
EF, 

V 

Variamme Blue 

4-Amino-4’- 
methyldiphenyl 
amine 

Ferrom 

Diphenyl- 
aminesulpho- 
nit acid 
Diphenyl- 
aminesulpho- 
ntc acid 

10 ml 0.1 M Fe(I1) 
log CH,COONa,3H,O 
15ml 85% H3P04 
80ml H,O 
pH 2.25 
10 ml 0 1M Fe(I1) 
14g CH,COONa,3H,O 
15ml 85% H,PO, 
80mI H,O 
pH 2.70 
10 ml O.lM Fe(I1) 
90 ml 1M H2S04 
lOm1 0 1M Fe(I1) 
85 ml 1M HzS04 

5 ml 85% H3P04 
10 ml O.lM Fe(I1) 
90mllM H,SOL 

0.360 O.lM V(V) 0 865 

0.317 O.lM V(V) 0.800 

0.683 0.1 M Ce(IV) 1.433 

0.610 O.lM Ce(IV) 1.350 

0683 O.lM Ce(IV) 1.433 
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600 
tb) 

Ftg 1 The change of transition potential (a) and titration error (h) as a functton of mdicator concen- 
tration for tttration of iron (II) with vanadium (V), with Variamme Blue as indicator. Lines were 
calculated for A = 0.25 and 0.35. Points were obtained experimentally. Al+mdicator consumption 

error, Al’-end-point error, AV-total error R denotes usual concentration range of Indicator. 

transition potentials were not affected by the presence of 
phosphoric acid in the tttrand solution. 

Evaluation of total titration error 

Titrations m the systems mentioned m Table 1 were car- 
ried out in parallel by using visual indicators and potentio- 
metrically to the potential corresponding to the calculated 
equivalence pomt. The necessary formal potential values 
were estimated from the titration curves. The total exper- 
imental error was calculated as the difference between the 
results of the potentiometric and visual titrations, both per- 
formed under the same conditions and concentrations. 

RESULTS AND DISCUSSION 

Variamme Blue and 4-ammo-4’-methyldiphenylamme 
are reversible one-colour indicators. However in titration 
of iron with vanadium(V) the colour at the end-point 
changes from green to red-violet. because the vanad- 
ium(N) is itself blue. This should not influence the vahdtty 
of equations describmg the transitton potential and total 

error of titration. The formal redox potentials for these 
mdicators are 0.585 V and 0.568 V respectively.4. ’ under 
the titration conditions. The molar absorptivities of the 
oxidized forms are 7 x lo3 and 6 x 10s l.molee’. cm-‘, 
respectively. 4. ’ The transition potential was calculated, 
assuming the absorbance at the end-point to be 0.25 or 
0.35 (Figs, la and 2a). The agreement between calculated 
and experimental transition potenttals for vartous indicator 
concentrations seems to support the assumptions. 

The titration errors were also evaluated for the same 
experimental conditions (Figs. lb and 2b). The prectsion 
of reading the volume of titrant (0.01 ml) results in some 
scatter in the experimental pomts around the calculated 
curve. The titration error was also calculated for the two 
values of absorbance at the end-point, i.e. 0.25 and 0.35, 
according to equation (13) and the appropriate equatton 
in Table 3 m the previous paper.’ Under the condi- 
tions of titration with the two indicators the following 
values of formal potentials were assumed: m titration with 
Variamtne Blue: E:’ = 0 360 V. E!: = 0865 V; m titra- 
tion with 4-ammo-4’-methyldiphenylamine. Ey = 0.3 17 V. 
E: = 0.800 V 

With the reversible indicator ferrom. the situation is 
more complicated. At concentrations above IO-“A4 it can 
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Fig. 2. The change of transition potential (a) and titration errors (h) as a function of mdtcator concen- 
tration for titration of non (II) with vanadium (V), wtth 4-ammo-4’-methyldtphenylamine as indicator. 

Symbols crc. as for Fig. 1. 
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(a) 

cl”d x 104 C ,“d x ‘04 

Fig. 3. The change of transition potential (a) and total titration errors (b) as a function of mdicator 
concentration for titration of iron (II) with cerium (IV), with ferroin as Indicator. Lures were calculated 
for a two-colour indicator (curves I) assuming M = 1.25 and 1.75. and a one-colour indicator (curves 
II) assuming A’ = 0.03 and 005 Points were obtained experimentally. R denotes usual concentration 

range of indicator. 

be considered as a two-colour Indicator and its transition 
potential should therefore be independent of concentration 
(Fig 3a straight lines I). If ferroin is considered as a one- 
colour indicator then the transition potential would be 
expected to vary with concentration, as in the curves II, 
Fig. 3a. The measured potentials are in fact independent 
of concentration at higher indicator concentrations, 
whereas at lower concentrations they fit the predicted 
curve quite well. Because the indicator concentrations 
usually used m titrations do not exceed 5 x lo-‘M, fer- 
roin should be treated m practice as a one-colour mdi- 
cator. Two values of residual absorbance were used in the 
calculations for ferroin, namely 0.03 and 0.05, and for a 
two-colour indicator the ratto of absorbances at the end- 
pomt was accepted as M = 1.25 or 1.75. The value pre- 
viously determmed experimentally for this system is 1.5 
The molar absorptivities for the reduced and oxidized 
forms of the indicator are 1 11 x lo4 and 6 x 10’ 
I mole~‘.cm-‘, and the formal redox potential is 1.06 V 
in 1M sulphuric acid. 

The titration error m this system varies linearly with 
indicator concentratron over a wide range, m spite of small 
differences in the slope depending on whether the system 
is considered as one- or two-colour (Fig. 3h) At higher 
indicator concentrations the two-colour relationship is m 
better agreement with the experimental data, and for the 
lowest concentrations either concept can be used. The 
linearity follows from the fact that the greater part of the 
error is due to titration of the Indicator, smce the large 
difference between the formal potentials of the titrand 
(Ez = 0.683 V) and the titrant (EF = 1.433 V) leads one to 
expect that the end-pomt error would always be less than 
0.01 ml. 

In this example it is clear that the change from one- 
to two-colour mdicator behaviour depends on the mdi- 
cator concentration at which the observer can Just perceive 
the colour of the oxidized form. 

Diphenylaminesulphomc acid may be classified as a 
pseudoreversible indicator, because of the irreversibility of 
the chemical reaction, and also because of the instability 
of the oxidized form (T,,~ = 13 min m 1M sulphuric acid). 
The main assumption on which the equations for the tran- 
sition potential and titration error are based is therefore 
not fulfilled, but it is interesting to see by how much the 
experimental values and those calculated for a reversible 
indicator differ. 

The formal redox potential of the reaction 

2 Ind,,, + Ind,, + 4e 

may be determined from the half-oxidation potential 
(Eli2 = 0.81 V)* 
(C,,, = 8 x 10-‘+?~4):~~ 

a given concentration 

E:,,, = E,,, + 0.059/4 log C,,, = 0.765 V. 

This value, and the molar absorptivity E,, = 14 x lo4 
I. mole- I. cm- 1 enable us to calculate the transition poten- 
tials for A = 0.2 and A = 0.9 (Fig. 4) and hence to com- 
pare the calculated total error with expertmental data (Fig 
5). The calculated error m the absence of phosphoric acid 
is negative because the difference between the formal 
potentials of the titrand and indicator is small 
(A,!?’ = 0.082V) but in the presence of phosphoric acid 
the decrease in potential of the Fe(III)/Fe(II) system 
(AE* = 0.16OV) brings the theoretical error to a small 
positive value, mainly due to consumption of titrant by 
the indicator. 

The experimental errors are always more positive than 
the calculated ones. Up to 5 x lO-‘M Indicator concen- 
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Fig. 4. The change of transition potential as a function 
of indicator concentration for titration of iron (II) with 
cerium (IV), with diphenylaminesulphomc acid as mdi- 
cator. Lures were calculated for A = 0.2 and 0.9 Pomts 
were obtained experimentally for titration time 5 mm (A) 

and 10 min (0). 
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Fig. 5. The change of total titration errors as a function of Indicator concentration 
for titration of iron (II) with cerium (IV), with dlphenylamine sulphonic acid as mdl- 
cator, in absence (a) and presence (h) of phosphoric acid. Symbols etc. as for Fig. 

4. 

tration the error is less than 0.05 ml (relative error 0.5%). 
For concentrations up to I x lo-“M in the absence of 
phosphoric acid the indicator consumption and end-point 
error compensate and the total error is still small. This 
is not the case when phosphoric acid is added, as is usually 
done in practice. At higher concentrations the error is 
always positive and too large to be acceptable in practice. 

As decomposition of the indicator is time-dependent, the 
measurements were done for total titration times of 5 and 
10 mm. In the latter the error is significantly greater (more 
positive) indicating that the undesired process proceeds to 
a greater extent. Rapid titration 1s therefore advantageous, 
and the error can be further diminished by adding the 
mdicator only shortly before the end-point. It must also 
be pomted out that effective stirring decreases local 
excesses of the titrant and therefore also decreases the total 
error. 

This study clearly shows that for a reversible indicator 
the agreement between the calculated and experimental 
values of the titration error is quite good, and the equa- 
tions presented may be used successfully for predicting the 
magnitude of the error. In the case of pseudoreverslble 
indicators the equations give only the lowest possible value 
(in relative figures) of the error, whereas the real error is 

always more positive, and depends very much on the ex- 
perimental conditions such as stirring, duration of titration 
etc. 
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Summary-The equations for calculating the transition potential of a redox indicator and the total 
titration error have been verified experimentally. Good agreement has been obtained for reversible 
mdlcators such as Variamine Blue, 4-methylq-aminodiphenylamine and ferroin. In the latter case 
It was shown that at the usual concentrations the indicator acts as a one-colour indicator. whereas 
for higher concentrations its behaviour is typical of a two-colour indicator. In the case of a pseudorevers- 
ible indicator-diphenylaminosulphonic acid-the calculated values give only the minimum error. 
In real conditions the error is always more positive. 
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WITH IODINE AND IODINE HALIDES IN NON-AQUEOUS MEDIA 
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(Received 9 December 1975. Accepted 16 January 1976) 

Xanthates, dithiocarbamates and organotrithiocarbonates 
are the salts of the correspondmg xanthic (I), dithiocarba- 
mic (II) and trithiocarbonic (III) acids respectively, 

RO-C-SH RS-C-SH 

d 

R,N-C-SH 

d s 

(I) (II) (III) 

(R = alkyl or aryl groups, 

and are characterized by the presence of the 
/ 

-C 

\S 
group. Because of then applications in analysis, industry, 
medicine and agriculture, their determination is of great 
interest and scope. Trithiocarbonates have found fewer 
applications than the other analogues. In spite of the 
tendency of these species to be easily oxidized to the 
corresponding dixanthogens (IV), thmram disulphides (V) 
and bis[alkyl(aryl)mercapto thiocarbonyl] disulphides (VI) 
respectively, these compounds have not been widely stud- 
ied by redox titrimetry. This is because of the tendency 
of these compounds to undergo decomposition with the 
acid media commonly used for redox titrations. Hence 
redox determination of these compounds m non-aqueous 
media is of value. Xanthates and dithiocarbamates have 
been determined m this way, l-6 but the determination of 
tnthiocarbonates by such methods does not appear to have 
attracted attention. This communication reports the use 
of iodine and iodine halides (monochloride, monobromide 
and trichloride) for the visual and potentiometric deter- 
mination of trithiocarbonates in acetonitrile medium. The 
end-point in visual titrations is indicated by a sharp colour 
change from straw yellow to deep yellow (due to iodine) 
caused by the first drop of oxidant solution in excess. For 
potentrometric titration a platinum wire is used as an mdi- 
cator electrode and an antimony or modified calomel elec- 
trode as reference 

RO-C-%-S-C-OR 

!4 !4 

R,N-C-S-S-C-NRZ 

S 1 

(IV) (V) 

Rs-C-S-S-C-SR 

The method described is simple, accurate, reliable and 
widely applicable. 

EXPERIMENTAL 

Apparatus 

Potentiometric titrations were performed with an anti- 
mony or modified calomel (methanol saturated with potas- 

smm chloride was used Instead of aqueous potassium 
chloride) reference electrode and a bright platinum wire 
indicator electrode. 

Reagents 

Acetonitrde. Distilled twice from phosphorus pentoxide. 
Oxtdants, 0.05N m acetonitrile. Iodine monobromrde 

(solid) was prepared by the method of Popov and Skelly.’ 
Commercially available iodine monochloride and trichlor- 
ide were purified by reported methods.’ Each oxidant solu- 
tion was prepared by dissolving a little more than the cal- 
culated amount in the solvent, Iodine solution was stan- 
dardized by titration against standard aqueous sodmm 
thiosulphate. Iodine halides were standardized iodometri- 
tally m aqueous medium. 

Trithocarbonates. Prepared by shaking an equimolar 
mixture of the corresponding mercaptan, potassium hyd- 
roxide and carbon disulphide at a temperature below lo”. 
The compounds were recrystallized from suitable solvent 
mixtures and kept in a vacuum desiccator over phosphorus 
pentoxide. 

Procedure 

Ahquots of solutions of each compound in acetomtrile 
were taken m comcal flasks (for visual titrations) or 
beakers (for potentiometric titrations) and diluted to 
5@60ml with the solvent. The solutions were cooled to 
room temperature and titrated visually or potentiometri- 
tally with standard (O.OSrJ) iodme or iodme hahde added 
from a microburette provided with a guard-tube for the 
protection from atmospheric moisture. In visual titrations, 
the end-point was marked by a sharp colour change from 
straw yellow to deep yellow. 

The solutions were magnetically stirred during potentro- 
metric titrations. A sharp jump in potential was observed 
at the equivalence points. A series of potentiometric ti- 
trations was performed with different amounts of each 
compound and both electrode combinations. 

The results of determmations with iodine monobromide 
(as a representative of these oxidants) are given m Table 
I Since the results obtained with both electrode assembhes 
agree closely, only one set (using platmum-modified calo- 
me1 electrode assembly) IS recorded m Table 1. The mflec- 
tion points and potential jumps are also given. 

RESULTS AND DISCUSSION 

Johri and co-workers’-” have studied the oxidation of 
potassium trithiocarbonate, K2CS3, with various oxidants 
m acidic and alkaline media and have reported sulphate, 
carbon disulphrde and/or elemental sulphur as the prod- 
uct(s) of oxidation, but no study seems to have been made 
of organic analogues. 

The methods described here are based on oxidation with 
iodine in acetomtrile medium: 

ZRS-C-S- + I2 - RS-C-S-S-C-SR + 21- 

(R = dkyl or ary, group, 
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Table 1. Titrations of organotrithiocarbonates with iodme monobromide in acetonitrile 
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Trithlocarbonate 
(potassium salt) 

Amount found,*t Amount found,:? 

mg lng 
Visual Potentiometric Visual Potentlometnc 

method method method method 

Inflection 
points,,\ 

mV 

Potential 
jump? 

per 0.05 ml 
of IBr, 

mV 

Ethyl 10.03, 0.038 10.02, 0.031 40.10, 0.074 40 05, 0.054 -80 k 10 180-210 
Tsopropyl 10.02, 0.035 10.01, 0.024 40.06, 0.081 40.01, 0.052 -80 + 10 18&210 
n-Propyl 9.98, 0.03 1 9.99, 0.021 40.01, 0.071 39.98, 0.047 -90 + 10 175-210 
Isobutyl 9.96, 0.029 9.97, 0.024 39.89, 0.069 39.92, 0.051 -88 k 12 185-220 
n-Butyl 10.01, 0.035 9.98, 0025 39.87, 0.077 39.90, 0.046 -85 f 12 18&225 
n-Amy1 9.98, 0.041 9.98, 0.030 40.00, 0.075 39.98, 0.054 -83 f 12 18&215 
Benzyl 10.03, 0.037 10.00, 0.027 40.08, 0.080 40.05, 0.055 -88 f 12 170-210 

* Amount taken, 10 mg. 
t Mean of 10 determinations, with standard devlatlon (&) 
1 Amount taken, 40 mg. 
# Range of ten determinations. 

In the titrations with iodine halides, iodine is formed as 
an intermediate which oxidizes the trithiocarbonates. The 
appearance and disappearance of the iodine colour (yellow) 
before the end-point can be readily seen. The end-point 
IS Indicated by the first permanent deep yellow colour. 

Many trithiocarbonates (potassium salts of ethyl, n-pro- 
pyl, isopropyl, n-butyl, isobutyl, n-amyl and benzyl trithio- 
carbomc acids) have been successfully titrated with iodme 
and iodme halides. The overall standard deviations calcu- 
lated from the pooled data for all the visual and potentlo- 
metric titrations performed with 10 mg of each trithiocar- 
bonate were 0.035 and 0.026 respectively. For 40 mg of 
each trithiocarbonate the values were 0.076 and 0.051 re- 
spectively. 

The effects of some possibly interfering compounds was 
studied. No interferences were found from alkyt isothio- 
cyanates, isocyanates, carbon disulphlde and urea even 
when present m up to fivefold amounts relative to tnthio- 
carbonates. 

1. 

2. 

3. 
4. 

5. 

6. 

7. 

8. 

9. 

10. 
11 

Summary-The determination of organotrlthiocarbonates with iodine and iodine hahdes in acetonitrile 
medium by visual and potentiometric method is described. The visual end-point is Indicated by a 
sharp colour change from straw yellow to deep yellow caused by the first drop of oxidant solution 
in excess. Potentlometric titrations are performed with antimony or modified calomel reference elec- 
trodes and a bright platmum wire as an indicator electrode. The proposed method is simple, requires 
very httle time because of the rapidity of the reaction, and the minimum of apparatus. 
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UNTERSUCHUNGEN ZUR BILDUNG VON N-NITROSO-NORNIKOTIN 

AUS NIKOTIN-N’-OXID 

H.-J. KLIMISCH* und L. STADLER 

Forschungsmstitut der Cigarettenindustrie e.V., Hamburg 

(Eingegangen am 27. Oktobrr 1975. Angenommen am 12. Januar 1976) 

ijber das Vorkommen von N-Nitroso-Normkotm (NNN) 
Irn Tabakrauch ist erstmals von Klus und Kuhn’.’ und 
splter von Hoffmann und h4itarbeitern3 berichtet worden, 
wobel Werte bis zu 0,137 ppm im Tabakrauchkondensat 
gefunden wurden. Der Gehalt des Tabaks an NNN ist mit 
0,3-90ppm z.T. IO-100 ma1 hiiher als der des Konden- 
sates.3 Kiirzlich wurde the biologlsche Aktivltlt des NNN 
als tumorerzeugende Substanz diskutiert.4*5 Daher sind 
Untersuchungen zur Bildung des NNN von besonderem 
Interesse. 

Fiir die Entstehung des NNN wurden blsher zwei Wege, 
ntimlich &e Bildung aus Nornikotm und aus Nikotin chs- 
kutlert,1-3 wobei dem Nikotin aufgrund seiner hljheren 
Konzentratlon griil3ere Bedeutung zukommt. Eine Korre- 
lation zwlschen dem Nikotingehalt des Tabaks und dem 
NNN-Gehalt des Kondensates scheint gesichert zu sein;z,3 
Phnhches wlrd vom Nitratgehalt des Tabaks vermutet.’ 
Dagegen lassen sich bisher keme eindeutlgen Korrela- 
tionen des Alkaloid-, Nitrat- oder Nitritgehalts und des 
pH-Wertes im Tabak zum Gehalt an NNN im Tabak fest- 
stellen.h Bei in tntro Versuchen zur Bildung von NNN aus 
Nikotm und Nitrit lassen sich bei Raumtemperaturen nur 
germge Mengen des Nitrosamins nachweisen. Bisher sind 
daher enzymatlsche oder bakteriologische Prozesse be1 der 
Umwandlung von Nikotin zu NNN diskutiert worden 

Von mehreren Autoren ist auf eine hiihere Ausbeute an 
Nitrosaminen bei der Reaktlon der tertilren Amine mlt 
Nitrlt, z.T unter dem Einflul3 von ‘Katalysatoren, hinge- 
wiesen worden.‘-’ In der vorliegenden Arbeit sol1 daher die 
in vitro Blldung von NNN aus Nitrit und Nikotm sowie 
Nlkotm-N’-Oxid diskutiert werden. 

MATERIAL UND METHODEN 

Nikotin wurde unter Stlckstoff im Vakuum iiber eine 
Vigreux Kolonne destilliert und wies nach diinnschicht- 
chromatographischer Untersuchung keine nachweisbaren 
Verunreinigungen auf. Nikotm-N’-Oxid wurde nach emer 
Methode von Craig und Purushothaman” synthetisiert 
und als farblose Krlstalle (Smp 151-153”) erhalten. 

f. Umsetzung van Nlkotm und Nltrrt in wiissrigrr Esslg- 
saure 

Ein g Nikotm wurde analog der Arbeitsvorschrift von 
Klus und Kuhn2 unter StickstofIbegasung in 25 ml 2,5N 
Esslgslure mit 1,725 g Natriumnitnt be1 20” bzw. 80” im 
thermostatislerten Wasserbad umgesetzt. Aliquote Proben 
wurden nach 15 Min, 60 Mm und 240 Min entnommen, 
mit festem NaZCO, alkahsiert, mit Benzol/Chloroform 8:2 
ausgeschiittelt und auf 10 ml aufgefiillt. Die Komponenten 
wurden an einem diinnschichtchromatographischen Sys- 
tem [DC-Fertigplatte Kieselgel 60 mit Fluoreszenzindika- 
tor F 254 (Merck AG); und LGsungsnuttel Toluol: Isopro- 
panol, 10% wlssriger Ammoniak (96:24: l)] getrennt und 

* D-6700 Ludwigshafen, BASF-WDF. 

die Verbindungen nut Hilfe der KGnig-Reaktion mit 
BrCN-Bedampfung sichtbar gemacht. 

Halbquantltative Werte wurden iiber eine direkte Ver- 
messung am Chromatogramm-Spektralphotometer (Zeiss 
AG) im Vergleich zu Eichkurven der Jeweiligen Umset- 
zungsprodukte erhalten. 

2. Umsetzung van Nikotm und Nitrit m Perchlorsiiure 

Wie vorher unter I. beschreiben wurde die Reaktion m 
25 ml 10% wLssnger Perchlorslure [Methode von Lijmsky 
und Smger’] bei 20” bzw. 80” und 30 Min, 60 Min und 
240 Min Einwlrkungszeit durchgefiihrt und halbquantita- 
tive Werte des Unsetzungsproduktes NNN bestimmt. 

3. Umsetzung van Nikotm-N’-Oxid und Nitrit in Perchlor- 
xiure 

Nlkotin-N’-Oxid (0,2 g) wurde m einem 25 ml Kolben 
mit 5 ml 10” w%sriger Perchlorslure und 0,4 g Natnum- 
nitrlt bei 20” bzw. 80” umgesetzt. Aliquote Proben 
wurden nach 30 Mm, 60 Min und 240 Mm Umsetzungszelt 
entnommen, mit 2N Natriumhydroxid alkalisiert und 
mehrmals nut Methylenchlorid ausgeschiittelt. Aliquote 
Teile wurden an zwei dunnschichtchromatographischen 
Systemen getrennt: 

(a) DC-Kieselgel 60/F 254 Platte (Merck AG); FheDmlt- 
tel Chloroform:Methanol:Essigs%ure (60: 20: 1) 

(b) Fertigfolie Polyamid 11 (Macherey, Nagel & Co.). 
FheDrnlttel Benzol:Methanol. Dimethylformamld (93: 5: 2) 
Vom Umsetzungsprodukt NNN wurden halbquantitahve 
Werte bestlmmt 

4. Umsetzung van Nlkotm mlt Nitrlt m wdssr~ger Perchlor- 
sbure WI Gegenwart van Formaldehyd 

Reaktionen wie unter 2. beschrieben, aber unter Zusatz 
von 1 ml 37% wlssrige FormaldehydlGsung. 

5. Umsetzung van Nikotm-N’-Oxid mit Nltrrt m wassriger 
Perchlorsaure III Gegenwart van Formaldehyd 

Reaktionen wie unter 3. beschrleben unter Zusatz von 
1 ml 37% wlssrige Formaldehydl%ung. 

6. Umsetzung van Nikotm-N’-Oxrd tmf Nltrlt rn wassrlger 
Perchlorstiure ln Gegenwart van Chlorogensaurr 

Reaktionen wle unter _1. beschrleben. aber nur beI 23’ 
und unter Zusatz von 50 mg Chlorogensiure. 

ERGEBNISSE UND DISKUSSION 

Die Umsetzungen des tertldren Amms Nikotm mit Nltrit 
sind, wle die Tabelle 1 zelgt, deutlich Zeit- und pH-abhPn- 
gig. Damlt bestgtigen sich Befunde verschiedener Arbelts- 

gruppen, 2-3.1 ’ deren Ausbeute an N-Nitroso-Nornikotm 
z.T. allerchngs deutlich hiiher hegen. Es kann hier nicht 
endgiiltig entschleden werden, ob die Remhelt des emge- 
setzten Nikotins, die Stickstofiegasung und damit der 
AusschluB von Sauerstoff oder die selektivere Beslimmung 
des NNN nach diinnscluchtchromatographischer Tren- 
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Tabelle 1. Ausbeute an NNN bei der Umsetzung von Nlk- Tabelle 2. Ausbeute an NNN bei der Umsetzung von Nik- 
otin und Nitrit beI verschiedenem pH-Wert. Konzentratlon otin und Nitrit in wlssriger HCIOL in Gegenwart von For- 

von Nikotin = 100% maldehyd. Konzentration von Nikotin = 100% 

NNN-Ausbeute, % Zeit, NNN-Ausbeute (%) 
Zeit in EssigsPure m HCIO, Min 20°C 80°C 
Mm 20°C 80°C 20°C 80°C 

30 Spuren Spuren 
15 Spuren 4.3 Spuren 5,2 60 Spuren 0,15 
60 0,15 6,2 0.33 833 240 0,12 0,lO 

240 0,37 8,6 0.82 12,4 

Tabelle 3. Ausbeute an NNN bei der Umsetzung von Nikotin-N’-Oxid und Nltrlt 
in HCIO, z.T. in Gegenwart von Katalysatoren. Konzentration von 

Nikotin = 100% 

Zelt, 
Mm 

ohne Katalysator 
20°C 80°C 

NNN-Ausbeute, % 
+ Formaldehyd + Chlorogensiure 
20°C 80°C 23°C 

30 0,15 438 0,42 8,35 1,38 
60 0,53 9.7 1,35 3,43 

240 I,15 15.1 5,22 24.5 9.37 

nung zu emer medrigeren Ausbeute an NNN fiihren. Auf 
der Kieselgelplatte lassen sich neben Nikotin (R, = 0.55) 
und N-Nitroso-Nornikotm (R, = 0,67) zwel weitere nicht 
identifizierte Flecken mit R, = 0,23 und R, = 0,75 
erkennen, so da8 mlt dem Auftreten anderer Umsetzungs- 
produkte’ gerechnet werden muI3. 

Von mehreren Autoren 7.8,9 ist beobachtet worden, da13 
eine Nitrosierung tertilrer Amin-N-Oxide im Sinne emer 
Polonovskl-Reaktion’* zu einer hiiheren Ausbeute an 
Nitrosaminen fiihrt. Wie ein Vergleich der NNN-Ausbeute 
der Tabellen 1 und 3 zeigt, liegt such die Ausbeute bei 
der Umsetzung mit Nikotin-N-Oxid bis zu dreifach hijher 
als helm Einsatz von Nlkotin. 

satoren, wie sic such m der Tabakpflanze m reiner oder 
derivatisierter Form vorkommen, aus Nikotm-N’-Oxid 
selbst bei niedriger Temperaturen maglich ist. Ob Nikotin- 
N’-Oxld damit als ein Prtikursor fiir N-Nitroso-Nornikotin 
Irn Tabak anzusehen 1st. mu13 durch weitere Unter- 
suchungen im Tabak wie etwa der Bestimmung des Niko- 
tin-N’-Oxid-Gehaltes in Korrelation zum N-Nitroso-Nor- 
mkotin bei gleichzeitiger Bestimmung shnlicher Katalysa- 
toren, wie in dieser Arbelt verwendet, geklLrt werden. 

Sowohl im Trennsystem auf der Kieselgelplatte als such 
auf der etwas schlrfer trennenden Polyamidfolie lassen sich 
aus dem Reaktionsgenusch neben Nikotm-N’-Oxid (R,- 
Polyamid = 0,13) und N-Nitroso-Normkotin (R,-Poly- 
amid = 0,63) zwel weitere nicht ldentifizlerte Umsetzungs- 
produkte (R,-Polyamid = 0,58 und 0,71) und Nikotin (R,- 
Polyamid = 0,24) nachweisen, so dal3 such bei diesen 
Reaktlonen mit dem Auftreten welterer Produkte zu 
rechnen ist. Da such bei der Reaktion zT. betrlchtliche 
Mengen an Nikotin bdden, ktinnen Anteile des NNN such 
aus der Reaktion zwischen Nikotm und Nitrit entstehen. 
Die Ausbeuten an NNN liegen bei der Reaktion des Niko- 
tin-N’-Oxids aber deutlich hiiher, so dal3 eine Bildung des 
NNN im Smne einer Polonovsky-Reaktion als sehr wahr- 
schemlich anzusehen 1st 

Wle Klus und Kuhn’ durch Bestimmung des N-Nitroso- 
Nornikotmgehaltes Irn tabakfreien Filter einer Zigarette 
diskutleren,’ sollte NNN zumindest anteilsm$I3ig ein 
nativer Rauchbestandteil sein. Ob damit NNN nicht 
zumindest anteilweise aus dem Tabak m den Rauch iiber- 
geht, sollte durch Messungen der Transferrate mit “‘C-N- 
Nitroso-Nornikotin bestimmt werden. Hecht und Mitarb.5 
vermerken immerhin eme Rauchiibergangsrate urn 10%. 
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Zusammenfassung-Die Umsetzung von Ntkotin-N’-Oxid mu Nitrit zu N-Nitroso-Nornikotm (NNN) 
fiihrt zu hoheren Ausbeuten als Bhnliche Reaktionen zwischen Nikotm und Nrtrit. Es werden dunn- 
schtchtchromatographtsche Systeme zur Trennung und in-srtu Analyse entwickelt und der EmfluB VOII 

Katalysatoren auf die Btldung von NNN untersucht. 
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ANALYTICAL DATA 

EXTRACTION AND PHOTOMETRIC DETERMINATION OF 
MICROAMOUNTS OF Zn2+, Cd’+ AND Hg2+ WITH 

I-(2-QUINOLYLAZO)-2-ACENAPHTHYLENOL 

ISHWAR SINGH, Y. L. MEHTA, B. S. GARG and R. P. SIKH 

Department of Chemistry, Universrty of Delhi. Delhi 110007, India 

(Rrce~rped 31 October 1975 

The analytical potentialities of I-(2-quinoiylazo)-2- 
acenapllthyleno1 (QAAc). already synthesized,’ for the 
spectrophotometric determmation of Zn’+, Cd” and 
Hg2+ are reported. They may be compared with those 
of other heterocyclic azo dyes used for this purpose I-’ 

EXPERIMENTAL 

Stock solutions of zinc, cadmium and mercury were pre- 
pared by dissolving appropriate amounts of analytrcal-rea- 
gent grade ZnO in perchloric acid, Cd(CH3COO)J ‘2HlQ 
in water, and metallic mercury in perchloric acid and were 
standardized by conventional methods if necessary. A 
stock solution of QAAc was obtamed by dissolvmg the 
requistte quantity in pure methanol In no case reagent 
solutions used were over a week old. The pH was adjusted 
in the Zn2+ and Cd’+ systems with a 2&f solution of 
sodmm acetate, and with OSA4 sodium carbonate and IA4 
sodium perchlorate m the Hg2+ system. All other reagents 
used were of the highest purity. 

RESLLTS 441) DISC\ WON 

Red metal-QAAc species precipitate from SO“,” meth- 
anol They are soluble m various organic solvents Carbon 
tetrachloride. m which the coloured chelates are stable for 
at least 8 hr, was found to be the most suitable. 

The phystcochemical charactertsttcs of the metal com- 
plexes of QAAc are summarized m Table 1. 

Recornnwt~drd procudurrs 

Zn(II) und Cd(ll). To a smtable aliquot contaming 
2-7 pg of Zn(I1) or 4--23 j’g of Cd(J1) add 5 ml of IO- 3 M 
QAAc (in methanol), followed by 4 ml of 2 M sodium ace- 
tate to give the appropriate pH (Table 1). Dilute to 10ml 
and extract the complex into 10 ml of carbon tetrachlorlde. 

~g(~~). To a suitable aliquot of solution contammg 
5520pg of Hg(I1). add 5 ml of 10e3 M QAAc (m meth- 
anol). followed by the addition of 0.1 ml of 0.5 M sodium 
carbonate and 1 ml of 1 M sodmm perchlorate (necessary 

Table I. Physicochemmal charactertstrcs of the metal complexes of QAAc 

Charactertstics 
ZnQAAc Cd-QAAc Hg-QAAc 
complex complex complex 

I nln 
mdyi’ 

Workable pH range 
Molar ratio of QAAc needed for 
complete complexanon 
Validity of Beer’s law, ppttl 
Moiar composition (metal:iigand) 
Sandell’s sensitivtty, &cm’ 
Optimum range, ppm 

540 550 540 
7.&l I3 8.5-l I 8 8 5510.7 

25 12.5 IO 
o-l.36 O-3.36 O- 2.5 
1:2 l:2 I:2 

8.8 x lO-4 2.4 x lO-3 3.3 x lO-3 
0 220 7 0.4-2.3 0 552.0 

Table 2. Tolerance limits of various foreign ions, ppm 

Foreign Zn-QAAc Cd-QAAc Hg-QAAc Masking agent 
ion complex complex complex if any 

F- 
cl- 
Br- 
I- 
SCN- 
CN_ 
NO; 
NO; 
CIO, 
so:- 

I50 200 100 
IO00 1000 250 
1000 1000 250 
2OiKl 500 100 

500 500 250 
Interferes Interferes Interferes 

1000 1000 1000 
1000 1000 1000 
1000 1000 1000 
I000 1000 250 
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Table 2 continued 

Foreign Zn-QAAc Cd-QAAc Hg-QAAc Masking agent 
ion complex complex complex if any 

f&0:- 
so:- 
C,O$_ 
Tartrate 
Thiourea 
PO:- 
BO: 
Citrate 
EDTA 
Cu(II) 

Ag(I) 
Au(II1) 
Ba(I1) 
Sr(I1) 

UVI) 
Zn(I1) 
Cd(I1) 

Hg(II) 
AI(II1) 

V(V) 
Mn(I1) 
Fe(I1) 
Co(I1) 
Ni(I1) 
Pd(I1) 
Ir(II1) 
Os(VII1) 
Pt(IV) 
Ru(II1) 
Mo(V1) 
Pb(I1) 

1000 
1000 

100 
200 

1000 
Interferes 

200 
500 

Interferes 
3 
5 

10 
20 
20 
20 

3 
6 

10 
5 

IO 
5 

Interferes 
5 
5 

10 
10 
10 
5 
7 
5 

Interferes 
1000 
500 
200 

1000 
Interferes 

500 
250 

Interferes 
Interferes 

5 
5 

20 
20 
20 

Interferes 

4 
10 
5 

10 
5 

Interferes 
5 

. 5 
10 
10 
10 
5 
5 
5 

Interferes 
500 
250 
500 

Interferes 
100 

1000 
500 

Interferes 
Interferes 

5 

20 
20 
20 

Interferes 
Interferes 

10 
5 

IO 
5 

Interferes 
c 

; 
10 
10 
10 
5 
5 
5 

Thiourea 
Halides 

I- 

F- 

I- 
I- 

F 

Citrate 
NO; 

Citrate and tartrate 

for complete extraction), dtlute to 10 ml and extract the 
complex mto 10 ml of carbon tetrachloride. 

Measure the absorbance agamst a reagent blank. 

The effect of other ions was studied by takmg 6.5 pg 
of Zn’+, 22 4 pg of Cd’+ or 20.1 pg of Hg’+, adding differ- 
ent amounts of the ion to be investigated and followmg 
the recommended procedure. Table 2 records the results; 
the tolerance limits are the concentrations which do not 
cause a deviation of more than f2% m the absorbance. 
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Summary-l-(2-Qumolylazo)-2-acenaphthylenol (QAAc) combmes with Zn(II), Cd(I1) and Hg(II), givmg 
deep red 1:2 complexes which are extractable m Ccl, and other organic solvents. Spectrophotometric 
methods based on the reactions are sensitive and fairly selective, the Sandell’s sensitivities bemg 
8.8 x 10m4, 2.4 x 10e3 and 3.3 x 1O-3 pg/cm’ for Zn(II), Cd(I1) and Hg(I1) respectively. 
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ANNOTATIONS 

THE RELATIONSHIP BETWEEN THE INFLECTION POINT AND 

EQUIVALENCE POINT OF A POTENTIOMETRIC TITRATION 

WALTER LUND 

Department of Chemistry, University of Oslo, Oslo 3, Norway 

(Received 21 October 1975. Accepted 26 November 1975) 

Although the principles of potentiometric titrations are de- 
scribed m some detail in almost every modern textbook 
of analytical chemistry, it appears that the treatment given 
in most of these books is incorrect on one particular pomt, 
namely the relationship between the equivalence point and 
the inflection point of the titration curve. In the following 
discussion a brief outline of this question will be given. 

The end-pomt of a potentiometric titration is usually 
defined as the inflection point of the titration curve. More- 
over, it is usually stated quite categorically that the inflec- 
tion point will coincide with the equivalence point of the 
titration, provided that the titration curve is “symmetrical”, 
whereas the inflection point of an “unsymmetrical” curve 
1s said to differ somewhat from the eqmvalence point. The 
term “symmetrical” 1s used to indicate that the reactants 
combme in a one-to-one stoichiometric ratio. In contrast 
to these statements a rigorous mathematical treatment 
reveals that the inflection point and equivalence point of 
potentlometric titrations will never coincide for so-called 
symmetrical titration curves.1m3 Only for unsymmetrical 
reactions may there be con&Ions under which the inflec- 
tion point and equivalence point ~11 coincide.2 

Fortunately. the difference between the inflection point 
and the eqmvalence point 1s usually negligible. However, 
the categorical form of the statements found in most text- 
books could easily lead the reader to the erroneous conclu- 
sion that the inflection point of a symmetrical curve coin- 
cldes with the equivalence point also in a mathematical 
sense. In thl\ *connection it is particularly misleading that 
attention 1s h.cquently drawn to the lack of coincidence 
for unsymmetrical curves, while at the same time clalmmg 
coincidence for symmetrical curves. As already mentioned, 
the opposite statement is more correct. 

The somewhat misleachng treatment found in many text- 
books concerning this topic may be due to the early results 
of Roller4 and Butler.5 As pointed out by Meites’ their 
Incorrect results were due to the neglect of dilution m the 
mathematical treatment of the titration curves. For ion- 
combmation titrations, such as acid-base and precipitation 
titrations, this neglect results in the coincidence of the in- 
flection point and equivalence point provided that the tit- 
ration curve is symmetrical. However, for complexometric 
titration curves the two points m question will never fully 
comclde, even if volume changes are neglected. This is 
rather surprising, as complex formation is in some ways 
the simplest of the common titration reactions. To illus- 
trate this pomt the difference between the eqmvalence 
point and inflectlon pomt is calculated below for the com- 
plexometric titration of A with B according to the reaction 
A+B$AB. 

Three equations must be taken mto consideration: 

CA = [A] + [AB] (1) 

Ce = [B] + [AB] (2) 

LABI = KCAli31 (3) 

where CA and Cg are the total concentrations of A and B 
respectively, and K is the formation constant for the 
complex AB. If volume changes-are neglected, the equation 
for the potentiometrlc titration curve can be obtained by 
eliminating [B] and [AB] from equations (l), (2) and (3). 

K[A]’ + (KCe - KCA + l)[A] - CA = 0 (4) 

or written in an explicit form 

pA = log(2K) - log{[Vi(KCe - KCA + 1)’ + ~KCA] 

- [KG - KC* + 11) (5) 

where pA (= - log[A]) IS a function of Ce, the concentra- 
tion oftitrant. The concentration of Ce at the inflection point 
of the titration curve is calculated by differentiating 
equation (5) twice with respect to Cg : 

d’(pA) 
dC; 

- -(log e)K’(KC, - KC* + 1) 

x ((KCs - KCA + 1)2 + 4 KC+,} -3’2 (6) 

At the inflection pomt the second derivative 1s zero, giving 

Cg = CA - K-’ (7) 

From equation (7) it 1s seen that the inflection point does 
not coincide with the equivalence point (C, = C,), even 
though the titration curve is symmetrical, and volume 
changes are neglected. However, the difference between the 
inflection point and equivalence point 1s only K-l, which 
implies that the difference is quite insignificant. It turns 
out that the same holds for systems in which volume 
changes are taken into consideration. 

As a conclusion of the discussion above the author 
would like to point out that it would be wise to avoid 
too categorical statements when discussing the inflection 
point of titration curves. In introductory textbooks it 
seems most appropriate to explain in general terms that 
the inflection point is usually very close to the equivalence 
point of the titration, although the two points do not coin- 
cide in a mathematical sense. 
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Summary-Attention is drawn to a common textbook error concerning the coincidence of the end-point 
and equivalence point of potentiometric titration curves 
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DETERMINATION OF 14 TRACE ELEMENTS IN 
COBALT BY PROTON-ACTIVATION ANALYSIS 
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Summary-Proton-activation analysis has been applied to the determmation of 14 trace impurities 
m cobalt. The method consists of a short (- 10 mm) and a longer (x 2 hr) irradiation of the sample 
with 13-MeV and 12-MeV protons, respectively, followed by high-resolution y-ray spectrometry. The 
elements Ti, Cr. Fe, NI, Cu, Zn, Nb. MO, Ru and W have been determined m VP-purity cobalt. 
In the case of V, Cu. Zr, Pd and Sn, the amounts present were below the hmit of detection. In 
the case of Fe, Ni, and MO, the results are compared with those obtained by a second independent 
method. Data on reproducibility. limits of detection and possible interferences are given. 

Relatively few trace analytical studies have been per- 

formed on cobalt matrices of good and high-purity 

grades. Optical emission spectrography has been used 
to determine Si, Mn, Fe, Ni, Cu and Zn,’ and in 
addition Al* and also As and Sb3 in cobalt. A spec- 
trographic technique used for the determination of 
all the above-mentioned elements and, in addition, 
the alkali metals, Ca, Ti, V, Cr, Nb, MO, Rh. Pd, 
Cd, Ag, W and Tl, in cobalt of 99.999% purity has 
been described by Tombt? together with a listing of 
the different chemical methods for the determination 
of H, C, N, 0, Na, Mg, Al, Si, P, S, K, Ca, Mn, 
Fe, Ni, Cu, Zn, As, Se, Sn, Sb, W, Tl, Pb and Bi. 
Unfortunately, neither the concentration intervals to 
which the individual methods have been applied nor 
the limits of detection were given. Activation analyti- 
cal techniques have rarely been applied to the analy- 
sis of cobalt matrices. 5*6 In activation analysis with 
reactor neutrons, there are difficulties with the very 
high matrix activity due to the high thermal neutron 
cross-section and the resonance integral for the 
5qCo(n,y)60Co reaction and the long half-life of “Co. 
Radiochemical neutron activation analysis has been 
used for the determination of CU,~*’ Mn and Zn.’ 

Recently an article by Benaben, Barrandon and 
Debrun has appeared’ in which the application of 
an instrumental proton-activation technique to multi- 
element analysis of cobalt has been described. How- 

ever. the experimental conditions and sample types 
used by these authors differ from those used in the 
present work. While they irradiated the cobalt 
samples with IO-MeV protons for 1 hr, in our case 
the cobalt samples were activated with 13-MeV pro- 
tons to produce short-lived indicator radionuchdes in 
short irradiations (_ 10 min), and with 12-MeV pro- 
tons to produce long-lived indicator radionuchdes in 
longer irradiations ( - 2 hr). To check the accuracy of 
the proton-activation technique described here, ana- 
lytical results for iron. nickel and molybdenum are 

compared with results obtained by atomic-absorption 
spectrometry and by X-ray fluorescence spectrometry. 

EXPERIMENTAL 

Sample and standards 

A cobalt sample of VP grade supplied by Material 
Research, GmbH. Eching bei Munchen, West Germany, 
was analysed. From the cobalt metal, targets with a thick- 
ness of -0.6 mm were cut. To remove posstble surface 
contamination, a pre-irradiation chemical etch was accom- 
plished with dilute mtric acid (1: 1 ultrapure water and 
nitric acid). Thick metal targets of pure elements, their 
alloys or pressed powder mixtures were used for the stan- 
dardization. For the etching of the standards, different 
solutions were used according to the character of the 
metal For the measurements of the activation curve of 
the “Co(p,pn)‘sCo reaction. stacked foils of VP-purity 
cobalt were used 

lrrudration 

Irradiations were performed with I2-MeV and 13-MeV 
protons at the Karlsruhe isochronous cyclotron. For stan- 
dardization, the average beam currents were 5-200 nA and 
the irradiation times were 20-60sec Cobalt samples were 
irradiated m a water-cooled target holder for 5-120mm 
with beam mtenstties of 3-5 MeV. The activation curve 
was measured for proton energies up to 25 MeV. 

Data acquisitro,l 

Gamma-rays were counted with a S-cm3 Ge(Li) detec- 
tor having an energy resolution of 2.1 keV FWHM for 
the I .332-MeV ;‘-ray of “Co and a peak-to-Compton ratio 
of 29:l. The detector was coupled with a 4096channel 
pulse-height analyser. Computer programs” were used to 
list and plot the spectra and to determine the energies 
and mtensities of the photopeaks. Data on the reaction 
studied and on the properties of the indicator radionuc- 
lides were obtained from recent compilations and tab- 
les I I-14 

RESULTS AND DISCUSSION 

Selection of activatron reactions 

Inspection of the nuclear data and preliminary ex- 
periments indicated proton-activation analysis to be 
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Table 1. Proton-induced cobalt reactions producing radionuchdes 

Reaction Q-value, Nalf-life Y-Rays, Intensity, 

Me” Me” % 

59 S9Ni C0fP.n) - 7.9 7.5 X 104 yr - 

%(P,Pnl 58mC, -10.5 8.94 hs 0.0249 0.03 

59ColP.Pn) 58co -10.5 70.70 d 0.5110 30.0 
0.8106 99.4 
0.8636 0.7 
1.6748 0.5 

59 Coip&)57Co -19.0 270.0 d 0.0144 9.5 
0.1221 85.6 
0.1364 10.6 
0.5703 0.01 
0.6921 0.15 

5g,,(~,onf5sFe - 8.0 2.7yr 

the most suitable with respect to the instrumental 
performance and the multi-element character of 
the cobalt analysis. In activation with thermal neu- 
trons, the matrix is strongly activated through the 
s9Co(n yf60Co reaction, with fast neutrons through 
the 59do(n,2n)s8Co, 59Co(n,p)59Fe and 59Co(n,cr)56Mn 
reactions, with photons through the 59Co(y,n)5*Co 
reaction, with deuterons through the 59Co(d,p)60Co 
reaction, and with ‘He and cl-particles mainly 
through 5pCo(u,xn) reactions yielding copper nuclides 
with different half-lives. 

Table 1 lists nuclear reactions which can be in- 
duced in cobalt when it is bombarded with protons 
of energy up to 20 MeV. As is evident from the data, 
the instrumental performance of analysis requires that 
the 5pCo(p,pn)58Co reaction be eliminated or 
reduced. The activation curve of this reaction is 
shown in Fig. 1. This activation curve is in good 
agreement with that obtained by Benaben et aL9 and 
with the published excitation function.15 More 
detailed experiments on this problem showed that a 
proton energy of 12 MeV can be used even over long 
irradiation times, i.e., the reaction occurs only to an 
insign~cant extent. Short irradiation times can be 
used with protons up to an energy of 13 MeV. With 
use of these proton energies, good sensitivities are 

I ’ I I I 

10 15 20 25 30 

PROTON ENERGY, Me’4 

Fig. 1. Activation curve for the 5gCo(p.pn)58Co reaction. 

obtained as the position of the maximum cross-sec- 
tions is located in this energy region for most of the 
analytical reactions. Nuclear data on the analytical 
reactions used and on the properties of the indicator 
radionuclides are given in Table 2. 

Interferences 

Primary interference reactions which are energeti- 
cally possible at the proton energies used are listed 
in Table 3. No primary interference reactions can 
occur in the determination of Ti and Cr. By exper- 
iment it has already been shown that no measurable 
interferences occur in the determination of Zr and 
Nb,r6 V, Fe, MO and W,” and of Ni and Cu,‘* even 
if the concentrations of the interfering elements are 
many times those of the elements to be determined. 
A detailed analysis of the experimental results 
obtained in the irradiation of cobalt samptes has 
shown that no measurable interferences occurred m 
the determination of Zn, Ru, Pd and Sn where Ge. 
Pd, Cd and Te could interfere through nuclear reac- 
tions of (p,ec) and (pan) types. The presence of these 
interfering elements and the possible extent of their 
interferences were checked through the correspondmg 
(p,n) reactions, which could yield, at the given proton 
energy, radioactivities higher by one or two orders 
of magnitude than those formed in the interfering 
reactions. 

By bombardment of thick targets with protons of 
medium energy, neutrons can be produced by (p. sn) 
reactions. The neutron fluxes are considerably lower 
than the origmal proton-beam intensities, so the 
secondary interference reactions induced by neutrons, 
do not normally occur to a detectable extent if they 
are induced on the trace elements. However, if such 
reactions are induced on the main constituents of the 
sample they must be considered. Secondary interfer- 
ence reactions which can be induced in cobalt are 
listed in Table 4 together with cross-section data and 
energies of the y-rays emitted by the radionuclides 
produced. None of the radionuchdes produced in 
these reactions is used as an indicator radionuclide 
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Table 2. Data on production and properties of the indicator radionuclides 

Element to Principal Isotopic g-value, Half - Major Intensity, 

be determined reactions abundance , t+leV life y-rays , % 

% HeV 

Ti 

V 

Cr 

Ni 

CU 

Zn 

Zr 

Nb 

MO 

RU ‘wRu(p,n) 1 oom 
12.6 - 4.4 20.0 hr 

Pd 

sn 

W 

48 
Ti(p,n) 4% 

5’V<p,n)5’Cr 

52Cr(p,n)5*%l 

52 
cr (p,n) 52Mn 

56Fe (p,n) 56C0 

60 
Ni (p,n) 6oC” 

63 c”@,n)C3Zn 

662n(p,n) 66Ga 

90 
Zr(p,n) “Nb 

g5M~0(p,n)g5Tc 

96 
Mo(P,n) 96TC 

101 
Ru(p,n) 101mx-l 

104Pd(p,n)104mAg 

‘O4Pd (p, n) ‘O4A9 

“%n(p,n) “%b 

‘2OSrl(p,n) 1 20mSb 

182W(p,n) mge 
182 

182W(p,n) “‘Re 

73.7 - 4.8 15.97 d 

99.75 27.7 d 0.3201 9.8 

83.79 

83.79 

- 1.5 

- 5.5 

- 5.5 

21.0 min 

5.7 d 

91.7 - 5.4 77.3 d 

26.42 - 6.9 23.0 mln 

69.1 - 4.1 38.4 min 

27.8 9.3 hx 

51.4 

- 6.0 

- 6.9 14.6 hr 

100.0 - 1.2 6.9 hr 

9.1 - 5.0 53.0 min 

9.1 - 5.0 4.9 hr 

15.9 

16.7 

- 2.5 

- 3.7 

20.0 hr 

4.3 d 

17.1 4.4 d 0.3068 94.0 

11.0 

- 1.3 

- 4.9 

- 4.9 

33.5 m 0.5558 91.0 

11.0 69.2 min 

14.4 - 5.3 16.0 m 

32.8 - 3.5 5.76 d 

26.3 - 3.6 13.0 hr 

26.3 - 3.6 64.0 hr 

0.9443 8.0 
0.9835 700.0 
1.3116 96.0 

1.4343 loo.0 

0.7442 85.0 
0.9356 93.0 
1.4343 100.0 

0.8467 99.99 
1.0378 14.0 
1.2383 67.6 
1.7715 15.7 
2.5986 16.9 

0.8260 19.2 
1.3325 87.3 
1.7920 44.9 

0.6696 8.5 
0.9619 6.7 

1.0393 37.3 
2.7523 22.8 

0.1412 67.0 
1 .1291 92.0 
2.1860 18.0 
2.3190 82.0 

0.2632 61.2 
0.6846 91.9 
1.4772 99.4 

0.8709 
1 .5220 
1.8688 

91 .o 

;:: 

0.7026 100.0 
0.0497 loo.0 
0.8709 100.0 
0.9162 6.8 

0.7650 94.0 

0.7783 100.0 
0.8128 82.0 
0.8503 99.0 
1.1272 15.0 

0.4462 11.5 
0.5396 80.0 
0.8225 20.6 
1.1071 13.5 
1.3621 15.3 
1.5534 21.0 
1.9297 12.4 
2.3761 35.7 

0.5558 92.5 
0.7674 66.3 
0.9232 16.3 
0.9259 12.5 
0.9416 25.0 
1.5261 6.2 

0.9330 23.0 
1.2937 88.0 
2.2238 11.5 

0.069El 77.0 
0.1972 89.0 
1.0230 99.0 
1.1713 100.0 

0.1001 17.4 
1.1213 38.5 
1.1890 18.4 
1.2214 30.5 

O.lool 15.0 
0.1489 15.0 
0.1784 78.0 
0.2292 25.0 
0.2564 13.0 
1.1220 20.0 
1.1895 7.9 
1.2218 15.0 

623 
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Table 3. Possible primary interference reactions 

Element to ACtlVatlOn Interfering Q-value, Isotopic 
be determned reaction reaction Me" abundance, 

used $ 

RU 

Pd 

SPl 

w 

48 
Tl(P‘n) 

48" 52 
Cr(p,en) 488 

51V(p,n)5'Cr 55Mn(p,an)51Cr 

%(p.pn) 5'C, 

52Crlp,n)5*Mn % Fe(~,on)~*r(,, 

56 
Fe(p,n156Co 

60.. 
lur(p,on) 56co 

60Ni(p,n)60Cu 
64 

2n(p,on) 60CLl 

63 C"(p,n)63Zn 64zn(p,pn)63zn 

66 
Zn(p,n)66Ga 70Ge(p,anf66Ga 

90Z,(p,n)g0Nb 94m(p,on)P5m 

93 
Nb(p.n) y3%o g4Mo(p,pn,y3% 

94 
140(p.n) 

94 
Tc g8 R~(p,on)~“Tc 

y5Mo(~,n) PST.6 9%J(p,*p)95TC 
98 

Rufpra) p5Tc 
99 

Ru(p,oni g5Tc 

g6Mo(~.n) g6Tc ggR"(p,a)p6Tc 

100 
Ru(p,on) 9% 

lu3 
nu(P.n) '%Jl 

104 
Pd(p,w)'mRh 

l%u(p,n) 'O'fikh '~~~~,~~'Ql~ 

'"%i&wln) 
10,X& 

104 
Pd(~,nl'~Aq '*Cd@,o") '"AP 

loh 
Fd(P,n)'"6%g 107AH~rm)106mAg 

"Ocd(p,On)'06mAg 

"%Ilfp‘ZLf "%b 12*Te(p,onf'f6Sb 

'20Sn(p,nt'20mSt'2'Sb(p,pnf "om,b 

123Te(p,a)120% 

'24Te(p,on) '20% 

182 
W(p,nl'82R~ 1860.fp,~nf182Re 

187 
0s(p,a2nt1*2Re 

in the analysis, so these reactions cannot act as 
secondary interference reactions, but the y-rays of the 
radionuclides produced in this way have to be con- 
sidered as instrumen~l interferences. Possible instru- 
mental Interferences which can occur in y-ray spectro- 
metry using up-to-date Ge(Li) detectors have already 
been summarized in detail for the analytically rele- 
vant y-ray energies of the indicator radionuclides in 
the determination of Ti, V, Cr, Fe, Ni, Cu, Zr, MO 
and W.“*‘s All instrumen~l interferences which 
could occur in the determination of Zn, Nb, Ru, Pd 
and Sn were also considered. From the many theore- 
tically possible instrumental interferences only those 
given in Table 5 were actually observed. Also given 
in this Table are the assumed nuclear reactions yield- 
ing radionuclides with the interfering y-rays. In cases 

-14.2 83.79 

- 9.0 100.00 

-12.0 83.79 

13.1 91.7 

il.6 26.23 

-10.9 48.9 

-'I.¶ 48.9 

10.0 20.7 

-9.0 9.1 

-9.7 9.1 

-7.3 1.9 

-7.4 5.5 

+2.7 1.9 

-7.3 12.7 

+3.1 12.7 

-6.6 12.6 

-7.0 11.0 

i2.9 11.0 

-4.2 22.2 

-7.1 0.9 

-9.5 51.83 

-6.6 12.4 

-5.6 

-9.2 

t4.1 

-5.3 

-0.8 

-7.1 

0.09 

57.3 

0.87 

4.6 

1.6 

1.6 

where instrumental interferences occurred, either 
other lines without interferences (see Tables 2 and 
6) were used, or it was possible to count the activated 
sample after the interferences had decayed, or to elim- 
inate the interferences by analysing the complex decay 
curves. 

Analytical results and their comparison 

Typical y-ray spectra for a proton-irradiated cobalt 
sample of VP-purity grade, measured after two differ- 
ent irradiation times, are shown in Figs. 2 and 3. Con- 
centrations of trace elements determined in cobalt of 
VP-purity grade are summarized in Table 6. The 
results represent averages of three separate determina- 
tions. for which average deviations are also given. 
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Table 4. Possible secondary neutron-induced reactions of cobalt 

625 

Reaction 
Threshold 

=mc d 
Major 

energy, ml 
Half- 

v-=ays+ 
Intensity, 

Me?V MeP mb 
lrfe keV % 

59Co(n,o)56Eln 0.0 14.5 30 2.58 hr 

5gC*h,P) =Fe 0.8 12.9 56 44.6 d 

59Co(n,2n) 56%x 10.7 16-18 

59 Co(n,2”)5*Co 10.7 17.3 

~9Ca(,,yf60% 0.0 - 

500 8.34 hr 

740 70.78 d 

<loa) 10.5 min 

59co(n,v)6OCo 0.0 - < 10‘1) 5.27 yr 

846.6 99.0 
1811.2 30.0 
2112.6 15.5 

192.2 2.8 
1099.3 56.0 
1291.6 44.0 

7.0 21 .O 

511 .o 30.0 
810.6 39.4 

58.6 99.75 

1173.2 99.9 
1332.5 100.0 

Table 5. Observed y-ray mterferences m the analysis of VP-purity cobalt by instrumental proton-actlvatlon 
analysis 

Element Indroator Half- 
Interferences 

u-Ray 
to be reaionuclide life measured, ~-Ray, mtensrty, Nuclide Half- Mode Of 

determined Me" M&J % life forlnatlon 

- 

RU 1 ooRh 

sn 

8f '*Nb 

Nb 

MO 

Ni bQCU 

zn =Ga 

93130 

q4TC 

+JTC 
g6qTc 

‘l%b 

1 20Sb 

15.97 d 1.3116 

5.7 d 0.9356 

77.3 d 0.8467 

1.0378 

23.0 man 1.3325 

9.3 hr 1.0393 

6.9 h. 1.4772 

4.9 hr 0.8497 

4.3 d 0.8503 

4.3 d 0.8128 

20.0 hr 1.7621 

16.0 =n 1.2937 

5.76 d 1.1713 

14.6 hr 1.1291 

1.3164 

0.9311 

0.8466 
0.8503 

1.0393 
1.0393 

1.3325 

1.0370 
1.0378 
1.0393 

1.4749 

0.8466 
0.8467 

_ v _ 

0.8106 

1.3602 
1.2916 

1.2916 
1.2920 

1.1732 
1.1741 
1.1750 

1.1272 

7.2 

73.3 

99.0 
99.0 

37.3 
4.0 

100.0 

3.3 
14.0 

4.0 

17.0 

99.0 
100.0 

_ 23 _ 

93.4 

4.3 
44.0 

44.0 
1.5 

39.9 
> 
1.2 

15.0 

18.0 hr 58 Nl(p*a) 

18.0 hr 58Nrc.P,al 

2.58 hr 59Co(n.=) 
4.35 d 96Mo(P*nI 

9.3 hr 66Zrl(P,rJ 
61.0 d 95140(p,n) 

5.27 yr 59 
Co(n*Yi 

35.4 h 62Se(p,n> 

I 2.58 hX 
77.3 d 

;96fow 
Feip,n) 

_ *t _ _ IT - 

70.78 d 5gCo(p,pn) 

77.7 d 
44.6 d 

44.6 d 59co(n,pl 
23.4 mxn 60Nx(p,n) 

5.27 yr 
160.0 d 

77.3 d 

4.3 d q6Mc.I~,n) 



626 

In spite of the fact that attention was paid to the 

pus&& nuciear ad j~s~urn~~~a~ ~~~~~~~e~~~ rdi- 

2&e information about the accuracy of the resutts 
can be obtained only by checking the accuracy di- 
rectly on a real sample. The best way of checking 
the accuracy wauld be by applying the method to 
the analysk of Standard Reference Materials, but un- 
fortunately there are no cobalt reference standards 
avaifabfe. Therefore. use was made of the o~~rt~it~ 
to obtain comparative data for some of the elements 
determined, i.e., iran, nickel and molybdenum, by two 
different techniques. Iron and nickel could be deter- 
mined by atomic-absorption spectrometry and 
mofybdenum by X-ray Huorescence speetrometry per- 
formed destr~c~~ve~y. The resufts for the determina- 
tion of iron and nicket showed that, with both pro- 
ton-activation analysis and atomic-absorption spec- 
trometry, good agreements were obtained. In the case 
of molybdenum, the results of proton-activation 
analysis are on avarage 2’7% lower than those 
obtained by X-my Auorescence s~~c~rometry. Taking 

into acccnmt the deviations of both methods, the 
bvver vahte differs from the upper by 13%. The agree- 

ment is god emu& to pravide an acceptable 
measure of certain&y about the concentration of those 
three elements found in cobalt, FM information about 
trace impurities in pure materials, needed by pro- 
ducers and users, this degree of accuracy should be 
sufficient. 

~nfort~~tei~, a similar co~~~r~son for other trade 
elements could not be carried out as the methods 
still have to be developed, optimized or checked. 
Because of the need to save costly irradiation time, 
the reproducibility of the results was obtained m 
terms of the average deviations for three adjacent 
samples from the original cobatt material. Et varied 
from element to element and depended main@ on the 
concentratron level above the limit of detection, The 
reproducibility was poor in the determination of nia- 
hium and ruthenium, as these two elements were pres- 
ent at concentrations only slightly above the limits 
of detection. The average deviation obtained for cop- 
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Fig. 2. Gamma-ray spectrum of a proton-irradiated cobalt sample observed 16min after a 10-min 
irradiation. 

per seems to have been too good in view of the high 
limit of detection. On the other hand, the average 
deviation for nickel should have been better. The 
average deviation includes the contribution of any 
lack of uniformity in the distribution of the trace ele- 
ments in the sample material. 

An irradiation time of 5-10 min is sufficient to 
determine elements giving rise to short-lived indicator 
radionuclides, such as Cr, Ni, Cu, MO, Pd and Sn 
with 52mMn, 6oCu, 63Zn, 94mTc, ‘04mAg and “%$b, 

respectively, as indicator radionuclides. In a previous 

paper, l8 it was shown that the determination of Cr, 
Ni and Cu by proton-activation analysis is extremely 
sensitive. However, nickel is present in the sample 
at higher concentration than all the other impurities. 
At the same time, the corresponding indicator 
radionuclide for nickel, 6o Cu, emits many high-energy 
y-rays, giving a high background affecting the limits 
of detection for other elements. In addition to Ni, 
Cr and Cu, MO can be determined by counting indi- 
cator radionuclides with I, 2 < 1 hr. However, 

104m,*A g and ’ i%b, being indicator radionuclides for 
the determination of Pd and Sn, respectively, could 
not be observed, so the limit of detection was taken 
as the upper concentration limit for these. For count- 
ing other than the above-mentioned indicator 
radionuclides, longer irradiation times, decay times 

and counting times are more suitable. 
Table 7 lists the experimental limits of detection 

estimated on the basis of the spectral data of the VP- 
purity grade cobalt. The limits of detection are peak 
intensities corresponding to three standard deviations 
of the background at the peak of interest under the 
given experimental conditions, i.e., irradiation, cool- 
ing and counting times. The data given represent the 
best observed limits of detection. The elements V, Zr, 
Pd and Sn are present in the sample at such low 
concentrations that the appropriate indicator 
radionuclides could not be observed. In these cases, 
the limits of detection have been estimated from spec- 
tra obtained by simultaneous measurement of both 
the cobalt sample and the pure elements irradiated 

Fig. 3. Gamma-ray spectrum of a proton-irradiated cobalt sample counted 27 hr after a 15hr 
irradiation. 
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Table 7. Limits of detection achieved m the analysis of VP-purity grade 
cobalt. and the appropriate experimental conditions 

R” 

Pd 

sn 

w 

56c* 

@%u 
63CU 

%a 
$ONb 

9 3mMo 
94% 

g5yTc 
g6qTc 

’ “Rh 

1312 178 hr 14 hr 

320 178 llr 14 hr 

1434 8 m1n 10 ml” 

1434 50 hr 14 hr 

1238 178 llr 14 hr 

1332 8 rnlll 10 mm 

669 1 Ilr 20 rnlrl 

2752 10 hr 5 hr 

2319 7 hr 3 hr 

7477 7 hr 3 hr 

871 5 hr 3 hr 

766 20 hr 14 hr 

778 50 tlr 14 hr 

1553 7 hr 3 hr 

556 50 m1n 20 n&n 

,023 50 tlr 14 hr 

1221 10 hr 5 hr 

0.04 a) 
1.4 a) 

0.4 b) 

0.15 a’ 

0.3 a) 

3.9 b) 

12.8 bJ 

0.05 a) 

0.05 a) 

0.4 a) 

1.1 =I 

0.09 a) 

0.1 a) 

0.15 a) 

0.6 b) 

0.6 a) 

0.8 a) 

3) irradiation condltlans assumed: proton enerq,’ of 12 Me”, beam 
lntenslty Of Q 4 “A, uraditltron tue of 22 hr 

separately for shorter irradiation times and at lower 
beam intensities. After making the appropriate nor- 
malization for the different experimental conditrons 
used in processing the cobalt sample and the given 
element, the limits of detection were esttmated by 
using the same criterion as described above. The 
limits of detection of the instrumental proton-activa- 
tion analysis, given in Table 6, are referred to the 
composition of the cobalt sample analysed and are 
not generally valid, Since the background may 
depend on the composition of the cobalt sample. One 
can assume that the limits of detectton listed become 
better with decreasing concentrations of trace tmpurl- 
ties, IX., with higher purity of the cobalt matrix. A 
considerable improvement m the limits of detection 
can be achieved by using high-efficiency y-ray or 
/?-ray counting. For instance, a measurable radioactr- 
vity of 0.5 nCt (I I f 0 dpm) IS produced in an activatton 
of a cobalt sample wtth 12-MeV protons. with a beam 
intensity of 5 PA and an nradration time of one half- 
life (or a maximum of 2 hr) from 3.5 ppM (parts per 

milliard) chromium, 16 ppM nickel, 3 ppM copper 
and 90ppM molybdenum through the reactions 
s2Cr(p,n)52mMn. boNi(p,n)60Cu. h3Cu(p,n)63Zn and 
~sMo(p.n)9sgTc, respectively. 

It is possible to compare our technique wrth that 
of Benaben et al.” and from the y-ray spectra it is 
evident that, upon activation with IO-MeV protons, 
much higher relative radioactivities of shMn, s9Fe 
and “‘Co in comparrson wtth the indicator radtonuc- 
lides are produced than with 1 Z-MeV or 13-MeV pro- 

tons. These radtonuclides can be produced only 
through reactions induced by secondary neutrons on 
the cobalt matrix. For example, the ratio of the 
radioactivity of SgFe produced by the 59Co(n,p)s”Fe 
reaction from the matrix, to the radioactivity of “‘Co 
produced as indicator radionuclide for the determina- 
tion of iron through the 56Fe(p,n)56Co reaction, is 
more than twice as high for IO-MeV protons as for 
I2-MeV protons at the same iron concentration. Thts 
is caused by the fact that the activation yield of the 
5”Fe(p,n)56Co reaction is increased more than the 
neutron yield by the proton energy, but it may also 
depend on the thickness of the sample. A similar pic- 
ture can be expected for all principal reactions for 
which the maximum cross-section of the excitation 
function lies above 10 MeV. This is the case with most 
of the analytical reactions considered. In counting of 
a number of indicator radionuclides, the radio- 
nuclides “Mn, 59Fe and ““Fe, which emtt y-rays of 
relatively high energy. contnbute to the background. 

A direct comparison of the limits of detectton for 
both techmques is unfortunately not possible as the 
composition of the cobalt samples and the detection 
conditions were different. A comparison of results 
obtained for the two samples closest in their composi- 
tion, indicates that better limits of detectron can be 
obtamed by using 12-MeV or 13-MeV proton energy 
than by using IO-MeV proton energy. For example. 
the sensitivity (dpm/nA/ppm) in the determination of 

Cr, Ni and Cu increases by factors of 2, 3 and 4, 
on increasing the proton energy from IOMeV to 
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13 MeV. On increasing the proton energy from 
10 MeV to 12 MeV, the sensitivity in the determina- 
tion of MO by the reactions MO + p-+ 96bTc and 

Mot-p-+ 95qc is improved by factors of 10 and 
15 respectively. Another aspect which should be con- 
sidered is the range of the protons in cobalt, which 
is 208 mg/cm” at 10 MeV, 284 mg/cm’ at 12 MeV and 
325 mg/cm* at 13 MeV. In the case of 12-MeV and 
13-MeV proton energies, a larger volume of the 
cobalt sample is activated and this is of advantage 
with respect to possible inhomogeneities in the distri- 
bution of the trace elements in the sample. 

Acknowlrdgements-Grateful acknowledgement is made to 
I. Schijn, A. Dlsam and G. Volland who carried out the 
determination of molybdenum by X-ray fluorescence spec- 
trometry and the determination of iron and nickel by ato- 
mlc-absorption spectrometry. 

REFERENCES 

1. P. M. Mlkhadov and 0. C. Velichko, Zavodsk Lab., 
1956, 22. 1307. 

2. V. L. Ginzburg, Fi;. Sh. L’vousk. Gos. Vniu., 1958, 4. 
423. 

3. E E. Blokrinitskaya, V. V. Bondarenko, I. N. Vitush- 
kina, M. S. Geraslmova, V. L. Ginzburg, I. N. Gra- 
menitskii, D. M. Livshits and V. F. Kryzhnaya, Mater- 
laly Pervogo Ural. Soveshch. po Spektroscopil, Sh., pp. 
59-61, 1956. 

4. 

6. 

8. 

9. 

10. 
11. 

12. 

13 

14 

15. 

16 

J. W. Meadows, R N Diamond and R. A. Sharp, Phys. 
Rev., 1956, 102. 190. 
V. Krivan, D. L. Swindle and E. A. Schweikert, Anal. 
Chem.. 1974, 44. 1626. 

17 V. Krlvan, Ibid., 1975, 45. 469. 
18 Idem, .I. Radioanal. Chem., 1975, 26. 151. 

C. Tombu, Kohalt, 1963, 21. 167. 
G. J. Lutz, R. J Borem, R. S. Maddock and W. W. 
Meinke, Activation Analysis: A Bibliography, NBS 
Techmcal Note 467, August 1972. 
D. De Soete, R. GiJbels and J. Hoste, Neutron Acti- 
vation Analysis, p. 664. Wiley, New York, 1972. 
G. Leliaert and D. Decat, Intern. J. Appl. Radiation 
and Isotopes, 1961, 12. 63. 
A. Speecke and K. Maes, Proc. Symp. Radlochem. 
Methods OJ Analysis, Salzburg 1964, Vol. 1, pp. 51-60, 
IAEA, Vienna, 1965. 
P. Benaben, J. N. Barrandon and J. L. Debrun, Anal. 
Chim. Acta, 1975, 78. 129. 
H. Miinzel, private communication. 
W. Seelmann-Egeebert. G. Pfenmne. and H. Miinzel. 
Chart of the Nu%des, 4th Ed., Gesellschaft fiir Kern- 
forschung mbH, Karlsruhe, 1974. 
K. A. Keller, H. Miinzel and J. Lange, Q-value3 for 
Nuclear Reactions, Landolt B&stem, New Series, 
Group I, Vol. 5, Part A, Springer, Berlin, 1973. 
K. A. Keller, J. Lange, H. Miinzel and G. Pfenmg, 
Excitation Functions for Charged-Partrcle Induced Nuc- 
lear ReactIons, Landolt-Biirnstein, New Series, Group 
I, Vol. 5, Part b, Springer, Berlin, 1973. 
G. Erdtmann and W. Soyka, Die Gamma-Linren der 
Radionuklide, Band l-3, Jbl-1003-AC, Jiihch, Sep- 
tember, 1973. 



Tuianra. Vol 23, pp 621-629 Pergamon Press, 1976 Punted 1x1 Great Brltam 

DETERMINATION OF 14 TRACE ELEMENTS IN 
COBALT BY PROTON-ACTIVATION ANALYSIS 

V. KRIVAN 

Max-Planck-Institut fur Metallforschung, Stuttgart, Instttut fur Werkstoffwissenschaften. 
Laboratorium fur Remststoffe, 7070 Schwabisch Gmiind, Katharinenstrasse 17. 

Federal Republic of Germany 

(Received 31 Dvcrmher 1975. Accepted 11 February 1976) 

Summary-Proton-activation analysis has been applied to the determmation of 14 trace impurities 
m cobalt. The method consists of a short (- 10 mm) and a longer (x 2 hr) irradiation of the sample 
with 13-MeV and 12-MeV protons, respectively, followed by high-resolution y-ray spectrometry. The 
elements Ti, Cr. Fe, NI, Cu, Zn, Nb. MO, Ru and W have been determined m VP-purity cobalt. 
In the case of V, Cu. Zr, Pd and Sn, the amounts present were below the hmit of detection. In 
the case of Fe, Ni, and MO, the results are compared with those obtained by a second independent 
method. Data on reproducibility. limits of detection and possible interferences are given. 

Relatively few trace analytical studies have been per- 

formed on cobalt matrices of good and high-purity 

grades. Optical emission spectrography has been used 
to determine Si, Mn, Fe, Ni, Cu and Zn,’ and in 
addition Al* and also As and Sb3 in cobalt. A spec- 
trographic technique used for the determination of 
all the above-mentioned elements and, in addition, 
the alkali metals, Ca, Ti, V, Cr, Nb, MO, Rh. Pd, 
Cd, Ag, W and Tl, in cobalt of 99.999% purity has 
been described by Tombt? together with a listing of 
the different chemical methods for the determination 
of H, C, N, 0, Na, Mg, Al, Si, P, S, K, Ca, Mn, 
Fe, Ni, Cu, Zn, As, Se, Sn, Sb, W, Tl, Pb and Bi. 
Unfortunately, neither the concentration intervals to 
which the individual methods have been applied nor 
the limits of detection were given. Activation analyti- 
cal techniques have rarely been applied to the analy- 
sis of cobalt matrices. 5*6 In activation analysis with 
reactor neutrons, there are difficulties with the very 
high matrix activity due to the high thermal neutron 
cross-section and the resonance integral for the 
5qCo(n,y)60Co reaction and the long half-life of “Co. 
Radiochemical neutron activation analysis has been 
used for the determination of CU,~*’ Mn and Zn.’ 

Recently an article by Benaben, Barrandon and 
Debrun has appeared’ in which the application of 
an instrumental proton-activation technique to multi- 
element analysis of cobalt has been described. How- 

ever. the experimental conditions and sample types 
used by these authors differ from those used in the 
present work. While they irradiated the cobalt 
samples with IO-MeV protons for 1 hr, in our case 
the cobalt samples were activated with 13-MeV pro- 
tons to produce short-lived indicator radionuchdes in 
short irradiations (_ 10 min), and with 12-MeV pro- 
tons to produce long-lived indicator radionuchdes in 
longer irradiations ( - 2 hr). To check the accuracy of 
the proton-activation technique described here, ana- 
lytical results for iron. nickel and molybdenum are 

compared with results obtained by atomic-absorption 
spectrometry and by X-ray fluorescence spectrometry. 

EXPERIMENTAL 

Sample and standards 

A cobalt sample of VP grade supplied by Material 
Research, GmbH. Eching bei Munchen, West Germany, 
was analysed. From the cobalt metal, targets with a thick- 
ness of -0.6 mm were cut. To remove posstble surface 
contamination, a pre-irradiation chemical etch was accom- 
plished with dilute mtric acid (1: 1 ultrapure water and 
nitric acid). Thick metal targets of pure elements, their 
alloys or pressed powder mixtures were used for the stan- 
dardization. For the etching of the standards, different 
solutions were used according to the character of the 
metal For the measurements of the activation curve of 
the “Co(p,pn)‘sCo reaction. stacked foils of VP-purity 
cobalt were used 

lrrudration 

Irradiations were performed with I2-MeV and 13-MeV 
protons at the Karlsruhe isochronous cyclotron. For stan- 
dardization, the average beam currents were 5-200 nA and 
the irradiation times were 20-60sec Cobalt samples were 
irradiated m a water-cooled target holder for 5-120mm 
with beam mtenstties of 3-5 MeV. The activation curve 
was measured for proton energies up to 25 MeV. 

Data acquisitro,l 

Gamma-rays were counted with a S-cm3 Ge(Li) detec- 
tor having an energy resolution of 2.1 keV FWHM for 
the I .332-MeV ;‘-ray of “Co and a peak-to-Compton ratio 
of 29:l. The detector was coupled with a 4096channel 
pulse-height analyser. Computer programs” were used to 
list and plot the spectra and to determine the energies 
and mtensities of the photopeaks. Data on the reaction 
studied and on the properties of the indicator radionuc- 
lides were obtained from recent compilations and tab- 
les I I-14 

RESULTS AND DISCUSSION 

Selection of activatron reactions 

Inspection of the nuclear data and preliminary ex- 
periments indicated proton-activation analysis to be 
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Table 1. Proton-induced cobalt reactions producing radionuchdes 

Reaction Q-value, Nalf-life Y-Rays, Intensity, 

Me” Me” % 

59 S9Ni C0fP.n) - 7.9 7.5 X 104 yr - 

%(P,Pnl 58mC, -10.5 8.94 hs 0.0249 0.03 

59ColP.Pn) 58co -10.5 70.70 d 0.5110 30.0 
0.8106 99.4 
0.8636 0.7 
1.6748 0.5 

59 Coip&)57Co -19.0 270.0 d 0.0144 9.5 
0.1221 85.6 
0.1364 10.6 
0.5703 0.01 
0.6921 0.15 

5g,,(~,onf5sFe - 8.0 2.7yr 

the most suitable with respect to the instrumental 
performance and the multi-element character of 
the cobalt analysis. In activation with thermal neu- 
trons, the matrix is strongly activated through the 
s9Co(n yf60Co reaction, with fast neutrons through 
the 59do(n,2n)s8Co, 59Co(n,p)59Fe and 59Co(n,cr)56Mn 
reactions, with photons through the 59Co(y,n)5*Co 
reaction, with deuterons through the 59Co(d,p)60Co 
reaction, and with ‘He and cl-particles mainly 
through 5pCo(u,xn) reactions yielding copper nuclides 
with different half-lives. 

Table 1 lists nuclear reactions which can be in- 
duced in cobalt when it is bombarded with protons 
of energy up to 20 MeV. As is evident from the data, 
the instrumental performance of analysis requires that 
the 5pCo(p,pn)58Co reaction be eliminated or 
reduced. The activation curve of this reaction is 
shown in Fig. 1. This activation curve is in good 
agreement with that obtained by Benaben et aL9 and 
with the published excitation function.15 More 
detailed experiments on this problem showed that a 
proton energy of 12 MeV can be used even over long 
irradiation times, i.e., the reaction occurs only to an 
insign~cant extent. Short irradiation times can be 
used with protons up to an energy of 13 MeV. With 
use of these proton energies, good sensitivities are 

I ’ I I I 

10 15 20 25 30 

PROTON ENERGY, Me’4 

Fig. 1. Activation curve for the 5gCo(p.pn)58Co reaction. 

obtained as the position of the maximum cross-sec- 
tions is located in this energy region for most of the 
analytical reactions. Nuclear data on the analytical 
reactions used and on the properties of the indicator 
radionuclides are given in Table 2. 

Interferences 

Primary interference reactions which are energeti- 
cally possible at the proton energies used are listed 
in Table 3. No primary interference reactions can 
occur in the determination of Ti and Cr. By exper- 
iment it has already been shown that no measurable 
interferences occur in the determination of Zr and 
Nb,r6 V, Fe, MO and W,” and of Ni and Cu,‘* even 
if the concentrations of the interfering elements are 
many times those of the elements to be determined. 
A detailed analysis of the experimental results 
obtained in the irradiation of cobalt samptes has 
shown that no measurable interferences occurred m 
the determination of Zn, Ru, Pd and Sn where Ge. 
Pd, Cd and Te could interfere through nuclear reac- 
tions of (p,ec) and (pan) types. The presence of these 
interfering elements and the possible extent of their 
interferences were checked through the correspondmg 
(p,n) reactions, which could yield, at the given proton 
energy, radioactivities higher by one or two orders 
of magnitude than those formed in the interfering 
reactions. 

By bombardment of thick targets with protons of 
medium energy, neutrons can be produced by (p. sn) 
reactions. The neutron fluxes are considerably lower 
than the origmal proton-beam intensities, so the 
secondary interference reactions induced by neutrons, 
do not normally occur to a detectable extent if they 
are induced on the trace elements. However, if such 
reactions are induced on the main constituents of the 
sample they must be considered. Secondary interfer- 
ence reactions which can be induced in cobalt are 
listed in Table 4 together with cross-section data and 
energies of the y-rays emitted by the radionuclides 
produced. None of the radionuchdes produced in 
these reactions is used as an indicator radionuclide 
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Table 2. Data on production and properties of the indicator radionuclides 

Element to Principal Isotopic g-value, Half - Major Intensity, 

be determined reactions abundance , t+leV life y-rays , % 

% HeV 

Ti 

V 

Cr 

Ni 

CU 

Zn 

Zr 

Nb 

MO 

RU ‘wRu(p,n) 1 oom 
12.6 - 4.4 20.0 hr 

Pd 

sn 

W 

48 
Ti(p,n) 4% 

5’V<p,n)5’Cr 

52Cr(p,n)5*%l 

52 
cr (p,n) 52Mn 

56Fe (p,n) 56C0 

60 
Ni (p,n) 6oC” 

63 c”@,n)C3Zn 

662n(p,n) 66Ga 

90 
Zr(p,n) “Nb 

g5M~0(p,n)g5Tc 

96 
Mo(P,n) 96TC 

101 
Ru(p,n) 101mx-l 

104Pd(p,n)104mAg 

‘O4Pd (p, n) ‘O4A9 

“%n(p,n) “%b 

‘2OSrl(p,n) 1 20mSb 

182W(p,n) mge 
182 

182W(p,n) “‘Re 

73.7 - 4.8 15.97 d 

99.75 27.7 d 0.3201 9.8 

83.79 

83.79 

- 1.5 

- 5.5 

- 5.5 

21.0 min 

5.7 d 

91.7 - 5.4 77.3 d 

26.42 - 6.9 23.0 mln 

69.1 - 4.1 38.4 min 

27.8 9.3 hx 

51.4 

- 6.0 

- 6.9 14.6 hr 

100.0 - 1.2 6.9 hr 

9.1 - 5.0 53.0 min 

9.1 - 5.0 4.9 hr 

15.9 

16.7 

- 2.5 

- 3.7 

20.0 hr 

4.3 d 

17.1 4.4 d 0.3068 94.0 

11.0 

- 1.3 

- 4.9 

- 4.9 

33.5 m 0.5558 91.0 

11.0 69.2 min 

14.4 - 5.3 16.0 m 

32.8 - 3.5 5.76 d 

26.3 - 3.6 13.0 hr 

26.3 - 3.6 64.0 hr 

0.9443 8.0 
0.9835 700.0 
1.3116 96.0 

1.4343 loo.0 

0.7442 85.0 
0.9356 93.0 
1.4343 100.0 

0.8467 99.99 
1.0378 14.0 
1.2383 67.6 
1.7715 15.7 
2.5986 16.9 

0.8260 19.2 
1.3325 87.3 
1.7920 44.9 

0.6696 8.5 
0.9619 6.7 

1.0393 37.3 
2.7523 22.8 

0.1412 67.0 
1 .1291 92.0 
2.1860 18.0 
2.3190 82.0 

0.2632 61.2 
0.6846 91.9 
1.4772 99.4 

0.8709 
1 .5220 
1.8688 

91 .o 

;:: 

0.7026 100.0 
0.0497 loo.0 
0.8709 100.0 
0.9162 6.8 

0.7650 94.0 

0.7783 100.0 
0.8128 82.0 
0.8503 99.0 
1.1272 15.0 

0.4462 11.5 
0.5396 80.0 
0.8225 20.6 
1.1071 13.5 
1.3621 15.3 
1.5534 21.0 
1.9297 12.4 
2.3761 35.7 

0.5558 92.5 
0.7674 66.3 
0.9232 16.3 
0.9259 12.5 
0.9416 25.0 
1.5261 6.2 

0.9330 23.0 
1.2937 88.0 
2.2238 11.5 

0.069El 77.0 
0.1972 89.0 
1.0230 99.0 
1.1713 100.0 

0.1001 17.4 
1.1213 38.5 
1.1890 18.4 
1.2214 30.5 

O.lool 15.0 
0.1489 15.0 
0.1784 78.0 
0.2292 25.0 
0.2564 13.0 
1.1220 20.0 
1.1895 7.9 
1.2218 15.0 
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Table 3. Possible primary interference reactions 

Element to ACtlVatlOn Interfering Q-value, Isotopic 
be determned reaction reaction Me" abundance, 

used $ 

RU 

Pd 

SPl 

w 

48 
Tl(P‘n) 

48" 52 
Cr(p,en) 488 

51V(p,n)5'Cr 55Mn(p,an)51Cr 

%(p.pn) 5'C, 

52Crlp,n)5*Mn % Fe(~,on)~*r(,, 

56 
Fe(p,n156Co 

60.. 
lur(p,on) 56co 

60Ni(p,n)60Cu 
64 

2n(p,on) 60CLl 

63 C"(p,n)63Zn 64zn(p,pn)63zn 

66 
Zn(p,n)66Ga 70Ge(p,anf66Ga 

90Z,(p,n)g0Nb 94m(p,on)P5m 

93 
Nb(p.n) y3%o g4Mo(p,pn,y3% 

94 
140(p.n) 

94 
Tc g8 R~(p,on)~“Tc 

y5Mo(~,n) PST.6 9%J(p,*p)95TC 
98 

Rufpra) p5Tc 
99 

Ru(p,oni g5Tc 

g6Mo(~.n) g6Tc ggR"(p,a)p6Tc 

100 
Ru(p,on) 9% 

lu3 
nu(P.n) '%Jl 

104 
Pd(p,w)'mRh 

l%u(p,n) 'O'fikh '~~~~,~~'Ql~ 

'"%i&wln) 
10,X& 

104 
Pd(~,nl'~Aq '*Cd@,o") '"AP 

loh 
Fd(P,n)'"6%g 107AH~rm)106mAg 

"Ocd(p,On)'06mAg 

"%Ilfp‘ZLf "%b 12*Te(p,onf'f6Sb 

'20Sn(p,nt'20mSt'2'Sb(p,pnf "om,b 

123Te(p,a)120% 

'24Te(p,on) '20% 

182 
W(p,nl'82R~ 1860.fp,~nf182Re 

187 
0s(p,a2nt1*2Re 

in the analysis, so these reactions cannot act as 
secondary interference reactions, but the y-rays of the 
radionuclides produced in this way have to be con- 
sidered as instrumen~l interferences. Possible instru- 
mental Interferences which can occur in y-ray spectro- 
metry using up-to-date Ge(Li) detectors have already 
been summarized in detail for the analytically rele- 
vant y-ray energies of the indicator radionuclides in 
the determination of Ti, V, Cr, Fe, Ni, Cu, Zr, MO 
and W.“*‘s All instrumen~l interferences which 
could occur in the determination of Zn, Nb, Ru, Pd 
and Sn were also considered. From the many theore- 
tically possible instrumental interferences only those 
given in Table 5 were actually observed. Also given 
in this Table are the assumed nuclear reactions yield- 
ing radionuclides with the interfering y-rays. In cases 

-14.2 83.79 

- 9.0 100.00 

-12.0 83.79 

13.1 91.7 

il.6 26.23 

-10.9 48.9 

-'I.¶ 48.9 

10.0 20.7 

-9.0 9.1 

-9.7 9.1 

-7.3 1.9 

-7.4 5.5 

+2.7 1.9 

-7.3 12.7 

+3.1 12.7 

-6.6 12.6 

-7.0 11.0 

i2.9 11.0 

-4.2 22.2 

-7.1 0.9 

-9.5 51.83 

-6.6 12.4 

-5.6 

-9.2 

t4.1 

-5.3 

-0.8 

-7.1 

0.09 

57.3 

0.87 

4.6 

1.6 

1.6 

where instrumental interferences occurred, either 
other lines without interferences (see Tables 2 and 
6) were used, or it was possible to count the activated 
sample after the interferences had decayed, or to elim- 
inate the interferences by analysing the complex decay 
curves. 

Analytical results and their comparison 

Typical y-ray spectra for a proton-irradiated cobalt 
sample of VP-purity grade, measured after two differ- 
ent irradiation times, are shown in Figs. 2 and 3. Con- 
centrations of trace elements determined in cobalt of 
VP-purity grade are summarized in Table 6. The 
results represent averages of three separate determina- 
tions. for which average deviations are also given. 
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Table 4. Possible secondary neutron-induced reactions of cobalt 

625 

Reaction 
Threshold 

=mc d 
Major 

energy, ml 
Half- 

v-=ays+ 
Intensity, 

Me?V MeP mb 
lrfe keV % 

59Co(n,o)56Eln 0.0 14.5 30 2.58 hr 

5gC*h,P) =Fe 0.8 12.9 56 44.6 d 

59Co(n,2n) 56%x 10.7 16-18 

59 Co(n,2”)5*Co 10.7 17.3 

~9Ca(,,yf60% 0.0 - 

500 8.34 hr 

740 70.78 d 

<loa) 10.5 min 

59co(n,v)6OCo 0.0 - < 10‘1) 5.27 yr 

846.6 99.0 
1811.2 30.0 
2112.6 15.5 

192.2 2.8 
1099.3 56.0 
1291.6 44.0 

7.0 21 .O 

511 .o 30.0 
810.6 39.4 

58.6 99.75 

1173.2 99.9 
1332.5 100.0 

Table 5. Observed y-ray mterferences m the analysis of VP-purity cobalt by instrumental proton-actlvatlon 
analysis 

Element Indroator Half- 
Interferences 

u-Ray 
to be reaionuclide life measured, ~-Ray, mtensrty, Nuclide Half- Mode Of 

determined Me" M&J % life forlnatlon 

- 

RU 1 ooRh 

sn 

8f '*Nb 

Nb 

MO 

Ni bQCU 

zn =Ga 

93130 

q4TC 

+JTC 
g6qTc 

‘l%b 

1 20Sb 

15.97 d 1.3116 

5.7 d 0.9356 

77.3 d 0.8467 

1.0378 

23.0 man 1.3325 

9.3 hr 1.0393 

6.9 h. 1.4772 

4.9 hr 0.8497 

4.3 d 0.8503 

4.3 d 0.8128 

20.0 hr 1.7621 

16.0 =n 1.2937 

5.76 d 1.1713 

14.6 hr 1.1291 

1.3164 

0.9311 

0.8466 
0.8503 

1.0393 
1.0393 

1.3325 

1.0370 
1.0378 
1.0393 

1.4749 

0.8466 
0.8467 

_ v _ 

0.8106 

1.3602 
1.2916 

1.2916 
1.2920 

1.1732 
1.1741 
1.1750 

1.1272 

7.2 

73.3 

99.0 
99.0 

37.3 
4.0 

100.0 

3.3 
14.0 

4.0 

17.0 

99.0 
100.0 

_ 23 _ 

93.4 

4.3 
44.0 

44.0 
1.5 

39.9 
> 
1.2 

15.0 

18.0 hr 58 Nl(p*a) 

18.0 hr 58Nrc.P,al 

2.58 hr 59Co(n.=) 
4.35 d 96Mo(P*nI 

9.3 hr 66Zrl(P,rJ 
61.0 d 95140(p,n) 

5.27 yr 59 
Co(n*Yi 

35.4 h 62Se(p,n> 

I 2.58 hX 
77.3 d 

;96fow 
Feip,n) 

_ *t _ _ IT - 

70.78 d 5gCo(p,pn) 

77.7 d 
44.6 d 

44.6 d 59co(n,pl 
23.4 mxn 60Nx(p,n) 

5.27 yr 
160.0 d 

77.3 d 

4.3 d q6Mc.I~,n) 
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In spite of the fact that attention was paid to the 

pus&& nuciear ad j~s~urn~~~a~ ~~~~~~~e~~~ rdi- 

2&e information about the accuracy of the resutts 
can be obtained only by checking the accuracy di- 
rectly on a real sample. The best way of checking 
the accuracy wauld be by applying the method to 
the analysk of Standard Reference Materials, but un- 
fortunately there are no cobalt reference standards 
avaifabfe. Therefore. use was made of the o~~rt~it~ 
to obtain comparative data for some of the elements 
determined, i.e., iran, nickel and molybdenum, by two 
different techniques. Iron and nickel could be deter- 
mined by atomic-absorption spectrometry and 
mofybdenum by X-ray Huorescence speetrometry per- 
formed destr~c~~ve~y. The resufts for the determina- 
tion of iron and nicket showed that, with both pro- 
ton-activation analysis and atomic-absorption spec- 
trometry, good agreements were obtained. In the case 
of molybdenum, the results of proton-activation 
analysis are on avarage 2’7% lower than those 
obtained by X-my Auorescence s~~c~rometry. Taking 

into acccnmt the deviations of both methods, the 
bvver vahte differs from the upper by 13%. The agree- 

ment is god emu& to pravide an acceptable 
measure of certain&y about the concentration of those 
three elements found in cobalt, FM information about 
trace impurities in pure materials, needed by pro- 
ducers and users, this degree of accuracy should be 
sufficient. 

~nfort~~tei~, a similar co~~~r~son for other trade 
elements could not be carried out as the methods 
still have to be developed, optimized or checked. 
Because of the need to save costly irradiation time, 
the reproducibility of the results was obtained m 
terms of the average deviations for three adjacent 
samples from the original cobatt material. Et varied 
from element to element and depended main@ on the 
concentratron level above the limit of detection, The 
reproducibility was poor in the determination of nia- 
hium and ruthenium, as these two elements were pres- 
ent at concentrations only slightly above the limits 
of detection. The average deviation obtained for cop- 
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Fig. 2. Gamma-ray spectrum of a proton-irradiated cobalt sample observed 16min after a 10-min 
irradiation. 

per seems to have been too good in view of the high 
limit of detection. On the other hand, the average 
deviation for nickel should have been better. The 
average deviation includes the contribution of any 
lack of uniformity in the distribution of the trace ele- 
ments in the sample material. 

An irradiation time of 5-10 min is sufficient to 
determine elements giving rise to short-lived indicator 
radionuclides, such as Cr, Ni, Cu, MO, Pd and Sn 
with 52mMn, 6oCu, 63Zn, 94mTc, ‘04mAg and “%$b, 

respectively, as indicator radionuclides. In a previous 

paper, l8 it was shown that the determination of Cr, 
Ni and Cu by proton-activation analysis is extremely 
sensitive. However, nickel is present in the sample 
at higher concentration than all the other impurities. 
At the same time, the corresponding indicator 
radionuclide for nickel, 6o Cu, emits many high-energy 
y-rays, giving a high background affecting the limits 
of detection for other elements. In addition to Ni, 
Cr and Cu, MO can be determined by counting indi- 
cator radionuclides with I, 2 < 1 hr. However, 

104m,*A g and ’ i%b, being indicator radionuclides for 
the determination of Pd and Sn, respectively, could 
not be observed, so the limit of detection was taken 
as the upper concentration limit for these. For count- 
ing other than the above-mentioned indicator 
radionuclides, longer irradiation times, decay times 

and counting times are more suitable. 
Table 7 lists the experimental limits of detection 

estimated on the basis of the spectral data of the VP- 
purity grade cobalt. The limits of detection are peak 
intensities corresponding to three standard deviations 
of the background at the peak of interest under the 
given experimental conditions, i.e., irradiation, cool- 
ing and counting times. The data given represent the 
best observed limits of detection. The elements V, Zr, 
Pd and Sn are present in the sample at such low 
concentrations that the appropriate indicator 
radionuclides could not be observed. In these cases, 
the limits of detection have been estimated from spec- 
tra obtained by simultaneous measurement of both 
the cobalt sample and the pure elements irradiated 

Fig. 3. Gamma-ray spectrum of a proton-irradiated cobalt sample counted 27 hr after a 15hr 
irradiation. 
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Table 7. Limits of detection achieved m the analysis of VP-purity grade 
cobalt. and the appropriate experimental conditions 

R” 

Pd 

sn 

w 

56c* 

@%u 
63CU 

%a 
$ONb 

9 3mMo 
94% 

g5yTc 
g6qTc 

’ “Rh 

1312 178 hr 14 hr 

320 178 llr 14 hr 

1434 8 m1n 10 ml” 

1434 50 hr 14 hr 

1238 178 llr 14 hr 

1332 8 rnlll 10 mm 

669 1 Ilr 20 rnlrl 

2752 10 hr 5 hr 

2319 7 hr 3 hr 

7477 7 hr 3 hr 

871 5 hr 3 hr 

766 20 hr 14 hr 

778 50 tlr 14 hr 

1553 7 hr 3 hr 

556 50 m1n 20 n&n 

,023 50 tlr 14 hr 

1221 10 hr 5 hr 

0.04 a) 
1.4 a) 

0.4 b) 

0.15 a’ 

0.3 a) 

3.9 b) 

12.8 bJ 

0.05 a) 

0.05 a) 

0.4 a) 

1.1 =I 

0.09 a) 

0.1 a) 

0.15 a) 

0.6 b) 

0.6 a) 

0.8 a) 

3) irradiation condltlans assumed: proton enerq,’ of 12 Me”, beam 
lntenslty Of Q 4 “A, uraditltron tue of 22 hr 

separately for shorter irradiation times and at lower 
beam intensities. After making the appropriate nor- 
malization for the different experimental conditrons 
used in processing the cobalt sample and the given 
element, the limits of detection were esttmated by 
using the same criterion as described above. The 
limits of detection of the instrumental proton-activa- 
tion analysis, given in Table 6, are referred to the 
composition of the cobalt sample analysed and are 
not generally valid, Since the background may 
depend on the composition of the cobalt sample. One 
can assume that the limits of detectton listed become 
better with decreasing concentrations of trace tmpurl- 
ties, IX., with higher purity of the cobalt matrix. A 
considerable improvement m the limits of detection 
can be achieved by using high-efficiency y-ray or 
/?-ray counting. For instance, a measurable radioactr- 
vity of 0.5 nCt (I I f 0 dpm) IS produced in an activatton 
of a cobalt sample wtth 12-MeV protons. with a beam 
intensity of 5 PA and an nradration time of one half- 
life (or a maximum of 2 hr) from 3.5 ppM (parts per 

milliard) chromium, 16 ppM nickel, 3 ppM copper 
and 90ppM molybdenum through the reactions 
s2Cr(p,n)52mMn. boNi(p,n)60Cu. h3Cu(p,n)63Zn and 
~sMo(p.n)9sgTc, respectively. 

It is possible to compare our technique wrth that 
of Benaben et al.” and from the y-ray spectra it is 
evident that, upon activation with IO-MeV protons, 
much higher relative radioactivities of shMn, s9Fe 
and “‘Co in comparrson wtth the indicator radtonuc- 
lides are produced than with 1 Z-MeV or 13-MeV pro- 

tons. These radtonuclides can be produced only 
through reactions induced by secondary neutrons on 
the cobalt matrix. For example, the ratio of the 
radioactivity of SgFe produced by the 59Co(n,p)s”Fe 
reaction from the matrix, to the radioactivity of “‘Co 
produced as indicator radionuclide for the determina- 
tion of iron through the 56Fe(p,n)56Co reaction, is 
more than twice as high for IO-MeV protons as for 
I2-MeV protons at the same iron concentration. Thts 
is caused by the fact that the activation yield of the 
5”Fe(p,n)56Co reaction is increased more than the 
neutron yield by the proton energy, but it may also 
depend on the thickness of the sample. A similar pic- 
ture can be expected for all principal reactions for 
which the maximum cross-section of the excitation 
function lies above 10 MeV. This is the case with most 
of the analytical reactions considered. In counting of 
a number of indicator radionuclides, the radio- 
nuclides “Mn, 59Fe and ““Fe, which emtt y-rays of 
relatively high energy. contnbute to the background. 

A direct comparison of the limits of detectton for 
both techmques is unfortunately not possible as the 
composition of the cobalt samples and the detection 
conditions were different. A comparison of results 
obtained for the two samples closest in their composi- 
tion, indicates that better limits of detectron can be 
obtamed by using 12-MeV or 13-MeV proton energy 
than by using IO-MeV proton energy. For example. 
the sensitivity (dpm/nA/ppm) in the determination of 

Cr, Ni and Cu increases by factors of 2, 3 and 4, 
on increasing the proton energy from IOMeV to 
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13 MeV. On increasing the proton energy from 
10 MeV to 12 MeV, the sensitivity in the determina- 
tion of MO by the reactions MO + p-+ 96bTc and 

Mot-p-+ 95qc is improved by factors of 10 and 
15 respectively. Another aspect which should be con- 
sidered is the range of the protons in cobalt, which 
is 208 mg/cm” at 10 MeV, 284 mg/cm’ at 12 MeV and 
325 mg/cm* at 13 MeV. In the case of 12-MeV and 
13-MeV proton energies, a larger volume of the 
cobalt sample is activated and this is of advantage 
with respect to possible inhomogeneities in the distri- 
bution of the trace elements in the sample. 

Acknowlrdgements-Grateful acknowledgement is made to 
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determination of molybdenum by X-ray fluorescence spec- 
trometry and the determination of iron and nickel by ato- 
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Summary-The yellow candoluminescence of manganese stimulated in a 8 : 1 w/w calcium oxide-calcium 
sulphate matrix at the edge of a hydrogen-nitrogen-air flame is used to determine 0.1-3.0 ng of manga- 
nese in l-n1 samples. Large amounts of chloride tons enhance the emission, and many transition metals 
suppress it. 

In a previous paper,’ the candoluminescence spectra 
of bismuth. manganese, antimony, lead, and a number 
of lanthanides m a calcium hydroxidecalcium sul- 
phate matrix were reported. A quantitative relation- 
ship was established between luminescence emission 
intensity and the concentration of btsmuth activator 
introduced into the matrix by co-precipitation. In a 
later paper.’ the determmation of bismuth down to 

the sub-nanogram level was described. This was made 
possible by introducing the activator sample directly 
onto the surface of a matrix, instead of using co-preci- 
pttation; with the latter method. most of the activator 
used is inside the body of the matrix, and is not avail- 
able for luminescence. The candoluminescence of 
manganese was first studted by Donau3 who found 
that a bead of calcmm carbonate on a platinum wire 
could be activated by manganese ions to give a yellow 
emission at the edge of a hydrogen flame. This paper 
describes the use of the surface-application technique 
to determine down to sub-ng amounts of manganese, 
based on this yellow candolummescence. The lower 
limit of determination is 0.1 ng, but it could be an 
order of magnitude lower, except that traces of 
manganese in the calcium carbonate used as matrix 
precursor set a practical lower limit. 

EXPERIMENTAL 

The candoluminescence emission intensity of manganese 
was measured at 580 nm by using a Unicam SP 900 flame- 
emtssion spectrometer. a Servoscrtbe chart recorder. and 
sample holder as descrtbed prevtously.’ The matrtx was 
Inlaid into the hexagonal aperture (2 mm deep. 5 mm maxt- 
mum dtagonal) in the head of an Allen screw.’ The appar- 
atus was used m a dimly tlluminated laboratory to elimm- 
ate Interference from extraneous hght sources. 

The matrn 

The water used should be as pure as posstble, and was 
disttlled from an all-glass apparatus and demineralized 

before use. The primary matrix material was calcmm oxide. 
Because no commercial samples of calcmm oxide could 
be found that had low enough levels of manganese. calcium 
oxide was prepared by heating analytical-reagent grade 
calcmm carbonate (Fisons) in a muffle furnace at 800” for 
about 4 hr. After allowmg tt to cool, an 8: I w/w calcium 
oxtde.plaster of Paris matrtx was prepared as described 
prevtously.’ 

The matrix material was Inlaid into the cavtties of the 
Alien screws with a clean spatula, and compressed with 
a clean Allen key that fitted the cavtty. Thts procedure 
was repeated unttl the cavtty was more than full. Excess 
of solid was pressed mto the cavity by Inverting the screw 
and pressing the head onto a smooth “Perspex” plate 
whilst sliding it along This left a smooth. hard, but stall 
slightly moist matrtx surface which was fractionally higher 
than the top surface of the screw head. The matrices were 
dried m an oven at 110’ for 10 mm, and when cool were 
stored m a desiccator containing fresh, dry calctum oxtde 
to absorb both water and carbon dioxtde Before each 
matrtx was used. excess of matrtx material was carefully 
scraped off with a clean razor blade to leave a smooth 
clean surface that was level with the top surface of the 
screw. The activator solutton was applied to the centre 
of the matrix surface as a i-k11 drop from a Hamtlton IO-p1 
syrmge. The activated matrix was placed m the flame. and 
Its emtsston measured as a functton of ttme. 

A IOOO-ppm manganese(H) solutton was prepared by 
dissolving the approprtate quanttty of analytical reagent 
grade manganese(H) sulphate m water. Cahbratton solu- 
ttons down to 0.1 ppm were prepared from this solutton 
by dilution in volumetrtc flasks. 

The candolummescence spectrum of manganese was 
obtamed by scanning a steady emission, the latter being 
obtained by lowering the flame temperature so that it was 
only Just above the temperature of maximum emission for 
the activator.’ In these circumstances a bright steady 
luminescence can be obtained. 

To measure the emission mtensmes from a prepared set 
of matrtces. the optimal horizontal posmoning of the 
matrix was first determmed by carefully adJustmg the pos- 
ttion of one matrix at the edge of the flame so that the 
lummescence intenstty was maxtmal. The matrtx holder 
was then kept fixed at this posmon for the measurement 
of the succeeding matrices. Graphs of peak lummescence 
Intensity us. quantity of manganese added were ohtamed. 

631 
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RESULTS 4r 

The candoluminescence spectrum of manganese is 
shown in Fig. 1. The peak emission intensity is at 
%Onm, and all further measurements were made at 
this wavelength. 

The three gases admitted to the pre-mix burner 
were hydrogen, mtrogen, and air. Under optimal con- 
ditrons. the part of the flame that stimulated lummes- 
cence at the matrix surface was a narrow region at 
the “edge”. Because of this, the lateral positioning of 
the matrtx holder was very critical. Once the optimal 
position had been found, the holder was left in this 
position so that the matrices could be positioned 
reproducibly in the flame by simply rotating the 
socket.’ Each matrix-activator pair has a temperature 
at which maximal luminescence occurs. Thus, tf the 
flame temperature is greater than this. the emission 
intensity from a matrix at the edge of the flame rises 
to a maximum. then decreases as the temperature of 
the surface Increases. The emission- time profile of 
manganese-activated calcium oxide under optimal 
flame conditions is shown m Fig. 2. The luminescence 
begins 10 set after the flame is entered by the matrix 
and reaches a maximum after 30 sec. The term “opti- 
mal flame conditions” implies not only that the emis- 
sion intensity reached is maximal, but that the, noise, 
from the flame (principally from dust particles and 
sodium impurities) is minimal. 

Apart from the horizontal distance of the matrix 
from the flame axis. the four principal flame variables 
mvolved are the hydrogen, nitrogen and air flow- 
rates. and the height of the matrix m the flame above 
the burner. Each of these was investigated separately. 

For each study. three of the parameters were fixed 
at about then optimal value (determined approxi- 
mately m experiments beforehand), while the fourth 
was varied. The results are shown in Figs. 3 and 4. 
The nitrogen flow-rate appeared not to be very criti- 
cal as far as luminescence intensity was concerned. 
but was critical for reducing the flame noise. the noise 
decreasing markedly as the nitrogen flow increased. 
Variations in hydrogen and atr flows were mot-c criti- 
cal, both with respect to emission intensity and flame 
noise. This is to be expected, as it is the hydrogen 

g 
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z I- 

F 
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E 
0 I 1 

500 540 580 620 660 700 

Wavelength, nm 
Frg. I Candolummescence spectrum of manganese 

Time, set 

Fig. 2. Change m manganese candolummescence Intensity 
at SXOnm with time. Matrix Inserted mto flame at Osec 

oxygen interaction in the flame which produces the 
radicals which stimulate candoluminescence. On the 
basis of these experiments the optimal gas flow-rates 
were considered to be: nitrogen S.OI./min, hydrogen 
2.0 I./mm and air 2.5 I./min. The variation of the 
height of the centre of the matrix above the burner 
head was not very critical, and 3.0cm was chosen 
as suitable. 

Calibration und reproducibility 

Figure 5 shows the calibration curves obtained for 
O.lL1.0 and 1.0-5.0 ng of manganese. It was found 
that, as with other activators,2.4 there is an upper 
calibration limit above which the curve levels off or 
falls. For manganese, this occurs at about 3 ng; for 
bismuth” it had been found to be 2 ng. Below 0.1 ng 
of manganese the emission becomes difficult to 
measure because the emission 1s mainly that of 
manganese tmpurtty in the matrix. However, it is 
expected that by utilizing ultrapure calcium carbonate 
as a matrix material. the calibration range could bc 
extended to well below 0.1 ng. 

Good reproducibility in candoluminescence is 
obtained by exercising precise control over a large 
number of parameters, including the flame conditions. 
the sample rntroductton technique. and above all the 

I I I I I 
2 4 6 8 IO Nz 

I I I I I I 
I 2 3 4 5 H, air 

Gas flow I min-1, 

Fig. 3. Effect of flame-gas flow-rates on manganese peak 
candolummescence intensity. 
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I 0 I 5 20 25 30 

Height of matrix above burner, cm 

Fig. 4. Effect of height of matrix m flame on manganese 
peak candolummescence intensity 

matrix preparation technique. With manganese. the 
reproducibility was f 57/,, but could be i 10% or 
more if the experimental technique was inadequate. 

Interferences were investigated by preparing solu- 
tions containing a standard quantity of manganese 
together with various quantities of another cation 
(usually as the sulphate) or of another anion (as its 
potassium salt). The activator and interferent were 
applied together in a l-p1 drop of solution. 

Cations. Transition metal cations interfered mark- 
edly with the luminescence of long of manganese. 
causing a gradual decrease in emission intensity, an 
example of which is shown in Fig. 6. Table 1 shows 
the degree of interference from various metal ions. 
when present in a 1:l and 1O:l w:w ratio to the acti- 
vator. In most instances, a deposit was visible on the 
matrix surface after removing it from the flame. and 
its colour corresponded to that of transition metal 
oxide. Such a deposit would shield the calcium oxide 
surface from the flame and thus reduce the lumines- 
cence. Zinc, aluminium, bismuth, lead and potassium 
ions were found to have little effect on the lumines- 
cence when present in up to ten times the weight 

Fig 
10 
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5. Cahbration graphs for (a) &l.Ong of Mn; (h) 
-5.Ong of Mn; (c) @5.0ng of Mn m the presence of 

1opg of cl-. 
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Fig. 6 Effect of cobalt(H) on the peak candolummescence 
mtenslty from IO ng of manganese. 

Table I. Effect of metal ions on manganese candolummescence Intensity 

Emission mtenslty* 

Metal ion addedt 
Amount of metal Ion added 

long IOOng 

VW 30 4 
V(V) (as NH,VO,) 13 3 
Cr(II1) 31 I1 
Cr(V1) (as K2Cr04) 70 35 
Fe(H) 35 5 
Co(I1) 53 8 
N1(11) 51 11 
Cu(I1) (as chloride) 83 33 
Pb(I1) (as nitrate) 97 100 
Bl(III) (as nitrate) 98 84 
Al(II1) 100 98 
Zn(I1) 83 100 
K(I) 96 88 

* Luminescence emlwon intensity from 10 ng of Mn(I1); value = 100 
if no interference. 

t As sulphate, unless otherwse stated. 
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of manganese. Of these, bismuth and lead are them- 
selves activators in CaO. Manganese and bismuth 
have a similar optimal candoluminescence tempera- 
ture, and thus emit simultaneously in the flame, but 
the spectra of manganese (peak at 580nm) and bis- 
muth (400nm) do not overlap, and the manganese 
emission can be measured without interference from 
bismuth. The same considerations apply to lead, with 
a peak at 390 nm. Moreover, the lead emission occurs 
at a much lower temperature than that of manganese, 
and fades to zero before the manganese luminescence 
starts. The non-luminescing interferents mentioned 
have white oxides, and so no surface deposit was 
visible. 

The only anions that reduced the luminescent m- 
tensity were those that contained a transition metal. 
1’1:. VO; and CrO$-. 

Amorzs. Common anions such as SOi-, NO;. 
NO;. SCN-. IO; and some organic anions (formate. 
oxalate) were found to have no effect on the manga- 
nese candoluminescence at any concentration. Chlor- 

ide ions, however, enhanced the luminescence, as 
shown in Fig. 7. The emission from 10 ng of manga- 
nese was found to be twice as intense m the presence 
of 1 pg of chloride. and was increased 4.2 times by 
1Opg of chloride. Bromide had a slight enhancing 
effect (1.7 times the original intensity, with 10 pg of 
bromide); fluoride enhanced the emission by about 
lOO’/:, only when present in low concentrations 
(500 ppm), and had no effect at high concentrations 
(Fig. 7). Iodide had no effect. The phenomenon of 
an anion or an acid enhancing the emission from a 
matrix-activator pair has been termed co-activation, 
and has been found to occur quite frequently m can- 
doluminescence 4~5 Chloride. for example, co-activates 
the emissions from lead and antimony in calcium 
oxide. and from indium m magnesium oxide.’ Sul- 
phuric acid co-activates cerium and europium cdndo- 
lummescence m calcium oxide.4 The emission from 
co-activated manganese has the same spectrum as 
that from manganese that has not been co-activated. 
The presence of a co-activator gives greater sensi- 
tivity, as is shown in Fig. 5. However, the calibration 
range is not extended in the presence of the co-activa- 
tor. nor IS the reproducibility improved. 

Acids. As the matrix is mainly calcium oxide, the 
presence of acids in the sample solution would be 
expected to interfere chemically with its composition, 
and thus with the luminescence produced. Increasing 
concentrations of nitric and sulphuric acids were 
found to produce a gradual decrease of emission in- 
tensity as shown in Fig. 8, the sulphuric acid interfer- 
ence being the greater. Hydrochloric acid was found 
to cause an initial sharp enhancement of emission, 
because of chloride co-activation, but with increasing 
acid concentration, the enhancement fell steadily. 
However, as shown in Fig. 8, even in the presence 
of SM acid, the emission intensity did not fall below 
that in the absence of co-activation. 

If, after emission had been obtained from an acti- 
vated matrix, the matrix was removed from the flame 
for about a minute to let it cool, and then re-mtro- 
duced mto the flame. the emission intensity obtained 
was up to three times the initial intensity. Further 

small enhancements occurred each time the process 
was repeated. as is shown in Fig. 9. Such a pheno- 
menon does not seem to be exhibited by bismuth. 
for which repetition of heating gives the same emis- 
sion from a single matrix.’ 

The phenomenon of candoluminescence has been 
shown to be the basis for a method for the determma- 
tion of nanogram and sub-nanogram quantities of 
manganese in aqueous solution. The method is rapid, 
very sensitive and requires fairly simple apparatus. 
Co-activation increases the sensitivity of the method. 

In the initial quantitative candolummescence 
studies of bismuth,’ the activator was introduced mto 
the matrix by co-precipitating it with the matrix m 

solution. This gave a cahbration range m the micro- 
gram region. Much greater sensitivity could be 
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Fig. 7 Effect of chloride and fluoride ions on the peak 
candoluminescence intensity from 10 ng of manganese. 
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Fig. 8. Effect of some acids on the peak candolummes- 

cence intensity from IO ng of manganese 
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Insertion sequence 

Fig. 9. Peak em&Ion mtensitles obtained by sequential 
restimulation of manganese candolummescence. 

obtained by directly adding the activator in solution 
to the pure matrix surface. With improving tech- 
niques. it has been possible to apply a direct-injection 
method for all activators, including manganese. How- 
ever. in order to have reasonably reproducible results. 
it is necessary to have a standardized, reproducible 
procedure for the preparation of each matrix. This 
is because the variation of compactness and porosity 
between matrices IS a major cause of poor reproduci- 

lxllty of lumincsccnce emission. 

Certain metal ions are found to interfere with the 
manganese luminescence; thus it is necessary to 
ensure that these ions are not present in solution with 
the activator, either by chemically removmg them, or 
by selectively extracting the manganese before deter- 
mining it. 

More matrix-activator pairs are bemg discovered, 
and analytical applications of these will be the subject 
of future papers. With such developments it is appar- 
ent that candoluminescence has much potential as a 
general quantitative trace analytical technique. 
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Summary-The yellow candoluminescence of manganese stimulated in a 8 : 1 w/w calcium oxide-calcium 
sulphate matrix at the edge of a hydrogen-nitrogen-air flame is used to determine 0.1-3.0 ng of manga- 
nese in l-n1 samples. Large amounts of chloride tons enhance the emission, and many transition metals 
suppress it. 

In a previous paper,’ the candoluminescence spectra 
of bismuth. manganese, antimony, lead, and a number 
of lanthanides m a calcium hydroxidecalcium sul- 
phate matrix were reported. A quantitative relation- 
ship was established between luminescence emission 
intensity and the concentration of btsmuth activator 
introduced into the matrix by co-precipitation. In a 
later paper.’ the determmation of bismuth down to 

the sub-nanogram level was described. This was made 
possible by introducing the activator sample directly 
onto the surface of a matrix, instead of using co-preci- 
pttation; with the latter method. most of the activator 
used is inside the body of the matrix, and is not avail- 
able for luminescence. The candoluminescence of 
manganese was first studted by Donau3 who found 
that a bead of calcmm carbonate on a platinum wire 
could be activated by manganese ions to give a yellow 
emission at the edge of a hydrogen flame. This paper 
describes the use of the surface-application technique 
to determine down to sub-ng amounts of manganese, 
based on this yellow candolummescence. The lower 
limit of determination is 0.1 ng, but it could be an 
order of magnitude lower, except that traces of 
manganese in the calcium carbonate used as matrix 
precursor set a practical lower limit. 

EXPERIMENTAL 

The candoluminescence emission intensity of manganese 
was measured at 580 nm by using a Unicam SP 900 flame- 
emtssion spectrometer. a Servoscrtbe chart recorder. and 
sample holder as descrtbed prevtously.’ The matrtx was 
Inlaid into the hexagonal aperture (2 mm deep. 5 mm maxt- 
mum dtagonal) in the head of an Allen screw.’ The appar- 
atus was used m a dimly tlluminated laboratory to elimm- 
ate Interference from extraneous hght sources. 

The matrn 

The water used should be as pure as posstble, and was 
disttlled from an all-glass apparatus and demineralized 

before use. The primary matrix material was calcmm oxide. 
Because no commercial samples of calcmm oxide could 
be found that had low enough levels of manganese. calcium 
oxide was prepared by heating analytical-reagent grade 
calcmm carbonate (Fisons) in a muffle furnace at 800” for 
about 4 hr. After allowmg tt to cool, an 8: I w/w calcium 
oxtde.plaster of Paris matrtx was prepared as described 
prevtously.’ 

The matrix material was Inlaid into the cavtties of the 
Alien screws with a clean spatula, and compressed with 
a clean Allen key that fitted the cavtty. Thts procedure 
was repeated unttl the cavtty was more than full. Excess 
of solid was pressed mto the cavity by Inverting the screw 
and pressing the head onto a smooth “Perspex” plate 
whilst sliding it along This left a smooth. hard, but stall 
slightly moist matrtx surface which was fractionally higher 
than the top surface of the screw head. The matrices were 
dried m an oven at 110’ for 10 mm, and when cool were 
stored m a desiccator containing fresh, dry calctum oxtde 
to absorb both water and carbon dioxtde Before each 
matrtx was used. excess of matrtx material was carefully 
scraped off with a clean razor blade to leave a smooth 
clean surface that was level with the top surface of the 
screw. The activator solutton was applied to the centre 
of the matrix surface as a i-k11 drop from a Hamtlton IO-p1 
syrmge. The activated matrix was placed m the flame. and 
Its emtsston measured as a functton of ttme. 

A IOOO-ppm manganese(H) solutton was prepared by 
dissolving the approprtate quanttty of analytical reagent 
grade manganese(H) sulphate m water. Cahbratton solu- 
ttons down to 0.1 ppm were prepared from this solutton 
by dilution in volumetrtc flasks. 

The candolummescence spectrum of manganese was 
obtamed by scanning a steady emission, the latter being 
obtained by lowering the flame temperature so that it was 
only Just above the temperature of maximum emission for 
the activator.’ In these circumstances a bright steady 
luminescence can be obtained. 

To measure the emission mtensmes from a prepared set 
of matrtces. the optimal horizontal posmoning of the 
matrix was first determmed by carefully adJustmg the pos- 
ttion of one matrix at the edge of the flame so that the 
lummescence intenstty was maxtmal. The matrtx holder 
was then kept fixed at this posmon for the measurement 
of the succeeding matrices. Graphs of peak lummescence 
Intensity us. quantity of manganese added were ohtamed. 
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RESULTS 4r 

The candoluminescence spectrum of manganese is 
shown in Fig. 1. The peak emission intensity is at 
%Onm, and all further measurements were made at 
this wavelength. 

The three gases admitted to the pre-mix burner 
were hydrogen, mtrogen, and air. Under optimal con- 
ditrons. the part of the flame that stimulated lummes- 
cence at the matrix surface was a narrow region at 
the “edge”. Because of this, the lateral positioning of 
the matrtx holder was very critical. Once the optimal 
position had been found, the holder was left in this 
position so that the matrices could be positioned 
reproducibly in the flame by simply rotating the 
socket.’ Each matrix-activator pair has a temperature 
at which maximal luminescence occurs. Thus, tf the 
flame temperature is greater than this. the emission 
intensity from a matrix at the edge of the flame rises 
to a maximum. then decreases as the temperature of 
the surface Increases. The emission- time profile of 
manganese-activated calcium oxide under optimal 
flame conditions is shown m Fig. 2. The luminescence 
begins 10 set after the flame is entered by the matrix 
and reaches a maximum after 30 sec. The term “opti- 
mal flame conditions” implies not only that the emis- 
sion intensity reached is maximal, but that the, noise, 
from the flame (principally from dust particles and 
sodium impurities) is minimal. 

Apart from the horizontal distance of the matrix 
from the flame axis. the four principal flame variables 
mvolved are the hydrogen, nitrogen and air flow- 
rates. and the height of the matrix m the flame above 
the burner. Each of these was investigated separately. 

For each study. three of the parameters were fixed 
at about then optimal value (determined approxi- 
mately m experiments beforehand), while the fourth 
was varied. The results are shown in Figs. 3 and 4. 
The nitrogen flow-rate appeared not to be very criti- 
cal as far as luminescence intensity was concerned. 
but was critical for reducing the flame noise. the noise 
decreasing markedly as the nitrogen flow increased. 
Variations in hydrogen and atr flows were mot-c criti- 
cal, both with respect to emission intensity and flame 
noise. This is to be expected, as it is the hydrogen 

g 
Z- 

.L” 

s 
z I- 

F 
0 

E 
0 I 1 

500 540 580 620 660 700 

Wavelength, nm 
Frg. I Candolummescence spectrum of manganese 

Time, set 

Fig. 2. Change m manganese candolummescence Intensity 
at SXOnm with time. Matrix Inserted mto flame at Osec 

oxygen interaction in the flame which produces the 
radicals which stimulate candoluminescence. On the 
basis of these experiments the optimal gas flow-rates 
were considered to be: nitrogen S.OI./min, hydrogen 
2.0 I./mm and air 2.5 I./min. The variation of the 
height of the centre of the matrix above the burner 
head was not very critical, and 3.0cm was chosen 
as suitable. 

Calibration und reproducibility 

Figure 5 shows the calibration curves obtained for 
O.lL1.0 and 1.0-5.0 ng of manganese. It was found 
that, as with other activators,2.4 there is an upper 
calibration limit above which the curve levels off or 
falls. For manganese, this occurs at about 3 ng; for 
bismuth” it had been found to be 2 ng. Below 0.1 ng 
of manganese the emission becomes difficult to 
measure because the emission 1s mainly that of 
manganese tmpurtty in the matrix. However, it is 
expected that by utilizing ultrapure calcium carbonate 
as a matrix material. the calibration range could bc 
extended to well below 0.1 ng. 

Good reproducibility in candoluminescence is 
obtained by exercising precise control over a large 
number of parameters, including the flame conditions. 
the sample rntroductton technique. and above all the 

I I I I I 
2 4 6 8 IO Nz 

I I I I I I 
I 2 3 4 5 H, air 

Gas flow I min-1, 

Fig. 3. Effect of flame-gas flow-rates on manganese peak 
candolummescence intensity. 
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Fig. 4. Effect of height of matrix m flame on manganese 
peak candolummescence intensity 

matrix preparation technique. With manganese. the 
reproducibility was f 57/,, but could be i 10% or 
more if the experimental technique was inadequate. 

Interferences were investigated by preparing solu- 
tions containing a standard quantity of manganese 
together with various quantities of another cation 
(usually as the sulphate) or of another anion (as its 
potassium salt). The activator and interferent were 
applied together in a l-p1 drop of solution. 

Cations. Transition metal cations interfered mark- 
edly with the luminescence of long of manganese. 
causing a gradual decrease in emission intensity, an 
example of which is shown in Fig. 6. Table 1 shows 
the degree of interference from various metal ions. 
when present in a 1:l and 1O:l w:w ratio to the acti- 
vator. In most instances, a deposit was visible on the 
matrix surface after removing it from the flame. and 
its colour corresponded to that of transition metal 
oxide. Such a deposit would shield the calcium oxide 
surface from the flame and thus reduce the lumines- 
cence. Zinc, aluminium, bismuth, lead and potassium 
ions were found to have little effect on the lumines- 
cence when present in up to ten times the weight 

Fig 
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Fig. 6 Effect of cobalt(H) on the peak candolummescence 
mtenslty from IO ng of manganese. 

Table I. Effect of metal ions on manganese candolummescence Intensity 

Emission mtenslty* 

Metal ion addedt 
Amount of metal Ion added 

long IOOng 

VW 30 4 
V(V) (as NH,VO,) 13 3 
Cr(II1) 31 I1 
Cr(V1) (as K2Cr04) 70 35 
Fe(H) 35 5 
Co(I1) 53 8 
N1(11) 51 11 
Cu(I1) (as chloride) 83 33 
Pb(I1) (as nitrate) 97 100 
Bl(III) (as nitrate) 98 84 
Al(II1) 100 98 
Zn(I1) 83 100 
K(I) 96 88 

* Luminescence emlwon intensity from 10 ng of Mn(I1); value = 100 
if no interference. 

t As sulphate, unless otherwse stated. 
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of manganese. Of these, bismuth and lead are them- 
selves activators in CaO. Manganese and bismuth 
have a similar optimal candoluminescence tempera- 
ture, and thus emit simultaneously in the flame, but 
the spectra of manganese (peak at 580nm) and bis- 
muth (400nm) do not overlap, and the manganese 
emission can be measured without interference from 
bismuth. The same considerations apply to lead, with 
a peak at 390 nm. Moreover, the lead emission occurs 
at a much lower temperature than that of manganese, 
and fades to zero before the manganese luminescence 
starts. The non-luminescing interferents mentioned 
have white oxides, and so no surface deposit was 
visible. 

The only anions that reduced the luminescent m- 
tensity were those that contained a transition metal. 
1’1:. VO; and CrO$-. 

Amorzs. Common anions such as SOi-, NO;. 
NO;. SCN-. IO; and some organic anions (formate. 
oxalate) were found to have no effect on the manga- 
nese candoluminescence at any concentration. Chlor- 

ide ions, however, enhanced the luminescence, as 
shown in Fig. 7. The emission from 10 ng of manga- 
nese was found to be twice as intense m the presence 
of 1 pg of chloride. and was increased 4.2 times by 
1Opg of chloride. Bromide had a slight enhancing 
effect (1.7 times the original intensity, with 10 pg of 
bromide); fluoride enhanced the emission by about 
lOO’/:, only when present in low concentrations 
(500 ppm), and had no effect at high concentrations 
(Fig. 7). Iodide had no effect. The phenomenon of 
an anion or an acid enhancing the emission from a 
matrix-activator pair has been termed co-activation, 
and has been found to occur quite frequently m can- 
doluminescence 4~5 Chloride. for example, co-activates 
the emissions from lead and antimony in calcium 
oxide. and from indium m magnesium oxide.’ Sul- 
phuric acid co-activates cerium and europium cdndo- 
lummescence m calcium oxide.4 The emission from 
co-activated manganese has the same spectrum as 
that from manganese that has not been co-activated. 
The presence of a co-activator gives greater sensi- 
tivity, as is shown in Fig. 5. However, the calibration 
range is not extended in the presence of the co-activa- 
tor. nor IS the reproducibility improved. 

Acids. As the matrix is mainly calcium oxide, the 
presence of acids in the sample solution would be 
expected to interfere chemically with its composition, 
and thus with the luminescence produced. Increasing 
concentrations of nitric and sulphuric acids were 
found to produce a gradual decrease of emission in- 
tensity as shown in Fig. 8, the sulphuric acid interfer- 
ence being the greater. Hydrochloric acid was found 
to cause an initial sharp enhancement of emission, 
because of chloride co-activation, but with increasing 
acid concentration, the enhancement fell steadily. 
However, as shown in Fig. 8, even in the presence 
of SM acid, the emission intensity did not fall below 
that in the absence of co-activation. 

If, after emission had been obtained from an acti- 
vated matrix, the matrix was removed from the flame 
for about a minute to let it cool, and then re-mtro- 
duced mto the flame. the emission intensity obtained 
was up to three times the initial intensity. Further 

small enhancements occurred each time the process 
was repeated. as is shown in Fig. 9. Such a pheno- 
menon does not seem to be exhibited by bismuth. 
for which repetition of heating gives the same emis- 
sion from a single matrix.’ 

The phenomenon of candoluminescence has been 
shown to be the basis for a method for the determma- 
tion of nanogram and sub-nanogram quantities of 
manganese in aqueous solution. The method is rapid, 
very sensitive and requires fairly simple apparatus. 
Co-activation increases the sensitivity of the method. 

In the initial quantitative candolummescence 
studies of bismuth,’ the activator was introduced mto 
the matrix by co-precipitating it with the matrix m 

solution. This gave a cahbration range m the micro- 
gram region. Much greater sensitivity could be 
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Insertion sequence 

Fig. 9. Peak em&Ion mtensitles obtained by sequential 
restimulation of manganese candolummescence. 

obtained by directly adding the activator in solution 
to the pure matrix surface. With improving tech- 
niques. it has been possible to apply a direct-injection 
method for all activators, including manganese. How- 
ever. in order to have reasonably reproducible results. 
it is necessary to have a standardized, reproducible 
procedure for the preparation of each matrix. This 
is because the variation of compactness and porosity 
between matrices IS a major cause of poor reproduci- 

lxllty of lumincsccnce emission. 

Certain metal ions are found to interfere with the 
manganese luminescence; thus it is necessary to 
ensure that these ions are not present in solution with 
the activator, either by chemically removmg them, or 
by selectively extracting the manganese before deter- 
mining it. 

More matrix-activator pairs are bemg discovered, 
and analytical applications of these will be the subject 
of future papers. With such developments it is appar- 
ent that candoluminescence has much potential as a 
general quantitative trace analytical technique. 
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A SENSOR FOR HYDROGEN SULPHIDE 

NOBUTOSHI KIBA and MOTOHISA FURUSAWA 
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Summary-A sensor 
on the iodine-aztde 

i 
Takeda 4-3-I 1: Kofu-shi. 400,IJapan 

(Rrcerred 9 Octohvr 1975. Accqtrd 8 March 1976) 

for hydrogen sulphide IS described. It IS based on the catalytic effect of the gas 
reactron. An todtne-azide solutton 1s exuded from a sintered-glass ball (10 mm . . . 

diameter) at a How-rate of 3.30ml/mm whrlst Its potential IS momtored by two platinum electrodes. 
one msrde and the other outstde the ball. Sample is carrted m a gas at a flow-rate of 350 ml/mm. 
Carbon dtsulphide, methyl mercaptan or sulphur dtoxtde m amounts up to a hundred times that 
of the hydrogen sulphide do not interfere. The detection limit 1s 5 ng and the determination limit 
IS 8 ng. wtth a relative standard deviatton of IO”;,. 

The flame photometric detector has been widely used 
to monitor sulphur compounds in the atmosphere.lm4 
This detector is selective and sensitive for sulphur. 
but it does not differentiate one compound of sulphur 

from another. 
The object of this work was to construct a sensor 

for the sensitive and selective determination of hydro- 
gen sulphide. To achieve this we took advantage of 
the catalytic effect of hydrogen sulphide. It is well 
known that the iodine-azide reaction 1s catalysed by 
sulphides, thiosulphates. thtocyanates, mercaptans, 
and thioketones5 and this has been used as a basis 
for the determination of these compounds. For 
example. metallic sulphides, thiosulphates and thio- 
cyanates have been determined arsenimetrically,‘~’ ’ 
manometrically.“~~” amperometrically.‘h ‘O and 
photometrically.“,” Carbon disulphtde has been 

determined by the chronometric methodz3 and 
arsenimetry.14 Hydrogen sulphide in the atmosphere 
was determined manometrically as metallic sul- 
phide.” but the direct determination of hydrogen sul- 
phide based on the catalytic reaction has not been 
reported previously. 

Although many sulphur compounds exert a cata- 
lytic effect on the reaction, the only gaseous sub- 
stances able to do so at room temperature are hydro- 
gen sulphtde, carbon disulphide, and lower alkyl mer- 
captans. Further. the mercaptans dissolve in water 
and react much more slowly than hydrogen sulphide. 
In our procedure, iodineeazide solution is exuded 
from a sintered-glass ball at constant flow-rate and 
the difference in potential between two platinum wire 
electrodes. one of which is placed in the solution in- 
side the sintered-glass ball and the other outside the 
ball, is measured. Hydrogen sulphide, which is trans- 
ported by a carrier gas at constant flow-rate, reacts 
only with the solutton outside the ball. The catalysed 
reaction results in a vartatton in composition of the 
soluttons inside and outside the ball and consequently 

a measurable potential difference across the elec- 
trodes. 

A device having a sintered-glass ball was devised 
first by Araki et a[.,” who determined sulphur diox- 
ide at the 0.5520 ppm level by using an iodine concen- 
tration cell. 

EXPERIMENTAL 

The essential features of the devtce are shown tn Fig. 
1. The sintered-glass ball was a glass filter ball IOmm 
m diameter. The iodine-azide solution was pumped peri- 
stalttcally. Potentials were measured with a TOA potenti- 
ometer HM-5A connected to a TOA recorder EPR-IOA. 
The platinum wire electrodes were 0.5 mm m diameter and 

Fig. 1. Schematic diagram of apparatus. 1, Iodtne-aztde 
solution; 2, peristalttc pump; 3, potentiometer; 4, recorder; 
5. gas flowmeter; 6. sintered-glass ball; 7. glass tube; 8. 
drain; 9. rubber tube; 10. injection port; 11, pressure con- 

troller: 12. pressure gauge; 13. mtrogen cylinder. 
637 
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Nzout * 

D- 

C’ 

Fig. 2 Sensar. A, Glass tube; B, sintered-glass ball: C, 
counter-eie~trod~; D. electric Iead: E, working dectrode; 
F, iodine-aztde solution; G. solution dram; H, rubber 

stopper. 

S mm gong. The electrode outside the b&I was placed m 
contact with the bait as shown in Fig. 2, and the platinum 
wire [OS mm dtameter and lOOmm long) was insulated 
with poiyfvinyl chloride). The electrodes were cleaned by 
electrolysis in 0 2 M sodium acetate for 30 min at 0.0 V 
P.S. S.C.E. and stored m 7.0 M mtrtc acid. This treatment 
allowed the electrodes to functron continuously for about 
200 hr 

Rragrnts 

A tOm3M steak solution of iodine in 0.1&f potassium 
iodide was prepared and standardtzed by titration with 

thiosulphate, The sodium azrde was checked todometrl- 
cahy by the method of Feigl et ul.“’ Soluttons were buf- 
fered with mixtures of potassmm dihydrogen phosphate 
and sodrum hydroxide. 

All reagents were analytl~l-regent grade and used 
wtthout further purificatton. 

Procrdure 

Nitrogen was used as earner gas, at a constant flow-rate 
of 350ml/min. The iodine-azide solution (3 x 10”5icI 
iodine, 0.02 M sodium azide, 0.02 M potassiunr todrde, huf- 
fered at pH 7.0) was exuded from the srntered-glass ball 
at a constant flow-rate of 3.3 ml/mm by means of the pen- 
staltic pump. When a recorder gave a steady trace, 100 ~11 
of sample were iqected with a gas-syrmge. A suttablc sense- 
ttvtty was chosen by trial. The recorder was run at a speed 
of lOmm/mm. All experiments were carried out at room 
temperature, 25”” 

Calibration was made by injecting S ml of hydrogen sul- 
phide mto a 2X0-ml flask. equipped wrth a rubber stopper 
coated with s~hcone grease. and extracting sample from 
the flask through the rubber stopper with a 500-~1 gas- 
syrmge. The amount of hydrogen sulphide Injected was 
determined iodametrically. When the total volume of 
sample extracted amounted to 2 ml, a fresh sample was 
prepared. 

The pH and jlow-rate of the iodinr-azidr solutiov7 

The iodine-azide solution was buffered at pH 5.0. 
6.4 7.0, and 8.0 and the solutions were exuded from 
the ball at different flow-rates. Typical potentraf t‘s 
time (E-f) curves and the results, together with reia- 
tive standard deviation, are shown in Figs. 3 and 4. 
respectively. In Fig. 3, the curves rise rapidly and then 
tail off. The tailing is considerable at the lower flow- 
rates but, the shapes of the curves do not vary with 
pH. At the lower Row-rates the base-hnes of the 
curves are very unstable and the curves show several 
sharp peaks (A, B, E and F in Ftg. 3). At higher flow- 
rates, the base-lines are stable, the curves show a sin- 
gle peak, and the values of the relative standard devt- 
ations are more reproducible than those for lower 
Bow-rates. Figure 4 shows tbat the potenttal differ- 

ence is highly dependent on both the pH and the 
flow-rate of the sofut~on. A s&fit change of the flow- 
rate in the range 1.65-4.40 mljmin has a remarkable 

, I 
2mm 

Fig. 3. Potential-time curves. pH and flow-rate of solution, ml/mm: A, 7.0, 0.62; B, 7.0. 1.65; C, 
7.0, 2.25; D, 7.0, 3.30; E, 8.0, 1.65; F, 6.0, 1.65. Iodine 4.30 x IO-‘M, sodium aztde 185 x to-*.M, 

potassium iodide 8.45 x iO-2M, gas flow-rate i 10 ml/mm, hydrogen sulphide IgOng, 



A sensor for hydrogen sulphide 639 

250r 

Fig. 

PH. 

pH 7.0 

Flow rate of lodme-ozide solution, ml/mih 

4. Relationship between flow-rate of iodme-azide solution and potentials m solutions of different 
Figures m parentheses represent the relative standard deviations. Each value IS the average of 

7 runs. ExperImental conditions as for Fig. 3. 

effect on the potential difference, especially at pH 8.0. 
When the exudation of the solution from the ball was 
stopped and four separate samples were successively 
injected at intervals (Fig. 5), a sloping base-line was 
obtained because of the evaporation of iodine. The 
curves show that the catalyst is not fully active until 
a while after the reaction begins. The maximum 
potentials were obtained at the third injection for all 
solutions (Fig. 6). The results (Figs. 4 and 6) show 
that the best compromise between sensitivity and 
reproducibility is given by using a pH of 7.0 and a 
flow-rate of about 3.3 ml/min were chosen. 

Concrntratiorl of the iodine-azidr solution 

Measurements made on solutions with varied con- 
centrations of iodine, of sodium azide and potassium 

\ 
I / 

4mln 

Fig. 5. Potential-time curves when the exudation of solu- 
tion is stopped. I, First injection; II, second injection; III, 
third injection, IV, fourth injection; pH 7.0, other experi- 

mental conditions as for Fig. 3. 

iodide are shown in Tables 1-3. Plots of potential 
vs. log iodine or azide concentration were linear, 
whereas the potential was independent of iodide con- 
centration. The results show that the sensitivity of 
the reaction towards hydrogen sulphide is determined 
mainly by the azide:iodme ratlo. Babko rt al.,” using 
a photometric method, reported that the sensitivity 
of the reaction increased with concentration of potas- 
sium iodide over the range 0.1-2.8 M. concentrations 
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Fig. 6. RelationshIp between number of injections of 
sample and potential in solutions of different pH. Figures 
in parentheses represent the relative standard deviations. 
Each value is the average of 7 runs. Other experimental 

conditions as for Fig. 3. 



of the other components being kept constant at 
IOW3 A4 iodine, O.QIl M sodium azide, and pH 52. 
Such an increase in sensitivity was not observed un- 
der the experimental conditions of our study. 

The use of tower ~on~ent~t~o~s of iodine and 
higher ~on~~tmt~ons of azide increases the sensitivity 
of the reaction, but the base-W drifts when lower 
iodine concentrations are used, because of the volati- 
lity of iodine; reproducible results are also not 
obtained in the presence of large amounts of sodium 
azide_ Thus, the ~n~n~atio~~s of iodine, sodium 
azide, 2nd ~tass~nm iodide were iixed at 3 x IW.“, 
0.02, and O.CL?M respectively. 

Gas jlow-ratr 

curves at different gas flow-rates are shown in Frg, 
7, and the results are listed in Table 4. In Fig. 7, 
the shapes of the curves vary with gas flow-rate, with 
broad Jagged peaks at low flow-rates and smgle sharp 
peaks at high. The r~~rodu~~b~l~t~es are better at 
moderate flow-rates. The potentials are approxi- 
mately constant in the gas flow-rate range 
25tS4XOml/mm. so a flow-rate of 350 mljmin was 
chosen. 

Contact between the platmum electrode and the 
ball was made in three ways: (i) via the bottom of 
the ball as shown in Fig. 2. (it) via a platinum wire 

ring S mm in diameter at the bottom of the ball, and 
f~iif r&z a platinum wrre LOOmm long wound rourtd 
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Ftg. 7. Potentral-time curves at various gas flow-rates. Flow rates, ml/min: A, 800; B, 480; C, 330; 
D, 250; E, 180; F, 130; G, 90; H, 75. Iodine 3.10 x 10-5M, sodium azide 2.12 x lo-‘M, potassium 

Iodide 2.00 x 10-‘M. solution flow-rate 3.3 ml/min, pH 7 0, hydrogen sulphide 505 ng. 

the ball. Method (i) gave the most sensitive and repro- 
ducible results, the other two giving poor base-lines 
and variable sensitivities l&50 times poorer than 
those obtained by method (i). 

A change in the linear velocity of the carrier gas 
in the neighbourhood of the ball made the sensitivity 
and reproducibility poorer. For example, when a glass 
tube (20 mm bore) without a bulge was used. the sen- 
sitivity was only a third of that for curve C in Fig. 
7 and the relative standard deviation was 34% for 
seven runs, whereas with the glass tube shown in Fig. 
2 the deviation was 5.6% under the same conditions. 
The distance between the gas inlet and the ball also 
affected the results. A relative standard deviation of 
10% or less was obtained with a distance of 20cm 
or more. 

Gaseous reducing substances such as sulphur diox- 
ide and formaldehyde interfered, but the sensitivity 

towards sulphur dioxide was only about 2%, and that 
towards formaldehyde only about 0.1% of that 
towards hydrogen sulphtde. The shapes of the E-t 
curves were symmetric and this could be used to dis- 
tinguish between other reducing gas (symmetric 
peaks) and hydrogen sulphide (asymmetric). 

Gaseous oxidizing substance such as ozone gave 
a potential in the opposite direction, with a magni- 
tude similar to that for sulphur dioxide. 

Gaseous substances, such as carbon disulphide and 

methyl mercaptan, having a catalytic effect on the 
iodine-azide reaction, reacted more slowly, so that 
a 100-fold amount relative to hydrogen sulphide 
merely broadened the width of the peak, but left the 
height unaffected. When there was 200, 300, 400, 500 
and 600 times as much carbon disulphide or methyl 
mercaptan as hydrogen sulphide the error was 2.5, 
3.2, 4.3, 7.9 and lZ.Oo/, respectively. 

Gaseous organic substances which decrease the re- 
sponse of the flame photometric detectorz8 did not 
interfere at any concentration. 

Calibration curve 

The sensitivity of the sensor to hydrogen sulphide 
varied somewhat with changes in conditions for elec- 
trode treatment such as cleaning time, and concen- 
trations of sodium acetate solution and nitric acid. 
However, over a period up to 200 hr the following 
relationship held: E = 9.611og C - 6.0, where E is the 
potential in mV and C is the amount of hydrogen 
sulphide in ng. The slope of the curve varied with 
electrode treatment by 20.2. The relative standard 
deviations (10 runs) were 9.8% for 8 ng of hydrogen 
sulphide, 9.4”/, for 10 ng, 7.7% for 50 ng, 5.0% for 
lOOng, 3.5% for 500ng and 2.7% for IOOOng. When 
the amount of hydrogen sulphide was greater than 
1 pg there was a negative deviation from linearity, 
amounting to 10% for 10 ug of hydrogen sulphide and 
16% for 15 pg. The sensitivity worsened rapidly after 
200 hr use of the electrodes. 

The lowest detectable potential for the recorder and 
potentiometer used in this study was 0.7 mV. There- 
fore, the detection limit was 5 ng. 

REFERENCES 

I. F. P. Scaringelli and K. A. Rehme, Anal. Chem. 1969. 
41. 707. 

2. R. K. Stevens, A. E. O’Keeffe and G. C Ortman. En- 
viron. SCI. Trchnol., 1969. 3. 652. 

3. R. K. Stevens. J. D. Mulik. A. E. O’Keeffe and K. 
J. Krost. Anal. Chrm.. 1971, 43. 827 

4. F. Bruner. A. Liberti, M. Possanzmr and I. Allegrim. 
ihtd., 1972, 44. 2070. 

5. F. Feigl. 2. Anal. Chew.. 1928. 14. 369; Spot Tests in 
Organic Analysis, 6th Ed., p. 242. Maruzen, Tokyo. 
1960; Spot Tests rn Inorganic Analysis. 6th Ed.. pp. 282. 
303, 318, Maruzen, Tokyo, 1958. 

6. Z. Kurzawa, Chum. Anal. (Warsaw). 1959, 4. 649 
7. Idrm. ibid., 1960, 5. 555. 
8. Idm, ibid., 1960, 5. 567. 
9. Idem, ibid., 1960. 5. 731. 

10. Idrm. ibid.. 1960, 5. 741. 
11. A. K. Babko and A. S. Segeda, Zh. Analit. Khim., 1968, 

23, 727. 
12. S. Suzuki and T. Shiokawa, Nippon Kagaku Zasshl, 

1950, 71, 629. 



642 NOBUTOSHI KIBA and MOTOHISA FURUSAWA 

13. P. Senise, Mlkrochem. Mikrochim. Acta, 1950, 35136. 
210. 

14. R. E. Press and K. A. Murray, .i.S. Afrgcarr C&m. inst.. 
1954. 5. 31. 

15. L. Szekeres. Talanta, 1974. 21. I. 
16. R. E Press and K. A. Murray, J 5. Afrtcarr Chern. Inst.. 

1954. 5. 45. 
17. E. Mtchalskt and A. Wtorkowska. Chem. Anal. (War- 

saw). 1961. 6. 365. 
18. I&i. ibid.. 1962. 7. 691. 
19. I&n. rhxf.. 1962. 7. 783. 
20. i&n. Locf:. Tow. Nuztk Wyd:. Ill. Acta Chm~., 1966. 

11.45 

21. A. K. Babko and L. U Markova, Zacodsk Lab. 1959. 
25. 1283. 

22. L. U Markova. i/r& 1961. 27, 379. 
23. E. E Gershkovich, &id., 1962. 28. 1437. 
24. Z. Kurzawa and Z Meybaum. Chum. Allal. (Watscrw). 

1960. 5. 333 
25 E. Hoffmann, Z. Anal. Chcm.. 1959. 166. 168. 
26. S. Arakt. S. Suzukt and T Hasebe, Buns&~ Kayaks, 

1971. 20. 833. 
27. F. Fetgl and E Chargaff. Z. Ana!. Chrm . 1928, 74. 

376. 
28. I. Sugiyam~, Y. Suzukt and T Takeuchi, J. C~r~~~zufu~,. 

1973. 80. 61. 



Taianta. Vol 23, pp 637-642 Pergamon Press, 1976 Prmted I” Great Bntam 

A SENSOR FOR HYDROGEN SULPHIDE 

NOBUTOSHI KIBA and MOTOHISA FURUSAWA 
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Summary-A sensor 
on the iodine-aztde 

i 
Takeda 4-3-I 1: Kofu-shi. 400,IJapan 

(Rrcerred 9 Octohvr 1975. Accqtrd 8 March 1976) 

for hydrogen sulphide IS described. It IS based on the catalytic effect of the gas 
reactron. An todtne-azide solutton 1s exuded from a sintered-glass ball (10 mm . . . 

diameter) at a How-rate of 3.30ml/mm whrlst Its potential IS momtored by two platinum electrodes. 
one msrde and the other outstde the ball. Sample is carrted m a gas at a flow-rate of 350 ml/mm. 
Carbon dtsulphide, methyl mercaptan or sulphur dtoxtde m amounts up to a hundred times that 
of the hydrogen sulphide do not interfere. The detection limit 1s 5 ng and the determination limit 
IS 8 ng. wtth a relative standard deviatton of IO”;,. 

The flame photometric detector has been widely used 
to monitor sulphur compounds in the atmosphere.lm4 
This detector is selective and sensitive for sulphur. 
but it does not differentiate one compound of sulphur 

from another. 
The object of this work was to construct a sensor 

for the sensitive and selective determination of hydro- 
gen sulphide. To achieve this we took advantage of 
the catalytic effect of hydrogen sulphide. It is well 
known that the iodine-azide reaction 1s catalysed by 
sulphides, thiosulphates. thtocyanates, mercaptans, 
and thioketones5 and this has been used as a basis 
for the determination of these compounds. For 
example. metallic sulphides, thiosulphates and thio- 
cyanates have been determined arsenimetrically,‘~’ ’ 
manometrically.“~~” amperometrically.‘h ‘O and 
photometrically.“,” Carbon disulphtde has been 

determined by the chronometric methodz3 and 
arsenimetry.14 Hydrogen sulphide in the atmosphere 
was determined manometrically as metallic sul- 
phide.” but the direct determination of hydrogen sul- 
phide based on the catalytic reaction has not been 
reported previously. 

Although many sulphur compounds exert a cata- 
lytic effect on the reaction, the only gaseous sub- 
stances able to do so at room temperature are hydro- 
gen sulphtde, carbon disulphide, and lower alkyl mer- 
captans. Further. the mercaptans dissolve in water 
and react much more slowly than hydrogen sulphide. 
In our procedure, iodineeazide solution is exuded 
from a sintered-glass ball at constant flow-rate and 
the difference in potential between two platinum wire 
electrodes. one of which is placed in the solution in- 
side the sintered-glass ball and the other outside the 
ball, is measured. Hydrogen sulphide, which is trans- 
ported by a carrier gas at constant flow-rate, reacts 
only with the solutton outside the ball. The catalysed 
reaction results in a vartatton in composition of the 
soluttons inside and outside the ball and consequently 

a measurable potential difference across the elec- 
trodes. 

A device having a sintered-glass ball was devised 
first by Araki et a[.,” who determined sulphur diox- 
ide at the 0.5520 ppm level by using an iodine concen- 
tration cell. 

EXPERIMENTAL 

The essential features of the devtce are shown tn Fig. 
1. The sintered-glass ball was a glass filter ball IOmm 
m diameter. The iodine-azide solution was pumped peri- 
stalttcally. Potentials were measured with a TOA potenti- 
ometer HM-5A connected to a TOA recorder EPR-IOA. 
The platinum wire electrodes were 0.5 mm m diameter and 

Fig. 1. Schematic diagram of apparatus. 1, Iodtne-aztde 
solution; 2, peristalttc pump; 3, potentiometer; 4, recorder; 
5. gas flowmeter; 6. sintered-glass ball; 7. glass tube; 8. 
drain; 9. rubber tube; 10. injection port; 11, pressure con- 

troller: 12. pressure gauge; 13. mtrogen cylinder. 
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Nzout * 

D- 

C’ 

Fig. 2 Sensar. A, Glass tube; B, sintered-glass ball: C, 
counter-eie~trod~; D. electric Iead: E, working dectrode; 
F, iodine-aztde solution; G. solution dram; H, rubber 

stopper. 

S mm gong. The electrode outside the b&I was placed m 
contact with the bait as shown in Fig. 2, and the platinum 
wire [OS mm dtameter and lOOmm long) was insulated 
with poiyfvinyl chloride). The electrodes were cleaned by 
electrolysis in 0 2 M sodium acetate for 30 min at 0.0 V 
P.S. S.C.E. and stored m 7.0 M mtrtc acid. This treatment 
allowed the electrodes to functron continuously for about 
200 hr 

Rragrnts 

A tOm3M steak solution of iodine in 0.1&f potassium 
iodide was prepared and standardtzed by titration with 

thiosulphate, The sodium azrde was checked todometrl- 
cahy by the method of Feigl et ul.“’ Soluttons were buf- 
fered with mixtures of potassmm dihydrogen phosphate 
and sodrum hydroxide. 

All reagents were analytl~l-regent grade and used 
wtthout further purificatton. 

Procrdure 

Nitrogen was used as earner gas, at a constant flow-rate 
of 350ml/min. The iodine-azide solution (3 x 10”5icI 
iodine, 0.02 M sodium azide, 0.02 M potassiunr todrde, huf- 
fered at pH 7.0) was exuded from the srntered-glass ball 
at a constant flow-rate of 3.3 ml/mm by means of the pen- 
staltic pump. When a recorder gave a steady trace, 100 ~11 
of sample were iqected with a gas-syrmge. A suttablc sense- 
ttvtty was chosen by trial. The recorder was run at a speed 
of lOmm/mm. All experiments were carried out at room 
temperature, 25”” 

Calibration was made by injecting S ml of hydrogen sul- 
phide mto a 2X0-ml flask. equipped wrth a rubber stopper 
coated with s~hcone grease. and extracting sample from 
the flask through the rubber stopper with a 500-~1 gas- 
syrmge. The amount of hydrogen sulphide Injected was 
determined iodametrically. When the total volume of 
sample extracted amounted to 2 ml, a fresh sample was 
prepared. 

The pH and jlow-rate of the iodinr-azidr solutiov7 

The iodine-azide solution was buffered at pH 5.0. 
6.4 7.0, and 8.0 and the solutions were exuded from 
the ball at different flow-rates. Typical potentraf t‘s 
time (E-f) curves and the results, together with reia- 
tive standard deviation, are shown in Figs. 3 and 4. 
respectively. In Fig. 3, the curves rise rapidly and then 
tail off. The tailing is considerable at the lower flow- 
rates but, the shapes of the curves do not vary with 
pH. At the lower Row-rates the base-hnes of the 
curves are very unstable and the curves show several 
sharp peaks (A, B, E and F in Ftg. 3). At higher flow- 
rates, the base-lines are stable, the curves show a sin- 
gle peak, and the values of the relative standard devt- 
ations are more reproducible than those for lower 
Bow-rates. Figure 4 shows tbat the potenttal differ- 

ence is highly dependent on both the pH and the 
flow-rate of the sofut~on. A s&fit change of the flow- 
rate in the range 1.65-4.40 mljmin has a remarkable 

, I 
2mm 

Fig. 3. Potential-time curves. pH and flow-rate of solution, ml/mm: A, 7.0, 0.62; B, 7.0. 1.65; C, 
7.0, 2.25; D, 7.0, 3.30; E, 8.0, 1.65; F, 6.0, 1.65. Iodine 4.30 x IO-‘M, sodium aztde 185 x to-*.M, 

potassium iodide 8.45 x iO-2M, gas flow-rate i 10 ml/mm, hydrogen sulphide IgOng, 
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250r 

Fig. 

PH. 

pH 7.0 

Flow rate of lodme-ozide solution, ml/mih 

4. Relationship between flow-rate of iodme-azide solution and potentials m solutions of different 
Figures m parentheses represent the relative standard deviations. Each value IS the average of 

7 runs. ExperImental conditions as for Fig. 3. 

effect on the potential difference, especially at pH 8.0. 
When the exudation of the solution from the ball was 
stopped and four separate samples were successively 
injected at intervals (Fig. 5), a sloping base-line was 
obtained because of the evaporation of iodine. The 
curves show that the catalyst is not fully active until 
a while after the reaction begins. The maximum 
potentials were obtained at the third injection for all 
solutions (Fig. 6). The results (Figs. 4 and 6) show 
that the best compromise between sensitivity and 
reproducibility is given by using a pH of 7.0 and a 
flow-rate of about 3.3 ml/min were chosen. 

Concrntratiorl of the iodine-azidr solution 

Measurements made on solutions with varied con- 
centrations of iodine, of sodium azide and potassium 

\ 
I / 

4mln 

Fig. 5. Potential-time curves when the exudation of solu- 
tion is stopped. I, First injection; II, second injection; III, 
third injection, IV, fourth injection; pH 7.0, other experi- 

mental conditions as for Fig. 3. 

iodide are shown in Tables 1-3. Plots of potential 
vs. log iodine or azide concentration were linear, 
whereas the potential was independent of iodide con- 
centration. The results show that the sensitivity of 
the reaction towards hydrogen sulphide is determined 
mainly by the azide:iodme ratlo. Babko rt al.,” using 
a photometric method, reported that the sensitivity 
of the reaction increased with concentration of potas- 
sium iodide over the range 0.1-2.8 M. concentrations 

80- 

60- 

om 
1st 2nd 3rd 4th 

70 

80 

60 

50 

Number of tltW!S 

Fig. 6. RelationshIp between number of injections of 
sample and potential in solutions of different pH. Figures 
in parentheses represent the relative standard deviations. 
Each value is the average of 7 runs. Other experimental 

conditions as for Fig. 3. 



of the other components being kept constant at 
IOW3 A4 iodine, O.QIl M sodium azide, and pH 52. 
Such an increase in sensitivity was not observed un- 
der the experimental conditions of our study. 

The use of tower ~on~ent~t~o~s of iodine and 
higher ~on~~tmt~ons of azide increases the sensitivity 
of the reaction, but the base-W drifts when lower 
iodine concentrations are used, because of the volati- 
lity of iodine; reproducible results are also not 
obtained in the presence of large amounts of sodium 
azide_ Thus, the ~n~n~atio~~s of iodine, sodium 
azide, 2nd ~tass~nm iodide were iixed at 3 x IW.“, 
0.02, and O.CL?M respectively. 

Gas jlow-ratr 

curves at different gas flow-rates are shown in Frg, 
7, and the results are listed in Table 4. In Fig. 7, 
the shapes of the curves vary with gas flow-rate, with 
broad Jagged peaks at low flow-rates and smgle sharp 
peaks at high. The r~~rodu~~b~l~t~es are better at 
moderate flow-rates. The potentials are approxi- 
mately constant in the gas flow-rate range 
25tS4XOml/mm. so a flow-rate of 350 mljmin was 
chosen. 

Contact between the platmum electrode and the 
ball was made in three ways: (i) via the bottom of 
the ball as shown in Fig. 2. (it) via a platinum wire 

ring S mm in diameter at the bottom of the ball, and 
f~iif r&z a platinum wrre LOOmm long wound rourtd 
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Ftg. 7. Potentral-time curves at various gas flow-rates. Flow rates, ml/min: A, 800; B, 480; C, 330; 
D, 250; E, 180; F, 130; G, 90; H, 75. Iodine 3.10 x 10-5M, sodium azide 2.12 x lo-‘M, potassium 

Iodide 2.00 x 10-‘M. solution flow-rate 3.3 ml/min, pH 7 0, hydrogen sulphide 505 ng. 

the ball. Method (i) gave the most sensitive and repro- 
ducible results, the other two giving poor base-lines 
and variable sensitivities l&50 times poorer than 
those obtained by method (i). 

A change in the linear velocity of the carrier gas 
in the neighbourhood of the ball made the sensitivity 
and reproducibility poorer. For example, when a glass 
tube (20 mm bore) without a bulge was used. the sen- 
sitivity was only a third of that for curve C in Fig. 
7 and the relative standard deviation was 34% for 
seven runs, whereas with the glass tube shown in Fig. 
2 the deviation was 5.6% under the same conditions. 
The distance between the gas inlet and the ball also 
affected the results. A relative standard deviation of 
10% or less was obtained with a distance of 20cm 
or more. 

Gaseous reducing substances such as sulphur diox- 
ide and formaldehyde interfered, but the sensitivity 

towards sulphur dioxide was only about 2%, and that 
towards formaldehyde only about 0.1% of that 
towards hydrogen sulphtde. The shapes of the E-t 
curves were symmetric and this could be used to dis- 
tinguish between other reducing gas (symmetric 
peaks) and hydrogen sulphide (asymmetric). 

Gaseous oxidizing substance such as ozone gave 
a potential in the opposite direction, with a magni- 
tude similar to that for sulphur dioxide. 

Gaseous substances, such as carbon disulphide and 

methyl mercaptan, having a catalytic effect on the 
iodine-azide reaction, reacted more slowly, so that 
a 100-fold amount relative to hydrogen sulphide 
merely broadened the width of the peak, but left the 
height unaffected. When there was 200, 300, 400, 500 
and 600 times as much carbon disulphide or methyl 
mercaptan as hydrogen sulphide the error was 2.5, 
3.2, 4.3, 7.9 and lZ.Oo/, respectively. 

Gaseous organic substances which decrease the re- 
sponse of the flame photometric detectorz8 did not 
interfere at any concentration. 

Calibration curve 

The sensitivity of the sensor to hydrogen sulphide 
varied somewhat with changes in conditions for elec- 
trode treatment such as cleaning time, and concen- 
trations of sodium acetate solution and nitric acid. 
However, over a period up to 200 hr the following 
relationship held: E = 9.611og C - 6.0, where E is the 
potential in mV and C is the amount of hydrogen 
sulphide in ng. The slope of the curve varied with 
electrode treatment by 20.2. The relative standard 
deviations (10 runs) were 9.8% for 8 ng of hydrogen 
sulphide, 9.4”/, for 10 ng, 7.7% for 50 ng, 5.0% for 
lOOng, 3.5% for 500ng and 2.7% for IOOOng. When 
the amount of hydrogen sulphide was greater than 
1 pg there was a negative deviation from linearity, 
amounting to 10% for 10 ug of hydrogen sulphide and 
16% for 15 pg. The sensitivity worsened rapidly after 
200 hr use of the electrodes. 

The lowest detectable potential for the recorder and 
potentiometer used in this study was 0.7 mV. There- 
fore, the detection limit was 5 ng. 
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THE STABILITY OF THE CERTIFIED REFERENCE 
ORES MP-1 KC-l AND SU-1 TOWARDS 

AIR OXIDATION 
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Summary-The stability of three certified reference sulphide ores, MP-1, KC-1 and SU-1, towards 
air oxidation has been measured at 50” and 40, 62 and 82% relative humidity, and at 62% relative 
humidity and 34” and 67”. Both the relative humidity and temperature affect the rate of oxidation 
but their relative importance depends on the mineralogical composition of the ore. Changes in the 
water-extractable metals and elemental sulphur content on oxidation have been determined. It is con- 
cluded that these ores may be stored safely in sealed bottles under normal laboratory conditions. 

The susceptibility of sulphide ores and concentrates 
to air oxidation is widely known. Indeed, it is this 
phenomenon that can render the storage and trans- 
portation of these materials extremely hazardous.192 
It is also an awareness of this tendency to oxidize 
that has caused several enquiries to be made of the 
Canadian Certified Reference Materials Program con- 
cerning the long-term stability of certified reference 
sulphide ores during storage in the bottle. Accord- 
ingly, an investigation was undertaken to ascertain 
the extent and, if possible, the nature of chemical 
change in three sulphide reference ores under various 
conditions of temperature and relative humidity, 
chosen so as to give accelerated rates of alteration, 
in order for long-term effects to be predicted early. 

It should be noted that these reference ores are 
very complex materials, both mineralogically and 
chemically. Further, they have undergone severe 
treatment during their preparation (drying, grinding 
etc.). The oxidation of the ores studied herein is a 
composite of the different rates and mechanisms of 
oxidation of the individual minerals. Accordingly, 
explanations proposed for trends in the oxidation be- 
haviour of MP-1, KC-l and SU-1 often cannot be 
substantiated by experiment and thus are of a specu- 
lative nature based on chemical intuition. 

EXPERIMENTAL 

The preparation, characterization and certification of the 
reference ores, MP-1,3 KC-l“ and SU-1,’ has already been 
described. The predominant sulphide minerals present in 
these ores are summarized in Table 1 

Crown Copyrights reserved. 

* This 1624 hr drymg period corresponds to overnight 
drying. Several simple tests indicated that there was no 
further change in weight of the sample after 8 hr drying. 
It must be noted that this drying period was not included 
m the one-week treatment period. 

The procedure used to study the chemical alteration of 
these ores was as follows. Approximately 0.5 g of each ore 
was weighed in duplicate into tared 50-ml beakers. The 
beakers were placed in a glass tray and inserted into a 
Controlled Relative Humidity Chamber (Blue M, Electric 
Co.. Blue Island, Illinois. U.S.A.) in which a preselected 
temperature and relative humidity, RH, was maintamed. 
Air flowed through the system continuously. At the end 
of one week, the samples (plus beakers) were removed from 
the chamber, dried over Drierite for 1624 hr,* weighed, 
remixed and inserted into the chamber again. This pro- 
cedure was followed for 7 weeks at 50” and 40, 62 and 
82% RH, and at 62% RH and 34” and 67”. One series 
of samples run at 50” and 62% RH was stopped after 3 
weeks. 

At the end of 7 weeks, one sample of each ore was trans- 
ferred to a 200-ml polyethylene bottle, mixed with 30.~ml 
of distilled water and shaken for 2 hr. The resultant suspen- 
sion was centrifuged at 1800 rpm for 30 min and flltered 
(dry Whatman No. 42 paper) to ensure the removal of 
solids. A 20.00-ml portion of the filtrate was mixed with 
5.00 ml of 10% nitric acid and the Fe, Pb, Cu, Ni and 
Zn concentrations were measured with a Techtron AA5 
atomic-absorption spectra-photometer. The corresponding 
water-soluble content of these metals in the untreated ores 
was also measured as above. Originally, the metals in one 
sample of each ore that had been oxidized at 50” and 62% 
RH, and of each of the corresponding unoxidized ores, 
were extracted with 30.OOml of 5% sodium acetate solu- 
tion. The sodium acetate solution extracted appreciably 

Table 1. Predominant sulphide minerals 

MP-1 KC-l SU-1 

Sphalerite, ZnS, % 
Chalcopyrite, CuFeS,, % 
Galena, PbS, % 
Pyrite, Fe&, % 
Arsenopyrite, FeAsS, % 
Pyrrhotite, Fe,&, y0 
Pentlandite (Fe,Ni),S,, pyrite, 

marcasite*, y0 

25.1 32.7 - 
3.8 - 3.7 
2.2 8.1 - 
1.3 29.9 - 
1.7 - - 
- - 29.1 

- 6.1 

* These minerals were indistinguishable in SU-1 by im- 
age analysis. 
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Table 2. Gain in weight after 7 weeks 

Gam in weight, mg/g 

Temp., “C RN % MP-1 KC-l su-1 

34 62 9.9 12.6 1.5 
50 40 3.2 2.2 0.0 
50 62 15.7 18.6 4.0 
50 82 32.2 58.2 8.4 
67 62 21.6 24.7 35.9 

more metal from the treated and untreated ores than did 
water. However, the difference between the amounts 
extracted before and after treatment was essentially the 
same as when water was used. It was decided, therefore, 
to perform all further extractions with water because the 
metal concentrations obtained were more amenable to 
measurement by atomic absorption. 

The elemental sulphur content of untreated and treated 
samples of the reference ores was determined by a method 
developed in this laboratory.h 

REXJLTS AND DISCUSSION 

The values of the gain in weight, Aw, of these refer- 
ence ores after the 7 weeks treatment are summarized 
in Table 2. Figure 1, which illustrates the results 
obtained at 50” and 82% RH is a typical example 
of Aw as a function of t, the treatment time. The 
slope of the observed linear functions, Aw/t, is, of 
course, the rate of gain in weight. The decrease in 
Aw/t at 3 + 0.2weeks was observed in all trials, with 

the exception of SU-1 at 50” and 40% RH, for which 
no Aw was detected. The values of Aw/t for the time 

* The author has considerable data to illustrate that the 
rate of oxidation of sulphides such as pyrite, pyrrhotite, 
chalcopyrite, galena and sphalerite does indeed behave as 
described here. 

70 

50°C 
82% RH 

60 - 

50 - 

W-l 

I I 

0 / 2 3 4 5 6 7 8 9 

Time, weeks 

Fig. 1. The gain in weight (as a function of time) due to 
the treatment of MP-1, KC-1 and SU-I at 50°C and 82% 

RH. 

Table 3. Rate of gam in weight 

Rate of gain m weight, my. 9-l. werksm ’ 

RN MP-1 KC-l su-I 
?: “C ;c l&3* 3m7* l-3* z-7* I-3* 3-7* 

34 62 1.26 0.84 1.59 1.03 0.16 0 14 
50 40 0.86 0.32 1.02 0.41 0.0 0.0 
50 62 2.17 1.21 3.02 1.67 068 0.58 
50 82 6.31 2.23 11.7 4.76 1 34 1.05 
67 62 3.85 1.96 4.52 2.33 8.65 349 

*Weeks. 

periods of l-3 and 3-7 weeks are given in Table 3. 
The cause of the break in Aw/t will be discussed 
below. 

The data in Tables 2 and 3 show that RH and 
temperature are both important parameters in oxi- 

dation of the ores. For MP-1 and KC-l, a change 
in RH from 40 to 82% at 50” results in a larger AN 
than does a change in temperature from 34 to 67’- 
at 62% RH, whereas the reverse is observed for SU-1. 
This difference in behaviour must be a consequence 
of the mineralogical composition of the ores. 

It must be noted that these reference ores, as avail- 
able in the bottle, cannot really be termed “un- 
treated”. They have been subjected to drying, grind- 
ing, etc., in their preparation, so oxidation must have 
occurred to an extent which is unknown but not of 
interest to the analyst with regard to long-term stabi- 
lity of these ores as reference materials. Because this 
study was concerned with the stability of the ores 
as available in the bottle, these ores were labelled 
as “untreated” and all values of Aw reported refer 
to them. On this basis, the value of Aw at the begin- 
ning of treatment for any RH and temperature should 
be zero. An examination of Fig. 1, however, illustrates 
that the linearly extrapolated rate of weight gain does 
not pass through the origin for MP-I and KC-l. This 
behaviour was also observed for all other values of 
RH and temperature. It must be noted that the rate 
of a solid-gas reaction where a surface layer of prod- 
uct is formed is often initially quite fast but decreases 
to become essentially a linear function of time (i.e.. 
diffusion-controlled). ’ In this case, an extrapolation 
of the linear rate to zero time would not pass through 
the origin*. This observation for MP-1 and KC-I sug- 
gests that the surface of these ores has not been oxi- 
dized completely. That the extrapolation of the linear 
rate for SU-1 passes through the origin does not 
necessarily imply that oxidation does not occur quite 
fast initially, but could simply be a manifestation of 
a low oxidation rate and the error in the experimental 
data. 

The amounts of water-extractable metals, MEXT, in 
the untreated reference ores are given in Table 4. 
MP-1 yields higher values of MEXT although KC-l 
has a higher iron, lead and zinc content. Herein such 
factors as mineralogical composition, particle size dis- 
tribution and history of the ore play important roles. 
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Table 4. Water-extractable metals in untreated ores 

Ore Fe Pb Zn Ni 

MP-1 0.42 (0.04)* 0.37 (0.09) 8.6 (0.5) - 
t;-; 0.11 $.06) 0.29 (0.04) 2.4 (0.2) - 

0.0 0.0 0.0 

*Numbers m brackets are the standard deviations of 
8 determinations. 

Because the tendency to oxidize varies with both-the 
nature and particle size of the minerals in an ore, 
the resultant water-extractability of a metal is not 
necessarily related to the total metal content of an 
ore but instead is related to the mineralogi~l compo- 
sition and particle size. Table 5 contains the results 
of a screening test of MP-I, KC-i and SU-1 and 
clearly illustrates the vast difference in the particle 
size distribution in these ores. 

The history of the ores, i.e., the conditions of humi- 
dity, moisture content and temperature to which they 
have been subjected during collection, drying, storage 
and preparation may differ significantly, so the extent 
of oxidation also differs. 

In general, metal sulphides, both natural and syn- 
thetic, are sparingly soluble in water; e.g., the solubi- 
lity of sphalerite and pyrite is 0.07 and 0.49 mg/lOO ml 
at 20”. respectively.7 The ob~rvation of a water- 
extractability of certain metals greater than that 
expected according to the solubility of the sulphide 
mineral(s) must he attributed to the presence of solu- 
ble “thio-salts” such as thiosulphate, sulphite and sul- 
phate.‘-i’ It is reasonable to assume therefore, that 
oxidation of a sulphide mineral which results in “thio- 
salt” formation should increase the water-extractabi- 
lity of certain metals. I2 Lead sulphite (insoluble} and 
sulphate (4.3 mg/lOO ml) are exceptions, with a lower 
solubility than galena (12.9 mg/lOOml). Galena is, 
however, less soluble than lead thiosulphate 
(30 mg/lOO ml).’ The change in the water-extractabi- 
lity of lead on oxidation of galena therefore depends 
on the products formed.‘,iO 

The values of the difference between MEXT for the 
untreated and treated ores, A&fEXT, are given in Tahlc 
6. The difference was not considered to be significant 
if it was less than the standard deviation of MEXl 
in Table 4. The aqueous extracts were also analysed 
for copper but none was found. 

Table 5. Particle size distribution of MP-1, KC-l and 
SU-1 (screening test) 

% 

Mesh range (Tyler) MP-1 KC-1 su-1 

< 200 0.4 34.3 
2m32.5 10.7 6i.I 
325400 8.1 11:s 65.7 

>400 80.8 24.1 

Table 6. Difference between extractable metal values of 
untreated and treated ores 

MEXT ~~~ 

‘I; “C 

Ore RH, % Fe Pb Zn Ni 

MP-1 (7 weeks) 34, 62 -0.25 0.0 3.59 ‘- 
50, 40 -0.19 0.0 1.89 - 
50, 62 -0.33 0.0 4.92 - 
50, 82 -0.42 -0.18 18.5 - 
67, 62 -0.39 -0.14 16.3 - 

MP-1 (3 weeks) 50, 62 -0.23 0.0 2.54 - 
KC-l (7 weeks) 34, 62 0.0 -0.12 1.76 -- 

50, 40 0.0 0.0 1.70 - 
50, 62 0.0 0.06 4.00 - 
50, 82 -0.08 0.13 13.3 - 
67, 62 0.0 0.12 8.86 - 

KC-l (3 weeks) 50, 62 0.0 0.08 1.80 - 
su-I* 67, 62 0.0 0.0 0.0 1.39 

*No extractable metals were found for SU-1 at any 
other RH or 7: 

There is a reasonably good correlation between 
AZnExT and the corresponding value of Aw for MP-1 
and KC-I; this reIIects oxidation of sphalerite to 
“thio-salts”. The values of AZnExT illustrate the sus- 
ceptibility of sphalerite to oxidation and its absence 
is a probable explanation of the relative stability of 
SU-1. The apparently greater reactivity of the sphaler- 
ite in MP-1 compared to that in KC-l is due to 
smaller particle size and ~n~quentially larger sur- 
face area. The sphalerite gave the following size distri- 
bution. measured with an image analyser:13 

pLI,1 MP-1 ‘4 KC-I, “/;I 
2-6 43’ ‘O 0 
6-15 32 41 

1532 25 33 
32 -60 0 26 

Although the size distribution was not measured, the 
particle size of the other sulphide minerals in MP-1 
appeared to be similar. The decrease in AFeExT with 
an increase in the extent of oxidation of MP-1 and 
KC-l suggests that iron hydroxide, oxide or basic 
iron “thio-salts” are formed rather than the soluble 
“thio-salts” as is observed for zinc. Indeed, it is known 
that weathering of pyrite and pyrrhotite results in the 
formation of limonite and/or haematite.8,’ ’ 

The change in the opposite direction for APbEXT 
suggests the oxidation of galena to PbS04 for MP-1 
but to PbS203 for KC-l. Although no conclusive 
explanation can be given here, the difference in the 
composition of the ores may be important. Sulphide 
minerals, when mixed as in ores, can often retard or 
accelerate the oxidation of one another.i4 

The relationships between log (A+) and RH at 
SO” and between log (Aw/t) and temperature at 62% 
RH are linear with slopes a and b respectively. This 
dual linearity of log (Aw/t) with temperature (7’) and 
RH permits the formulation of a combined relation- 
ship 

log (Aw/t) = a(RH) + bT+ d 

where RH is in “/, T in K and f in weeks. A plot 
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of log (Aw/t) against a(RH) + bT should have unit 
slope and intercept d. The values of a, b and d, calcu- 
lated slope and correlation coefficient of this plot for 
MP-1, KC-l and SU-1 are summarized in Table 7. 
Again, it has been necessary to separate the data into 
those pertaining to l-3 weeks and to 3-7 weeks. 

The parameters a and b are, in effect, a measure 
of the sensitivity of the rate of gain in weight and, 
therefore, the rate of oxidation to changes in RH and 
temperature, respectively. It is tempting to conclude 
that the order of the values of a and b for the refer- 
ence ores signifies that the effect of RH on their oxi- 
dation decreases in the order KC-l > MP-1 > SU-1 
whereas the effect of temperature decreases in the 
order SU-1 > KC-l = MP-1. This, however, would 
be incorrect. The rate of oxidation depends not only 
on RH and temperature but also on the surface area, 
which is, of course, related to particle size. It is a 
widely accepted phenomenon that the smaller the 
particle size, the faster a reaction proceeds. Let us 
suppose that the rate of oxidation of an ore for a 
particular set of conditions of RH and T was found 
to be Ri. If, however, this same ore were cornminuted 
to a different particle size distribution, the observed 
rate of oxidation would differ from R, by a factor 
x, i.e., the rate of oxidation for the latter sample of 
the ore would be xRi. It has been assumed that a 
change in particle size distribution has the same pro- 
portional effect on the rate of oxidation irrespective 
of the values of RH and temperature, in which case 
a and b will also be changed by the factor X. The 
dependence of a and b on the particle size distribution 
is evident and a comparison of a and b for different 
ores is, therefore, meaningless without a thorough un- 
derstanding of the effect of particle size distribution 
on the reactivity of an ore. 

The values of a/b should, however, be constant for 
an ore regardless of the state of comminution, pro- 
vided that all mineral species present are fully liber- 
ated. Thus, differences in the values of a/b for a series 
of ores may be related to differences in their mineralo- 
gical composition because it is improbable that the 

oxidation of all the minerals that comprise an ore 
would be affected equally by both RH and tempera- 
ture. The values of a/b for the l-3 week period for 
MP-1, KC-l and SU-1 are 1.38, 1.84 and 0.28, re- 
spectively. The difference in u/b illustrates that the 
influence of RH and temperature on the rate of oxi- 
dation of an ore does indeed vary with its mineralogy. 
For example, the oxidation of nickel-bearing pyrrho- 
tite and pentlandite in SU-1 exhibits a much greater 
dependence on temperature relative to RH than does 
the oxidation of MP-1 and KC-l in which sphalerite 
must play the dominant role (Table 5). Moreover, the 
difference between the a/b values for MP-I and KC-l 
indicates that minerals other than sphalerite are oxi- 
dized. The abundance of pyrite and galena in KC-l 
relative to MP-1 may be the explanation. If so, the 
larger value of u/b for KC-l requires that the oxi- 
dation of pyrite and/or galena shows a greater depen- 
dence on RH relative to temperature than does that 
of sphalerite. 

It is very difficult to assign significance to the inter- 
cept d. It is, of course, a concomitant of the linear 
relationship between log (Aw/t) and [u(RH) + hT] 
and, as such, will vary with the values of both a and 
b. The main function of d is to permit the calculation 
of log (Aw/t) for any value of RH and ?: 

Some speculations on mechanisms 

A satisfactory explanation for the break in Aw/t 
after about 3 weeks’ treatment is difficult because of 
the complexity of the ores. It is improbable that the 
decrease in Aw/t is due to either the complete oxi- 
dation of certain minerals in the ore or the formation 
of an oxidized surface layer sufficiently thick to cause 
Aw/t to become diffusion-controlled. Each of these 
hypothetical processes would occur at essentially the 
same extent of oxidation of the ore regardless of T 
and RH. The change in Aw/t, however, always 
occurred at 3 _t 0.2 weeks even though the extent of 
oxidation as measured by Aw (Table 2) varied appre- 
ciably from trial to trial. 

Table 7. Relationship of equation parameters 

Ore 
Time interval 

weeks a(10-2) b(lO-*) d 

MP-1 

KC-l 

su-1 

l-3 

3-7 

l-3 

3-l 

1-3 

3-7 

2.04* * 0.05t 
slope = 1.00 
2.00 + 0.10 
slope = 1.01 
2.52 + 0.14 
slope = 0.99 
2.54 + 0.10 
slope = l.CMJ 
1.48 + 0.07 

slope = 0.99 
1.38 + 0.16 

slope = 0.99 

1.47 f 0.11 - 5.56 
r = 0.997 

1.14 * 0.03 -4.80 
r = 0.972 

1.37 f 0.10 - 5.45 
r = 0.984 

1.21 * 0.03 -5.24 
r=l.CGl 

5.24 f 0.09 - 17.93 
r = 0.986 

4.21 i 0.23 - 14.52 
r = 0.998 

* Average of two samples. 
t Corresponding deviation. 
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A comparison of the water-extractable metals 
(Table 6) for MP-1 and KC-l for 3 and 7 weeks at 
50” and 62% RH clearly illustrates that sphalerite un- 
dergoes oxidation throughout the 7 week period but, 
unfortunately, the results for Fe and Pb are either 
inconsistent or (because of the zero values) meaning- 
less. The different mineralogical composition of 
MP-1, KC-1 and SU-1, however, would preclude the 
change in Aw,!t being due to the complete oxidation 
of certain minerals. The ~~itude of this change 
would require that these minerals be present in appre- 
ciable quantities. 

Although a change in RH or temperature affects 
the rate of oxidation of an ore, the overall mechanism 
remains the same, such that the oxidation reaction 
gives rise to a constant ratio of the amounts of the 
products. The absolute amount of the products, how- 
ever, is dependent on the rate of oxidation and, there- 
fore, on RH and temperature. Once formed by oxi- 
dation of the ores, the products are themselves subject 
to further reaction. 

A comparison of the a and b values shows that 
Aw/t for the 37 week period is affected to a lesser 
extent by temperature than is Aw/t for the l-3 week 
period. This does not necessarily mean that the oxi- 
dation becomes less sensitive to temperature after 3 
weeks, but could indicate the start of some reaction 
resulting in a loss in weight so that the observed over- 
all Awft is lower than expected. The ratios of the Aw~r 
values for the first and last periods of exposure (weeks 
l-3 and 47) at 34, 50 and 67” and 62% RH show 
that the decrease in Awjt at 3 weeks increases with 
increasing temperature for all three ores, i.e., the rate 
of weight loss increases with temperature. 

The formation of elemental sulphur during the mild 
oxidation or weathering of sulphide minerals is well 
known.’ This is also illustrated by the sulphur values 
for the unoxidized and oxidized ores, in Table 8. The 
results for 50” clearly show that the formation of sul- 
phur increases with RH. The apparent anomaly of 
a decrease in the formation of sulphur with an in- 
crease in tem~rature is the result of the interplay 
of two factors. First, an increase in temperature 
enhances the rate of oxidation of an ore and, there- 
fore, increases the formation of sulphur. Secondly, 
however, increase in temperature enhances the oxi- 
dation and/or volatilization of the sulphur thus 
formed. 

It is reasonable to assume that the quantity of sul- 
phur formed should vary with the extent of oxidation, 
i.e., with the gain in weight. The quantity of sulphur 
formed should, therefore, increase with temperature, 
which is the opposite of what is found experimentally. 
The quantity of sulphur lost because of oxidation 
and/or volatilization must therefore also increase with 

* Extrapolation is, in general, a dangerous practice and 
as such can be expected at best to yield an approximate 
result. The experimental alternative would, of course, be 
mordinately lengthy. 

Table 8. Elemental sulphur in ores 

T, “C, RI%, 7; MP-1 KC-1 su-1 

Untreated 0.09 1.24 0.02 
34, 62 0.37 2.94 0.03 
50, 40 0.03 0.09 0.02 
50, 62 0.22 1.10 0.02 
50, 82 0.55 4.29 0.05 
67, 62 0.09 0.06 0.63 

temperature but to a greater extent. which, of course. 
parallels the magnitude of the decrease in Aw/t at 
3 weeks. It must be noted that the decomposition 
of metal thiosulphates or sulphates to the oxidei’*” 
will also cause a loss in weight. 

The decrease in Aw/t at 3 weeks can be explained 
as follows. By their very nature, sulphur and metal 
thio-salts are less susceptible to air-oxidation than are 
sulphides. Because sulphur and metal thio-salts are 
themselves products of oxidation, it is necessary for 
the oxidation to have proceeded to an extent at which 
their quantity is sufficiently large to compensate for 
their lower oxidation/decomposition rate and result 
in an observable decrease in Aw/t. In a system where 
the oxidation yields sulphur and metal thio-salts re- 
gardless of the RH and temperature, the decrease in 
the rate of gain in weight should be detected at ap- 
proximately the same time, which is _ 3 wk for MP-1, 
KC-1 and SU-1. The cause of the break in Awjt at 
3 weeks can only be determined from a study of the 
mechanism of oxidation. Such a study, which is now 
under way, requires use of the pure minerals and the 
ident~~tion and dete~ination of the oxidation 
products. 

Stability of M&l, KC-1 and W-1 as reference ores 

The stability of MP-1, KC-l and SU-1 towards oxi- 
dation under laboratory conditions is readily calcu- 
lated by extrapolation* of the data in Table 7. For 
example, when exposed to the a~osphere at 20” and 
40% RH, MP-1 and KC-1 would undergo a 1% 
change in weight in about 45 weeks. SU-1 is stable. 
It can, therefore, be concluded that these certified 
reference ores should undergo no significant alter- 
ation at normal laboratory temperature and RH 
when stored in tightly sealed bottles. 

Acknowledgement-The author wishes to thank Mr. R. G. 
Pinard, Mineral Sciences Laboratories, for his assistance 
in the mmeralogtcal assessment of these ores. 

REFERENCES 

1. N. W. Kirshenbaum, C.I.M. Bull., 1969. 1. 
2. G. M. Wright, R. N. F. Simpson, J. L. Pagler and 

S. E. Woods. Trans. Inst. Min. Metall.. 1972. 81. C31. 
3. G. H. Faye, Mines Brunch Tech. Bull., ISS, Department 

of Energy, Mines and Resources, Ottawa, Canada, 
1972. 



648 H. F. STEGER 

4. Idem, Mmes Brunch Tech. Bull., 193, Department of 9. R. G. Greenler, .I. Phys. Chnn., 1962. 66, 879. 
Energy, Mines and Resources, Ottawa, Canada, 1974. 10. J. LeJa L. H. Little and G. W. Poling, Trans. Inst. 

5. Idem, Mines Branch Tech Bull., 177, Department of Mm. ~&tall., 1963, 72, 407. 
Energy, Mmes and Resources, Ottawa, Canada, 1973. 11. 0. P. Ivanov, Geokhrmryu, 1966, 1095. 

6. H. F. Steger, Talanta 1976, 23, 395. 12. T. Ohyama and A. Ohba, Tohoku Kazan, 1957, 4, 29. 
7 Handbook of Chemistry and Physics, 48th Ed., pp. 13. A. Jesse, Microscope, 1974, 22, 1. 

B185-242. The Chemical Rubber Co., Cleveland. 1967. 14. S. Ohashi, Ntppon Kagaku Zasshr, 1953, 74, 845, 901. 
8. G E. Mapstone, Chem. Ind. (London), 1954, 577. 15. M. Saksela, Geologt, 1952, 4, 23. 



~ulanta. Vol 23, pp 643-648 Pergamon Press, 1976. Prmted m Great Brltam 

THE STABILITY OF THE CERTIFIED REFERENCE 
ORES MP-1 KC-l AND SU-1 TOWARDS 

AIR OXIDATION 

H. F. STEGER 

Chemistry Laboratory, Canada Centre for Mineral and Energy Technology, 
555 Booth Street, Ottawa, Canada 

(Received 2 September 1975. Revised 12 March 1976. Accepted 30 March 1976) 

Summary-The stability of three certified reference sulphide ores, MP-1, KC-1 and SU-1, towards 
air oxidation has been measured at 50” and 40, 62 and 82% relative humidity, and at 62% relative 
humidity and 34” and 67”. Both the relative humidity and temperature affect the rate of oxidation 
but their relative importance depends on the mineralogical composition of the ore. Changes in the 
water-extractable metals and elemental sulphur content on oxidation have been determined. It is con- 
cluded that these ores may be stored safely in sealed bottles under normal laboratory conditions. 

The susceptibility of sulphide ores and concentrates 
to air oxidation is widely known. Indeed, it is this 
phenomenon that can render the storage and trans- 
portation of these materials extremely hazardous.192 
It is also an awareness of this tendency to oxidize 
that has caused several enquiries to be made of the 
Canadian Certified Reference Materials Program con- 
cerning the long-term stability of certified reference 
sulphide ores during storage in the bottle. Accord- 
ingly, an investigation was undertaken to ascertain 
the extent and, if possible, the nature of chemical 
change in three sulphide reference ores under various 
conditions of temperature and relative humidity, 
chosen so as to give accelerated rates of alteration, 
in order for long-term effects to be predicted early. 

It should be noted that these reference ores are 
very complex materials, both mineralogically and 
chemically. Further, they have undergone severe 
treatment during their preparation (drying, grinding 
etc.). The oxidation of the ores studied herein is a 
composite of the different rates and mechanisms of 
oxidation of the individual minerals. Accordingly, 
explanations proposed for trends in the oxidation be- 
haviour of MP-1, KC-l and SU-1 often cannot be 
substantiated by experiment and thus are of a specu- 
lative nature based on chemical intuition. 

EXPERIMENTAL 

The preparation, characterization and certification of the 
reference ores, MP-1,3 KC-l“ and SU-1,’ has already been 
described. The predominant sulphide minerals present in 
these ores are summarized in Table 1 

Crown Copyrights reserved. 

* This 1624 hr drymg period corresponds to overnight 
drying. Several simple tests indicated that there was no 
further change in weight of the sample after 8 hr drying. 
It must be noted that this drying period was not included 
m the one-week treatment period. 

The procedure used to study the chemical alteration of 
these ores was as follows. Approximately 0.5 g of each ore 
was weighed in duplicate into tared 50-ml beakers. The 
beakers were placed in a glass tray and inserted into a 
Controlled Relative Humidity Chamber (Blue M, Electric 
Co.. Blue Island, Illinois. U.S.A.) in which a preselected 
temperature and relative humidity, RH, was maintamed. 
Air flowed through the system continuously. At the end 
of one week, the samples (plus beakers) were removed from 
the chamber, dried over Drierite for 1624 hr,* weighed, 
remixed and inserted into the chamber again. This pro- 
cedure was followed for 7 weeks at 50” and 40, 62 and 
82% RH, and at 62% RH and 34” and 67”. One series 
of samples run at 50” and 62% RH was stopped after 3 
weeks. 

At the end of 7 weeks, one sample of each ore was trans- 
ferred to a 200-ml polyethylene bottle, mixed with 30.~ml 
of distilled water and shaken for 2 hr. The resultant suspen- 
sion was centrifuged at 1800 rpm for 30 min and flltered 
(dry Whatman No. 42 paper) to ensure the removal of 
solids. A 20.00-ml portion of the filtrate was mixed with 
5.00 ml of 10% nitric acid and the Fe, Pb, Cu, Ni and 
Zn concentrations were measured with a Techtron AA5 
atomic-absorption spectra-photometer. The corresponding 
water-soluble content of these metals in the untreated ores 
was also measured as above. Originally, the metals in one 
sample of each ore that had been oxidized at 50” and 62% 
RH, and of each of the corresponding unoxidized ores, 
were extracted with 30.OOml of 5% sodium acetate solu- 
tion. The sodium acetate solution extracted appreciably 

Table 1. Predominant sulphide minerals 

MP-1 KC-l SU-1 

Sphalerite, ZnS, % 
Chalcopyrite, CuFeS,, % 
Galena, PbS, % 
Pyrite, Fe&, % 
Arsenopyrite, FeAsS, % 
Pyrrhotite, Fe,&, y0 
Pentlandite (Fe,Ni),S,, pyrite, 

marcasite*, y0 

25.1 32.7 - 
3.8 - 3.7 
2.2 8.1 - 
1.3 29.9 - 
1.7 - - 
- - 29.1 

- 6.1 

* These minerals were indistinguishable in SU-1 by im- 
age analysis. 
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Table 2. Gain in weight after 7 weeks 

Gam in weight, mg/g 

Temp., “C RN % MP-1 KC-l su-1 

34 62 9.9 12.6 1.5 
50 40 3.2 2.2 0.0 
50 62 15.7 18.6 4.0 
50 82 32.2 58.2 8.4 
67 62 21.6 24.7 35.9 

more metal from the treated and untreated ores than did 
water. However, the difference between the amounts 
extracted before and after treatment was essentially the 
same as when water was used. It was decided, therefore, 
to perform all further extractions with water because the 
metal concentrations obtained were more amenable to 
measurement by atomic absorption. 

The elemental sulphur content of untreated and treated 
samples of the reference ores was determined by a method 
developed in this laboratory.h 

REXJLTS AND DISCUSSION 

The values of the gain in weight, Aw, of these refer- 
ence ores after the 7 weeks treatment are summarized 
in Table 2. Figure 1, which illustrates the results 
obtained at 50” and 82% RH is a typical example 
of Aw as a function of t, the treatment time. The 
slope of the observed linear functions, Aw/t, is, of 
course, the rate of gain in weight. The decrease in 
Aw/t at 3 + 0.2weeks was observed in all trials, with 

the exception of SU-1 at 50” and 40% RH, for which 
no Aw was detected. The values of Aw/t for the time 

* The author has considerable data to illustrate that the 
rate of oxidation of sulphides such as pyrite, pyrrhotite, 
chalcopyrite, galena and sphalerite does indeed behave as 
described here. 

70 

50°C 
82% RH 

60 - 

50 - 

W-l 

I I 

0 / 2 3 4 5 6 7 8 9 

Time, weeks 

Fig. 1. The gain in weight (as a function of time) due to 
the treatment of MP-1, KC-1 and SU-I at 50°C and 82% 

RH. 

Table 3. Rate of gam in weight 

Rate of gain m weight, my. 9-l. werksm ’ 

RN MP-1 KC-l su-I 
?: “C ;c l&3* 3m7* l-3* z-7* I-3* 3-7* 

34 62 1.26 0.84 1.59 1.03 0.16 0 14 
50 40 0.86 0.32 1.02 0.41 0.0 0.0 
50 62 2.17 1.21 3.02 1.67 068 0.58 
50 82 6.31 2.23 11.7 4.76 1 34 1.05 
67 62 3.85 1.96 4.52 2.33 8.65 349 

*Weeks. 

periods of l-3 and 3-7 weeks are given in Table 3. 
The cause of the break in Aw/t will be discussed 
below. 

The data in Tables 2 and 3 show that RH and 
temperature are both important parameters in oxi- 

dation of the ores. For MP-1 and KC-l, a change 
in RH from 40 to 82% at 50” results in a larger AN 
than does a change in temperature from 34 to 67’- 
at 62% RH, whereas the reverse is observed for SU-1. 
This difference in behaviour must be a consequence 
of the mineralogical composition of the ores. 

It must be noted that these reference ores, as avail- 
able in the bottle, cannot really be termed “un- 
treated”. They have been subjected to drying, grind- 
ing, etc., in their preparation, so oxidation must have 
occurred to an extent which is unknown but not of 
interest to the analyst with regard to long-term stabi- 
lity of these ores as reference materials. Because this 
study was concerned with the stability of the ores 
as available in the bottle, these ores were labelled 
as “untreated” and all values of Aw reported refer 
to them. On this basis, the value of Aw at the begin- 
ning of treatment for any RH and temperature should 
be zero. An examination of Fig. 1, however, illustrates 
that the linearly extrapolated rate of weight gain does 
not pass through the origin for MP-I and KC-l. This 
behaviour was also observed for all other values of 
RH and temperature. It must be noted that the rate 
of a solid-gas reaction where a surface layer of prod- 
uct is formed is often initially quite fast but decreases 
to become essentially a linear function of time (i.e.. 
diffusion-controlled). ’ In this case, an extrapolation 
of the linear rate to zero time would not pass through 
the origin*. This observation for MP-1 and KC-I sug- 
gests that the surface of these ores has not been oxi- 
dized completely. That the extrapolation of the linear 
rate for SU-1 passes through the origin does not 
necessarily imply that oxidation does not occur quite 
fast initially, but could simply be a manifestation of 
a low oxidation rate and the error in the experimental 
data. 

The amounts of water-extractable metals, MEXT, in 
the untreated reference ores are given in Table 4. 
MP-1 yields higher values of MEXT although KC-l 
has a higher iron, lead and zinc content. Herein such 
factors as mineralogical composition, particle size dis- 
tribution and history of the ore play important roles. 
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Table 4. Water-extractable metals in untreated ores 

Ore Fe Pb Zn Ni 

MP-1 0.42 (0.04)* 0.37 (0.09) 8.6 (0.5) - 
t;-; 0.11 $.06) 0.29 (0.04) 2.4 (0.2) - 

0.0 0.0 0.0 

*Numbers m brackets are the standard deviations of 
8 determinations. 

Because the tendency to oxidize varies with both-the 
nature and particle size of the minerals in an ore, 
the resultant water-extractability of a metal is not 
necessarily related to the total metal content of an 
ore but instead is related to the mineralogi~l compo- 
sition and particle size. Table 5 contains the results 
of a screening test of MP-I, KC-i and SU-1 and 
clearly illustrates the vast difference in the particle 
size distribution in these ores. 

The history of the ores, i.e., the conditions of humi- 
dity, moisture content and temperature to which they 
have been subjected during collection, drying, storage 
and preparation may differ significantly, so the extent 
of oxidation also differs. 

In general, metal sulphides, both natural and syn- 
thetic, are sparingly soluble in water; e.g., the solubi- 
lity of sphalerite and pyrite is 0.07 and 0.49 mg/lOO ml 
at 20”. respectively.7 The ob~rvation of a water- 
extractability of certain metals greater than that 
expected according to the solubility of the sulphide 
mineral(s) must he attributed to the presence of solu- 
ble “thio-salts” such as thiosulphate, sulphite and sul- 
phate.‘-i’ It is reasonable to assume therefore, that 
oxidation of a sulphide mineral which results in “thio- 
salt” formation should increase the water-extractabi- 
lity of certain metals. I2 Lead sulphite (insoluble} and 
sulphate (4.3 mg/lOO ml) are exceptions, with a lower 
solubility than galena (12.9 mg/lOOml). Galena is, 
however, less soluble than lead thiosulphate 
(30 mg/lOO ml).’ The change in the water-extractabi- 
lity of lead on oxidation of galena therefore depends 
on the products formed.‘,iO 

The values of the difference between MEXT for the 
untreated and treated ores, A&fEXT, are given in Tahlc 
6. The difference was not considered to be significant 
if it was less than the standard deviation of MEXl 
in Table 4. The aqueous extracts were also analysed 
for copper but none was found. 

Table 5. Particle size distribution of MP-1, KC-l and 
SU-1 (screening test) 

% 

Mesh range (Tyler) MP-1 KC-1 su-1 

< 200 0.4 34.3 
2m32.5 10.7 6i.I 
325400 8.1 11:s 65.7 

>400 80.8 24.1 

Table 6. Difference between extractable metal values of 
untreated and treated ores 

MEXT ~~~ 

‘I; “C 

Ore RH, % Fe Pb Zn Ni 

MP-1 (7 weeks) 34, 62 -0.25 0.0 3.59 ‘- 
50, 40 -0.19 0.0 1.89 - 
50, 62 -0.33 0.0 4.92 - 
50, 82 -0.42 -0.18 18.5 - 
67, 62 -0.39 -0.14 16.3 - 

MP-1 (3 weeks) 50, 62 -0.23 0.0 2.54 - 
KC-l (7 weeks) 34, 62 0.0 -0.12 1.76 -- 

50, 40 0.0 0.0 1.70 - 
50, 62 0.0 0.06 4.00 - 
50, 82 -0.08 0.13 13.3 - 
67, 62 0.0 0.12 8.86 - 

KC-l (3 weeks) 50, 62 0.0 0.08 1.80 - 
su-I* 67, 62 0.0 0.0 0.0 1.39 

*No extractable metals were found for SU-1 at any 
other RH or 7: 

There is a reasonably good correlation between 
AZnExT and the corresponding value of Aw for MP-1 
and KC-I; this reIIects oxidation of sphalerite to 
“thio-salts”. The values of AZnExT illustrate the sus- 
ceptibility of sphalerite to oxidation and its absence 
is a probable explanation of the relative stability of 
SU-1. The apparently greater reactivity of the sphaler- 
ite in MP-1 compared to that in KC-l is due to 
smaller particle size and ~n~quentially larger sur- 
face area. The sphalerite gave the following size distri- 
bution. measured with an image analyser:13 

pLI,1 MP-1 ‘4 KC-I, “/;I 
2-6 43’ ‘O 0 
6-15 32 41 

1532 25 33 
32 -60 0 26 

Although the size distribution was not measured, the 
particle size of the other sulphide minerals in MP-1 
appeared to be similar. The decrease in AFeExT with 
an increase in the extent of oxidation of MP-1 and 
KC-l suggests that iron hydroxide, oxide or basic 
iron “thio-salts” are formed rather than the soluble 
“thio-salts” as is observed for zinc. Indeed, it is known 
that weathering of pyrite and pyrrhotite results in the 
formation of limonite and/or haematite.8,’ ’ 

The change in the opposite direction for APbEXT 
suggests the oxidation of galena to PbS04 for MP-1 
but to PbS203 for KC-l. Although no conclusive 
explanation can be given here, the difference in the 
composition of the ores may be important. Sulphide 
minerals, when mixed as in ores, can often retard or 
accelerate the oxidation of one another.i4 

The relationships between log (A+) and RH at 
SO” and between log (Aw/t) and temperature at 62% 
RH are linear with slopes a and b respectively. This 
dual linearity of log (Aw/t) with temperature (7’) and 
RH permits the formulation of a combined relation- 
ship 

log (Aw/t) = a(RH) + bT+ d 

where RH is in “/, T in K and f in weeks. A plot 
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of log (Aw/t) against a(RH) + bT should have unit 
slope and intercept d. The values of a, b and d, calcu- 
lated slope and correlation coefficient of this plot for 
MP-1, KC-l and SU-1 are summarized in Table 7. 
Again, it has been necessary to separate the data into 
those pertaining to l-3 weeks and to 3-7 weeks. 

The parameters a and b are, in effect, a measure 
of the sensitivity of the rate of gain in weight and, 
therefore, the rate of oxidation to changes in RH and 
temperature, respectively. It is tempting to conclude 
that the order of the values of a and b for the refer- 
ence ores signifies that the effect of RH on their oxi- 
dation decreases in the order KC-l > MP-1 > SU-1 
whereas the effect of temperature decreases in the 
order SU-1 > KC-l = MP-1. This, however, would 
be incorrect. The rate of oxidation depends not only 
on RH and temperature but also on the surface area, 
which is, of course, related to particle size. It is a 
widely accepted phenomenon that the smaller the 
particle size, the faster a reaction proceeds. Let us 
suppose that the rate of oxidation of an ore for a 
particular set of conditions of RH and T was found 
to be Ri. If, however, this same ore were cornminuted 
to a different particle size distribution, the observed 
rate of oxidation would differ from R, by a factor 
x, i.e., the rate of oxidation for the latter sample of 
the ore would be xRi. It has been assumed that a 
change in particle size distribution has the same pro- 
portional effect on the rate of oxidation irrespective 
of the values of RH and temperature, in which case 
a and b will also be changed by the factor X. The 
dependence of a and b on the particle size distribution 
is evident and a comparison of a and b for different 
ores is, therefore, meaningless without a thorough un- 
derstanding of the effect of particle size distribution 
on the reactivity of an ore. 

The values of a/b should, however, be constant for 
an ore regardless of the state of comminution, pro- 
vided that all mineral species present are fully liber- 
ated. Thus, differences in the values of a/b for a series 
of ores may be related to differences in their mineralo- 
gical composition because it is improbable that the 

oxidation of all the minerals that comprise an ore 
would be affected equally by both RH and tempera- 
ture. The values of a/b for the l-3 week period for 
MP-1, KC-l and SU-1 are 1.38, 1.84 and 0.28, re- 
spectively. The difference in u/b illustrates that the 
influence of RH and temperature on the rate of oxi- 
dation of an ore does indeed vary with its mineralogy. 
For example, the oxidation of nickel-bearing pyrrho- 
tite and pentlandite in SU-1 exhibits a much greater 
dependence on temperature relative to RH than does 
the oxidation of MP-1 and KC-l in which sphalerite 
must play the dominant role (Table 5). Moreover, the 
difference between the a/b values for MP-I and KC-l 
indicates that minerals other than sphalerite are oxi- 
dized. The abundance of pyrite and galena in KC-l 
relative to MP-1 may be the explanation. If so, the 
larger value of u/b for KC-l requires that the oxi- 
dation of pyrite and/or galena shows a greater depen- 
dence on RH relative to temperature than does that 
of sphalerite. 

It is very difficult to assign significance to the inter- 
cept d. It is, of course, a concomitant of the linear 
relationship between log (Aw/t) and [u(RH) + hT] 
and, as such, will vary with the values of both a and 
b. The main function of d is to permit the calculation 
of log (Aw/t) for any value of RH and ?: 

Some speculations on mechanisms 

A satisfactory explanation for the break in Aw/t 
after about 3 weeks’ treatment is difficult because of 
the complexity of the ores. It is improbable that the 
decrease in Aw/t is due to either the complete oxi- 
dation of certain minerals in the ore or the formation 
of an oxidized surface layer sufficiently thick to cause 
Aw/t to become diffusion-controlled. Each of these 
hypothetical processes would occur at essentially the 
same extent of oxidation of the ore regardless of T 
and RH. The change in Aw/t, however, always 
occurred at 3 _t 0.2 weeks even though the extent of 
oxidation as measured by Aw (Table 2) varied appre- 
ciably from trial to trial. 

Table 7. Relationship of equation parameters 

Ore 
Time interval 

weeks a(10-2) b(lO-*) d 

MP-1 

KC-l 

su-1 

l-3 

3-7 

l-3 

3-l 

1-3 

3-7 

2.04* * 0.05t 
slope = 1.00 
2.00 + 0.10 
slope = 1.01 
2.52 + 0.14 
slope = 0.99 
2.54 + 0.10 
slope = l.CMJ 
1.48 + 0.07 

slope = 0.99 
1.38 + 0.16 

slope = 0.99 

1.47 f 0.11 - 5.56 
r = 0.997 

1.14 * 0.03 -4.80 
r = 0.972 

1.37 f 0.10 - 5.45 
r = 0.984 

1.21 * 0.03 -5.24 
r=l.CGl 

5.24 f 0.09 - 17.93 
r = 0.986 

4.21 i 0.23 - 14.52 
r = 0.998 

* Average of two samples. 
t Corresponding deviation. 
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A comparison of the water-extractable metals 
(Table 6) for MP-1 and KC-l for 3 and 7 weeks at 
50” and 62% RH clearly illustrates that sphalerite un- 
dergoes oxidation throughout the 7 week period but, 
unfortunately, the results for Fe and Pb are either 
inconsistent or (because of the zero values) meaning- 
less. The different mineralogical composition of 
MP-1, KC-1 and SU-1, however, would preclude the 
change in Aw,!t being due to the complete oxidation 
of certain minerals. The ~~itude of this change 
would require that these minerals be present in appre- 
ciable quantities. 

Although a change in RH or temperature affects 
the rate of oxidation of an ore, the overall mechanism 
remains the same, such that the oxidation reaction 
gives rise to a constant ratio of the amounts of the 
products. The absolute amount of the products, how- 
ever, is dependent on the rate of oxidation and, there- 
fore, on RH and temperature. Once formed by oxi- 
dation of the ores, the products are themselves subject 
to further reaction. 

A comparison of the a and b values shows that 
Aw/t for the 37 week period is affected to a lesser 
extent by temperature than is Aw/t for the l-3 week 
period. This does not necessarily mean that the oxi- 
dation becomes less sensitive to temperature after 3 
weeks, but could indicate the start of some reaction 
resulting in a loss in weight so that the observed over- 
all Awft is lower than expected. The ratios of the Aw~r 
values for the first and last periods of exposure (weeks 
l-3 and 47) at 34, 50 and 67” and 62% RH show 
that the decrease in Awjt at 3 weeks increases with 
increasing temperature for all three ores, i.e., the rate 
of weight loss increases with temperature. 

The formation of elemental sulphur during the mild 
oxidation or weathering of sulphide minerals is well 
known.’ This is also illustrated by the sulphur values 
for the unoxidized and oxidized ores, in Table 8. The 
results for 50” clearly show that the formation of sul- 
phur increases with RH. The apparent anomaly of 
a decrease in the formation of sulphur with an in- 
crease in tem~rature is the result of the interplay 
of two factors. First, an increase in temperature 
enhances the rate of oxidation of an ore and, there- 
fore, increases the formation of sulphur. Secondly, 
however, increase in temperature enhances the oxi- 
dation and/or volatilization of the sulphur thus 
formed. 

It is reasonable to assume that the quantity of sul- 
phur formed should vary with the extent of oxidation, 
i.e., with the gain in weight. The quantity of sulphur 
formed should, therefore, increase with temperature, 
which is the opposite of what is found experimentally. 
The quantity of sulphur lost because of oxidation 
and/or volatilization must therefore also increase with 

* Extrapolation is, in general, a dangerous practice and 
as such can be expected at best to yield an approximate 
result. The experimental alternative would, of course, be 
mordinately lengthy. 

Table 8. Elemental sulphur in ores 

T, “C, RI%, 7; MP-1 KC-1 su-1 

Untreated 0.09 1.24 0.02 
34, 62 0.37 2.94 0.03 
50, 40 0.03 0.09 0.02 
50, 62 0.22 1.10 0.02 
50, 82 0.55 4.29 0.05 
67, 62 0.09 0.06 0.63 

temperature but to a greater extent. which, of course. 
parallels the magnitude of the decrease in Aw/t at 
3 weeks. It must be noted that the decomposition 
of metal thiosulphates or sulphates to the oxidei’*” 
will also cause a loss in weight. 

The decrease in Aw/t at 3 weeks can be explained 
as follows. By their very nature, sulphur and metal 
thio-salts are less susceptible to air-oxidation than are 
sulphides. Because sulphur and metal thio-salts are 
themselves products of oxidation, it is necessary for 
the oxidation to have proceeded to an extent at which 
their quantity is sufficiently large to compensate for 
their lower oxidation/decomposition rate and result 
in an observable decrease in Aw/t. In a system where 
the oxidation yields sulphur and metal thio-salts re- 
gardless of the RH and temperature, the decrease in 
the rate of gain in weight should be detected at ap- 
proximately the same time, which is _ 3 wk for MP-1, 
KC-1 and SU-1. The cause of the break in Awjt at 
3 weeks can only be determined from a study of the 
mechanism of oxidation. Such a study, which is now 
under way, requires use of the pure minerals and the 
ident~~tion and dete~ination of the oxidation 
products. 

Stability of M&l, KC-1 and W-1 as reference ores 

The stability of MP-1, KC-l and SU-1 towards oxi- 
dation under laboratory conditions is readily calcu- 
lated by extrapolation* of the data in Table 7. For 
example, when exposed to the a~osphere at 20” and 
40% RH, MP-1 and KC-1 would undergo a 1% 
change in weight in about 45 weeks. SU-1 is stable. 
It can, therefore, be concluded that these certified 
reference ores should undergo no significant alter- 
ation at normal laboratory temperature and RH 
when stored in tightly sealed bottles. 
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QUANTITATIVE NMR-SPEKTROSKOPISCHE 
SIMULTANANALYSE VON MEHRKOMPONENTENGEMISCHEN 

UNTER EINSATZ EINES RECHNERS IM ON-LINE-BETRIEB 

WERNER STOREK 

Akademie der Wissenschaften der DDR, Zentralinstitut fur physikahsche Chemie, 
DDR-1199 Berlin, Rudower Chaussee 5 

(Emgegangm am 9. Juni 1975. Angenommen am 15. Dezemher 1975) 

Zusammeufassung-Die Voraussetzungen und der Algorithmus des on-hne-Verfahrens zur quantitativen 
NMR-Analyse von Mehrkomponentensystemen, deren NMR-Spektren sich vollst;indig iiberlagem, 
werden vorgestellt. Am Beisprel der ‘H-NMR-Analyse einer 3-Komponentenmischung von rsomeren 
Heptylsulfochloriden werden die Vor- und Nachteile dieser Methode diskutiert. 

Mit der hochautIi%enden NMR-Spektroskopie steht 
dem Chemiker eine zerstiirungsfreie Analysenme- 
thode fur fliissige und geliiste Stoffe zur Verfiigung, 
die in bestimmten Anwendungsfallen, lhnlich wie z.B. 
die UV-‘,’ oder IR-3*4 Spektroskopie zur Konzentra- 
tionsbestimmung von Komponenten in Gemischen, 
deren Spektren sich vollstlndig iiberlagern*, einge- 
setzt werden kann. 

Als nachteilig erweist sich bei der hochaufliisenden 
NMR-Spektroskopie die gegeniiber anderen Ver- 
fahren vergleichsweise geringe Nachweisempfindlich- 
keit, deren starke Abhlngigkeit vom dem zur Analyse 
ausgewahlten Resonanzkem (z.B. ‘H, 13C, 19F, 31P) 
und der damit verbundene relativ hohe Substanzein- 
satzt. 

Die wesentlichen methodenspezifischen Voraussetz- 
ungen$ zur Durchfiihrung einer zuverlbsigen quanti- 
tativen Analyse, die heute ein breites Anwendungsge- 
biet der hochaufliisenden NMR-Spektroskopie 
btldet,6-” sind in zahlreichen Veriiffentlichungen dar- 
gestellt worden. Zu&tzlich zu diesen Voraussetzungen 
miissen fur das hier vorgestellte Verfahren der Mehr- 

komponentenanalyse folgende Bedingungen erfullt 
sein. 

(1) Die Spektren der k reinen Komponenten 
miissen bekannt sein. 

* Damit ist die vom Analytiker angestrebte Selektivitlt 
bzw. SpezifGt des Analysenverfahrens5 aufgehoben, die 
sonst eine moglichst hohe Analysengenauigkeit bei relativ 
germgem Aufwand erlaubt. 

t So betrlgt LB. die Nachweisgrenze fur die ‘H-NMR 
(CW-Betrieb bei IOOMHz) ca. 101s-10’7 Protonen. Das 
entspricht einem Substanzeinsatz von einigen hundert 
Mikrogramm fur eine Substanz mit dem Molekulargewicht 
100 und 10 Wasserstoffatomen im Molektil, wobei das Srg- 
nal emes isolierten Protons rm Spektrum nicht aufspalten 
darf. 

$ Z.B. miissen die Hochfrequenzmagnetfeldstarke und 
die Spektrenabtastgeschwindigkeit optimiert werden, urn 
den EinfluB von Sattigungs- und Relaxatronseffekten, dre 
die Signahntensit;it verfalschen, mogllchst zu vermerden, 
bzw. iiber Eichkurven korrigieren zu konnen. 

(2) Es existieren genau k Komponenten in der Mi- 
schung, deren Signale sich nur additiv in Abhlngigkeit 
von ihren relativen Konzentrationen iiberlagern, d.h. 
nichtadditive Mischungseffekte diirfen nicht auftreten. 

(3) Es miisscn mindestens k signifikante Unter- 
schiede beziiglich Linienlage bzw. Linienprofil 
zwischen den Spektren der reinen Komponenten exis- 
tieren (lineare Unabhangigkeit der Spektren 
voneinander). 

(4) Es m&en mindestens n = k + 1 geeignete 
Samplingpunkte unter reproduzierbaren Bedingungen 
beziiglich der StabilitXt der GerBteparameter (wie 
Aufliisung, Phase, Probentemperatur, Hochfrequenz- 
magnetfeldstiirke, Abtastgeschwindigkeit, Lock usw.) 
ausgewahlt werden konnen. 

I 

Abb. 1. Prinzip der Datenerfassung im NMR-Spektrum 
emes 2-Komponentengemrsches. __ NMR-Spektrum der 
Mischung; -- NMR-Spektrum der Komponente 1; ~- 

NMR-Spektrum der Komponente 2. 
64Y 
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Unter diesen Bedingungen folgt fur den Intensit&ts- 
wert I@,) im Samplingpunkt v, des k-Komponenten- 
gemisches 

I(V*) = ~ Xjfj(“r) (1) 
,=1 

mit 
X, = Regressionskonstante, die der Konzentra- 

tion der Komponente j direkt proportional 
ist. 

I,(+) = Intensitat der j-ten Komponente im 
Samplingpunkt v, 

v, = Chemische Verschiebung in ppm oder Hz 
beziiglich eines Referenzsignals. 

Zur Bestimmung der Konzentrationswerte Xi wird 
das Verfahren der mehrfachen linearen Regres- 
sion’2-‘4 herangezogen. Die Regressionskonstanten 
Xj ergeben sich aus der Forderung 

t$l ,$, EXjlj(vJ - I(v,lY = Cvvl-, Min (21 

bzw. fur alle j = 1,2,. . . , k 

mvi ~ zz 

ax, 
0 

worin [w] die Summe der Fehlerquadrate bedeutet. 
Daraus folgt in bekannter Weise ein Iineares Glei- 
chungssystem zur Bestimmung der X,, dessen Losung 
sich nach den Methoden der linearen Algebra in 
Matrizenschreibweise zu 

ergibt. 
Die Elemente des Liisungsvektors x sind die 

gesuchten Re~~sionskonstanten X, B ist die inverse 
Matrix zur sogenannten Kovarianzmatrix, deren Ele- 
mente nur aus den Summen von Produkten der In- 
tensitatswerte I,{\‘,) der reinen Komponenten gebildet 
werden. Deshalb kann man sie als “Eichmatrix” fur 
das zu untersuchende Mischungssystem bezeichnen. 

P ist ebenfalls ein Spaltenvektor, wie der LBsungs- 
vektor, dessen Elemente aus Summen von Produkten 
der Intensmitswerte der Mischung I(vi) und denen der 
reinen Komponenten zusammengesetzt sind. 

Der Zusammenhang zwischen den gesuchten 
Molenbruchkonzentrationen xj der k Mischungskom- 
ponenten und den entspr~henden k Re~essionskon- 
stanten Xj wird noch durch Einfiihren von k Korrek- 
turfaktoren Fj modifiziert. 
Dann gilt: 

Fj Xi-W, 
XJ = x, (5) 

und wegen 
k 

wird Fk = 1 gesetzt. 

* S: 251 ff. im Citat 13. Abb. 2. Progr~mablau~l~ (Skizze). 

Auf diese Weise konnen mogliche systematische 
Fehler bei der Konzentrationsbestimmung in Mehr- 
kompon~tengemischen eingeschmnkt werden. So 
lassen sich z.B. unterschi~liche Vers~rk~gs- oder 
Akkum~ationsgrade bei der Aufnahme der reinen 
Komponenten korrigieren. 

Die Niitzlichkeit dieser Faktoren sollte sich such 
bei der Eichung der durch Relaxationsprozesse und 
den Kern-Overhauser-Effekt (NOE)15.‘6 beeinfluf3ten 
Si~alintensi~t~ in der ’ 3C-Fourier-Transform- 
NMR-Spektroskopie mit Protonenrauschent- 
kopplung erweisen. 

Unter Einhaltung einer hohen Reproduzierbarkeit 
der apparativen Einstellungen konnten mit der 
’ 3C-NMR ebenfalls derartige quantitative Analysen 
durchgef~~t werden, wie sie sich z.B. fur bestimmte 
Fragestell~g~ der Polymeren- oder Kohlenwasser- 
stoflanalytik ergeben. 

In Abb. 2 ist der Programmablaufplan skizziert. 
Die mit “Eichen” bezeichnete Programmverzweigung 
erlaubt die Bestimmung der Korrekturfaktoren Fj 
mittels vorgegebenen Testgemischen. GroBen, wie die 
Stan~rdabweich~gen m(l) der Ei~elmessung und 
m(x,) der Regressionskonstanten, die Surmne der 
Fehlerquadrate [vv] und das Bestimmtheitsmag BM, 
dessen Betrag bei fehlerfreier Regression den Wert 1 
annimmt und der F(Test)-Wert” nach Fisher dienen 
zur Beurteilung der Giite der Regression. 

Die Mehrkomponentenanalyse nach dem vorge- 
stellten Verfahren wurde fur 2- bzw. 3-Komponenten- 
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4-HSCl 

3-HSCI 

I I 

4 3 2 I 

8 [ml 

Abb. 3. ‘H-NMR-Spektren der reinen Komponenten A, B und C. 2-HSCl: n-Heptylsulfochlorid (2); 
3-HSCl: n-Heptylsulfochlorid (3); 4-HSCl: n-Heptylsulfochlorid (4). 

k-Al --d L A2 - 
I I I I 

4 3 2 I 

8 [pm] 

Abb. 4. ‘H-NMR-Spektrum der 3-Komponentenmischung I mit den in zwei aktuellen Auswerteber- 
eichen (Al, 42) erhaltenen Fehlerkurven fti eine Samplingweite SW = 1 (n = 462 Samplingpunkte) 

bzw. SW = 2 (n = 231). 

gemische mit einem hochauflosenden NMR-Spek- 
trometer Typ JNM-PS-lOO/PFT-100 der Fa. JEOL, 
Tokio (Japan) mit dem “dedicated” Computersystem 
NICOLET-1085* der Fa. Nicolet, Madison (USA) 
erprobt. Der in Abb. 2 skizzierte Programmablauf 
wurde in der NIC-Assembler-Sprache programmiert, 
wobei fti die 3-Komponentenanalyse cu. 2K 
(1K = 1024) Speicherplltze belegt wurden. Abbildung 
3 zeigt die ‘H-NMR-Spektren der drei reinen Kom- 
ponenten. 

* Das NICOLET-1085 Datenerfassungs- und Verarbei- 
tungssystem (Zykluszeit: 2~s 20 Bit Wortllnge) ist mit 
einer fur die modeme NMR-Spektroskopie zweckm%Digen 
Peripherie, wie z. B. AD- und DA-Wandler, Filter, Tele- 
type und Datensichtgerat (Display) ausgestattet. 

Die Spektren wurden in jeweils 1K Datenspei- 
cherplatze iiber den AD-Wandler des Rechners mit 
2 Scans (CW-Akkumulation) im Bereich von 
6 = 0,2924,542 ppm (entsprechend einem Frequenz- 
bereich von 425 Hz bei einer Protonenresonanzfre- 
quenz von 1OOMHz) abgespeichert. Somit betrug die 
minimal mogliche Samplingweite (SW = 1) bei 1024 
Datenpunkten 0,415 Hz. Die gewahlte Abtastge- 
schwindigkeit von 540 Hz/250 s bei 10 Hz Filterbreite 
ergab eine Abtastzeit von ca. 3,3 min/Scan. 

Aus praktischen Griinden wurden sowohl die 
reinen Komponenten als such die zu untersuchenden 
Gem&he derselben in etwa 60% (Vol.) CC&, in dem 
etwas Hexamethyldisiloxan fur den internen Proben- 
lock enthalten war, gel&t. 
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Tabelle 1. Gegeniiberstellung der durch Einwaage vorgegebenen (v) 
und der mitt& des on-hne-Verfahrens erhaltenen (e) Analysenergeb- 
nisse fi.ir drew 3-Komponentensysteme unterschiedlicher Zusam- 

mensetzung 

Mischung 
Zusammensetzung {~olenbr~che) 

x(A) x(B) x(C) 

I v 0,328 0,461 0,211 
e 0,300 0,461 0,237 

If v 0,155 0.614 4231 
e q1.54 Qso2 0,242 

IIf v 0,074 0,313 0,612 
e 0,101 0,326 0,572 

In Tabelle 1 sind die Analysenergebnisse f?.ir drew Testgemische 
Isomerer n-WeptylsuIfochlorlde angegeben. 

Mit einer Absolutabweichung von maximal & O,O4 (Moienbruch) 
sind die Ko~entra~~onsbes&i~mungen der Mischun~skom~nente~ 
z~rjed~stel~end. 

Mit Hilfe des auf dem Oszillugraph angezeigten 
Signalpegels im Lock-Kanal des Spektrometers wurde 
die Auf&sung (LXX. 5. 10e9) eingestellt und deren Sta- 
bilit% wghrend des Me~vorg~ges iiberwacht. Der 
abgetastete Frequenzbereicb wurde mit dem im 
Spektrometer eingebauten Frequenztihler (auf & 
0,l Hz genau) st&ndig kontrolliert. Es wurden sowohl 
der Signalbereich deer Methyl- und Methylengruppen 
(A2) als such der Bereich der den Substituenten 
-SO&J tragenen CH-Gruppe (Al) zur Auswertung 
her~gezogen, wie aus Abb. 4 hervorgeht. Fiir tine 
SampIingweite von SW = 1 umfaBt der Bereich Al 
101 Kangle und der Bereich A2 361 KanHle. 

Gleiche Erfahrungen beziiglich der erzielbaren 
Analysengenauigkeit wurden bei der ‘H-NMR-spek- 
troskopischen Untersuchung von Testgemischen 
(2 bzw+ 3 Kamponentenf aus AIkanen gemacht. 

* F = XXX.XXX bedeutet. daD der F(Test)-Wert nach 
Fisher grijl3er bzw. gleich 1000 ist. 

Allerdings kannte wegen VerstoDes gegen die Be- 
dingung 3) des Verfahrens ein Cemisch aus n-Hexan, 
n-Oktan und n-Undekan mcht analyslert werden. 

Die ,~bbildu~get~ 5 und 6 zeigen die NMR- 
Spektren der M~schungen If und III und die Teletype- 
Protukolle der Analyse nebst den in den zwei Auswer- 
tebereichen dargesteliten Fehlerkurven der ftir 
SW = 1 in insgesamt N = 462 Samplingpunkten 
durchgeftihrten Regressionsrechnung.* 

Bei der Analyse dieser drei Testgemische wsrde so 
verfahren, da8 nach Analyse der M~s~h~g I die Pro- 
gr~verzw~~g~ng “‘Routine” bejaht wurde (s. Abb. 
2), damit ist ftir die getroffene Auswahl der Sampling- 
bereiche und der Samplingpunkte die “systemcharak- 
teristische” Matrix B fixiert und in allen weiteren 
AnaIysenftillen sind nur noch die Spektren der zu ana- 
Iysierenden Gemische dieser Kom~nent~ auf- 
zunehm~. Somit ist im Routin~betrieb eine quantita- 
tive Analyse in etwa 5-lOmin--vom Einbringen der 
Probe bis zum Ergebnisausdruck-zu erhalten. 

sat 1.000 %= 462.OQC1 I 

faG 6. C322YeJE-!Z B=2.‘3426RE- 1 C= 9.4274hE-r? 
CVV3= 1.58ei5E3 iYf<f)= 1.8566REO 
iu#A3= 1.41588E-3 X(B)= l.Y2250E-3 YCC>= l.bf?72E-3 
w= 0.Q8f F= xXx*xXx 
XfA)= 0,154 XCB)= q-602 X(C)= Q-242 
W= 1.00880E0 F2= I.B0000Er? 

Abb. 5. “I+-NMR-Spektrum der 3-Komponentcnmischung II mlt der fiir zwei Auswerteberelche 
erhaltenen Fehlerkurve (Verstgrkungsfaktor: 2) und dem dafiir vom Rechner ausgegebenen 

Analysenpro~okoll. 
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$= 1.050 .J= 46?.4,75 
A= 1.02755E- 1 3;: 3.33184E- 1 C= 5.78823E- 1 
CVVI 1 l r?2583E4 ?cfCI)= 4.72751E0 
M(A)= 3.60529E-3 M(B)= 4.64069E-3 x(C)= 4.24656E-3 
F)r= 0.984 F= XXX.XXX 

&A)= 0.101 X(B)= fl.326 X(C)= 5.572 
FI= 1 l !,??PIOOCTEf F2= I. 4~0OIQE~ 

I I I I 
4 3 

Wml ’ 
I 

Abb. 6. ‘H-NMR-Spektrum der 3-Komponentenmischung III nebst Fehlerkurve (Verstirkungsfaktor: 
4) und Analysenprotokoll. 

Die wesentlichen Vorteile des on-line-Verfahrens 
kann man in folgenden Punkten erkennen: 
--die zeitaufwendige und fehleranfillige manuelle 
Datenerfassung entfillt; 
-durch die Maglichkeit der Spektrenakkumulation 
ist eine Erhiihung der Nachweisempfindlichkeit bzw. 
eine Herabsetzung des statistischen Fehlers bei der 
Analyse zu erreichen; 
-Nachteile der off-line-Verarbeitung, wie z.B. 
Datentrggertransporte oder Wartezeiten, entfallen; 
-es kiinnen die Samplingweiten und die Auswerte- 
bereiche beliebig variiert werden und damit das Ana- 

lysenverfahren optimiert werden. Durch Zugabe einer 
Referenzsubstanz zu allen reinen Komponenten und 
deren Gemischen, deren Signal ebenfalls erfaBt wird, 
lassen sich Drift- oder L&ungsmitteleinfliisse korri- 

-der Datenspeicherinhalt des Computers kann jeder- 
zeit auf dem Display visuell kontrolliert werden, so 
dal3 z.B. systematische Fehler oder das Vorliegen von 
Verunreinigungen in der Fehlerkurve der Analyse des 
k-Komponentengemisches erkannt werden kiinnen. 

In Abb. 7 (Oben) ist das ‘H-NMR-Spektrum des 
n-Undekans dargestellt, dessen Signale ebenfalls im 

9rl= 1.000 ?J= 462.530 
f% 8.11949E-2 F3= 2.44656E-1 C= 5.46583E-2 
CVVl= 1.44657E4 MCI )= 5.61389E5 
M(A)= 4.23 1266-3 Y(B)=- 5.51079E-3 ?fr<C,= 5.04277E-3 
EM= 5.353 F=486.158 
%A)= 0.197 X(B)= 11.595 X(C)= 0.2116 
FI= 1. !‘1000BEGJ F2= 1 l CI5500E0 

4 3 2 I 

a [wml 

Abb 7. Oben: ‘H-NMR-Spektrum des n-Undekans. Mitte: ‘H-NMR-Spektrum der mit n-Undekan 
verunremigten M&hung II; Unten: Fehlerkurve dieser in zwei Auswertebereichen analysierten Mi- 
schung mit den durch die StGrkomponente verursachten systematischen Abwelchungen; Oben links: 

Analysenprotokoll der mit n-Undekan verunreinigten Mischung II. 
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aktuellen Auswertebereich A2 der isomeren Heptyl- 
sulfochloride liegen. Durch Spektrenaddition mittefs 
des Rechners wurde die M&hung II mit n-Undekan 
als St~rkom~ne~te “verunreinigt”, wie aus Abb. 7 
(Mittef hervorgeht. Die Fehlerkurve dieses analy- 
sierten Systems zeigt deutlich die durch die Stijrkom- 
ponente im Bereich der Methylengruppen des 
n-Undekans hervorgerufene systematische Abwei- 
chung [Abb. 7 (Unten)]. Aus diesem Beispiel geht her- 
vor, d& aus der Fehierkurve nur bei einer sehr hohen 
St~rkompon~tenko~~trat~on ein identifzierbares 
Spektrum der verursachenden Substanz zu erhalten 
sein wird. 

Verunreinigungen verschlechtern sofort das Analy- 
senergebnis, da diese aufgrund der Voraussetzungen 
nicht erkannt und auf die k Komponenten “aufgeteilt” 
werden, wie z.3. das Analy~protokoll in Abb. 7 fti 
die “verunreinigte” Mischung II zeigt. 

&&rst empfindlich reagiert das Verfahren auf sys- 
tematische Fehler, wo die Voraussetzung der strengen 
additiven oberlagerung der Spektren verletzt wird. 
Derartige Fehler liegen bei Ab~leicl~ungen von der 
Phase des reinen Ab~rp~onssi~ais vor oder bei ge- 
ringfiigigen Anderungen der chemischen Verschiebung 
(GrGDenordnung von eimgen low3 ppm) infolge van 
Drift- oder Lijsungsmitteleffekten. 

Der erforderliche Speicherplatzbedarf steigt mit der 
Zahl der zu a~lysier~d~ Komponenten schnell an. 
So werden in der I&gel pro reine Komponente und 
das Gemisch derselben 1K Speicherplatze reserviert 
und fiir II 2 k _t 1 Samplingpunkte werden 2n(k f 1) 
weitere Speicherpl#ze belegt, da die Werte lj(vi) u.nd 
Z(v,) als Gleitkommazahlen abgespeichert werden und 
somit jeweils zwei Speicherpl%ze beanspruchen. Fiir 
die Darstellung der Fehlerkurve werden ebenfalls IK 
Speicherpl&e reserviert ~~s~rn~ mit dem eigent- 
lichen Programm werden somit ftir n = 500 Samp- 
lingpunkte im Fall einer 3-Komponentenanalyse etwa 
11 K SpeicherpMtze beniitigt. Nach der Festlegung der 
Matrix B (Routinebetrieb) werden noch SK Spei- 
cherpl&ze beniitigt. 

Dagegen fallen ~echenze~ten kaum ins Gewicht, da 
z.B. nach der Datenerfassung fir das vorgestellte Bei- 
spiel der 3-Komponentenanalyse mit 462 Sampling- 
punkten fiir die Regressionsrechnung nur cu. 1.5 s er- 
farderlich waren und die restliche Zeit des Ergebnis- 
ausdruckes durch die Druckg~schwindigkeit des 
benutzten Teletype bedingt war. 

Eine Verbesserung des Verfahrens sol&e no& 
unter Einbeziehung von Gewichtsfaktoren m2jglich 
sein.“,l* wlhrend Bemiihungen zllr Optimierung der 
Zahl der Samplingpunkte19 aufgrund der hohen 
R~hengeschwi~d~~keit nicht so wesentlich er- 
scheinen. 

Eine weitere Anwendungsmiiglichkeit ist dadurch 
gegeben, da13 es z.B. mijglich ist, die Konzentration 
einer Komponente in einem ~-Komponentengemisch 
relativ gegeniiber allen anderen zu bestimmen, d.h. 
durch Zusammenfassen der restlichen (k - lf zu einer 
“Komponente”. Damit ist dieser Spezialfall auf die 
Analyse einer 2-Komponentenmischung zurlick- 
gefiihrt. 

Die Grerrzen der hier beschriebenen Methode 
d&&en im &&men e&r vertretbaren Analysen- 
genauigkeit (~ol~bruch + 0,7) und Eindeutigkeit 
fir die Analyse eines Systems mit 5-8 Komponenten 
erreicht sein. Die Niitzlichkeit des relativ aufwendigen 
Verfahrens kommt erst bei einer hohen Wiederholrate 
der Analysen (Routinebetrieb jwie sie z.B. bei der 
Prod~tkontr~lle in der chemischen oder pharmazeu- 
t&hen Industrie erlorderlicb sein kan*voll zur Gel- 
tung. 

Die Substanzeu wurden von Herrn Dr. Ch. Duschek van 
der Sektion Verfahrenschemie der TN Leuna-Merseburg 
zur Verfiigung gestellt, wofiir such an dieser Stelle noch- 
mafs gedankt werden soIf. 

1. D. W. Liibbers 
8, 1055. 

2. B. Klabuhn, M. 
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QUANTITATIVE NMR-SPEKTROSKOPISCHE 
SIMULTANANALYSE VON MEHRKOMPONENTENGEMISCHEN 

UNTER EINSATZ EINES RECHNERS IM ON-LINE-BETRIEB 

WERNER STOREK 

Akademie der Wissenschaften der DDR, Zentralinstitut fur physikahsche Chemie, 
DDR-1199 Berlin, Rudower Chaussee 5 

(Emgegangm am 9. Juni 1975. Angenommen am 15. Dezemher 1975) 

Zusammeufassung-Die Voraussetzungen und der Algorithmus des on-hne-Verfahrens zur quantitativen 
NMR-Analyse von Mehrkomponentensystemen, deren NMR-Spektren sich vollst;indig iiberlagem, 
werden vorgestellt. Am Beisprel der ‘H-NMR-Analyse einer 3-Komponentenmischung von rsomeren 
Heptylsulfochloriden werden die Vor- und Nachteile dieser Methode diskutiert. 

Mit der hochautIi%enden NMR-Spektroskopie steht 
dem Chemiker eine zerstiirungsfreie Analysenme- 
thode fur fliissige und geliiste Stoffe zur Verfiigung, 
die in bestimmten Anwendungsfallen, lhnlich wie z.B. 
die UV-‘,’ oder IR-3*4 Spektroskopie zur Konzentra- 
tionsbestimmung von Komponenten in Gemischen, 
deren Spektren sich vollstlndig iiberlagern*, einge- 
setzt werden kann. 

Als nachteilig erweist sich bei der hochaufliisenden 
NMR-Spektroskopie die gegeniiber anderen Ver- 
fahren vergleichsweise geringe Nachweisempfindlich- 
keit, deren starke Abhlngigkeit vom dem zur Analyse 
ausgewahlten Resonanzkem (z.B. ‘H, 13C, 19F, 31P) 
und der damit verbundene relativ hohe Substanzein- 
satzt. 

Die wesentlichen methodenspezifischen Voraussetz- 
ungen$ zur Durchfiihrung einer zuverlbsigen quanti- 
tativen Analyse, die heute ein breites Anwendungsge- 
biet der hochaufliisenden NMR-Spektroskopie 
btldet,6-” sind in zahlreichen Veriiffentlichungen dar- 
gestellt worden. Zu&tzlich zu diesen Voraussetzungen 
miissen fur das hier vorgestellte Verfahren der Mehr- 

komponentenanalyse folgende Bedingungen erfullt 
sein. 

(1) Die Spektren der k reinen Komponenten 
miissen bekannt sein. 

* Damit ist die vom Analytiker angestrebte Selektivitlt 
bzw. SpezifGt des Analysenverfahrens5 aufgehoben, die 
sonst eine moglichst hohe Analysengenauigkeit bei relativ 
germgem Aufwand erlaubt. 

t So betrlgt LB. die Nachweisgrenze fur die ‘H-NMR 
(CW-Betrieb bei IOOMHz) ca. 101s-10’7 Protonen. Das 
entspricht einem Substanzeinsatz von einigen hundert 
Mikrogramm fur eine Substanz mit dem Molekulargewicht 
100 und 10 Wasserstoffatomen im Molektil, wobei das Srg- 
nal emes isolierten Protons rm Spektrum nicht aufspalten 
darf. 

$ Z.B. miissen die Hochfrequenzmagnetfeldstarke und 
die Spektrenabtastgeschwindigkeit optimiert werden, urn 
den EinfluB von Sattigungs- und Relaxatronseffekten, dre 
die Signahntensit;it verfalschen, mogllchst zu vermerden, 
bzw. iiber Eichkurven korrigieren zu konnen. 

(2) Es existieren genau k Komponenten in der Mi- 
schung, deren Signale sich nur additiv in Abhlngigkeit 
von ihren relativen Konzentrationen iiberlagern, d.h. 
nichtadditive Mischungseffekte diirfen nicht auftreten. 

(3) Es miisscn mindestens k signifikante Unter- 
schiede beziiglich Linienlage bzw. Linienprofil 
zwischen den Spektren der reinen Komponenten exis- 
tieren (lineare Unabhangigkeit der Spektren 
voneinander). 

(4) Es m&en mindestens n = k + 1 geeignete 
Samplingpunkte unter reproduzierbaren Bedingungen 
beziiglich der StabilitXt der GerBteparameter (wie 
Aufliisung, Phase, Probentemperatur, Hochfrequenz- 
magnetfeldstiirke, Abtastgeschwindigkeit, Lock usw.) 
ausgewahlt werden konnen. 

I 

Abb. 1. Prinzip der Datenerfassung im NMR-Spektrum 
emes 2-Komponentengemrsches. __ NMR-Spektrum der 
Mischung; -- NMR-Spektrum der Komponente 1; ~- 

NMR-Spektrum der Komponente 2. 
64Y 
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Unter diesen Bedingungen folgt fur den Intensit&ts- 
wert I@,) im Samplingpunkt v, des k-Komponenten- 
gemisches 

I(V*) = ~ Xjfj(“r) (1) 
,=1 

mit 
X, = Regressionskonstante, die der Konzentra- 

tion der Komponente j direkt proportional 
ist. 

I,(+) = Intensitat der j-ten Komponente im 
Samplingpunkt v, 

v, = Chemische Verschiebung in ppm oder Hz 
beziiglich eines Referenzsignals. 

Zur Bestimmung der Konzentrationswerte Xi wird 
das Verfahren der mehrfachen linearen Regres- 
sion’2-‘4 herangezogen. Die Regressionskonstanten 
Xj ergeben sich aus der Forderung 

t$l ,$, EXjlj(vJ - I(v,lY = Cvvl-, Min (21 

bzw. fur alle j = 1,2,. . . , k 

mvi ~ zz 

ax, 
0 

worin [w] die Summe der Fehlerquadrate bedeutet. 
Daraus folgt in bekannter Weise ein Iineares Glei- 
chungssystem zur Bestimmung der X,, dessen Losung 
sich nach den Methoden der linearen Algebra in 
Matrizenschreibweise zu 

ergibt. 
Die Elemente des Liisungsvektors x sind die 

gesuchten Re~~sionskonstanten X, B ist die inverse 
Matrix zur sogenannten Kovarianzmatrix, deren Ele- 
mente nur aus den Summen von Produkten der In- 
tensitatswerte I,{\‘,) der reinen Komponenten gebildet 
werden. Deshalb kann man sie als “Eichmatrix” fur 
das zu untersuchende Mischungssystem bezeichnen. 

P ist ebenfalls ein Spaltenvektor, wie der LBsungs- 
vektor, dessen Elemente aus Summen von Produkten 
der Intensmitswerte der Mischung I(vi) und denen der 
reinen Komponenten zusammengesetzt sind. 

Der Zusammenhang zwischen den gesuchten 
Molenbruchkonzentrationen xj der k Mischungskom- 
ponenten und den entspr~henden k Re~essionskon- 
stanten Xj wird noch durch Einfiihren von k Korrek- 
turfaktoren Fj modifiziert. 
Dann gilt: 

Fj Xi-W, 
XJ = x, (5) 

und wegen 
k 

wird Fk = 1 gesetzt. 

* S: 251 ff. im Citat 13. Abb. 2. Progr~mablau~l~ (Skizze). 

Auf diese Weise konnen mogliche systematische 
Fehler bei der Konzentrationsbestimmung in Mehr- 
kompon~tengemischen eingeschmnkt werden. So 
lassen sich z.B. unterschi~liche Vers~rk~gs- oder 
Akkum~ationsgrade bei der Aufnahme der reinen 
Komponenten korrigieren. 

Die Niitzlichkeit dieser Faktoren sollte sich such 
bei der Eichung der durch Relaxationsprozesse und 
den Kern-Overhauser-Effekt (NOE)15.‘6 beeinfluf3ten 
Si~alintensi~t~ in der ’ 3C-Fourier-Transform- 
NMR-Spektroskopie mit Protonenrauschent- 
kopplung erweisen. 

Unter Einhaltung einer hohen Reproduzierbarkeit 
der apparativen Einstellungen konnten mit der 
’ 3C-NMR ebenfalls derartige quantitative Analysen 
durchgef~~t werden, wie sie sich z.B. fur bestimmte 
Fragestell~g~ der Polymeren- oder Kohlenwasser- 
stoflanalytik ergeben. 

In Abb. 2 ist der Programmablaufplan skizziert. 
Die mit “Eichen” bezeichnete Programmverzweigung 
erlaubt die Bestimmung der Korrekturfaktoren Fj 
mittels vorgegebenen Testgemischen. GroBen, wie die 
Stan~rdabweich~gen m(l) der Ei~elmessung und 
m(x,) der Regressionskonstanten, die Surmne der 
Fehlerquadrate [vv] und das Bestimmtheitsmag BM, 
dessen Betrag bei fehlerfreier Regression den Wert 1 
annimmt und der F(Test)-Wert” nach Fisher dienen 
zur Beurteilung der Giite der Regression. 

Die Mehrkomponentenanalyse nach dem vorge- 
stellten Verfahren wurde fur 2- bzw. 3-Komponenten- 
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4-HSCl 

3-HSCI 

I I 

4 3 2 I 

8 [ml 

Abb. 3. ‘H-NMR-Spektren der reinen Komponenten A, B und C. 2-HSCl: n-Heptylsulfochlorid (2); 
3-HSCl: n-Heptylsulfochlorid (3); 4-HSCl: n-Heptylsulfochlorid (4). 

k-Al --d L A2 - 
I I I I 

4 3 2 I 

8 [pm] 

Abb. 4. ‘H-NMR-Spektrum der 3-Komponentenmischung I mit den in zwei aktuellen Auswerteber- 
eichen (Al, 42) erhaltenen Fehlerkurven fti eine Samplingweite SW = 1 (n = 462 Samplingpunkte) 

bzw. SW = 2 (n = 231). 

gemische mit einem hochauflosenden NMR-Spek- 
trometer Typ JNM-PS-lOO/PFT-100 der Fa. JEOL, 
Tokio (Japan) mit dem “dedicated” Computersystem 
NICOLET-1085* der Fa. Nicolet, Madison (USA) 
erprobt. Der in Abb. 2 skizzierte Programmablauf 
wurde in der NIC-Assembler-Sprache programmiert, 
wobei fti die 3-Komponentenanalyse cu. 2K 
(1K = 1024) Speicherplltze belegt wurden. Abbildung 
3 zeigt die ‘H-NMR-Spektren der drei reinen Kom- 
ponenten. 

* Das NICOLET-1085 Datenerfassungs- und Verarbei- 
tungssystem (Zykluszeit: 2~s 20 Bit Wortllnge) ist mit 
einer fur die modeme NMR-Spektroskopie zweckm%Digen 
Peripherie, wie z. B. AD- und DA-Wandler, Filter, Tele- 
type und Datensichtgerat (Display) ausgestattet. 

Die Spektren wurden in jeweils 1K Datenspei- 
cherplatze iiber den AD-Wandler des Rechners mit 
2 Scans (CW-Akkumulation) im Bereich von 
6 = 0,2924,542 ppm (entsprechend einem Frequenz- 
bereich von 425 Hz bei einer Protonenresonanzfre- 
quenz von 1OOMHz) abgespeichert. Somit betrug die 
minimal mogliche Samplingweite (SW = 1) bei 1024 
Datenpunkten 0,415 Hz. Die gewahlte Abtastge- 
schwindigkeit von 540 Hz/250 s bei 10 Hz Filterbreite 
ergab eine Abtastzeit von ca. 3,3 min/Scan. 

Aus praktischen Griinden wurden sowohl die 
reinen Komponenten als such die zu untersuchenden 
Gem&he derselben in etwa 60% (Vol.) CC&, in dem 
etwas Hexamethyldisiloxan fur den internen Proben- 
lock enthalten war, gel&t. 
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Tabelle 1. Gegeniiberstellung der durch Einwaage vorgegebenen (v) 
und der mitt& des on-hne-Verfahrens erhaltenen (e) Analysenergeb- 
nisse fi.ir drew 3-Komponentensysteme unterschiedlicher Zusam- 

mensetzung 

Mischung 
Zusammensetzung {~olenbr~che) 

x(A) x(B) x(C) 

I v 0,328 0,461 0,211 
e 0,300 0,461 0,237 

If v 0,155 0.614 4231 
e q1.54 Qso2 0,242 

IIf v 0,074 0,313 0,612 
e 0,101 0,326 0,572 

In Tabelle 1 sind die Analysenergebnisse f?.ir drew Testgemische 
Isomerer n-WeptylsuIfochlorlde angegeben. 

Mit einer Absolutabweichung von maximal & O,O4 (Moienbruch) 
sind die Ko~entra~~onsbes&i~mungen der Mischun~skom~nente~ 
z~rjed~stel~end. 

Mit Hilfe des auf dem Oszillugraph angezeigten 
Signalpegels im Lock-Kanal des Spektrometers wurde 
die Auf&sung (LXX. 5. 10e9) eingestellt und deren Sta- 
bilit% wghrend des Me~vorg~ges iiberwacht. Der 
abgetastete Frequenzbereicb wurde mit dem im 
Spektrometer eingebauten Frequenztihler (auf & 
0,l Hz genau) st&ndig kontrolliert. Es wurden sowohl 
der Signalbereich deer Methyl- und Methylengruppen 
(A2) als such der Bereich der den Substituenten 
-SO&J tragenen CH-Gruppe (Al) zur Auswertung 
her~gezogen, wie aus Abb. 4 hervorgeht. Fiir tine 
SampIingweite von SW = 1 umfaBt der Bereich Al 
101 Kangle und der Bereich A2 361 KanHle. 

Gleiche Erfahrungen beziiglich der erzielbaren 
Analysengenauigkeit wurden bei der ‘H-NMR-spek- 
troskopischen Untersuchung von Testgemischen 
(2 bzw+ 3 Kamponentenf aus AIkanen gemacht. 

* F = XXX.XXX bedeutet. daD der F(Test)-Wert nach 
Fisher grijl3er bzw. gleich 1000 ist. 

Allerdings kannte wegen VerstoDes gegen die Be- 
dingung 3) des Verfahrens ein Cemisch aus n-Hexan, 
n-Oktan und n-Undekan mcht analyslert werden. 

Die ,~bbildu~get~ 5 und 6 zeigen die NMR- 
Spektren der M~schungen If und III und die Teletype- 
Protukolle der Analyse nebst den in den zwei Auswer- 
tebereichen dargesteliten Fehlerkurven der ftir 
SW = 1 in insgesamt N = 462 Samplingpunkten 
durchgeftihrten Regressionsrechnung.* 

Bei der Analyse dieser drei Testgemische wsrde so 
verfahren, da8 nach Analyse der M~s~h~g I die Pro- 
gr~verzw~~g~ng “‘Routine” bejaht wurde (s. Abb. 
2), damit ist ftir die getroffene Auswahl der Sampling- 
bereiche und der Samplingpunkte die “systemcharak- 
teristische” Matrix B fixiert und in allen weiteren 
AnaIysenftillen sind nur noch die Spektren der zu ana- 
Iysierenden Gemische dieser Kom~nent~ auf- 
zunehm~. Somit ist im Routin~betrieb eine quantita- 
tive Analyse in etwa 5-lOmin--vom Einbringen der 
Probe bis zum Ergebnisausdruck-zu erhalten. 

sat 1.000 %= 462.OQC1 I 

faG 6. C322YeJE-!Z B=2.‘3426RE- 1 C= 9.4274hE-r? 
CVV3= 1.58ei5E3 iYf<f)= 1.8566REO 
iu#A3= 1.41588E-3 X(B)= l.Y2250E-3 YCC>= l.bf?72E-3 
w= 0.Q8f F= xXx*xXx 
XfA)= 0,154 XCB)= q-602 X(C)= Q-242 
W= 1.00880E0 F2= I.B0000Er? 

Abb. 5. “I+-NMR-Spektrum der 3-Komponentcnmischung II mlt der fiir zwei Auswerteberelche 
erhaltenen Fehlerkurve (Verstgrkungsfaktor: 2) und dem dafiir vom Rechner ausgegebenen 

Analysenpro~okoll. 
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$= 1.050 .J= 46?.4,75 
A= 1.02755E- 1 3;: 3.33184E- 1 C= 5.78823E- 1 
CVVI 1 l r?2583E4 ?cfCI)= 4.72751E0 
M(A)= 3.60529E-3 M(B)= 4.64069E-3 x(C)= 4.24656E-3 
F)r= 0.984 F= XXX.XXX 

&A)= 0.101 X(B)= fl.326 X(C)= 5.572 
FI= 1 l !,??PIOOCTEf F2= I. 4~0OIQE~ 

I I I I 
4 3 

Wml ’ 
I 

Abb. 6. ‘H-NMR-Spektrum der 3-Komponentenmischung III nebst Fehlerkurve (Verstirkungsfaktor: 
4) und Analysenprotokoll. 

Die wesentlichen Vorteile des on-line-Verfahrens 
kann man in folgenden Punkten erkennen: 
--die zeitaufwendige und fehleranfillige manuelle 
Datenerfassung entfillt; 
-durch die Maglichkeit der Spektrenakkumulation 
ist eine Erhiihung der Nachweisempfindlichkeit bzw. 
eine Herabsetzung des statistischen Fehlers bei der 
Analyse zu erreichen; 
-Nachteile der off-line-Verarbeitung, wie z.B. 
Datentrggertransporte oder Wartezeiten, entfallen; 
-es kiinnen die Samplingweiten und die Auswerte- 
bereiche beliebig variiert werden und damit das Ana- 

lysenverfahren optimiert werden. Durch Zugabe einer 
Referenzsubstanz zu allen reinen Komponenten und 
deren Gemischen, deren Signal ebenfalls erfaBt wird, 
lassen sich Drift- oder L&ungsmitteleinfliisse korri- 

-der Datenspeicherinhalt des Computers kann jeder- 
zeit auf dem Display visuell kontrolliert werden, so 
dal3 z.B. systematische Fehler oder das Vorliegen von 
Verunreinigungen in der Fehlerkurve der Analyse des 
k-Komponentengemisches erkannt werden kiinnen. 

In Abb. 7 (Oben) ist das ‘H-NMR-Spektrum des 
n-Undekans dargestellt, dessen Signale ebenfalls im 

9rl= 1.000 ?J= 462.530 
f% 8.11949E-2 F3= 2.44656E-1 C= 5.46583E-2 
CVVl= 1.44657E4 MCI )= 5.61389E5 
M(A)= 4.23 1266-3 Y(B)=- 5.51079E-3 ?fr<C,= 5.04277E-3 
EM= 5.353 F=486.158 
%A)= 0.197 X(B)= 11.595 X(C)= 0.2116 
FI= 1. !‘1000BEGJ F2= 1 l CI5500E0 

4 3 2 I 

a [wml 

Abb 7. Oben: ‘H-NMR-Spektrum des n-Undekans. Mitte: ‘H-NMR-Spektrum der mit n-Undekan 
verunremigten M&hung II; Unten: Fehlerkurve dieser in zwei Auswertebereichen analysierten Mi- 
schung mit den durch die StGrkomponente verursachten systematischen Abwelchungen; Oben links: 

Analysenprotokoll der mit n-Undekan verunreinigten Mischung II. 
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aktuellen Auswertebereich A2 der isomeren Heptyl- 
sulfochloride liegen. Durch Spektrenaddition mittefs 
des Rechners wurde die M&hung II mit n-Undekan 
als St~rkom~ne~te “verunreinigt”, wie aus Abb. 7 
(Mittef hervorgeht. Die Fehlerkurve dieses analy- 
sierten Systems zeigt deutlich die durch die Stijrkom- 
ponente im Bereich der Methylengruppen des 
n-Undekans hervorgerufene systematische Abwei- 
chung [Abb. 7 (Unten)]. Aus diesem Beispiel geht her- 
vor, d& aus der Fehierkurve nur bei einer sehr hohen 
St~rkompon~tenko~~trat~on ein identifzierbares 
Spektrum der verursachenden Substanz zu erhalten 
sein wird. 

Verunreinigungen verschlechtern sofort das Analy- 
senergebnis, da diese aufgrund der Voraussetzungen 
nicht erkannt und auf die k Komponenten “aufgeteilt” 
werden, wie z.3. das Analy~protokoll in Abb. 7 fti 
die “verunreinigte” Mischung II zeigt. 

&&rst empfindlich reagiert das Verfahren auf sys- 
tematische Fehler, wo die Voraussetzung der strengen 
additiven oberlagerung der Spektren verletzt wird. 
Derartige Fehler liegen bei Ab~leicl~ungen von der 
Phase des reinen Ab~rp~onssi~ais vor oder bei ge- 
ringfiigigen Anderungen der chemischen Verschiebung 
(GrGDenordnung von eimgen low3 ppm) infolge van 
Drift- oder Lijsungsmitteleffekten. 

Der erforderliche Speicherplatzbedarf steigt mit der 
Zahl der zu a~lysier~d~ Komponenten schnell an. 
So werden in der I&gel pro reine Komponente und 
das Gemisch derselben 1K Speicherplatze reserviert 
und fiir II 2 k _t 1 Samplingpunkte werden 2n(k f 1) 
weitere Speicherpl#ze belegt, da die Werte lj(vi) u.nd 
Z(v,) als Gleitkommazahlen abgespeichert werden und 
somit jeweils zwei Speicherpl%ze beanspruchen. Fiir 
die Darstellung der Fehlerkurve werden ebenfalls IK 
Speicherpl&e reserviert ~~s~rn~ mit dem eigent- 
lichen Programm werden somit ftir n = 500 Samp- 
lingpunkte im Fall einer 3-Komponentenanalyse etwa 
11 K SpeicherpMtze beniitigt. Nach der Festlegung der 
Matrix B (Routinebetrieb) werden noch SK Spei- 
cherpl&ze beniitigt. 

Dagegen fallen ~echenze~ten kaum ins Gewicht, da 
z.B. nach der Datenerfassung fir das vorgestellte Bei- 
spiel der 3-Komponentenanalyse mit 462 Sampling- 
punkten fiir die Regressionsrechnung nur cu. 1.5 s er- 
farderlich waren und die restliche Zeit des Ergebnis- 
ausdruckes durch die Druckg~schwindigkeit des 
benutzten Teletype bedingt war. 

Eine Verbesserung des Verfahrens sol&e no& 
unter Einbeziehung von Gewichtsfaktoren m2jglich 
sein.“,l* wlhrend Bemiihungen zllr Optimierung der 
Zahl der Samplingpunkte19 aufgrund der hohen 
R~hengeschwi~d~~keit nicht so wesentlich er- 
scheinen. 

Eine weitere Anwendungsmiiglichkeit ist dadurch 
gegeben, da13 es z.B. mijglich ist, die Konzentration 
einer Komponente in einem ~-Komponentengemisch 
relativ gegeniiber allen anderen zu bestimmen, d.h. 
durch Zusammenfassen der restlichen (k - lf zu einer 
“Komponente”. Damit ist dieser Spezialfall auf die 
Analyse einer 2-Komponentenmischung zurlick- 
gefiihrt. 

Die Grerrzen der hier beschriebenen Methode 
d&&en im &&men e&r vertretbaren Analysen- 
genauigkeit (~ol~bruch + 0,7) und Eindeutigkeit 
fir die Analyse eines Systems mit 5-8 Komponenten 
erreicht sein. Die Niitzlichkeit des relativ aufwendigen 
Verfahrens kommt erst bei einer hohen Wiederholrate 
der Analysen (Routinebetrieb jwie sie z.B. bei der 
Prod~tkontr~lle in der chemischen oder pharmazeu- 
t&hen Industrie erlorderlicb sein kan*voll zur Gel- 
tung. 

Die Substanzeu wurden von Herrn Dr. Ch. Duschek van 
der Sektion Verfahrenschemie der TN Leuna-Merseburg 
zur Verfiigung gestellt, wofiir such an dieser Stelle noch- 
mafs gedankt werden soIf. 

1. D. W. Liibbers 
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STBRENDE EINFLijSSE VON BORSiiURE UND 
KOHLENDIOXID BE1 DER MASSANALYTISCHEN 

AMMONIAKBESTIMMUNG 

JOSEF MAL+ 

Wasserwirtschaftsverwaltung. Bmo, Tshechoslowakel 

(Eingegangen am 2. April 1975. Revidiert am 20. November 1975. Angenommen am 24. Februar 1976) 

Zusammenfassung-Die erreichbare Genauigkeit der mal3analytischen Ammomakbestimmung rnit 
potentiometrischer oder visueller Indikatlon bei Anwesenheit von Fremdstoffen (Borslure und Kohlen- 
dioxid) wurde auf Grund des Verlaufes der Ammoniaktitrationskurven festgelegt und the Fehler theses 
Verfahrens ausgewertet 

Die Mehrzahl der Verfahren ftir die Ammoniakbe- 
stimmung beruhen in seiner vorherigen uberfiihrung 
durch Destillation, Diffusion oder Beliiftung in eine 
starke Mineraldure, in der es indirekt alkalimetrisch 
bestimmt wird, oder in eine Liisung der Borsgure mit 
anschlieaender azidimetrischer Bestimmung.‘,’ Im 
Verlaufe des Prozesses, bei dem Ammoniak in gasfijr- 
miger Zustand aus der analysierten LBsung ausge- 
trieben wird, kBnnen die in der Probe enthaltenden 
Fremdstoffe unter den gegebenen Bedingungen in die 
Absorptionsliisung iiberftihrt werden und die nachfol- 
gende Ammoniakbestimmung stiiren. 

Handelt es sich urn Basen (z.B. Pyridin), die mit 
Ammoniak aus alkalischen Liisungen freigemacht 
werden, 1113t sich ihr Einflulj auf die Titrationsbe- 
dingungen aus den in der Literatur angefiihrten Dia- 
grammen bestimmen.3 In der vorliegenden Arbeit ist 
vor allem die Aufmerksammkeit den sauren Kom- 
ponenten-der Borslure und Kohlens&ure-gewid- 
met. Der EinfluB der BorsBure wird deshalb unter- 
sucht, weil ihre LGsung oft zur Absorption des 
Ammomaks nach seiner Abtrennung verwendet wird. 
Kohlentiure (bzw. Karbonate) ist ein iiblicher Be- 
standteil der analysierten LGsungen und es kann 
wlhrend der Destillation eine Betrlchtliche Menge 
von CO2 in die Vorlage iiberftihrt werden. 

Ableitung der Titrationskurven 

Der Verlauf der Ammoniaktitrationskurve 1lDt sich 
aus den Gleichgewichtsbedingungen der beteiligten 

Ionen und aus den Elektroneutralititsbedingungen in 
der LGsung berechnen. Bei der vereinfachten Voraus- 

setzung der Volumenunverlnderlichkeit der titrierten 
Liisung wird er durch die Gleichung (1) ausgedriickt: 

c,=cH+, I C.~.K.‘.[H’l K * 
K,,. IX’1 + K, CH'I 

(1) 

worin K, und K, die Dissoziationskonstanten der 
Ammoniumionen und des Wassers, c, und c, die ana- 
lytischen Konzentrationen des Ammoniaks und der 
Normalliisung (starken Slure), die in iquivalenten 
pro Liter in der titrierten LBsung ausgedriickt 
werden, bedeuten. Anstatt von der jetzt iiblichen 
Bezeichnung der Wasserstoffionen H30+ wird im 
Text der Einfachheit wegen die Bltere Bezeichnung 
H’ verwendet. 

Die Gleichung (1) kann man such zur Ermittlung 
der Titrationskurve verwenden, die die Riicktitration 
einer starken Stiure bei Anwesenheit des Ammonium- 
salzes mit einer starken Base darstellt. In diesem Falle 
entspricht c, der Differenz zwischen der Aquivalenz- 
konzentration der starken SPure und Base. 

Enthllt die titrierte LGsung einige weitere sauer 
oder basisch reagierende Bestandteile, geht die Glei- 
chung (1) in die folgende Form iiber: 

c, + X[A] - X[B] 

= [H’] + 
c,, .K., CH’I 

K.; CH’I + K, - ,x, (2) 

Hier entspricht X[A] der Summe von sauer- und X[B] 
von alkalisch reagierenden Komponenten. Handelt es 
sich urn eine Siiure H,A. die in n Stufen dissozilert, 
gilt: 

[A] = cA’ 
KA1[H+]‘-l + 2K,,K,,[H+]“-’ + + nK,,K,,. .K,, 

[H’]” + KA1[H+ln-l + KAIKAZIH+]“-L +. . + K,,K,,,*. .K,, (3) 

Analogisch. wenn eine in tn Stufen dissoziierte Base 
vorliegt. gilt: 

K,,K:-‘[H+] + 2K,,K,2K:-2[H+]2 + . . . + mK,,KB2.. .Ka,[H+]“’ 
cB1 = CB’K,” + KB~K~-~[H+] + K~~K~2K~-Z[H+]2 + . . + KBIKBZ.. .Ka,[H+]” (4) 

655 
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Darin bedeuten K,,, KA2 KAn bzw. KBlr KB2 . 
K13, die Dissoziationskonstanten der Saure bzw. Base, 
c, und cn ihre analytischen Konzentrationen, die in 

Aquivalenten pro Liter ausgedruckt werden. Sind die 
angefuhrten Bestandteile Bordure und Kohlensaure, 
gilt: 

X[B] = 0 

C[A] = 
c,,K, 

K,, + CH’I 

Kk,W+I + 2&,&z 
+ “~+]z + K,,[H+] + K,, I& 

(5) 

In diesen Ausdrucken bedeuten Kb, K,, , Kkz die Dis- 
soziationskonstanten der Borsaure und Kohlensiiure 
(beide Stufen), cb und cr ihre molare Konzentration. 

Der pH-Wert des Aquivalenzpunktes der 

Ammoniaktitrationskurve bzw. bei Anwesenheit von 
Borslure und Kohlenslure wird aus den Gleichungen 
(2) und (5) nach der Einsetzung c, = c, ermittelt. Nach 
Fortlassung einiger vernachllssigbaren kleinen Glie- 
dern bekommt man: 

pH = -+log 
c 

Lis + c,;K,, + c,.K,, 
) 

(6) 
.I 

Fur die Beurteilung der Genauigkeit der Titrations- 
methode ist es wichtig die Steigerung der Titrations- 
kurve im Aquivalenzpunkt, die durch den Richtungs- 
koeffizient der Tangente in diesem Punkt ermittelt 
wird, zu kennen. Er wird aus der zugehorigen Funk- 
tionsabhangigkeit zwischen pH und c, durch Differen- 
zieren berechnet. Diese Abhangigkeit wird fur 
Ammoniak und Borsaure durch die Gleichung (2), in 
der fur die [H+]-Werte em aquivalenter Ausdruck 
10-pH eingesetzt wird, dargestellt. Der Differenzial- 
quotient wird aus dem implizierten Ausdruck der 
Funktion F(c,, pH) ermittelt: 

dc, SF(c,, pH)/apH 

dpH = ?F(c,, pH)/dc, 
(7) 

Aus den Gleichungen (7) und (2) bzw. (5) bekommt 
man fur den Aquivalenzpunkt (c, = c,) nach der Ver- 
emfachung durch Fortlassung der vernachlassigbaren 
kleinen Gliedern (siehe Appendix): 

dc, 2 In 10(2K,, lo- lpH - c,,K, - c,K.,K,) 

dpH K,,IO_ I+' 
(8) 

Ermittlung der Titrationskurven 

Nach den oben angefuhrten Beziehungen wird die 
Berechnung der Ammoniaktitrationskurven such bei 
Anwesenheit von Borsaure und Kohlensaure durch- 
gefiihrt. Wie erwahnt, wird dabei eine Volumenver- 
lnderung wlhrend der Titration nicht errechnet. 

Die fur sehr verdiinnte Lijsungen giiltigen Tabellen- 
werte der Dissoziationskonstanten wurden mit 
Rticksicht auf die Ionenstarke der Losung (im Aqua- 
valenzpunkt) umgerechnet-Tabelle 1. 

-log f, = i’ 
0.51 I, 7 

~ - 0,2 J (9) 
(1 + 1.5, J) 

K; = f;.K, (10) 

K; = f2.K2 (IOU) 

In diesen Gleichungen bedeuten K’ die Tabellenwerte 
der Dissoziationskonstanten der unendlich 
verdiinnten LBsungen, K die Dissoziationskonstanten 
der Lijsungen mit der Ionenstarke J,f, sind die Akti- 
vit;itskoetIizienten der i-Wertigen Ionen. Fur die Be- 
rechnung der Ionenstarke wird die Ammoniumch- 
lorid konzentration (im Aquivalenzpunkt) in Betracht 
genommen, wlhrend Borslure und Kohlensaure 
wegen ihrer vernachlassigbarer Dissoziation unbeach- 
tet bleiben. 

Bei der hier verwendeten Konzentration der Bor- 
slure (OJM) ist nur die Ionenstarke der Lijsung bei 
Berechnung der Dissoziationskonstante Kb in 
Betracht zu ziehen. Wenn die Borsaurekonzentration 
hiiher als 0,lM vorliegt, werden starkere Polybor- 
sauren gebildet. Der K,-Wert verlndert sich dann 
mehr als der erhijhten Ionenstarke entspricht, und er 
mul3 aus der empirisch bestimmten Abhlngigkeit pH 
von der Borsaurekonzentration abgeleitet werden.4 

Der untersuchte Ammoniakkonzentrationsbereich 
war lOA bis 10e2M. Der Konzentrationsbegren- 

zung der Borslure wurde die Anforderung fur die 
quantitative Absorption des Ammoniaks im Verlaufe 
seiner Abtrennung aus der analysierten Liisung in 
Betracht gezogen. Die erforderliche Menge der Bor- 
saure und ihre Konzentration in der Vorlage hlngt 
von der Menge des Destillierten Ammoniaks ab. Zur 
Absorption von 20 mg Ammoniak sind 25 ml 2%iger 
Borsaure hinreichend. Nach Abdestillieren des erfor- 
derhchen Volumens wird die Liisung in der Vorlage 
verdiinnt und die resultierende Borsaurekonzent- 
ration ist dann ungefahr OJM. 

Tabelle 1. Die ftir die Berechnung verwendeten Dissoziatlonskonstanten (ftir 18°C) 

lonenstirke der Ltisung 

Komponente 0 1o-4 10-j 1om2 

Wasser 
Ammoniak 
Borslure 
Kohlenslure 
Kohlenslure 

K, 0,74.10-‘4 0,75.10-‘4 o.79.10~‘4 0,90. lo-l4 
K‘l 1,75,10-5 1,76. tom5 1,88 10-S 2,13.10~’ 
Kll 7,3 lo- lo 7.4. lo-lo 7,8, lo-” 8,9 lo-” 

&I 4,Ol. lo-’ 4,07. lo-’ 4,30.10-7 4,87.10-’ 

KM 5,2.1O-L’ 5.4. lo-” 6,O. 10-l’ 7,8.10-l’ 
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Tabelle 2. Die Richtungskoeffizienten der Tangente im 
Wendepunkt der Titrationskurve 

[NH,13 M 

1o-4 
10-3 
10-Z 
1o-4 
lo-’ 
10-Z 
1o-4 
1o-3 

CH,BO,I, M 

0 
0 
0 

lo-* 
10-s 
10-s 
10-l 
10-i 

- dc,ld PI-I 
Aquiv/l. 

1,1.10-6 
3,1.10-6 
9,3.10-6 
1,3.10-5 
1,3.10-s 
1,9,10-5 
3,9.10-5 
4,3,10-s 

Bei den Titrationskurven des Ammoniaks, such in 
Anwesenheit von Borslure, werden die Richtungs- 
koeffizienten der Tangenten im Wendepunkt nach der 
Gleichung (8) berechnet und die Ergebnisse in Tabelle 
2 zusammengefaDt. 

Karbonate liegen in verschiedenen Materialen 
haufig vor. Zum Beispiel in Naturwlssem sind sie 
in einer Konzentration bis lo-‘M und ausnahms- 
weise noch hijher enthalten. Bei der Destillation aus 
gepufferten Liisungen von pH 7,4, der bei der Wasser- 
analyse vorgeschrieben wird,’ geht ein betrachtlicher 
Anteil von CO1 in die Vorlage iiber. Kohlendioxid, 

als Bestandteil der Luft, kann in die MaDliisung oder 
in das zur Analyse verwendete redestillierte Wasser 
eindringen. Deshalb wird sein EinfluD schon von sehr 
niedrigen Mengen, die ihren Ursprung in der 
atmospharischen Verunreinigungen haben konnen, 
untersucht. 

Die charakteristischen Angaben der Titrationskur- 
ven-pH im Aquivalenzpunkt [berechnet aus der Glel- 
chung (6)], pH im Wendepunkt (graphisch aus der 
berechneten Titrationskurve ermittelt) und die Differ- 
enz des Normallosungsverbrauches zwischen dem 
Aquivalentspunkt und dem Wendepunkt [aus den 
Gleichungen (2) und (5) berechnet], sind in Tabelle 
3 verzeichnet. Einige ausgewahlte Titrationskdrven 
sind in Abb. 1 und 2 wiedergegeben. 

Der berechnete Verlauf von Titratlonskurven 
wurde experimentell mit Hilfe des pH-meters 
Radelkis OP-206 iiberprtift, wobei eine gute Uberein- 
stimmung erreicht wurde (siehe Abbildungen 1 und 

2). 
Die Losungen wurden aus redestilliertem, von CO2 

durch Auskochen befreitem Wasser, vorbereitet. Nach 
Herstellung der einzelnen Liisungen durch Vermis- 
chung der Grundliisungen (0,OlM NH,. O.OlM HCl. 
0,4M H3B0, und 2,l x 10-3hl CO*) wurde der 

Tabelle 3. Charaktertstische Angaben der Ammoniaktitrationskurven bei Anwesenheit von Borsaure 
und Kohlensaure 

CC&l, M 

[NH,]> M CH,BO,I> M 0 5.10-S 1o-4 2. 1o-4 5,10-4 

(a) pq;mh Aqmvalenzpunkt 
0 665 5,34 5,19 5,04 4,84 

1o-4 10-Z 5,56 5,28 5,16 5,02 4,84 
1o-4 10-i 5,07 4,99 4,96 4,89 4,17 
10-s 0 6,18 5,33 5,18 5,Ol 4.83 
1o-3 10-Z 5,54 5,26 514 5,Ol 4,82 
10-S 10-i 5,05 5,00 4,96 4,89 4,76 
1o-Z 0 5,69 5,27 5,14 5,oo 4.80 
1o-2 lo-* 544 5,21 5,lO 4,98 4,79 

p:ol Wendepunk:‘-’ 

5,02 4,96 4,92 4,86 4,13 

(b) 
lO-4 0 665 6,81+ 6,93+ 7,30+ 
1om4 1o-2 5,56 5,46 5,34 5,14 4,86 
10-h 10-l 5,07 5,05 5,02 4,96 4,82 
10-3 0 6,18 6,16+ 6,14+ 6,00+ 4,88 
1o-3 1o-2 5,54 5,45 5,31 5,20 4.87 
10-s 10-i 5,05 5,03 4,99 4,93 4,81 
10-Z 0 5,69 5,51 5,46 5,22 4,86 
1o-2 lO-2 5,44 5,39 5,34 5,16 4,83 
10-z 10-i 5,02 4,99 4.95 4,90 4,74 

(c) Die Differenz der Konzentrationen der Normallosung in der titrterten Liisung beim Erreichen des 
Aquivalenz- und Wendepunktes (c, - c,). In 10e6 Aquivalent pro Liter. 

10-b 0 0 36* 77* 179* 
10-4 lo-* 0 4 6 4 6 
10-4 10-i 0 1 2 2 2 
10-3 0 0 18* 39* 58* 3 
10-j 1o-2 0 4 6 7 5 
10-s 10-i 0 1 2 2 3 
10-z 0 0 5 10 10 2 
10-Z IO-* 0 2 3 5 0 
10-Z 10-i 0 0 1 1 2 

* Aus dem fiktiven Wendepunkt der Titrationskurve, bei der die zwei der Kohlensaure entsprechende 
Stufen nicht unterschieden werden, berechnet. 
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6 

4 
-0,z -0,l 0 +0,1 +0,2 

4% 163Ypr.l-’ 

Abb. 1. Ammomaktitrationskurven bei Anwesenheit von 
KohlensBure [NH,] = 10-3M; 0 = gemessen, 

~ = berechnet. 

Kurve Nr. Cw?l Kurve Nr. CCO*l 
1 0 5 3.10-4M 
2 5.10-5M 6 5,10-4M 
3 10-4M I lo-‘M 
4 2, 10m4M 

pH-Wert bestimmt. Die gewiinschte CO,-Konzent- 
ration wurde durch Zugabe von kohlendioxidgesattig- 
tern redistilliertem Wasser, in dem CO2 gleich vor 
Verwendung alkalimetrisch bestimmt wurde, herges- 
tellt. 

Diskussion der Ergebnisse 

Die pH-Werte im Aquivalenzpunkt der 
Ammoniaktitrationskurven sind eine logarithmische 
Funktion der NH,-Konzentration [siehe Gleichung 
(6)], die such ihren Verlauf als Folge der Hydrolyse 
des Ammoniumsalzes beeinfluDt. Aquivalenz- und 
Wendepunkte der Ammoniaktitrationskurven unter- 
scheiden sich durch nicht mehr als 0,Ol pH (Tabelle 

3). 
Aus dem Richtungskoeffizient dc,/dpH in der Nahe 

des Aqmvalenzpunktes (der m diesem Falle mit dem 
Wendepunkt identisch 1st) 1aRt sich ableiten, da13 eine 
Konzentrationsanderung der starken SPure in der 
titrierten Liisung (fur [NH,] <: 0,OlM) urn lo-’ bis 
lo-* Equivalent pro Liter den pH-Wert nur urn ein 
Hundertstel lndert (Tabelle 2). Bei der pH-Ablesung 
mit einer Genauigkeit von einem Hundertstel kann 
die Ammoniakkonzentration unter Verwendung der 
maBanalytischen, potentiometrisch indizierten Meth- 
ode mit der theoretisch maximal erreichbaren 
Genauigkeit auf lo-‘M bestimmt werden. Bei der 
pH-Ablesung auf Zehntel, ist die erreichbare 
Genauigkeit der Ammoniakbestimmung zehnmal 
kleiner. Bei diesen extrem genauen Bestimmungen ist 

es notig, die Volumslnderungen der Liisung wlhrend 
der Titration, und besonders die Anwesenheit von 
Kohlendioxid zu beachten. Es ist auDerdem notwen- 
dig, da13 die MaBliisung in die Probeliisung mit ent- 
sprechender Genauigkeit zugesetzt werden kann. 

Die BeeinfluBung des Verlaufes von Ammoniak- 
titrationskurven durch schwache Sauren ist aus den 
Abb. 1 und 2 fur Borslure und Kohlendioxid ersicht- 
lich. Da Sauren die Titrationskurven im alkalischen 
Gebiete deformieren, verschiebt sich der Aquivalenz- 
punkt zu niedrigen pH-Werten. Diese Wirkung ist 
von der Saurekonzentration und von der GriiBe ihrer 
Dissoziationskonstante abhangig. Die Identit;it des 
Aquivalenzpunktes mit dem Wendepunkt der Titra- 
tionskurve von Ammoniak bei Anwesenheit der Bor- 
slure stimmt mit einer Genauigkeit auf Hundertstel 
pH-Wert (Tabelle 3). 

Der Richtungskoethzient der Tangente im Aquiva- 
lenzpunkt wird durch eine Borsaurezugabe auf Werte 
von lo- 5 bis 5 x lo-’ Equivalent pro Liter erhoht. 
Die Anderung der Saurekonzentration c, urn etwa 
10m6 Equivalent pro Liter bewirkt in der Umgebung 
dieses Punktes eine pH-Anderung von 0,Ol. Deshalb 
1st bei Anwesenheit der Borstiure die theoretisch 
erreichbare Genauigkeit der Ammoniakbestimmung 
lo-‘M unter Verwendung der potentiometrischen In- 
dikation bei pH-Ablesung auf Hundertstel. Bei pH- 
Ablesung auf Zehntel 1st die erreichbare Genauigkeit 
IO-‘M. 

Ahnlich wie Borsaure verhllt sich such Kohlen- 
&iure, deren Wirkung aber deutlicher in Ubereinstim- 
mung mit der GrGBe ihrer Dissoziationskonstante ist. 
Bei dieser Same ist ihre zweite Dissoziationsstufe zu 
beachten, erkennbar durch einen zweiten Wende- 
punkt, besonders eindeutig bei hijheren CO,-Konzen- 
trationen. Bei niedrigen CO,-Konzentrationen ist nur 
ein Wendepunkt deutlich, der aber stark vom Aquiva- 
lenzpunkt abweicht (Tabelle 3). Bei einer 
Kohlenslurekonzentration hiiher als 3 x 10m4M, 

I I I I I 

-0,z -0J 0 +0,1 +0,2 

Ct-CI 183 A’4v.f’ 

Abb. 2. Ammoniaktitrationskurven bei Anwesenheit von 
Borsaure und Kohlensgure [NH,] = 10m3M; 

fH,BO?l = lo-‘M __ _- 
Kurve Nr. [CO*1 Kurve Nr. [CO*1 

1 0 3 5 lo--‘M 
2 10m4M 4 10-3M 
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Tabelle 4. Die maximal zullssige COz-Konzentrationen (M) fir die massanalytische 
Ammoniakbestimmung der verlangten Genauigkeit 

verlangte Genauigkeit der Bestimmung (in Mol NH3 pro Liter) 

CNHd M 10-4 1o-5 

(a) potentiometrische Indikation: 
fur [H,BO,] = 0 

1o-4 10-a 2.1o-5 
10-j 1o-3 3.10-5 
1o-2 10-3 10-S 

fur [H,BO,] = lo-*-lo- ‘M 
10-4-10-2 10-3 10-3 

(b) visuelle Indikation (im pH-Bereiche 5,74,1): 
fiir [H,BO,] = 0-lO_iM 

1o-4-1o-2 1o-4 - 

(c) vtsuelle Indikation (im pH-Bereiche 5&4,8): 
fur [H,BO,] = &lo-‘M 
1o-4-1o-2 1o-3 1o-4 

1o-6 lo-’ 

2,10-6 2-10-7 
3.10-e 3.10-’ 

1o-5 10-6 

5. 10-S 

- 

oder in Anwesenheit von Borslure kann man den mung mit der verlangten Genauigkeit sind in Tabelle 

Wendepunkt der ersten Stufe, dessen Abweichung 4 verzeichnet. Sie gehen aus dem Verlauf der Titra- 

vom Aquivalenzpunkt kleiner ist, bestimmen. Liegt tionskurven und aus den in Tabellen 3 und 5 

die CO,-Konzentration hoher als 10-3M vor, wird angefuhrten Werten hervor. Diese Angaben doku- 

die Titrationskurve so flach, da13 die Ammoniak- mentieren die Abhlngigkeit der angefuhrten Grenz- 
bestimmung sich nur mit einer Genauigkeit von werte von der Ammoniak- und Bors;iurekonzent- 
10m3M durchfuhren Mt. ration in der analysierten Probe. 

Die Angaben iiber den zulassigen CO,-Konzentra- Von den azidobasischen Indikatoren, die bei der 
tionen bei der maganalytischen Ammoniakbestim- mahanalytischen Ammoniakbestimmung am hlufig- 

Tabelle 5. Die Differenz (mAquiv./l.) der Konzentration der Normalliisung in der 
titrierten Losung beim Erreichen des angefuhrten pH-Wertes und des Aquivalenz- 

punktes (c, - c,) 

[H,BO,] = 0 [H,BO,] = lo-‘M 

[NH,]> M CCO,l> M PH 5,7 PH 4,l PH 577 PH 4,l 

1o-2 0 
5.10-5 

10-4 
5.10-4 

10-3 
5,10-3 

10-b 0 
5.10-5 

10-4 
5.10-4 

10-3 
5.10-3 

1o-2 0 
5.10-5 

10-b 
5.10-4 

1o-3 
5.10-3 

10-4 0 
5.1o-5 

lo-4 
5.10-4 

lo-3 
5.10-3 

0 
-0,010 
-0,020 
-0,098 
-0,196 
-0,981 

+ 0,002 
-0,006 
-0,015 
- 0,082 
-0,167 
- 0,845 

PH 5,O 

+0,010 

+ 0,008 
+ 0,005 
-0,013 
- 0,036 
-0,222 

fO,OlO 

+ 0,008 
+ 0,006 
-0,010 
- 0,029 
-0,186 

+ 0,079 
+ 0.079 
+ 0,079 
+ 0,076 
+ 0,073 
+ 0,049 

+ 0,079 
+ 0,079 
+ 0,079 
+ 0,077 
+ 0,074 
+ 0,054 

PH 4,8 

+0,016 
+ 0,015 
+0,013 
+0,001 
-0,014 
-0,133 

+0,016 
+ 0,015 
+0,014 
+ 0,003 
- 0,009 
-0,109 

-0,044 
-0.054 
- 0,064 
-0,142 
- 0,240 
- 1,025 

-0,037 
-0,045 
- 0,054 
-0,121 
- 0,206 
-0,884 

PH 530 

+o,cQ1 
-0,001 
-0,004 
-0,OQl 
-0,045 
-0,231 

+ 0,003 
+ 0,001 
+0,001 
-0,017 
- 0,036 
-0,193 

+0,078 
+0,078 
+0,078 
+0,075 
+ 0,072 
+0,048 

+0,078 
+0,078 
+ 0,078 
+ 0,076 
+0,073 
+0,053 

PH 498 

+0,010 
+ 0,009 
+ 0,007 
- 0,005 
- 0,020 
-0,139 

+0,011 
+0,010 
+ 0,009 
-0,002 
-0,019 
-0,114 
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stens verwendet werden, ist Methylrot oder seine Mis- 
chung mit Methylenblau (Indikator nach Taschiro) 
zu nennen. Die Indikatorkonstante (pK, = 4,9) ist 
durch den ersten Bestandteil bestimmt. Methylenblau 
macht nur den Farbumschlag fur das menschliche 
Auge deutlicher. Die Farbanderung des Indikators 
wird durch den Bereich von 10 bis 90”/0 aus der 
erreichbaren Intensitat der roten Farbe, die m diesem 
Falle maBgebend ist, bestimmt. Das entspricht dem 
pH-Bereiche 4,1-$7. Eine genauere Unterscheidung 
kann man durch Verwendung einer auf den pH-Wert 
4,9 gepufferten Vergleichsliisung erreichen, In diesem 
Falle 1813t sich in der Nahe von pKi, die Farbinten- 
sitlt mit Genauigkeit auf _t 6% gegeniiber ihrer maxi- 
maler Intensitat, die bei einer extremen Aziditlt 
erreicht wird, zuverllssig unterscheiden. Dieses Farb- 
interval1 entspricht dem pH-Bereich 4,8-5,0. 

Die Differenzen des Verbrauches an Normalliisung 
der Sure beim Erreichen des gewiinschten pH- 
Wertes und Aquivalenzpunktes im Verlaufe der 
Ammoniaktitration sind m Tabelle 5 angegeben. 
Diese Differenzen sind fur die Beurteilung der erreich- 
baren Genauigkeit entscheidend. 

Im ersten Falle, d.h. fur den Farbumschlag, der 
durch den pH-Bereich 5,74,1 bestimmt wird, ist bei 
der Ammoniaktitration, such in Anwesenheit der 
Borsaure, die maximal erreichbare Genauigkeit der 
Ammoniakbestimmung 10m4M. Durch das Verengen 
des pH-Intervalls, in dem der Farbumschlag wahr- 
nehmbar ist, auf 5,0 bis 4,8, wird die Genauigkeit auf 
10e5M erhiiht. 

Bei Anwesenheit von Kohlendioxid wird die Titra- 
tionskurve flacher, wodurch die Indikation erschwert 

wird. Die erreichbare Genamgkeit der Ammoniakbe- 
stimmung ist bei der Indikation mit Methylrot 10e4M 

unter Voraussetzung, daB die CO,-Konzentration 
10m4M nicht iibersteigt. Unter den gleichen Bed- 
ingungen kann man durch die Verwendung von In- 
dikatorvergleichslijsung eine Genauigkeit von lo- ‘M 

erzielen. Liegt die COz-Konzentration hoher als 

10m4M vor (bis ungefahr 2. 10e3M), labt sich bei 
visueller Indikation nur eine Genauigkeit von lO_jM. 
bzw. unter Verwendung von Vergleichslosung 10e4M 
erreichen. 

Bei der genauen mal3analytischen Bestimmung mu13 
man aber beriicksichtigen, dal3 such der Indikator 
beim Ubergang von einer Form in die andere einen 
gewissen Verbrauch an Normallosung aufweist. 
Methylrot in der Menge von 0,l ml O,l”/;iger Losung 
verbraucht bei dieser Umwandlung 0,003 ml 0,lN 
Normalliisung.2 Diese Tatsache wurde bei den in 
Tabelle 5 angegebenen Werten auRer Acht gelassen. 
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APPENDIX 

Berechnung der Gleichung (8) aus der Gleichung (2): 
~1, K,, c., K CH + 1 K* 

c, + -~ = 
K, + CH’I 

[H’] + ~~~ _ ~ 
K,CH+I + K W’l 

oder F’(c,.[H+]) = [H+14A + [H+13B + [H+13c~,D + [H+]‘E + [H’]‘<,L+ [H’]P + [Hi]{,,5 + T = o 

wo A = K,, B = K,K, + Kg, + K,; D = -K,; E = K,K,c, - K,K,+ + K,K, - K,K,, L = - K,K, - K,. 
P = - K,K,K, - K,K,c, - K;; S = - K,K,; T = - K,K; 

F’(c,. IO-““) = F(c,. pH) 

SF@,. pH) 
~ = -in 1014. 10m4i”‘A + 3. 10m3”“(B + c,D) + 

~PH 
2. 10-‘“H(E + c,L) + IO-““(P + c,S)I 

aus der Gletchung (7): 

dc, _ In 1014 10-3”HA + 3. 10-ZpH(B + c,D) + 2. IO-p”(E + c,L) + (P + c,S)i __- 
dpH lo- *pHD + lo- PH.!_ + S 

fur c, = c,, (Aquivalenrpunkt): 

In 1014 10-“‘HK,, + 3.10~ZL’H(K,,K,, + K,) + 2 10-l’H(K,K, - K,,K, - K,,K,c,, - K-L.,,) 

dc, - K,,K,,K, - K: - K,K,c,, - K,,K,c,,: 

dpH 10-2pH,K., + 10-“HK,,K, + 10-“HK, + K,K, 

veremfacht durch Vernachlassigung der klemen Gliedern: 

dc In 1014 10e3”HK,, - 2 10-l’H(K,,K,c, + K,c,,); 
_ d+ = ~__.__~~__ 

,O- %HK 

daraus ISi& sich schon leicht die Gleichung (8) ableiten. 
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STBRENDE EINFLijSSE VON BORSiiURE UND 
KOHLENDIOXID BE1 DER MASSANALYTISCHEN 

AMMONIAKBESTIMMUNG 

JOSEF MAL+ 

Wasserwirtschaftsverwaltung. Bmo, Tshechoslowakel 

(Eingegangen am 2. April 1975. Revidiert am 20. November 1975. Angenommen am 24. Februar 1976) 

Zusammenfassung-Die erreichbare Genauigkeit der mal3analytischen Ammomakbestimmung rnit 
potentiometrischer oder visueller Indikatlon bei Anwesenheit von Fremdstoffen (Borslure und Kohlen- 
dioxid) wurde auf Grund des Verlaufes der Ammoniaktitrationskurven festgelegt und the Fehler theses 
Verfahrens ausgewertet 

Die Mehrzahl der Verfahren ftir die Ammoniakbe- 
stimmung beruhen in seiner vorherigen uberfiihrung 
durch Destillation, Diffusion oder Beliiftung in eine 
starke Mineraldure, in der es indirekt alkalimetrisch 
bestimmt wird, oder in eine Liisung der Borsgure mit 
anschlieaender azidimetrischer Bestimmung.‘,’ Im 
Verlaufe des Prozesses, bei dem Ammoniak in gasfijr- 
miger Zustand aus der analysierten LBsung ausge- 
trieben wird, kBnnen die in der Probe enthaltenden 
Fremdstoffe unter den gegebenen Bedingungen in die 
Absorptionsliisung iiberftihrt werden und die nachfol- 
gende Ammoniakbestimmung stiiren. 

Handelt es sich urn Basen (z.B. Pyridin), die mit 
Ammoniak aus alkalischen Liisungen freigemacht 
werden, 1113t sich ihr Einflulj auf die Titrationsbe- 
dingungen aus den in der Literatur angefiihrten Dia- 
grammen bestimmen.3 In der vorliegenden Arbeit ist 
vor allem die Aufmerksammkeit den sauren Kom- 
ponenten-der Borslure und Kohlens&ure-gewid- 
met. Der EinfluB der BorsBure wird deshalb unter- 
sucht, weil ihre LGsung oft zur Absorption des 
Ammomaks nach seiner Abtrennung verwendet wird. 
Kohlentiure (bzw. Karbonate) ist ein iiblicher Be- 
standteil der analysierten LGsungen und es kann 
wlhrend der Destillation eine Betrlchtliche Menge 
von CO2 in die Vorlage iiberftihrt werden. 

Ableitung der Titrationskurven 

Der Verlauf der Ammoniaktitrationskurve 1lDt sich 
aus den Gleichgewichtsbedingungen der beteiligten 

Ionen und aus den Elektroneutralititsbedingungen in 
der LGsung berechnen. Bei der vereinfachten Voraus- 

setzung der Volumenunverlnderlichkeit der titrierten 
Liisung wird er durch die Gleichung (1) ausgedriickt: 

c,=cH+, I C.~.K.‘.[H’l K * 
K,,. IX’1 + K, CH'I 

(1) 

worin K, und K, die Dissoziationskonstanten der 
Ammoniumionen und des Wassers, c, und c, die ana- 
lytischen Konzentrationen des Ammoniaks und der 
Normalliisung (starken Slure), die in iquivalenten 
pro Liter in der titrierten LBsung ausgedriickt 
werden, bedeuten. Anstatt von der jetzt iiblichen 
Bezeichnung der Wasserstoffionen H30+ wird im 
Text der Einfachheit wegen die Bltere Bezeichnung 
H’ verwendet. 

Die Gleichung (1) kann man such zur Ermittlung 
der Titrationskurve verwenden, die die Riicktitration 
einer starken Stiure bei Anwesenheit des Ammonium- 
salzes mit einer starken Base darstellt. In diesem Falle 
entspricht c, der Differenz zwischen der Aquivalenz- 
konzentration der starken SPure und Base. 

Enthllt die titrierte LGsung einige weitere sauer 
oder basisch reagierende Bestandteile, geht die Glei- 
chung (1) in die folgende Form iiber: 

c, + X[A] - X[B] 

= [H’] + 
c,, .K., CH’I 

K.; CH’I + K, - ,x, (2) 

Hier entspricht X[A] der Summe von sauer- und X[B] 
von alkalisch reagierenden Komponenten. Handelt es 
sich urn eine Siiure H,A. die in n Stufen dissozilert, 
gilt: 

[A] = cA’ 
KA1[H+]‘-l + 2K,,K,,[H+]“-’ + + nK,,K,,. .K,, 

[H’]” + KA1[H+ln-l + KAIKAZIH+]“-L +. . + K,,K,,,*. .K,, (3) 

Analogisch. wenn eine in tn Stufen dissoziierte Base 
vorliegt. gilt: 

K,,K:-‘[H+] + 2K,,K,2K:-2[H+]2 + . . . + mK,,KB2.. .Ka,[H+]“’ 
cB1 = CB’K,” + KB~K~-~[H+] + K~~K~2K~-Z[H+]2 + . . + KBIKBZ.. .Ka,[H+]” (4) 
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Darin bedeuten K,,, KA2 KAn bzw. KBlr KB2 . 
K13, die Dissoziationskonstanten der Saure bzw. Base, 
c, und cn ihre analytischen Konzentrationen, die in 

Aquivalenten pro Liter ausgedruckt werden. Sind die 
angefuhrten Bestandteile Bordure und Kohlensaure, 
gilt: 

X[B] = 0 

C[A] = 
c,,K, 

K,, + CH’I 

Kk,W+I + 2&,&z 
+ “~+]z + K,,[H+] + K,, I& 

(5) 

In diesen Ausdrucken bedeuten Kb, K,, , Kkz die Dis- 
soziationskonstanten der Borsaure und Kohlensiiure 
(beide Stufen), cb und cr ihre molare Konzentration. 

Der pH-Wert des Aquivalenzpunktes der 

Ammoniaktitrationskurve bzw. bei Anwesenheit von 
Borslure und Kohlenslure wird aus den Gleichungen 
(2) und (5) nach der Einsetzung c, = c, ermittelt. Nach 
Fortlassung einiger vernachllssigbaren kleinen Glie- 
dern bekommt man: 

pH = -+log 
c 

Lis + c,;K,, + c,.K,, 
) 

(6) 
.I 

Fur die Beurteilung der Genauigkeit der Titrations- 
methode ist es wichtig die Steigerung der Titrations- 
kurve im Aquivalenzpunkt, die durch den Richtungs- 
koeffizient der Tangente in diesem Punkt ermittelt 
wird, zu kennen. Er wird aus der zugehorigen Funk- 
tionsabhangigkeit zwischen pH und c, durch Differen- 
zieren berechnet. Diese Abhangigkeit wird fur 
Ammoniak und Borsaure durch die Gleichung (2), in 
der fur die [H+]-Werte em aquivalenter Ausdruck 
10-pH eingesetzt wird, dargestellt. Der Differenzial- 
quotient wird aus dem implizierten Ausdruck der 
Funktion F(c,, pH) ermittelt: 

dc, SF(c,, pH)/apH 

dpH = ?F(c,, pH)/dc, 
(7) 

Aus den Gleichungen (7) und (2) bzw. (5) bekommt 
man fur den Aquivalenzpunkt (c, = c,) nach der Ver- 
emfachung durch Fortlassung der vernachlassigbaren 
kleinen Gliedern (siehe Appendix): 

dc, 2 In 10(2K,, lo- lpH - c,,K, - c,K.,K,) 

dpH K,,IO_ I+' 
(8) 

Ermittlung der Titrationskurven 

Nach den oben angefuhrten Beziehungen wird die 
Berechnung der Ammoniaktitrationskurven such bei 
Anwesenheit von Borsaure und Kohlensaure durch- 
gefiihrt. Wie erwahnt, wird dabei eine Volumenver- 
lnderung wlhrend der Titration nicht errechnet. 

Die fur sehr verdiinnte Lijsungen giiltigen Tabellen- 
werte der Dissoziationskonstanten wurden mit 
Rticksicht auf die Ionenstarke der Losung (im Aqua- 
valenzpunkt) umgerechnet-Tabelle 1. 

-log f, = i’ 
0.51 I, 7 

~ - 0,2 J (9) 
(1 + 1.5, J) 

K; = f;.K, (10) 

K; = f2.K2 (IOU) 

In diesen Gleichungen bedeuten K’ die Tabellenwerte 
der Dissoziationskonstanten der unendlich 
verdiinnten LBsungen, K die Dissoziationskonstanten 
der Lijsungen mit der Ionenstarke J,f, sind die Akti- 
vit;itskoetIizienten der i-Wertigen Ionen. Fur die Be- 
rechnung der Ionenstarke wird die Ammoniumch- 
lorid konzentration (im Aquivalenzpunkt) in Betracht 
genommen, wlhrend Borslure und Kohlensaure 
wegen ihrer vernachlassigbarer Dissoziation unbeach- 
tet bleiben. 

Bei der hier verwendeten Konzentration der Bor- 
slure (OJM) ist nur die Ionenstarke der Lijsung bei 
Berechnung der Dissoziationskonstante Kb in 
Betracht zu ziehen. Wenn die Borsaurekonzentration 
hiiher als 0,lM vorliegt, werden starkere Polybor- 
sauren gebildet. Der K,-Wert verlndert sich dann 
mehr als der erhijhten Ionenstarke entspricht, und er 
mul3 aus der empirisch bestimmten Abhlngigkeit pH 
von der Borsaurekonzentration abgeleitet werden.4 

Der untersuchte Ammoniakkonzentrationsbereich 
war lOA bis 10e2M. Der Konzentrationsbegren- 

zung der Borslure wurde die Anforderung fur die 
quantitative Absorption des Ammoniaks im Verlaufe 
seiner Abtrennung aus der analysierten Liisung in 
Betracht gezogen. Die erforderliche Menge der Bor- 
saure und ihre Konzentration in der Vorlage hlngt 
von der Menge des Destillierten Ammoniaks ab. Zur 
Absorption von 20 mg Ammoniak sind 25 ml 2%iger 
Borsaure hinreichend. Nach Abdestillieren des erfor- 
derhchen Volumens wird die Liisung in der Vorlage 
verdiinnt und die resultierende Borsaurekonzent- 
ration ist dann ungefahr OJM. 

Tabelle 1. Die ftir die Berechnung verwendeten Dissoziatlonskonstanten (ftir 18°C) 

lonenstirke der Ltisung 

Komponente 0 1o-4 10-j 1om2 

Wasser 
Ammoniak 
Borslure 
Kohlenslure 
Kohlenslure 

K, 0,74.10-‘4 0,75.10-‘4 o.79.10~‘4 0,90. lo-l4 
K‘l 1,75,10-5 1,76. tom5 1,88 10-S 2,13.10~’ 
Kll 7,3 lo- lo 7.4. lo-lo 7,8, lo-” 8,9 lo-” 

&I 4,Ol. lo-’ 4,07. lo-’ 4,30.10-7 4,87.10-’ 

KM 5,2.1O-L’ 5.4. lo-” 6,O. 10-l’ 7,8.10-l’ 
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Tabelle 2. Die Richtungskoeffizienten der Tangente im 
Wendepunkt der Titrationskurve 

[NH,13 M 

1o-4 
10-3 
10-Z 
1o-4 
lo-’ 
10-Z 
1o-4 
1o-3 

CH,BO,I, M 

0 
0 
0 

lo-* 
10-s 
10-s 
10-l 
10-i 

- dc,ld PI-I 
Aquiv/l. 

1,1.10-6 
3,1.10-6 
9,3.10-6 
1,3.10-5 
1,3.10-s 
1,9,10-5 
3,9.10-5 
4,3,10-s 

Bei den Titrationskurven des Ammoniaks, such in 
Anwesenheit von Borslure, werden die Richtungs- 
koeffizienten der Tangenten im Wendepunkt nach der 
Gleichung (8) berechnet und die Ergebnisse in Tabelle 
2 zusammengefaDt. 

Karbonate liegen in verschiedenen Materialen 
haufig vor. Zum Beispiel in Naturwlssem sind sie 
in einer Konzentration bis lo-‘M und ausnahms- 
weise noch hijher enthalten. Bei der Destillation aus 
gepufferten Liisungen von pH 7,4, der bei der Wasser- 
analyse vorgeschrieben wird,’ geht ein betrachtlicher 
Anteil von CO1 in die Vorlage iiber. Kohlendioxid, 

als Bestandteil der Luft, kann in die MaDliisung oder 
in das zur Analyse verwendete redestillierte Wasser 
eindringen. Deshalb wird sein EinfluD schon von sehr 
niedrigen Mengen, die ihren Ursprung in der 
atmospharischen Verunreinigungen haben konnen, 
untersucht. 

Die charakteristischen Angaben der Titrationskur- 
ven-pH im Aquivalenzpunkt [berechnet aus der Glel- 
chung (6)], pH im Wendepunkt (graphisch aus der 
berechneten Titrationskurve ermittelt) und die Differ- 
enz des Normallosungsverbrauches zwischen dem 
Aquivalentspunkt und dem Wendepunkt [aus den 
Gleichungen (2) und (5) berechnet], sind in Tabelle 
3 verzeichnet. Einige ausgewahlte Titrationskdrven 
sind in Abb. 1 und 2 wiedergegeben. 

Der berechnete Verlauf von Titratlonskurven 
wurde experimentell mit Hilfe des pH-meters 
Radelkis OP-206 iiberprtift, wobei eine gute Uberein- 
stimmung erreicht wurde (siehe Abbildungen 1 und 

2). 
Die Losungen wurden aus redestilliertem, von CO2 

durch Auskochen befreitem Wasser, vorbereitet. Nach 
Herstellung der einzelnen Liisungen durch Vermis- 
chung der Grundliisungen (0,OlM NH,. O.OlM HCl. 
0,4M H3B0, und 2,l x 10-3hl CO*) wurde der 

Tabelle 3. Charaktertstische Angaben der Ammoniaktitrationskurven bei Anwesenheit von Borsaure 
und Kohlensaure 

CC&l, M 

[NH,]> M CH,BO,I> M 0 5.10-S 1o-4 2. 1o-4 5,10-4 

(a) pq;mh Aqmvalenzpunkt 
0 665 5,34 5,19 5,04 4,84 

1o-4 10-Z 5,56 5,28 5,16 5,02 4,84 
1o-4 10-i 5,07 4,99 4,96 4,89 4,17 
10-s 0 6,18 5,33 5,18 5,Ol 4.83 
1o-3 10-Z 5,54 5,26 514 5,Ol 4,82 
10-S 10-i 5,05 5,00 4,96 4,89 4,76 
1o-Z 0 5,69 5,27 5,14 5,oo 4.80 
1o-2 lo-* 544 5,21 5,lO 4,98 4,79 

p:ol Wendepunk:‘-’ 

5,02 4,96 4,92 4,86 4,13 

(b) 
lO-4 0 665 6,81+ 6,93+ 7,30+ 
1om4 1o-2 5,56 5,46 5,34 5,14 4,86 
10-h 10-l 5,07 5,05 5,02 4,96 4,82 
10-3 0 6,18 6,16+ 6,14+ 6,00+ 4,88 
1o-3 1o-2 5,54 5,45 5,31 5,20 4.87 
10-s 10-i 5,05 5,03 4,99 4,93 4,81 
10-Z 0 5,69 5,51 5,46 5,22 4,86 
1o-2 lO-2 5,44 5,39 5,34 5,16 4,83 
10-z 10-i 5,02 4,99 4.95 4,90 4,74 

(c) Die Differenz der Konzentrationen der Normallosung in der titrterten Liisung beim Erreichen des 
Aquivalenz- und Wendepunktes (c, - c,). In 10e6 Aquivalent pro Liter. 

10-b 0 0 36* 77* 179* 
10-4 lo-* 0 4 6 4 6 
10-4 10-i 0 1 2 2 2 
10-3 0 0 18* 39* 58* 3 
10-j 1o-2 0 4 6 7 5 
10-s 10-i 0 1 2 2 3 
10-z 0 0 5 10 10 2 
10-Z IO-* 0 2 3 5 0 
10-Z 10-i 0 0 1 1 2 

* Aus dem fiktiven Wendepunkt der Titrationskurve, bei der die zwei der Kohlensaure entsprechende 
Stufen nicht unterschieden werden, berechnet. 
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6 

4 
-0,z -0,l 0 +0,1 +0,2 

4% 163Ypr.l-’ 

Abb. 1. Ammomaktitrationskurven bei Anwesenheit von 
KohlensBure [NH,] = 10-3M; 0 = gemessen, 

~ = berechnet. 

Kurve Nr. Cw?l Kurve Nr. CCO*l 
1 0 5 3.10-4M 
2 5.10-5M 6 5,10-4M 
3 10-4M I lo-‘M 
4 2, 10m4M 

pH-Wert bestimmt. Die gewiinschte CO,-Konzent- 
ration wurde durch Zugabe von kohlendioxidgesattig- 
tern redistilliertem Wasser, in dem CO2 gleich vor 
Verwendung alkalimetrisch bestimmt wurde, herges- 
tellt. 

Diskussion der Ergebnisse 

Die pH-Werte im Aquivalenzpunkt der 
Ammoniaktitrationskurven sind eine logarithmische 
Funktion der NH,-Konzentration [siehe Gleichung 
(6)], die such ihren Verlauf als Folge der Hydrolyse 
des Ammoniumsalzes beeinfluDt. Aquivalenz- und 
Wendepunkte der Ammoniaktitrationskurven unter- 
scheiden sich durch nicht mehr als 0,Ol pH (Tabelle 

3). 
Aus dem Richtungskoeffizient dc,/dpH in der Nahe 

des Aqmvalenzpunktes (der m diesem Falle mit dem 
Wendepunkt identisch 1st) 1aRt sich ableiten, da13 eine 
Konzentrationsanderung der starken SPure in der 
titrierten Liisung (fur [NH,] <: 0,OlM) urn lo-’ bis 
lo-* Equivalent pro Liter den pH-Wert nur urn ein 
Hundertstel lndert (Tabelle 2). Bei der pH-Ablesung 
mit einer Genauigkeit von einem Hundertstel kann 
die Ammoniakkonzentration unter Verwendung der 
maBanalytischen, potentiometrisch indizierten Meth- 
ode mit der theoretisch maximal erreichbaren 
Genauigkeit auf lo-‘M bestimmt werden. Bei der 
pH-Ablesung auf Zehntel, ist die erreichbare 
Genauigkeit der Ammoniakbestimmung zehnmal 
kleiner. Bei diesen extrem genauen Bestimmungen ist 

es notig, die Volumslnderungen der Liisung wlhrend 
der Titration, und besonders die Anwesenheit von 
Kohlendioxid zu beachten. Es ist auDerdem notwen- 
dig, da13 die MaBliisung in die Probeliisung mit ent- 
sprechender Genauigkeit zugesetzt werden kann. 

Die BeeinfluBung des Verlaufes von Ammoniak- 
titrationskurven durch schwache Sauren ist aus den 
Abb. 1 und 2 fur Borslure und Kohlendioxid ersicht- 
lich. Da Sauren die Titrationskurven im alkalischen 
Gebiete deformieren, verschiebt sich der Aquivalenz- 
punkt zu niedrigen pH-Werten. Diese Wirkung ist 
von der Saurekonzentration und von der GriiBe ihrer 
Dissoziationskonstante abhangig. Die Identit;it des 
Aquivalenzpunktes mit dem Wendepunkt der Titra- 
tionskurve von Ammoniak bei Anwesenheit der Bor- 
slure stimmt mit einer Genauigkeit auf Hundertstel 
pH-Wert (Tabelle 3). 

Der Richtungskoethzient der Tangente im Aquiva- 
lenzpunkt wird durch eine Borsaurezugabe auf Werte 
von lo- 5 bis 5 x lo-’ Equivalent pro Liter erhoht. 
Die Anderung der Saurekonzentration c, urn etwa 
10m6 Equivalent pro Liter bewirkt in der Umgebung 
dieses Punktes eine pH-Anderung von 0,Ol. Deshalb 
1st bei Anwesenheit der Borstiure die theoretisch 
erreichbare Genauigkeit der Ammoniakbestimmung 
lo-‘M unter Verwendung der potentiometrischen In- 
dikation bei pH-Ablesung auf Hundertstel. Bei pH- 
Ablesung auf Zehntel 1st die erreichbare Genauigkeit 
IO-‘M. 

Ahnlich wie Borsaure verhllt sich such Kohlen- 
&iure, deren Wirkung aber deutlicher in Ubereinstim- 
mung mit der GrGBe ihrer Dissoziationskonstante ist. 
Bei dieser Same ist ihre zweite Dissoziationsstufe zu 
beachten, erkennbar durch einen zweiten Wende- 
punkt, besonders eindeutig bei hijheren CO,-Konzen- 
trationen. Bei niedrigen CO,-Konzentrationen ist nur 
ein Wendepunkt deutlich, der aber stark vom Aquiva- 
lenzpunkt abweicht (Tabelle 3). Bei einer 
Kohlenslurekonzentration hiiher als 3 x 10m4M, 

I I I I I 

-0,z -0J 0 +0,1 +0,2 

Ct-CI 183 A’4v.f’ 

Abb. 2. Ammoniaktitrationskurven bei Anwesenheit von 
Borsaure und Kohlensgure [NH,] = 10m3M; 

fH,BO?l = lo-‘M __ _- 
Kurve Nr. [CO*1 Kurve Nr. [CO*1 

1 0 3 5 lo--‘M 
2 10m4M 4 10-3M 
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Tabelle 4. Die maximal zullssige COz-Konzentrationen (M) fir die massanalytische 
Ammoniakbestimmung der verlangten Genauigkeit 

verlangte Genauigkeit der Bestimmung (in Mol NH3 pro Liter) 

CNHd M 10-4 1o-5 

(a) potentiometrische Indikation: 
fur [H,BO,] = 0 

1o-4 10-a 2.1o-5 
10-j 1o-3 3.10-5 
1o-2 10-3 10-S 

fur [H,BO,] = lo-*-lo- ‘M 
10-4-10-2 10-3 10-3 

(b) visuelle Indikation (im pH-Bereiche 5,74,1): 
fiir [H,BO,] = 0-lO_iM 

1o-4-1o-2 1o-4 - 

(c) vtsuelle Indikation (im pH-Bereiche 5&4,8): 
fur [H,BO,] = &lo-‘M 
1o-4-1o-2 1o-3 1o-4 

1o-6 lo-’ 

2,10-6 2-10-7 
3.10-e 3.10-’ 

1o-5 10-6 

5. 10-S 

- 

oder in Anwesenheit von Borslure kann man den mung mit der verlangten Genauigkeit sind in Tabelle 

Wendepunkt der ersten Stufe, dessen Abweichung 4 verzeichnet. Sie gehen aus dem Verlauf der Titra- 

vom Aquivalenzpunkt kleiner ist, bestimmen. Liegt tionskurven und aus den in Tabellen 3 und 5 

die CO,-Konzentration hoher als 10-3M vor, wird angefuhrten Werten hervor. Diese Angaben doku- 

die Titrationskurve so flach, da13 die Ammoniak- mentieren die Abhlngigkeit der angefuhrten Grenz- 
bestimmung sich nur mit einer Genauigkeit von werte von der Ammoniak- und Bors;iurekonzent- 
10m3M durchfuhren Mt. ration in der analysierten Probe. 

Die Angaben iiber den zulassigen CO,-Konzentra- Von den azidobasischen Indikatoren, die bei der 
tionen bei der maganalytischen Ammoniakbestim- mahanalytischen Ammoniakbestimmung am hlufig- 

Tabelle 5. Die Differenz (mAquiv./l.) der Konzentration der Normalliisung in der 
titrierten Losung beim Erreichen des angefuhrten pH-Wertes und des Aquivalenz- 

punktes (c, - c,) 

[H,BO,] = 0 [H,BO,] = lo-‘M 

[NH,]> M CCO,l> M PH 5,7 PH 4,l PH 577 PH 4,l 

1o-2 0 
5.10-5 

10-4 
5.10-4 

10-3 
5,10-3 

10-b 0 
5.10-5 

10-4 
5.10-4 

10-3 
5.10-3 

1o-2 0 
5.10-5 

10-b 
5.10-4 

1o-3 
5.10-3 

10-4 0 
5.1o-5 

lo-4 
5.10-4 

lo-3 
5.10-3 

0 
-0,010 
-0,020 
-0,098 
-0,196 
-0,981 

+ 0,002 
-0,006 
-0,015 
- 0,082 
-0,167 
- 0,845 

PH 5,O 

+0,010 

+ 0,008 
+ 0,005 
-0,013 
- 0,036 
-0,222 

fO,OlO 

+ 0,008 
+ 0,006 
-0,010 
- 0,029 
-0,186 

+ 0,079 
+ 0.079 
+ 0,079 
+ 0,076 
+ 0,073 
+ 0,049 

+ 0,079 
+ 0,079 
+ 0,079 
+ 0,077 
+ 0,074 
+ 0,054 

PH 4,8 

+0,016 
+ 0,015 
+0,013 
+0,001 
-0,014 
-0,133 

+0,016 
+ 0,015 
+0,014 
+ 0,003 
- 0,009 
-0,109 

-0,044 
-0.054 
- 0,064 
-0,142 
- 0,240 
- 1,025 

-0,037 
-0,045 
- 0,054 
-0,121 
- 0,206 
-0,884 

PH 530 

+o,cQ1 
-0,001 
-0,004 
-0,OQl 
-0,045 
-0,231 

+ 0,003 
+ 0,001 
+0,001 
-0,017 
- 0,036 
-0,193 

+0,078 
+0,078 
+0,078 
+0,075 
+ 0,072 
+0,048 

+0,078 
+0,078 
+ 0,078 
+ 0,076 
+0,073 
+0,053 

PH 498 

+0,010 
+ 0,009 
+ 0,007 
- 0,005 
- 0,020 
-0,139 

+0,011 
+0,010 
+ 0,009 
-0,002 
-0,019 
-0,114 
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stens verwendet werden, ist Methylrot oder seine Mis- 
chung mit Methylenblau (Indikator nach Taschiro) 
zu nennen. Die Indikatorkonstante (pK, = 4,9) ist 
durch den ersten Bestandteil bestimmt. Methylenblau 
macht nur den Farbumschlag fur das menschliche 
Auge deutlicher. Die Farbanderung des Indikators 
wird durch den Bereich von 10 bis 90”/0 aus der 
erreichbaren Intensitat der roten Farbe, die m diesem 
Falle maBgebend ist, bestimmt. Das entspricht dem 
pH-Bereiche 4,1-$7. Eine genauere Unterscheidung 
kann man durch Verwendung einer auf den pH-Wert 
4,9 gepufferten Vergleichsliisung erreichen, In diesem 
Falle 1813t sich in der Nahe von pKi, die Farbinten- 
sitlt mit Genauigkeit auf _t 6% gegeniiber ihrer maxi- 
maler Intensitat, die bei einer extremen Aziditlt 
erreicht wird, zuverllssig unterscheiden. Dieses Farb- 
interval1 entspricht dem pH-Bereich 4,8-5,0. 

Die Differenzen des Verbrauches an Normalliisung 
der Sure beim Erreichen des gewiinschten pH- 
Wertes und Aquivalenzpunktes im Verlaufe der 
Ammoniaktitration sind m Tabelle 5 angegeben. 
Diese Differenzen sind fur die Beurteilung der erreich- 
baren Genauigkeit entscheidend. 

Im ersten Falle, d.h. fur den Farbumschlag, der 
durch den pH-Bereich 5,74,1 bestimmt wird, ist bei 
der Ammoniaktitration, such in Anwesenheit der 
Borsaure, die maximal erreichbare Genauigkeit der 
Ammoniakbestimmung 10m4M. Durch das Verengen 
des pH-Intervalls, in dem der Farbumschlag wahr- 
nehmbar ist, auf 5,0 bis 4,8, wird die Genauigkeit auf 
10e5M erhiiht. 

Bei Anwesenheit von Kohlendioxid wird die Titra- 
tionskurve flacher, wodurch die Indikation erschwert 

wird. Die erreichbare Genamgkeit der Ammoniakbe- 
stimmung ist bei der Indikation mit Methylrot 10e4M 

unter Voraussetzung, daB die CO,-Konzentration 
10m4M nicht iibersteigt. Unter den gleichen Bed- 
ingungen kann man durch die Verwendung von In- 
dikatorvergleichslijsung eine Genauigkeit von lo- ‘M 

erzielen. Liegt die COz-Konzentration hoher als 

10m4M vor (bis ungefahr 2. 10e3M), labt sich bei 
visueller Indikation nur eine Genauigkeit von lO_jM. 
bzw. unter Verwendung von Vergleichslosung 10e4M 
erreichen. 

Bei der genauen mal3analytischen Bestimmung mu13 
man aber beriicksichtigen, dal3 such der Indikator 
beim Ubergang von einer Form in die andere einen 
gewissen Verbrauch an Normallosung aufweist. 
Methylrot in der Menge von 0,l ml O,l”/;iger Losung 
verbraucht bei dieser Umwandlung 0,003 ml 0,lN 
Normalliisung.2 Diese Tatsache wurde bei den in 
Tabelle 5 angegebenen Werten auRer Acht gelassen. 

I. 
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APPENDIX 

Berechnung der Gleichung (8) aus der Gleichung (2): 
~1, K,, c., K CH + 1 K* 

c, + -~ = 
K, + CH’I 

[H’] + ~~~ _ ~ 
K,CH+I + K W’l 

oder F’(c,.[H+]) = [H+14A + [H+13B + [H+13c~,D + [H+]‘E + [H’]‘<,L+ [H’]P + [Hi]{,,5 + T = o 

wo A = K,, B = K,K, + Kg, + K,; D = -K,; E = K,K,c, - K,K,+ + K,K, - K,K,, L = - K,K, - K,. 
P = - K,K,K, - K,K,c, - K;; S = - K,K,; T = - K,K; 

F’(c,. IO-““) = F(c,. pH) 

SF@,. pH) 
~ = -in 1014. 10m4i”‘A + 3. 10m3”“(B + c,D) + 

~PH 
2. 10-‘“H(E + c,L) + IO-““(P + c,S)I 

aus der Gletchung (7): 

dc, _ In 1014 10-3”HA + 3. 10-ZpH(B + c,D) + 2. IO-p”(E + c,L) + (P + c,S)i __- 
dpH lo- *pHD + lo- PH.!_ + S 

fur c, = c,, (Aquivalenrpunkt): 

In 1014 10-“‘HK,, + 3.10~ZL’H(K,,K,, + K,) + 2 10-l’H(K,K, - K,,K, - K,,K,c,, - K-L.,,) 

dc, - K,,K,,K, - K: - K,K,c,, - K,,K,c,,: 

dpH 10-2pH,K., + 10-“HK,,K, + 10-“HK, + K,K, 

veremfacht durch Vernachlassigung der klemen Gliedern: 

dc In 1014 10e3”HK,, - 2 10-l’H(K,,K,c, + K,c,,); 
_ d+ = ~__.__~~__ 

,O- %HK 

daraus ISi& sich schon leicht die Gleichung (8) ableiten. 
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Summary-The diffusion-layer model for the chalcocite (Cu,S) membrane electrode is discussed. It 
is equivalent to a simpler model based on exchange reactions at the electrode surface. The chalcocite 
ts sensttive to copper(I) and copper(H) ions and the theoretically predicted response IS in good agreement 
with experimental data. The membrane is a conductor, but thts does not sigmficantly affect tts functton 
as an ion detector. The limitation of the electrode is the membrane solubility as shown when Cu(I1) 
ions m contrast to copper(I) ions are strongly complexed. 

The reason for the sensitivity to copper(B) ions of 
solid-state electrodes based on copper(I) chalco- 
genidesim7 is not fully understood. Heerman and 
Rechni& have stated that the copper(I) ions should 
be considered as the significant ions for the copper(I) 
sulphide electrode and Hansen et al.’ agree that the 
contribution of Cu(1) ions to the mechanism should 
be taken into account. 

This paper proposes a model for the function of 
the chalcocite (Cu,S) membrane electrode and its sen- 
sitivity to copper(I1) ions. 

EXPERIMENTAL 

The indtcator electrode with an internal solution con- 
taining copper(H) chlortde was prepared as described pre- 
viously.’ The potential was measured with an N-512 meter 
(ELPO-Wroclaw) and potentiograph E-336 (Metrohm). 
The saturated calomel electrode used as reference was con- 
nected through a salt bridge. The copper(I) solution was 
obtamed by coulometric generation from the copper elec- 
trode m a chloride medium. The solutions were prepared 
from analytical grade reagents and doubly distilled water. 

THEORETICAL 

In various models of electrode action given by 
several authors9-13 the potential E of the half-cell 
formed by the membrane electrode is given by 

E = E, + Es (1) 

where EM is the membrane potential and E, the inter- 
nal reference potential. 

Eisenman’ and Buck” describe the membrane 
potential as the sum of the diffusion potential ED in 
the membrane and the potential E, on the phase 
boundaries, while the membrane is considered as an 
ionic conductor. In the Pungor and T6th12 model 
only the potential E, is taken into account, while the 
condition concerning ionic conductance is not 

irremissible. Both models result in formally analogous 
equations relating the potential of the electrode to 
the ionic activity (where admissible, concentrations 
are used instead of activities). For the chalcocite elec- 
trode this may be expressed as 

RT 
E = const. + -ln([Cu+] + KFd+,, 

F 
[M;+]“‘) (2) 

where [Cu’], and [Mf ‘1 are the actual concen- 
trations of the main (Cu’) and interfering (M”) ions, 
and KpJ+ ,M, is the corresponding potentiometric 
selectivity coefficient. 

In the Eisenman’ and Buck” models (for miscible 
salts) the selectivity coefficient is equal to the product 
of the ratio of the ionic mobilities Uc,+/U,, in the 
membrane and the equilibrium constant K of the 
exchange reaction 

M2+ + Cu,S + MS + 2Cu+ (3) 

In the Pungor-T6th’2 and Buck” models (for im- 
miscible salts) the selectivity coefficient is directly 
related to the same equilibrium constant, and equal 
to the ratio of the solubihty products K,,, of the corre- 
sponding sulphides (with an exponent which follows 

from the stoichiometry): KFo~Cu2S~/Klo~MS~. When no 
other mechanism of interference is assumed, the 
exchange reaction provides some of the concentration 
of the main ion causing the electrode response. 

In the electrode model discussed here we assume 
that the electrode response is caused by the main ion 
concentration at the electrode surface. Three contri- 
butions may be discussed: the first is due to the ana- 
lytical concentratton in solution [Cu’]“. the second 
to the finite solubility of the membrane [Cu+]‘-, and 
the last to the exchange reaction with interfering ions 
[Cu+]‘. This is represented as: 

[CU’]” = [Cu’]$ + [cu+]b + [cu’];, (4) 

where the suffix indicates concentrations at the elec- 
trode surface, in contrast to bulk concentrattons. 

661 
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The concentration [CU’]~ is directly related to the 
conditional solubility product 

KLcuzs) = Ks~cu~s,~sur,& + = CWIW WI 

of the electrode-active substance, i.e., Cu,S, where the 
s( values represent the side-reaction coefficients. The 
as.(u) and c(cu+ values depend on pH and the chloride 
concentration, respectively. Since 

we obtain 

CSI = :cCu(I)] 

Perhaps in the limit the concentration of interstitial 
copper(I) ions may become important, as found by 
Morf, Kahr and SimonI for silver(I) and the Ag,S 
electrode. In the present discussion this factor is not 
considered, but from our experiments its value is 
about lo-“M. 

The relation (5) as a function of pH for two differ- 
ent chloride concentrations is graphically presented 
in Fig. 1. It can be seen that the value of [CU’]~ 
is mostly well below lo-“M and therefore this con- 
tribution is small compared to the others. 

The concentration [Cu’]: represents the contribu- 
tion to the electrode response caused by the presence 
of interfering ions having particular selectivity coeffi- 
cients. The coefficients are expected to be larger than 

unity for Ag+ and Hg’+, which interfere even in small 
concentrations by covering the membrane with their 
sulphides, preventing further contact of the chalcocite 
membrane with the solution. For other common ions, 
including Cu * + , the selectivity coefficients are signifi- 
cantly less than unity. 

For the equilibrium constant, K, of the reaction 

cu,s + cll*+ z$ cus + 2cu+ (6) 

which is equal to the ratio of the solubility products, 

t I 

Fig. I. Concentration of free copper(I) in equilibrium with 
the chalcocite membrane as a function of pH. Curve I-in 

O.lM KCl, curve II-in IA4 KCI. 

/ 
O- 

0 
I 

Distance 

Fig. 2. Scheme for the diffusion layer [Cu’] = 1.6 x 
lo-I’M, [Cu2’] = 1.0 x 10-3M m bulk solution. A = 2, 
K = 4 x 10-13. [Calculated from equations (8) and (9).] 

we obtain 

K = ([CU+]~)~/[CU~+]~ (7) 

where the concentrations are those at the electrode 
surface. When the reaction is sufficiently rapid and 
reversible a diffusion layer is formed, shown schemati- 
cally in Fig. 2. Assuming diffusive transport at the 

electrode surface, linearity of the concentration gra- 
dients and independence of the diffusion coefficients 
on the diffusion layer thickness, we obtain from the 
mass balance 

DC”+ Kcu+lo - CCufl) 
= 2Dc,2 + Kc~z+l - cc~*+lo) (8) 

where D represents the diffusion coefficient of the ion 
indicated. From equations (7) and (8) the value of 
[Cu+], may be calculated as a function of the Cu+ 
and Cu2+ concentrations: 

[Cu+]o = ; A: + 

> 

l/2 

+ 4K[Cu*+] (9) 

where A = DCu+lDCu~+, which has a numerical value 
of approximately 2, if the diffusion coefficient of Cu+ 
(not reported in the literature) is taken as slightly 
smaller than that of Ag+. 

The value of [Cu’lo should really be Indicated as 
[Cu’]& because it represents the contribution of the 
exchange reaction (interference) when the membrane 
solubility and analytical concentration contributions 
may be neglected. When the other contributions 
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should be taken into account then the total concen- 

tration may be represented as: 

[Cu’]a = [Cll’]~ + [Cu’]“o 

+(-$+;(fg+*AK[Cu+, 
l/2 

+ 4K[Cu*+] 11 (10) 

which enters into the equation for the potential: 

E = const. + ‘+ In[Cu+]e. (11) 

This equation is valid for the intermediate range 
but no precise derivation of this equation can be pre- 
sented. Nevertheless, from measurements in the con- 
centration ranges used in our experiments, it evidently 
describes the behaviour of the electrode with enough 
accuracy for its practical use. 

RESULTS AND DISCUSSION 

The mode1 described, in which the surface concen- 
trations are different from those in the bulk of the 
solution, is similar to that given for the cyanide elec- 
trode.‘3s15 The expanded form of equation (11): 

E = const. + ‘G In [Cu’]$ + [CU’]~ 
i 

l/2 

+ 4K[CuZ+] 
> I> ) (12) 

may be simplified when some justifiable approxima- 

I I I I I 
0 I 2 3 

PC1 

Fig. 3. Conditional constant of the exchange reaction 
Cu*+ + Cu,S ‘2Cu+ + CuS as a function of chloride 

concentration. 

1 I is > 
E _ 

ILi _ 

[&+]=I 6 x 16” 

Fig. 4. Theoretical potential response curves calculated on 
the basis of the diffusion barrrer model-solid line, and 

on the basis of the Pungor-Toth model--dashed hne. 

tions are introduced. When [Cu’+] is significantly 
greater than 4 x lo-i3M, i.e. [Cu’+] $ K, then in 
equation (12) the total term corresponding to the 
exchange reaction is simplified to K”2[Cu2+]1’2, and 
the equation is the same as given previously [Q)] 
on the basis of the Pungor-Toth model.12 The value 
of the constant K = 4 x lo-l3 for reaction (6) is 
based on the solubility products,” and is an idealized 
approach. In real conditions the side-reaction coeffi- 
cient effect of Cu+ with chloride ions is much 
stronger than that of Cu*+, shifting the reaction (6) 
towards the right-hand side. The dependence of pK’ 
on the chloride concentration is shown in Fig. 3. 

For low concentrations of copper(I), i.e., when 
[Cu’] 4 K[CU~+]"~ the electrodes become sensitive 
to copper(I1). In such conditions the chalcocite elec- 
trode may be treated as a copper electrode, for 
which the copper(I1) ions are the main ions. In this 
case the simplified model may be treated as a special 
case of the diffusion layer model. The potential re- 
sponse curves E =f([Cu*‘]) have been calculated for 

several levels of concentration of copper(I) ions in 
solution (Fig. 4). It can be seen that only at the lowest 
levels is there departure from linearity. 

The value of the selectivity coefficient of the chalco- 
cite electrode is 4 x 10-13, which is the equilibrium 
constant of the exchange reaction. The potentio- 
metric selectivity coefficient, determined experimen- 
tally, K&'+,Cy2+ = K"* = 6.3 x lo-‘, as described 
previously.’ The magnitude of these values suggests 
that the extent of the exchange reaction is not large 
enough to allow the electrode to function according 
to the scheme Cu2S/CuS/Cu2’ (external solution). 
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I I I 
01 IO 100 

c-ox1 
[red7 

Fig. 5 Dependence of the electrode potential on the 
[Fe(CN)i-1: [Fe(CN)i-] ratio at pH 5 The Ag,S relation- 

ship is given according to Weser and Pungor i’ 

It must be mentioned that the diffusion layer 

model does not specify the type of conducttvity in 
the membrane. Because of the absence of b-Ag,S, 
as the ionic conductor, one can expect for the chalco- 
cite electrode a significant contribution of electron 
conductivity.ih This has been confirmed experimen- 
tally by measuring the redox response of the electrode 
in comparison with that of the platinum electrode 

(Fig. 5). 
Experimental potential response curves have been 

prepared for the chalcocite electrode in solutions con- 
taining both copper(I) and copper(B) tons. In the case 
of the copper(I1) response (Fig. 6, curve I) the medium 
used was 1M potassium nitrate. The experimental 
points obtained by successive dilutions agree with 
those calculated on the assumption that [Cu’] is not 
greater than 1.6 x 10- ‘“M. As can be seen by com- 
parison with Fig. 4 the curve is linear with the theor- 
etical slope of 29.6 mV per decade. The slight curva- 
ture at low concentrations is due to [Cu+]:. 

The response curve for copper(I) ions (Fig. 6, curve 
II) has been prepared on the basis of the analytical 
concentration of copper(I), generated coulometrically 
at pH 3 in 1M potassium chloride. The concentration 
of free (hydrated) Cu+ ions is significantly lower. The 
constant degree of complexation due to the constant 
concentration of Cll as the predominant ligand, 
ensures that the slope has the theoretical value of 
59.2 mV per decade, which is in good agreement with 
the calculated curve. Under these conditions the con- 
centration of Cu ‘+ is insufficient for the formation 

of a CuS layer at the electrode surface. Therefore the 
contribution of the exchange concentration[Cu+]: is 
negligible and except in a very low concentration 
range only the term [Cu’]: is significant in equation 

(11). 
In the presence of both copper(I) and copper(I1) 

ions, at equal analytical concentrations, the potential 
response curve is influenced by both ions. The extent 
of complexation of copper(I) in 1M chloride solution 
is significantly greater (rcu-tc,, = 8.5 x 104)‘s than 
that of the copper(I1). Therefore the z-value compen- 
sates partially for the small value of selectivity coefli- 
cient Kct.,CU2+. Both types of ion contribute to the 
slope, which in the range of concentrations indicated 
is approximately 55 mV per decade (Fig. 6. curve III). 

The electrode limit, defined by [Cu’]& may be 
reached under conditions where the copper(I1) ions 
are more strongly complexed that the copper(I) ions. 
This happens, for example, in the potentiometric tit- 
ration of copper(I1) with EDTA. Because the cop- 
per(I1) concentration drops significantly after the end- 
point, [CU’]~ becomes the decisive factor influencing 
the potential response. From the potential limit the 
value of [CU’]~ may be estimated and the rcL, value 
calculated from equation (5). This makes it possible 
to estimate the stability constants of copper(I) com- 
plexes. In the case of the TETREN titration of copper 
it may be expected that both copper ions are com- 
plexed, therefore the limit is strongly suppressed, and 
the potentials after the end-point are much lower.’ 

I 
P cu 

Fig. 6. Potential response curves of the chalcocite mem- 
brane electrode, in -copper(B) solution (in IM KN03). 
Curve I. Couuer(II) solution in 1M KNO,. Curve II, 
copper(l) soin& ‘in I&f KCl. Curve II< equivalent 
amounts of copper(I) and copper(I1) in IM KC1 Exper- 
imental points are indicated on the theoretically calculated 

curves (solid lines). 
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The value of the stability constant of the copper(I)- 
TETREN complex calculated on this basis is approxi- 
mately 108. 
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Summary-The diffusion-layer model for the chalcocite (Cu,S) membrane electrode is discussed. It 
is equivalent to a simpler model based on exchange reactions at the electrode surface. The chalcocite 
ts sensttive to copper(I) and copper(H) ions and the theoretically predicted response IS in good agreement 
with experimental data. The membrane is a conductor, but thts does not sigmficantly affect tts functton 
as an ion detector. The limitation of the electrode is the membrane solubility as shown when Cu(I1) 
ions m contrast to copper(I) ions are strongly complexed. 

The reason for the sensitivity to copper(B) ions of 
solid-state electrodes based on copper(I) chalco- 
genidesim7 is not fully understood. Heerman and 
Rechni& have stated that the copper(I) ions should 
be considered as the significant ions for the copper(I) 
sulphide electrode and Hansen et al.’ agree that the 
contribution of Cu(1) ions to the mechanism should 
be taken into account. 

This paper proposes a model for the function of 
the chalcocite (Cu,S) membrane electrode and its sen- 
sitivity to copper(I1) ions. 

EXPERIMENTAL 

The indtcator electrode with an internal solution con- 
taining copper(H) chlortde was prepared as described pre- 
viously.’ The potential was measured with an N-512 meter 
(ELPO-Wroclaw) and potentiograph E-336 (Metrohm). 
The saturated calomel electrode used as reference was con- 
nected through a salt bridge. The copper(I) solution was 
obtamed by coulometric generation from the copper elec- 
trode m a chloride medium. The solutions were prepared 
from analytical grade reagents and doubly distilled water. 

THEORETICAL 

In various models of electrode action given by 
several authors9-13 the potential E of the half-cell 
formed by the membrane electrode is given by 

E = E, + Es (1) 

where EM is the membrane potential and E, the inter- 
nal reference potential. 

Eisenman’ and Buck” describe the membrane 
potential as the sum of the diffusion potential ED in 
the membrane and the potential E, on the phase 
boundaries, while the membrane is considered as an 
ionic conductor. In the Pungor and T6th12 model 
only the potential E, is taken into account, while the 
condition concerning ionic conductance is not 

irremissible. Both models result in formally analogous 
equations relating the potential of the electrode to 
the ionic activity (where admissible, concentrations 
are used instead of activities). For the chalcocite elec- 
trode this may be expressed as 

RT 
E = const. + -ln([Cu+] + KFd+,, 

F 
[M;+]“‘) (2) 

where [Cu’], and [Mf ‘1 are the actual concen- 
trations of the main (Cu’) and interfering (M”) ions, 
and KpJ+ ,M, is the corresponding potentiometric 
selectivity coefficient. 

In the Eisenman’ and Buck” models (for miscible 
salts) the selectivity coefficient is equal to the product 
of the ratio of the ionic mobilities Uc,+/U,, in the 
membrane and the equilibrium constant K of the 
exchange reaction 

M2+ + Cu,S + MS + 2Cu+ (3) 

In the Pungor-T6th’2 and Buck” models (for im- 
miscible salts) the selectivity coefficient is directly 
related to the same equilibrium constant, and equal 
to the ratio of the solubihty products K,,, of the corre- 
sponding sulphides (with an exponent which follows 

from the stoichiometry): KFo~Cu2S~/Klo~MS~. When no 
other mechanism of interference is assumed, the 
exchange reaction provides some of the concentration 
of the main ion causing the electrode response. 

In the electrode model discussed here we assume 
that the electrode response is caused by the main ion 
concentration at the electrode surface. Three contri- 
butions may be discussed: the first is due to the ana- 
lytical concentratton in solution [Cu’]“. the second 
to the finite solubility of the membrane [Cu+]‘-, and 
the last to the exchange reaction with interfering ions 
[Cu+]‘. This is represented as: 

[CU’]” = [Cu’]$ + [cu+]b + [cu’];, (4) 

where the suffix indicates concentrations at the elec- 
trode surface, in contrast to bulk concentrattons. 
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The concentration [CU’]~ is directly related to the 
conditional solubility product 

KLcuzs) = Ks~cu~s,~sur,& + = CWIW WI 

of the electrode-active substance, i.e., Cu,S, where the 
s( values represent the side-reaction coefficients. The 
as.(u) and c(cu+ values depend on pH and the chloride 
concentration, respectively. Since 

we obtain 

CSI = :cCu(I)] 

Perhaps in the limit the concentration of interstitial 
copper(I) ions may become important, as found by 
Morf, Kahr and SimonI for silver(I) and the Ag,S 
electrode. In the present discussion this factor is not 
considered, but from our experiments its value is 
about lo-“M. 

The relation (5) as a function of pH for two differ- 
ent chloride concentrations is graphically presented 
in Fig. 1. It can be seen that the value of [CU’]~ 
is mostly well below lo-“M and therefore this con- 
tribution is small compared to the others. 

The concentration [Cu’]: represents the contribu- 
tion to the electrode response caused by the presence 
of interfering ions having particular selectivity coeffi- 
cients. The coefficients are expected to be larger than 

unity for Ag+ and Hg’+, which interfere even in small 
concentrations by covering the membrane with their 
sulphides, preventing further contact of the chalcocite 
membrane with the solution. For other common ions, 
including Cu * + , the selectivity coefficients are signifi- 
cantly less than unity. 

For the equilibrium constant, K, of the reaction 

cu,s + cll*+ z$ cus + 2cu+ (6) 

which is equal to the ratio of the solubility products, 

t I 

Fig. I. Concentration of free copper(I) in equilibrium with 
the chalcocite membrane as a function of pH. Curve I-in 

O.lM KCl, curve II-in IA4 KCI. 

/ 
O- 

0 
I 

Distance 

Fig. 2. Scheme for the diffusion layer [Cu’] = 1.6 x 
lo-I’M, [Cu2’] = 1.0 x 10-3M m bulk solution. A = 2, 
K = 4 x 10-13. [Calculated from equations (8) and (9).] 

we obtain 

K = ([CU+]~)~/[CU~+]~ (7) 

where the concentrations are those at the electrode 
surface. When the reaction is sufficiently rapid and 
reversible a diffusion layer is formed, shown schemati- 
cally in Fig. 2. Assuming diffusive transport at the 

electrode surface, linearity of the concentration gra- 
dients and independence of the diffusion coefficients 
on the diffusion layer thickness, we obtain from the 
mass balance 

DC”+ Kcu+lo - CCufl) 
= 2Dc,2 + Kc~z+l - cc~*+lo) (8) 

where D represents the diffusion coefficient of the ion 
indicated. From equations (7) and (8) the value of 
[Cu+], may be calculated as a function of the Cu+ 
and Cu2+ concentrations: 

[Cu+]o = ; A: + 

> 

l/2 

+ 4K[Cu*+] (9) 

where A = DCu+lDCu~+, which has a numerical value 
of approximately 2, if the diffusion coefficient of Cu+ 
(not reported in the literature) is taken as slightly 
smaller than that of Ag+. 

The value of [Cu’lo should really be Indicated as 
[Cu’]& because it represents the contribution of the 
exchange reaction (interference) when the membrane 
solubility and analytical concentration contributions 
may be neglected. When the other contributions 
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should be taken into account then the total concen- 

tration may be represented as: 

[Cu’]a = [Cll’]~ + [Cu’]“o 

+(-$+;(fg+*AK[Cu+, 
l/2 

+ 4K[Cu*+] 11 (10) 

which enters into the equation for the potential: 

E = const. + ‘+ In[Cu+]e. (11) 

This equation is valid for the intermediate range 
but no precise derivation of this equation can be pre- 
sented. Nevertheless, from measurements in the con- 
centration ranges used in our experiments, it evidently 
describes the behaviour of the electrode with enough 
accuracy for its practical use. 

RESULTS AND DISCUSSION 

The mode1 described, in which the surface concen- 
trations are different from those in the bulk of the 
solution, is similar to that given for the cyanide elec- 
trode.‘3s15 The expanded form of equation (11): 

E = const. + ‘G In [Cu’]$ + [CU’]~ 
i 

l/2 

+ 4K[CuZ+] 
> I> ) (12) 

may be simplified when some justifiable approxima- 

I I I I I 
0 I 2 3 

PC1 

Fig. 3. Conditional constant of the exchange reaction 
Cu*+ + Cu,S ‘2Cu+ + CuS as a function of chloride 

concentration. 

1 I is > 
E _ 

ILi _ 

[&+]=I 6 x 16” 

Fig. 4. Theoretical potential response curves calculated on 
the basis of the diffusion barrrer model-solid line, and 

on the basis of the Pungor-Toth model--dashed hne. 

tions are introduced. When [Cu’+] is significantly 
greater than 4 x lo-i3M, i.e. [Cu’+] $ K, then in 
equation (12) the total term corresponding to the 
exchange reaction is simplified to K”2[Cu2+]1’2, and 
the equation is the same as given previously [Q)] 
on the basis of the Pungor-Toth model.12 The value 
of the constant K = 4 x lo-l3 for reaction (6) is 
based on the solubility products,” and is an idealized 
approach. In real conditions the side-reaction coeffi- 
cient effect of Cu+ with chloride ions is much 
stronger than that of Cu*+, shifting the reaction (6) 
towards the right-hand side. The dependence of pK’ 
on the chloride concentration is shown in Fig. 3. 

For low concentrations of copper(I), i.e., when 
[Cu’] 4 K[CU~+]"~ the electrodes become sensitive 
to copper(I1). In such conditions the chalcocite elec- 
trode may be treated as a copper electrode, for 
which the copper(I1) ions are the main ions. In this 
case the simplified model may be treated as a special 
case of the diffusion layer model. The potential re- 
sponse curves E =f([Cu*‘]) have been calculated for 

several levels of concentration of copper(I) ions in 
solution (Fig. 4). It can be seen that only at the lowest 
levels is there departure from linearity. 

The value of the selectivity coefficient of the chalco- 
cite electrode is 4 x 10-13, which is the equilibrium 
constant of the exchange reaction. The potentio- 
metric selectivity coefficient, determined experimen- 
tally, K&'+,Cy2+ = K"* = 6.3 x lo-‘, as described 
previously.’ The magnitude of these values suggests 
that the extent of the exchange reaction is not large 
enough to allow the electrode to function according 
to the scheme Cu2S/CuS/Cu2’ (external solution). 
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01 IO 100 

c-ox1 
[red7 

Fig. 5 Dependence of the electrode potential on the 
[Fe(CN)i-1: [Fe(CN)i-] ratio at pH 5 The Ag,S relation- 

ship is given according to Weser and Pungor i’ 

It must be mentioned that the diffusion layer 

model does not specify the type of conducttvity in 
the membrane. Because of the absence of b-Ag,S, 
as the ionic conductor, one can expect for the chalco- 
cite electrode a significant contribution of electron 
conductivity.ih This has been confirmed experimen- 
tally by measuring the redox response of the electrode 
in comparison with that of the platinum electrode 

(Fig. 5). 
Experimental potential response curves have been 

prepared for the chalcocite electrode in solutions con- 
taining both copper(I) and copper(B) tons. In the case 
of the copper(I1) response (Fig. 6, curve I) the medium 
used was 1M potassium nitrate. The experimental 
points obtained by successive dilutions agree with 
those calculated on the assumption that [Cu’] is not 
greater than 1.6 x 10- ‘“M. As can be seen by com- 
parison with Fig. 4 the curve is linear with the theor- 
etical slope of 29.6 mV per decade. The slight curva- 
ture at low concentrations is due to [Cu+]:. 

The response curve for copper(I) ions (Fig. 6, curve 
II) has been prepared on the basis of the analytical 
concentration of copper(I), generated coulometrically 
at pH 3 in 1M potassium chloride. The concentration 
of free (hydrated) Cu+ ions is significantly lower. The 
constant degree of complexation due to the constant 
concentration of Cll as the predominant ligand, 
ensures that the slope has the theoretical value of 
59.2 mV per decade, which is in good agreement with 
the calculated curve. Under these conditions the con- 
centration of Cu ‘+ is insufficient for the formation 

of a CuS layer at the electrode surface. Therefore the 
contribution of the exchange concentration[Cu+]: is 
negligible and except in a very low concentration 
range only the term [Cu’]: is significant in equation 

(11). 
In the presence of both copper(I) and copper(I1) 

ions, at equal analytical concentrations, the potential 
response curve is influenced by both ions. The extent 
of complexation of copper(I) in 1M chloride solution 
is significantly greater (rcu-tc,, = 8.5 x 104)‘s than 
that of the copper(I1). Therefore the z-value compen- 
sates partially for the small value of selectivity coefli- 
cient Kct.,CU2+. Both types of ion contribute to the 
slope, which in the range of concentrations indicated 
is approximately 55 mV per decade (Fig. 6. curve III). 

The electrode limit, defined by [Cu’]& may be 
reached under conditions where the copper(I1) ions 
are more strongly complexed that the copper(I) ions. 
This happens, for example, in the potentiometric tit- 
ration of copper(I1) with EDTA. Because the cop- 
per(I1) concentration drops significantly after the end- 
point, [CU’]~ becomes the decisive factor influencing 
the potential response. From the potential limit the 
value of [CU’]~ may be estimated and the rcL, value 
calculated from equation (5). This makes it possible 
to estimate the stability constants of copper(I) com- 
plexes. In the case of the TETREN titration of copper 
it may be expected that both copper ions are com- 
plexed, therefore the limit is strongly suppressed, and 
the potentials after the end-point are much lower.’ 

I 
P cu 

Fig. 6. Potential response curves of the chalcocite mem- 
brane electrode, in -copper(B) solution (in IM KN03). 
Curve I. Couuer(II) solution in 1M KNO,. Curve II, 
copper(l) soin& ‘in I&f KCl. Curve II< equivalent 
amounts of copper(I) and copper(I1) in IM KC1 Exper- 
imental points are indicated on the theoretically calculated 

curves (solid lines). 
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The value of the stability constant of the copper(I)- 
TETREN complex calculated on this basis is approxi- 
mately 108. 
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Polarographic maxima of simple and complex metal ions 
have been effectively suppressed by the use of surfac- 
tantslm3. In most cases, catiomc soaps suppress the nega- 
tive maxima while anionic soaps suppress the positive 
maxima.’ However no such simple relation has been found 
for non-ionic surfactants. Studies have shown that weak 
posittve charges may be associated with the micelles 01 
polyoxyethyl non-iomc surfactants, but the sign of these 
charges is not definite. The changes in the electrocapillary 
curves of ionic surfactants on addition of non-ionic surfac- 
tants provide a means to assess the nature of the net effec- 
tive charge on the latter (and hence their effectiveness in 
suppressing positive and/or negative polarographic max- 

Potential, V 

NONIDET WO 

Potential, V 

ima). Studies have, therefore, been carried out on the effect 
of four such non-ionic surfactants, viz. Tween 20, Tween 
40, Nonidet P40, and Nonex 501 on the electrocapillary 
curves of three anionic surfactants, viz. Aerosol IB (di-iso- 
butyl sodium sulphosuccinate, c.m.c. 0.20 M), Manaxol OT 
(dioctyl sodium sulphosuccinate, c.m.c. 6.8 x 10m4 M) and 
SLS (sodium lauryl sulphate, c.m.c. 8.2 x 10m3 M). 

EXPERIMENTAL 

The surfactants were B.D.H. products. Other reagents 
used were of analytical-reagent grade. All solutions were 
prepared in doubly-distilled water 

0 -02 -04 -Cl6 -08 -10 -1.2 -14 

Potefrtial, V 

301 
0 -02 -0.4 -fJ6 -08 -1.0 -I.2 -1.4 

Potential, V 

Fig. 1. Electrocaptllary curves m 0.12 M Aerosol IB m the presence of A 0.0, B 0.01, C 0.04, D 
0.08 g/100 ml concentrations of non-ionic surfactants. 
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Table 1. Potentials at the electrocapillary maxrma m the presence of Aerosol IB. 
Manaxol OT and SLS alone and along with varymg amounts of the non-tome 

surfactants 

Concentration of the non-iomc 
surfactant, g/l00 ml 

Potential at the electrocaprllary 
maxtmum. 1’ 

Aerosol IB Manaxol OT SLS 

0.0 
Tween 20 

0.01 
004 
0.08 

Tween 40 
0.01 
0.04 
0.08 

Nonidet P40 
0.0 1 
0.04 
008 

Nonex 501 
001 
0.04 
008 

- 0.40 

-0.30 -0.42 -056 
-0 18 -0.30 - 0.48 
-0.12 - 0.20 -0.30 

-0.34 -0.48 - 0.60 
-0.30 - 0.40 -0.52 
-0.20 -032 - 0.44 

-0.26 - 0.40 -0.54 
-0.16 -030 - 0.42 
-0.10 -0 18 -0.30 

-0.22 -0.36 -0.50 
-0.12 - 0.24 - ,040 
-0.08 -0 18 - 0.24 

- 0.54 - 0.64 

A Cambrtdge pen-recordmg polarograph was used for 
electrocaptllary measurements The solutrons were deaer- 
ated by bubbling purtfied mtrogen through them m H-type 
polarographtc cells. At least 20 drops were counted and 
the drop-time was measured with a prectston stop-watch, 
each readmg bemg repeated at least three ttmes. The elec- 
trocapillary measurements were carrted out from 0.0 to 
- 1.4V at constant temperature (25 k I”). The concen- 
tratton of the amomc surfactants was kept below then re- 
spective c m c ‘s. 

RESLILTS AhD DISCUSSION 

Polyoxyethyl non-romc surfactants may have cattomc 
character. Chwala and Martma have proposed the exist- 
ence of anionic character for the ethylene oxide adducts. 
However, Wurzschmttt.’ who studted the analytrcal behav- 
iour of ethylene oxtde adducts, concluded that in aqueous 
soluttons they are present as catromc polyoxomum com- 
pounds 

Wurzschmrtt assumes that only a few of the ether oxygen 
atoms form oxonium tons and thts fraction has been 
termed the degree of oxontum formatron. Hsiaoh and 
Scholler’ a have supported these vtews The present studies 
further confirm the extstence of catton-actrve character- 
isttcs m these non-romc surfactants. 

Typrcal electrocaprllary curves obtained by plottmg 
drop-trme against apphed potentral are deptcted in Ftg. 
I. These curves, although parabolic, are marked by a lack 
of symmetry, mdtcating adsorptton of the surfactant on 

the mercury-solutron Interface. Lrpmann’ has shown that 
mercury carrtes the postttve charge (when the applied 
potentral IS zero). as a result of whrch the mterfacial tension 
is decreased and a lower drop-time 1s observed. As the 
mercury IS polarized to more negatrve potentrals. the 
postttve charge decreases and at a certam potenttal it dis- 
appears. At thus pomt the mterfacial tension IS maximum 
and hence a maxrmum drop-ttme 1s recorded Further 
negative polarrzation results m a drop of interfactal tensron 
and hence lower drop-trmes. An exammatron of the elec- 
trocapdlary curves shows that the non-ionic surfactants. 
Tween 20. Tween 40, Nomdet P40 and Nonex 501 in- 
fluence the electrocaptllary curve of the anionic surfactants 
Aerosol IB. Manaxol OT and SLS m more or less the 
same manner The curves are shtfted downwards and 

towards more posttive potentials with mcreasmg concen- 
tratton of the non-ionic surfactant and they progresstvely 
lose theu symmetry 

The values of the electrocaprllary maxima m the pres- 
ence of the vartous anionic surfactants used (Table 1) show 
that their adsorbability at the mercury-solution interface 
follows the order: SLS ) Manaxol OT ) Aerosol IB. 

The gradual shift m the electrocapillary maxrma towards 
more positive potentials on additton of the non-tonic sur- 
factants Indicates neutrahzation of the adsorbed surface- 
actrve agent by the added non-ionic surfactant and its sub- 
sequent adsorptton at the mercury-solutron Interface. The 
shift m electrocapillary maxima is then in the order. Aero- 
sol IB - Manaxol OT ) SLS. Thus the least shaft occurs 
in the case of SLS whrch ts the most strongly adsorbed 
amomc surfactant. These data provtde evrdence that the 
micelles of the polyoxyethylated non-iomc surfactants are 
assocrated wrth a net posntve charge. The values of the 
electrocaprllary maxtma m presence of added non-rontc 
surfactants (Table 1) show that the shaft caused by these 
surfactants follows the order: Nonex 501 ) Nomdet 
P40 > Tween 20 ) Tween 40. Thus may well be the order 
of the magmtude of posttrve charge carrted by the mrcelles 
of these non-tome surfactants 

1. 

2. 

3. 

4. 

5. 
6. 

7. 
8. 
9 
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Summary-Polyoxyethylated non-ionic surfactants such as Tween 20, Tween 40, Nonidet P40 and 
Nonex 501 have been supposed to be associated with cationic characteristics. Studies on the effect 
of these surfactants on the electrocapillary curves of the anionic surfactants Aerosol IB, Manaxol 
OT and sodium lauryl sulphate (SLS), show that the electrocapillary maxima shift towards positive 
potentials. The order of adsorption of the anionic surfactants is SLS ) Manaxol OT j Aerosol IB while 
the shift in maxima is m the order Aerosol IB - Manaxol OT j SLS which confirms association of 
cationic characteristics with the micelles of these non-ionic surfactants. The magnitude of the shift 
m electrocapillary maxima is Nonex 501 ) Nonidet P40) Tween 20 j Tween 40 which may be the 
order of magnitude of the positive charge carried by these non-ionic surfactants. 
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EFFECTS OF AUXILIARY COMPLEX-FORMING AGENTS 
ON THE RATE OF METALLOCHROMIC INDICATOR 

COLOUR CHANGE-IV* 
MECHANISM OF THE COLOUR CHANGE OF XYLENOL 

ORANGE IN COPPER(IItEDTA TITRATIONS 
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(Recerved 12 March 1976. Accepted 18 March 1976) 

In the copper(IItEDTA titration with Xylenol Orange 
(X0) as indicator, hexamine slows down the rate of colour 
change of X0. 1,2 In the work described here, the rate of 
the substitution reaction of the copper(IIkX0 chelate with 
EDTA was determined in MES buffer [2-(N-morpho- 
1mo)ethanesulphonic acid] and in hexamine buffer, and the 
mechanism of the disturbing effect of hexamine on the 
colour change of the indicator discussed. 

EXPERIMENTAL 

X0 was synthesized and purified in a manner similar 
to that in the literature.3 The free acid form (H,XO) was 
dissolved in water, and the solution stored in a refrigerator. 
Dissociation constants of X0 determined by spectrophoto- 
metry and pH-titration were in good agreement with the 
values given by Murakami et ~1.~ 

A copper(H) solution was prepared from the reagent- 
grade nitrate. 

Reagent-grade hexamme dried over phosphorus pentox- 
tde was used without further purification. The purity was 
established as 99.0% by means of pH-titration with sodium 
hydroxide in the presence of excess of hydrochloric acid. 

Other reagents and apparatus employed were the same 
as those reported previously.4 

All experiments were carried out at 25 f I” and at ionic 
strength of 0.1 (KNO,). 

RESULTS AND DISCUSSION 

The composrtlon of copper(lltX0 chelates 

From the results of the contmuous variation method, 
the molar-ratio method by spectrophotometry and the 
potentiometric titration wtth use of a copper(H) ion-selec- 
tive electrode, the ratio of copper to X0 was essentially 
2: 1 in MES buffer. The pH-titration of a solution 
3.76 x 10e3M in Cu and 0.934 x 10m3M in H,XO 

* Part III: Talanta, 1976, 23, 155. 

with 0.198M sodium hydroxide shows the formation of 
Cu,HXO- at pH 2, and further release of one proton, 
which corresponds to the sixth proton of H,XO, takes 
place in the pH-range from 3.5 to 5.5. In thts pH-range 
the absorption maximum shifts from 440 to 574nm, and 
an isosbestic point occurs at 487 nm. From these results 
the following equilibrium exists: Cu,XO*- + H+ $ 
Cu2HXO-. The equilibrium constant, K&x0 = 
[Cu,HXO-]/[Cn,XO*-][H’], was evaluated as lo4 ss by 
spectrophotometry and pH-titration. 

06- 

04- 

s 

5 
f 
:: 

9 

500 550 

Wavelength, nm 

600 

Fig. 1. Spectra of Cu-X0 chelates. Cc. 1.6 x 10m4!vf, Cxo 
1.1 x lO-‘M. 1, X0 blank; 2, Cu,XO*-; 3, Cu,XOL*-, 

Chex 2.0 x lo-‘M, pH 6.0. 
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Polarographic maxima of simple and complex metal ions 
have been effectively suppressed by the use of surfac- 
tantslm3. In most cases, catiomc soaps suppress the nega- 
tive maxima while anionic soaps suppress the positive 
maxima.’ However no such simple relation has been found 
for non-ionic surfactants. Studies have shown that weak 
posittve charges may be associated with the micelles 01 
polyoxyethyl non-iomc surfactants, but the sign of these 
charges is not definite. The changes in the electrocapillary 
curves of ionic surfactants on addition of non-ionic surfac- 
tants provide a means to assess the nature of the net effec- 
tive charge on the latter (and hence their effectiveness in 
suppressing positive and/or negative polarographic max- 

Potential, V 

NONIDET WO 

Potential, V 

ima). Studies have, therefore, been carried out on the effect 
of four such non-ionic surfactants, viz. Tween 20, Tween 
40, Nonidet P40, and Nonex 501 on the electrocapillary 
curves of three anionic surfactants, viz. Aerosol IB (di-iso- 
butyl sodium sulphosuccinate, c.m.c. 0.20 M), Manaxol OT 
(dioctyl sodium sulphosuccinate, c.m.c. 6.8 x 10m4 M) and 
SLS (sodium lauryl sulphate, c.m.c. 8.2 x 10m3 M). 

EXPERIMENTAL 

The surfactants were B.D.H. products. Other reagents 
used were of analytical-reagent grade. All solutions were 
prepared in doubly-distilled water 
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Fig. 1. Electrocaptllary curves m 0.12 M Aerosol IB m the presence of A 0.0, B 0.01, C 0.04, D 
0.08 g/100 ml concentrations of non-ionic surfactants. 
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Table 1. Potentials at the electrocapillary maxrma m the presence of Aerosol IB. 
Manaxol OT and SLS alone and along with varymg amounts of the non-tome 

surfactants 

Concentration of the non-iomc 
surfactant, g/l00 ml 

Potential at the electrocaprllary 
maxtmum. 1’ 

Aerosol IB Manaxol OT SLS 

0.0 
Tween 20 

0.01 
004 
0.08 

Tween 40 
0.01 
0.04 
0.08 

Nonidet P40 
0.0 1 
0.04 
008 

Nonex 501 
001 
0.04 
008 

- 0.40 

-0.30 -0.42 -056 
-0 18 -0.30 - 0.48 
-0.12 - 0.20 -0.30 

-0.34 -0.48 - 0.60 
-0.30 - 0.40 -0.52 
-0.20 -032 - 0.44 

-0.26 - 0.40 -0.54 
-0.16 -030 - 0.42 
-0.10 -0 18 -0.30 

-0.22 -0.36 -0.50 
-0.12 - 0.24 - ,040 
-0.08 -0 18 - 0.24 

- 0.54 - 0.64 

A Cambrtdge pen-recordmg polarograph was used for 
electrocaptllary measurements The solutrons were deaer- 
ated by bubbling purtfied mtrogen through them m H-type 
polarographtc cells. At least 20 drops were counted and 
the drop-time was measured with a prectston stop-watch, 
each readmg bemg repeated at least three ttmes. The elec- 
trocapillary measurements were carrted out from 0.0 to 
- 1.4V at constant temperature (25 k I”). The concen- 
tratton of the amomc surfactants was kept below then re- 
spective c m c ‘s. 

RESLILTS AhD DISCUSSION 

Polyoxyethyl non-romc surfactants may have cattomc 
character. Chwala and Martma have proposed the exist- 
ence of anionic character for the ethylene oxide adducts. 
However, Wurzschmttt.’ who studted the analytrcal behav- 
iour of ethylene oxtde adducts, concluded that in aqueous 
soluttons they are present as catromc polyoxomum com- 
pounds 

Wurzschmrtt assumes that only a few of the ether oxygen 
atoms form oxonium tons and thts fraction has been 
termed the degree of oxontum formatron. Hsiaoh and 
Scholler’ a have supported these vtews The present studies 
further confirm the extstence of catton-actrve character- 
isttcs m these non-romc surfactants. 

Typrcal electrocaprllary curves obtained by plottmg 
drop-trme against apphed potentral are deptcted in Ftg. 
I. These curves, although parabolic, are marked by a lack 
of symmetry, mdtcating adsorptton of the surfactant on 

the mercury-solutron Interface. Lrpmann’ has shown that 
mercury carrtes the postttve charge (when the applied 
potentral IS zero). as a result of whrch the mterfacial tension 
is decreased and a lower drop-time 1s observed. As the 
mercury IS polarized to more negatrve potentrals. the 
postttve charge decreases and at a certam potenttal it dis- 
appears. At thus pomt the mterfacial tension IS maximum 
and hence a maxrmum drop-ttme 1s recorded Further 
negative polarrzation results m a drop of interfactal tensron 
and hence lower drop-trmes. An exammatron of the elec- 
trocapdlary curves shows that the non-ionic surfactants. 
Tween 20. Tween 40, Nomdet P40 and Nonex 501 in- 
fluence the electrocaptllary curve of the anionic surfactants 
Aerosol IB. Manaxol OT and SLS m more or less the 
same manner The curves are shtfted downwards and 

towards more posttive potentials with mcreasmg concen- 
tratton of the non-ionic surfactant and they progresstvely 
lose theu symmetry 

The values of the electrocaprllary maxima m the pres- 
ence of the vartous anionic surfactants used (Table 1) show 
that their adsorbability at the mercury-solution interface 
follows the order: SLS ) Manaxol OT ) Aerosol IB. 

The gradual shift m the electrocapillary maxrma towards 
more positive potentials on additton of the non-tonic sur- 
factants Indicates neutrahzation of the adsorbed surface- 
actrve agent by the added non-ionic surfactant and its sub- 
sequent adsorptton at the mercury-solutron Interface. The 
shift m electrocapillary maxima is then in the order. Aero- 
sol IB - Manaxol OT ) SLS. Thus the least shaft occurs 
in the case of SLS whrch ts the most strongly adsorbed 
amomc surfactant. These data provtde evrdence that the 
micelles of the polyoxyethylated non-iomc surfactants are 
assocrated wrth a net posntve charge. The values of the 
electrocaprllary maxtma m presence of added non-rontc 
surfactants (Table 1) show that the shaft caused by these 
surfactants follows the order: Nonex 501 ) Nomdet 
P40 > Tween 20 ) Tween 40. Thus may well be the order 
of the magmtude of posttrve charge carrted by the mrcelles 
of these non-tome surfactants 

1. 

2. 

3. 

4. 

5. 
6. 

7. 
8. 
9 
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Summary-Polyoxyethylated non-ionic surfactants such as Tween 20, Tween 40, Nonidet P40 and 
Nonex 501 have been supposed to be associated with cationic characteristics. Studies on the effect 
of these surfactants on the electrocapillary curves of the anionic surfactants Aerosol IB, Manaxol 
OT and sodium lauryl sulphate (SLS), show that the electrocapillary maxima shift towards positive 
potentials. The order of adsorption of the anionic surfactants is SLS ) Manaxol OT j Aerosol IB while 
the shift in maxima is m the order Aerosol IB - Manaxol OT j SLS which confirms association of 
cationic characteristics with the micelles of these non-ionic surfactants. The magnitude of the shift 
m electrocapillary maxima is Nonex 501 ) Nonidet P40) Tween 20 j Tween 40 which may be the 
order of magnitude of the positive charge carried by these non-ionic surfactants. 
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In the copper(IItEDTA titration with Xylenol Orange 
(X0) as indicator, hexamine slows down the rate of colour 
change of X0. 1,2 In the work described here, the rate of 
the substitution reaction of the copper(IIkX0 chelate with 
EDTA was determined in MES buffer [2-(N-morpho- 
1mo)ethanesulphonic acid] and in hexamine buffer, and the 
mechanism of the disturbing effect of hexamine on the 
colour change of the indicator discussed. 

EXPERIMENTAL 

X0 was synthesized and purified in a manner similar 
to that in the literature.3 The free acid form (H,XO) was 
dissolved in water, and the solution stored in a refrigerator. 
Dissociation constants of X0 determined by spectrophoto- 
metry and pH-titration were in good agreement with the 
values given by Murakami et ~1.~ 

A copper(H) solution was prepared from the reagent- 
grade nitrate. 

Reagent-grade hexamme dried over phosphorus pentox- 
tde was used without further purification. The purity was 
established as 99.0% by means of pH-titration with sodium 
hydroxide in the presence of excess of hydrochloric acid. 

Other reagents and apparatus employed were the same 
as those reported previously.4 

All experiments were carried out at 25 f I” and at ionic 
strength of 0.1 (KNO,). 

RESULTS AND DISCUSSION 

The composrtlon of copper(lltX0 chelates 

From the results of the contmuous variation method, 
the molar-ratio method by spectrophotometry and the 
potentiometric titration wtth use of a copper(H) ion-selec- 
tive electrode, the ratio of copper to X0 was essentially 
2: 1 in MES buffer. The pH-titration of a solution 
3.76 x 10e3M in Cu and 0.934 x 10m3M in H,XO 

* Part III: Talanta, 1976, 23, 155. 

with 0.198M sodium hydroxide shows the formation of 
Cu,HXO- at pH 2, and further release of one proton, 
which corresponds to the sixth proton of H,XO, takes 
place in the pH-range from 3.5 to 5.5. In thts pH-range 
the absorption maximum shifts from 440 to 574nm, and 
an isosbestic point occurs at 487 nm. From these results 
the following equilibrium exists: Cu,XO*- + H+ $ 
Cu2HXO-. The equilibrium constant, K&x0 = 
[Cu,HXO-]/[Cn,XO*-][H’], was evaluated as lo4 ss by 
spectrophotometry and pH-titration. 
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600 

Fig. 1. Spectra of Cu-X0 chelates. Cc. 1.6 x 10m4!vf, Cxo 
1.1 x lO-‘M. 1, X0 blank; 2, Cu,XO*-; 3, Cu,XOL*-, 

Chex 2.0 x lo-‘M, pH 6.0. 
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which corresponds to the sixth proton of H,XO, takes 
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At pH 6 in the presence of hexamine the absorption 
spectrum of Cu,XO*- shifts to longer wavelengths 

of the 2: 1 chelate (Cu,XO’-) may support the mechanism 
proposed in equations (6) and (7). 

(&,.,, = 578 nm) and the molar absorptivity increases with In the presence of hexamine. A solution contaimng X0, 
increase in the hexamine concentration (Fig. 1). This indi- Cu and hexamine (2.83 x 10-4-2.19 x lo-‘M) was mixed 
cates the formation of a mixed-ligand complex of the with a solution containing EDTA, and the absorbance at 
copper-X0 chelate with hexamine. 578 nm was measured in the pH range from 5.77 to 6.24 

The formation constant of the mixed-ligand complex is (MES buffer) in the same way as for the MES buffer 
defined as: system. 

KnL CC%XOL,z -1 
CUIXOL = ~~u,xoz-][L]” (1) 

where L represents free hexamine. The absorbances of 
Cu,XOLi- at 578nm were measured for varying hexa- 
mine concentration from 10m3 to 10-‘M at pH 6.0&6.30. 
A plot of log[Cu,XOLi-]/[Cu,XO’-] us. log[L] yielded 
a straight line with slope of 1. Therefore, one molecule 
of hexamine co-ordinates with Cu,XO*-. The value of 

was evaluated as lo2 14, The dissociation constant 
?%? was taken as 10e4 98. 

The rate of substitution of Cu,XO with EDTA 

In MES buffer. A solution 2.10-5.25 x lo-‘M in X0, 
3.87-7.74 x lo- ‘M in Cu and 0.02M in MES-NaOH 
buffer (pH 4.82-6.00) and a solution 3.5614.25 x 10m4M 
in EDTA and 0.02M in MES-NaOH buffer (pH 4.82-6.00) 
were mixed, and the absorbance at 574 nm was measured 
as a function of the reaction time by the stopped-flow 
method. 

Under these experImenta conditions the substitution 
reaction of the Cu,XO*- chelate with EDTA proceeds to 
completion. 

CuzXO + 2EDTA = 2Cu(EDTA) + X0 

The rate-law is expressed by 

(2) 

(3) 

where k O(H,R,M v) 1s the conditional rate-constant involving 
the concentrations of hydrogen Ion, X0, Cu and EDTA. 
From equation (3) we obtain 

log@, - A,) = - m2,jo3 kO@*R&J t + log(A, - A,) (4) 

where A,,, A, and A,, represent the absorbances of the 
reaction system at t = 0, t and co, respectively. The plots 
of log(A, - A,) vs. t yielded straight lines up to 90% of 
the total reaction, and the conditional rate-constants 
k OcH,R,M,Yj were obtained from the slopes of the straight 
lines. The data in Table 1 indicate that the values of k, 
are proportional to the concentration of EDTA but are 
independent of hydrogen Ion, X0 and Cu concentrations. 
Hence, 

_ !!h??o’:~ = k,[y’][CUJ02-] (5) 

where [Y’] is the total concentration of EDTA 
([HzYz-] + [HY3-1) not combined with copper ion, and 
the rate-constant k, was evaluated as 7.84 x lo* 
1. mole. set-‘. The following reaction mechanism may be 
proposed. 

Cu*XOZ~ + Y’ $ YCu(XO)Cu 2 

CuY’- + CuHX03- or CuH,XO’- (6) 

CuHX03- or CuH2XOZ- + Y’% 

CuY’- + H,X03- (7) 

The release of the first copper ion from the Cu,XO’- che- 
late may be the rate-determining step (r.d.s.). From the 
results of potentlometry with a copper(I1) ion-selective 
electrode the resulting 1: 1 chelate is in the form of CuH- 
X03- or CuH,X02-, and the protonation of the 1: 1 che- 
late may weaken the Cu-X0 bonds. The high stability 

The substitution reaction is written as: 

Cu,XOL + EDTA +2Cu(EDTA) + X0 + L (8) 

The rate-law is 

d[Cu,XOL* -1 
- ---____ = k,~~.~,~,~.~,CCu,XOL2-1 dt (9) 

The results are shown in Table 2. No dependence of 
kOcH,R,M,Y,Lj on the concentrations of X0, Cu and hydrogen 
ion was observed, but there was a linear relation to EDTA 
concentration. With increasing concentration of hexamine 
the rate of the substitution reaction decreased. In the hexa- 
mine concentration range from 3.00 x lo-* to 2.19 x 
10- 'M, where the mixed-ligand complex Cu,XOL’- 
forms quantitatively, k,, was proportional to the reciprocal 
of the concentration of hexamine. Thus, the rate-law may 
be rewritten as 

d[Cu,XOL’-] 
dt 

_ k ~~‘~?~?!&!!!z - ] 
CL’1 (10) 

The value of k, was evaluated as 5.39 set-‘. 
Therefore, the dissociation of hexamine from Cu,X- 

OL’- takes place first: 

cu,XOLZ- = cu,xoz- + L (11) 

The substitution mechanism of Cu,XO*- with EDTA may 
be the same as that in the absence of hexamine. From 
equations (I), (5) and (10): 

k, = k2K&xOL = 5.39 x IO* l4 

= 7.44 x lO*l.mole-‘.sec-’ 

This value is in good agreement with that obtained in the 
absence of hexamine. This fact supports the reaction 
mechanism described above. 

Table 1. First-order conditxonal rate constants kocH R M y) 

, I , 

25’C, II - 0.1 

3.56 

5.34 

7.12 

10.7 

14.3 

3.15 
4.20 
5.25 
2.10 

3.15 
4.20 
2.10 

3.15 
4.20 
5.25 
7.10 

4.87 
5.59 
5.68 
5.80 
5.85 
6.00 
5.39 

4.82 
5.51 
5.80 
5.85 
6.00 
5.39 

5.68 
5.85 
5.68 

2.90 
2.65 
2.68 
2.46 
2.41 
2.30 
2.74 
2.78 
2.43 
4.32 
4.03 
4.29 
4.22 
4.34 
4.09 
3.83 
4.09 
4.17 
4.09 
5.21 
5.60 
5.10 
5.30 
5.47 
5.28 
5.89 
8.64 
8.24 
7.90 
8.00 
8.46 
8.24 
8.59 

10.3 
10.7 
11.7 
10.6 
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At lower concentrations of hexamine Cu,X02- and 
Cu,XOL’- complexes exist. Thus, the rate law can be 
expressed as 

=( (12) 

where [(Cu,XO)‘] represents the total concentration of 
CuXO chelates. The plot of log k vs. log[L] is shown 

Fig. 2. Plot of logk VS. log[L]. Solid line is the theoretical 
curve. 

in Fig. 2. The values of K&xOL, k, and k2 obtained 
by a curve-fitting method were 10’ Is, 7.76 x 10’ 
1. mole-‘. set-’ and 5.13 set-‘, respectively. These values 
agree well with those obtained above. The curve shows 
that the presence of more than lo-*M hexamine markedly 
slows down the rate of colour change of the indicator. 
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Summary-The rate of ligand substitution of copper(IIbXyleno1 Orange (X0) with ElYTA (Y) has 
been determined spectrophotometrically over the pH range 4.8-6.0 at p = 0.1 (KN03) and at 25”. 
In 2-(N-morpholino)ethane sulphonic acid buffer, copper forms a 2:l chelate (Cu2XOz-) with X0, 
and the rate-law is expressed as -d[Cu,XO’-]/dt = 102~89[Cu2X02-]cY,]. The release of the first 
copper ion from CuaXO’- is the rate-determining step. The resulting CuHX03- or CuHzXOz- may 
undergo fast substitution with EDTA. In the presence of hexamine, the copper(IIbX0 chelate forms 
a mixed-ligand complex with hexamine (L). The formation constant K&xOL = [Cu,XOL2-]/ 
[cu2xo*-] [L] = 102 i4 (p = 0.1, 25”). At 3 x lo-‘-2 x lo-‘M hexamine the rate-law is expressed 
as -d[Cu,XOL2-]/dt = 5.39[Cu,XOL2-] cy’]/IJ’]. The dissociation of hexamine from Cu,XOL’- 
has to precede the substitution reaction of Cu2X02- with EDTA. Hence, hexamine at higher concen- 
trations than 10e3M slows down the rate of colour change of X0 in the copper-EDTA titration. 
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established as 99.0% by means of pH-titration with sodium 
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with 0.198M sodium hydroxide shows the formation of 
Cu,HXO- at pH 2, and further release of one proton, 
which corresponds to the sixth proton of H,XO, takes 
place in the pH-range from 3.5 to 5.5. In thts pH-range 
the absorption maximum shifts from 440 to 574nm, and 
an isosbestic point occurs at 487 nm. From these results 
the following equilibrium exists: Cu,XO*- + H+ $ 
Cu2HXO-. The equilibrium constant, K&x0 = 
[Cu,HXO-]/[Cn,XO*-][H’], was evaluated as lo4 ss by 
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At pH 6 in the presence of hexamine the absorption 
spectrum of Cu,XO*- shifts to longer wavelengths 

of the 2: 1 chelate (Cu,XO’-) may support the mechanism 
proposed in equations (6) and (7). 

(&,.,, = 578 nm) and the molar absorptivity increases with In the presence of hexamine. A solution contaimng X0, 
increase in the hexamine concentration (Fig. 1). This indi- Cu and hexamine (2.83 x 10-4-2.19 x lo-‘M) was mixed 
cates the formation of a mixed-ligand complex of the with a solution containing EDTA, and the absorbance at 
copper-X0 chelate with hexamine. 578 nm was measured in the pH range from 5.77 to 6.24 

The formation constant of the mixed-ligand complex is (MES buffer) in the same way as for the MES buffer 
defined as: system. 

KnL CC%XOL,z -1 
CUIXOL = ~~u,xoz-][L]” (1) 

where L represents free hexamine. The absorbances of 
Cu,XOLi- at 578nm were measured for varying hexa- 
mine concentration from 10m3 to 10-‘M at pH 6.0&6.30. 
A plot of log[Cu,XOLi-]/[Cu,XO’-] us. log[L] yielded 
a straight line with slope of 1. Therefore, one molecule 
of hexamine co-ordinates with Cu,XO*-. The value of 

was evaluated as lo2 14, The dissociation constant 
?%? was taken as 10e4 98. 

The rate of substitution of Cu,XO with EDTA 

In MES buffer. A solution 2.10-5.25 x lo-‘M in X0, 
3.87-7.74 x lo- ‘M in Cu and 0.02M in MES-NaOH 
buffer (pH 4.82-6.00) and a solution 3.5614.25 x 10m4M 
in EDTA and 0.02M in MES-NaOH buffer (pH 4.82-6.00) 
were mixed, and the absorbance at 574 nm was measured 
as a function of the reaction time by the stopped-flow 
method. 

Under these experImenta conditions the substitution 
reaction of the Cu,XO*- chelate with EDTA proceeds to 
completion. 

CuzXO + 2EDTA = 2Cu(EDTA) + X0 

The rate-law is expressed by 

(2) 

(3) 

where k O(H,R,M v) 1s the conditional rate-constant involving 
the concentrations of hydrogen Ion, X0, Cu and EDTA. 
From equation (3) we obtain 

log@, - A,) = - m2,jo3 kO@*R&J t + log(A, - A,) (4) 

where A,,, A, and A,, represent the absorbances of the 
reaction system at t = 0, t and co, respectively. The plots 
of log(A, - A,) vs. t yielded straight lines up to 90% of 
the total reaction, and the conditional rate-constants 
k OcH,R,M,Yj were obtained from the slopes of the straight 
lines. The data in Table 1 indicate that the values of k, 
are proportional to the concentration of EDTA but are 
independent of hydrogen Ion, X0 and Cu concentrations. 
Hence, 

_ !!h??o’:~ = k,[y’][CUJ02-] (5) 

where [Y’] is the total concentration of EDTA 
([HzYz-] + [HY3-1) not combined with copper ion, and 
the rate-constant k, was evaluated as 7.84 x lo* 
1. mole. set-‘. The following reaction mechanism may be 
proposed. 

Cu*XOZ~ + Y’ $ YCu(XO)Cu 2 

CuY’- + CuHX03- or CuH,XO’- (6) 

CuHX03- or CuH2XOZ- + Y’% 

CuY’- + H,X03- (7) 

The release of the first copper ion from the Cu,XO’- che- 
late may be the rate-determining step (r.d.s.). From the 
results of potentlometry with a copper(I1) ion-selective 
electrode the resulting 1: 1 chelate is in the form of CuH- 
X03- or CuH,X02-, and the protonation of the 1: 1 che- 
late may weaken the Cu-X0 bonds. The high stability 

The substitution reaction is written as: 

Cu,XOL + EDTA +2Cu(EDTA) + X0 + L (8) 

The rate-law is 

d[Cu,XOL* -1 
- ---____ = k,~~.~,~,~.~,CCu,XOL2-1 dt (9) 

The results are shown in Table 2. No dependence of 
kOcH,R,M,Y,Lj on the concentrations of X0, Cu and hydrogen 
ion was observed, but there was a linear relation to EDTA 
concentration. With increasing concentration of hexamine 
the rate of the substitution reaction decreased. In the hexa- 
mine concentration range from 3.00 x lo-* to 2.19 x 
10- 'M, where the mixed-ligand complex Cu,XOL’- 
forms quantitatively, k,, was proportional to the reciprocal 
of the concentration of hexamine. Thus, the rate-law may 
be rewritten as 

d[Cu,XOL’-] 
dt 

_ k ~~‘~?~?!&!!!z - ] 
CL’1 (10) 

The value of k, was evaluated as 5.39 set-‘. 
Therefore, the dissociation of hexamine from Cu,X- 

OL’- takes place first: 

cu,XOLZ- = cu,xoz- + L (11) 

The substitution mechanism of Cu,XO*- with EDTA may 
be the same as that in the absence of hexamine. From 
equations (I), (5) and (10): 

k, = k2K&xOL = 5.39 x IO* l4 

= 7.44 x lO*l.mole-‘.sec-’ 

This value is in good agreement with that obtained in the 
absence of hexamine. This fact supports the reaction 
mechanism described above. 

Table 1. First-order conditxonal rate constants kocH R M y) 

, I , 

25’C, II - 0.1 

3.56 

5.34 

7.12 

10.7 

14.3 

3.15 
4.20 
5.25 
2.10 

3.15 
4.20 
2.10 

3.15 
4.20 
5.25 
7.10 

4.87 
5.59 
5.68 
5.80 
5.85 
6.00 
5.39 

4.82 
5.51 
5.80 
5.85 
6.00 
5.39 

5.68 
5.85 
5.68 

2.90 
2.65 
2.68 
2.46 
2.41 
2.30 
2.74 
2.78 
2.43 
4.32 
4.03 
4.29 
4.22 
4.34 
4.09 
3.83 
4.09 
4.17 
4.09 
5.21 
5.60 
5.10 
5.30 
5.47 
5.28 
5.89 
8.64 
8.24 
7.90 
8.00 
8.46 
8.24 
8.59 

10.3 
10.7 
11.7 
10.6 
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At lower concentrations of hexamine Cu,X02- and 
Cu,XOL’- complexes exist. Thus, the rate law can be 
expressed as 

=( (12) 

where [(Cu,XO)‘] represents the total concentration of 
CuXO chelates. The plot of log k vs. log[L] is shown 

Fig. 2. Plot of logk VS. log[L]. Solid line is the theoretical 
curve. 

in Fig. 2. The values of K&xOL, k, and k2 obtained 
by a curve-fitting method were 10’ Is, 7.76 x 10’ 
1. mole-‘. set-’ and 5.13 set-‘, respectively. These values 
agree well with those obtained above. The curve shows 
that the presence of more than lo-*M hexamine markedly 
slows down the rate of colour change of the indicator. 
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Summary-The rate of ligand substitution of copper(IIbXyleno1 Orange (X0) with ElYTA (Y) has 
been determined spectrophotometrically over the pH range 4.8-6.0 at p = 0.1 (KN03) and at 25”. 
In 2-(N-morpholino)ethane sulphonic acid buffer, copper forms a 2:l chelate (Cu2XOz-) with X0, 
and the rate-law is expressed as -d[Cu,XO’-]/dt = 102~89[Cu2X02-]cY,]. The release of the first 
copper ion from CuaXO’- is the rate-determining step. The resulting CuHX03- or CuHzXOz- may 
undergo fast substitution with EDTA. In the presence of hexamine, the copper(IIbX0 chelate forms 
a mixed-ligand complex with hexamine (L). The formation constant K&xOL = [Cu,XOL2-]/ 
[cu2xo*-] [L] = 102 i4 (p = 0.1, 25”). At 3 x lo-‘-2 x lo-‘M hexamine the rate-law is expressed 
as -d[Cu,XOL2-]/dt = 5.39[Cu,XOL2-] cy’]/IJ’]. The dissociation of hexamine from Cu,XOL’- 
has to precede the substitution reaction of Cu2X02- with EDTA. Hence, hexamine at higher concen- 
trations than 10e3M slows down the rate of colour change of X0 in the copper-EDTA titration. 
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The main difficulty arising m the determination of the Iron 
in samples with complex matrlces, is the separation of the 
iron from the other constituents in the sample. This is 
necessary to prevent any interference with the analysis. The 
lower the concentration of iron in the sample the better 
the separation required for its accurate determmation. 

Solvent extraction has been found to be one of the most 
efficient ways of separating iron from other constituents 
and several papers have described analytical applications 
of such methods.‘m3 The ferric chloride-hydrochloric acid- 
ether system is probably the most studied, and according 
to Dodson et aL4 the use of di-isopropyl ether offers the 
greatest advantages. Nachtrieb et aLm6 have investigated 
this system and have stated the optimal conditions for such 
extractions. 

An iodometric method for the determination of Iron 
(III), based on the reaction 

2Fe3 + + 21- - 2FeZ+ + I, (1) 

was orlgmally proposed by Mohr,’ and later Kolthoffs 
and Swift’ worked out the best conditions for its analytical 
application. 

The extraction procedures outlined m the methods 
above will give a tetrachloroferrate(II1) complex in acid 
solution and an acidic ferric chloride solution 1s to be pre- 
ferred for the iodometrlc determination of uon(III). Conse- 
quently, a combination of the extraction procedure and 
iodometric analysis seems rather attractive. The present 
work describes the development of a di-isopropyl ether 
extraction procedure for micro amounts of Iron(III) and an 
iodometric method for the determination of the iron(III), 
based on a modification of the apparatus used previously 
for the mvestlgation of controlled potential coulometry m 
the iodmejodide system ‘O,” 

EXPERIMENTAL 

Apparatus 
The controlled-potential coulometric circuit and the 

electrolysis cell used were constructed on the principles 
applied for the apparatus used m our laboratory and de- 
scribed previously. lo,” However, the recent rapid develop- 
ment m electronic components has made it possible to 
choose better components and modify the circuit to 
achieve 100% higher current capacity m the controlled- 
potential apparatus used in this study. 

Separatory funne2. The separatory funnel IS made of 
Pyrex glass and connected to a Teflon tube (see Fig. 1) 
which can be pushed up and down, and is closed by the 
sealed-m glass plug when pushed up. A series of five Identi- 
cal funnels was used during the analyses. 

* Present address: Boliden Aktiebolag, Chemicals Divi- 
sion, Research and Development, Analytlcal Section, S-251 
00 Helsingborg, Sweden. 

Reagents 

Cell solutions. The counter-electrode compartment and 
the bridge compartment are filled with 1M sodium per- 
chlorate and the working electrode compartment with 
equal volumes of 1M sodium iodide and 1M sodium 
perchlorate. 

Ether for extraction. Di-isopropyl ether of p.a. quality 
was used. Redistillation of this ether did not give sigmfi- 
cantly better results. The ether was treated before use by 
shaking with appropriate concentrations of hydrochloric 
acid (usually 8M). The occurrence of peroxide in the ether 
will interfere with the iodometric analysis and therefore 
the ether was regularly tested for peroxide content by the 
method proposed by Fiedler.” 

Iron stock solutions. Stock solutions of ferrous and ferric 
iron were prepared from ferrous and ferric ammonium 
sulphate of p.a. quality. All solutions were prepared with 
distilled water that had been boiled and then cooled 
under mtrogen. The solutions were standardized with l.lO- 
phenanthroline (Fe”) and EDTA with sulphosahcyhc acid 
as indicator (Fe-‘+). 

Extraction 

A suitable ahquot of the sample was made to be 8M 
in hydrochloric acid, placed in the separatory funnel, and 
shaken with dl-isopropyl ether (generally 2.0 ml), pre-equl- 
librated with hydrochloric acid. After the phases had separ- 
ated the aqueous phase was discarded and the ether phase 
shaken with three l-ml portions of distilled water. The 

Fig. 1. Separatory funnel. 
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aqueous fractions were retained for further analysis in the 
electrolysis cell, the ether phase was discarded. For more 
complex samples it is recommended that the first aqueous 
fraction is re-extracted by the same procedure, but gener- 
ally, this step has been found to be unnecessary. The 
volume of the extraction solutions used can be varied, 
within rather wide limits, in order to obtam suitable con- 
centrations of iron(III) for the coulometric step. However, 
from a practical point of view, volumes in the range t-5 ml 
are preferred. 

Preparation of sample 

Blood serum. Serum sample (l-4 ml) was mixed with an 
equal amount of 1Oy.i trichloroacetic acrd solution in a 
lo-ml test-tube. The test-tube was then covered, shaken 
and centrtfuged. As much as possible of the clear superna- 
tant was then transferred with a graduated pipette to a 
second test-tube, and the solution made 8M in hydro- 
chloric acid. 

Tablets. An appropriate number of tablets, depending 
on their iron content, was powdered in a mortar and dis- 
solved in 8M hydrochloric acid. 

Cocoa powder The sample was heated in a furnace at 
60@” for 2 hr and then the residue was dissolved in 8M 
hydrochloric acid. This method may also be used for 
analysis of tablets. 

After the samples have been prepared, all the iron pres- 
ent must be oxidized to the ferric state before the extrac- 
tion step. Either oxygen can be bubbled through the 
sample solution for 30min, or an excess of bromine can 
be added and the excess reduced with formic acid. 

Procedure 

After the electrolysis cell had been filled with the appro- 
prtate solutions, a stream of nitrogen (15 ml/mm) was 
allowed to pass through the solution in the working com- 
partment for lOmm, after which the coulometric system 
was checked. The system was standardized with reagent 
blank solutions. A suitable amount of iodine was generated 
couIometrically at 350 mV us. SCE and then immediately 
reduced at OmV L?S. SCE and any discrepancies arising 
from the calculated blank value, background current or 
time of analysis were corrected for before the analyses 
of iron. After this standardization a sample containing 
tron(II1) was added and the iodine formed according to 
reaction (1) reduced, and from the integrator read-out the 
non content m the sample was calculated. 

RESULTS AND DISCUSSION 

The extraction procedure is critically dependent on the 
concentration of hydrochloric acid used and to some 
extent on the concentration of iron to be extracted. There- 
fore it was necessary to determine the best conditions for 
quantitative extraction of iron. 

From a 0.050.M stock solution of Fe (III) in 12M hydro- 
chloric acid, l.O-ml ahquots were pipetted into each of 15 
volumetric flasks (1Oml) and made up to volume with 
2.512M hydrochloric acid. With an Agla microsyringe, 
a 0.5-ml portion was then transferred from each flask to 
different separatory funnels and extracted with 2.0 ml of 
di-isopropyl ether which had previously been shaken once 
with the correspondmg concentration of hydrochloric acid. 
The extraction procedure and coulometric analysis steps 
described above were then performed, and the results are 
shown in Fig. 2. It can be seen that m order to obtain 
quantitative extraction, the concentration of the acid must 
be withm the hmits 7.5--8.5&f. 

The method investrgated is only valid for ferric iron, 
and any ferrous iron must be oxidized if the total iron 
concentration is to be determined. This can very easily 
be done by means of the two methods outlined above. 

d 
00 I / 

000 400 BOO 12 00 

cm / M 

Fig. 2. Extraction of Fe(II1) from hydrochloric acid by di- 
isopropyl ether. 

The dependence of the oxidation of ferrous to ferric iron 
on the hydrochloric acid concentration is shown in Fig. 
3. In this experiment a 0.005M ferrous solution was oxi- 
dized by allowing oxygen to bubble through the solution 
for 30min. The higher the concentration of the hydro- 
chloric acid the more efficient was the oxidation, because 
the formation of ferric chloride complexes decreases the 
formal potential for the ferrous-ferric couple, and the oxi- 
dizing power of oxygen increases with increasing acidity. 
However, with a hydrochloric acid concentration of just 
over 8M the oxidation is quantitative, as can be seen from 
Fig. 3, and this concentration has also been shown to be 
the most favourable for the extraction procedure. Thus 
dilution of the sample IS not necessary. A drawback IS 
the rather time-consummg oxidation procedure. The bro- 
mine-formic acid method of oxidation is rapid and does 
not interfere with either the extraction or the coulometric 
steps, but the concomitant dilution of the sample may be 
a source of error when only small samples are available 
for analysis. 

The iron contents of several different samples have been 
determined and in Tables 1 and 2 some of the more inter- 
esting results are collected. Because both the extraction 
and the coulometrtc steps are qmte selective for ferric iron, 

C”C, iM 

Fig. 3. Oxidation of O.OOSM Fe(I1) by oxygen at varying 
concentrations of HCl. 



614 SHORT COMMUNICATIONS 

Table 1 

Iron, &ml 
Recovery, 

Substance Added Present* Found % 

Tap water A 0.33 0.33 100.0 
Tap water B 0.56 0.55 98.2 
Blood serum A 0.84 0.83 98.8 
Blood serum A 0.50 1.34 1.32 98.5 
Blood serum B 0.63 0.64 101.6 
Blood serum B 0.50 1.13 1.10 97.3 

* Determined spectrophotometrically. 

Table 2 

Iron, mg 

Substance Calc. Found 

Tablet A’ 15* 15.09 
Tablet BZ 60* 62.12 
Tablet B3 60* 0.2 
Cocoa powder 85* 86.5 

’ Multivitamin preparation with Fe*+. 
* Fe’* as the only active substance. 
s Analysed before oxidation. 
* According to the manufacturer. 

Standard 
deviation, 

mg 

0.05 
0.08 
0.05 
0.1 

the distribution between ferrous and ferric iron in a sample 
can be readily determined (see Table 2, tablet B3). Analyses 
before and after oxidation will give the amount of ferric 
iron and the total amount of iron in the sample, and from 
these results the amount of ferrous iron can be readily 
determined. 

Acknowledgements-The authors wish to express their 
appreciation to Mr. Alf Lundberg, glassblowers’ workshop 
of the Chemical Center of Lund, for constructing the separ- 
atory funnels. 

REFERENCES 

1. A. C. Langmmr, J. Am. Chem. Sot., 1900, 22, 102 
2. E F. Kern, ibid., 1901, 23, 685. 
3. A. A. Noyes, W. C. Bray and E. B. Spear, ibtd., 1908. 

30, 515. 
4. R. W. Dodson, G. J. Forney and E. H. Swift, ibrd., 

1936, 58, 2513. 
5. N. H. Nachtrieb and J. G. Conway, ibid., 1948, 70, 

3547. 
6. N. H. Nachtrieb and R. E. Fryxell, ibrd., 1948, 70, 3552. 
7. F. Mohr, Ann. Gem. Pharm., 1858, 105, 53. 
8. I. M. Kolthoff, Harm. Weekblad, 1921, 58, 1510 
9. E. H. Swift, .r. Am. Gem. Sot., 1929, 51, 2682. 

10. R. Karlsson and K. J. Karrman, Talanta, 1971, 18, 459. 
11. R. Karlsson, ibid., 1972, 19, 1639. 
12. U. Fiedler, ibid., 1973, 20, 1097. 

Summary-A selective method for the determination of small amounts of iron in different kmds of 
samples with complex matrices has been developed. The iron in a sample is converted into the ferric 
state and after extraction with di-isopropyl ether the ferric iron is iodometrically determined with 
a controlled-potential apparatus previously described. Iron concentrations lower than 1 ppm can be 
determined. 
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An Induced reaction was discovered while attemptmg to ’ 
determine peroxydiphosphate cerimetrically m the pres- 
ence of hypophosphite. Peroxydiphosphate is added to a 

excess of iron(H), the surplus of which is back-titrated with 
cermm(IV) However, m the presence of hypophosphite the 7 

method fails. The reaction of peroxydiphosphate with 
tron(I1) IS fast, but with hypophosphite’ it is slow. How- - a 
ever, if iron(I1) and hypophosphite are present together, !! 
both are oxidized comparably. Peroxydiphosphate, iron(H) 
and hypophosphite are respectively the actor, mductor and 

55 

acceptor. The induced reaction suggests an mtermediate 
Z 

-- 

spectes derived from peroxydiphosphate, possibly a free E 
4 

radical HPO; : 3 

H4P208 + Fe(II)+ H3P04 + HPO; + Fe(II1) (1) 

HPO; + Fe(II)--t HPO:- + Fe(II1) (2) 

2HPO; + HjPOl + H,O+ 2H,PO:- + H,P03 (3) 
I 

0 

The limitmg value of the induction factor, the ratio of the 
number of equivalents of HsPO, oxidized to the number 
of equivalents of iron(H) oxidized, was found to be one, 

ml of O.IOM H,PO, 

Fig. I. 
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The main difficulty arising m the determination of the Iron 
in samples with complex matrlces, is the separation of the 
iron from the other constituents in the sample. This is 
necessary to prevent any interference with the analysis. The 
lower the concentration of iron in the sample the better 
the separation required for its accurate determmation. 

Solvent extraction has been found to be one of the most 
efficient ways of separating iron from other constituents 
and several papers have described analytical applications 
of such methods.‘m3 The ferric chloride-hydrochloric acid- 
ether system is probably the most studied, and according 
to Dodson et aL4 the use of di-isopropyl ether offers the 
greatest advantages. Nachtrieb et aLm6 have investigated 
this system and have stated the optimal conditions for such 
extractions. 

An iodometric method for the determination of Iron 
(III), based on the reaction 

2Fe3 + + 21- - 2FeZ+ + I, (1) 

was orlgmally proposed by Mohr,’ and later Kolthoffs 
and Swift’ worked out the best conditions for its analytical 
application. 

The extraction procedures outlined m the methods 
above will give a tetrachloroferrate(II1) complex in acid 
solution and an acidic ferric chloride solution 1s to be pre- 
ferred for the iodometrlc determination of uon(III). Conse- 
quently, a combination of the extraction procedure and 
iodometric analysis seems rather attractive. The present 
work describes the development of a di-isopropyl ether 
extraction procedure for micro amounts of Iron(III) and an 
iodometric method for the determination of the iron(III), 
based on a modification of the apparatus used previously 
for the mvestlgation of controlled potential coulometry m 
the iodmejodide system ‘O,” 

EXPERIMENTAL 

Apparatus 
The controlled-potential coulometric circuit and the 

electrolysis cell used were constructed on the principles 
applied for the apparatus used m our laboratory and de- 
scribed previously. lo,” However, the recent rapid develop- 
ment m electronic components has made it possible to 
choose better components and modify the circuit to 
achieve 100% higher current capacity m the controlled- 
potential apparatus used in this study. 

Separatory funne2. The separatory funnel IS made of 
Pyrex glass and connected to a Teflon tube (see Fig. 1) 
which can be pushed up and down, and is closed by the 
sealed-m glass plug when pushed up. A series of five Identi- 
cal funnels was used during the analyses. 

* Present address: Boliden Aktiebolag, Chemicals Divi- 
sion, Research and Development, Analytlcal Section, S-251 
00 Helsingborg, Sweden. 

Reagents 

Cell solutions. The counter-electrode compartment and 
the bridge compartment are filled with 1M sodium per- 
chlorate and the working electrode compartment with 
equal volumes of 1M sodium iodide and 1M sodium 
perchlorate. 

Ether for extraction. Di-isopropyl ether of p.a. quality 
was used. Redistillation of this ether did not give sigmfi- 
cantly better results. The ether was treated before use by 
shaking with appropriate concentrations of hydrochloric 
acid (usually 8M). The occurrence of peroxide in the ether 
will interfere with the iodometric analysis and therefore 
the ether was regularly tested for peroxide content by the 
method proposed by Fiedler.” 

Iron stock solutions. Stock solutions of ferrous and ferric 
iron were prepared from ferrous and ferric ammonium 
sulphate of p.a. quality. All solutions were prepared with 
distilled water that had been boiled and then cooled 
under mtrogen. The solutions were standardized with l.lO- 
phenanthroline (Fe”) and EDTA with sulphosahcyhc acid 
as indicator (Fe-‘+). 

Extraction 

A suitable ahquot of the sample was made to be 8M 
in hydrochloric acid, placed in the separatory funnel, and 
shaken with dl-isopropyl ether (generally 2.0 ml), pre-equl- 
librated with hydrochloric acid. After the phases had separ- 
ated the aqueous phase was discarded and the ether phase 
shaken with three l-ml portions of distilled water. The 

Fig. 1. Separatory funnel. 
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aqueous fractions were retained for further analysis in the 
electrolysis cell, the ether phase was discarded. For more 
complex samples it is recommended that the first aqueous 
fraction is re-extracted by the same procedure, but gener- 
ally, this step has been found to be unnecessary. The 
volume of the extraction solutions used can be varied, 
within rather wide limits, in order to obtam suitable con- 
centrations of iron(III) for the coulometric step. However, 
from a practical point of view, volumes in the range t-5 ml 
are preferred. 

Preparation of sample 

Blood serum. Serum sample (l-4 ml) was mixed with an 
equal amount of 1Oy.i trichloroacetic acrd solution in a 
lo-ml test-tube. The test-tube was then covered, shaken 
and centrtfuged. As much as possible of the clear superna- 
tant was then transferred with a graduated pipette to a 
second test-tube, and the solution made 8M in hydro- 
chloric acid. 

Tablets. An appropriate number of tablets, depending 
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Fig. 2. Extraction of Fe(II1) from hydrochloric acid by di- 
isopropyl ether. 
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Fig. 3. Oxidation of O.OOSM Fe(I1) by oxygen at varying 
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Table 1 

Iron, &ml 
Recovery, 

Substance Added Present* Found % 

Tap water A 0.33 0.33 100.0 
Tap water B 0.56 0.55 98.2 
Blood serum A 0.84 0.83 98.8 
Blood serum A 0.50 1.34 1.32 98.5 
Blood serum B 0.63 0.64 101.6 
Blood serum B 0.50 1.13 1.10 97.3 

* Determined spectrophotometrically. 

Table 2 

Iron, mg 

Substance Calc. Found 

Tablet A’ 15* 15.09 
Tablet BZ 60* 62.12 
Tablet B3 60* 0.2 
Cocoa powder 85* 86.5 

’ Multivitamin preparation with Fe*+. 
* Fe’* as the only active substance. 
s Analysed before oxidation. 
* According to the manufacturer. 

Standard 
deviation, 

mg 

0.05 
0.08 
0.05 
0.1 

the distribution between ferrous and ferric iron in a sample 
can be readily determined (see Table 2, tablet B3). Analyses 
before and after oxidation will give the amount of ferric 
iron and the total amount of iron in the sample, and from 
these results the amount of ferrous iron can be readily 
determined. 

Acknowledgements-The authors wish to express their 
appreciation to Mr. Alf Lundberg, glassblowers’ workshop 
of the Chemical Center of Lund, for constructing the separ- 
atory funnels. 
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Summary-A selective method for the determination of small amounts of iron in different kmds of 
samples with complex matrices has been developed. The iron in a sample is converted into the ferric 
state and after extraction with di-isopropyl ether the ferric iron is iodometrically determined with 
a controlled-potential apparatus previously described. Iron concentrations lower than 1 ppm can be 
determined. 
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IRON(INDUCED OXIDATION OF HYPOPHOSPHITE BY 
PEROXYDIPHOSPHATE IN ACID MEDIUM 
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An Induced reaction was discovered while attemptmg to ’ 
determine peroxydiphosphate cerimetrically m the pres- 
ence of hypophosphite. Peroxydiphosphate is added to a 

excess of iron(H), the surplus of which is back-titrated with 
cermm(IV) However, m the presence of hypophosphite the 7 

method fails. The reaction of peroxydiphosphate with 
tron(I1) IS fast, but with hypophosphite’ it is slow. How- - a 
ever, if iron(I1) and hypophosphite are present together, !! 
both are oxidized comparably. Peroxydiphosphate, iron(H) 
and hypophosphite are respectively the actor, mductor and 

55 

acceptor. The induced reaction suggests an mtermediate 
Z 

-- 

spectes derived from peroxydiphosphate, possibly a free E 
4 

radical HPO; : 3 

H4P208 + Fe(II)+ H3P04 + HPO; + Fe(II1) (1) 

HPO; + Fe(II)--t HPO:- + Fe(II1) (2) 

2HPO; + HjPOl + H,O+ 2H,PO:- + H,P03 (3) 
I 

0 

The limitmg value of the induction factor, the ratio of the 
number of equivalents of HsPO, oxidized to the number 
of equivalents of iron(H) oxidized, was found to be one, 

ml of O.IOM H,PO, 

Fig. I. 
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Table 1. [Fe(U)] = 1.0 x 10-*M;[K,P,Os] = 8.53 x IO-‘M; [H,POJ = 1.0 x lo-‘M 

ml of Ce(IV) for 
Set A B c D E Induction factor 

5ml A + 2.5 ml B + excess K~Pzos Oxidation [H,PO,Iti 
Fe(II) K,PzOs H3POz A-B of H,PO,, CFtiWlox,d,rw, 

1 (>4ml) A-C 
3.75 0.55 2.15 3.20 1.60 1.0 

10ml A+Sml B + excess KbP#s. Oxidation 
Fe(I1) KdPl% HXP02 A-B of H,PO,, 

2 (>lOml) A-C 
7.55 085 4.25 6.70 3.30 0.97 

20 ml A f lOm1 B + excess K4P,Os> Oxidation 
Fe(I1) KJ’,% H,PO, A-B of HJP02, 

3 (>40ml) A-C 
14.85 2.05 8.40 12.8 6.45 1.01 

conszstent with a two electron-change of the peroxydiphos- 
phate. 

Stock solutions of 00083M K,P,O,, O.OlM Iron(I1) 
ammonium sulnhate. O.lM sodium hynophosphite, 0.4M 
iron(II1) sulphate, and ca O.OlM c&&iv) &trate were 
prepared. Sulphurlc acid was added wherever necessary to 
check hydrofysis of the solution. The indicator was 
~-phenylanthranilic acid. 

Ten ml of iron(H) solution were titrated with cermm(IV). 
Next 5 ml of K4P208 solution were added to lOm1 of 
iron(I1) solution and the excess of the latter was titrated 
with cermm(IV). Then 10 ml of iron(H) solution were 
mixed with 25 ml of iron(fI1) solution and varying amounts 
of hypophosphite, 10 ml of peroxydiphosphate solution 
were added, and the whole was titrated with ~erium(IV). 
The iron(II1) solution was added to remove Interference* 
of hypophosphlte in the cerlmetric determmatlon of excess 
of iron(I1). 

These sets of titrations were repeated wrth Sml of 
Iron solution and 2.5 ml of K,P,Os solution, and with 
20 ml of iron(I1) solution and 10 ml of K4P20s solution. 
All the results are shown in Fig. 1. It is obvious from 
the hmitmg titration values that when excess of hypophos- 
phlte is present, half the amount of peroxydiphosphate is 
consumed by iron(H) and half by hypophosphite (Table 
I). Although it has been possible to identify this induced 
reaction by the titration of iron(I1) wtth Ce(IV), it IS not 
possible to determine hypophosphite or phosphite under 
the conditions of the experiment. 
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Summary-4 1s shown that when peroxydiphosphate reacts with excess of Iron an induced oxidation 
of hypophosphite occurs if any is present. 
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REMARQUES SUR LE MICRODOSA~E DU SELENIUM DANS 

LES COMPOSES ORGANIQUES 

E. DEBAL, G. MADELMONT et S. PEYNOT 

Service Central de Microanalyse du Centre National de la Recherche Scientifique, 
2 rue Henry Dunant, 94320 Thims, France 

(Re<u le 28 nowmbre 1975. AcceptP te 11 janvier 1976) 

La demande croissante de dosage du s&nium dans les 
composb organiques nous a conduit a eprouver diffkrentes 
m&hodes en vue de leur application dans le domaine 
microan~ytique et & choisir, entre elles, la plus appropriie. 
Cette &ude est l’objet de la prhente note. 

PARTIE EXPERIMENTALE 

Le microdosage du stltnium dans les composts organi- 
ques par iodombtrie apres combustion dans l’oxygkne en 
fiole de Schsniger d’aprks Ihn et al.’ (miithode A) est satis- 
faisant pour des masses de pr&vements de 2 B 3 mg. Ii 

est toutefois possible d’utiliser une fiole avec panier et 61 
de platine de 0,5 mm de diamktre,’ plus simple et moins 
fragile. 

Le platine. attaquC peu A peu, peut ttre nettoye par im- 
mersion de 2 ou 3 mn dans l’eau r&gale. Les ~~hantillons 
sont envelopp&s de facon classique dans du papier filtre.’ 
L’emplol d’un sachet de terphane3.4 envelop@ dans le 
papier filtre habitue1 permet le dosage de nombreux 
liquides et de substances instables B l’air. 

11 est recommandable d’utiliser 20 gouttes d’eau de 
brome pludt que 10.’ L’oxydation par le brome conduit 
zt la formation quantitative &ions SeO:- qui sont ensurte 
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Table 1 
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Recovery, 

Substance Added Present* Found % 
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iron and the total amount of iron in the sample, and from 
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3.75 0.55 2.15 3.20 1.60 1.0 

10ml A+Sml B + excess KbP#s. Oxidation 
Fe(I1) KdPl% HXP02 A-B of H,PO,, 

2 (>lOml) A-C 
7.55 085 4.25 6.70 3.30 0.97 

20 ml A f lOm1 B + excess K4P,Os> Oxidation 
Fe(I1) KJ’,% H,PO, A-B of HJP02, 

3 (>40ml) A-C 
14.85 2.05 8.40 12.8 6.45 1.01 

conszstent with a two electron-change of the peroxydiphos- 
phate. 

Stock solutions of 00083M K,P,O,, O.OlM Iron(I1) 
ammonium sulnhate. O.lM sodium hynophosphite, 0.4M 
iron(II1) sulphate, and ca O.OlM c&&iv) &trate were 
prepared. Sulphurlc acid was added wherever necessary to 
check hydrofysis of the solution. The indicator was 
~-phenylanthranilic acid. 

Ten ml of iron(H) solution were titrated with cermm(IV). 
Next 5 ml of K4P208 solution were added to lOm1 of 
iron(I1) solution and the excess of the latter was titrated 
with cermm(IV). Then 10 ml of iron(H) solution were 
mixed with 25 ml of iron(fI1) solution and varying amounts 
of hypophosphite, 10 ml of peroxydiphosphate solution 
were added, and the whole was titrated with ~erium(IV). 
The iron(II1) solution was added to remove Interference* 
of hypophosphlte in the cerlmetric determmatlon of excess 
of iron(I1). 

These sets of titrations were repeated wrth Sml of 
Iron solution and 2.5 ml of K,P,Os solution, and with 
20 ml of iron(I1) solution and 10 ml of K4P20s solution. 
All the results are shown in Fig. 1. It is obvious from 
the hmitmg titration values that when excess of hypophos- 
phlte is present, half the amount of peroxydiphosphate is 
consumed by iron(H) and half by hypophosphite (Table 
I). Although it has been possible to identify this induced 
reaction by the titration of iron(I1) wtth Ce(IV), it IS not 
possible to determine hypophosphite or phosphite under 
the conditions of the experiment. 

REFERENCES 
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Summary-4 1s shown that when peroxydiphosphate reacts with excess of Iron an induced oxidation 
of hypophosphite occurs if any is present. 
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REMARQUES SUR LE MICRODOSA~E DU SELENIUM DANS 

LES COMPOSES ORGANIQUES 
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La demande croissante de dosage du s&nium dans les 
composb organiques nous a conduit a eprouver diffkrentes 
m&hodes en vue de leur application dans le domaine 
microan~ytique et & choisir, entre elles, la plus appropriie. 
Cette &ude est l’objet de la prhente note. 

PARTIE EXPERIMENTALE 

Le microdosage du stltnium dans les composts organi- 
ques par iodombtrie apres combustion dans l’oxygkne en 
fiole de Schsniger d’aprks Ihn et al.’ (miithode A) est satis- 
faisant pour des masses de pr&vements de 2 B 3 mg. Ii 

est toutefois possible d’utiliser une fiole avec panier et 61 
de platine de 0,5 mm de diamktre,’ plus simple et moins 
fragile. 

Le platine. attaquC peu A peu, peut ttre nettoye par im- 
mersion de 2 ou 3 mn dans l’eau r&gale. Les ~~hantillons 
sont envelopp&s de facon classique dans du papier filtre.’ 
L’emplol d’un sachet de terphane3.4 envelop@ dans le 
papier filtre habitue1 permet le dosage de nombreux 
liquides et de substances instables B l’air. 

11 est recommandable d’utiliser 20 gouttes d’eau de 
brome pludt que 10.’ L’oxydation par le brome conduit 
zt la formation quantitative &ions SeO:- qui sont ensurte 
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redutts par de I’acide chlorhydrtque en ions SeO:- lesquels 
sont doses par iodometrte. II ne se forme pas de selenium 
elementawe. 

Deux condttions sont tres importantes en vue de I’obten- 
tton de resultats corrects : la destruction totale du brome 
residue1 et la limitatton du volume de solution a trtrer. 
Un trop grand exds de brome. s’tl est ma1 dttruit, donne 
lteu B l’obtentton de rtsultats erronts par excts. Le volume 
total de solutron obtenu aprts rincage de la fiole ne dolt 
pas d&passer 21 ml (10 ml de solution absorbante + 11 ml 
d’eau de rmcage) afin que la concentration d’actde chlor- 
hydrique reste appropriee. 

Les selenites ou seleniates trouves dans le commerce ne 
possedent pas, en general, les caractertstiques requises pour 
preparer une solutton de trtre exactement connu par sample 
pesage de ces produtts; 11 est possible de preparer une solu- 
tion de selemate de sodium approximatrvement titrte et 
de determmer son titre exact par reduction du stltniate 
en selenium rouge par l’acrde chlorhydrrque et l’iodure de 
potassium. La distillation de l’iode lib& et son tttrage 
permettent d’obtemr la tttre exact du stltniate.5 Le titre 
de thtosulfate uttlrse pour le tttrage apres mmeraltsation 
en fiole de Schomger est alors determine par rapport au 
seltniate dans les condttions d&rites pour ce titrage 
(methode A). 

RESULTATS ET DISCUSSION 

Quelques resultats stgnificatifs obtenus par la mtthode 
precomsee sont report& dans le tableau ci-dessous. 

De nombreux heterotlements metalhques tels que Co, 
Cr. erc. sont souvent responsables dune combustion et 
mise en solutton du selenium mcomplttes. 

Des essats de mineralisation en bombe par le peroxyde 
de sodium5 n’ont pas condutt a des resultats corrects m&me 
pour des composes organiques seltmes ne contenant pas 
d’heteroelements metalliques. 

Une mmtralisatton sulfomtrique6 du type micro-lor- 
enz’ a effectuee en micromatras du type “Kjeldahl” semble 
suscepttble de convenir mais I’actde mtreux forme ou l’eau 
oxygen&e susceptible d’Ctre utilisee pour detruire les pro- 
duns mtreux, g&rent l’todometrie. 

Des essais d’emplor de l’uree,’ a cette fin, n’ont pas con- 
duit a l’obtentton de resultats todometriques reproduct- 
ibles. 

Tableau 1 

Teneur en element, “; 
Compose de Masse du 

recherche* prelevement, wry trouvee calculee 

A 2,693 27.3, 26,93 
3,077 26,6, 
2,960 272, 

B 3,104 325, 32,61 
2,252 3232, 
2,987 32.4, 

C 1,260 33.9, 33,60 
3,816 33,1* 
3,008 33.7, 

* 11 est diffictle de se procurer dans le commerce des 
substances pures et stables. La compose A est un dertve 
de l’a stltnonaphtol , le compose B est un derive du 
selinacyclopentadtene ; le compose C est un derive du dtst- 
leniure de diphenyle 

Conclusion 

La methode retenue pour la mise en oeuvre du microdo- 
sage du selenium est la combustton en fiole de Schoniger 
assoctie a une iodometrie. 

1. 

2. 
3. 
4. 
5. 

6. 

7. 

8. 
9. 
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RCsum&Les auteurs exposent quelques remarques relattves a la mmeralisation des composes organi- 
ques selemes en vue du dosage microanalytique du selemum 11s mettent en oeuvre la combustton 
en fiole remplie d’oxygene sutvre dun dosage iodometrique. Les masses des prtlevements sont de 
2a3mg. 
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Table 1. [Fe(U)] = 1.0 x 10-*M;[K,P,Os] = 8.53 x IO-‘M; [H,POJ = 1.0 x lo-‘M 

ml of Ce(IV) for 
Set A B c D E Induction factor 

5ml A + 2.5 ml B + excess K~Pzos Oxidation [H,PO,Iti 
Fe(II) K,PzOs H3POz A-B of H,PO,, CFtiWlox,d,rw, 

1 (>4ml) A-C 
3.75 0.55 2.15 3.20 1.60 1.0 

10ml A+Sml B + excess KbP#s. Oxidation 
Fe(I1) KdPl% HXP02 A-B of H,PO,, 

2 (>lOml) A-C 
7.55 085 4.25 6.70 3.30 0.97 

20 ml A f lOm1 B + excess K4P,Os> Oxidation 
Fe(I1) KJ’,% H,PO, A-B of HJP02, 

3 (>40ml) A-C 
14.85 2.05 8.40 12.8 6.45 1.01 

conszstent with a two electron-change of the peroxydiphos- 
phate. 

Stock solutions of 00083M K,P,O,, O.OlM Iron(I1) 
ammonium sulnhate. O.lM sodium hynophosphite, 0.4M 
iron(II1) sulphate, and ca O.OlM c&&iv) &trate were 
prepared. Sulphurlc acid was added wherever necessary to 
check hydrofysis of the solution. The indicator was 
~-phenylanthranilic acid. 

Ten ml of iron(H) solution were titrated with cermm(IV). 
Next 5 ml of K4P208 solution were added to lOm1 of 
iron(I1) solution and the excess of the latter was titrated 
with cermm(IV). Then 10 ml of iron(H) solution were 
mixed with 25 ml of iron(fI1) solution and varying amounts 
of hypophosphite, 10 ml of peroxydiphosphate solution 
were added, and the whole was titrated with ~erium(IV). 
The iron(II1) solution was added to remove Interference* 
of hypophosphlte in the cerlmetric determmatlon of excess 
of iron(I1). 

These sets of titrations were repeated wrth Sml of 
Iron solution and 2.5 ml of K,P,Os solution, and with 
20 ml of iron(I1) solution and 10 ml of K4P20s solution. 
All the results are shown in Fig. 1. It is obvious from 
the hmitmg titration values that when excess of hypophos- 
phlte is present, half the amount of peroxydiphosphate is 
consumed by iron(H) and half by hypophosphite (Table 
I). Although it has been possible to identify this induced 
reaction by the titration of iron(I1) wtth Ce(IV), it IS not 
possible to determine hypophosphite or phosphite under 
the conditions of the experiment. 
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redutts par de I’acide chlorhydrtque en ions SeO:- lesquels 
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lteu B l’obtentton de rtsultats erronts par excts. Le volume 
total de solutron obtenu aprts rincage de la fiole ne dolt 
pas d&passer 21 ml (10 ml de solution absorbante + 11 ml 
d’eau de rmcage) afin que la concentration d’actde chlor- 
hydrique reste appropriee. 

Les selenites ou seleniates trouves dans le commerce ne 
possedent pas, en general, les caractertstiques requises pour 
preparer une solutton de trtre exactement connu par sample 
pesage de ces produtts; 11 est possible de preparer une solu- 
tion de selemate de sodium approximatrvement titrte et 
de determmer son titre exact par reduction du stltniate 
en selenium rouge par l’acrde chlorhydrrque et l’iodure de 
potassium. La distillation de l’iode lib& et son tttrage 
permettent d’obtemr la tttre exact du stltniate.5 Le titre 
de thtosulfate uttlrse pour le tttrage apres mmeraltsation 
en fiole de Schomger est alors determine par rapport au 
seltniate dans les condttions d&rites pour ce titrage 
(methode A). 

RESULTATS ET DISCUSSION 

Quelques resultats stgnificatifs obtenus par la mtthode 
precomsee sont report& dans le tableau ci-dessous. 

De nombreux heterotlements metalhques tels que Co, 
Cr. erc. sont souvent responsables dune combustion et 
mise en solutton du selenium mcomplttes. 

Des essats de mineralisation en bombe par le peroxyde 
de sodium5 n’ont pas condutt a des resultats corrects m&me 
pour des composes organiques seltmes ne contenant pas 
d’heteroelements metalliques. 

Une mmtralisatton sulfomtrique6 du type micro-lor- 
enz’ a effectuee en micromatras du type “Kjeldahl” semble 
suscepttble de convenir mais I’actde mtreux forme ou l’eau 
oxygen&e susceptible d’Ctre utilisee pour detruire les pro- 
duns mtreux, g&rent l’todometrie. 

Des essais d’emplor de l’uree,’ a cette fin, n’ont pas con- 
duit a l’obtentton de resultats todometriques reproduct- 
ibles. 
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2,252 3232, 
2,987 32.4, 

C 1,260 33.9, 33,60 
3,816 33,1* 
3,008 33.7, 

* 11 est diffictle de se procurer dans le commerce des 
substances pures et stables. La compose A est un dertve 
de l’a stltnonaphtol , le compose B est un derive du 
selinacyclopentadtene ; le compose C est un derive du dtst- 
leniure de diphenyle 

Conclusion 

La methode retenue pour la mise en oeuvre du microdo- 
sage du selenium est la combustton en fiole de Schoniger 
assoctie a une iodometrie. 
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Following on the recent descriptions’,’ of liquid-mem- through anhydrous sodium sulphate and transferred to a 
brane ion-selective electrodes based on metal chelates dls- lOO-ml flask. This is solution 8, the hqmd membrane with 
solved in organic solvents, we now describe the construc- a mercury(I1) concentration of 5 x 10m4M. The absorption 
tion and evaluation of a new liquid-state Hg*+-sensitive spectra of solutions A and B have peaks at 480 and 520 nm 
electrode. Our liquid membrane consisted of the Hg(I1) respectively. 
chelate of dlketohydrIndylidene-diketohydrindamlne 
(DYDA). Constructton of the electrode 

DYDA is formed in the reaction between ninhydrin This is done as described previously’-*’ by impregnat- 
(triketohydrindene hydrate) with amino-acid? and is mg the support material (a hydrophobized graphite rod) 
more commonly known under the name of “Ruhemann’s with solution B. The intemaf reference electrode 1s elimin- 
Purple”: ated by use of a stainless-steel wire introduced mto the 

+ N + 

graphite rod. The electrode is stored in solution B. 

0- 0 

The electrode fu;r;Ys AND DISCUSSIONS 

DYDA 
The emf measurements were made with the electro- 

chemical cell 

Hg**-sensitive 
electrode 

Hg2+(C,,,+), g = 0.4 (KNO,) 
KNO, 
std. 

SCE (I) 

This reaction has been studied from the mechamstic 
point of view by many authors, starting with Ruhemann. 
On the basis of this reaction some methods were developed 
for the determination of amino-acids.“s 

EXPERIMENTAL 

~epuratio~ of the electroactive substance (the liquid mem- 
brane) 

In order to obtain the liquid membrane, the procedure 
IS as follows: 1Oml of lo-*M glycine and 10ml of 
5 x iO_‘M ninhydrin are introduced into a U-shaped 
glass tube with stop-cocks at both ends. One of the stop- 
cocks is kept closed, while the other is connected with 
a rubber tube to a water-filled graduated cylinder. The 
U-tube is placed in a bath of boiling water. The reaction 
is finished when no more CO, evolves from the U-shaped 
tube. The product is a solution of the ammonium salt of 
DYDA. It is transferred to a IOO-ml separating funnel, then 
3 ml of O.lM nitric acid are added. DYDA (the free acid) 
is precipitated and 1s extracted with 25 ml of chloroform 
by shaking for 2mm. The organic layer (solution A) is 
transferred to another separating funnel containing 25 ml 
of W’M mercuric nitrate. The acidity of the solution is 
adjusted to pH 6 with hexamine and the two phases are 
shaken for 2mm. The aqueous phase is transferred to 
another separatmg funnel and shaken with 25 ml of chloro- 
form The organic phases are combined, dried by passage 

where C, I+ represents the HgZC concentration, varying 
from lo-’ to f0-6M. The emf of cell (I) is given by 

E, = Eb + 0.031 log [Hg’+] (1) 

in the range 10-f~10-5M Hg’+ concentration: E6 rep- 
resents the conditional standard potential of the electrode. 
The measurements were carried out at constant iomc 
strength (p = 0.4, KNO,), and the junction potential was 
kept constant. 

The fact that we cannot obtam better sensitivities for 
this electrode is probably due to the absorption of Hg2+ 
at the end of the electrolyte bridge and on the surface 
of the glass vessel. 

Influence of pH 

In Fig. 1 we show the effect of pH on the response 
of the electrode at different mercury@) concentrations. 

The pH range m which the potential remains constant 
is relatively narrow because of the hydrolysis of Hg*+. 
The direct potential measurements for calibration of the 
electrode were done at pH 1 (adjusted with nitric acid). 

Response time of the electrode 

The response characteristics of the electrode were eva- 
luated by introducing the electrode into mercuric nitrate 
solutions of different concentrations but of identical acidity 
(pH 1) and noting the emf values as a function of time. 
A Servogo? ~tentiometric recorder (Goerz Electra, 
Vienna) was used. The response time of the electrode 1s 



678 SHORT COMMUNICATIONS 

> 
E 

G I 
-X-X- 

450 \ 

“32 

x-x-x-x-* 

410 “\, 
\ 

Table 1. Selectivity coefficients, I$+ ,MI+,M= I 
[The nitrates of the respective metals at a 
concentration of O.lM, pH = 1.0 and 

p = 0.4(KNO,)] 

I I I I I 
0 I 2 3 4 5 

PH 

Interferent 
cation (M”) 

Bi3+ 
Cd2+ 
Pb’ + 
NiZi 
co2+ 
Zn’+ 
cuz + 

Ag+ 

1.52 X 1om4 
2.30 x 10m4 
3.81 X 10-A 
5.63 x 10m4 
6.46 x 1O-4 
1.00 X 10-j 
1.35 X lomz 
1.82 

titrations with mercuric ions. In our experiments we used 
a TTT2 pH/mV meter with an ABU 12 Autoburette and 
Titrigraph SBR 2 C recorder (Radiometer). 

The potentiometrlc titration curves for EDTA titration 
of mercury(H) gave potential breaks of about 70mV for 
10e3A4 mercury and 120mV for IO-‘M solution. The acl- 

Fig 1. Influence of pH on the response of the electrode duty was adjusted to pH 6 with hexamine, but because 
for different Hg(NO& concentrations (p = 0.4, KN03) of pH interference, the emf readings are not typical of the 

/m&10-‘M, _7-10-2M, 3-10-3M. overall Hg(II) concentration. 

Table 2. Reproducibility of potential measurements (tested during 
5 weeks). The values represent the average of 15 measurements 

CHg’+l,M 10-5 1o-4 1o-3 1o-2 10-l 

E, ml/ 364 k 6 392 & 4 423 + 3 454 F 3 485 + 3 

longest m the 10e5M (ca. 4 min) and 10m4M (cu. 1 min) 
solutions. In the concentrated solutions the response times 
of the electrode are of the order of a few seconds. 

Selectwity 

Selectivity coefficients (K,,*+, M’+) were calculated by 
the method of Srmivasan and Rechnitz,” using the rela- 
tion: 

log K Hg2+,M=*.M,+ = (E,, - E,)/O.O31 

+ log[Hg2+] - log[M’+]“’ (2) 

In potentiometric titration of potassmm iodide with 
mercuric nitrate solutions ten times as concentrated, at 
pH 1.0, the potential breaks ranged from about 50 mV 
for 10m4M iodide to 110 mV for lo-‘M Iodide. The mean 
error was 0.4% for both types of titration. 

The electrode was used with good results as mdlcator 
electrode m the potentiometrlc titration of 10e3M Cl-, 
Br- and SCN-, the potential breaks bemg 170, 260 and 
200 mV respectively. 

REFERENCES 

where E, IS the emf of cell I for C,,,, = lo-‘M, 
IS the emf of an electrochemical cell of type (II): 

and El, 1. .I. RdiiEka and J. C. Tjell, Anal. Chim. Acta, 1970, 51, 1. 
2. V. V. Cosofret. Reu. Chim. (Bucharest), 1976, 27. 240. 

I 
Hg’+-sensitive 
electrode 
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where MS’ represents the main metallic cations that form 
more or less stable chelates with DYDA. In all cases the 
nitrates were used at pH 1 The values of the selectivity 
coefficients may be seen in Table I. 

Reproducihrhry of potential measuremenD 

The reproducibility was tested in the 10-‘-10-5M 
Hg(N0,)2 range during a five-week period. The values in 
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Summary-The construction and basic characteristics of a liquid-state Hg2+-sensitive electrode are 
discussed. The membrane consists of the Hg2+ chelate of dlketohydrmdylidene-diketohydrindamine 
(DYDA) m chloroform. The range of linear response of the electrode is 10~‘-10-5M Hg’+ with 
a slope of 31 mV/decade. The response time of the electrode is a few seconds in concentrated solutions 
The electrode may be used with good results in potentiometrlc titrations mvolving Hg*+. 
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Following on the recent descriptions’,’ of liquid-mem- through anhydrous sodium sulphate and transferred to a 
brane ion-selective electrodes based on metal chelates dls- lOO-ml flask. This is solution 8, the hqmd membrane with 
solved in organic solvents, we now describe the construc- a mercury(I1) concentration of 5 x 10m4M. The absorption 
tion and evaluation of a new liquid-state Hg*+-sensitive spectra of solutions A and B have peaks at 480 and 520 nm 
electrode. Our liquid membrane consisted of the Hg(I1) respectively. 
chelate of dlketohydrIndylidene-diketohydrindamlne 
(DYDA). Constructton of the electrode 

DYDA is formed in the reaction between ninhydrin This is done as described previously’-*’ by impregnat- 
(triketohydrindene hydrate) with amino-acid? and is mg the support material (a hydrophobized graphite rod) 
more commonly known under the name of “Ruhemann’s with solution B. The intemaf reference electrode 1s elimin- 
Purple”: ated by use of a stainless-steel wire introduced mto the 

+ N + 

graphite rod. The electrode is stored in solution B. 

0- 0 

The electrode fu;r;Ys AND DISCUSSIONS 

DYDA 
The emf measurements were made with the electro- 

chemical cell 

Hg**-sensitive 
electrode 

Hg2+(C,,,+), g = 0.4 (KNO,) 
KNO, 
std. 

SCE (I) 

This reaction has been studied from the mechamstic 
point of view by many authors, starting with Ruhemann. 
On the basis of this reaction some methods were developed 
for the determination of amino-acids.“s 

EXPERIMENTAL 

~epuratio~ of the electroactive substance (the liquid mem- 
brane) 

In order to obtain the liquid membrane, the procedure 
IS as follows: 1Oml of lo-*M glycine and 10ml of 
5 x iO_‘M ninhydrin are introduced into a U-shaped 
glass tube with stop-cocks at both ends. One of the stop- 
cocks is kept closed, while the other is connected with 
a rubber tube to a water-filled graduated cylinder. The 
U-tube is placed in a bath of boiling water. The reaction 
is finished when no more CO, evolves from the U-shaped 
tube. The product is a solution of the ammonium salt of 
DYDA. It is transferred to a IOO-ml separating funnel, then 
3 ml of O.lM nitric acid are added. DYDA (the free acid) 
is precipitated and 1s extracted with 25 ml of chloroform 
by shaking for 2mm. The organic layer (solution A) is 
transferred to another separating funnel containing 25 ml 
of W’M mercuric nitrate. The acidity of the solution is 
adjusted to pH 6 with hexamine and the two phases are 
shaken for 2mm. The aqueous phase is transferred to 
another separatmg funnel and shaken with 25 ml of chloro- 
form The organic phases are combined, dried by passage 

where C, I+ represents the HgZC concentration, varying 
from lo-’ to f0-6M. The emf of cell (I) is given by 

E, = Eb + 0.031 log [Hg’+] (1) 

in the range 10-f~10-5M Hg’+ concentration: E6 rep- 
resents the conditional standard potential of the electrode. 
The measurements were carried out at constant iomc 
strength (p = 0.4, KNO,), and the junction potential was 
kept constant. 

The fact that we cannot obtam better sensitivities for 
this electrode is probably due to the absorption of Hg2+ 
at the end of the electrolyte bridge and on the surface 
of the glass vessel. 

Influence of pH 

In Fig. 1 we show the effect of pH on the response 
of the electrode at different mercury@) concentrations. 

The pH range m which the potential remains constant 
is relatively narrow because of the hydrolysis of Hg*+. 
The direct potential measurements for calibration of the 
electrode were done at pH 1 (adjusted with nitric acid). 

Response time of the electrode 

The response characteristics of the electrode were eva- 
luated by introducing the electrode into mercuric nitrate 
solutions of different concentrations but of identical acidity 
(pH 1) and noting the emf values as a function of time. 
A Servogo? ~tentiometric recorder (Goerz Electra, 
Vienna) was used. The response time of the electrode 1s 



678 SHORT COMMUNICATIONS 

> 
E 

G I 
-X-X- 

450 \ 

“32 

x-x-x-x-* 

410 “\, 
\ 

Table 1. Selectivity coefficients, I$+ ,MI+,M= I 
[The nitrates of the respective metals at a 
concentration of O.lM, pH = 1.0 and 

p = 0.4(KNO,)] 

I I I I I 
0 I 2 3 4 5 

PH 

Interferent 
cation (M”) 

Bi3+ 
Cd2+ 
Pb’ + 
NiZi 
co2+ 
Zn’+ 
cuz + 

Ag+ 

1.52 X 1om4 
2.30 x 10m4 
3.81 X 10-A 
5.63 x 10m4 
6.46 x 1O-4 
1.00 X 10-j 
1.35 X lomz 
1.82 

titrations with mercuric ions. In our experiments we used 
a TTT2 pH/mV meter with an ABU 12 Autoburette and 
Titrigraph SBR 2 C recorder (Radiometer). 

The potentiometrlc titration curves for EDTA titration 
of mercury(H) gave potential breaks of about 70mV for 
10e3A4 mercury and 120mV for IO-‘M solution. The acl- 

Fig 1. Influence of pH on the response of the electrode duty was adjusted to pH 6 with hexamine, but because 
for different Hg(NO& concentrations (p = 0.4, KN03) of pH interference, the emf readings are not typical of the 

/m&10-‘M, _7-10-2M, 3-10-3M. overall Hg(II) concentration. 

Table 2. Reproducibility of potential measurements (tested during 
5 weeks). The values represent the average of 15 measurements 

CHg’+l,M 10-5 1o-4 1o-3 1o-2 10-l 

E, ml/ 364 k 6 392 & 4 423 + 3 454 F 3 485 + 3 

longest m the 10e5M (ca. 4 min) and 10m4M (cu. 1 min) 
solutions. In the concentrated solutions the response times 
of the electrode are of the order of a few seconds. 

Selectwity 

Selectivity coefficients (K,,*+, M’+) were calculated by 
the method of Srmivasan and Rechnitz,” using the rela- 
tion: 

log K Hg2+,M=*.M,+ = (E,, - E,)/O.O31 

+ log[Hg2+] - log[M’+]“’ (2) 

In potentiometric titration of potassmm iodide with 
mercuric nitrate solutions ten times as concentrated, at 
pH 1.0, the potential breaks ranged from about 50 mV 
for 10m4M iodide to 110 mV for lo-‘M Iodide. The mean 
error was 0.4% for both types of titration. 

The electrode was used with good results as mdlcator 
electrode m the potentiometrlc titration of 10e3M Cl-, 
Br- and SCN-, the potential breaks bemg 170, 260 and 
200 mV respectively. 
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Hg’+-sensitive 
electrode 

1 M’+(C,:+ = lo-‘M). p = 0.4(KN03) 1 zJo3 / SC-E (11) 

where MS’ represents the main metallic cations that form 
more or less stable chelates with DYDA. In all cases the 
nitrates were used at pH 1 The values of the selectivity 
coefficients may be seen in Table I. 
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The object of thts study was to develop a new, simple 
and htghly senstttve spectrophotometrtc method for zinc 
determmation. Recent studies have shown that the qua- 
ternary ammonmm salts, when used to extract chelates m 
the form of an ion-association complex, improve the qua- 
ltty of spectrophotometric methods.‘~’ Accordingly we 
decided to investigate whether the sensitive reaction 
between zmc(II) and 4-(2-pyrtdylazo)-resorcmol (PAR),’ 
could be enhanced by extraction in the presence of cetyldi- 
methylbenzylammonmm chloride (CDBA), Just as the 
determination of zinc wtth PAN is improved by addttion 
of the surfactant Triton-X-100.9 

EXPERIMENTAL 

Apparatus 

A Carl Zeiss VSU-1 universal spectrophotometer was 
used for the accurate absorbance measurements and a 
Zetss SPECORD-UV-VIS spectrophotometer for record- 
ing the spectra. 

The precise pH values were measured with a digital 
Radiometer pH-meter PHM 52; A Seibold pH-meter, type 
GLD was used for analyttcal purposes. 

Reagents 
Standurd zmc solutron A known weight of pure zinc was 

dissolved m hydrochloric acid” or O.lM perchloric acid 
and diluted to known volume. 

4-(2-Pyridyluzo)-resorcinol, monosodium salt. A lo-“M 
solution was standardized by spectrophotometric titration 
with copper(H) nitrate solution at pH 5 and 520 nm.” 
More dilute solutions (lO_sM) were also used. An aqueous 
O.Ol?;, (w/v) solutton was used for the analytical studies. 

Cetyldimethylbenzylammon~um chloride. A 0.002M solu- 
tion was prepared by dissolving 0.082 g of the quaternary 
salt m 100 ml of dtsttlled water 

Bufir solutrons pH 9.5-11.5. Mixtures of 0.2M sodium 
bicarbonate and 02M sodium carbonate” were used. At 
pH above. 1 I .5, 0. I M sodium hydroxide was used. 

Standard cadmium solution. A O.OlM stock solutton was 
standardized complexometrically and diluted as required. 

Sodrum diethyldithiocarbamate. A 0.1% (w/v) aqueous 
solution. 

All other chemtcals used were of analytical-reagent 
grade. 

Extruction procedure 

Place an ahquot of the sample solution containing not 
more than 50 fig of zmc in a 50-ml volumetric flask, add 
10 ml of 0.01% PAR solution, 5 ml of bicarbonate-car- 
bonate buffer solutton (pH 9.7) and dilute to the mark. 
Pipette into a 100-m] separatory funnel an aliquot of this 
solutton containing up to 5 pg of zinc. Add 1 ml of 0.002M 
CDBA solution and 5.00 ml of chloroform. Dilute with 
a httle water (5-6 ml) and shake for about 1 mm. Allow 
the layers to separate and run the pmk chloroform extract 
into a lo-mm glass cell contaming, if necessary, a small 
amount of anhydrous sodtum sulphate crystals to remove 
the droplets of water. Measure the absorbance at 505 nm 

against a reagent blank as reference solution (the excess 
of PAR is also extracted). 

RESULTS AND DISCUSSION 

Absorption spectra sensiticity and accuracy 

The absorption spectra of the zinc(H)-PAR complex and 
PAR in water, as well as their ton-association compounds 
m chloroform, were recorded. The extraction with the qua- 
ternary ammonium salt produces a small bathochromic 
shift for the metal complex (10 nm) and a hypsochromic 
shtft for the chromogenic reagent (15 nm) but otherwise 
the spectra in the two phases are virtually identical. Thus 
the long-chain cation favourably influences the optical 
charactertstics of the analytical system. 

The colour appears Immediately after shaking and 
the absorbance remains constant for at least I hr. Beer’s 
law is valid up to an absorbance of 1.4, correspondmg 
to a range of 0.2-1.2 ppm zinc. Two quite different 
standard zinc soluttons (lo-“M and 1 ppm) were used to 
calculate the condtttonal molar absorptivity, giving 
9.14 + 021 x lo4 and 9.21 + 0.26 x lo4 I .mole-‘.cm-i 
respectively compared with 8.68 x lo4 and 8.3 x lo4 for 
aqueous soluttons. This ts an improvement over the ditht- 
zone procedure. 

A series of soluttons containing 0.1294.645 ppm zinc 
were subjected to the procedure. Recoveries ranged from 
99.2 to lOl.l~/, with a standard deviation’j of 0.0056 ppm. 

Nature of the reaction 

The reaction between zinc(I1) and PAR m aqueous solu- 
tion has been investigated in detail by several wor- 
kers.i4-i8 Kitano and Ueda’ have discussed the analyttcal 
aspects of the reaction, and confirmed the composition of 
the chelate in alkalme medium to be Zn. PAR = I : 2. We 
verified the amonic nature of the chelate complex by deter- 
mining the number of protons released during the com- 
plexation in equtmolar solutions. usmg the following equa- 
tion’9.2D 

log& = log& + ripH (1) 

The conditional stability constants b; were calculated and 
plotted against corresponding pH values. The plot gave 
a straight line wtth a slope n = 2 which led to log 
~dn;2tl.~r$_I.3. This IS in agreement with the results of 

’ i’ ‘s (log 8X = 222 k 0.2) and Corsim et aLnh 
(n = 2), so m the pH range studted the reaction ts 

Zn’+ + 2HL- = ZnL:- + 2H+ 

where L denotes PAR. 

(2) 

Effect of pH, and concentrations of PAR and CDBA 

The absorbance depends on pH, but is constant over 
the range 9.5-11.5 (Fig. 1). Several standard buffer solu- 
tions were exammed, but only with carbonate/bicarbonate 
was a clean separation of the layers obtained. 

The amount of PAR added in aqueous solution was 
varied and the absorbance of the organtc phase measured 
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Fig. I. Effect of pH (series of bl~rbonate-carbonate buffer 

solutions). C,, = 0.3 ppm. 

The results obtamed are shown m Fig. 2. The absorbance 
increases rapidly on addition of the reagent to a mole-ratio 
of Zn:PAR = 1:4, whereas beyond this value the colour 
Intensity is independent of the reagent concentration. 

In the presence of a quaternary ammonium salt FAR 
is also extracted. Thus, the excess of both PAR and CDBA 
needed to ensure that PAR will always be extracted and 
transferred completely into the chloroform layer, must be 
established. 

The extraction also depends on the excess of cationic 
surfactant, which affects the rate at which the two phases 
separate and remam clear. A very large excess of CDBA 
produces a stable emulsion on shaking so that the two 
liquids do not separate quickly. One ml of 2 x 10-3M 
CDBA solution proved adequate for the extraction and 
permitted satisfactory separation (Fig. 3). 

Compositron of the ton-associatron contpk~s 
(a) The composition of the zmc(II)-PAR chel&e m the 

orgamc phase was determined by the Job method.2’ This 
was done by extractmg mto the same volume of chloro- 
form (5 ml) various ratios of the two equimolar solutions 
(1.01 x IOe5M) added to the aqueous phase in presence 
of a small excess of the quaternary ammonium salt and 
a buffer solution, which also kept the ionic strength con- 
stant. The molar ratio thus found was the same as in 
aqueous solution, 1:2. 

(h) The composition of the Zn-PAR-CDBA ion-associa- 

PAR,motarexcess 

4 6 6 to 

1 
I , I , t 

Cl 

0 2 4 6 8 10 
&II% PAR,mi 

Fig. 2. Effect of PAR conc~trat~on on the absorbance of 
the complex in chloroform. Cz, = 0.5 ppm (us. water). 

A 
03 

a,4 

V 

0 

CDBA, motor excess 

2 4 6 0 10 

2.ttj4h4 CDBA, ml. 

Fig. 3. Effect of CDBA concentration on the extractabihty 
of the system C,, = 0.4 ppm (KS water) 

non compound was determined by extractrng the three- 
component isomolar series prepared by varying the 
volumes of the three equrmolar solutrons (1.01 x 10-5M) 
of zmc, PAR and CDBA in such a way that the moIar 
ratio of zmc:PAR was always t:2 and the total volume 
was always the same (20 ml). The results obtained show 
that the stoichiometry of the complex is Zn:PAR: 
CDBA = 1:2:2, suggesting that the extracted species is 
[~n~PAR)*](~DBA~~. The results were confirmed by other 
standard methods. 

Prehmmary tests with several kinds of maskmg reagents 
for cadmium showed that only sodmm dletby~dlthioc~ba- 
mate (DDTC) was satisfactory. In order to find the opti- 
mum conditions for determination of zinc without cad- 
mmm being simultaneously extracted, the mutual depen- 
dence of the DDTC and CDBA concentrations was stud- 
sed. For these experiments [Cd] = [Zn] = 0.26 ppm. Fust 
[CDBA] was held constant (1 ml of 2 x 10m3M solution) 
and the volume of 0.01% DDTC varied. with the following 
results: 

DDTC, ml: 0 0.1 0.25 0.5 I 0 I 5 
Absorbance. 0364 0.352 0.365 0.345 0.348 0.327 

Then the level of DDTC was fixed at 0.25 ml whtlst the 
volume of CDBA was varied: 

CDBA, ml. 0 0 1 0.25 0.5 1.0 
Absorbance: 0.364 0269 0.353 0.372 0.365 

These results enable optimum concentrations of DDTC 
and CDBA to be selected. The zinc solution should be 
diluted to at least 20 ml before the extraction, otherwrse 
zmc will be partially masked, and the buffer solution 
should be added after the reagent to prevent the precipr- 
tation of cadmmm. The results obtained by the modified 
procedure are given in Table 1. 

It IS evident that cadmmm can be tolerated m up to 
50-fold w/w ratio. This IS a better selectivity than that of 
the dithizone method. 

Prelmnnary investl~ations on the mfiuence of DDTC on 
strongly interferrng cations such as cobalt(B), mckel and 
copper(B) were also performed It was found that these 
metals are masked when present in the same amount as 
the zinc Cobalt and nickel can be tolerated up to a weight 
ratlo Zn:Me = 1: 10, while copper is toicrated at a ratio 
1:2 5. These investigations WIII be extended to other inter- 
fermg ions. Further work on the ana~yticai application of 
the method will also be carried out and presented later 
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Table 1. Effect of cadmium(H) on the determmation of 
zinc(H) with DDTC as masking agent (0.26 ppm Zn, 505 

nm, lo-mm cell) 

Weight 
ratio Zn 

Zn:Cd Absorbance found, ppm 

1:o 0.364 
1:1 0.364 0.260 

0.367 0.263 
1:lO 0.360 0.258 

0.345 0.247 
0.355 0.254 
0.362 0.259 

1:50 0.366 0.262 
0.356 0.254 
0.400 0.283 
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Summary-A simple and selective extraction spectrophotometric determination of zinc is described. 
The complex [Zn(PAR),](CDBA),, where PAR is the 4-(2-pyndylazo)resorcinol anion and CDBA IS 
cetyld~methylbenzylammonium ion, is extracted from a solution buffered at pH 9.7 with carbonate/ 
bicarbonate. Beer’s law 1s obeyed over the range 0.2-1.2 ppm zmc, the molar absorptivity being 
9.2 x IO4 1 .mole-‘.cm- I. The precision m this range is 0.0056 ppm. Cadmium in up to a 50-fold 
w/w ratio may be masked with diethyldlthiocarbamate. 
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DETERMINATION OF BARIUM AND STRONTIUM PEROXIDES 
(ACTIVE OXYGEN) IN IGNITERS IN SMALL-ARMS 

TRACER AMMUNITION 
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Tracer ammunition for both small arms and artillery is 
used for determining range and for directing fire. The 
tracer compositions in such ammunition are set off by 
igniters which may contam barium or strontium peroxide 
(oxidizers), calcium resinate, “Parlon” and zinc stearate 
(binders and fuels), magnesium powder (fuel), and Tolui- 
dine Red toner (identifying colourmg agent and fuel). It 
has been noted by ammunition experts for many years 
that the igniters (and consequently the rounds of tracer 
ammunition) are inclmed to lose their effectiveness with 
time and it has been suggested that this deterioration is 
caused by decomposition of the peroxide. However, this 
has never been proved, because of the lack of satisfactory 
analytIca methods. 

In view of the need, this arsenal undertook an investlga- 
tion to develop a method for determining peroxide (active 
oxygen) in igniters in small-arms tracer ammunition. Many 
methods that had been previously used for determining 
peroxide m various materials were considered. The most 
common method for determining peroxide is the titrimetric 
permanganate method.lm5 Other titrlmetric methods that 
have been used involve ceric sulphate, potassium iodide, 
sodmm thiosulphate, titanous chloride, and sodium 

nitrite.‘,‘*6 Another method for peroxide 1s the eudiometric 
method whereby the volume of oxygen generated on 
decomposition is measured.6 Spectrophotometrlc methods 
that have been proposed include the use of the titanmm- 
peroxide complex,5-9 permanganate decolorizatlon,5x6 fer- 
ric thiocyanate,6 starchGodlde,6-10 and ferroin” reactions. 

The permanganate tltrimetric method was found to be 
unreliable for the determination of peroxides m igniters 
because of interference from organic matter and magne- 
sium powder. It 1s possible that some other titrlmetric re- 
agent could be used, but this approach was not pursued 
because a titrimetrlc method would not be applicable in 
any case to the accurate determination of the small amount 
of igniter to be found in ammunition. The eudiometer 
method was not applicable because of mterference from hy- 
drogen generated by the magnesium. It seemed, therefore, 
that a spectrophotometric technique would be the most 
feasible means for determining peroxide in Igniters. The 
titanium-peroxide method was selected as the most useful. 

Reagents 

EXPERIMENTAL 

Titanium solution. Weigh 2.OOg of titanium sponge into 
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The object of thts study was to develop a new, simple 
and htghly senstttve spectrophotometrtc method for zinc 
determmation. Recent studies have shown that the qua- 
ternary ammonmm salts, when used to extract chelates m 
the form of an ion-association complex, improve the qua- 
ltty of spectrophotometric methods.‘~’ Accordingly we 
decided to investigate whether the sensitive reaction 
between zmc(II) and 4-(2-pyrtdylazo)-resorcmol (PAR),’ 
could be enhanced by extraction in the presence of cetyldi- 
methylbenzylammonmm chloride (CDBA), Just as the 
determination of zinc wtth PAN is improved by addttion 
of the surfactant Triton-X-100.9 

EXPERIMENTAL 

Apparatus 

A Carl Zeiss VSU-1 universal spectrophotometer was 
used for the accurate absorbance measurements and a 
Zetss SPECORD-UV-VIS spectrophotometer for record- 
ing the spectra. 

The precise pH values were measured with a digital 
Radiometer pH-meter PHM 52; A Seibold pH-meter, type 
GLD was used for analyttcal purposes. 

Reagents 
Standurd zmc solutron A known weight of pure zinc was 

dissolved m hydrochloric acid” or O.lM perchloric acid 
and diluted to known volume. 

4-(2-Pyridyluzo)-resorcinol, monosodium salt. A lo-“M 
solution was standardized by spectrophotometric titration 
with copper(H) nitrate solution at pH 5 and 520 nm.” 
More dilute solutions (lO_sM) were also used. An aqueous 
O.Ol?;, (w/v) solutton was used for the analytical studies. 

Cetyldimethylbenzylammon~um chloride. A 0.002M solu- 
tion was prepared by dissolving 0.082 g of the quaternary 
salt m 100 ml of dtsttlled water 

Bufir solutrons pH 9.5-11.5. Mixtures of 0.2M sodium 
bicarbonate and 02M sodium carbonate” were used. At 
pH above. 1 I .5, 0. I M sodium hydroxide was used. 

Standard cadmium solution. A O.OlM stock solutton was 
standardized complexometrically and diluted as required. 

Sodrum diethyldithiocarbamate. A 0.1% (w/v) aqueous 
solution. 

All other chemtcals used were of analytical-reagent 
grade. 

Extruction procedure 

Place an ahquot of the sample solution containing not 
more than 50 fig of zmc in a 50-ml volumetric flask, add 
10 ml of 0.01% PAR solution, 5 ml of bicarbonate-car- 
bonate buffer solutton (pH 9.7) and dilute to the mark. 
Pipette into a 100-m] separatory funnel an aliquot of this 
solutton containing up to 5 pg of zinc. Add 1 ml of 0.002M 
CDBA solution and 5.00 ml of chloroform. Dilute with 
a httle water (5-6 ml) and shake for about 1 mm. Allow 
the layers to separate and run the pmk chloroform extract 
into a lo-mm glass cell contaming, if necessary, a small 
amount of anhydrous sodtum sulphate crystals to remove 
the droplets of water. Measure the absorbance at 505 nm 

against a reagent blank as reference solution (the excess 
of PAR is also extracted). 

RESULTS AND DISCUSSION 

Absorption spectra sensiticity and accuracy 

The absorption spectra of the zinc(H)-PAR complex and 
PAR in water, as well as their ton-association compounds 
m chloroform, were recorded. The extraction with the qua- 
ternary ammonium salt produces a small bathochromic 
shift for the metal complex (10 nm) and a hypsochromic 
shtft for the chromogenic reagent (15 nm) but otherwise 
the spectra in the two phases are virtually identical. Thus 
the long-chain cation favourably influences the optical 
charactertstics of the analytical system. 

The colour appears Immediately after shaking and 
the absorbance remains constant for at least I hr. Beer’s 
law is valid up to an absorbance of 1.4, correspondmg 
to a range of 0.2-1.2 ppm zinc. Two quite different 
standard zinc soluttons (lo-“M and 1 ppm) were used to 
calculate the condtttonal molar absorptivity, giving 
9.14 + 021 x lo4 and 9.21 + 0.26 x lo4 I .mole-‘.cm-i 
respectively compared with 8.68 x lo4 and 8.3 x lo4 for 
aqueous soluttons. This ts an improvement over the ditht- 
zone procedure. 

A series of soluttons containing 0.1294.645 ppm zinc 
were subjected to the procedure. Recoveries ranged from 
99.2 to lOl.l~/, with a standard deviation’j of 0.0056 ppm. 

Nature of the reaction 

The reaction between zinc(I1) and PAR m aqueous solu- 
tion has been investigated in detail by several wor- 
kers.i4-i8 Kitano and Ueda’ have discussed the analyttcal 
aspects of the reaction, and confirmed the composition of 
the chelate in alkalme medium to be Zn. PAR = I : 2. We 
verified the amonic nature of the chelate complex by deter- 
mining the number of protons released during the com- 
plexation in equtmolar solutions. usmg the following equa- 
tion’9.2D 

log& = log& + ripH (1) 

The conditional stability constants b; were calculated and 
plotted against corresponding pH values. The plot gave 
a straight line wtth a slope n = 2 which led to log 
~dn;2tl.~r$_I.3. This IS in agreement with the results of 

’ i’ ‘s (log 8X = 222 k 0.2) and Corsim et aLnh 
(n = 2), so m the pH range studted the reaction ts 

Zn’+ + 2HL- = ZnL:- + 2H+ 

where L denotes PAR. 

(2) 

Effect of pH, and concentrations of PAR and CDBA 

The absorbance depends on pH, but is constant over 
the range 9.5-11.5 (Fig. 1). Several standard buffer solu- 
tions were exammed, but only with carbonate/bicarbonate 
was a clean separation of the layers obtained. 

The amount of PAR added in aqueous solution was 
varied and the absorbance of the organtc phase measured 



SHORT COMMUNICATIONS 680 

AA 

f&4 

W 

0 

8 9 10 fl 12 

PH 
Fig. I. Effect of pH (series of bl~rbonate-carbonate buffer 

solutions). C,, = 0.3 ppm. 

The results obtamed are shown m Fig. 2. The absorbance 
increases rapidly on addition of the reagent to a mole-ratio 
of Zn:PAR = 1:4, whereas beyond this value the colour 
Intensity is independent of the reagent concentration. 

In the presence of a quaternary ammonium salt FAR 
is also extracted. Thus, the excess of both PAR and CDBA 
needed to ensure that PAR will always be extracted and 
transferred completely into the chloroform layer, must be 
established. 

The extraction also depends on the excess of cationic 
surfactant, which affects the rate at which the two phases 
separate and remam clear. A very large excess of CDBA 
produces a stable emulsion on shaking so that the two 
liquids do not separate quickly. One ml of 2 x 10-3M 
CDBA solution proved adequate for the extraction and 
permitted satisfactory separation (Fig. 3). 

Compositron of the ton-associatron contpk~s 
(a) The composition of the zmc(II)-PAR chel&e m the 

orgamc phase was determined by the Job method.2’ This 
was done by extractmg mto the same volume of chloro- 
form (5 ml) various ratios of the two equimolar solutions 
(1.01 x IOe5M) added to the aqueous phase in presence 
of a small excess of the quaternary ammonium salt and 
a buffer solution, which also kept the ionic strength con- 
stant. The molar ratio thus found was the same as in 
aqueous solution, 1:2. 

(h) The composition of the Zn-PAR-CDBA ion-associa- 

PAR,motarexcess 

4 6 6 to 

1 
I , I , t 

Cl 

0 2 4 6 8 10 
&II% PAR,mi 

Fig. 2. Effect of PAR conc~trat~on on the absorbance of 
the complex in chloroform. Cz, = 0.5 ppm (us. water). 
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a,4 

V 

0 

CDBA, motor excess 

2 4 6 0 10 

2.ttj4h4 CDBA, ml. 

Fig. 3. Effect of CDBA concentration on the extractabihty 
of the system C,, = 0.4 ppm (KS water) 

non compound was determined by extractrng the three- 
component isomolar series prepared by varying the 
volumes of the three equrmolar solutrons (1.01 x 10-5M) 
of zmc, PAR and CDBA in such a way that the moIar 
ratio of zmc:PAR was always t:2 and the total volume 
was always the same (20 ml). The results obtained show 
that the stoichiometry of the complex is Zn:PAR: 
CDBA = 1:2:2, suggesting that the extracted species is 
[~n~PAR)*](~DBA~~. The results were confirmed by other 
standard methods. 

Prehmmary tests with several kinds of maskmg reagents 
for cadmium showed that only sodmm dletby~dlthioc~ba- 
mate (DDTC) was satisfactory. In order to find the opti- 
mum conditions for determination of zinc without cad- 
mmm being simultaneously extracted, the mutual depen- 
dence of the DDTC and CDBA concentrations was stud- 
sed. For these experiments [Cd] = [Zn] = 0.26 ppm. Fust 
[CDBA] was held constant (1 ml of 2 x 10m3M solution) 
and the volume of 0.01% DDTC varied. with the following 
results: 

DDTC, ml: 0 0.1 0.25 0.5 I 0 I 5 
Absorbance. 0364 0.352 0.365 0.345 0.348 0.327 

Then the level of DDTC was fixed at 0.25 ml whtlst the 
volume of CDBA was varied: 

CDBA, ml. 0 0 1 0.25 0.5 1.0 
Absorbance: 0.364 0269 0.353 0.372 0.365 

These results enable optimum concentrations of DDTC 
and CDBA to be selected. The zinc solution should be 
diluted to at least 20 ml before the extraction, otherwrse 
zmc will be partially masked, and the buffer solution 
should be added after the reagent to prevent the precipr- 
tation of cadmmm. The results obtained by the modified 
procedure are given in Table 1. 

It IS evident that cadmmm can be tolerated m up to 
50-fold w/w ratio. This IS a better selectivity than that of 
the dithizone method. 

Prelmnnary investl~ations on the mfiuence of DDTC on 
strongly interferrng cations such as cobalt(B), mckel and 
copper(B) were also performed It was found that these 
metals are masked when present in the same amount as 
the zinc Cobalt and nickel can be tolerated up to a weight 
ratlo Zn:Me = 1: 10, while copper is toicrated at a ratio 
1:2 5. These investigations WIII be extended to other inter- 
fermg ions. Further work on the ana~yticai application of 
the method will also be carried out and presented later 
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Table 1. Effect of cadmium(H) on the determmation of 
zinc(H) with DDTC as masking agent (0.26 ppm Zn, 505 

nm, lo-mm cell) 

Weight 
ratio Zn 

Zn:Cd Absorbance found, ppm 

1:o 0.364 
1:1 0.364 0.260 

0.367 0.263 
1:lO 0.360 0.258 

0.345 0.247 
0.355 0.254 
0.362 0.259 

1:50 0.366 0.262 
0.356 0.254 
0.400 0.283 

REFERENCES 

1. T. Yotsuyanagi, Y. Takeda, R. Yamashita and K. 
Aomura, Anal. C/urn. Acta, 1973, 67, 297. 

2. A. M. Nardillo and J. A. Catoggio, ibid., 1973, 66, 359. 
3. K. Goto, H. Tamura, M. Onodera and M. Nagayama, 

Talanta, 1974, 21, 183. 
4. M. Nishimura, S. Norlkl and S. Muramoto, Anal. 

Chim. Acta, 1974, 70, 121. 

5. 
6. 
7. 

8. 

9. 

10. 

11. 
12. 

13. 
14. 

15. 

16. 

17. 

18. 

19. 
20 

21. 

S. Noriki and M. Nichimura, ibid., 1974, 72, 339. 
H. Watanabe, Talanta, 1974, 21, 295. 
A. M. Nardillo and J. A. Catoggio, Anal. Chim. Acta, 
1975, 74, 85. 
M. Kitano and J. Ueda, Nippon Kagaku Zasshi, 1970, 
91, 983. 
H. Watanabe and Y. Sakai, Bunsekl Kagaku, 1974, 23. 
396. 
H. A. Flaschka, EDTA Titrations, Pergamon, Oxford, 
1964. 
T. Iwamoto, Bunseki Kagaku, 1961, 10, 189. 
I. M. Kolthoff, Acid-Base Indrcators, p. 259. Academic 
Press, New York, 1937. 
K. Doerffel, Z. Anal. Chem., 1962, 185. 28. 
M. HniliEkova and L. Sommer, Collection Czech. 
Chem. Commun, 1961, 26. 2189. 
A. Corsim, I. M Yih, Q. Fernando and H. Freiser, 
Anal. Chem., 1962, 34. 1090 
A. Corsim, Q. Fernando and H. Freiser, lnorg. Chem., 
1963. 2. 224. 
W. J. Geary, G. Nickless and F. H. Pollard, Anal. 
Chim. Acta, 1962, 27. 71. 
M. Tanaka, S. Funahashl and K. Shlral, Inorg. Chem., 
1968, 7. 573. 
T. Shimlzu and K. Ogaml, Talanta, 1969, 16. 1527. 
D. Nonova and B.. Evtimova, Anal C!-am. Acta, 1972, 
62, 456. 
Yu. A. Zolotov, Ekstraktsiya vnutrikompleksnykh soe- 
dinenn, Izdat. Nauka. Moscow, 1968. 

Summary-A simple and selective extraction spectrophotometric determination of zinc is described. 
The complex [Zn(PAR),](CDBA),, where PAR is the 4-(2-pyndylazo)resorcinol anion and CDBA IS 
cetyld~methylbenzylammonium ion, is extracted from a solution buffered at pH 9.7 with carbonate/ 
bicarbonate. Beer’s law 1s obeyed over the range 0.2-1.2 ppm zmc, the molar absorptivity being 
9.2 x IO4 1 .mole-‘.cm- I. The precision m this range is 0.0056 ppm. Cadmium in up to a 50-fold 
w/w ratio may be masked with diethyldlthiocarbamate. 
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Tracer ammunition for both small arms and artillery is 
used for determining range and for directing fire. The 
tracer compositions in such ammunition are set off by 
igniters which may contam barium or strontium peroxide 
(oxidizers), calcium resinate, “Parlon” and zinc stearate 
(binders and fuels), magnesium powder (fuel), and Tolui- 
dine Red toner (identifying colourmg agent and fuel). It 
has been noted by ammunition experts for many years 
that the igniters (and consequently the rounds of tracer 
ammunition) are inclmed to lose their effectiveness with 
time and it has been suggested that this deterioration is 
caused by decomposition of the peroxide. However, this 
has never been proved, because of the lack of satisfactory 
analytIca methods. 

In view of the need, this arsenal undertook an investlga- 
tion to develop a method for determining peroxide (active 
oxygen) in igniters in small-arms tracer ammunition. Many 
methods that had been previously used for determining 
peroxide m various materials were considered. The most 
common method for determining peroxide is the titrimetric 
permanganate method.lm5 Other titrlmetric methods that 
have been used involve ceric sulphate, potassium iodide, 
sodmm thiosulphate, titanous chloride, and sodium 

nitrite.‘,‘*6 Another method for peroxide 1s the eudiometric 
method whereby the volume of oxygen generated on 
decomposition is measured.6 Spectrophotometrlc methods 
that have been proposed include the use of the titanmm- 
peroxide complex,5-9 permanganate decolorizatlon,5x6 fer- 
ric thiocyanate,6 starchGodlde,6-10 and ferroin” reactions. 

The permanganate tltrimetric method was found to be 
unreliable for the determination of peroxides m igniters 
because of interference from organic matter and magne- 
sium powder. It 1s possible that some other titrlmetric re- 
agent could be used, but this approach was not pursued 
because a titrimetrlc method would not be applicable in 
any case to the accurate determination of the small amount 
of igniter to be found in ammunition. The eudiometer 
method was not applicable because of mterference from hy- 
drogen generated by the magnesium. It seemed, therefore, 
that a spectrophotometric technique would be the most 
feasible means for determining peroxide in Igniters. The 
titanium-peroxide method was selected as the most useful. 

Reagents 

EXPERIMENTAL 

Titanium solution. Weigh 2.OOg of titanium sponge into 
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Table 1. Effect of cadmium(H) on the determmation of 
zinc(H) with DDTC as masking agent (0.26 ppm Zn, 505 

nm, lo-mm cell) 
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Summary-A simple and selective extraction spectrophotometric determination of zinc is described. 
The complex [Zn(PAR),](CDBA),, where PAR is the 4-(2-pyndylazo)resorcinol anion and CDBA IS 
cetyld~methylbenzylammonium ion, is extracted from a solution buffered at pH 9.7 with carbonate/ 
bicarbonate. Beer’s law 1s obeyed over the range 0.2-1.2 ppm zmc, the molar absorptivity being 
9.2 x IO4 1 .mole-‘.cm- I. The precision m this range is 0.0056 ppm. Cadmium in up to a 50-fold 
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Tracer ammunition for both small arms and artillery is 
used for determining range and for directing fire. The 
tracer compositions in such ammunition are set off by 
igniters which may contam barium or strontium peroxide 
(oxidizers), calcium resinate, “Parlon” and zinc stearate 
(binders and fuels), magnesium powder (fuel), and Tolui- 
dine Red toner (identifying colourmg agent and fuel). It 
has been noted by ammunition experts for many years 
that the igniters (and consequently the rounds of tracer 
ammunition) are inclmed to lose their effectiveness with 
time and it has been suggested that this deterioration is 
caused by decomposition of the peroxide. However, this 
has never been proved, because of the lack of satisfactory 
analytIca methods. 

In view of the need, this arsenal undertook an investlga- 
tion to develop a method for determining peroxide (active 
oxygen) in igniters in small-arms tracer ammunition. Many 
methods that had been previously used for determining 
peroxide m various materials were considered. The most 
common method for determining peroxide is the titrimetric 
permanganate method.lm5 Other titrlmetric methods that 
have been used involve ceric sulphate, potassium iodide, 
sodmm thiosulphate, titanous chloride, and sodium 

nitrite.‘,‘*6 Another method for peroxide 1s the eudiometric 
method whereby the volume of oxygen generated on 
decomposition is measured.6 Spectrophotometrlc methods 
that have been proposed include the use of the titanmm- 
peroxide complex,5-9 permanganate decolorizatlon,5x6 fer- 
ric thiocyanate,6 starchGodlde,6-10 and ferroin” reactions. 

The permanganate tltrimetric method was found to be 
unreliable for the determination of peroxides m igniters 
because of interference from organic matter and magne- 
sium powder. It 1s possible that some other titrlmetric re- 
agent could be used, but this approach was not pursued 
because a titrimetrlc method would not be applicable in 
any case to the accurate determination of the small amount 
of igniter to be found in ammunition. The eudiometer 
method was not applicable because of mterference from hy- 
drogen generated by the magnesium. It seemed, therefore, 
that a spectrophotometric technique would be the most 
feasible means for determining peroxide in Igniters. The 
titanium-peroxide method was selected as the most useful. 

Reagents 

EXPERIMENTAL 

Titanium solution. Weigh 2.OOg of titanium sponge into 
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a 250-ml beaker, add 90ml of concentrated hydrochloric 
acid, cover with a watch-glass, and warm on the hot-plate 
to dissolve. Maintain the volume of hydrochloric acid at 
75-90ml during the dissolution process. After the metal 
has completely dissolved, add 1 ml of concentrated nitric 
acid and boil for 1 mm Cool and dilute to 200ml in a 
volumetric flask 

Earlurn peroxide, MIL-B-153A, Grade B,’ or equivalent 
(the sample used in this work contained 8.9% active 
oxygen). 

Stronrrum peroxide, MIL-S-612B, Grade B,3 or equlval- 
ent (the sample used in this work contained 12.7% active 
oxygen). 

Maynrsrum powder, MIL-M-382B, Type III, Granulation 
12. nominal mesh size 12@200,‘2 or equivalent. 

C&rum rrsmafr, MIL-C-20470A, Type II.13 
“Parlon” (chlorinated rubber), MIL-R-60671 I4 
Zinc strurate, USP ” 
Toluidrne Red toner, TT-P-445.‘” 

Prrparatlon of’cal~hrurion curfs2.s 

Burrum prroude. Transfer 0.2&O 21 g of barium peroxlde 
(weighed to 0.1 mg) to a 150-ml beaker. Add 100ml of 
dilute hydrochloric acid (1 + 9) and allow to stand with 
occasional stirring until the sample has dissolved (l&30 
mm) Dilute to 250ml m a volumetric flask. Transfer 5.0, 
100, 15.0, 20.0, and 25.0-m] aliquots to 100-m] volumetric 
flasks and dilute to about 35 ml with water. Add sufficient 
concentrated hydrochloric acid to brmg Its total content 
m each flask to 5 ml Dilute to about 75 ml with water 
and add 5.0ml of tltamum solution. Dilute to the mark 
and withm 1 hr measure the absorbance at 410 nm against 
the reagent blank. Plot mg of barmm peroxide (per 100 ml) 
agamst absorbance. 

Sfrontum peroxide. Transfer 0.15X)). 16 g of strontium 
peroxide (weighed to 0.1 mg) to a 150-ml beaker and pro- 
ceed as described for the cahbratlon curve for barium per- 
oxide, but use 5.0. 10.0, 15.0. 17.5, and 20.0-ml ahquots. 
Plot mg of strontium peroxide (per 100 ml) against absor- 
bance 

Procedure 

Igmrer mixes. Transfer about 0.2Og of sample (weighed 
to 0 1 mg) to a 150-ml beaker. Add 100 ml of dilute hydro- 
chlorlc acid (1 + 9) all at once. Allow to stand with occa- 
sional stIrrIng until the barium or strontium peroxide has 
dissolved (l&30 mm). Withm 30 mm after dlssolutlon, 
hlter through a Whatman No. 41 filter paper, wash with 
water, and dilute to the mark m a 250 ml volumetric flask. 
Transfer an aliquot. contammg 13-20 mg of barium per- 
oxide or l&l 5 mg of strontium peroxide, to a IOO-ml volu- 
metric flask and dilute to about 35 ml. Add sufficient con- 
centrated hydrochloric acid to bring Its total content m 
the flask to 5 ml. dilute to about 75 ml with water, add 
5 ml of tltamum solution, dilute to the mark, and within 
1 hr measure the absorbance at 4lOnm against a reagent 
blank Find the number of mg of barium or strontium 
peroxide from the calibration curve and calculate the bar- 
ium or strontium peroxide content as follows: 

“,) BaOZ or SrOz = 

mg of BaOz or SrOz read from curve 
--~ X 0.101 

g of sample in ahquot 

Igniters contamed rn small-arms tracer ammunition. 

Remove the bullet from the round Working behind a 
safety shield, cut through the exterior of the bullet Jacket 
lengthwise on both sides with a handsaw to Just sufficient 
depth to be able to reach the tracer and igniter. Take care 
not to overheat the bullet during cuttmg, since overheating 
might cause some decomposition of the peroxide and con- 
statute a hazard. Pull off one side of the Jacket with a 
suitable Instrument. Remove the Igniter mix and store It 

m a closed bottle. Transfer a weighed sample to a 150-ml 
beaker, add 35-100 ml of dilute hydrochloric acid (1 + 9). 
allow to stand until the barium or strontmm peroxide has 
dissolved, filter, wash, and dilute to volume In a volumetric 
flask (the amount of hydrochlorrc acid and the volume 
of the flask will depend on the amount of sample). Transfer 
an appropriate aliquot to a lOO-ml volumetric flask and 
proceed as described for barium and strontium peroxldes 
in igmter mixes. 

DISCUSSIO;II A?ID RESLILTS 

The magnesium metal dissolves almost mstantaneously 
on addmg 100ml of hydrochloric acid (1 + 9) at room 
temperature and all at once; then the barium or strontium 
peroxide dissolves slowly m l&30 mm The extremely 
rapld dissolution of the magnesium muumlzes the Interfer- 
ence of magnesmm If a more concentrated hydrochloric 
acid solution were used, the barium and strontium per- 
oxides would dissolve simultaneously with the magnesium. 
causmg lower results. The acid dlssolutlon process must 
be conducted at room temperature. If the solutions were 
cooled, the magnesmm would not dissolve Instantly, caus- 
ing lower results. The organic matter contamed in the 
igniters does not dissolve in the acid and IS filtered off 
and does not seem to Interfere. In spite of all precautions. 
however, prehminary work with synthetic samples showed 
that the recoveries for peroxides were slightly low; there- 
fore, it was decided on the basis of the prehmmary work 
to multlply the calculated result by the empIrIca factor 
101. 

Hydrochloric acid 1s used rather than sulphurlc acid 
because the latter would precipitate barium and strontmm 
sulphates. 

The acidity of the solution m which the tltamum perox- 
ide colour IS developed is about 1.8N. This acidit) is not 
critical since the permissible range is about I 5-3 5X ” 

Full colour development was achieved with 5 ml of the 
titanium solution. Our tltamum solution was prepared 
from the metal because that could be readily obtamed m 
high purtty. Nitric acid must be used m oxldlzlng T1(111) 
to TI(IV); oxidizing with hydrogen peroxide and sub- 
sequent bollmg to destroy the peroxide caused hydrolysis 
of the tltamum. The calibration curves followed Beer’s law. 

All the calculations for the barium and strontltim per- 
oxides m igmters were relative to the original barium and 
strontmm peroxides which were arbitrarily taken to be 
100”; pure. This mode of calculation was chosen because 
the prime aim of the mvestigatlon was to determine 
whether there had been degradation of the barium or 
strontmm peroxlde m the Igniters 

If It were desired to make the calculation for the lgnlters 
m terms of active oxygen It would first be necessary to 
determine the active oxygen content of the barium and 
strontium peroxides used for preparing the callbratlon 
curves and then plot mg of active oxygen (per lOOmI) 
against absorbance. This would be a relatively simple mat- 
ter. 

The active oxygen of barmm and strontium peroxldc 
can be defined as the per cent oxygen (by weight) released 
when the peroxide reverts to the simple oxide (e.g.. 
2Ba0,+2BaO + 0,). The active oxygen content of these 
materials IS best determmed by titration with permanga- 
nate in a perchloric-phosphortc acid medmm.’ ’ The 
theoretlcal oxygen contents of barmm and strontium per- 
oxide are 9.45% and 13.38%, respectively The mlhtary spe- 
cificatlons for barium and strontium peroxldesz,3 call for 
a mmlmum active oxygen content of 8.5”;, and 12 3”,,, re- 
spectlvely. However, according to the experience of this 
arsenal over many years, the active oxygen content of the 
barium peroxide and strontrum peroxide used m the prep- 
aratlon of Igniters varies from 8.8 to 9.0”~” for barmm per- 
oxide and from 12 5 to 12.876 for strontmm peroxlde (and 
does not change slgmficantly for 2 or 3 years 11 the two 
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Table 1. Nominal cornpositron of igniters used in small- Table 3. Results for strontium and barium peroxides m 
arms tracer ammunition actual Igniter mixes 

Igniter 

I-280 
I-276 

I-508 

Nominal composition 

76.5 SrO,, 15.0 Mg, 8.5 Ca resinate 
83.5 BaO,, 15.0 Mg, 1.0 Zn stearate, 
0.5 Toluidme Red toner 
79.0 BaOZ, 14.1 Mg, 5.5 “Parlor?‘, 
0.9 Zn stearate, 0.5 Toluidine Red toner 

Igniter Nominal, % Results, “/, 

materials are stored in air-tight containers). The cited 
ranges for active oxygen are equivalent to 93.1-9X2% pure 
barium peroxide and 93495.7% pure strontium peroxide, 
respectively. Rosin4 and the Ftsher Scienttfic Co.18 specify 
a minimum barium peroxide content of 88% and 85%, re- 
spectively, for reagent-grade barium peroxide. There is no 
specification for reagent-grade strontium peroxide. 

The nominal compositions of the common igniter mixes 
used in small-arms tracer ammunition by the U.S. Army 
are shown m Table 1. 

The results obtamed for barium and strontium peroxides 
m synthetic igniter mixes are shown m Table 2. The reco- 
veries were satisfactory (the average for all the runs was 
100.2%). 

The results obtamed for peroxide in three actual produc- 
tion igniter mixes stored in closed containers for about 
a year are shown m Table 3. The results obtained for an 
igniter in a batch of ammumtion several years old were 
57.0, 49.0 and 53.3% BaO,, the nommal content being 
79.0% BaO, (each result represents an individual round). 
It IS seen that two of three actual igmter mrxes showed 

I-280 76.5 SrOz 

I-276 83.5 Ba02 

I-508 79.0 BaOz 

67.5 
66.7 
67.5 
67.4 
67 0 

Ave. 67.2 
Std. dev 0.36 

88.4 
88.4 
90.0 
88.7 
90.0 
88.8 

Ave. 89.1 
Std. dev. 0.75 

72.7 
71.2 
72.7 
72.9 
73.3 
73.3 

Ave. 72.7 
Std. dev. 1 00 

some deterioration while the igniter in the ammunition 
showed marked deterioration. 

Table 2. Results for barium and stronium peroxides m 
synthetic igniter mixes 

REFERENCES 

Present, g Found, g Recovery, % 

BaO, + 25 mg Mg 
0.1514 0.1523 BaO, 100.6 
0.1518 0.1523 BaO, 100.3 
0.1519 0.1534 BaO, 101.0 
0.1479 0.1474 BaO, 99.7 
0.1484 0.1482 BaO, 99.9 

SrO, f 25 mg Mg + 15 mg Ca resmate 
0.1523 0.1507 SrO, 99.0 
0.1585 0.1555 SrO, 98.1 
0.1590 0.1602 SrOz loo.9 
0.1624 0.1613 SrO, 99.3 
0.1509 0.1518 SrO, 100.6 

BaO, i 30 mg Mg + 5 mg Z” + 5 mg T* 
0.1642 0.1632 BaO, 99.4 
0.1683 0.1679 BaO, 99.8 
0.1684 0.1679 BaO, 99.7 
0.1663 0.1682 BaO, 101.1 
0.1514 0.1548 BaO, 102.2 

BaO, + 30 mg Mg + 15 mg P’ + 5 mg Z” + 5 mg Tb 
0.1545 0.1553 BaO, loo.5 
0.1583 0.1590 BaO, 100.4 
0.1587 0.1589 BaO, 100.1 
0.1566 0.1581 BaO, 101.0 
0.1567 0.1578 BaO, loo.7 
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F. P. Treadwell, Analyrica[ Chemrstry, 7th Ed., Vol. 
II, pp. 533, 534, 576. Wiley, New York, 1930 
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30 September 1964. 
Mzlitary Specification MIL-S-612& Strontzum Per- 
oxide, 15 May 1975. 
J. Rosin, Reagent Chemicals and Standards, 4th Ed., 
p. 68. Van Nostrand, New York, 1961. 
J. S. Reichert, S. A. McNeight and H. W. Rude], Ind. 
Eng. Chem., Anal. Ed., 1939, 11, 194. 
N. Allen, ibid., 1930, 2, 55. 
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anchana and K. C. Salooja, Anal. Chrm. Acta, 1954, 
10, 422. 
J. Savage, Analyst, t951, 76, 224. 
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Military Specification MIL-C-20470A. Calczum 
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United States Pharmacopoeza, 18th Ed., p. 61, Bethesda, 
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“2 = zinc stearate 
bT = Toluidine Red toner 
‘P = “Parlon” 

17. E. B. Sandell, Calorimetric Determinatzon of Traces oj 
Metals, 3rd Ed., p. 870. Interscience, New York, 1959. 

18. Fisher Scientific Co., Fisher Chemical Index, Pitts- 
burgh, PA. 

Summary-A method is proposed for the determination of barmm and strontmm peroxides (active 
oxygen) in igmters in small-arms tracer ammunition. The sample is treated with dilute hydrochlorrc 
acid (1 + 9) which dissolves the magnesium powder almost instantaneously and then dissolves the 
barium or strontium peroxides within i&30 min. The solution is then filtered to remove the orgamc 
substances (calcium resmate, “Parlon”. Toluidine Red toner, and zinc stearate) and the peroxide IS 
determined by means of the colour of the titanium-peroxide complex. It is shown that igniter mixes 
and igniters used in small-arms tracer ammunition deteriorate on storage. 
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Table 1. Effect of cadmium(H) on the determmation of 
zinc(H) with DDTC as masking agent (0.26 ppm Zn, 505 

nm, lo-mm cell) 

Weight 
ratio Zn 

Zn:Cd Absorbance found, ppm 

1:o 0.364 
1:1 0.364 0.260 

0.367 0.263 
1:lO 0.360 0.258 

0.345 0.247 
0.355 0.254 
0.362 0.259 

1:50 0.366 0.262 
0.356 0.254 
0.400 0.283 
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Summary-A simple and selective extraction spectrophotometric determination of zinc is described. 
The complex [Zn(PAR),](CDBA),, where PAR is the 4-(2-pyndylazo)resorcinol anion and CDBA IS 
cetyld~methylbenzylammonium ion, is extracted from a solution buffered at pH 9.7 with carbonate/ 
bicarbonate. Beer’s law 1s obeyed over the range 0.2-1.2 ppm zmc, the molar absorptivity being 
9.2 x IO4 1 .mole-‘.cm- I. The precision m this range is 0.0056 ppm. Cadmium in up to a 50-fold 
w/w ratio may be masked with diethyldlthiocarbamate. 
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DETERMINATION OF BARIUM AND STRONTIUM PEROXIDES 
(ACTIVE OXYGEN) IN IGNITERS IN SMALL-ARMS 

TRACER AMMUNITION 

GEORGE NORWITZ and MICHAEL GALAN 

Frankford Arsenal, Philadelphia, PA 19137. U.S.A. 

(Recewed 24 October 1975. Accepted 15 December 1975) 

Tracer ammunition for both small arms and artillery is 
used for determining range and for directing fire. The 
tracer compositions in such ammunition are set off by 
igniters which may contam barium or strontium peroxide 
(oxidizers), calcium resinate, “Parlon” and zinc stearate 
(binders and fuels), magnesium powder (fuel), and Tolui- 
dine Red toner (identifying colourmg agent and fuel). It 
has been noted by ammunition experts for many years 
that the igniters (and consequently the rounds of tracer 
ammunition) are inclmed to lose their effectiveness with 
time and it has been suggested that this deterioration is 
caused by decomposition of the peroxide. However, this 
has never been proved, because of the lack of satisfactory 
analytIca methods. 

In view of the need, this arsenal undertook an investlga- 
tion to develop a method for determining peroxide (active 
oxygen) in igniters in small-arms tracer ammunition. Many 
methods that had been previously used for determining 
peroxide m various materials were considered. The most 
common method for determining peroxide is the titrimetric 
permanganate method.lm5 Other titrlmetric methods that 
have been used involve ceric sulphate, potassium iodide, 
sodmm thiosulphate, titanous chloride, and sodium 

nitrite.‘,‘*6 Another method for peroxide 1s the eudiometric 
method whereby the volume of oxygen generated on 
decomposition is measured.6 Spectrophotometrlc methods 
that have been proposed include the use of the titanmm- 
peroxide complex,5-9 permanganate decolorizatlon,5x6 fer- 
ric thiocyanate,6 starchGodlde,6-10 and ferroin” reactions. 

The permanganate tltrimetric method was found to be 
unreliable for the determination of peroxides m igniters 
because of interference from organic matter and magne- 
sium powder. It 1s possible that some other titrlmetric re- 
agent could be used, but this approach was not pursued 
because a titrimetrlc method would not be applicable in 
any case to the accurate determination of the small amount 
of igniter to be found in ammunition. The eudiometer 
method was not applicable because of mterference from hy- 
drogen generated by the magnesium. It seemed, therefore, 
that a spectrophotometric technique would be the most 
feasible means for determining peroxide in Igniters. The 
titanium-peroxide method was selected as the most useful. 

Reagents 

EXPERIMENTAL 

Titanium solution. Weigh 2.OOg of titanium sponge into 
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a 250-ml beaker, add 90ml of concentrated hydrochloric 
acid, cover with a watch-glass, and warm on the hot-plate 
to dissolve. Maintain the volume of hydrochloric acid at 
75-90ml during the dissolution process. After the metal 
has completely dissolved, add 1 ml of concentrated nitric 
acid and boil for 1 mm Cool and dilute to 200ml in a 
volumetric flask 

Earlurn peroxide, MIL-B-153A, Grade B,’ or equivalent 
(the sample used in this work contained 8.9% active 
oxygen). 

Stronrrum peroxide, MIL-S-612B, Grade B,3 or equlval- 
ent (the sample used in this work contained 12.7% active 
oxygen). 

Maynrsrum powder, MIL-M-382B, Type III, Granulation 
12. nominal mesh size 12@200,‘2 or equivalent. 

C&rum rrsmafr, MIL-C-20470A, Type II.13 
“Parlon” (chlorinated rubber), MIL-R-60671 I4 
Zinc strurate, USP ” 
Toluidrne Red toner, TT-P-445.‘” 

Prrparatlon of’cal~hrurion curfs2.s 

Burrum prroude. Transfer 0.2&O 21 g of barium peroxlde 
(weighed to 0.1 mg) to a 150-ml beaker. Add 100ml of 
dilute hydrochloric acid (1 + 9) and allow to stand with 
occasional stirring until the sample has dissolved (l&30 
mm) Dilute to 250ml m a volumetric flask. Transfer 5.0, 
100, 15.0, 20.0, and 25.0-m] aliquots to 100-m] volumetric 
flasks and dilute to about 35 ml with water. Add sufficient 
concentrated hydrochloric acid to brmg Its total content 
m each flask to 5 ml Dilute to about 75 ml with water 
and add 5.0ml of tltamum solution. Dilute to the mark 
and withm 1 hr measure the absorbance at 410 nm against 
the reagent blank. Plot mg of barmm peroxide (per 100 ml) 
agamst absorbance. 

Sfrontum peroxide. Transfer 0.15X)). 16 g of strontium 
peroxide (weighed to 0.1 mg) to a 150-ml beaker and pro- 
ceed as described for the cahbratlon curve for barium per- 
oxide, but use 5.0. 10.0, 15.0. 17.5, and 20.0-ml ahquots. 
Plot mg of strontium peroxide (per 100 ml) against absor- 
bance 

Procedure 

Igmrer mixes. Transfer about 0.2Og of sample (weighed 
to 0 1 mg) to a 150-ml beaker. Add 100 ml of dilute hydro- 
chlorlc acid (1 + 9) all at once. Allow to stand with occa- 
sional stIrrIng until the barium or strontium peroxide has 
dissolved (l&30 mm). Withm 30 mm after dlssolutlon, 
hlter through a Whatman No. 41 filter paper, wash with 
water, and dilute to the mark m a 250 ml volumetric flask. 
Transfer an aliquot. contammg 13-20 mg of barium per- 
oxide or l&l 5 mg of strontium peroxide, to a IOO-ml volu- 
metric flask and dilute to about 35 ml. Add sufficient con- 
centrated hydrochloric acid to bring Its total content m 
the flask to 5 ml. dilute to about 75 ml with water, add 
5 ml of tltamum solution, dilute to the mark, and within 
1 hr measure the absorbance at 4lOnm against a reagent 
blank Find the number of mg of barium or strontium 
peroxide from the calibration curve and calculate the bar- 
ium or strontium peroxide content as follows: 

“,) BaOZ or SrOz = 

mg of BaOz or SrOz read from curve 
--~ X 0.101 

g of sample in ahquot 

Igniters contamed rn small-arms tracer ammunition. 

Remove the bullet from the round Working behind a 
safety shield, cut through the exterior of the bullet Jacket 
lengthwise on both sides with a handsaw to Just sufficient 
depth to be able to reach the tracer and igniter. Take care 
not to overheat the bullet during cuttmg, since overheating 
might cause some decomposition of the peroxide and con- 
statute a hazard. Pull off one side of the Jacket with a 
suitable Instrument. Remove the Igniter mix and store It 

m a closed bottle. Transfer a weighed sample to a 150-ml 
beaker, add 35-100 ml of dilute hydrochloric acid (1 + 9). 
allow to stand until the barium or strontmm peroxide has 
dissolved, filter, wash, and dilute to volume In a volumetric 
flask (the amount of hydrochlorrc acid and the volume 
of the flask will depend on the amount of sample). Transfer 
an appropriate aliquot to a lOO-ml volumetric flask and 
proceed as described for barium and strontium peroxldes 
in igmter mixes. 

DISCUSSIO;II A?ID RESLILTS 

The magnesium metal dissolves almost mstantaneously 
on addmg 100ml of hydrochloric acid (1 + 9) at room 
temperature and all at once; then the barium or strontium 
peroxide dissolves slowly m l&30 mm The extremely 
rapld dissolution of the magnesium muumlzes the Interfer- 
ence of magnesmm If a more concentrated hydrochloric 
acid solution were used, the barium and strontium per- 
oxides would dissolve simultaneously with the magnesium. 
causmg lower results. The acid dlssolutlon process must 
be conducted at room temperature. If the solutions were 
cooled, the magnesmm would not dissolve Instantly, caus- 
ing lower results. The organic matter contamed in the 
igniters does not dissolve in the acid and IS filtered off 
and does not seem to Interfere. In spite of all precautions. 
however, prehminary work with synthetic samples showed 
that the recoveries for peroxides were slightly low; there- 
fore, it was decided on the basis of the prehmmary work 
to multlply the calculated result by the empIrIca factor 
101. 

Hydrochloric acid 1s used rather than sulphurlc acid 
because the latter would precipitate barium and strontmm 
sulphates. 

The acidity of the solution m which the tltamum perox- 
ide colour IS developed is about 1.8N. This acidit) is not 
critical since the permissible range is about I 5-3 5X ” 

Full colour development was achieved with 5 ml of the 
titanium solution. Our tltamum solution was prepared 
from the metal because that could be readily obtamed m 
high purtty. Nitric acid must be used m oxldlzlng T1(111) 
to TI(IV); oxidizing with hydrogen peroxide and sub- 
sequent bollmg to destroy the peroxide caused hydrolysis 
of the tltamum. The calibration curves followed Beer’s law. 

All the calculations for the barium and strontltim per- 
oxides m igmters were relative to the original barium and 
strontmm peroxides which were arbitrarily taken to be 
100”; pure. This mode of calculation was chosen because 
the prime aim of the mvestigatlon was to determine 
whether there had been degradation of the barium or 
strontmm peroxlde m the Igniters 

If It were desired to make the calculation for the lgnlters 
m terms of active oxygen It would first be necessary to 
determine the active oxygen content of the barium and 
strontium peroxides used for preparing the callbratlon 
curves and then plot mg of active oxygen (per lOOmI) 
against absorbance. This would be a relatively simple mat- 
ter. 

The active oxygen of barmm and strontium peroxldc 
can be defined as the per cent oxygen (by weight) released 
when the peroxide reverts to the simple oxide (e.g.. 
2Ba0,+2BaO + 0,). The active oxygen content of these 
materials IS best determmed by titration with permanga- 
nate in a perchloric-phosphortc acid medmm.’ ’ The 
theoretlcal oxygen contents of barmm and strontium per- 
oxide are 9.45% and 13.38%, respectively The mlhtary spe- 
cificatlons for barium and strontium peroxldesz,3 call for 
a mmlmum active oxygen content of 8.5”;, and 12 3”,,, re- 
spectlvely. However, according to the experience of this 
arsenal over many years, the active oxygen content of the 
barium peroxide and strontrum peroxide used m the prep- 
aratlon of Igniters varies from 8.8 to 9.0”~” for barmm per- 
oxide and from 12 5 to 12.876 for strontmm peroxlde (and 
does not change slgmficantly for 2 or 3 years 11 the two 
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Table 1. Nominal cornpositron of igniters used in small- Table 3. Results for strontium and barium peroxides m 
arms tracer ammunition actual Igniter mixes 

Igniter 

I-280 
I-276 

I-508 

Nominal composition 

76.5 SrO,, 15.0 Mg, 8.5 Ca resinate 
83.5 BaO,, 15.0 Mg, 1.0 Zn stearate, 
0.5 Toluidme Red toner 
79.0 BaOZ, 14.1 Mg, 5.5 “Parlor?‘, 
0.9 Zn stearate, 0.5 Toluidine Red toner 

Igniter Nominal, % Results, “/, 

materials are stored in air-tight containers). The cited 
ranges for active oxygen are equivalent to 93.1-9X2% pure 
barium peroxide and 93495.7% pure strontium peroxide, 
respectively. Rosin4 and the Ftsher Scienttfic Co.18 specify 
a minimum barium peroxide content of 88% and 85%, re- 
spectively, for reagent-grade barium peroxide. There is no 
specification for reagent-grade strontium peroxide. 

The nominal compositions of the common igniter mixes 
used in small-arms tracer ammunition by the U.S. Army 
are shown m Table 1. 

The results obtamed for barium and strontium peroxides 
m synthetic igniter mixes are shown m Table 2. The reco- 
veries were satisfactory (the average for all the runs was 
100.2%). 

The results obtamed for peroxide in three actual produc- 
tion igniter mixes stored in closed containers for about 
a year are shown m Table 3. The results obtained for an 
igniter in a batch of ammumtion several years old were 
57.0, 49.0 and 53.3% BaO,, the nommal content being 
79.0% BaO, (each result represents an individual round). 
It IS seen that two of three actual igmter mrxes showed 

I-280 76.5 SrOz 

I-276 83.5 Ba02 

I-508 79.0 BaOz 

67.5 
66.7 
67.5 
67.4 
67 0 

Ave. 67.2 
Std. dev 0.36 

88.4 
88.4 
90.0 
88.7 
90.0 
88.8 

Ave. 89.1 
Std. dev. 0.75 

72.7 
71.2 
72.7 
72.9 
73.3 
73.3 

Ave. 72.7 
Std. dev. 1 00 

some deterioration while the igniter in the ammunition 
showed marked deterioration. 

Table 2. Results for barium and stronium peroxides m 
synthetic igniter mixes 

REFERENCES 

Present, g Found, g Recovery, % 

BaO, + 25 mg Mg 
0.1514 0.1523 BaO, 100.6 
0.1518 0.1523 BaO, 100.3 
0.1519 0.1534 BaO, 101.0 
0.1479 0.1474 BaO, 99.7 
0.1484 0.1482 BaO, 99.9 

SrO, f 25 mg Mg + 15 mg Ca resmate 
0.1523 0.1507 SrO, 99.0 
0.1585 0.1555 SrO, 98.1 
0.1590 0.1602 SrOz loo.9 
0.1624 0.1613 SrO, 99.3 
0.1509 0.1518 SrO, 100.6 

BaO, i 30 mg Mg + 5 mg Z” + 5 mg T* 
0.1642 0.1632 BaO, 99.4 
0.1683 0.1679 BaO, 99.8 
0.1684 0.1679 BaO, 99.7 
0.1663 0.1682 BaO, 101.1 
0.1514 0.1548 BaO, 102.2 

BaO, + 30 mg Mg + 15 mg P’ + 5 mg Z” + 5 mg Tb 
0.1545 0.1553 BaO, loo.5 
0.1583 0.1590 BaO, 100.4 
0.1587 0.1589 BaO, 100.1 
0.1566 0.1581 BaO, 101.0 
0.1567 0.1578 BaO, loo.7 

1. 

2. 

3. 

4. 

5. 

6. 
7. 
8. 
9. 

10. 
11. 
12. 

13 

14. 

15. 

16. 

F. P. Treadwell, Analyrica[ Chemrstry, 7th Ed., Vol. 
II, pp. 533, 534, 576. Wiley, New York, 1930 
Military Speczfzcation MIL-B-153A, Barzum Peroxide, 
30 September 1964. 
Mzlitary Specification MIL-S-612& Strontzum Per- 
oxide, 15 May 1975. 
J. Rosin, Reagent Chemicals and Standards, 4th Ed., 
p. 68. Van Nostrand, New York, 1961. 
J. S. Reichert, S. A. McNeight and H. W. Rude], Ind. 
Eng. Chem., Anal. Ed., 1939, 11, 194. 
N. Allen, ibid., 1930, 2, 55. 
G. M. Bsenberg, ibid., 1943, 15, 327. 
C. B. Allsopp, Analyst, 1941, 66, 371. 
A. C. Egerton, A. J. Everett, G. J. Minkoff, S. Rudrak- 
anchana and K. C. Salooja, Anal. Chrm. Acta, 1954, 
10, 422. 
J. Savage, Analyst, t951, 76, 224. 
R. Bailey and D. F. Boltz, Anal. Chem., 1959, 31, 117. 
Military Specification MIL-M-382B (MU), Magnesium 
Powder (for Use in Ammumtion), 22 July 1970. 
Military Specification MIL-C-20470A. Calczum 
Resinate, 30 September 1964. 
Military Specrfcation MIL-R-h0671(MU), Rubber, 
Chlorinated, Natural: Powder, 22 May 1967. 
United States Pharmacopoeza, 18th Ed., p. 61, Bethesda, 
MD 1969. 
Federal Speczjication TT-P-445, Pigment: Toluzdine- 
Red-Toner, Dry, 29 March 1961. 

“2 = zinc stearate 
bT = Toluidine Red toner 
‘P = “Parlon” 

17. E. B. Sandell, Calorimetric Determinatzon of Traces oj 
Metals, 3rd Ed., p. 870. Interscience, New York, 1959. 

18. Fisher Scientific Co., Fisher Chemical Index, Pitts- 
burgh, PA. 

Summary-A method is proposed for the determination of barmm and strontmm peroxides (active 
oxygen) in igmters in small-arms tracer ammunition. The sample is treated with dilute hydrochlorrc 
acid (1 + 9) which dissolves the magnesium powder almost instantaneously and then dissolves the 
barium or strontium peroxides within i&30 min. The solution is then filtered to remove the orgamc 
substances (calcium resmate, “Parlon”. Toluidine Red toner, and zinc stearate) and the peroxide IS 
determined by means of the colour of the titanium-peroxide complex. It is shown that igniter mixes 
and igniters used in small-arms tracer ammunition deteriorate on storage. 
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A l’heure actuelle, le dosage du mercure dans I’eau est 
un probleme etrottement lie au probltme de la pollution 
de I’environnement. Par exemple, le mercure s’accumule 
dans le corps des poissons et peut mener a des empotson- 
nements graves. Dans une revue rtcente, Chtlov’ discute 
les methodes de determinatton de petites quantites de mer- 
cure. Quelques recherches importantes ont tte consacrees 
au dosage du mercure dans l’eaum6 

L’mtbkt du dosage de l’or dans l’eau de mer provtent 
des nombreuses tentatives d’extraction mdustrielle. Differ- 
entes methodes de dosage de petites quantites d’or dans 
l’eau de mer sont connues.7-26 

L’applicatton des sorbants inorganiques dans la radio- 
chimie analytique, en particulier dans I’analyse par acti- 
vation, devient de plus en plus frequente. Nous prtsentons 
ci-dessous nos resultats sur la retention du mercure et de 
I’or de l’eau de mer par le sulfure de plomb en colonne, 
ainst qu’une nouvelle methode de dosage de ces elements 
par analyse par activatton sans separation radiochimique. 

PARTIE EXPERIMENTALE 

Colonne 

La colonne consiste en un tube de verre, dont la partre 
inferieure est rttrkie (0,3 cm de diametre et 3 cm de hau- 
teur). On y mtroduit 0,5 g de PbS sur un tampon de lame 
de verre. Le PbS est d’abord d&gaze dans 25 ml de HNO, 
0,l N a la temperature de 20 k 2” pendant 15 mn, puis 
verse dans la colonne qu’on relic a un recipient contenant 
l’eau de mer (Fig. 1). 

Reactlfs et soiutrons 

Le sulfure de plomb utihse a tte prepare a partu de 
plomb 99,9999x (Lead-Zinc Plant, Kirdzah, Bulgaria) ne 
contenant pas de mercure, d’argent et d’or en quantites 
dttectables par radioactivation par neutrons thermiques. 
Le plomb a et& dissous a l’aide de HNO, p.a. (2 + l), 
pms PbS a ete prtctpite par chauffage lent en presence 
de thtoacetamtde. Aprts 24 h de repos et centrifugation, 
le PbS a ete seche a 50”. Le spectre de diffraction X a 
montre que le produit a la mCme structure que la galene. 
11 presente une granulometrie de l’ordre de 0,l a 0,4 mm, 
permettant I’emploi facile en colonne. L’analyse par 
radioactivation par neutrons thermiques a indique que, 
dans le spectre gamma du PbS irradk pendant 6 h et 
mesure 6 jours apres la fin de I’nradiation, il n’y a pas 
de ptcs phototlectriques du mercure et de I’or (Fig. 2a). 

La solution &talon de mercure a Ctt preparte a partn 
de Hg(N03)*, pa. La concentration precise a Cte deter- 
mike par la methode gravimetrique apres precipitation 
du HgSz7 

La solution &talon d’or a CtC prtparee par dtssolution 
d’or metalhque, p.a. 

Les deux soluttons &talons contenaient 10e3 g/ml de 
mercure et d’or. Les solutions diluCes-l~10~6-1~10-8 g/ml 
de mercure et 1~10-*~1~10-“‘g/m1 d’or-ont Cte preparees 
le jour de l’utilisatton. Les solutions des traceurs ‘03Hg 
et 19*Au ont et& obtenues par radioactivation d’or en 
poudre et de HgClz au reacteur suivie de la dissolution 

n 
0,3cm 

Fig. 1. Apparel1 utilise pour la retention du mercure et 
de I’or de I’eau de mer sur le PbS. 

de l’or dans I’eau regale et du HgClz dans I’eau. La concen- 
tration des solutions utilisees Ctait de 1~10~8~1~10~9 g/ml 
pour Au et de 1~10~6-1~10~s g/ml pour Hg. 

Fig. 2. Spectres gamma: (a) de 0,5g du prectptte de 
PbS irradie pendant 6 h dans un flux de 1.2.10’ * 
n.cm-*.sec-‘, mesure 6 jours aprts la fin de I’irradiation; 
(b) de l’etalon (0,5g PbS + 1.10m6g Hg + 1.10-8g Au) 
irradie pendant 6 h, mesure 6 jours apres la fin de I’nradia- 
tion; (c) du mCme &talon, mesure 15 jours aprts la fin 

de l’irradiation. Temps de comptage 15 mn 
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Irradiation des echantillons 

Les echantillons ont Cte irradits au reacteur IRT-2000 
de FI ANEB, Sofia (Bulgarie) dam un flux de l’ordre de 
lOL2 n.cm-* .sec-i. On a mis les Cchantillons dans de 
petits cachets de polyethylene et ceux-ci dam de petites 
boites de polyethylene. L’irradiation de PbS, contenant Hg 
et Au, donne i9’Hg, ‘03Hg et 19sAu selon les reactions 
196Hg (n;$) i9’Hg, 202Hg (n,?) *“Hg, lg7Au (n,y) i9*Au. 

Les pits photoelectriques ont des energies de 77, 288, 
et 412 keV respectivement et des periodes de 2,7, 47 et 
2,7 jours. 

Moyens de mesure 

Les activates gamma tant en phase solide (PbS) qu’en 
phase liquide ont ett mesurtes au moyen d’un analyseur 
a 100 canaux eqmpe dune sonde NaI (Tl) 4,5 x 4,5 cm. 
Les activitts mises en jeu assurent une precision statistique 
des comptages de *“‘Hg et i9*Au de l’ordre de +_2% 
(temps de comptage 15 mn). 

Mode opPratoire 

Pour etudier la retention du mercure et de l’or contenus 
dans l’eau de mer sur PbS en colonne, on a utilise les 
traceurs ‘03Hg et ig8Au. On a fait d’abord des essais pour 
determiner le rendement (R) de fixation sur PbS du mer- 
cure et de I’or. A un litre d’eau de mer, on ajoute 
HNO, + H,SOL (1: 1) pour obtenir le pH desire et 1 ml 
de la solution contenant les traceurs Apres une semaine, 
on fait passer cet tchantillon d’eau de mer sur la colonne. 
La wtesse d’tcoulement (0,2-0,5 ml/mn) depend des dimen- 
sions des grains On lave le PbS sur la colonne avec 100 ml 
de la solution HN03 + HZSO,, ayant la meme valeur de 
pH que la solution etudite. On stche doucement le PbS 
dans la colonne, puis on le recuptre. On mesure la radioac- 
twit& gamma du PbS. On mesure aussi la radioactivitt 
des etalons qui representent 0,5 g PbS sur lequel on a &he 
1 ml de la solution des traceurs. On calcule Rx. 

Rx = (,4,/A,). 100 

ou A, = l’activite (cpm) de PbS en colonne, A0 = l’activite 
de l’etalon. 

Aux tchantillons d’eau de mer qu’on utilise pour le 
dosage de l’or et du mercure, on ajoute HNOa + H,SO, 
(1:l) au moment meme ou I’on preleve les echantillons 
de la mer, jusqu’a ce qu’on obtienne pH = 1. Apres pass- 
age de la solution a travers la colonne, le PbS est lave 
avec 100ml de la solution HN03 + H2S0, a pH = 1, 
secht a 50” et transfer& dans un cachet de polyethylene. 
On prepare deux &talons en &chant a 50” 1 ml de la solu- 
tion &talon de mercure et d’or sur 0,5 g de PbS. L’un des 
&talons contient 1.10m6g Hg et 1.10-s g Au et l’autre 
l.lO-‘g Hg et 1.10~” g Au. 

Trois des Cchantillons et les deux &talons sont irradies 
simultanement pendant 6 h au reacteur dans une boite de 
polyethylene. Aprts 6 jours, le pit phototlectrique du 
i9*Au est mesure. On pro&de de meme avec de 203Hg, 
mais apres 15 jours. On mesure des italons dans les mbmes 
conditions. 

RESULTATS ET DISCUSSION 

A l’aide des traceurs 203Hg et i9sAu, on a constate que 
la quantitt de PbS dans la colonne doit &tre d’environ 
0,5 g. Cette quantite assure la retention complete du mer- 
cure et de l’or contenus en petites quantites dans les solu- 
tions. Si la quantite du PbS est infirieure a 0,4 g, la vitesse 
d’ecoulement est &levee et le temps de contact n’est pas 
suffisant pour la retention complete du mercure et de l’or. 
Si la quantite est superieure a 0,5 g la vitesse d’ecoulement 
est trts lente. A l’aide de ‘03Hg et 19’Au, on a constate 
aussi que le sechage a 50” n’entraine pas de pertes notables 
de Hg et Au par suite de l’tvaporation. 

Tableau 1 

R, % 

PH Hg Au 

0 87 86 

095 91 94 
1 98 97 

1,5 98 96 
2 91 88 

Les resultats, present&s dans le Tableau 1, mdiquent que 
dans l’intervalle de pH 0,5-1,5 et a la temperature de 
20 k 2”, le rendement de la fixation du mercure et de l’or 
sur le PbS d&passe 90% (les chiffres don& sont des valeurs 
moyennes pour trois essais). 

On peut supposer que, apris une semaine, les traceurs 
*03Hg et 19*Au ajoutes a l’tchantillon d’eau de mer sont 
dans le m&me ttat que le mercure et l’or contenus dans 
l’eau des mers et des oceans. (A pH I. la fixation du mer- 
cure et de l’or sur le verre est msignmante.)z8-30 Des 
etudes antCrieures3’-34 ont permis de constater que l’or 
est fixt au mieux sur le PbS en milieu acide sulfurique 
a pH 0,5-1,5 et le mercure en acide nitrique a pH = 1. 
Dans le melange H,SO, + HN03 a pH 1, les rendements 
de fixation sont de 98 et 97’6 pour le mercure et I’or res- 
pectivement (Tableau 1). 

La Fig. 2a prtsente le spectre gamma de 0,5 g de PbS 
irradie pendant 6 h et mesure 6 jours apres la fin de l’irra- 
diation. On n’y voit pas de pits photoelectriques genants. 
La Fig. 2 presente aussi le spectre gamma de l’etalon, 
mesurt 6 jours (2b) et 15 jours (2~) apres la fin de l’irradia- 
tion. La Fig. 3 montre le spectre gamma de 0,5 g de PbS 
utilise en colonne pour retenir le mercure et l’or d’un 
Cchantillon dun litre d’eau de la Mer Noue. Le PbS est 
irradie dans les conditions mentionntes ci-dessus; i9*Au 
est mesurb 6 jours apres la fin de l’irradiation (3~) et ‘03Hg 
15 jours apres la fin de l’uradiation (3b). 

Apres 6 jours, le bruit de fond provenant du PbS et 
la radioactwite-gamma des elements a courte durte de we 
qui se trouvent sur le PbS diminuent. Les elements les 
plus g&ants sont Z4Na et Yu. Leurs quantites dans le 
PbS sont telles que les pits phototlectriques de *03Hg et 
de i9*Au sont a peme visibles dans leur “compton”. Apres 
15 jours, le pit de lg8Au n’empeche plus la mesure de 
‘03Hg. Le pit photoelectrique de i9’Hg ne conwent pas 
pour le dosage, car le bruit de fond provenant du PbS 
est trts Cl&e. Les spectres gamma ont ett traites par la 
methode de Cove11.35 

E,- , keV 

Fig. 3. Spectres gamma de 0,5 g de PbS utilise en colonne 
pour retenir Hg et Au dans l’eau de la Mer Noire, irradie 
pendant 6 h et mesurt (a) 6 jours aprts la fin de l’irradia- 
tion; (b) 15 jours apres la fin de l’irradiation. Temps de 

comptage 15 mn. 
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La Fig. 3 mdique aussi qu’il suffit d’irradler les &hantil- 
Ions pendant 6 h pour dkterminer avec une prtcision suffi- 
Sante le mercure et l’or contenus dans 1 litre d’eau de 
la Mer Noire. Une s&ie de mesures effectuees sur 10 
tchantillons de 1 litre de la m&me region de la Mer NoIre 
a don& les rCsultats suivants: (8 f 2). lo-‘g/l. Hg et 
(6 f 3). 10m9 g/l. Au avec un &art-type de + 12% pour Hg 
et +23% pour Au. 

Ce r&s&at pour le mercure est en accord avec les r&l- 
tats qu’on trouve dans la httCrature.36 Malheureusement 
il n’y a pas d’autres etudes sur la teneur en or de l’eau 
de la Mer Noire, auxquelles nous pourrions comparer nos 
rCsultats. 

Nous avons obtenu les mbmes rtsultats aprts un traite- 
ment prCalable d’un Cchantillon d’eau de la Mer Noire 
par Ik Clz g tempkrature elevte, d’un autre avec 
H,SO, + HNO%, et d’un trolsittme oar ultra-sons. 

ca l&e de ditection absolue de dosage par la mCthode 
p&e&e attemt l.lO-‘g pour le mercure et l.lO~‘“g 
pour I’or, calculte sur la base du critCrium 3~. Pour 
attemdre une hmite de dktection plus foible, le dosage 
pourrait s’effectuer par irradiation pendant une periode 
plus longue. 

En ce qui concerne le mkcanisme de fixation du mercure 
et de I’or, on peut supposer qu’il s’agit d’une r&actlon du 
type suivant: 

PbS + Hg2+ -+HgS + Pb” 

3PbS + 2Au3+ - Au& + 3PbZ+ 

11 est cependant impossible, g cause de la concentration 
trts faible du mercure et de l’or, de constater la formation 
d’une phase de HgS ou de Au2S3. Les ions du mercure 
et de l’or sont fix&s sur la surface du sulfure de plomb 
en dtplaqant les ions du plomb. 

La mtthode prksentke ci-dessus, cornparke aux autres 
mtthodes d&rites dans la litttrature, offre les avantages 
suivants: simphciti: du pro&d& de rttention du mercure 
et de I’or de l’eau de mer sur le PbS, suppression de la 
nCcessitt de skparation rachochlmique apr&s I’irradiation 
des bchantillons, simplicitt de la mesure par spectromCtrie 
gamma non destructive. 
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A l’heure actuelle, le dosage du mercure dans I’eau est 
un probleme etrottement lie au probltme de la pollution 
de I’environnement. Par exemple, le mercure s’accumule 
dans le corps des poissons et peut mener a des empotson- 
nements graves. Dans une revue rtcente, Chtlov’ discute 
les methodes de determinatton de petites quantites de mer- 
cure. Quelques recherches importantes ont tte consacrees 
au dosage du mercure dans l’eaum6 

L’mtbkt du dosage de l’or dans l’eau de mer provtent 
des nombreuses tentatives d’extraction mdustrielle. Differ- 
entes methodes de dosage de petites quantites d’or dans 
l’eau de mer sont connues.7-26 

L’applicatton des sorbants inorganiques dans la radio- 
chimie analytique, en particulier dans I’analyse par acti- 
vation, devient de plus en plus frequente. Nous prtsentons 
ci-dessous nos resultats sur la retention du mercure et de 
I’or de l’eau de mer par le sulfure de plomb en colonne, 
ainst qu’une nouvelle methode de dosage de ces elements 
par analyse par activatton sans separation radiochimique. 

PARTIE EXPERIMENTALE 

Colonne 

La colonne consiste en un tube de verre, dont la partre 
inferieure est rttrkie (0,3 cm de diametre et 3 cm de hau- 
teur). On y mtroduit 0,5 g de PbS sur un tampon de lame 
de verre. Le PbS est d’abord d&gaze dans 25 ml de HNO, 
0,l N a la temperature de 20 k 2” pendant 15 mn, puis 
verse dans la colonne qu’on relic a un recipient contenant 
l’eau de mer (Fig. 1). 

Reactlfs et soiutrons 

Le sulfure de plomb utihse a tte prepare a partu de 
plomb 99,9999x (Lead-Zinc Plant, Kirdzah, Bulgaria) ne 
contenant pas de mercure, d’argent et d’or en quantites 
dttectables par radioactivation par neutrons thermiques. 
Le plomb a et& dissous a l’aide de HNO, p.a. (2 + l), 
pms PbS a ete prtctpite par chauffage lent en presence 
de thtoacetamtde. Aprts 24 h de repos et centrifugation, 
le PbS a ete seche a 50”. Le spectre de diffraction X a 
montre que le produit a la mCme structure que la galene. 
11 presente une granulometrie de l’ordre de 0,l a 0,4 mm, 
permettant I’emploi facile en colonne. L’analyse par 
radioactivation par neutrons thermiques a indique que, 
dans le spectre gamma du PbS irradk pendant 6 h et 
mesure 6 jours apres la fin de I’nradiation, il n’y a pas 
de ptcs phototlectriques du mercure et de I’or (Fig. 2a). 

La solution &talon de mercure a Ctt preparte a partn 
de Hg(N03)*, pa. La concentration precise a Cte deter- 
mike par la methode gravimetrique apres precipitation 
du HgSz7 

La solution &talon d’or a CtC prtparee par dtssolution 
d’or metalhque, p.a. 

Les deux soluttons &talons contenaient 10e3 g/ml de 
mercure et d’or. Les solutions diluCes-l~10~6-1~10-8 g/ml 
de mercure et 1~10-*~1~10-“‘g/m1 d’or-ont Cte preparees 
le jour de l’utilisatton. Les solutions des traceurs ‘03Hg 
et 19*Au ont et& obtenues par radioactivation d’or en 
poudre et de HgClz au reacteur suivie de la dissolution 

n 
0,3cm 

Fig. 1. Apparel1 utilise pour la retention du mercure et 
de I’or de I’eau de mer sur le PbS. 

de l’or dans I’eau regale et du HgClz dans I’eau. La concen- 
tration des solutions utilisees Ctait de 1~10~8~1~10~9 g/ml 
pour Au et de 1~10~6-1~10~s g/ml pour Hg. 

Fig. 2. Spectres gamma: (a) de 0,5g du prectptte de 
PbS irradie pendant 6 h dans un flux de 1.2.10’ * 
n.cm-*.sec-‘, mesure 6 jours aprts la fin de I’irradiation; 
(b) de l’etalon (0,5g PbS + 1.10m6g Hg + 1.10-8g Au) 
irradie pendant 6 h, mesure 6 jours apres la fin de I’nradia- 
tion; (c) du mCme &talon, mesure 15 jours aprts la fin 

de l’irradiation. Temps de comptage 15 mn 
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Irradiation des echantillons 

Les echantillons ont Cte irradits au reacteur IRT-2000 
de FI ANEB, Sofia (Bulgarie) dam un flux de l’ordre de 
lOL2 n.cm-* .sec-i. On a mis les Cchantillons dans de 
petits cachets de polyethylene et ceux-ci dam de petites 
boites de polyethylene. L’irradiation de PbS, contenant Hg 
et Au, donne i9’Hg, ‘03Hg et 19sAu selon les reactions 
196Hg (n;$) i9’Hg, 202Hg (n,?) *“Hg, lg7Au (n,y) i9*Au. 

Les pits photoelectriques ont des energies de 77, 288, 
et 412 keV respectivement et des periodes de 2,7, 47 et 
2,7 jours. 

Moyens de mesure 

Les activates gamma tant en phase solide (PbS) qu’en 
phase liquide ont ett mesurtes au moyen d’un analyseur 
a 100 canaux eqmpe dune sonde NaI (Tl) 4,5 x 4,5 cm. 
Les activitts mises en jeu assurent une precision statistique 
des comptages de *“‘Hg et i9*Au de l’ordre de +_2% 
(temps de comptage 15 mn). 

Mode opPratoire 

Pour etudier la retention du mercure et de l’or contenus 
dans l’eau de mer sur PbS en colonne, on a utilise les 
traceurs ‘03Hg et ig8Au. On a fait d’abord des essais pour 
determiner le rendement (R) de fixation sur PbS du mer- 
cure et de I’or. A un litre d’eau de mer, on ajoute 
HNO, + H,SOL (1: 1) pour obtenir le pH desire et 1 ml 
de la solution contenant les traceurs Apres une semaine, 
on fait passer cet tchantillon d’eau de mer sur la colonne. 
La wtesse d’tcoulement (0,2-0,5 ml/mn) depend des dimen- 
sions des grains On lave le PbS sur la colonne avec 100 ml 
de la solution HN03 + HZSO,, ayant la meme valeur de 
pH que la solution etudite. On stche doucement le PbS 
dans la colonne, puis on le recuptre. On mesure la radioac- 
twit& gamma du PbS. On mesure aussi la radioactivitt 
des etalons qui representent 0,5 g PbS sur lequel on a &he 
1 ml de la solution des traceurs. On calcule Rx. 

Rx = (,4,/A,). 100 

ou A, = l’activite (cpm) de PbS en colonne, A0 = l’activite 
de l’etalon. 

Aux tchantillons d’eau de mer qu’on utilise pour le 
dosage de l’or et du mercure, on ajoute HNOa + H,SO, 
(1:l) au moment meme ou I’on preleve les echantillons 
de la mer, jusqu’a ce qu’on obtienne pH = 1. Apres pass- 
age de la solution a travers la colonne, le PbS est lave 
avec 100ml de la solution HN03 + H2S0, a pH = 1, 
secht a 50” et transfer& dans un cachet de polyethylene. 
On prepare deux &talons en &chant a 50” 1 ml de la solu- 
tion &talon de mercure et d’or sur 0,5 g de PbS. L’un des 
&talons contient 1.10m6g Hg et 1.10-s g Au et l’autre 
l.lO-‘g Hg et 1.10~” g Au. 

Trois des Cchantillons et les deux &talons sont irradies 
simultanement pendant 6 h au reacteur dans une boite de 
polyethylene. Aprts 6 jours, le pit phototlectrique du 
i9*Au est mesure. On pro&de de meme avec de 203Hg, 
mais apres 15 jours. On mesure des italons dans les mbmes 
conditions. 

RESULTATS ET DISCUSSION 

A l’aide des traceurs 203Hg et i9sAu, on a constate que 
la quantitt de PbS dans la colonne doit &tre d’environ 
0,5 g. Cette quantite assure la retention complete du mer- 
cure et de l’or contenus en petites quantites dans les solu- 
tions. Si la quantite du PbS est infirieure a 0,4 g, la vitesse 
d’ecoulement est &levee et le temps de contact n’est pas 
suffisant pour la retention complete du mercure et de l’or. 
Si la quantite est superieure a 0,5 g la vitesse d’ecoulement 
est trts lente. A l’aide de ‘03Hg et 19’Au, on a constate 
aussi que le sechage a 50” n’entraine pas de pertes notables 
de Hg et Au par suite de l’tvaporation. 

Tableau 1 

R, % 

PH Hg Au 

0 87 86 

095 91 94 
1 98 97 

1,5 98 96 
2 91 88 

Les resultats, present&s dans le Tableau 1, mdiquent que 
dans l’intervalle de pH 0,5-1,5 et a la temperature de 
20 k 2”, le rendement de la fixation du mercure et de l’or 
sur le PbS d&passe 90% (les chiffres don& sont des valeurs 
moyennes pour trois essais). 

On peut supposer que, apris une semaine, les traceurs 
*03Hg et 19*Au ajoutes a l’tchantillon d’eau de mer sont 
dans le m&me ttat que le mercure et l’or contenus dans 
l’eau des mers et des oceans. (A pH I. la fixation du mer- 
cure et de l’or sur le verre est msignmante.)z8-30 Des 
etudes antCrieures3’-34 ont permis de constater que l’or 
est fixt au mieux sur le PbS en milieu acide sulfurique 
a pH 0,5-1,5 et le mercure en acide nitrique a pH = 1. 
Dans le melange H,SO, + HN03 a pH 1, les rendements 
de fixation sont de 98 et 97’6 pour le mercure et I’or res- 
pectivement (Tableau 1). 

La Fig. 2a prtsente le spectre gamma de 0,5 g de PbS 
irradie pendant 6 h et mesure 6 jours apres la fin de l’irra- 
diation. On n’y voit pas de pits photoelectriques genants. 
La Fig. 2 presente aussi le spectre gamma de l’etalon, 
mesurt 6 jours (2b) et 15 jours (2~) apres la fin de l’irradia- 
tion. La Fig. 3 montre le spectre gamma de 0,5 g de PbS 
utilise en colonne pour retenir le mercure et l’or d’un 
Cchantillon dun litre d’eau de la Mer Noue. Le PbS est 
irradie dans les conditions mentionntes ci-dessus; i9*Au 
est mesurb 6 jours apres la fin de l’irradiation (3~) et ‘03Hg 
15 jours apres la fin de l’uradiation (3b). 

Apres 6 jours, le bruit de fond provenant du PbS et 
la radioactwite-gamma des elements a courte durte de we 
qui se trouvent sur le PbS diminuent. Les elements les 
plus g&ants sont Z4Na et Yu. Leurs quantites dans le 
PbS sont telles que les pits phototlectriques de *03Hg et 
de i9*Au sont a peme visibles dans leur “compton”. Apres 
15 jours, le pit de lg8Au n’empeche plus la mesure de 
‘03Hg. Le pit photoelectrique de i9’Hg ne conwent pas 
pour le dosage, car le bruit de fond provenant du PbS 
est trts Cl&e. Les spectres gamma ont ett traites par la 
methode de Cove11.35 

E,- , keV 

Fig. 3. Spectres gamma de 0,5 g de PbS utilise en colonne 
pour retenir Hg et Au dans l’eau de la Mer Noire, irradie 
pendant 6 h et mesurt (a) 6 jours aprts la fin de l’irradia- 
tion; (b) 15 jours apres la fin de l’irradiation. Temps de 

comptage 15 mn. 
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La Fig. 3 mdique aussi qu’il suffit d’irradler les &hantil- 
Ions pendant 6 h pour dkterminer avec une prtcision suffi- 
Sante le mercure et l’or contenus dans 1 litre d’eau de 
la Mer Noire. Une s&ie de mesures effectuees sur 10 
tchantillons de 1 litre de la m&me region de la Mer NoIre 
a don& les rCsultats suivants: (8 f 2). lo-‘g/l. Hg et 
(6 f 3). 10m9 g/l. Au avec un &art-type de + 12% pour Hg 
et +23% pour Au. 

Ce r&s&at pour le mercure est en accord avec les r&l- 
tats qu’on trouve dans la httCrature.36 Malheureusement 
il n’y a pas d’autres etudes sur la teneur en or de l’eau 
de la Mer Noire, auxquelles nous pourrions comparer nos 
rCsultats. 

Nous avons obtenu les mbmes rtsultats aprts un traite- 
ment prCalable d’un Cchantillon d’eau de la Mer Noire 
par Ik Clz g tempkrature elevte, d’un autre avec 
H,SO, + HNO%, et d’un trolsittme oar ultra-sons. 

ca l&e de ditection absolue de dosage par la mCthode 
p&e&e attemt l.lO-‘g pour le mercure et l.lO~‘“g 
pour I’or, calculte sur la base du critCrium 3~. Pour 
attemdre une hmite de dktection plus foible, le dosage 
pourrait s’effectuer par irradiation pendant une periode 
plus longue. 

En ce qui concerne le mkcanisme de fixation du mercure 
et de I’or, on peut supposer qu’il s’agit d’une r&actlon du 
type suivant: 

PbS + Hg2+ -+HgS + Pb” 

3PbS + 2Au3+ - Au& + 3PbZ+ 

11 est cependant impossible, g cause de la concentration 
trts faible du mercure et de l’or, de constater la formation 
d’une phase de HgS ou de Au2S3. Les ions du mercure 
et de l’or sont fix&s sur la surface du sulfure de plomb 
en dtplaqant les ions du plomb. 

La mtthode prksentke ci-dessus, cornparke aux autres 
mtthodes d&rites dans la litttrature, offre les avantages 
suivants: simphciti: du pro&d& de rttention du mercure 
et de I’or de l’eau de mer sur le PbS, suppression de la 
nCcessitt de skparation rachochlmique apr&s I’irradiation 
des bchantillons, simplicitt de la mesure par spectromCtrie 
gamma non destructive. 
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There IS a stgmficant lack of raped and accurate methods 
for determmatton of carbonyl groups. Most of those avail- 
able involve a back-titration. A direct titration method 
would be a useful innovation. This paper reports such a 
procedure.’ The titrant, sodium fluorenyl, is a strong base’ 
as well as a very potent reducing agent, especially towards 
oxygen and oxygen-containing compounds. In this work 
Its reduction properttes were utilized. The titrant and 
htrands exhibit irreversible electrochemical behaviour; 
therefore. m the potentiometric tttrahons two platinum- 
wtre electrodes are used at a small constant current of 
_ 0.5 /LA. 

EXPERIMENTAL 

Sodtum Ruorenyl titrant is prepared by letting an excess 
of sodium metal shavmgs (5 g) react with 11 g of recrystal- 
lized fluorene in 100 ml of distilled 1.2-dimethoxyethane,3 
which is a 3: 1 molar ratio. over a period of 24 hr in a 
sealed 250-ml round-bottomed flask in an inert atmos- 
phere. It is then filtered through glass wool and diluted 
wtth 350 ml of dtstilled tetrahydrofuran (THF) to yield a 
final sodium fluorenyl concentration of approximately 
0 1.M The tttrant IS standardized against freshly distilled 
2,Cpentanedione by the procedure described below. The 
titrant is stored under dry pure argon, the inlet to the 
titrant reservoir being connected to an argon bubbler 
whtch allows the inert gas over the titrant to be kept at 
atmosphertc pressure. A balloon system falls to work pro- 
perly because of diffusion of oxygen through the walls of 
the balloon. The THF is stored over sodium metal and 
under argon to mhibit diffusion of oxygen and water 
vapour mto the system. The titrant is stable for at least 
a day and It should be noted that the method is not very 
practical unless a large number of samples is available for 
analysis on the same day. 

The tetrahydrofuran and 1,2_dimethoxyethane are dis- 
ttlled twice under nitrogen, first from hthium aluminium 
hydride and then from sodium metal. All other compounds 
were purrhed by normal laboratory procedures. 

A Metrohm potentiograph Mode1 E436, Series 14, was 
used together with a Model E436D automatic titrator. The 
potentiograph also supplies the constant current for the 
electrodes, A simplified circuit diagram 1s shown in Fig. 1. 

Electrode pretrturment 

The pretreatment mvolves the procedures developed by 
Ashworth and Walisch4 and by van Name and Fenw1ck.s 
The platinum electrodes are cleaned by submersion for 
5 mm m potassium dichromate-sulphuric acid solution. 
then thoroughly rinsed with distilled, deoxygenated water, 
and allowed to stand for 12 hr in 2M sulphuric acid-0.15M 

* Present address: Battelle Pacific Northwest Labora- 
tories, P.0 Box 999. Rtchland, Washington 99352 
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ferrous ammonium sulphate solution. Immediately before 
use the electrodes are heated to a dull red in a burner 
flame, then plunged into a crystal of sodium bisulphite. 
care being taken not to amass any bisulphite on the glass 
around the platinum wire. The electrodes are then heated 
again to a dull red, allowed to cool for 90-120 sec. and 
used immedtately to measure the potential of the solutton 
being titrated. 

This pretreatment procedure produces reproducible elec- 
trode surfaces, as Indicated by reproducibility of the poten- 
tiometrtc titration curves. The pretreatment procedure is 
not time-consuming, requiring less than 2 mm before each 
titration. 

Before each titration the pipette and tttratton vessel are 
thoroughly rinsed with acetone and then flushed wtth 
mtrogen to remove the acetone. They are then flamed-out 
to remove any traces of morsture, and allowed to cool 
under nitrogen. If these procedures are not properly 
applied, the concentratton of water and reducible sub- 
stances, approxtmately 0.02SM. interferes The acetone 
wash 1s necessary to remove the reaction product, which 
is msoluble m water. 

I- L_II 
\ Magnetic stirrer 1 [ To recorder 

Frg. 1. Electrical circuit employed for use in constant-cur- 
rent titrations. The double-pole, double-throw switch ts 

used to change the polartty of the electrodes. 



Table 1. Results of carbonyl determinatton 

Carbonyl 

CoetBcient Number 
Average Of of 
found. % variance, % analyses 

purified tetrahydrofuran (then concentratton ts usually 
2.5-4.5 x 10-3M). Immediately afterwards, 2 ml of the car- 
bony1 sample are added, containmg appronmatcly 
0.2 mmofe of carbonyl, and the t&anon IS contmued unttl 
just after the carbonyt derivattvc end-pomt is reached. 

n-Butyraldehyde 
2-Ethylhexanal 
Cmnamaldehyde 
Benzaldehyde 
3-Hydroxy-4-met~oxy- 

benzaldehyde 
~-Hydroxyben~ldehyde 
~-Methoxybenz~ldehyde 
2-Hydroxy-5-mtro- 

benzaldehyde 
p-Nitrobenzaldehyde 
9-Anthraidehyde 
Acetone 
2-Butanone 
2,4-Pentanedione 
Cyclopentanone 
Cyclohexanone 
Cyclohexanone (6 days 
old) 
t,4-Benzoqumone 
p-Aminoa~et5~b~~one 
A~e~o~henone 
9-Fluorenone 
Benzophenone 
DL-Camphor 

98.0 1.4 
104.9 1.2 
99.3 0.8 

101.0 1.6 

105.5 f-3 
104.4 0.8 
102.1 6.8 

105.9 3.3 
99.4 2.4 
97.3 2.1 

r03.x 22 
$06.2 6.1 
100.0 1.8 
103.6 2.3 
103.6 2.6 

129.9 4.2 
102.8 2.5 
IOf. 40 
f 03.3 21 

did not rE%Ct 

did not react 
did not react 

6 
5 
5 
5 

4 
7 

6 
6 
4 
5 
4 
6 
9 
7 

8 

4 
6 

Fifteen ml of 0.15&f sodium per&orate m tetrahydro- 
furan, employed as supporting electrolyte, are introduced 
into the dry titratton vessel which has been purged vvtth 
mtrogen, and deaerated with dry nitrogen for 90-120 sec. 
The 0.5-PA electrode current is switched on and the tttraat 
added continuously at the optimum flow-rate of 
0 85 ml/min If the flow-rate ts faster. slow reaction kmettcs 
cause a false end-point to be obtained for certain car- 
bonyfs. Once the t&rant Row starts, the nitrugen flow is 
transferred from the bubbler to an or&e whrch permits 
the mtrogen to sweep out the volume above the reaction 
medtum. 

The potenttal of the two indicator electrodes IS mom- 
tored unttl a derivative end-point IS observed. which corre- 
sponds to the reducrble impurrties orrginally present in the 

Fig. 2. Typrcal derivative-type titratton curve for a car- 
bony1 with sodium tluorenyl as a titrant. A denotes the 
point at which the butyraldehyde ts mlected. The difference 
between the end-points corresponds to the butyraldehyde 

and impurities injected. 

RESULTS AND DISCI’SSION 

Ahphatic, aromatic and cyclic ketones. and ahphatic and 
aromatic aldehydes were investigated m this research and 
the carbonyls hsted in Table 1 were chosen to represent 
a wide range of steric, contigurattonak and etectromc 
&TecrS. As can be seen, ail types of carbonyl compounds 
iend themselves to analysis by thts procedure. 

Steric hmdrance, as mtght be expected from the large 
size of the fluorenyl anion, plays a major role in the reactt- 
vity of certain carbonyls. Three carbonyl compounds mvcs- 
tigated were found not to react: 9-fluorenone. benzo- 
phenone, and DL-camphor This mertness most likely 
rest&s from the bulkiness of the attacking tfuorenyl amon 
and of the compound being attacked. However, 9-anthraf- 
dehyde, which was expected to be Inert, was found to react 
raptdly. It is beheved that the carbonyl carbon in 9-anth- 
raldehyde, bemg positioned one carbon atom away from 
the bulky anthracene motety, allows the fluorenyl anlon 
the spattai ortentatton reqmred to make attack possibie. 
whereas in benzophenone and 9-fluorenone the carbonyt 
carbon is positroned in the 2- and 3-rrng morety, rest&- 
tvelv. The carbonvl sol&ton m THE must be freshly me- 
pared so as to avoid bmld-up of peroxtde contam&nts 
Table I shows that when a cyclohexanone solutton was 
examined 6 days after It was prepared, the amount of 
reducible species corresponded to 129:<, of the amount ore- 
ginahy Introduced. 

The minimum concentration of carbonyl that can be 
determmed with acceptable accuracy and precision 
depends on the concentratton of the tttrant. We used 0 1 M 
tttrant and the mmtmum concentratton of carbonyl deter- 
minable was 7.5 x 10e3M. Storm’ found sodmm fluorrnyl 
to be stable at a concentratton as low as 002M Wtth 
this titrant concentration. the detcrmmation hmtt mtght 
be lowered to 1 2 x 1V3.M. 

The accuracy is reasonable, the error bemg mamly pon- 
tive, whrch may be expfained by the introductron of tmpnr- 
ittes during in&ctton-of the carbonyl sampie. The 2 ml of 
added tetrahvdrofuran solution contams 3315 x IO-” 

mmole of reducible impurmes. These tmpurtttes govern the 
mimmum amount of carbonyl that can be determined 
Naturally. the smaller the carbonyl concentration and the 
larger the concentration of rmpurrttes. the larger wtit be 
the error in this method. 

The poor prectsion for p-methoxybenzald~~ydc. 
p-ammoacetophenone and t-butanone IS due to the poor 
dertvative end-points obtamed. In most cases the end-pornt 
ts sharp and easily measured (Frg. 2). The first dertvatrvc 
end-pomt corresponds to the reductble tmpurittes 11~ the 
tetrahydrofuran solvent. The carbonyl- tetrahydrofuran 
solutron IS added to the reaction vessel at point A Just 
after this first end-point. The second derrvatrve end-pomt 
ts that For the sampIe titration and the amount of tttrant 
used to tttrate the carbonyl and the small amount of reduc- 
ible substances introduced wtth the carbonyl corresponds 
to the distance between the two derivattve end-points 

A wade variety of compounds was mvesttgated for then 
abthty to react wrth the trtrant. Aliphatic and aromatrc 
alcohols and nrtro-compounds, acrd chiorrdes. peroxrdes. 
acids and water interfered (Table 2). Acetomtrtle. amhne. 
n-butylamine, diethylamine, dimcthylformamtde, ethyl ace- 
tate and triethylamine dtd not Interfere. Ethers were not 
tested, but the tetrahydrofuran and 1.bdtmethoxyethane 
used as solvents did not react with the sodmm thtorenyl. 
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Table 2. Compounds that react with the 
titrant 

Compound 

Acetyl chloride 
Benzoic acid 
Hydrogen peroxide 
Nttrobenzene 
Nitromethane 
Phenol 
1,3-Propanediol 
Propanol 
Water 

Average 
found, % 

1100 
99.5 

101.0 
96.0 

104.0 
99.9 

119.0 
78.0 

100.0 

The interferences occur by an oxidation-reduction or an 
actd-base mechanism, depending on the particular func- 
tional group. All the interferents react quantitatively save 
for the aliphattc alcohols. The instability of the alcohol 
carbonmm ion 1s beheved to cause the slow reaction of 
the nucleophtlic attack on the alcohol by the sodium Buor- 
enyl. All these mterferents react in a 1: 1 ratto with sodium 
fluorenyl except for nitro-groups, which reqmre two equtv- 
alents of sodium fluorenyl per mole. 

The method could obvtously be extended to determma- 
tion of other reducible functional groups. Indeed, prelimt- 

nary investigations into other functional groups. namely 
nitro-groups and acid chlorides, have been performed in 
the study of interferences m this work. Further investtga- 
tion could lead to a direct, non-aqueous. analyttcal tit- 
ration procedure for other reducible functional groups. 
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Summary-A non-aqueous direct titration procedure has been developed for the determination of 
aldehydes and ketones. It uses two platinum-wire indicating electrodes with a constant current of 
-0.5 PA. The solvent medium is 0.15M sodium perchlorate in tetrahydrofuran The tttrant is sodmm 
fluorenyl m a mixture of 1,2-dimethoxyethane and tetrahydrofuran. All types of carbonyl compounds 
react with the sodium fluorenyl, but steric hindrance prevents complete reaction with certain ketones 
containing bulky groups. The lowest concentration of carbonyl that can be determined with acceptable 
accuracy and precision is 7.5 x lO_aL’. the error bemg ~3% and the precision better than +2.5%. 
Most reducible compounds Interfere, e.g.. peroxides. acid halides, nitro-compounds, acids, and water, 
and cannot be differentiated potentiometrically. The method can be extended to other reducible func- 
tional groups. r.g., nitro groups and acid chlorides. 

Tulantu Vol 23. pp 689-690 Pergamon Press, 1916 Prmted m Great Brltam 

GRAVIMETRIC DETERMINATION OF IODINE AS 
TETRAPHENYLARSONIUM TRI-IODIDE 

N. GANTCHEV and A. KIREVA 

Department of Analyttcal Chemistry, Institute of Chemical Technology and Metallurgy, 
Sofia, Bulgaria 

(Received 20 August 1975. Rewed 7 October 1975. Accepted 31 January 1976) 

Besides the classtcal gravimetrtc methods’.’ for the deter- CZH,C12, 6.6 x lo-‘MM; CHC13, 7.6 x 10-3M; C2H,0H. 
mmatton of iodine, there are a few that use orgamc re- 
agents.3,4,” One of theses is based on precipitation of ICl; 

5.7 x IO-aM), giving yellow solutions. In non-polar sol- 
vents Ph,AsIs IS sparingly soluble (C,H,, 1.8 x 10e4M; 

with the tetraphenylarsonium cation (Ph,As+). In vtew of C,H,CHs, 6 x IO-sM). 
the properties of Ph,As’. the trt-iodide ion would be 
expected to form an ion-assoctation compound with it. Conditions for quantltatwe precipitation 

Our investigations confirm this, and we have used the com- Iodide is readily converted into iodate.4 The iodate can 
pound for the gravtmetric determination of iodme. then be changed mto the equivalent amount of I; if about 

EXPERIMENTAL Table 1. Weight of Ph,AsI,, obtained, g, at various tem- 

Composltron and propertws of tetraphenylarsonium tri-iodide peratures of filtration 

Tetraphenylarsonium trt-iodide (Ph,AsIa) was prepared 
by mixing solutions of Ph,AsCI and I;. It is a stable yel- 

80-90” 70” 60” 50” 40 Theoretical 

Iowtsh brown crystalhne precipitate, m.p. 165”. It IS practi- 
tally msoluble m water: K,, = 2.0 x 10-l’. It is more 

0.0532 0.0534 0.0544 0.0543 0.0544 0.0542 

soluble m polar solvents (CH,COCH3, 3 x lo-‘M; 
0.0536 0.0541 0.0540 0.0541 0.0544 0.0542 
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There IS a stgmficant lack of raped and accurate methods 
for determmatton of carbonyl groups. Most of those avail- 
able involve a back-titration. A direct titration method 
would be a useful innovation. This paper reports such a 
procedure.’ The titrant, sodium fluorenyl, is a strong base’ 
as well as a very potent reducing agent, especially towards 
oxygen and oxygen-containing compounds. In this work 
Its reduction properttes were utilized. The titrant and 
htrands exhibit irreversible electrochemical behaviour; 
therefore. m the potentiometric tttrahons two platinum- 
wtre electrodes are used at a small constant current of 
_ 0.5 /LA. 

EXPERIMENTAL 

Sodtum Ruorenyl titrant is prepared by letting an excess 
of sodium metal shavmgs (5 g) react with 11 g of recrystal- 
lized fluorene in 100 ml of distilled 1.2-dimethoxyethane,3 
which is a 3: 1 molar ratio. over a period of 24 hr in a 
sealed 250-ml round-bottomed flask in an inert atmos- 
phere. It is then filtered through glass wool and diluted 
wtth 350 ml of dtstilled tetrahydrofuran (THF) to yield a 
final sodium fluorenyl concentration of approximately 
0 1.M The tttrant IS standardized against freshly distilled 
2,Cpentanedione by the procedure described below. The 
titrant is stored under dry pure argon, the inlet to the 
titrant reservoir being connected to an argon bubbler 
whtch allows the inert gas over the titrant to be kept at 
atmosphertc pressure. A balloon system falls to work pro- 
perly because of diffusion of oxygen through the walls of 
the balloon. The THF is stored over sodium metal and 
under argon to mhibit diffusion of oxygen and water 
vapour mto the system. The titrant is stable for at least 
a day and It should be noted that the method is not very 
practical unless a large number of samples is available for 
analysis on the same day. 

The tetrahydrofuran and 1,2_dimethoxyethane are dis- 
ttlled twice under nitrogen, first from hthium aluminium 
hydride and then from sodium metal. All other compounds 
were purrhed by normal laboratory procedures. 

A Metrohm potentiograph Mode1 E436, Series 14, was 
used together with a Model E436D automatic titrator. The 
potentiograph also supplies the constant current for the 
electrodes, A simplified circuit diagram 1s shown in Fig. 1. 

Electrode pretrturment 

The pretreatment mvolves the procedures developed by 
Ashworth and Walisch4 and by van Name and Fenw1ck.s 
The platinum electrodes are cleaned by submersion for 
5 mm m potassium dichromate-sulphuric acid solution. 
then thoroughly rinsed with distilled, deoxygenated water, 
and allowed to stand for 12 hr in 2M sulphuric acid-0.15M 

* Present address: Battelle Pacific Northwest Labora- 
tories, P.0 Box 999. Rtchland, Washington 99352 
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ferrous ammonium sulphate solution. Immediately before 
use the electrodes are heated to a dull red in a burner 
flame, then plunged into a crystal of sodium bisulphite. 
care being taken not to amass any bisulphite on the glass 
around the platinum wire. The electrodes are then heated 
again to a dull red, allowed to cool for 90-120 sec. and 
used immedtately to measure the potential of the solutton 
being titrated. 

This pretreatment procedure produces reproducible elec- 
trode surfaces, as Indicated by reproducibility of the poten- 
tiometrtc titration curves. The pretreatment procedure is 
not time-consuming, requiring less than 2 mm before each 
titration. 

Before each titration the pipette and tttratton vessel are 
thoroughly rinsed with acetone and then flushed wtth 
mtrogen to remove the acetone. They are then flamed-out 
to remove any traces of morsture, and allowed to cool 
under nitrogen. If these procedures are not properly 
applied, the concentratton of water and reducible sub- 
stances, approxtmately 0.02SM. interferes The acetone 
wash 1s necessary to remove the reaction product, which 
is msoluble m water. 

I- L_II 
\ Magnetic stirrer 1 [ To recorder 

Frg. 1. Electrical circuit employed for use in constant-cur- 
rent titrations. The double-pole, double-throw switch ts 

used to change the polartty of the electrodes. 



Table 1. Results of carbonyl determinatton 

Carbonyl 

CoetBcient Number 
Average Of of 
found. % variance, % analyses 

purified tetrahydrofuran (then concentratton ts usually 
2.5-4.5 x 10-3M). Immediately afterwards, 2 ml of the car- 
bony1 sample are added, containmg appronmatcly 
0.2 mmofe of carbonyl, and the t&anon IS contmued unttl 
just after the carbonyt derivattvc end-pomt is reached. 

n-Butyraldehyde 
2-Ethylhexanal 
Cmnamaldehyde 
Benzaldehyde 
3-Hydroxy-4-met~oxy- 

benzaldehyde 
~-Hydroxyben~ldehyde 
~-Methoxybenz~ldehyde 
2-Hydroxy-5-mtro- 

benzaldehyde 
p-Nitrobenzaldehyde 
9-Anthraidehyde 
Acetone 
2-Butanone 
2,4-Pentanedione 
Cyclopentanone 
Cyclohexanone 
Cyclohexanone (6 days 
old) 
t,4-Benzoqumone 
p-Aminoa~et5~b~~one 
A~e~o~henone 
9-Fluorenone 
Benzophenone 
DL-Camphor 

98.0 1.4 
104.9 1.2 
99.3 0.8 

101.0 1.6 

105.5 f-3 
104.4 0.8 
102.1 6.8 

105.9 3.3 
99.4 2.4 
97.3 2.1 

r03.x 22 
$06.2 6.1 
100.0 1.8 
103.6 2.3 
103.6 2.6 

129.9 4.2 
102.8 2.5 
IOf. 40 
f 03.3 21 

did not rE%Ct 

did not react 
did not react 

6 
5 
5 
5 

4 
7 

6 
6 
4 
5 
4 
6 
9 
7 

8 

4 
6 

Fifteen ml of 0.15&f sodium per&orate m tetrahydro- 
furan, employed as supporting electrolyte, are introduced 
into the dry titratton vessel which has been purged vvtth 
mtrogen, and deaerated with dry nitrogen for 90-120 sec. 
The 0.5-PA electrode current is switched on and the tttraat 
added continuously at the optimum flow-rate of 
0 85 ml/min If the flow-rate ts faster. slow reaction kmettcs 
cause a false end-point to be obtained for certain car- 
bonyfs. Once the t&rant Row starts, the nitrugen flow is 
transferred from the bubbler to an or&e whrch permits 
the mtrogen to sweep out the volume above the reaction 
medtum. 

The potenttal of the two indicator electrodes IS mom- 
tored unttl a derivative end-point IS observed. which corre- 
sponds to the reducrble impurrties orrginally present in the 

Fig. 2. Typrcal derivative-type titratton curve for a car- 
bony1 with sodium tluorenyl as a titrant. A denotes the 
point at which the butyraldehyde ts mlected. The difference 
between the end-points corresponds to the butyraldehyde 

and impurities injected. 

RESULTS AND DISCI’SSION 

Ahphatic, aromatic and cyclic ketones. and ahphatic and 
aromatic aldehydes were investigated m this research and 
the carbonyls hsted in Table 1 were chosen to represent 
a wide range of steric, contigurattonak and etectromc 
&TecrS. As can be seen, ail types of carbonyl compounds 
iend themselves to analysis by thts procedure. 

Steric hmdrance, as mtght be expected from the large 
size of the fluorenyl anion, plays a major role in the reactt- 
vity of certain carbonyls. Three carbonyl compounds mvcs- 
tigated were found not to react: 9-fluorenone. benzo- 
phenone, and DL-camphor This mertness most likely 
rest&s from the bulkiness of the attacking tfuorenyl amon 
and of the compound being attacked. However, 9-anthraf- 
dehyde, which was expected to be Inert, was found to react 
raptdly. It is beheved that the carbonyl carbon in 9-anth- 
raldehyde, bemg positioned one carbon atom away from 
the bulky anthracene motety, allows the fluorenyl anlon 
the spattai ortentatton reqmred to make attack possibie. 
whereas in benzophenone and 9-fluorenone the carbonyt 
carbon is positroned in the 2- and 3-rrng morety, rest&- 
tvelv. The carbonvl sol&ton m THE must be freshly me- 
pared so as to avoid bmld-up of peroxtde contam&nts 
Table I shows that when a cyclohexanone solutton was 
examined 6 days after It was prepared, the amount of 
reducible species corresponded to 129:<, of the amount ore- 
ginahy Introduced. 

The minimum concentration of carbonyl that can be 
determmed with acceptable accuracy and precision 
depends on the concentratton of the tttrant. We used 0 1 M 
tttrant and the mmtmum concentratton of carbonyl deter- 
minable was 7.5 x 10e3M. Storm’ found sodmm fluorrnyl 
to be stable at a concentratton as low as 002M Wtth 
this titrant concentration. the detcrmmation hmtt mtght 
be lowered to 1 2 x 1V3.M. 

The accuracy is reasonable, the error bemg mamly pon- 
tive, whrch may be expfained by the introductron of tmpnr- 
ittes during in&ctton-of the carbonyl sampie. The 2 ml of 
added tetrahvdrofuran solution contams 3315 x IO-” 

mmole of reducible impurmes. These tmpurtttes govern the 
mimmum amount of carbonyl that can be determined 
Naturally. the smaller the carbonyl concentration and the 
larger the concentration of rmpurrttes. the larger wtit be 
the error in this method. 

The poor prectsion for p-methoxybenzald~~ydc. 
p-ammoacetophenone and t-butanone IS due to the poor 
dertvative end-points obtamed. In most cases the end-pornt 
ts sharp and easily measured (Frg. 2). The first dertvatrvc 
end-pomt corresponds to the reductble tmpurittes 11~ the 
tetrahydrofuran solvent. The carbonyl- tetrahydrofuran 
solutron IS added to the reaction vessel at point A Just 
after this first end-point. The second derrvatrve end-pomt 
ts that For the sampIe titration and the amount of tttrant 
used to tttrate the carbonyl and the small amount of reduc- 
ible substances introduced wtth the carbonyl corresponds 
to the distance between the two derivattve end-points 

A wade variety of compounds was mvesttgated for then 
abthty to react wrth the trtrant. Aliphatic and aromatrc 
alcohols and nrtro-compounds, acrd chiorrdes. peroxrdes. 
acids and water interfered (Table 2). Acetomtrtle. amhne. 
n-butylamine, diethylamine, dimcthylformamtde, ethyl ace- 
tate and triethylamine dtd not Interfere. Ethers were not 
tested, but the tetrahydrofuran and 1.bdtmethoxyethane 
used as solvents did not react with the sodmm thtorenyl. 
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Table 2. Compounds that react with the 
titrant 

Compound 

Acetyl chloride 
Benzoic acid 
Hydrogen peroxide 
Nttrobenzene 
Nitromethane 
Phenol 
1,3-Propanediol 
Propanol 
Water 

Average 
found, % 

1100 
99.5 

101.0 
96.0 

104.0 
99.9 

119.0 
78.0 

100.0 

The interferences occur by an oxidation-reduction or an 
actd-base mechanism, depending on the particular func- 
tional group. All the interferents react quantitatively save 
for the aliphattc alcohols. The instability of the alcohol 
carbonmm ion 1s beheved to cause the slow reaction of 
the nucleophtlic attack on the alcohol by the sodium Buor- 
enyl. All these mterferents react in a 1: 1 ratto with sodium 
fluorenyl except for nitro-groups, which reqmre two equtv- 
alents of sodium fluorenyl per mole. 

The method could obvtously be extended to determma- 
tion of other reducible functional groups. Indeed, prelimt- 

nary investigations into other functional groups. namely 
nitro-groups and acid chlorides, have been performed in 
the study of interferences m this work. Further investtga- 
tion could lead to a direct, non-aqueous. analyttcal tit- 
ration procedure for other reducible functional groups. 
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react with the sodium fluorenyl, but steric hindrance prevents complete reaction with certain ketones 
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Besides the classtcal gravimetrtc methods’.’ for the deter- CZH,C12, 6.6 x lo-‘MM; CHC13, 7.6 x 10-3M; C2H,0H. 
mmatton of iodine, there are a few that use orgamc re- 
agents.3,4,” One of theses is based on precipitation of ICl; 

5.7 x IO-aM), giving yellow solutions. In non-polar sol- 
vents Ph,AsIs IS sparingly soluble (C,H,, 1.8 x 10e4M; 

with the tetraphenylarsonium cation (Ph,As+). In vtew of C,H,CHs, 6 x IO-sM). 
the properties of Ph,As’. the trt-iodide ion would be 
expected to form an ion-assoctation compound with it. Conditions for quantltatwe precipitation 

Our investigations confirm this, and we have used the com- Iodide is readily converted into iodate.4 The iodate can 
pound for the gravtmetric determination of iodme. then be changed mto the equivalent amount of I; if about 

EXPERIMENTAL Table 1. Weight of Ph,AsI,, obtained, g, at various tem- 

Composltron and propertws of tetraphenylarsonium tri-iodide peratures of filtration 

Tetraphenylarsonium trt-iodide (Ph,AsIa) was prepared 
by mixing solutions of Ph,AsCI and I;. It is a stable yel- 

80-90” 70” 60” 50” 40 Theoretical 

Iowtsh brown crystalhne precipitate, m.p. 165”. It IS practi- 
tally msoluble m water: K,, = 2.0 x 10-l’. It is more 

0.0532 0.0534 0.0544 0.0543 0.0544 0.0542 

soluble m polar solvents (CH,COCH3, 3 x lo-‘M; 
0.0536 0.0541 0.0540 0.0541 0.0544 0.0542 
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Table 2. Compounds that react with the 
titrant 

Compound 

Acetyl chloride 
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found, % 

1100 
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101.0 
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100.0 

The interferences occur by an oxidation-reduction or an 
actd-base mechanism, depending on the particular func- 
tional group. All the interferents react quantitatively save 
for the aliphattc alcohols. The instability of the alcohol 
carbonmm ion 1s beheved to cause the slow reaction of 
the nucleophtlic attack on the alcohol by the sodium Buor- 
enyl. All these mterferents react in a 1: 1 ratto with sodium 
fluorenyl except for nitro-groups, which reqmre two equtv- 
alents of sodium fluorenyl per mole. 

The method could obvtously be extended to determma- 
tion of other reducible functional groups. Indeed, prelimt- 

nary investigations into other functional groups. namely 
nitro-groups and acid chlorides, have been performed in 
the study of interferences m this work. Further investtga- 
tion could lead to a direct, non-aqueous. analyttcal tit- 
ration procedure for other reducible functional groups. 
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Besides the classtcal gravimetrtc methods’.’ for the deter- CZH,C12, 6.6 x lo-‘MM; CHC13, 7.6 x 10-3M; C2H,0H. 
mmatton of iodine, there are a few that use orgamc re- 
agents.3,4,” One of theses is based on precipitation of ICl; 

5.7 x IO-aM), giving yellow solutions. In non-polar sol- 
vents Ph,AsIs IS sparingly soluble (C,H,, 1.8 x 10e4M; 

with the tetraphenylarsonium cation (Ph,As+). In vtew of C,H,CHs, 6 x IO-sM). 
the properties of Ph,As’. the trt-iodide ion would be 
expected to form an ion-assoctation compound with it. Conditions for quantltatwe precipitation 

Our investigations confirm this, and we have used the com- Iodide is readily converted into iodate.4 The iodate can 
pound for the gravtmetric determination of iodme. then be changed mto the equivalent amount of I; if about 
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Composltron and propertws of tetraphenylarsonium tri-iodide peratures of filtration 

Tetraphenylarsonium trt-iodide (Ph,AsIa) was prepared 
by mixing solutions of Ph,AsCI and I;. It is a stable yel- 

80-90” 70” 60” 50” 40 Theoretical 
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Table 2 

Taken. Found, 

pg !-@I 

1000 1005 
1000 994 
1000 1000 
1000 1011 
1000 1011 
1000 994 
1000 989 
1000 1005 
1000 1038 
1000 IO00 

Relatrve 
error, 7; 

+o.s 
-0.6 
+ 0.0 
+ 1.1 
+ 1.1 
- 0.6 
- I.1 
f0.5 
+3.8 
+ 0.0 

1076 more than the theorettcal amount of todrde IS added. 
Expenment shows that 50:,6 excess of iodide IS needed to 
precipitate Ph,AsI, quantitatively. This excess of II, how- 
ever, could also be precipitated as Ph,AsI. To avoid this, 
the dtfference between the solubilitres of tetraphenylar- 
somum tri-iodide and tetraphenylarsonium iodide at 
htgher temperatures can be utihzed. Table 1 shows that 
when, after the precipitation, the mixture ts heated to 100 
and filtered at > 60”. correct results are obtained. 

The precipitation cannot be done at high temperatures 
because low values are obtained owing to the volatihzatton 
of elementary todme. However, in the preparation of the 
1: there may also be loss of iodine. For this reason. a 
special precipitation procedure is used. To a solutton con- 
taining Ph,AsCI and II, the acid solution of IO; to be 
determined is added drop by drop. Under these conditions, 
PhJAsI, forms Immediately as the I; is produced. 

EXPERIMENTAL 

Reagents 

Hydrochlorx acid. 2M. 
C’hlorme water. saturated and freshly prepared. 
Potassium rodrde solutron. Iodide concentratton 5 mg/ml. 
Pk,AsCI solur~on, 0.01 M. 

Procedure 

Place 20-25 ml of a solution contaming l-6 mg of iodide 
in a flat-bottomed flask marked at a volume of 10 ml. Add 
5 ml of chlorme water, 2.5 ml of 2N hydrochloric acid and 
water to 45-50 ml, and evaporate the mixture to a volume 
of 10 ml Cool, and add this solution dropwtse to a mtxture 

Taken, Found, Relattve 

jig ng error. “i:, 

6000 6027 +0.5 
6000 6000 f 0.0 
6000 6050 +0.x 
6000 5961 -0.7 
6000 6016 +0.3 
6000 6038 +0.6 
6000 6022 +0.4 
6ooo 5995 -0.1 
6000 6004 +O.l 
6000 5994 +01 

of the O.OlM Ph,AsCl (15 ml) and potassmm rodtde solu- 
tion (1Oml) previously placed in a 150-ml beaker. rinsing 
the flask with three 10 ml porttons of water After the precr- 
pitatton, stir the mtxture for about 2 min. dilute with water 
to 100 ml, heat to loo”, and filter off the prectpitate when 
the temperature has fallen to SO”. Use the filtrate to 
transfer the precipitate, wash it twtce with 4ml of warm 
water and dry it for 1 hr at 120”. Table 2 shows results 
for the determmation of 1 and 6 mg of Iodide. 

The relative standard deviation for 6 mg of iodide (relra- 
bility coefficient 95%) is 0.9% (10 results) and that for 1 mg 
IS 2.5%. NO;, CO;-, SO:-, Cl- and Br- do not interfere 
If the sample contains cations with a higher oxidatton 
potential than that of iodine (eg.. Fe3+), these should be 
removed first in the form of the hydroxtdes or other In- 
soluble compounds. 
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Table 2. Compounds that react with the 
titrant 

Compound 

Acetyl chloride 
Benzoic acid 
Hydrogen peroxide 
Nttrobenzene 
Nitromethane 
Phenol 
1,3-Propanediol 
Propanol 
Water 

Average 
found, % 

1100 
99.5 

101.0 
96.0 

104.0 
99.9 

119.0 
78.0 

100.0 

The interferences occur by an oxidation-reduction or an 
actd-base mechanism, depending on the particular func- 
tional group. All the interferents react quantitatively save 
for the aliphattc alcohols. The instability of the alcohol 
carbonmm ion 1s beheved to cause the slow reaction of 
the nucleophtlic attack on the alcohol by the sodium Buor- 
enyl. All these mterferents react in a 1: 1 ratto with sodium 
fluorenyl except for nitro-groups, which reqmre two equtv- 
alents of sodium fluorenyl per mole. 

The method could obvtously be extended to determma- 
tion of other reducible functional groups. Indeed, prelimt- 

nary investigations into other functional groups. namely 
nitro-groups and acid chlorides, have been performed in 
the study of interferences m this work. Further investtga- 
tion could lead to a direct, non-aqueous. analyttcal tit- 
ration procedure for other reducible functional groups. 
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Summary-A non-aqueous direct titration procedure has been developed for the determination of 
aldehydes and ketones. It uses two platinum-wire indicating electrodes with a constant current of 
-0.5 PA. The solvent medium is 0.15M sodium perchlorate in tetrahydrofuran The tttrant is sodmm 
fluorenyl m a mixture of 1,2-dimethoxyethane and tetrahydrofuran. All types of carbonyl compounds 
react with the sodium fluorenyl, but steric hindrance prevents complete reaction with certain ketones 
containing bulky groups. The lowest concentration of carbonyl that can be determined with acceptable 
accuracy and precision is 7.5 x lO_aL’. the error bemg ~3% and the precision better than +2.5%. 
Most reducible compounds Interfere, e.g.. peroxides. acid halides, nitro-compounds, acids, and water, 
and cannot be differentiated potentiometrically. The method can be extended to other reducible func- 
tional groups. r.g., nitro groups and acid chlorides. 
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Besides the classtcal gravimetrtc methods’.’ for the deter- CZH,C12, 6.6 x lo-‘MM; CHC13, 7.6 x 10-3M; C2H,0H. 
mmatton of iodine, there are a few that use orgamc re- 
agents.3,4,” One of theses is based on precipitation of ICl; 

5.7 x IO-aM), giving yellow solutions. In non-polar sol- 
vents Ph,AsIs IS sparingly soluble (C,H,, 1.8 x 10e4M; 

with the tetraphenylarsonium cation (Ph,As+). In vtew of C,H,CHs, 6 x IO-sM). 
the properties of Ph,As’. the trt-iodide ion would be 
expected to form an ion-assoctation compound with it. Conditions for quantltatwe precipitation 

Our investigations confirm this, and we have used the com- Iodide is readily converted into iodate.4 The iodate can 
pound for the gravtmetric determination of iodme. then be changed mto the equivalent amount of I; if about 

EXPERIMENTAL Table 1. Weight of Ph,AsI,, obtained, g, at various tem- 

Composltron and propertws of tetraphenylarsonium tri-iodide peratures of filtration 

Tetraphenylarsonium trt-iodide (Ph,AsIa) was prepared 
by mixing solutions of Ph,AsCI and I;. It is a stable yel- 

80-90” 70” 60” 50” 40 Theoretical 

Iowtsh brown crystalhne precipitate, m.p. 165”. It IS practi- 
tally msoluble m water: K,, = 2.0 x 10-l’. It is more 

0.0532 0.0534 0.0544 0.0543 0.0544 0.0542 

soluble m polar solvents (CH,COCH3, 3 x lo-‘M; 
0.0536 0.0541 0.0540 0.0541 0.0544 0.0542 
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Table 2 

Taken. Found, 

pg !-@I 

1000 1005 
1000 994 
1000 1000 
1000 1011 
1000 1011 
1000 994 
1000 989 
1000 1005 
1000 1038 
1000 IO00 

Relatrve 
error, 7; 

+o.s 
-0.6 
+ 0.0 
+ 1.1 
+ 1.1 
- 0.6 
- I.1 
f0.5 
+3.8 
+ 0.0 
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tion (1Oml) previously placed in a 150-ml beaker. rinsing 
the flask with three 10 ml porttons of water After the precr- 
pitatton, stir the mtxture for about 2 min. dilute with water 
to 100 ml, heat to loo”, and filter off the prectpitate when 
the temperature has fallen to SO”. Use the filtrate to 
transfer the precipitate, wash it twtce with 4ml of warm 
water and dry it for 1 hr at 120”. Table 2 shows results 
for the determmation of 1 and 6 mg of Iodide. 

The relative standard deviation for 6 mg of iodide (relra- 
bility coefficient 95%) is 0.9% (10 results) and that for 1 mg 
IS 2.5%. NO;, CO;-, SO:-, Cl- and Br- do not interfere 
If the sample contains cations with a higher oxidatton 
potential than that of iodine (eg.. Fe3+), these should be 
removed first in the form of the hydroxtdes or other In- 
soluble compounds. 

I. 

2. 

3. 

4. 

5. 

REFERENCES 

W. F. Hillebrand, G F. Lundell, H I. Bright and 1. 
A. Hoffman, Applwd Inorganrc Ad.vtr.~ (Russian Edi- 
tton) p. 816. Moscow. 1966. 
R. Strerbmger and J. Pollack. ~~i~rocbe~~l‘,, 1925. 3, 
38. 
N Gantchev, V. Kanazirska and D Athanassovd. 
Taianta, 1972, 19. 692. 
Chr. Tchobaligova, Travail de Diplomr, Ecole Normalc 
Superieure, Plovdiv. 
N. Gantchev and A. Ktreva, Camp. Rend. Acad. Bulg. 
sci, 1975, 28, 1, 99. 

Summary-Tetraphenylarsonmm tri-iodide has been prepared and its properttes studted. On the basis 
of its stabrlity and very low solubtlity a gravimetrtc method for the determinatron of mg amounts 
of todme has been developed. The mean relative error for amounts of l-6 mg is about +0.3”,,. CO:-. 
SO;-. NO.;. Cll and Br- do not interfere. 



Talantu, Vol 23, pp 691492 Pergamon Press, 1976 Pnnled m Great Bntam 

ANNOTATION 

THE EFFECT OF LOW-TEMPERATURE ASHING ON THE STRUCTURE 
AND COMPOSITION OF MINERAL COMPONENTS 

Y.MICHOTTE and D. L. MASSART 

Pharmaceuttcal Institute, Vrije Universiteit Brussel, Paardenstraat 67, B-1640. Sint Genesms Rhode, Belgium 

and 

J. PELSMAEKERS 

S.C.K./C.E.N. Boeretang 200, B-2400 Mel, Belgium 

(Recewed 20 February 1976. Accepted 16 March 1976) 

Low-temperature ashing (LTA) is used m analytical chem- 
istry as one of the methods of decomposing samples con- 
taining carbon or organic material. LTA has several 
advantages. The most cited are as follows: 

(a) There is less chance of losing trace elements by vola- 
tilization than with the classical dry ashing technique. 
Most published work on the use of LTA is concerned wtth 
trace element analysts and therefore there is a not incon- 
siderable body of data available concerning losses of trace 
elements by LTA. 

(b) The structure of the mineral component is left unal- 
tered. By structure is meant the microscoprc as well as 
the crystalline structure, and the composition of the 
mmeral residue. Although thts has been sard by several 
authors, this statement has not been systematically 
checked. 

Apart from work by Gluskoter’ and Estep er al.,’ who 
investigated the changes of a few minerals present m coal, 
there appears to be no study available on the effect of 
LTA on the structure of minerals. During an Investigation 
on the composttron and structure of small bram calcrfica- 
tions,3 we developed a procedure in which, after LTA, the 
inorganic compositton (matrtx elements and trace ele- 
ments) was determined, usually by atomic absorption, the 
mineralogical identity by infrared spectrophotometry and 
X-ray diffraction, and the microscoptc morphology by 
microscan electron mtcroscopy. Excellent results were 
obtained. A study on the validity of the results obtained 
led us to investigate, in a more systematic way than seems 
to have been done until now, whether LTA indeed leaves 
the crystalline structure and composition of the inorganic 
residue unaltered. We wish to report these results here, 
because we thmk that they can be valuable for several 

applications such as the analysis of the minerals present 
in coal, calcifications m animal and plant trssue, the identi- 
fication or determination of minerals collected on filters 
in air pollution studies, the identification of inorganic 
fibres in lung tissue, etc. 

EXPERIMENTAL 

Apparatus 

LTA-505 (Tracerlab). Unicam SP-1000 I.R. spectrophot- 
ometer (Pye Unicam). Philips Norelco X-ray diffractometer 
(with goniometer and Geiger-Mtiller counter). 

Samples 

All salts were p.a. products. Mineral samples were 
obtained from Prof. P. Pasteels (Vrije Universiteit Brussel, 
Belgium). 

Procedures 

LTA. Samples of about l(r20mg were ashed during 
24 hr at 250 W. 

Infrared. A l-2 mg portion of sample was mixed with 
150 mg of KBr and pressed into a pellet. 

X-Ray diffraction. Diffractograms were taken, using the 
Cu K, 1 -line. 

RESULTS AND DISCUSSION 

Two kinds of sample were investigated, namely a 
number of minerals (Table 1) and salts (Table 2). Before 

Table 1. Minerals investigated 

1. Aragomte (CaCO,) 
2. Calcite (CaCO,) 
3. Kaolimte [A1,St,O,o(OH)s] 
4. cc-Quartz (StO,) 
5. Anhydrtte (CaSO,) 
6. Epsomtte (MgS0,.7Hz0) 
7. Leucite (KAISi,Os) 
8 Olivine (Mg,SiO,) 
9. Talcum [Mg,Si,O,(OH),] 

10. Malachite [Cu,CO,(OH),] 

11. Apatite [Ca,(PO,),(OH)] 
12. Brucite [Mg(OH),] 
13. Dolomite [CZaMg(CO,),] 
14. Diopside (CaMgSi,O,) 
15. Orthoclase (KAISisOs) 
16. Chalcantite (CuS04.5H20) 
17. Chalcopyrite (CuFeS,) 
18. Pyrite (Fe&) 
19. Gypsum (CaS04.7H20) 
20. Fluorite (CaF,) 
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Table 2. Salts investigated 

1. FeS04 7Hz0 
2. FeS04(NH,),S04,6HZ0 
3. CaS04,2HZ0 
4. KZSO, 
5. Na,S04 

6. (NH&SO, 
7. Fe,(SO,), Hz0 
8. KHSOl 
9. CaCO, 

10. LI,COs 
11. KzC03 
12. MgC03 
13. Na2C03 

14 (NH&CO3 
15. NaHCOs 
16 K*HPO, 
17. Ca(H,PO,),.H,O 
18. CaHP0,.2H20 
19. MgHP0,.3H20 
20. Na,HPO, 
21 (NH,),HPO, 
22. NaH,P04,2H,0 
23. Na,PO,, 12H,O 
24. Ca,(PO,), 
25 Na,SiO, 9H,O 

and after LTA, the Infrared spectra and the X-ray diffracto- 
grams of the minerals were obtained. For the salts only 
the Infrared spectra were measured. 

The LTA treatment has no effect on most of the minerals 
Investigated. Changes were detected in only one X-ray dif- 
fractogram. It was found that gypsum is converted into 
the monohydrate CaS04.H,0, so that the effect of the 
LTA treatment was to remove one of the two molecules 
of water of crystallization. Changes were also detected m 
the infrared spectra of pyrite, chalcopyrite, gypsum and 
chalcanthite. These are due to oxidation and/or dehy- 
dration. It is evident that oxidation must have a marked 
effect on the Infrared spectrum since new chemical groups 
are formed. This is also true for dehydration. This is due“ 
either to the formation of another crystalline species (as 
m the case of gypsum) or because water molecules formmg 
hydrogen bonds with anions and thereby changing their 
vibration frequency, are ehmmated. 

Results from classical thermogravimetry, such as those 
summarized by Duval” can help to explam the changes. 
However, it should be kept in mind that classical thermo- 
gravimetry is carried out at normal pressure (while LTA 
is carried out at very low pressures) and m a much less 
oxidizmg atmosphere. 

Pyrite and chalcopyrtte are oxidized in part with the 
formation of SO:-, since a sulphate peak was detected 
m the infrared spectra after LTA It is interesting that no 
change is found m the X-ray diffractograms of these 
minerals. This can be explained by assummg that only a 
rather small part of the sulphide IS oxidized, with the for- 
mation of an amorphous sulphate. In the chalcanthite in- 
frared spectrum no new bands are formed after LTA, but 
their relative importance changes drastically. A possible 
explanation is that some of the water of crystallization 
has been lost. Classical thermogravimetry5 shows that 
chalcanthite loses four molecules of water between 67“ and 
153-. 

For the salts, more changes were observed. We will not 
try to discuss and explam these systematically, since our 
principal intention is to see whether LTA causes changes 
or not. No effects were observed for most sulphates (Nos. 
4-8 in Table 2), carbonates (Nos. l&14), the silicate (No. 
25) and some phosphates (Nos. 16-18). The most drastic 
change IS found for NaHCO, which IS entirely converted 

into Na2C03. The ferrous sulphate (No. 1) is converted 
into a basic ferric sulphate. This is m agreement with the 
findings of classical thermogravimetry, since Duva15 states 
that partial oxidation and dehydration occur for this salt 
between 23” and 96” and that complete dehydration with 
the formation of a basic sulphate occurs at 140”. The spec- 
trum of Mohr’s salt (No. 2) still contains sulphate and 
ammonium bands after LTA This could be interpreted 
as due to the formation of NH,Fe(SO& (1.e , an oxidation 
of Fe’+). Most phosphates show changes. These are, no 
doubt, due to dehydration, formation of polymeric phos- 
phates and pyrophosphates. The effect of such changes on 
the infrared spectra has been discussed by Corbridge6 and 
by Bellamy and Beecher’. 

In general, we conclude that m many cases, LTA can 
be used without changing the composition and the crystal- 
hne structure of the inorganic residues. In particular, X-ray 
diffraction identification of the mineral originally present 
IS possible m almost all cases investigated, even if some 
change is detected by infrared spectrometry. This is also 
true for the apphcation which is of the greatest interest 
to us, namely the study of brain microcalcifications How- 
ever, it IS clear that changes do occur quite often and that, 
therefore, the often-made statement that LTA leaves the 
mmeral component unaltered, is misleading. 
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Summary-To investigate the often-made statement that low-temperature ashing leaves the structure 
and composition of the mineral residue unaltered, 25 salts and 20mmerals were studied by X-ray 
diffractometry and infrared spectrophotometry It is concluded that many substances remam unaltered, 
but some do not, so the statement is misleading. 
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1. FeS04 7Hz0 
2. FeS04(NH,),S04,6HZ0 
3. CaS04,2HZ0 
4. KZSO, 
5. Na,S04 

6. (NH&SO, 
7. Fe,(SO,), Hz0 
8. KHSOl 
9. CaCO, 

10. LI,COs 
11. KzC03 
12. MgC03 
13. Na2C03 

14 (NH&CO3 
15. NaHCOs 
16 K*HPO, 
17. Ca(H,PO,),.H,O 
18. CaHP0,.2H20 
19. MgHP0,.3H20 
20. Na,HPO, 
21 (NH,),HPO, 
22. NaH,P04,2H,0 
23. Na,PO,, 12H,O 
24. Ca,(PO,), 
25 Na,SiO, 9H,O 

and after LTA, the Infrared spectra and the X-ray diffracto- 
grams of the minerals were obtained. For the salts only 
the Infrared spectra were measured. 

The LTA treatment has no effect on most of the minerals 
Investigated. Changes were detected in only one X-ray dif- 
fractogram. It was found that gypsum is converted into 
the monohydrate CaS04.H,0, so that the effect of the 
LTA treatment was to remove one of the two molecules 
of water of crystallization. Changes were also detected m 
the infrared spectra of pyrite, chalcopyrite, gypsum and 
chalcanthite. These are due to oxidation and/or dehy- 
dration. It is evident that oxidation must have a marked 
effect on the Infrared spectrum since new chemical groups 
are formed. This is also true for dehydration. This is due“ 
either to the formation of another crystalline species (as 
m the case of gypsum) or because water molecules formmg 
hydrogen bonds with anions and thereby changing their 
vibration frequency, are ehmmated. 

Results from classical thermogravimetry, such as those 
summarized by Duval” can help to explam the changes. 
However, it should be kept in mind that classical thermo- 
gravimetry is carried out at normal pressure (while LTA 
is carried out at very low pressures) and m a much less 
oxidizmg atmosphere. 

Pyrite and chalcopyrtte are oxidized in part with the 
formation of SO:-, since a sulphate peak was detected 
m the infrared spectra after LTA It is interesting that no 
change is found m the X-ray diffractograms of these 
minerals. This can be explained by assummg that only a 
rather small part of the sulphide IS oxidized, with the for- 
mation of an amorphous sulphate. In the chalcanthite in- 
frared spectrum no new bands are formed after LTA, but 
their relative importance changes drastically. A possible 
explanation is that some of the water of crystallization 
has been lost. Classical thermogravimetry5 shows that 
chalcanthite loses four molecules of water between 67“ and 
153-. 

For the salts, more changes were observed. We will not 
try to discuss and explam these systematically, since our 
principal intention is to see whether LTA causes changes 
or not. No effects were observed for most sulphates (Nos. 
4-8 in Table 2), carbonates (Nos. l&14), the silicate (No. 
25) and some phosphates (Nos. 16-18). The most drastic 
change IS found for NaHCO, which IS entirely converted 

into Na2C03. The ferrous sulphate (No. 1) is converted 
into a basic ferric sulphate. This is m agreement with the 
findings of classical thermogravimetry, since Duva15 states 
that partial oxidation and dehydration occur for this salt 
between 23” and 96” and that complete dehydration with 
the formation of a basic sulphate occurs at 140”. The spec- 
trum of Mohr’s salt (No. 2) still contains sulphate and 
ammonium bands after LTA This could be interpreted 
as due to the formation of NH,Fe(SO& (1.e , an oxidation 
of Fe’+). Most phosphates show changes. These are, no 
doubt, due to dehydration, formation of polymeric phos- 
phates and pyrophosphates. The effect of such changes on 
the infrared spectra has been discussed by Corbridge6 and 
by Bellamy and Beecher’. 

In general, we conclude that m many cases, LTA can 
be used without changing the composition and the crystal- 
hne structure of the inorganic residues. In particular, X-ray 
diffraction identification of the mineral originally present 
IS possible m almost all cases investigated, even if some 
change is detected by infrared spectrometry. This is also 
true for the apphcation which is of the greatest interest 
to us, namely the study of brain microcalcifications How- 
ever, it IS clear that changes do occur quite often and that, 
therefore, the often-made statement that LTA leaves the 
mmeral component unaltered, is misleading. 
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Summary-To investigate the often-made statement that low-temperature ashing leaves the structure 
and composition of the mineral residue unaltered, 25 salts and 20mmerals were studied by X-ray 
diffractometry and infrared spectrophotometry It is concluded that many substances remam unaltered, 
but some do not, so the statement is misleading. 
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ZlmslMleDf assung-Die anftigliche Neigung a, von atomabsorptiometrischen Eichkurven wird durch 
die gewiihlten MeSbedingungen und spektroskopischen Kcnngrb6en des zu bestimmenden Elementes 
A beeinfluSt. In dieser Arbeit wurde tine Be&hung abgeleitet, mit deren Hilfe die GriiSenordnung 
von o,, fur verschiedene Me&edingungen vorausgesagt werden kann. Insbesondere werden die Beein- 
flusstmgen von a, durch spektroskopische Damn der betretTenden Linie, Emiedrigung der Konzen- 
tration von A infolge seiner Ionisation und Verbindung, Konstruktion und Temperatur des Atomreser- 
voirs und durch die spektrale Bandbreite des Monochromators diskutiert. Der EinfluS der Stromstirke 
von Spektrallampen auf die anfXng1iche Neigung der Eichkurven wurde ebenfalls untersucht. Ein sog. 
“Lampenstromeffekt” wurde bei Elementen gefunden, deren Dampfdruck bei 400K groSer als 
lo- t4 mmHg ist. SchlieSlich wurden die Elektronenkonzentrationen bzw. Elektronenpartialdrie pe 
in da Flamme unter Anwendung der Saha-Gleichung aus den atomabsorptiomctrisch ermittelten Ioni- 
sationsgraden vom Barium berechnet. Man erhielt einen p,-Wert von 1.21. lo-’ bzw. 1.3. IO-‘atm 
fti die metallfreie N,O/CsH,- bzw. L&&H,-Flamme. 

Bei der atomabsorptiomctrischcn Bcstimmung cincs 
Elemcntes wird bekanntlich die opt&he Dichte D 
gemessen, wekhe gewijhnlich nur in einem engen 
optischen Dichtebereich von der Konzentration We 
[Gewichtsbruch. ppm] des zu bestimmenden Ele- 
mentes A in der untersuchten Lasung linear abh&gt. 
Die an&gliche Neigung a0 der Funktion (D,wJ 
hiingt von vielen Faktoren ab: 
(1) von spektralen GriiBen 
(2) von der Konstruktion und der Temperatur T des 
Atomreservoirs (Flamme, Graphitrohrkilvette) 
(3) von der Elektronik der Signalprasentation. 
Die Elektronik eines Atomabsorptions Spektropho- 
tometers soll hier nicht diskutiert werden. Wir 
nehmen eine ideale elektronische Signalverarbeittmg 
an, so dal3 die optische Dichte D immer exakt ange- 
zeigt wird: 

D = log lo/l = 0,434 k,& = sow, (1) 

Hier bedeuten I0 bzw. I die Inter&at m/cm21 einer 
schmalen Resonanzlinie vor bzw. nach dem Atomre- 
servoir der Lange L und kl den linearen natiirlichen 
Absorptionskoethzienten. 

kl hat einen maximalen Wet-t kl, in der Mitte (bei 
A,,) des Absorptionsprofils kJ.. Hat kJ die Form 
einer Gauss’schen Normalverteilung, so betriigt’ ki,: 

Hier bedeuten fo das VerhZltnis des Produktes aus 
der Peakhohe und der Halbwertsbreite zu der 
Peakfl%che einer Gauss’schen Glockenkurve 
(Jo = 2[(ln 2)/n]“‘), e die Ladung und m die Ruhe- 
masse des Elektrons, c die Lichtgeschwindigkeit. 

A&b die Halbwertsbreite der Absorptionslinie, N, die 
Anzahl der absorbierenden Atome pro cm3 und fii 
die Oszillatorenstarke, dh. die effektive Anaahl der 
Oszillatoren pro Atom. Walsh hat gezeigt,z dal3 k,, 

aus der Gleichung (1) erhalten wird, falls zur Messung 
der optischen Dichte eine Strahlungsquelle benutzt 
wird, deren emittierte Rexman&ie vie1 schmiier als 
das.Absorptionsprofll ist. In diesem Fall sollte D in 
einem grol3en Bereich zu der Konzentration Nj direkt 
proportional sein, wie man durch Einsetzen von kl, 

anstelle von kl in der Gleichung (1) zeigen kann. In 
der analytischen Praxis findet man gewiihnlich eine 
Proportionalitiit zwischen D und w* bis N D-Wet-ten 
von ca. 42. In dieser Arbeit sol1 die Beeinflussung 
der Proportionalititskonstante durch experimentelle 
MeBbedingungen diskutiert werden. Insbesondere 
sollen dabei die Selbstabsorptionsverbreiterung der 
Emissionslinie (Lmien-Selbstumkehr), die Ionisation 
gewisser Metalle und nicht absorbierbare Storstrah- 
lungen berticksichtigt werden. 

EXPERIMENTELLER TEIL 

Geriite und Aufnohme der Eichkurven 

Man verwendete die Perkin-Elmer Atomabsorptions- 
Spektrophotometer Mode11 303 bzw. 300 fur die Flammen- 
technik bzw. Graphitrohr-Kiivettentechnik (HGA 72). Alle 
Stammliisungen wurden aus analysenreinen Priiparaten 
hergestellt und mit chemischen Analysenmethoden kon- 
trolliert. Durch Verdiinnen mit verdtinnten Mineraltiuren 
(s. Tabelle 1) wurden die Eichliisungen erhalten, weiche 
je zweimal in die Flamme bzw. Kiivette eingespritzt 
wurden. Urn kleine systematischc Fehler zu kompensieren, 
welche infolge langzeitiger Instabilitiit des Megsystems 
manchmal auftraten, wurden die Liisungen in umgekehrter 
Reihenfolge ein zweites Ma1 gemessen. Man verwendete 
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den Mittelwert beider D-Werte. Im allgemeinen wurde bei 
der Aufnahme der Eichkurven nach der entsprechenden 
Vorschrift des GerIteherstellers vorgegangen. Wesentliche 
Abwexhungen sind an der entsprechenden Stelle vermerkt. 

Bestimmung und Rolle der spektralen Bandbreite 

Zur Abschgtzung der Stiirintensitiit einer nicht 
absorbierten Strahlung mul3 die spektrale Bandbreite 
MM bekannt sein. Ihre experimentelle Bestimmung 
sol1 nun kurz beschrieben werden. 

Jeder Spektrallinie l,, entspricht eine Stelle rl,* an 
der Wellenkingenskala, wo das Detektor-Signal Sr, 
seinen Maximalwert S,,,,, hat. Ein Monochromator 
ist dann richtig justiert, wenn lo und lo* zahlenm;i& 
iibereinstimmen. Wird nun der Monochromator in 
Richtung von kleineren oder griiEeren I*-Werten ver- 
stellt, so nimmt SD im Bereich von 1* + A& linear 
ab, da sich der Lichtleitwert3 des Monochromators 
8ndert. Bei den meisten Spektrophotometem sind 
Eintritts- und Austrittsspalt gekoppelt und haben die 
gleiche Breite B und Hijhe H. Mit dem optischen 
System wird der Eintrittsspalt auf den Austrittspalt 
scharf abgebildet. *#’ 1st zudem das Signal Sr, zur der 
empfangenen Strahlungsleistung proportional. so 
kann ftir eine scharfe Spektrallinie die folgende Bezie- 
hung abgeleitet werden: 

SI, = knfsvJyg 1 - ‘+-RA*’ ( > (3) 

Hier bedeuten kD die Detektorkonstante (GriiBe des 
unverstiirkten Signals pro Watt Strahlungsleistung), 
fsv den Signalverstikungsfakaktor, F die Ober&he 
des opt&hen Gitters, R die Lineardispersion am Ort 
des Austrittsspaltes und f die Brennweite des 
opt&hen Abbildungssystems. 

Das Produkt BR entspricht bei vollsttidiger Abbil- 
dung der instrumentellen Verbreiterung der durchge- 
lassenen schmalen Spektrallinie &, d.h. der spektralen 
Bandbreite A&. Das Verhslltnis von SD bei falscher 
Einstellung 1* zu S,,_ bei richtiger Einstellung &,* 
des Monochromators auf die Spektrallinie i0 betrggigt, 
nach Gleichung (3): 

% = w%.msx =fs = (1 - ‘“$--“I”) (4) 

fs wird als Spaltfunktion bezeichnet, und kann 
entweder durch Messung von SD/SD.max fiir eine 
scharfe Emissionslinie (s. Kreise in Abb. 1) oder durch 
Messung der relativen Absorption (p/, ABS)/(?; 

ABS),, einer polychromatischen Strahlung in einem 
atomaren Absorber (s. Dreiecke in Abb. 1) in Abhti- 
gigkeit von 1’ erhalten werden. Emissions- und 
Absorptions-Messungen miissen fiir die gleiche 
mechanische Spaltbreite B die gleiche Spaltfunktion 
ergeben, falls A&,, vie1 grijBer als A&,,, bzw. M,, ist 
(A&,,, ist die Halbwertsbreite der Emissionslinie). 

Die A&-Werte wurden als Kehrwerte der Nei- 
gungen von&, i* im Bereich (&,*-A&) bzw. als abso- 
lute Kehrwerte der Neigungen von fs. 1* im Bereich 
(i,* + A&J und durch Abmessen des Abstandes 

x’ In rn* 

Abb. 1. Mit der Cd-Resonanzlinie (228.8 nm) auf- 
genommen Spaltfunktionen fJ tines Atomabsorptions- 
$ektrophotot%eters (Perkin &ner 300) bei den Sp&posi- 
tionen 2. 7 und 20. Kreise: S,?-Werte. Dreiecke: (3/, 
ABS)/(% ABS),-Werte, welche mit einer Wasserstdk: 
lampe als Strahlungsquelle und 2,2pg Cd als atomarer 

Absorber in der Graphitrohrkiivette erhalten wurden. 

zwischen beiden Schenkeln der dreieckfdrmigen 
Spaltfunktionen bei der halben Hijhe der Dreiecke 
ermittelt [s. Gleichung (4) und Abb.11. Aus Mes- 
sungen der Emissions-Intensitiit der Resonanzlinie 
des Cadmiums (A,, = 228,80nm) erhielt man daher je 
3 Werte fiir eine bestimmte Spaltbreite des Monoch- 
romators. In zwei Flllen wurde zudtzlich such noch 
die Absorption einer polychromatischen Strahhmg 
durch Cadmiumatome in der Graphitrohrkiivette 
gemessen, so &I3 6 M,Werte erhalten wurden. Die 
Mittelwerte betragen 0.17 + 0,026, OS9 + 0,08, und 
1.60 &- 0,133 nm, bei den Spaltpositionen 2, 7 und 20 
des Gedtes PE 300. Hierbei ist die Anzahl der Einzel- 
werte der einfachen Standardabweichung als ein In- 
dex zugeftigt. Bei den Spaltpositionen 3, 4 und 5 des 
Gerltes 303 wurden die A&-Werte von 0,29 + 0,02,, 
0,97 f 0,12, und 3,41 + 0,53, nm gefunden. Die ftir 
das Ger%t 300 geltenden Nominalwerte sind im 
Durchschnitt 1,2-ma1 gr%er als die gemessenen 
Werte. Demgegeniiber wurden beim Gerlt 303- 
allerdings nach 7-jlhrigem Gebrauch--1,Cmal 
griiBere Bandbreiten als die Nominalwerte gefunden. 
Der Justienmgsfehler (it - &) und die instrumentelle 
Unsicherheit der Position 1: der Resonanzlinie 
kiinnen aus der Abb. I ebenfalls entnommen werden. 

Die wichtigste Konsequenz einer dreieckfijrmigen 
Spaltfunktion besteht fiir die analytische Praxis darin, 
daD alle Starlinien 1’ im Bereich von 1: + A&, einen 
EinfluB auf meDbare optische Dichte haben. Aller- 
dings betdgt die an der Stelle 1: registrierte Starin- 
tens&it I;., nicht &, sondem nur f :I:.,. Eine poly- 
chromatische StGrstrahlung mit der IntensitPtsdichte 
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Ji [W.cm- ‘snrn- ‘3 liefert dagegen den Beitrag von des Kaliums in der eingespritzten Llisung graph&h 
J&&, da J; im engen Bereich von A&, praktisch aufgetragen. Zur Berechnung der Nt-Werte wurden 
konstant ist. Liisst nun der Monochromator auDer die Mittelwerte der beiden f:-Werte eingesetzt. 
der Hauptresonanzlinie &, mit der Intensitit I0 die Die Elektronenkonzentration Nf nimmt mit zuneh- 
schwacher absorbierten Linien 2;. . .A$ und die nicht mender [K] langsamer zu als die berechnete Elek- 
absorbierten Stijrlinien I” t ..A$ mit den relativen In- tronenkonzent~tion Nr. Letztere kann unter der 
tensitlten I;/IO...I~/iO, und i~/I,...l~,/l, durch, so 
wird die folgende optische Dichte gemessen: 

Die Intensitat von ~lychromatisch~ Storstrah- 
lungen der Quelle q und des Atomreservoirs r kiinnen 
gewiihnlich vemachliiBigt werden. Ihr Beitrag ist aber 
bei groBen Spaltbreiten und schwachen Intensititen 
der Resonanzlinien zu beriicksichtigen. Die an&ng 
lichen Neigungen der Eichkurven fur die Linien Ito, 
. 
/, ,,... A, wurden in dieser Gleichung mit ao, a, . . . . unc 
bezeichnet. Sie ml&en mit einer derart engen Band- 
breite bestimmt werden, daB keine Stbrlinien und nur 
unwesentliche polychromatische Strahhmg in den 
Detektor gelangen. 

BariumeichRisungen mit je 5% 10v4M Bariumchlorid 
bzw. Bariunmitrat und 0,lM Perchlorsaiire bzw. Sal- 
petersatire sowie mit verschiedenen Kaliumchlorid- 
bzw. Kaliumnitrat-Konzentrationen wurden in die 
N,0/C2H2- bzw. Luft/C*H~-Face eingespritzt. 
Aus den getnessenen opt&hen Dichten Dt (bei der 
Resonanzhnie von Ba, 553,6nm) und Da (bei der 
Resonanzlinie von Ba+, 4554 nm) wurden der Ionisa- 
tionsgrad f; van Barium und die Konzentration N: 
der freien Elektronen in der Flamme ohne Kaliumzu- 
satz (Index “0” oben rechts) nach den folgenden 
Beziehungen berechnet: 

1 - 0,/D: 1 

&I/G - D,/D; = ” = 1 + N,OJK,,_ 
(6) 

Man erhielt f;-Werte fii Barium von 0,916 + 0,009 
in der N~O/C*H~-Flue bzw. 0.10 i 0,02 in der 
Luft/C,Hz-Flamme. Diese entsprechen einer Elek- 
tronenkonzentration von 2,97.10*’ bzw. 3.9~10” 
cme3 oder einem Elektronpartialdruck von 121. lo-’ 
bzw. 1,3. lo- 7 atm. Die zur Berechnung von Nz 
benijtigte Ionisationskonstante Ki,_ von Barium 
wurde aus der ~~~leichung6 berechnet. Sie betr2igt 
1()12.51 m- 3 bei 3000K bzw. 10i”*64cm-3 bei 
25OOK. 

Mit den f i’-Werten wurde nun der chemischen Ioni- 
sationsgrad ff von Barium und die Elektronenkon- 
zentration Nt in Gegenwart von Kalium aus der fol- 
genden Beziehung berechnet : 

fP 2 = fr = * + N:,K, (7) 
II e e. 

In Abb. 2 sind fr und Nf gegen die Molarnat [K] 

Annahme erhalten werden, daB die Flammengase das 
Ionisationsgleichgewicht 

KeK’ -t- e-; K,, = NK;N:/NK (8) 

nicht stiiren. N: bedeutet also die Elektronenkonzent- 
ration in einem hypothetischen Atomreservoir, 
welches nur K, K’ und e- enthalt, sonst aber die 
gleichen KenngriiBen wie die Flamme aufweist. In 
diesem Reservoir sind N,, und N: immer gleich 
gro8, so daR die Aufl~ung von Gleichung (8) nach 
Nt bei gleichzeitiger EIimi~~on der unbekannten 
Konzentration N, ergibt : 

N: = +[ -K,, + (K:, + 4 K,,&]*6,02. 10zo/$,r)“2] 
(9) 

Bei der Herleitung dieser Beziehung wurde 
ang~omm~, daB die Verd~~ung fw des Kaliums 
beim tibetfiihren aus der Liisung in die Flamme bzw. 
in das hypothetische Atomreservoir dieselbe ist, so 
daD NK durch Subtraktion von N: (= N, +) von der 
Totalkonzentration [K ].6,02 * 1O2o,& erhalten wird. 
Die Verdtinnung & beim UberRtiren des Kaliums 
aus der L&sung in die N~O/C2H2-~e betrug 
623.10’ [s. such G&hung (12)]. Die NF-Werte 
ergeben eine leicht gekriimmte Kurve (s. Abb. 2), 
welche ca. 2-ma1 smiler ist als die experimentelle Nf- 
Gerade. Offensichtlich geben die K-Atome ihre Elek- 
tronen zum Teil an die Komponenten des Flammen- 
gases ab. 

Das Barium erwies sich als ein guter Indikator fur 
die freie Elektronenkonzentraton NF bei verschie- 
denen Kalium-konzentrationen in der N20/C2H2- 
Flamme. In der k&lteren Luft/C*H,-Flamme liegt 
alles Barium in Form von Ba und BaO vor, falls [K] 
grX%er als ca. 0,002 M ist. Das Verh&nis D,JDg kann 
daher nicht geniigend genau bestimmt werden und 
kann nicht als Maif ftir c dienen. Ein geeignetes In- 
dikatorelement w&e das Gisium, welches in der Luft/ 
C,H,-Flamme in Abwesenheit leicht ionisierbarer 
Elemente eine Ionisation von 92% erleidet. Cs+ hat 
leider keine Resonanzlinie im Spektralbereich von 200 
bis ~nm. Aus der Messung von f)i in Abh~~~eit 
von [KJ kann fp nur mit gewissen Annahmen be- 
rechnet werden. worauf hier verzichtet wird. 

Unter den untersuchten Metallen haben aui3er 
Barium und C;isium noch Lithium und Natrium 
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2.0 

fio%n-3 1 

13 
I 

Npo/czli2 - Flomrn 
0 KCI I” 0,l M HClO4’ 

0 ~nOJMHQ 

CKI, Mole/l. - 

Abb. 2. Ionisationsgradf:,, von Barium und Konzentration Nt der freien Elektronen in der C,H2/ 
N,O-Flamme bei verschi&nen Kaliumkonzentrationen in der eingespritzten L6sung. (Q,,, = 8,4, 

Q,,. = 17.1 I./min T = 3GOO K, Beobachtung ca. 10 mm tiber der Austritts6ffnung). 

kleine Ionisationsenergien und somit grol3e Ionisa- 
tionskonstanten Ki von 109*6’ und 10’0*‘2cm-3 bei 
2500 K. Setzt man diese Werte und die mit Barium 
als Indikator ermittelte Elektronenkonzentration Nz 
von 3,9.10” in die Gleichung (6) ein. so erhalt man 
einen Ionisationsgrad von I,oo/, bzw. 3,3x fur Lith- 
ium bzw. Natrium. 

RESULTATE UND DISKUSSION 

Zur Diskussion der Empfindlichkeit von atomab 
sorptiometrischen Bestimmungen muB N, in der Glei- 
chung (2) mit der experimentell zugiinglichen Kon- 
zentration w,, der Losung in Zusammenhang gebracht 
werden. Dabei mul3 berilcksichtigt werden, da13 ein 
Teil der Atome eventuell chemisch gebunden (NJ 
oder ionisiert (NJ ist. Die freien Atome befmden sich 
in verschiedenen energetischen Zust%nden, 0, 
1,. . .j,. . . i,. . . m, wobei 0 den Grundzustand, j das un- 
tere Niveau (meistens j = 0) und i das obere Niveau 
des l_&tganges 0 und m die Termlaufiahl 
bezeichnen. 

N, = Nc + N, + No + N, + 
. . . + N, f ... + Ni + ... + N, = N&(1 -fi) (10) 

Hier bedeuten fc = (NA + N,)/N, den Dissoziations- 
grad, fi = N J(NA + N,) den Ionisationsgrad und N,,, 
die Summe von No bis N, 

Die totale Konzentration N, aller A-Spezies kann 
aus der Konzentration We Ijlg A/g der Lasung] der 
in das Atomreservoir (r, d.h. die Flamme bzw. 
Kilvette) eingespritzten Losung berechnet werden : 

N , = 6,022.10”.d w&vv (11) 

In dieser Gleichung bedeuten d die Dichte der einge- 
spritzten Losung, M die relative Molmasse und fv 
die Verdilnnung ( = N,,L$N,e,). Wenn das Atomre- 
servoir eine Flamme (F) ist, kann fw der eingestellten 
Stromungsgeschwindigkeit [ml/min] des Brenngases 

Qbp tmd des Oxidants Q, berechnet werden. Nimmt 
man an, dal3 sich sowohl die Flamme mit der Tem- 
peratur TF als such die Brennmischung bei der Raum- 
temperatur Ts ideal verhalten, erhglt man fur fw : 

f _ (Qa + QA(~F/~‘WF/~R) 
VF- 

QLJZ 
(12) 

Das Verhtitnis n&R der Molzahlen nach und vor 
Ablauf der Verbrennungsreaktion7 beriicksichtigt die 
durch die Teilchenzahlerhijhung bedingte Ausdeh- 
nung der Flamme. QLp bezeichnet die Geschwindig- 
keit der LSsungszufuhr [ml/min], von welcher nur 
der Anteil fzQL, in die Flamme gelangt. 

Die Verdiinnung in der Kiivette kann nur nahe- 
rungsweise berechnet werden, da im Gegensatz zur 
Flamme keine stationare Zu- und Abfuhr der Atome 
erfolgt. Man atomisiert den A-Gehalt einer Liisungs- 
menge V von 5 bis 50~1 wahrend einer kutzen Zeit’ 
(z.B. 0,5 bzw. 2 s im Falle von Cadmium bzw. Kupfer). 
Wenn wir annehmen, dag die Atomwolke die Kllvette 
mit dem Radius r und der Lange & beim Erscheinen 
des Absorptionsmaximums gleichm%Big ausfdlt, 
erhalten wir: 

fv, ‘5 r2nLJV (13) 

In Kenntnis von N, kann nun der Anteil N, der 
absorbierenden Atome berechnet werden. In einer 
laminaren Flamme und in einer Graphitrohrkilvette 
herrscht zwischen den verschiedenen Zustiinden 0, 
l,... j...i...m mit den Energien go, Et ,... E ,... Ei...E,,, 
ein thermodynamisches Gleichgewicht. so daD diese 
Zustinde nach der Boltzmann-Verteilung populiert 
sind : 

Nj=(2Jj+ 1) 
exp C- tEj - &)/kT] 

FA(T) 
.NA=gjrANA 

(14 
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Hierbei bedeuten Jj die Gesamtdrehimpulsquan- 
tenzahl, k die Balm-Konstante und F,+(T) die 
atomare, innere Zustandsumme: 

FAU’) = 2 gn exp E- G - EoYWI = go ? alto 
0 0 

fW 
Die Summierung kann bei demjenigen Greruterm m* 
abgebrochen werden, dessen Beitrag kleiner als die 
gewtinschte Genauigkeit (zB. 0,002 in dieser Arbeit) 
ist. 

~~ieB~ch mu8 man no& ~~k~chtig~, dal3 die 
Halbwertsbreite A&, der Emissionslinie in Wirklich- 
keit nicht vernachlassigbar klein ist. Wenn das Profil 
der Emmisionslinie ebenfalls der Form einer 
Gauss’schen Glockenkurve entspricht, kanu’ dieses 
dadurch geschehen, dag man A&, in der Gleichung 
(2) einfach durch (A&, + AJ.&)1’2 ersetxt. Berechnet 
man gleichxeitig das Produkt der Konstanten, so 
ergibt die Kombination der Gleichungen (I), (2), (lo), 
(11) und (14) die folgende Beziehung xwischen D und 
WA: 

a0 kann als die a&&gliche Neigung der Eichkurven 
A w,+ experimentell bestimmt werden. Bei g und f 
wurden die Indizies weggelassen, da g,fri = gi& 

Von den zur Berechnung der ae-Werte beniitigten 
Daten sind d, L, M, und fv leicht N ermitteln. fA 
kann gem&B der Definitionsgleichung (14) aus dem 
Termschema’ ’ des betreffenden Atoms beliebig genau 
berechnet werden. Der Ionisationsgrad fI h@t bei 
einer bestimmten Temperatur des Atom~e~oi~ nur 
von der Konzentration der freien Elektronen ab [s. 

such Gleichungen (6) und (7)J. Gewohnlich ist die 
totale Konzentration N, des zu bestimmenden Ele- 
mentes vie1 kleiner ah die Elektronenkonzentration 
N: der Flamme selbst, so dal3 fr im ganxen MeB 
bereich von w., konstant ist und nur die anfiingliche 
Neigung von B, wA beeinfh&t sonst aber keine 
Krilmmung der Eichkurven verursacht. 

Die emissionspektroskopisch ermittelten O_ 
Werte’ 1 sind nicht besonders prtise. Die in der 
Tabeile 1 angegebenen Halbwertsbreiten M, der 
Ab~~tionslini~ sind Mittelwerte von berechneten 
Grenzwerten’ ’ und weisen daher eine recht g&e 
Unsicherheit auf. Ebenfalls sind die chemischen Ris- 
soziationsgrade sehr schwierig xu ermitteln. Fur die 
Halbwertsbreiten M, der Emissionslinien stehen mu 
vereinxelt Daten zur Verfilgung. Daher wurden alle 
Absch&txungen mit der Annahme von fC = 1 und 
M, = 0 berechnet (&Werte in der Tabelle 2). Filr 
das CZsium wurde kein &Wert abgeschatxt, da der 
Ionisationsgrad 1; in Gegenwart von 0,OlM 
Kaliumchlorid in der eingespritxten Losung (s. 
Tabelle 1) nicht bestimmt wurde. Bei der Berecbnung 
der &-Werte wurde bei allen Messungen mit der 
L~t/~~H~-~e die gleiche Verd~~g fvr 
angenommen, was elxmfalls nur nahenmgsweise 
zutrifft. 

Aus den erw%hmen Grtinden erwartet man, daB die 
abgesch&ten Neigungen a$ nur n&herungsweise mit 
den anftiglichen Neigungen a0 der Eichkruven D, w, 
iibereinstimmen. Dabei mug ein Verh&ltnis 
a&i 2 02 bereits als eine gute Voraussage f& die 
GrijBenordntmg da mel3baren opt&hen Dichte 
betrachtet werden. Im Falle von Cd.,_, Zn, Pd Ni, 
Fe und Na trifIt dies zu. Barium und Indium bzw. 
Lithium liegen zum Teil als Oxide bxw. als Hydroxid 
in der Flamme vor und ergeben daher eine kleinere 
Emp~d~~eit als man unter der Armahme von 
It = 1 erwartet. Das Platin atomisiert vermutlich un- 

Tabelle 1. Z usammcnstelhmg der fir die untersuchten Metallionen gebrauchten Losungsmit- 
tel, spektroskopischen Damn und der oberen Grenzen w? dcr hnearen Megbereiche 

5, 
A ~un~itte1 n))t af’ 

&,‘z 4: 
& pm Ppnt 

Bat 0,lM HClO., 553.6 ago 0.826 3.4 10 
0,OlM KC1 

Cd 0,lM HNO, 228,a 0,92 1,ooO 0,95 6 
Cd H,G 326,l 0.0014 

;%t 
195 1200 

CS 0,lM H2S04 852s 140 7-O 40 
0,Ol M KC! 

Fe 0,1&f HNO, 248.3 3,lO 40483 1,4 20 
In O&%4 HNOj 304,o 099 0,321 1*4 40 

0,OOIM LaCI, 
Li 0,lM HNO, 6748 0.80 :%) 13 7 
Na 0,l M HNOs sa9,o 0,95 693 5 
Ni 0,lM HNOs 232,0 0,86 010405 1.2 15 
Pd O$M HCI 247,6 0,lO 0,806 191 40 

: 0,5&f OJM HCI 213,s 2659 487 1,30 0.0623 l+ooo 1,O HNO, 1,l 300 5 

* Bei allen diesen Linien (& = hc/(E, - Ej) ist das zugehorige untere Niveau j mit dem 
Gnmdzustand 0 identisch so daBf* = l/F,,(T) ist (wegen T s. folgende Bemerkung.) 

t Bs wurde in der Acetylen/Lachgas-Fiamme (T = 3000 K) und die iibrigen Elemente 
wurden in der Acetylen/Luft-Flamme (T = 2500K) bestimmt. 
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vollstlndig, was die Unempfindlichkeit der Platin- 
bestimmung erklart. 

Die Gleichung (16) erkllrt die Befunde bei Ande- 
rungen wichtiger experimenteller Parameter in befrie- 
digendem MaDe. 

1. Eine empfindliche Bestimmung ist nur bei Wel- 
lenllngen des betreffenden Elementes moglich, welche 
dem Ubergang des Atoms aus dem Grundzustand 
oder aus einem dem Grundzustand 0 energetisch nahe 
liegenden Zustand j in den angeregten Zustand i 
angehiiren. Der Faktor fA nimmt n;imlich mit 
(E, - E,) exponentiell ab. 

2. Die Ionisation von Metallen mit niedrigen Ioni- 
sationsenergien mu8 durch Erhohung der Konzen- 
tration der freien Elektronen in der Flamme zuriick- 
gedratrgt werden. Die maximale Emplindlichkeit wird 
natiirlich beifr = 0 erreicht. Bei der Bestimmtmg des 
Bariums in der N,O/C,HfFlamme wird dieses nur 
erreicht. wenn die Konzentration vom Kaliumchlotid 
in der eingespritzten Losung mehr als O.lM betrtigt. 
Solche Liisungen sind jedoch filr die analytische 
Praxis nicht gut geeignet. da sich Stijrungen infolge 
Kaliumchlorid-Abscheidung an der Austritts%mmg 
des Brenners einstellen. Eine Kaliumchlorid-Konzen- 
tration von 0,OlM stellt eine gute KompromiDlBsung 
betreffend Empfindlichkeit und Priizision dar. In 
Abwesenheit leicht ionisierbarer Begleitstoffe kann 
natiirlich such die Resonanzlinie von Ba* benutzt 
werden. 

3. Damit keine systematischen Eichfehler entstehen, 
muDfv, beim Einspritzen von Eichliisungen und der 
zu analysierenden Lijsungen dieselbe sein. GemaD der 
Definitionsgleichung (12) miissen daher alle Losungen 
dieselbe Temperatur haben, und mlissen alle drei 
Fliisse &, QO, und QLI konstant bleiben. Damit alle 
Liisungen gleich schnell angesaugt und mit dem 
g&hen Wirkungsgrad fz zerstiiubt werden, miissen 
alle LGsungen ungefahr die gleiche Viskositat haben. 
Das wird praktisch der Fall sein, wenn die Konzen- 
trationen der Begleitstoffe in allen Losungen auf min- 
destens 10% iibereinstimmen. 

Die Gr&nordnung der Erhohung der Empfind- 
lichkeit beim fibergang von der Flammen- zu der 
Ktivettentechnik kann mit der kleineren Verdiinnung 
in der Kiivette in befriedigender Weise erklart 
werden. WPhrend die gemessene Empfindlichkeits- 
zunahme ao, JaO.F fti die Resonanzlinie (228,8 nm) 
des Cadmiums 1620 betrug, ergibt Gleichung (16) fur 
a&jaG.F einen Wert von 4400, wenn fVK 40 betrlgt, 
d.h, wenn in der Kiivette je 100~1 von Cadmium- 
losungen verschiedener Konzentration atomisiert 
werden. Bei der Kiivettentechnik ist die in die 
Kiivette eingebrachte Menge q, des zu bestimmenden 
Elementes A maagebend. so da0 die Eichkurven 
meistens in der Form D, qA dargestellt werden. Aus 
der anftiglichen Neigung h,,, dieser Eichkurve kann 
a,,.K leicht berechnet werden: aOsK = h,,,Vd. Nach 
unserer Erfahrung sind die Eichkurven D, w,, bei kon- 
stantem Einspritz-Volumen V der Eichldsungen ver- 
schiedener Konzentration wA besser reproduzierbar als 

die Eichkurven D, qA bei variablen Mengen einer ein- 
ztgen Eichlosung. Im letzten Fall beeinflussen mimlich 
die Benetzung der Graphitoberfllche durch die 
Losung und die Verteilung der Atomwolke in der 
Kiivette die meDbare ‘optische Dichte. wobei aber 
diese. Beeinflussung vom V in schlecht kontrollier- 
barer Weise abhangt. 

4. GemaD Gleichung (16) betrlgt das VerhPltnis 
aila; der Neigung der Hauptresonanzlinie i, zu der 
Neigung der Negenresonanzlinie i,, (~2gf,,Ai,,)o/ 
(1’ g$/A&,),. Dieses entspricht bei den Linien des 
Cadmiums einem theoretischen Verhahnis von 510. 
Die Messungen ergaben den beinahe gleichen Wet-t 
von 415. 

5. Verwendet man eine polychromatische Strah- 
lungsquelle PQ anstelle einer Spektrallampe SL, so 
muB A&, in der Gleichung (16) durch Mu (+A&) 
ersetzt werden. Unter VemachlZissigung des kleinen 
Formfaktors fG erhllt man fir dieselbe Linie des 
betreffenden Elementes: azL/a,‘Q = A&/A& Nach 
dieser Beziehung liegen die Verhi-iltnisse der anftig- 
lichen Neigungen beider Eichkurven (D. wA)SL und 
(D, wAba in der GriiBenordnung von 10 bis 100 falls 
eine spektrale Bandbreite von 0,l nm benutzt wird. 
Die A&,-Werte liegen nlmlich im Bereich von lo-’ 
bis 10d3 nm (s. Tabelle 1). 
6. Irgendwelche Voraussagen der Gleichung (16) 

treffen nur dann zu, wenn der Monochromator nur 
die gewiinschte Lime durchliil3t. Bei der Erhohung der 
spektralen Bandbreite fallen eventuell mehrere Linien 
in den Detektor, was die mel3bare opt&he Dichte 
beeinfluk. Dieses kann experimentell am einfachsten 
durch Aufnahme der Kurve D, AA,,, beim Konstant- 
halten der Konzentration wA in der eingespritzten 
Lbsung gepriift werden (s. Kurven fur Li, K und Fe 
in Abb. 3). 

Die beiden Komponenten des Resonanzdoubletts 
von Lithium sind such bei der kleinsten spektralen 
Bandbreite nicht aufgelost. In dem Spektralbereich 
von 670,8 + 20nm befinden sich keine Storlinien. 
Zudem ist hier such die polychromatische Storstrah- 

0 
I I I I 

081 1 10 Inml 

A&,- 

Abb. 3. EinfluD der spektralen Bandbreite A& auf die 
me5bare opt&he Dichte D bei konstanter Konzentration 

von Fe. Li bzw. K in der eingespntzten Lijsung. 
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Tabelle 2. Abhiingigkeit des EintIuBes der Stromst&ke (mA) auf die anfangliche Neigung o0 der Eichkurven D. IV,, 
vom Dampfdruck des betreffenden Hohlkathodenelementes A bei 400 K 

1% PA. LS (60%) A&. ao (60%) j, VB* 
A (PA = mmHg) rn~ Fiillgas rim 9 Lg/lrg A 

2 
Zlld 
Li 
Ba 
In 
Ni 
Pd 
Fe 
Pt 
cs 
Na 

- 5,7 
- 5.7 
-5,-l 
-5.7 
-s;o 
- 12.4 
-144 
- t2,o 
-33.1 
- 385 
-41,9 
-619 
- 2,6 
- SQ 

6 Ar 
24 Ar 
6 Ar 
6 Ar 

12 Ne 
15 Ar 
18 AX 

:: 
Ne 
Ne 

9 NC 
24 Ne 
21 Ne 

500 - 
700 - 

0.97 
0.97 
0.97 
0.59 
0.97 
1.90 
0.66 
0.97 
0.29 
0.29 
0.29 
0.97 
696 
O&6 

(9,69 + O,t4& lo-’ 
(754 + 0,27,). lo- 2 
(2,04 + 0.01,). lo-’ 
(1.57 _+ 0,18,)~10+2 
(I,13 + 0,025). 10-i 
(9-03 f 0,36& lo-’ 
(5.65 + 0.09,)~ 1O-3 
(3.12 + 0,08,)~10-” 
(1.28 k 0,04& IO- 2 
(9,80 + 0,38,). 1O-3 
(2.07 f 0.13& 10-I 
(8.49 f 0,41,).10-4 
(6.27 zt 0.13,). lO-3 
(1,86 f 0,03& 10-l 

0.27 
0.21 
54.10-4 
1.2~10*s 
0.49 
12 
4.7.10-s 
0,li 
1.6. lO-2 
2,5+ lo-’ 
7,1*10-2 
1.2~10-2 

- 

032 

3.60 + 0.10 
I,07 + 0.05 
0,94 f 0.02 

- 
1.41 & 0,04 
I.12 f 0.05 
1.12 &- 0,02 
0,95 f 0*03 
0,98 k 0.06 
l&l + 0,06 
1.19 rt 0,09 
0,994 f 0,06 
1,69 f 0.06 
1.20 f 0,02 

Berwrkungen Cd,: 228,8 nm, Flammentechnik (Fk nicht thermostatisierte (nt) Hohlkathode 
Cd,: Wit Cd, Hohlkathode bei 20°C thermostatisiert 
Cd,: 326,l nm, (F) 
Cd,: 228,8 nm, Graphitrohr-Kiivcttentechnik, nt 
* VB = Vertrauensbereich fur 95’4-ige stat. Sicherheit (Index rechts unten f; Anzahl der MeRpunkte) 
Konstante: fvv, = 
(Luft) = 11. 

40 (V = 100 $), $,, (NsO) = 623. 105, fvF (Lnft) = 4.10s, 4 = 5cm, & (N*O) = 5,5cm, Lr 

lung sehr schwach. In diesem Idealfall ist D gem88 
Gleichung (5) von M, unabh&ngig (s. Gerade “Li” 
in Abb. 3). Im Falle von Kalium betr%gt die 
Resonanzaufspaltung 3,4 nm. Dementsprechend sinkt 
die opt&he Dichte bei A&, > 3 nm entspmchend &r 
Voraussage von Gleichung (5). Nach dieser mug 
n&nlich bei graDeren Bandbreiten neben der Haupt- 
resonanzlinie lo ( = 7665 run) such noch die 
schwkher absorbierte Komponente A; ( = 769,9 nm) 
des Resonanzdoubletts berticksichtigt werden. Das 
Eisenatom hat mehrere Linien in der Umgebtmg der 
Haut~son~ie. Bei &I&n des Spaltes m&en 
sukzessive immer mehr L&en R” und 1’ berticksicht- 
igt werden, so da0 sich D mit zunehmender A& auf 
einen Viertel reduziert. Merkwtirdigerweise wird eine 
maximale optische Dichte nicht bei dem engsten Spalt 
erhalten. Das kann nur mit starker polychromatischer 
St~~trahl~g erkllirt we&n. Dime konnte quantita- 
tiv nicht ermitteh werden, so da8 auf die Berechnung 
der Kurve D, MM mit HiIfe der Gleichung (5) verzich- 
tet wird. Mit Hilfe der Kurven D&u kann die opti- 
male Spaltbreite leicht ermittelt werden. Da das elek- 
tronische Rauschen des Detektorsignals mit zuneh- 
mender Stra~un~~t~si~t abnimmt, mug die 
grogte spektrale Bandbreite, bei welcher noch keine 
wesentliche Abnahme der megbaren optischen Dichte 
auftifft, als optimal angesehen werden. 

7. Schlieglich soil noch der EmfluS des Lampen- 
stromes LS der Spektrallampe auf die megbare Inten- 
sit% kurz diskutiert werden. Dieser Effekt wurde im 
FaHe von Cadmium bei Messungen sowohl mit der 
Flamme’ 3 als such mit der Graphitrohrkiivette’4 als 
Atomreservoir beobachtet. Wir haben diesen Effekt 
systernatisch untersucht, wobei Eichkurven fur meh- 
rere Metalle mit unterschiedlichem Dampfdruck bei 

zwei miiglichst verschiedenen StromstZrken auf- 
genommen wurden. Diese Metalle sind in der ersten 
Kolonne der Tabelle 2 in der Reihenfolge ihres 
abnehmenden Dampfdruckes” hei 400 K angefbhrt. 
Log pA wurde fur diese Tempera&r bereehnet, da in 
der Ho~ath~e ungef&r diem Temperatur’6 
herrschen soil. Als maximale Stromstiirke (max. LS) 
wiihlte man den vom Hersteller empfohlene Maximal- 
wert (looo/,). Als miiglichst kleine Stromstlirke wurde 
60”/, des Maximalwertes gewtilt, da eine weitere 
Stromreduktion Schwankungen der Liiieninten- 
sit&n zur Folge hatte. Das Verhahnis admA)/ 
a&OC$/o) der anfanglichen Neigungen beider Eich- 
kurven erwies sich als eine geeignete KenngriiBe fur 
den “Lampenstromeffekt”. Die Fehlerangaben fI,ir 
diem Kenngr~ge bedeuten den Vertrauensbereich fur 
95”/,-ige statist&he Sicherheit und wurde durch Feh- 
l~o~p~~g aus den Fehlern beider a,-Werte 
ermittelt. Wenn der Dampfdruck pa des Hohlkatho- 
denelementes griiher als 10-rs mmHg bei der betref- 
fenden Hohlkathodentemperatur betragt, wird die 
anf%ngliche Neigung und such die Form der Eich- 
kurven L), w,,, eine Stromabhangigkeit zeigen. Den 
grogten ~~stromeffekt zeigt das Cadmium mit 
besonders hohem Dampfdruck. Cadmium hat zu- 
gleich einen tiefen Schmelzpunkt, welcher zur Erkll- 

rung des Lampenstromeffektes herangezogen 
wurde.’ 3 Indium schmilzt jedoch vie1 tiefer als Cad- 
mium und zeigt einen kleinen, eher umgekehrten 
Lampenstromeffekt, was eine Korrelation zwischen 
dem ~rne~~kt und Stromabh~gigkeit der Nei- 
gung nicht zufiiht. Bei der Bestimmung von Casium 
und Natrium wurden Gasentladungsriihren verwen- 
det. Bei diesen kann eine Entladungsstromeffekt eben- 
falls beobachtet werden. Der Effekt ist jedoch vie1 
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Abb. 4. Zeitlicher Verlauf der relativen IntensitBt der 
Resonanzlinie (228,8 nm) einer handelsiiblichen Cd-Hohl- 
kathodenlampe (HLK) und einer Cd-H.&L mit thermosta- 
tisierter Hohlkathode nach pliitzlicher Anderung des Lam- 
penstromes urn 25%. Dreiecke: thermostatisierte Cd-HKL, 
I,2 mmHg Ar, 28°C. a: Erhahung der Stromstirke von 
28 auf 32mA c: Vermindemng der Stromstirke von 32 
auf 24mA Kreise: LauBiche HKL, Ar b: Erhahung der 
Stromstlirke von 6 auf 8 mA d: verminderung der 

Stromstiirke von 8 auf 6 mA 

weniger ausgepriigt da sich der Dampfdruck in diesen 
Lampen bei Erhiihung des Entladungsstromes nur 
wenig erhiiht. 

Urn einen direkteren Beweis Nr den Zusammen- 
hang zwischen dem Dampfdruck pcd und dem groDen 
LampenstromelTekt von 3,6 zu erbringen, wurde eine 
Hohikathodenlampe mit thermostatisierter Kathode 
gebaut. Der Lampenstrom-Efiekt fti diese Lampe ist 
kaum nachweisbar (s. Tabelle 2). Fiir die analytische 
Praxis bringt die Thermostatierung der Hohlkathode 
einen bemerkenswerten Vorteil: nach einer VeriIn- 
derung des Lampenstromes stellt sich die relative 
Emissionsintensitit sehr rasch auf einen neuen Wert 
ein (s. Kurven a und c in Abb. 4). Die relative Inten- 
sit&t I,, einer kiiuflichen Lampe mit nicht thermosta- 
tierter Hohlkathode nimmt dagegen erst nach 15 
Minuten einen einigermassen konstanten Wert an. 
Der Verlauf der Kurven b bzw. d entspricht einer 
typischen Aufheiz- bzw. Abkiihlkurve. Dieses unter- 
schiedliche Verhalten beider Cadmium-Lampen und 

die Tatsache, daB die Hohlkathodenlampen mit 
schwer!Xichtigen Elementen keinen Lampenstromef- 
fekt zeigen, beweisen eindeutig, da0 es sich bei der 
Verbreiterung der Emissionslinie urn Linienumkehr 
handelt. Bei dieser Art Linienverbreiterung besitzt die 
Emissionslinie der Hohlkathodenlampe kein glock- 
enfdrmiges Profil. Aus diesem Grunde wiirde die 
Aufiasung von Gleichung (16) nach A&,,, nur eine 
hypothetische Halbwertsbreite ergeben. 

Die Bedeutung der analytischen Form der Funk- 
tion D, wA (Gleichungen (5) und (16)). besteht ganz 
allgemein nicht in zahlenn@igen Voraussagen, son- 
dem in komprimierter Darstellung aller atomabsorp- 
tiometrisch wichtigen Faktoren. 

Anerkennungen-Der Eidg. Stiftung zur Fijrderung Schwei- 
zerischer Volkswirtschaft durch wissenschaftliche Fors- 
chung danken wir Wr die finanzielle Unterstiitzung. 
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APPLICATION OF SECONDARY-ELECTRON CAPTURE 
NEGATIVE-ION (SECNI) MASS SPECTROMETRY TO 

THE ANALYSIS OF METAL-ORGANIC COMPOUNDS*t 
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Summnry-The application of secondary-electron capture negative-ion (SECNI) mass spectrometry to 
the analysis of metal-organic compounds is described and typical examples are discussed. Negative-ion 
mass spectra are simple, molecular anions and ligand ions being the predominant species. Metallic 
or ligand impurities are readily identified by this technique. which makes it extremely useful for the 
determination of purity and formulation of metal-organic compounds. Because of its sensitivity, the 
technique is also valuable for trace metal analysis 

Positive-ion electron-impact mass spectrometry is a 
useful analytical tool for both inorganic and organic 
compounds and the applications of this technique 
have been reviewed comprehensively.‘** The possibi- 
lity of using chemical ionization mass spectrometry 
for the analysis and study of metal-organic com- 
pounds has been proposed, but this application has 
so far been restricted.3-s 

For the analysis of metal-organic compounds, and 
particularly metal chelates, both of these techniques 
have limitations. The disadvamages of conventional 
mass spectrometry as an analytical tool for metal- 
organic compounds are twofold. Interaction of a 
7O-eV electron beam with a metal-organic molecule 
frequently produces excessive fragmentation, yielding 
a complex mass spectrum (especially for mixture3 of 
species containing different polyisotopic metal atoms). 
Further, the absence of intense peaks due to metal 
cations in the spectra of many metal-organic corn- 
pounds can lead to erroneous analytical conclusions. 
The chemical ionization technique is limited for gen- 
eral use because of the need for high-pressure source 
and reagent-gas facilities. 

The application of secondary-electron capture 
negative-ion (SECNI) mass spectrometry to the analy- 
sis of metal-organic compounds overcomes many of 
these di&ulties. Although this technique is also, in 
principle, applicable to the analysis of organic com- 
pounds it would have less versatility in this field. The 
number of organic compounds amenable to the cap- 
ture of secondary or thermal electrons with the for- 
mation of molecular anions is very limited unless 

* Part V, Org. Mass Spectrom., 1975, 9, 1047. 
7 Presented, in part, at the Eighth Meeting of the British 

Mass Spectroscopy Group, University of Keele, Sep 
tember, 1975. 

appropriate derivatives are first synthesized.69 The 
main value of the SECNI technique is in the analysis 
of metal-organic compounds, since either the metal 
or the ligand may act as a site for electron capture. 
With polyisotopic metals, ready identilication of both 
molecular and fragment anions can be achieved.10-‘2 
The present paper @ves examples of the application 
of this new technique to the analysis of metal-organic 
compounds. 

EXPERIMJZNTAL 

The instrument used was a modiiied Hitachi Perkin- 
Elmer RMU-6L single focusing mass spectrometer, capable 
of operating in both the positive and negative ion modes. 
Instrumental parameters used for SECNI spectra were as 
follows: electron energy 70 eV, filament current 3.2 A, tar- 
get voltage loOV, target current 404, total emission 
50 PA, ion accelerating voltage 3.2 kV, repeller voltage zero 
and ion-source pressures <5 x 10e6 mmHg. Total nega- 
tive-ion currents, measured with a retractable probe placed 
after the ion-exit of the source, were commonly l-loo/, 
of those obtained for positive ions for the same samples, 
although with some samples this value may reach approxi- 
mately 5vA. Thus, with an electron-multiplier detector 
with a gain of > 106, ample sensitivity for the detection 
of negative ions was available. Spectra were obtained at 
the lowest possible sample and ionization-chamber tem- 
peratures. Additional characterization of each compound 
was obtained by recording its positive-ion mass spectrum 
within minutes of its negative-ion spectrum, the same tem- 
perature and ion-source conditions being maintained. Care 
was taken to show that pyrolysis, followed by electron im- 
pact. was not the route to the production of the significant 
ions in the spectra. All spectra were checked for reproduci- 
bility. Mass-marking was accomplished by running a 
duplicate spectrum in the presence of perfluorokerosene. 
Ion identification was assisted by comparing the spectrum 
with a computer simulation based on known isotopic 
abundances.” All compounds were prepared by standard 
published methods and were recrystallized or sublimed 
before use. 
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Fig. 1. 70-eV positive- and negative-ion mass spectra of bis(diethykiithiocarbamato)nickel(II) (NiLI), 
where L = (S&NEt,)-. For clarity only complete clusters are shown for the molecular ions (with 
the m/e scale expanded); other fragment ions are shown in terms of ‘sNi (or 32S for species containing 

no metal ion). 

RESULTS AND DLWUSSION 

The following examples have been chosen to illus- 
trate the advantages of secondary-electron capture 
negative-ion mass spectrometry as an analytical tool 
for metal-organic compounds. The most important 
features of negative-ion mass spectra of metal-organic 
compounds are their extreme simplicity and absence 
of instrumental background. These features are 
demonstrated in Fig. 1 where the complete negative- 
ion and partial positive-ion mass spectra of bis(di- 
ethyldithiocarbamato)nickel(II) are compared. Signifi- 
cantly, 970/, of the total negative-ion current is carried 
by the molecular anion. Virtually all bivalent metal 
diallcyldithiocarbamate compounds of this type give 
similar simple negative-ion mass spectral3 and these 
ligands are useful chelating reagents for quantitative 
trace metal analysisi by this technique. Inclusion of 

an aromatic ring in the dithiocarbamate ligand leads 
to a greater degree of fragmentation of the complex 
as shown by the SECNI spectrum of bis(ethylphenyl- 
dithiocarbamato)el(II).‘3 Even so, this fragmen- 
tation is not extensive enough to preclude the use 
of this ligand for analytical purposes. 

The advantages of such simple spectra for analyti- 
cal work are obvious since both identification of 
complexes and determination of particular metals in 
mixtures may be readily achieved. An additional 
example is provided by the metal hexafluoroacetyl- 
acetonates;is in Fig. 2 the positive- and negative-ion 
mass spectra of the aluminium complex are illus- 
trated. Again, the negative-ion spectrum is much the 
simpler and the dominant negative ions are the 
molecular ion and the ligand fragment ion formed 
from it in the process [Al(CF3COCHCOCF3)3]- 4 
(CF3COCHCOCF3)-. Similar negative-ion mass 

I00 
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Fig. 2. 70-eV positive- and negative-ion mass spectra of tris(hexafluoroacetyIacetonato)aluminium(III) 
(AIL,), where L = (CF,COCHCOCF,)-. 
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Fig 3. 704’ negative-ion mass spectrum of a sample of ~~he~fluoroa~tyl~onato~n~e~II), 
(MoL,), which contained the ~a~ogous zinc@I) complex as an impurity. (ZnL,), where L = 

(CF&BCHCOCFs)-. 

spectra are obtained for metal complexes of other 
fluorinated @liietonesl 6 

The SECNI technique is also useful for the detec- 
tion of trace metal impurities in complexes because 
of the ease of assignment fi*fz of peaks, In particular, 
the presence of characteristic clusters of peaks due 
to polyisotopic metals facilitates the identification of 
these impurities.” In Fig. 3, a sample of bis(hexa- 
fluoroacetylacetonato)manganese(II) is shown to con- 
tain the anaiogous zinc@) complex as an impurity 
even though the manganese complex was prepared 
from “pure* reagents The use of positive-ion mass 
spectrometry is not satisfactory for this purpose 
because neither metal complex gives a relatively in- 
tense molecular cation peak and the spectra are 
further complicated by extensive fragmentation peaks. 

An additional advantage is in the detection of 
ligand impurities in a metal complex. A sample of bis- 
(1,1,l-trifluoro-7-methyl-24-octanedionato)copper(II), 
prepared from oopper(II) acetate and the ligand, sub- 

(L25 

limed and having a satisfactory elemental analysis, 
was analysed by its SECNI spectrum, illustrated 
in Fig. 4. This spectrum revealed the presence of 
the complex bis( 1 , 1,l -t~uoro-S-m~yl-~~h~ne 
d~Mto~~~ as an impurity. SECNI mass spec- 
tral analysis of the ligand used for tbe original syn- 
thesis confirmed the presence of l,l,l-trifluoro-5 
methyl3Phexanedione as an impurity. 

The technique can also be used for detection of 
mixed-ligand complexes, e.f7_ thio+diketone corn- 
plexes. Dimer@tion usually prevents isolation of 
pure thio+diketones and hence the metal complexes 
must be prepared in siru” in the presence of the 
appropriate metal salt. 

Figure 5 shows the negative-ion mass spectmm 
of a sample of the mixed-l&and nickel(I1) complex 
which gave elemental analyses consistent with the 
formula Ni(~s~~~~)(~~~~~). 
It is obvious from this spectrum that the method 
of synthesis we have used’ ’ has led to a sample 

Cud F- 

300 

m/e 

Fig. 4. ‘TO-eV negative-ion mass spectrum of the copper(I1) complex CU[CF,COCHCO- 
(C~JdWcH3)J2, bis(l,l,l-trifluoro-7-methyl-2,4-cctanedionato)copper(II), CuL:, which contained as 
an Impurity the complex CU[CF~COCHCOCH~CH(CH&J~, bis(l.l,l-trifluoro-Emethyl-2&hexane- 

dionato)copper(II), CuLj. 
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Fig. 5. 70-eV negative-ion mass spectrum of a sample of Ni(SacSac) (SacAc), 4-thiolopent-3-ene-2- 
thione-Uhiolopent-3-en-2-one nickel(II), which also contained Ni(SacSac)2 and Ni(SacAc),, where 

SacSac = (CHsCSCHCSCHJ)- and SacAc = (CHsCSCHCOCHI)-. 

Table 1. Temperature, pressure, and relative ion abun- 
dance for bis(hexafluoroacetylaceaccto)copper(II) 

Pressure, 10e6 mmHg 2.2 2.2 23 
Temperature, “C 100 150 200 
Cu(CFsCOCHCOCF&, % loo 45 17 
(CF,COCHCOCFs)- , % 56 100 100 

1. J. R. Majer, Talon&z, 1972, 19, 726. 
2 J. R. Maier in J. Charalambous. Ed.. Muss Svectro- 

containing virtually all combinations of the dithio- 
and monothio-/Miketone ligands, a conclusion 
substantiated by the presence in high abundance of 
the (CH3CSCHCSCH3)- and (CH3CSCHCOCH3)- 
species. 

merry of &etal Compounds, p. 2Sj. Buitenvorths, Lon- 
don, 1175. 

3. J. J. Solomon and R. F. Porter. J. Am. Chem. Sot.. 
1972,94, 1443. 

4. W. P. Anderson, N. Hsu, C. W. &anger and B. Mun- 
son, J. Oraanometal. Chem., 1974, 69, 249. 

A final example concerns the thermal stabilities 
of metal complexes, which can be established from 
the simple negative ion spectra. In Table 1 are listed 
relative abundances for the predominant negative 
ions given by bis(hexafluoroacetylacetonato)copper(II) 
at similar source pressures but at different tempera- 
tures. Even though the process Cu(CFJXCHCO- 
CF&4(CF3COCHCOCF3)- occurs in the field- 
free region, it is apparent that thermolysis contributes 
to the increased abundance of ligand ions observed 
as the ion-source temperature is increased. The com- 
plexity of positive-ion spectra makes the presence of 
any thermolysis process difficult to detect. However, 
because of the greater simplicity of negative-ion mass 
spectra, thermal processes leading to the rupture of 
metal-ligand bonds are readily detected by means of 
the resultant increase in intensity of the ligand-ion 
peaks at higher temperatures. In this respect the faci- 
lity to use the mass spectrometer in both the positive- 
and negative-ion modes within minutes under the 
same ion-source conditions is of great value. SECNI 
mass spectra have been obtained for other types of 
metal-organic compounds1*~19 and the results are 
similar to those described here. 

5. T. H. Risb’;, P. C. Jurs and F. W. Lampe, Anal. Chem, 
1974, 46, 726. 

6. A. C. Ho. J. H. Bowie and A. Fry, J. Chem. Sot. (B), 
1971,53ti. 

. 

7. J. G. Dillard, Chem. Rev., 1973, 73, 589. 
8. J. H. Bowie and B. D. Williams in A. Maccoll. Ed., 

M.T.P. Intern. Rev. of Science, Phys. Chem., Mass Spec- 
trometrv. Series 2 Vol. 5. Butterworths. London. 1975. 

9. J. H. B%wie, P&. Roy.‘Australian &em. Inst.; 1975, 
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POLAROGRAPHIC REDUCTION OF SOME POTENTIAL 
A~IDIABETIC COMPOUNDS WITH MORE 

THAN ONE REDUCTION SITE 
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Summary--The pohrographic reduction of a number of N’-guanylarylazopyrazole nitrates has been 
studied over a range of concentration and pH values. The effect of substituent groups on the value 
of the half wave p&ntial has been determined. 

In recent years, interest in the electrochemical behav- 
iour of bjolo~~y abet oompoundsr-3 has in- 
creased. However, as few organic redox systems 
behave reversibly, valid potentiometric data have 
been obtained for only a few compounds. As most 
organic compounds behave in an irreversible manner, 
studies of their reclox t&&our have been based on 

~~ro~p~y. 
The present paper summarizes the results of polar- 

ographic examination of 4-arylgzo-N’-guanyl-3,5- 
climethylpyrazole nitrates (I), well known for their 
antidiibetic activity.4 

R 

6 
-N=N-C-C-CH, 

II Ii 

Cl+,-C N 
\/ 

! NH = 

(11 I 
NH,. HN@ 

In these compounds the possible reduction sites are 
the c--C and C=N groups of the pyrazole ring and 
the -N=N- and GN- extra-nuclear groups. As 
extranuclear sites are more susceptible to reduction,’ 
it can be assumed that the reduction takes place at 
the extranuclear -N=N- and -(3-N- sites. This view 
is supported by the fact that simple pyrazoles are not 
electroactive, while guanine is electroreducible. 

EXPERIMENTAL 

Reagem and solutions 

Substitute pheny~o-~-~~yl-3,S~~~hylp~ole 
nitrates having as substituents hydrogen. 2-r&o, 3.nitro, 
Cnitro, 3-chloro, 4-chloro. Zbromo, 4-bromo, 3-methyl 
and emethyl groups were synthesized.6 In order to study 
the effect of substituents at positions 3 and 5, two more 
compounds, 4phenylazo-N’guanyl-3-methyl-5-phenylpyr- 
azole nitrate and 4-phenylazo-N’-guanyl--3,S_diphenylpyra- 
zole nitrate were synthesized. All the compounds were pur- 
ified by recrystallization from ethanol and their purity was 
checked by nitrogen estimation. Britton-Robinson buffers’ 

l Present address: Vice-Chancellor. Bundelkhand Uni- 
versity, Jhansi. 

in the pH range 2.0-11.0 were prepared. Solutions 
(1 x iO-3M) of all the pyrazoles were prepared in pure 
methanol. 

Apparatus 

A Cambridge pen-recording polarograph was used. The 
capillary characteristics were 3.75 mg2/3 s-i/’ at h = 50 cm. 
Triply distilled mercury was used and the temperature of 
the solution was maintained at 30 f 0.1”. 

Procedure 
Working solutions were prepared by taking the appro- 

priate buffer (8 ml) and a fixed amount of pyrazole solution 
(1 ml). The ionic strength was kept constant by adding 
LOml of 1M potassium chloride. An inert atmosphere was 
maintained by passing puri6ed nitrogen for about 15 min. 
Corrections for residual current were made in all cases. 
The value of n, the number of electrons involved in the 
reduction, was determined by controlled potential electro- 
lysis as recommended by DcVries and Kroon8 with a 
platinum wire as the anode and the mercury pool as the 
cathode. Values of n are given in Table 1. 

RESULTS AND DRXUSSION 

AI1 the arylazopyrazoles are reduced in two 2&c- 
tron reduction waves. The nitro-substituted pyrazoles 
exhibit a further reduction. wave at a less negative 
potential. Some typical polarograms are shown in 
Fig. 1. 

As the -N=N- group is more susceptible to reduc- 
tion than the -C=N- group, the former is reduced 
at a less negative potential than the latter. The first 

Table 1. Millieoulometric measurements at pH 2.3 for N’- 
guanyl-3,5-diiethyl4phenylazopyrazole nitrate (Vi and 

V2 = 0.3ml; Ci and C, = l x 10-4Mj 

id llA Drop time. set 

Substance Initial Final Initial Final n 

Time 120 min, potential - 1.10 V us. mercury pool 

CdSO‘ 2.50 1.75 3.58 (R=H) 2.13 1.40 3.33 ;I: 2.00 

Time 120 min, potential - 1.50 V vs. mercury pool 
cd!304 2.50 1.75 3.58 3.60 
(R=H) 1.87 1.31 3.29 3.55 2oo * 
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Fig. 1. Typical polarograms of py~awles (1) R = 4-Cl, 
c = 1.0 x lo-‘%, pH = 3.8 (2) R = 4-C&. c = 1.0 x 
lo-%Z, pH = 3.8. (3) R = 3-Cl, c = 1.0 x 10-4M, pH = 
3.8. (4) R = 4-NO*, c = 1.5 x lo-%, pH 5: 8.9. (5) R = 

2-Br, c = 1.0 x IO-*M, pH = 3.8. 

wave is therefore assigned to the reduction of the 
-N=N- group. The limiting current was diffusion-con- 
trolled, as can be deduced from piots of i against 
h*. The wave-heights are independent of pH (2.&l 1.0) 
and the temperature coeBicient is in the range 
IS-1.6% per deg. The concentration of the depolar- 
izer influences the eiectrode process and shifts the E a 
towards a more negative potential. The E! of the 
wave is dependent on pH and shifts towards a more 
negative value with increase in pH. The plots of E: 
against pII give straight lines with a slope of 0.06. 

To obtain an indication of the reversibility, various 
concentrations of these pyrazoles were pohtrographed 
and it was found that the half-wave potential shit% 
to a more negative potent&I, revealing the irreversible 
nature of the waves (Table 2). 

Azo compounds are reduced in a two-electron step 
to hydrazo derivatives, g-1 * the overall process being 

R-N=N_R’ _.%.%., R_NI+m-R’ 

As the nature of R and R’ will alter the electron den- 
sity at the -N=N- group, electron-donating groups 
will facilitate the reduction and el~tron-withdrawing 
groups wilf make reduction more dilIicult.iZ This be- 
haviour is observed with the present compounds 
(Table 3). 

Reduction of the azomethine group 

It may be seen from Fig. 1 that the second wave 
is we~~efi~d and we&separated from the first wave. 
This wave may be assigned to the reduction of the 
extranuclear azomethine (-GN-) group. It is inter- 
esting to note that the half-wave potential of all these 
waves becomes more negative with increase in pH. 
However, unlike the case of the azo group, the half- 
wave potential for the reduction of -C=N- fails to 
give a linear relationship with pH. A similar non- 
linearity has been reported by other workers.” The 
shift of El with increasing pH indicates the involve- 
ment of the hydrogen ion in the electrode reaction. 
ZumaxP4 and other workers Is have reported that 
plots of El against pH can be represented by extrapo- 
lation as sets of linear segments of different slopes 
(cf: Fig. 2). The intersections of the linear segments 
give the values of pK for the oxidized or reduced 
species. The pK values calculated from these plots 
are given in Table 3 and ail lie in the same range. 

The behaviour of the wave at various concen- 
trations gives an idea of the reversibility or irreversi- 
bility of the electrode process. For a reversible process 
El is independent of concentration, whereas in the 
case of an irreversible process E I shifts to a more 
negative value. I6 The concentration was varied from 

Table 2. Effect of ~n~nt~tion on (E,),, (E& and (Et), for ~y~~~opy~ole nitrates 

-E, at various concentrations 

No. R 1 x lo-% 1.5 x lo-%f 2.0 x 10-W 2.5 x 1o-%f 3.0 x lO-4M pH 

1. H 

2. bNO* 

3. 3-NOa 

4. CNOz 

5. 3-Cl 

6. 4-Cl 

7. 2-Br 

8. 4-Br 

9. 3-c& 

10. 4-CH, 

(Ejh 0.58 
(Et)2 1.02 
(Ej)* 0.60 
(Etlz 1.15 
&)a 
(Et), :: 
(Et)2 1:06 
(~%)a 0.46 
(Ejh 0.74 
(.$)a 1.12 
@*I3 0.52 
(g,), 0.58 
(Wz 1.00 
(Et)1 0.58 
(E+)z 1.12 
(&)I 0.50 
(JVz l.O# 
(E,), 0.52 
(Ej)Z 1.10 
(E,), 0.54 
(&)a 1.04 
(Et), 0.70 
(Et)z 1.32 

0.61 
1.04 
064 
1.18 
0.44 
0.72 
1.07 
0.49 
0.78 
1.18 
0.55 
0.62 
1.02 
0.63 
1.15 
0.53 
1.02 
0.56 
1.14 
0.56 
1.08 
0.72 
1.34 

0.63 

&! 
1.22 
0.46 
0.74 
1.09 
0.51 
0.84 
1.22 
0.57 
0.64 
1.02 
0.66 
1.18 
0.54 
1.06 
0.57 
1.18 
0.59 
1.10 
0.74 
1.34 

0.66 
1.06 
0.69 
1.24 
0.50 
0.75 
1.11 
0.53 
0.88 
1.38 
0.60 
0.66 

;: 
1:20 
0.58 
1.10 
0.60 
1.18 
0.61 
1.16 
0.75 
1.38 

0.70 7.60 

K 
1:26 

7.60 

0.52 
0.77 7.60 
1.14 
0.56 
0.92 8.90 
1.42 
0.62 
0.70 8.90 
1.05 
0.70 7.60 
1.24 
0.60 7.60 
1.14 
0.62 7.60 
1.20 
0.63 7.60 
1.20 
0.80 7.60 
1.40 
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Table 3. Comparison of half-wave potentials and wave-heights of substituted guanylpyrazole nitrates [l x 10-4M. 
pH 3.8, a and b from the relation -E, = n(pH) + b] 

-E, V id+ fi 

No. R I -&I, (-E,)z (-E,h t&h &)t (&)a PK a* b 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

1: 

2-NH0 
3-NO; 

0.36 0.42 
0.50 

4-NO2 0.44 
3-cl 0.31 
4-cl 0.32 
2-Br 0.30 
4Br 0.32 

3-CHj 0.34 
4-c% 0.40 

0.82 

E 
0:78 
0.80 
0.84 
0.82 
0.88 
0.88 
0.86 

- 0.073 
0.20 0.067 
0.34 0.089 
0.36 0.082 

0.073 
- 0.067 
- 0.067 
- 0.073 
- 0.073 
- 0.067 

0.082 
0.082 
0.082 
0.075t 
0.067 
0.082 

:z 
0.082 
0.075 

0.127 2 
0.135 56 

6.2 

- - ::t 

- - ::: 
- 

0.060 0.150 
0.056 0.230 
0.056 0.300 
0.056 0.240 
0.054 0.110 
0.058 0.120 
0.058 0.100 
0.060 0.100 
0.060 0.120 
0.064 0.160 

* For the reduction of the azo group. 
t Slight maxima observed. 

0.5 x IO-’ to 4 x lo-‘M and it was found that E, 
varied with concentration Fable 2) revealing the irre- 
versible nature of the electrode process. The diffusion 
currents increase linearly with concentration and the 
temperature coefficients are below 1.6% per deg in 
all cases. The diffusion currents (i,,) for all the waves 
are constant at different values of PH. The plots of 
its against hi are linear, indicating the diffusion-con- 
trolled nature of the waves. 

The value of n, the number of electrons involved 
in the reduction of the azomethine group, was deter- 
mined by the millicoulometric method and found to 
be 2. su~esting the followi~ mechanism: 

RR’C=NH zH’+2e RR‘CH-NHa 

where 
R IS -N=N-C-C-W3 II II 

II II 
CH3-C N 

‘N’ 
I 

R’ is -NH,.HNO, 

Similar reduction steps have also heen proposed by 
Kastening,’ ’ Zuman’* and others.’ 9 

~~d~t~n of the nitro group 

In the case of nitro-substituted arylazopyrazoles, 
such as N’-guanyl-3,5&methyl4(2-nitrophenylaw)- 
pyrazole nitrate, and the 3-nitro and Cnitro ana- 
logues, an additional wave appeared at a less negative 
potential. Since the nitro group in both aliphatic and 
aromatic compounds is easily reducible at a dropping 
mercury electrode, this behaviour is understand- 
able.** The reduction takes place by a 4-electron pro- 
cess in the pH range 2.0-I 1.0. The waves are diffu- 
sion-controlled, as shown by the plots of i against 
hi and of i against concentration of depolarizer, 
which were linear. The half-wave potential shifts to 
a more negative potential with increase in pH, but 
the limiting current is almost independent of PH. The 
plots of El against pH are linear. These waves were 
found to be irreversible as the plot of E,,,, against 
log ~/(i~, -i) showed a higher slope and E, shifted 

to a more negative potential with increase in concen- 
tration (Table 2). 

In the case of m-nitro-substituted arylazopyrazoles 
and pnitro-substituted pyrawles, the reduction waves 
of the nitro group merge with those of the -N=N- 
group in the pH range 2.0-6.2. At higher pH, the 
two waves separate, giving two well~e~ned waves 
(Fig. 3). 

A mechanism for the reduction of the nitro group, 
similar to that suggested by Fields2’ and other 
workers,22 can be proposed for these compounds. 

EflPct of substituents on the half-wave potential 

Table 3 gives the values of E+ for substituted aryl- 
azopyrazoles. These values become more positive for 
electron-donating substituent groups, except in the 
case of 4-methylphenylazopyrawle, where the value 
shifts to a more negative potential. This behaviour 
may be due to the o&o effect,’ while the shift to 

Fig. 2. Variation of E, with pN for the reduction of the 
azomethine group. 
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Fig. 3. Separation of the waves for the reduction of the -NO, group and the azo group with increase 
of pH. 

Table 4. Comparison of E, values for substituents at positions 3 and 5 at pH 3.8 

No. R, R2 (-E*),. v (-Et)*. v (AE,),, v (AE*)*. v 

:. 

3: 

z? a3 

C,ds C& 

0.360 0.365 0.820 0.800 O.&S 0.020 - 

C,H, 0.370 0.760 0.010 0.040 

(-Et), and ( -E& are for the reduce 
group respectively. 

a more positive potential is explained by assuming 
an increase of electron density at the site of reduction 
(-N=N-). The 3-Cl, 4-Q 2-Br, 4-Br and 3-CH3 substi- 
tuents shift the half-wave potential to a more positive 
value (with respect to the parent compound). Elec- 
tron-withdrawing substituents, 2-NO,, 3-NO2 and 
4-NO1, give half-wave potentials more negative than 
that of the unsubstituted pyrazole by decreasing the 
electron density at the reduction site. Bromo and 
nitro substituents show positive polarographic ortho 
shifts (&), indicating that o-substituted arylazopyra- 
zoles undergo reduction more easily than the corre- 
sponding p-substituted analogues. 

(&)o-Nitro = @+)pNitro = -0.02 V at pH 3.8 

(&Bmmo - (E+)pBmmo = -0Q2 V at pH 3.8 

In the case of azomethine group reduction, the sub- 
stituents are remote from the reaction site and hence 
no systematic change in E+ was observed. A change 
in the El value with various substituents may be attri- 
buted to the conjugated double bond in (I). It was 
also found that substituents at positions 3 and 5 
appreciably affect the E, value for this reduction site 
(-C=N-). Thus the introduction of an electron-with- 
drawing C,HS group at position 3 shifts the E, value 
to a more positive potential (Table 4) and this shift 
is greater if a second C6H5 group is introduced at 
position 5. Similar behaviour has been reported for 
the case of substituted benzalanilines.23 
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Summary-A coulometric method for the assay of easily oxidized organic substances, using iodine 
as an oxidizing agent, has been developed. The principle of the method is to oxidize the substance 
with an excess of iodine in a water-acetic acid medium and then titrate the iodide formed, with 
anodically generated silver ion. The titration is followed by dead-stop indication using two platinum 
electrodes. The method has been applied to the assay of dihydric phenols with hydroxyl groups in 
the ortho or para positions and to the determination of ascorbic acid in various pharmaceutical prep 
arations. The absolute relative error varied between 0.2 and 2.8% for the 8 phenols investigated and 
the relative standard deviation between 0.2 and lo/, For standard solutions of ascorbic acid the absolute 
relative error was 0.9% and for the 6 pharmaceutical preparations investigated the relative standard 
deviation lay in the range 0.3-0.9”/,. The method is easy to apply and has a number of advantages 
over current iodiietric methods. 

Iodine and other halogens are frequently used as oxi- 
dizing agents. Iodine is often preferred because it 
gives rise to fewer side-reactions than do bromine and 
chlorine. The reaction between iodine and a dihydric 
phenol with hydroxyl groups in the 1,2- or l&posi- 
tions furnishes the corresponding quinones and iodide 
ion, e.g., for hydroquinone 

Hydroquinone + I2 

* pBenzoquinone + ZI- + 2H+ (1) 

Kolthoff’ titrated hydroquinone with iodine, both di- 
rectly with potentiometric indication of the end-point 
and indirectly with back-titration of the excess of 
iodine with thiosulphate or arsenic trioxide and end- 
point indication with starch. Kolthoff also studied the 
influence of the pH on the result. He calculated that 
for a quantitative reaction the pH must be 6 or higher 
as the equilibrium in equation (1) lies too far to the 
left at lower PH. Another fact which may complicate 
a determination is that some dihydric phenols are 
easily oxidized by air at higher pH. Thus Preiss2 got 
erroneous results when titrating hydroquinone with 
iodine in sodium hydrogen carbonate solution at pH 
8-9 and Ashworth et al.’ had the same experience 
with hydroquinone in 1M sodium acetate solution. 
There is also a tendency for iodine solutions to pro- 
duce iodide at higher pH, in a slow reaction which 
is difficult to control.’ 

Some attempts to apply coulometric methods to 
the oxidation of dihydric phenols, using anodically 
generated iodine. have been made. Bajalovic and Nik- 
oli2 titrated hydroquinone amperometrically in 
phosphate buffer at pH 8, and &a and Ku&a6 
titrated hydroquinone at pH 7-8 and pyrocatechol 
at pH > 7. The amount of hydroquinone titrated was 

in the range 110-1100 a and the results were given 
as 99.00 & 0.360/,. For pyrocatechol no quantitative 
result was obtained at pH above 7. 

As mentioned above, there is a lower pH-limit for 
the quantitative oxidation of a 1,2- or l&dihydric 
phenol by iodine. On the other hand too high a pH 
can cause low results because of interference from aer- 
ial oxidation of the phenol. Hence it is desirable to 
perform the oxidation at the lowest possible pH 
which is compatible with quantitative oxidation. 
When performing the titration in the conventional 
way, i.e., either directly by adding iodine up to the 
end-point or indirectly with back-titration of the 
excess of iodine, the assay is based on a determination 
of the iodine consumed. However, equation (1) sug- 
gests that there should be another way of evaluating 
the result of the oxidation, namely by determining 
the iodide formed. 

This procedure should have a number of advan- 
tages over the methods currently in use. Thus the 
equilibrium in equation (1) will be displaced to the 
right by the consumption of iodide ion and the dis- 
placement can be further enhanced by using a large 
excess of iodine. Because of this the titration can be 
performed at a lower pH than when the assay is based 
on the iodine consumption, with decreased risk of 
aerial oxidation. Losses of iodine during the titration 
are also unimportant in this case. In our method the 
iodide formed is determined by constant-current cou- 
lometry using anodically generated silver ion. Accord- 
ingly, the method has the general advantage of coulo- 
metric methods, i.e., no titrants are necessary. The 
titration can also be performed with rather simple 
and inexpensive equipment found in most labora- 
tories. As will be discussed in more detail later in 
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this paper, the appearance of the titration curve gives 
an indication of the reliability of the assay. Hence 
there are a number of advantages associated with this 
method which should make it an attractive competi- 
tor to existing iodimetric methods. 

Methods used for the assay of ascorbic acid (vita- 
min C) have been discussed by Hashmi’ and Hajrat- 
wala.8 They can be divided into two main groups, uir. 
spectrophotometric methods and redox methods. The 
former, although generally specific. are often time- 
consuming. The latter are based on the reducing 
properties of ascorbic acid and are subject to interfer- 
ence from other reducing substances present. One of 
the most frequently used methods was originally pro- 
posed by Tillmans et ~1.~ and is based on the use 
of 2.6dichlorophenolindophenol as an oxidation 
agent. Its reaction with ascorbic acid is accompanied 
by a colour change which can be followed visually, 
photometrically or electrometrically. Although it has 
been adopted as an official method for the assay of 
ascorbic acid in pharmaceutical productsi it is often 
not usable because of interfering reducing substances 
present. It is also time-consuming and demands con- 
siderabfe experimental skill for good results to be 
obtained ’ I 

Iodine oxidation of ascorbic acid has also been 
recommended and exploited a good deal for its deter- 
mination.” It is used as an official method for phar- 
maceutical preparations. lo The usual way is to add 
iodine solution in excess and back-titrate the excess 
with thio~lp~t~ using starch as an indicator. This 
procedure is reported to be time-consuming, owing 
to slow equilibration near the equivalence point.” 
However, improved indication methods have been de- 
veloped, utilizing polarized platinum electrodes“’ or 
plating-tungsten electrodesis to follow the progress 
of the titration. 

An elegant method for the assay of ascorbic acid, 
based on controlled potential coulometry, has 
recently been described by Karlsson.‘” Iodine in 
slight excess is generated at a platinum anode and 
allowed to react with the ascorbic acid. After the reac- 
tion is finished the excess of iodine is reduced, and 
the result obtained on an electronic integrator can 
be related to the amount of ascorbic acid The great- 
est disadvantage of this method seems to be the need 
for expensive, specialized apparatus, not available in 
most laboratories. The advantages of the method de- 
veloped in this work were previously outlined in con- 
nection with the discussion of the iodine oxidation 
of dihydric phenols. The conclusions then drawn are 
applicable also to the constant-current coulometric 
assay of ascorbic acid, using iodine as oxidizing agent. 

EXPERIMENTAL 

Apparatus 

The oxidation was performed in a Metrohm titration 
vessel EA 875-20 as described below and the amount of 
iodide ion formed titrated with silver ion, generated from 
a 0.1.mm thick 10 x 10 mm rectangular silver plate (see 

Fig. 1. Cell for couIometric titration. l-indicating elec- 
trode, 2athode containing 21M sulphuric acid, Z-silver- 

ion generating electrode (anode). 

Fig. 1). A constant current of 1 mA was taken from a 
Knick “Pritxision Stromgeber”. The counter-electrode was 
a alatinum nlate nlaced in 2M sulohuric acid. This elec- 
trode was made by modifying a Me&ohm EA 247 dectrode 
according to Fig. 1. The f&ted glass disc was of porosity 
D3, and 1Omm in diameter. Replacement of the original 
fritted glass disc was necessary to increase the electrical 
conductance. The titration was followed by means of an 
indicating double platinum point electrode (Metrohm EA 
235) through which a constant current of 1 pA passed 
taken from a Rnick constant-current generator. The elec- 
trode polarization was measured by registering the poten- 
tial drop between the electrodes. This method of indication 
was preferred to the one used in previous work where a 
constant polarization voltage was applied to the double 
platinum point electrode and the current registered.” 
which gave rise to currents of 7 fi in the depolarized state, 
which might adversely affect the titration results in the 
present case. 

Rengents 

Phenofs. The dihydroxybenxenes were of the best grade 
commercially available and were used without further puri- 
lication. 

Vitamin preparations. The vitamin preparations analysed 
were obtained from Ferrosan AB. Sweden. For their con- 
tent of various vitamins see Table 2. 

Ascorbic wd. Merck PA. 
Acetic acid. Merck 994X&. 
Sodium acetate. Merck PA. 
Iodine. Mallinckrodt AR, resublimed. 

Oxidution and titration procedure 

A standard solution of iodine was prepared by dissolving 
iodine in glacial acetic acid to give a concen~ation of 
W. This solution was stable for several months if pro- 
tected from water. A reaction solution was prepared by 
adding 2 ml of this solution to the titration vessel. followed 
by 10 ml of glacial acetic acid and 8 ml of water in that 
order to prevent precipitation of iodine. In one case the 
composttion of the reaction solution had to be changed 
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I-1 lated from 

Fig. 2 Schematic diagram showing the connections in the 
coulometric apparatus. 

(see Table I). The compound to be oxidized was then 
added to the reaction solution. 

The phenols were weighed, and dissolved in glacial ace- 
tic acid in a 50-ml volumetric flask to give a concentration 
of O.OOl-O.OlM. From this solution a volume containing 
about 4 pmoles of phenol was dispensed into the titration 
vessel by means of an Agla micrometer syringe. 

In the case of ascorbic acid, standard solutions as well 
as various vitamin preparations were analysed. The stan- 
dard solutions (0.005-0.0lM) were orcoared bv dissolvinn 
ascorbic acid ii deaerated 8% v/v’ a&tic a& in wa& 
The liquid vitamin preparation ABCDin was dispensed as 
such into the reaction solution by means of the Agla syr- 
inge. The remainder of the vitamin preparations, which 
were tablets, were treated in the following way. Five vita- 
min tablets were crushed in an agate mortar and an 
amount of the powder calculated to give 1OOml of an ap 
proximately O.OlM solution of ascorbic acid when dis- 
solved, was weighed out. The powder was leached with 
deaerated 8% v/v acetic acid-water and the solution fil- 
tered into a lOO-ml volumetric iIask and made up to the 
mark with more of the leaching solution. The vitamin 
preparation Multiplex Camp N contains Fez+ which was 
removed by pouring the filtered solution through a tube 
containing a 2-cm thick layer of Amber& CG 120, 
400-6W mesh, cationcxchanger in acid form. All volu- 
metric flasks containing ascorbic acid were wrapped in alu- 
minium foil in order to prevent decomposition by light 
during storage. An exact volume, containing about 
4 ales of ascorbic acid, was transferred from the volu- 
metric flask to the reaction solution in the usual way by 
an Agla syringe. 

The electrodes were inserted and connected to their elec- 
tric circuits (see Fig. 2). The magnetic stirrer was set at 
a relatively high speed and the pH-meter set to READ. 
The silver-ion generator current was adjusted to 1.000 mA, 
the indicator generator current to 1 A the recorder speed 
to 30mm/min and the measuring range set to MILLI- 
VOLT. The silver-ion generation and the indication circuit 
were started simultaneously as the recorder pen crossed 
a vertical line on the chart after a stable base-line had 
be-en achieved. The generation of silver ion was continued 
until the second polarization of the indicator electrode. 
The appearance of the titration curve as well as the method 
for determining the end-point are shown in Fig. 3. A blank 
containing only the reaction solution was titrated in the 
same way and the iodide ion formed is equivalent to the 
distance A-B in Fig. 3. Generally the blank consumption 
was very small or negligible. Increased blank consumption 
can result from deterioration of the indicator electrode or 
be caused by the reaction solution being kept for a long 
time before addition of the determinand. The indicator 
electrode should be washed with demineralized water after 
each titration and if there is any sign of contamination it 
should also be wiped with wet titer paper. Contamination 
generally affects the blank titration curve, which assumes 
a different appearance from the normal one shown in Fig. 
3. The amount of oxidized substance (in qoles) is calcu- 

m/M = lOootl/Fn (2) 
where M = the amount titrated in MB; t = the time in set 
(= twice the distance A-B in mm); I = generating current, 
in mA; M = molecular weight of oxidized substance; 
F = Faraday constant = 96487 C/es; n = number of elec- 
trons transferred per mole of oxidized substance. 

RESULTS AND DISCUS!SlON 

Appearance of titration curve 

A typical titration curve is shown in Fig. 3. It con- 
sists of two regions corresponding to depolarization, 
connected by a section corresponding to polarization. 
At the beginning of the titration the indicator elec- 
trode is depolarized, probably by the I& couple. 
As the iodide ion is consumed by the silver ion a 
polarization takes place and the electrode is polarized 
to a level dependent on the concentration of acetate 
ion, since addition of sodium acetate decreases it. This 
can be explained by the formation of silver acetate 
complexes, AgOAc and Ag(OAc), which reduces the 
concentration of silver ion. controlling the level to 
which the electrode is polarized. When the production 
of silver ion is continued the indicator electrode 
becomes depolarized again. For this depolarization 
to take place the presence of Ag+ as well as I, seems 
to be necessary. There is at present no obvious 
explanation of this behaviour. It might be that the 
couple Iz/AgI; is responsible for the depolarization. 
Arotsky et al.’ * have assumed the AgI; complex to 
be formed when silver sulphate is added to a solution 
of iodine in sulphuric acid. In the present investiga- 
tion it was found that when ultraviolet spectra were 
run for successive portions taken during a blank tit- 
ration, a new absorption band appeared as a shoulder 
at 43Onm. As Arotsky et al. have reported that the 
AgI: complex ab&rbs at 52Onm with a weak 
shoulder at 420 nm, there seems to be some just&a- 
tion for the assumption made above. The main 
absorption band for AgI: at 52Omn cannot be 
observed in the present case as iodine has a strong 
absorption band in the same region. 

I ’ 

Fig. 3. Titration curve with construction for evaluating the 
end-point. 
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The width and height of the polarization part of 
the curve give some indication of the reliability of 
the titration. Ideally the width and height should be 
the same as in the blank titration. Increased width 
is a sign of disturbing reactions and, if the widening 
is considerable, the result should be discarded. The 
Fe*+ in Multiplex Comp N reacts with iodine, caus- 
ing a broadening of the polarization part of the tit- 
ration curve. This interference can be remedied by 
removing the iron on a cation-exchanger as described 
in the experimental part. Turbid solutions can also 
give rise to a broadening, e.g., when assaying vitamin 
C in fruit juices. For the vitamin preparation ABCDin 
a slight broadening is observed, which contributes to 
the somewhat high results obtained for this prep- 
aration. 

Reaction and titration medium 

It has been shown that no oxidation takes place 
when ascorbic acid is ad&d to iodine in glacial acetic 
acid” and that iodide cannot be titrated with silver 
ion in this medium either. Experiments with aqueous 
acetic acid indicated that a water content of WA v/v 
was suitable and this mixture has been used through- 
out as reaction and titration medium. The measured 
pH of this medium is 1.6 when compared with stat+ 
dard buffer solutions. This value is not directly com- 
parable with Kolthoffs pH 6 which refers to aqueous 
solution, but, in the medium chosen, quantitative 
results were obtained for all but one of the phenols 
investigated The exception was l)-dihydroxy4 
methylbenzene in which case the pH had to be raised 
to 2.9 by making the reaction medium 0.25M with 
respect to sodium acetate. The fact that the titration 
can be carried out at a relatively low pH diminishes 
the risk of losses of dihydric phenols by aerial oxi- 
dation. Substitution reactions due to iodination are 
also less likely to interfere at low pH. 

Stability of solutions 

Glacial acetic acid is a suitable solvent for dihydric 
phenols. their solutions being stable for several days. 
For ascorbic acid, aqueous acetic acid containing 8% 
v/v acetic acid has been recommended as an appro- 

prtate extraction medium.” Ascorbic acid is not 
stable in this medium the decomposition amounting 
to about 10% after 10 hr. A solution of ascorbic acid 
in aqueous acetic acid of the prescribed composition 
should therefore not be kept for more than l-2 hr 
before analysis. The presence of B-vitamins in several 
of the vitamin preparations could, however, contrib- 
ute to decreased decomposition of ascorbic acid in 
their solutions.’ 

lnter$ering substances 

The vitamin preparations investigated contain 
other compounds besides ascorbic acid, e.g., sugars 
of various kinds, chloride. and iron in the form of 
Fe’+. Of these, iron in Multiplex Comp N has 
already been discussed. It might be expected that 
chloride would interfere with the determination of 
iodide. However, the presence of chloride up to 5% 
of the amount of iodide did not intluence the results. 
This can be explained by the difference in solubility 
between the silver halides. Various kinds of sugars 
used in tablet formulations were tested, but none of 
them was found to interfere significantly, nor have 
we encountered any sign of interference from other 
kinds of vitamins present in the preparations. It thus 
appears that the method proposed for the assay of 
ascorbic acid is comparatively free from interferences 
by other substances compounded in the vitamin prep- 
arations. 

Results 

The results of the assay of dihydric phenols and 
ascorbic acid have been collected in Tables 1-3. The 
mean relative error is f 1.0% for the 8 phenols listed 
in Table 1 and the relative standard deviation lies 
in the range 0.2-l%. These results must be considered 
satisfactory, taking into account that the phenols are 
not IO@/, pure but contain impurities of unknown 
composition. 

As the purity of the ascorbic acid used for prepar- 
ing the standard solution was better than 99.5”/, the 
results given in Table 3 seem to indicate that the 
method gives somewhat low results. However, as cer- 
tain losses due to aerial oxidation cannot be avoided, 

Table 1. Determination of dihydroxybenzenes 

Relative 
standard 

Added, Found. Error, deviation,* 
Compound flmole w[e % % 

W-dihydroxybenzene (hydroquinone) 3.696 3.676 -0.5 0.54 
M-dihydroxy-2-methylbenzene 3.682 3.622 - 1.6 0.50 
2-chioro-1.4dihydroxybenzene 3.764 3.741 -0.6 0.29 
I+dihydroxy-2,5-di-tert.butylbenzenet 3.728 3.622 -2.8 0.30 
l,t-dihydroxybenzene (pyrocatechol) 3.622 3.697 + 1.0 0.97 
1,2-dihydroxy-3-methylbenzene 3.541 3.507 - 1.0 0.43 
1,2-dihydroxy+methylbenzene$ 3.688 3.662 -0.2 0.71 
4,4’-dihydroxybiphenyl 3.692 3.686 -0.2 0.22 

* Based on 5 analyses. 
t Technical grade. 
$60”; v/v acetic acid, 0.25M in sodium acetate. 
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Table 2. Determination of ascorbic acid in some commercially available vitamin prep- 
arations (5 analyses of each) 

Vitamin 
preparation 

Ascorbic acid found Relative 
by official by present standard 
methods method Difference. deviation, 

mgjtablet 0. 
‘0 % 

IDO-C”’ 508 516 +1.6 0.31 
Bascoplex’2) 296 297 +0.3 0.29 
Minorplex Nf3) 43.0 41.6 -3.3 0.87 
Multiplex N@’ 64.2 63.2 -1.6 0.20 
Multiplex Comp N”’ 62.2 59.4 -4.5 0.62 
ABCDin’“’ 583* 610 + 4.6 0.50 

(1) Vitamin C; (2) vitamins B (B,, B,, Bb), C. Ca-pantothenate and nicotinamide; 
(3) vitamins A, B (B,, B2, Be), C. D, Ca-pantothenate and nicotinamide; (4) vitamins 
A, B (B,, B2. B,& C, D, E, Ca-pantothenate and nicotinamide; (5) vitamins A, B 
(B,, B2, Ba), C, D, E, Ca-pantothcnate, nicotinamide and iron(II)fumarate; (6) vitamins 
A, B (B,, B2), C, D, and nicotinamide. 

* mg/lOO ml. 

the method should in fact be more exact than is indi- ing the risk of aerial oxidation. It is concluded that 
cated by these figures. In the case of the vitamin prep- it should be possible to apply the method to 
arations two figures are given in Table 2 for the con- numerous other substances which can be quantitat- 
tent of ascorbic acid. The first one is the result ively oxidized by iodine 
obtained by a pharmaceutical laboratory using offi- A k c nowledgement-The experimental assistance of Mrs. 
cial methods and the second the result given by the Kerstin Svensson is gratefully acknowledged. 
present iodimetric method. The agreement is surpris- 
ingly good considering the errors inherent in the two 
methods and the statistical error accompanying the 
tablet analyses. A more exact comparison could be 
made if the assays in the two cases were made on 
a solution prepared from the same five tablets. How- 
ever, as this could not be realized, the comparison 
in Table 2 refers only to the same batch of tablets, 
which causes an additional uncertainty due to the 
variation in the content of ascorbic acid from tablet 
to tablet. The relatively large error for Multiplex 
Camp N might be expected to be caused by the ion- 
exchange treatment to remove Fe*+ from the solu- 
tion. However, when solutions of ascorbic acid were 
subjected to the same treatment, no losses of ascorbic 
acid were observed. 

CONCLUSIONS 

The iodimetric method proposed in this paper for 
the assay of easily oxidized organic substances has 
been shown to function well for dihydric phenols with 
hydroxyl groups at the ortho or para positions and 
for ascorbic acid in various pharmaceutical prep- 
arations. The special advantages of the method are 
the elimination of titrant solutions, easy evaluation 
of the end-point, and the possibility of performing 
the oxidation at a relatively low pH, thereby decreas- 

1. 
2. 
3. 

4. 
5. 

6. 
7. 

8. 

9. 

10. 

11. 
12. 
13. 

14. 

15. 

16. 
17. 
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19. 

REFERENCES 

I. M. KolthotT, Rec. Trot. Chin, 1926, 45, 745. 
W. Preiss, Z. Unrers. Lebensm., 1934, 67, 144. 
M. R. F. Ashworth and G. La& Anal. Chim Acta, 
1972,60,464. 
R. P. Bell and E. Gelles, J. Chem. Sot., 1951, 2734. 
L. FJajalovic and K. Nikolic, Bull. Sot. Chim. B&r&. 
1955, 20, 329. 
F. &a and J. K&era. Chem. Listy, 1958. 52, 595. 
M. Hashmi, Assay of Vitamins in Pharmaceutical Prep 
arations. Wiley. New York. 1973. 
B. R. Hajratwala Ausrr. J. Pharm. Sci., 1974, NS23(1), 
33. 
J. Tillmans, P. Hirsch and W. Hirsch, Z. Unters. 
Lebensm., 1932,63, 1. 
Pharmacopoeia of the United States. XVIII, Mack 
Printing Co., Easton. 1970. 
C. G. King, Ind. Eng. Chem., Anal. Ed., 1941, 13, 147. 
J. W. Stevens. ibid.. 1938. 10. 269. 
H. Leonhardt and W. Moeser. Z. Anal. Chem., 1944, 
122.3. 
J. Adams, M. Acker and H. A. Frediani. J. Am. Pharm. 
Assoc., Sci. Ed., 1947, 36. 170. 
S. R. Mohanty. K. R. K. Rao and J. V. Kannan. Anal. 
Chim. Acta, 1956, 14. 587. 
R. Karlsson, Talanta, 1975, 22, 989. 
B. Kinberger, L. E. Edholm. 0. Nilsson and B. E. F. 
Smith, ibid., 1975, 22, 979. 
J. Arotsky, H. C. Mishra and M. C. R. Symons, J. 
ChUIl. sot.. 196’. 25x2. 
0. Tomicek and J. Valcha, Collrcriorl Czech. Chem. 
Commun., 1951, 16, 113. 
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standard 
deviation, 
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4.068 4.030 -0.9 0.15 
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The first two papers in this series demonstrated the princi- 
ples of direct r&ectance rn~s~~en~’ established the 
precision that can reasonabiy be expected, and discussed 
the nature of interferences.* The work described in this 
paper is concerned with test-strips for the determination 
of protein in aqueous media and with comparisons 
between commercially available and laboratory-prepared 
strips. The commercial protein strips are similar to those 
available for nickel, consisting of a plastic backing 
(0.5 x 8.Ocm) to which is attached a W-cm square of 
reagent-impregnated absorbent paper at one end. The re- 
agent used is Tetrabromophenol Blue, which is yellow un- 
der slightly acid conditions and turns green-blue on im- 
mersion in protein-containing solutions. Colour charts 
provided with the commercial product cover the range 
from 5 to > 1000 mg of albumin per 100 ml of solution 
and the strips are intended for tbe semi-quantitative deter- 
mination of protein in urine samples. 

ExPERlMENTAL 

Reagents and apparatus 
Standard protein solution. Bovine serum albumin (30% 

aqueous solution), Ortho Pharmaceuticals Ltd. Additional 
standards to cover the range 0.25-10 mgiml were prepared 
by dilution with distilled water. 

Urine control sample. “UR-Sure Urinalysis Control”, 
Travenol Laboratories, protein level 1.30 + 0.1 mg/ml. 

Protein test-strips. “Albustix”, Ames Company. 
Tetrbromophenolphthlein, ethyl ester, sodium salt. 
Amos01 contact adhesive. “Photomount”, 3M Company. 

Prep~ation of protein test-strips 
Chromatographic paper (Whatman 3mm) was cut into 

strips (10 x 2.5 cm} which were impregnated with reagent 
by immersing them for 1 min in a 0.1% methanolic solution 
of tctrabro&ophenolphthalein ethyl ester buffered to 
OH 2.8 with O.OSM citric acid/sodium citrate. Excess of re- 
agent solution was removed 6y shaking, and the strips were 
dried in a horizontal position, with a hot-air blower 
(5 min). Smaller pieces (3 x 1.5 cm) were cut from the pre- 
pared strips and attached to one end of plastic backing 
material (3 x 1Ocm) with an aerosol contact adhesive. 

Visible rejlectance spectra of the protein test-strips 
All reflectance measurements were made on the Unicam 

SPSOOO spectrophotometer fitted with an SP890 diffuse- 
reflectance attachment. with freshly prepared magnesium 
oxide as reference standard (made by burning magnesium 
ribbon beneath a brass disc, on which tbe magnesium 
oxide vapour condenses to give a uniform layer). Strips 
prepared in the laboratory or the commercially available 

“Aibustix” were immersed for 3 set in a series of freshly- 
diluted and unstirred sofutions of bovine serum albumin 
(0.25-1Omgiml). Each strip was shaken to remove excess 
of orotein solution and dried horizontally for 4min with 
a got-air blower. As tbe size of the “Albustix” test area 
is only 0.5 x 0.5 cm, six strips were immersed in each test 
solution to provide an adequate area for subsequent 
measurement. These were mounted on a card as described 
previously.’ Reflectance spectra are shown in Fig. 1. 

~p~i~ti~ of conditions for ~ti&ti~ meusurements 
All measurements were made on laboratory-prepared 

test-strips. 
Immersion time. Strips were immersed in a 5-mg/ml solu- 

tion of protein for 2 set and 10 see respectively. After shak- 
ing to remove exoess of protein solution, they were dried 
in a horizontal position with a hot-air blower for 4min. 
Reilectance measurements are given in Table 1. 

Drying con&ions. Strips were immersed in a 5-m&ml 
protein solution for 2 see, shaken, and dried in either a 
vertical or a horizontal position for 2-6min. The position 
of the hot-air blower was varied so as to alter both the 
temperature at the surface of the strip and the degree of 
disturbance of the surface moisture by the air stream. Re- 
i%ctance measurements are given in Table 1. 

Bf&w efficiency. Separate portions of a 5-mgiml protein 
solution were adjusted to pH 4 and 9 and test-strips im- 
mersed in each solution for 2 sec. After shaking and drying 
in a horizontal position for 4min, the reflectance of each 
was measured (Table 1). 

Precision of quantitative measurements 

Groups of five test-strips were immersed for 2 set in 
standard protein solutions covering the range 
0-lO.Omg/mL Each was dried for 4 min in a horizontal 
position with a hot-air blower. Reflectance measurements 
and relative precisions are given in Table 2. 

Dererminahon of protein in urine 
Protein-free urine was spiked with bovine serum albu- 

min to give protein castrations of up to ~O.Omg/ml. 
Groups of five test-strips were immersed in each sample 
solution and dried for 4min as before. Reflectance 
measurements were recorded and the precision at several 
concentration levels calculated (Table 2). Standards were 
also prepared in the range ON-2.00mg/ml protein and 
the level of protein in two urine control samples measured 
from a calibration curve. 

RESULTS AND DISCUSSION 

Adsorption indicators such as Bromophenol Blue (tetra- 
bromophenolsulphonephthalein) are used extensively for 

715 
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08 r _--- “Albustix:’ commercial 
- Laboratory prepared stnps 

Wavelength, nm 

Fig 1. Reflectance apcctra of protein teat-strips (reference MgO, numbers by the curves refer to albumin 
concentration, mg/ml). 

the detection of proteins separated by electrophoresis3 
They are acid-base indicators, the colour transition range 
of which is mod&d by the formation of a salt-like adsorp 
tion product with the protein molecules. The colour reac- 
tion may be observed in solution or at the surface of 
reagent-impregnated absorbent paper after immersion in 
a protein-containing solution. Commercially available test- 
strips for protein in urine (“Albustix”) employ Tetrabromo- 
phenol Blue as the chromogenic reagent. During prelimi- 
nary work with laboratory-prepared test-strips impreg- 
nated with the same reagent, rapid bleeding of the indi- 
cator into the test solution was observed. As this did not 
occur with “Albustix” it was assumed that they must be 
specially treated during manufacture to render them resist- 
ant to bleeding. A similar indicator, tetrabromophenol- 
phthalein ethyl ester, which has been recommended by 
Feigf4 as a spot-test reagent for proteins, bled much more 
slowly and was used for all subsequent work. The observed 

colour transition range for this reagent is pH 3.2-6.4, the 
change being from yellow to blue. Below pH 3.2 and in 
the presence of protein, a proton is displaced from the 
indicator molecule, which assumes a blue salt-like form 
according to the equation: 

HIn + protein = In--protein + H’ 
yellow blue 

Protein hydrolysis products, including amino-acids. di- and 
tripeptides and peptones do not cause a colour change.* 
As the indicator is normally present in considerable excess, 
the observed final colour is generally between yellowish- 
green and greenish-blue, depending on the level of protein 
present. The laboratory-prepared strips were buffered to 
pH 2.8 with citric acid @K, = 3.1) and sodium citrate to 
provide a stable and reproducible pH at the surface and 
to allow for some variation in the pH of the sample solu- 
tions. 

Table 1. Effect of immersion time, drying procedure and pH of sample solution on the 
reflectan@ function F(R,) of protein test-strips (5.00 mg/ml protein) 

F(R , )* 
Immerston time, src Drymg time, min Sample solution pH 

2 10 2 4 6 4 9 

0.235 0.265 0.155 0.250 0.231 0.228 0.258 
0.265 0.228 0.138 0.222 0.250 0.243 0.243 
0.228 0.282 0.178 0.233 0.269 0.258 0.277 

Mean 0.243 0.258 0.157 0.235 0.250 0.243 0.259 

* F(R,) is the reflectance funchon for absolute reflectance measurements, with MgO as 
a standard. 

Table 2. Statistical evaluation of reflectance readings for the determination of albumin in water and urine 

Albumin, mglml 

W A* Standard Relative 
(mean of 5 replicates) deviation precision, % 
Water Urine Water Urine Water Urine 

0 0.0320 0.0675 0.0010 0.0024 3.1 3.6 
0.50 0.113 0.326 0.0056 0.0057 5.0 1.7 
1.25 0.177 0.569 0.0077 0.017 4.4 3.0 
2.50 0.299 0.934 0.0089 0.02 1 3.0 2.2 
5.00 0.609 1.61 0.032 0.089 5.3 5.5 

10.00 1.25 2.60 0.071 0.118 5.7 4.5 

*See Table 1. 
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03 t ‘Albustix” at 625 
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Fig. 2. Kubelka-Munk plot for albumin in water, 2-set 
immersion (reference MgO). 

Visible reflectance spectra of commercial and laboratory- 
produced test-strips (Fig 1) show two fairly broad max- 
ima. The one between 425 and 440nm corresponds to the 
yellow acid form of the indicator and that between 610 
and 625 nm to the blue indicator-protein adsorption prod- 
uct. The slightly shorter wavelengths of maximum absor- 
bance observed for the laboratory teat-strips may arise 
from the change of indicator. Alternatively, the commercial 
strips may be manufactured from paper with a somewhat 
coaner fibrous structure than those prepared in the labora- 
tory. An interesting feature of the spectra is the occurrence 
of an isosbestic point in the region of 5OOnm confirming 
that the two maxima are derived from a single species 
existing in two distinct forms. 

Kubelka-Mtmk plots for the commercial and laboratory- 
prepared test-strips are shown in Fig 2. The difference 
in the range of reflectance function values F(R,) (where 
R’, is the reflectance measured relative to a blank) for 
identical concentration ranges is again indicative of the 
different indicators used in the two types of strip, although 
differences in paper quality or reagent concentrations may 
also be contributory factors. The better linearity and wider 
range of F(R’,) values found for the laboratory-prepared 
strips would be an advantage where quantitative rather 
than semiquantitative information is required. An upper 
protein concentration limit of 10 m&ml was selected as 
levels of clinical interest are largely below this value. 

Quantitative measurements 

For quantitative measurements an immersion time of 
2%~ is considered preferable to 1Osec in the interests of 
speed and to minimize the risk of the indicator-protein 
complex. dispersing into the sample solution. This was 
observed in exploratory work for strips immersed for more 
than 1Osec. Drying conditions must be such as to avoid 
redistribution of the complex on the surface of the strips 
while excess of moisture is present. This was achieved by 
shaking the strips to remove excess of sample solution and 
by laying them horizontally 3-4 ft beneath a hot-air 

blower. Reflectance readings were found to be stable and 
reproducible after a minimum of 4 min drying in this man- 
ner. The buffer capacity of the strips was found to be ade- 
quate to cope with sample solutions with pH as high as 
9. This is considerably above that normally encountered 
in urine samples, which range in pH between 5.5 and 7.0. 

A statistical assessment of the data has established that 
relattve prectsions of 1.7-5.7”,0 over the protein concen- 
tration range 0.5-10 mg/ml in both water and urine (Table 
2) can be expected. This is in agreement with an estimated 
value of 2.9% derived from Ringbom curves, assuming an 
instrumental reading error of O.S”;‘,. The individual Ring- 
born plots did not show the full extent of the normal 
S-shaped curves as concentrations exceeding lOmg/ml 
were not examined. This is particularly noticeable for the 
commercial strips, where retlectances are generally higher 
than those of the laboratory-prepared strips for reasons 
already discussed. Precision is unaffected by storage for 
at least three months, as evidenced by a comparison of 
stored strips with those which provided the data in Table 
2. The accuracy of the method was asses& by analysing 
two urine control samples, each containing 
1.30 f 0.10 mg/ml protein, as determined by the biuret 
method. The results were 1.17, 1.29. 1.22 (mean 1.23) and 
1.18, 1.12, 1.28 (mean 1.19) mg/ml, and demonstrate an 
acceptable accuracy for the proposed method. The slightly 
lower figures suggest that the urine samples may have con- 
tained some protein hydrolysis products which would react 
with the biuret reagent but not with the test strips. 

CONCLUSIONS 

A method for the determination of protein in aqueous 
media has been described and shown to have a relative 
precision of between 1.7 and 5.7% over the concentration 
range 0.5-lOmg/ml. Results for the analysis of urine con- 
trol samples show good agreement with figures obtained 
by the biuret method. All experimental work was done 
using bovine serum albumin but the reagent will also react 
with other native proteins. The method has a potential 
application in clinical analysis where quantitative rather 
than semi-quantitative data are required. It would be suit- 
able for the determination of protein in urine, as in cases 
of proteinurea, and in cerebrospinal fluids. In conjunction 
with a portable retlectance meter the method could provide 
data quickly and cheaply. 

Acknowledgement-I am grateful to Mr. P. W. Dalton of 
the New Charing Cross Hospital who was responsible for 
some of the experimental work described in this paper. 
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Summary-The determination of protein in aqueous media by using commercial and laboratory-pre- 
pared test-strips has been investigated. Adsorption indicators of the Bromophenol Blue type form 
the basis of the colour-forming reaction, which is selective for natural protein. The relative precision 
of reflectance measurements is 1.7-5.7% over the concentration range 0.5lOmg/ml. for bovine serum 
albumin. The method would be suitable for the rapid determination of protein in urine and other 
body fluids. 
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IN W#SSRIGEN LijSUNGEN 
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Anorganisch-Chemisches Institut der Universitat Giittingen, 3400 Gottmgen, TammannstraBe 4. BRD 

(Eingegangen am 27. Oktober 1975. Angenommen am 12. Februar 1976) 

Nach ersten Arbeiten von Donoghue und Drago’ ilber die 
Darstellung von Koordinationsverbindungen des Hcxa- 
methylphosphorsguretriamids (HMPT) mit Kobalt-, Nic- 
kel-, Kupfer- und Zinksalzen wurde von den Unterzeich- 
nem ilber Komplexverbmdungen des HMPT sowie des 
0ctamethylpyrophosphors;iuretetramids (OMPA) und des .__ _ 
Diisopropylfluorophosphats (DFP) mit Salzen d& Eisens- 
fIII). Wismuts. Urans. Thoriums. Vanadiums. ZintiII) 
und’(IV), des Golda sowie des Z&s berichtetz Ebensd 
waren Verbindungen des HMPT mit verschiedenen Uber- 
gangsmetall-Cyano- und Rhodanosiiuren, sowie mit der 
SIure HCB(CsH&] Gegenstand unserer Untersuchungen. 
Femer w&den extraktii-analytische Methoden erstell<fUr 
die selektive Erfassuna von EisenfIIIk3 Gold* und von 
Zink.’ Ab 1967 haben-daraufhin zahheiche Autoren weit 
iiber 100 Verbindungen des Typs (HMPT)_[MeXJ (I) 
beschrieben6 Uber Darstellungsm6glichkeiten von kom- 
plexen Sgiuren H[Me&(HMPT)d (II) unter Erhijhung der 
Koordinationszahl. wie in HfBiX-(HMPTl,1 bzw. 
H[AuX.,(HMPT),] (b’H = 13,67 ppm ‘fllr den--Chloro- 
komplex in D,O; Av = -28 cm-‘) wie such ilber Ver- 
bindungen des Typs (HMPTH),,,H,[MeX,] (III), wie 
(HMPTH)rHr[Fe(CN),], sagt die Literatur nichts Wei- 
teres aus. Diese Verbindungen wurden erstmals von den 
Autoren dargestellt. 

Bei der Darstellung des Verbindungstyps (I), z.B. von 
[Fe(SCN),(HMPT)s] ist eine geringe Aciditiit der Probelii- 
sung erforderlich, urn die Bildung der komplexen Sure 

Hs[(Fe(SCN),)] hintan zu halten. Die quantitativ eintre- 
tende Fiillung des Eisens erfolgt hier such aus verdhnnten 
Losungen des Eisens unter vollst%ndigem Ligandenaus- 
tausch des in witssrigen LBsungen am E&n-ion koor- 
dinierten Wassers. Erst durch diese vollstiindige Liganden- 
hydrophobierung wird eine Extraktion mit chlorierten 
Kohlenwasserstoffen moglich. Diese selektive Extrahier- 
barkeit z.B.~ des Eisens als [FeCl,(HMPT)] aus vorzugs- 
weise chloridhaltigen LBsungen ist somit auf die Bildung 

Tabelle 1. HMPT-Komplexe von Alkali- und 
Erdalkalimetallen 

v PO, vPN, 
Verbindung cm-’ cm-’ Smpt., “C. 

Na(HMPT),J 1200 746 94 
Na(HMPT)$SCN 1190 750 75 
K(HMPT)rSCN 1198 750 58 
MgCl,(HMPT),(H,O), 1194 756 113/121 
MgBr,(HMPT)r(HrO), 1193 750 162 
MgBr,(HMPT),(HrO)s 1196 750 164 
MgJ2(HMPT),(HrO).s 1192 755 157 
CaBr2(HMPT),H20 1194 753 128/136 
CaBr,(HMPn,(H,O). 1197 753 130/132 
SrC12(HMPT)$H&)~~ 
SrBr-(HMPT), H-0 

1191 
1190 

753 
750 

190 Zers. 
200 Zers. 

SrB,$IMPT),H,b 1193 751 240 Zers. 
SrJ,(HMPT), 1193 750 271 
BaBr2(HMPT),(H20)2 1193 751 200 Zers. 

von nicht extrahierbaren Mischkomplexen von H20 und 
HMPT an den anderen vorhandenen Ubergangsmetallen 
zuriickfiihrbar. Erkennbar wird dies bei spiiteren Darstel- 
lungsmethoden fm Ubergangsmetall-HMPT-Komplexe, 
bei denen auf grGBtm&liche Wasserfreiheit in den 
Ans&tzen geachtet werden mu&e, da die unvollstindige 
Entfemung koordinierten Wassers zu wasserliislichen Ver- 
bindungen Whrte und F%llungen verhinderte.6 

Tabelle 1 zeigt 14 neue HMPT-Komplexe mit Alkali- 
und Erdalkalirnetallen. Erstgenannte Verbindungen fallen 
nur aus wasserfreiem Medium, denn Wasm verhindcrt 
durch seine koordinative Bindung die vollstiindige Koor- 
dination des HMPT. An Erdalkalimetallen karm Wasser 
gleichzeitig koordinieren. Da, wie weiter unten n&her 
beschrieben, das HMPT nicht nur am Metal1 koordiniet$ 
sondem such mit den Wasserprotonen reagiert, wird die 
Koordination tlberschtlssigen HMPT’s am Metallkation 
noch erleichtert: 

H + 0=P(NR2b 
/ 

Me”+ --0 

H 
/ 

Me”+ --0 

Es handelt sich also bei den beschriebenen Reaktionen urn 
Ligandenaustauschreaktionen, bei denen die Liganden 
such miteinander eine Realction eingehen. 

EXPERIMENTELAER TEIL 

Darstellung der Verbindungen der Tabelle 1 
Die Alkalimetall-Verbindungen sind darstellbar durch 

L&en der entwiisserten Halogenide in HMPT, das auf 
7&100” erhitzt ist. Nach dem Auskristallisieren in da 
KPte wird zweimal mit je 5 ml Petroltither (Kp 130”) ge- 
waschen und im Vakuum iiber Kaliumhydroxid getrocknet. 

Die Erdalkalimetall-Verbindungen werden dargestellt 
durch Suspendieren von 3-5 g der Erdalkalihalogenid-hyd- 
rate in 15 ml Methylenchlorid, und Aufl&en durch Zusatz 
von 8-10 ml HMPT. Man kristallisiert im Vakuum, wgscht 
mit Petrolather und trocknet im Vakuum tiber Kalium- 
hydroxid. 

Geriire 
IR-Aufnahmen: Hitachi Perkin-Elmer, Typ 180; 

‘H-NMR-Aufnahmen: Hitachi Perkin-Elmer, Typ R 24 A; 
“P-NMR-Aufnahmen: Bruker, Typ RM 504. 

Die Widerstandsmessungen wurden mit einem Instru- 
ment der Firma WTW durchgefuhrt. Bei der benutzten 
Elektrode handelte es sich urn platinierte Platinbleche. 
(Geratekonstante: K = 0,582 cm-‘). 

Physikalische Untersuchungen am System HMPT-H20 

Est ist seit langerer Zeit bekannt, dafi HMPT auf Grund 
seiner augerordentlich hohen Donor-Eigenschaft mit prak- 
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Abb. 1. Widerstand von Mischungen des HMPT mit 
Wasser. 

tisch allen protischen Substanzen iiber den Phosphoryl- 
sauerstoff reagiert.’ Die gro& Koordinationsftihigkeit ist 
auf die hohe Mesomeriemijglichkeit der positiven Partial- 
ladung des Phosphors zuriickzufiihren:’ 

NRz GR, 
6- a+/ 

NR2 

-o-+LNR~ ‘at -O-PLNR~ o USW. s O=P-NR~ 
\ 

NR2 
\ \ 

NR2 NRz 

Aus ramanspektroskopischcn Untersuchungen ist nach- 
gewiesen worden, daD die PO-Bindung zu 500/, Ionen- 
charakter be&t.’ Als Beispiel fti tine Reaktion des 
HMPT mit einer protischen Substanz wurde aus den oben 
dargelegten Griinden die Reaktion 

(H,O), + nHMPT -, [(HMPT),,(HOH)J 

untersucht. Diese Reaktion wurde durch Messung der 
LeitfXhigkeit, der ‘H-NMR, der “P-NMR und der IR- 
Spektroskopie verfolgt 

Lei@higkeitsmessungr. Durch Zugabe von doppeltdes- 
tilliertem Wasser zu reinem HMFT wird eine Zunahme 
der Leitftihigkeit erreicht. Eine konduktometische Mikro- 
titration einer bekannten, vorgegebenen Menge HMPT m$ 
Wasser ist in Abb. 1 dargestellt. Hierbei &de das Titra- 

m I I I I I I I 

Abb. 2. IR-Spektrum der M&hung HMPT:H*O = 6:l. 

tlonsgef%D auf 53’ thermostatlert und die Mischung nach 
jedem Zutropfen ca. eine Minute geriihrt. Wlhrend der 
anschlieI3enden Widerstandsmessung wurde der Mag- 
netriihrer abgestellt. Die Widerstandsmessung wurde mit 
Hilfe einer Wheatstoneschen Briicke durchgefiihrt, die zur 
Vermeidung stiirender Polarisationseffekte mit einer Wech- 
selspannung von 3 kHz betrieben wurde. Analoge Titra- 
tionen mit anderen Ausgangsmengen an HMPT oder 
anderen Temperaturen (20-60”) zeigen der Abb. 1 analoge 
Kurvenverllufe. Aus der Kurve sind zwei Knickpunkte bei 
den molaren Verh&ltnissen HMPT: Hz0 = 16: 1 und 4: 1 
abzulesen. Ab dem molaren Verhiiltnis 1:l bis in das 
Gebiet groDer Verdiinnungen bleibt der Widerstand weit- 
gehend konstant. 

IR-spektroskopische Untersuchungen. Abbildung 2 zeigt 
ein typisches IR-Spektrum eine.r HMPT-H,O-M&hung 
innerhalb des Bereiches 10:1-4:1 (bier als Beispiel 6:l). 
Neben den zu erwartenden, auf das HMPT zuriickfiihr- 
baren Banden, tritt bei 3680cm-’ ein scharfer Peak auf, 
der einem OH--Ion in festen Hydroxyden entspricht.* 
Weiterhin tritt zum Unterschied zum reinem HMPT eine 
sehr breite Bande von 3OOOcm-’ bis 3600 cm-’ auf, die 
einer Wasserstoffbriickenbindung &O...H...QP 
zugeordnet werden mu& 

Aus den bisherigen Untersuchungen k&men folgende 
Schliisse gezogen werden: bei dem Molverhiiltnis 
HMPT:H,O = 4: 1 liegt eine Koordination von vier Phos- 
phorylsauerstoffen des HMPT an einem Wasserproton vor, 
gem8B einer Verbindung [H(HMPT)i]OH-. Die Existenz 
von Hydroxylionen ist durch die IR-Spektren nachge- 
w&en. Der Knickpunkt der Titrationskurve beim molaren 
Verhiiltnis HMPT:H20 = 4:1 zeigt, daD das Wassermo- 
lekiil vollstiindig dissoziiert ist. Dem Molvertilmis 16:1 
entspricht eine in zweiter Sphiire noch vorhandene zutitz- 
lithe Koordination durch weitere zwiilf HMPT-Molekiile. 

‘H-NMR-Messungen. Bestitigungen der gemachten 
Angaben tiber die Koordinationsspezies des HMPT-Sauer- 
stofTs an einem Wasserproton ergeben sich durch die Mes- 
sung der ‘H-NMR des “Wassers” in Abhlngigkeit von 
dessen molar- Konzentration in HMPT. Hierzu wurden 
Verdiinnungsstufen HMPT-HI0 im molaren Bereich 10: 1 
bis 1:20 hergestellt und von jeder M&hung sowie von 
reinem Wasser als such von reinem HMPT ‘H-NMR-Auf- 
nahmen gemacht (ext. Standart TMS, 0 ppm). Das 
‘H-NMR-Spektrum von reinem HMPT zeigt zwei Methyl- 
banden bei 2.55 und 2,37 ppm. Der Grund f& die Aufspal- 
tung in zwei Peaks ist die Kopplung der Methylprotonm 
mit dem )‘P-Kern (Abb. 3). 

Reines, doppeltdestilliertes Wasser zeigt einen Peak bei 
4,80ppm. Abbildung 4 zeip die chemische Verschiebung 
des Wasseqrotons in Abtingigkeit vom molaren 
Verhillmis HMPT:H20. Man erkennt, daD im Bereich 
10: l-4: 1 die chemische Verschiebung und damit gleichbe- 
deutend die Elektronendichte am komplexierten Proton 
gleichbleibt. Bei dem Vertiltnis 4: 1 werden S = 3,45 ppm 
gemessen. Dies bedeutet einen Unterschied von 1,35 ppm 

Abb. 3. ‘H-NMR-Spektrum der M&hung HMPT:H,O =z 
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Abb. 4. IN-NMR-Verschiebungen von 
HMPT-Wasser-Mischungen. 

gegeniiber reinem Wasser. Es ist also ersichtlich, dal3 bet 
einer Kompie~~men~~ng [H(HM~)~]OH- die 
maximale Elek~on~dic~te am zentralen proton erreicht 
ist. Komplexe der Zusammensetzung [H(HMPT)z]OH- 
mit x > 4 existieren nicht. Weiter zugefdgtes HMPT baut, 
wie die konduktometrische Titration zeigf eine zweite 
Koordinationssphiire auf. Im Bereich groBerer Verdtin- 
nungen (HMPT:HzO wie 4:l bis f:lOusw.) niihert sich 
der Peak mehr und mehr dem des reinen Wassers bei 
4.8 ppm 

31P-NMR-~es~gen. Von den bereits unter ‘H-NMR 
erwghnten Verdiinnungsstufen sowie von reinem HMPT 
wurden 31P-NMR-Spektren angefertigt. Als extemer Stan- 
dart diente konz. H,PO, (Abb. 5). Es wurde jeweils der 

L 

I I 
-23.4pc.m Ooom 

Ho - 

Abb. 5. 3’P-NMR-Spektrum des HMPT. 

0.S 1.0 I.5 

9 K,[ F~(C%J~,oO,L 

2.0 

Abb. 6. Maximale pH-Wert-Erhohungen durch Zusatz 
von HMPT und K,[Fe(CN)&u Probekisungen. 

hiichste Peak eines HMPT-Signals &gemessen und die 
S3’P-Werte gegen das molare Verhlltnis wie oben aufge- 
tragen. Dre Kurve zeigt den gleichen Sachverhalt wie bei 
Abb. 4. Auch hier ist ein deutlicher Knickpunkt beim 
molaren Verhiiltnis HMPT:HrO = 4:l erkennbar. Im 
Bereich 10: i-4: 1 erfolgt keine weaentliche Anderung der 
Elektron~di~hte am Phosphor. Erst ab &m Verh~l~is 
4: 1 greift eine zunehmend stiirker werdende Entschirmung 
des “P-Kerns Platz. 

Als Interpretationsmiiglichkeit dieses und des analogen 
Verhaltens in Abb. 4 ist ein stufenweiser Abbau des Kom- 
plexes [H(HMPT)d]OH- bis zur Verbindung 
H-G-H. * . G=P(NR1)s denkbar. Weitere &erlegungen 
sowie experimentelle Un~rsuchungen, insbesondere liber 
die s~~~rell~ Gegebenheiten bei hohen W~~rgeh~~ 
in HMPT, sind im Gange. Hiertiber wird berichtet werden. 

Verbindungstyp (HMPT),,,HJ 1 MeX.)] 
Die Verbindungen des Typs (III), in denen wie eingangs 

erwiihnt, der Phosphorylsauerstoff des HMPT mit den 
Protonen schwacher komplexer Metalltiuren (z.B. 
H,[(F~CN)*)]) reagiert, erweisen sich insbesondere dann 
als in Wasser schwerllislich, wenn sich die Protonen bereits 
in einer intramolekularen WasserstofIbriicke mit den 
Liganden des Metalls befindenq Unter diesen (Tabelle 2) 
ist die Verbindung (HMPTH),Hz[(Fe(CN),)] such in 
organischen Solventien der verschiedensten Art praktisch 
unliislich. Hieraus ergeben sich Schwierigkeiten fur die 
Strukturaufktiirung mittels ‘H-NMR-Spektroskopie. Die 
zuniichst ~~rr~hende Tatsache. dal3 sich die Vertreter 
dieses V~bindungsty~ jedoch in ilberschllssigem HMPT 
Risen, ist durch die gewonnenen Erkenntnisse iiber die 
Reaktionen des HMPT mit Protonen erkliirbar. Beispiel: 

(HMPT)H[B(CBH,),J + 3HMPT - 
H(HMPT): + [B(C,H,),]- 

Tabelle 2. HM~-Komplexe des Typs (HM~) t&Me&,) 

Smpt., AvPo* 
Nr. Substanz ‘C cm-’ 

1 C{(CHoh N3PO HICGWJU 176 -16 
2 CiICH,)zNI,PO WCCtiSCNMNHdJ 150 Zers. -33 
3 C<f(CH,)2N),PO),H2lCFefCN),NOl 103 Zers. -32 
4 [(:(CH,),N),Po),H,IHzCFefCN)~l 170 Zers. -33 

* Bezogen auf freies HMPT. 
Bestimmung der “sauren” Protonen: 1,2,3, direkt und mdirekt: 4. indirekt. Loslichkeit: 

in Wasser, 1,4 sehr schwer 18slich; 2.3 schwer 18slich; in Alkoholen, I,23 letcht loslich. 4 
sehr schwer loslich. 
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Das Auftreten des Kations ist durch ‘H-NMR-Spektrosko- 
pie nachgewiesen. 

Trotx der auDerorde.nthchen Schwerloshchkeit der Ver- 
bindung (HMPTH),H,[Fe(CN),] in allen gangigen 
Liisungsmitteln 11l3t sich die Protonenzahl indaekt durch 
Mess&g der Differenz der Acidit;iten vor und nach der 
Ausfalhmg bestimmen. Sofern die betrelTenden Verbm- 
dungen in Wasser-Alkohol-Gem&hen liislich sind, kann 
ihr Gehalt an Protonen such direkt durch Titration mu 
Natriumhydroxid ermittelt werden. 

Durch Zufugen von K,[Fe(CN),] zu verdtinnten Miner- 
Blsiiuren bei Gegenwart von HMPT lassen sich durch 
“Protonenfallung” such bestimmte pH-Werte im Bereich 
w einstellen. Abbildung 6 zeigt die mijgliche pH-Wert- 
Steigerung von Liisungen, deren Anfangs-pH-Wert 
zwischen 0.5 und 3 lag. 

4HCl+ K,[Fe(CN),] + ZHMPT-, 
(HMPTH),H,[Fe(CN),] + 4KCl 

Aus dieser Gleichung ist ersichtlich, daI3 die Protonen in 
der Liisung durch Kalium-Ionen ersetxt werden. Dies hat 
gegentiber dem Einsatz von Puffern, deren Anionen 
Metalle komplexiercn Vorteile (hiertiber wird bcrichtet 
wetden). 

Der Deutschen Forschungsgemeinschaft, Bonn-Bad 
Godesberg und dem Fond der Chemischen Industrie 
danken wir fit die Untersttitzung der vorliegenden Arbeit. 
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+eammeafaaaung-Es wird die E&i&rung fti die erreichten Spezifrtiiten bei der Selektivierung von 
Ubergangsmetallen unter Verwendung von Hexamethylphosphor.s%uretriamid gegeben. Sie liegt in der 
Bildung nicht extrahierbarer Mischkomplexe des HMPT und des Wassers an den Fremdmetallionen. 
Eine gleichzeitige Reaktion des HMPT mit Waaser unter Bildung der Verbindung [H(HMPT),]+OH- 
liiuft den ebengenannten Koordinationsreaktionen parallel. Die Bildung diskreter Komplexe des HMPT 
mit Hz0 wurde ausgewiesen durcb Konduktometrie, IR-, ‘H-NMR- und “P-NMR-spektroskopische 
Untersuchungen. Innerhalb des Verbindungstyps (HMPTH),HdMeX,) eriitTnet die Verbindung 
(HMPTH),Ha[Fe(CN),] die Mijglichkeit der Protonetillung an Stelle der Puffenmg. 
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Reactions in non-aqueous solution are used in analytical 
chemistry mainly in electrochemical and titrimetric 
methods,**’ but are also promising for development of 
spectrophotometric methods based on complex forma- 
tion.3** The stability constants, composition and spectral 
properties of the complexes are obviously of importance 
in this connection. 

This report is concerned with the complex formed by 
Bi(II1) with potassium diphenyldiselenophosphate in a 
number of non-aqueous solvents with various physical and 
chemical properties. The diphenyldiselenophosphate is a 
new analytical reagent, an analogue of the diatkyldithio- 
phosphoric acids used for extraction-photometric deter- 
mination of bismuth and other eiements.s~6 Its usefulness 
as a ligand in complex formation is as yet unknown and 
awaits special study. 

chloride, potassium diphenyldiseknophosphate and the 
bismuth complex, in acetonitrile, ethanol, dimethylforma- 
mide, dimethylsulphoxide, acetone, methanol and carbon 
tetrachloride. The complex can be obtained in carbon 
tetrachloride medium by extraction from 0.3M hydro- 
chloric acid. It is seen from Figs. 1 and 2 that the spectrum 
is rather similar whatever the solvent, being characterized 
(just as in carbon tetrachloride with minimum salvation) 
by a more intense short-wave band at 3%370nm and 
a less intense waveband forming a shoulder at 3-50 na 
The two absorption bands can be accounted for by singlet- 
singlet and singlet-triplet transitions respectively, with 
charge transfer, by analogy with the diaikyldithiophos- 
phate and bromide complexes of Bi(III).” 

EXPERIMENTAL 

Reagents 

Anhydrous BiCl, was purified by distillation in quartz 
apparatus at 447”. Its solutions were standardized com- 
plexometrically, with Xylenol Orange as indicator. Sol- 
vents were freed from water according to Weissberger.’ 
Potassium diphenyldiselenophosphate was synthesized in 
the Department of Organic Chemistry of the Lvov State 
University, by interaction of diphenylchloroselenophos- 
phate with potassium hydroselenide (recrystahixed from 
benzene/acetone, m.p. 172”. decomp.). The PMR spectrum 
of potassium diphenyldiselenophosphate in DsO at 
90 MHz was a singlet at 6 = 2.6 ppm with respect to Hz0 
and 7.6 ppm with respect to tetramethylsilane. This absorp- 
tion is due to the protons of the phenyl ring (characterized 
by a resonance signal in the region S = 6.S-8.0ppm.s 

Changing from bromide as &and to sulphur- and 
selenium-containing hgands gives rise to shifts of the 
Bi(III)-complex absorption bands to longer wavelengths. 
Thus the bromide, dithiophosphate and diselenophosphate 
complexes have singlet-triplet transitions at 373, 395” 
and 370nm and singlet-singlet transitions at 260, 329” 
and 370nm respectively. Such a shift might be explained 
by the decreasing electronegativity of the co-ordinating 
atoms in the series HsO; Cl-; Br-; (RO)sP(S)!I-; 
(RO),P(Se)Se- .” 

The positions of the absorption bands of the bismuth 
diphenyldiselenophosphate complex depend on the solvent 
used, the shift to longer wavelength increasing in the order 
DMF < acetone < acctonitrile < DMSO < ethanol < 
methanol c carbon tetrachloride. In the electronic spectra 

Apparatus 

Absorbances were measured on Hitachi EPS3 and 
SP-4A spectrophotometers at 25 +_ 0.1”. Infrared spectra 
were taken on an IR-10 spectrometer, with KBr pellets. 
PMR spectra were recorded on a WH-90 spectrometer. 

RESULTS AND DISCUSSION 

Potassium diphenyldiselenophosphate absorbs in the in- 
frared at 610cm-’ (vi) and SlOcm-’ (vs). The two absorp- 
tion bands can be accounted for by asymmetric (vi) and 
symmetric (v*) stretching frequencies of the diphenyldise- 
lenophosphate P(Se)Se group.’ Complex formation leads 
to a decrease in both frequencies v, and vs and to vi split- 
ting into a doublet. For Bi(II1) diphenyldiselenophosphate 
isolated from methanol vi is SlOcm-’ and v2 4SOcm-‘, 
showing that the diphenyldiselenophosphate is attached to 
the Bi(III) through both selenium atoms. Figures 1 and 
2 show the absorption spectra of solutions of bismuth(III) 

Wavelength. nm WOVel9ngth. nm 

Fig. 1. Absorption spectra: 1-Bi 8 x lo-‘M; 2-L 
1 x IO-‘&f: 3-Bi 8 x 10w5M and L 1 x lo-“M; 4-Bi 
5 x 10e5M; S-L 1.5 x 10e4M; 6-Bi 5 x 10-5M and 
L 1.5 x 10W4M; 7-Bi 8 x lo-‘M; 8-L 1 x IO-*M; 
9-Bi 8 x W5A4 and L 1 x 10-2M: l@--Bi 4 x 10e4M; 
11-L 1.13M; 12-Bi 4 x 10W4M and L 1.13M; (l-9, 

I = 1 cm; 10-12,1= 0.1 cm). 

270 330 390 
Wavelength. nm 
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Wavelength. nm Wavelength. nm 

270 330 390 430 

Wavelength. nm 

Fig. 2. Absorption spectra: 1-L 9 x 10W4M; 2-Bi 
4 x lo-‘M; 3-Bi 4 x 10e5M and L 9 x 10W4M; 4-Bi 
2 x lo-‘hf and L 5 x 10m3M (in aqueous phase); 5-Bi 
4 x lo-“M; 6-L 1.8 x 10m4M; 7-Bi 4 x 10m5M and 

L 1.8 x lo-%;(I= lcm). 

of the bismuth chloride solutions, the absorption maxi- 
mum is also shifted depending on the solvent, but in the 
opposite direction. These changes are likely to be caused 
by different degrees of solvation in the ground and excited 
states of the Bi(II1) compounds involved. The dependence 
of the wavelength of maximum absorption in the bismuth 
chloride and diphenyldiselenophosphate spectra on the 
chemical nature of the solvent was estimated by means 
of the Kosower Z parameter that characterizes the solvat- 
ing ability of solvents” in terms of the electronic transition 
energy corresponding to the charge-transfer hand of 
1-ethyWcarbomethoxypyridine iodine in the particular 
solvent (Table 1). 

For bismuth chloride a plot of the transition energy at 
280-320 nm vs. Z is linear with slope close to unity (Fig. 
3). This points to the excited state being more ionic than 
the ground state, which is in accord with the interpretation 
of these bands as those of charge transfer from the Cl--ion 
to vacant bismuth(II1) 6d orbitals. For the bismuth 
diphenyldiselenophosphate complex the charge-transfer 
band is almost unaffected by Z (Fig 3), possibly because 
of screening of the bismuth ion from the solvent. Gn the 
other hand, the negative, though slight, slope of the graph 
shows the excited state to be more ionic than the ground 
state. This might be explained by the Bi-Se bond being 
more covalent than the Bi-Cl bond, which would make 
the excited state more ionic than the ground one on charge 
transfer (the covalent nature of the Bi-Se bond follows 

from comparison of the electronegativity of the atoms”). 
Stability constants and composition of the bismuth(II1) 

diphenyldiselenophosphate complexes were determined by 
the molar ratio method, with measurement at 370nm and 
constant chloride concentration of O.OlM. Continuous-var- 
iations studies showed the complexes to contain bismuth 
and diphenyldiselenophosphate in 1: 3 ratio. The stability 
constants calculated according to Schaeppi and Tread- 
~~11,‘~ are shown in Table 2. 

It will be seen from Table 2 that the stability constants 
change by about 12 orders of magnitude when the solvent 
is changed from ethanol to DMSO. These constants are 
affected both by physical characteristics, primarily the di- 
electric permeability, and the chemical characteristics of 
the solvent. The constants reported here do not correlate 
with the dielectric permeability of the solvents under study, 
presented in Table 1. The solvent effect cannot be 
explained then, in terms of elementary electrostatic con- 
cepts. It might be supposed that the stability constants 
are mainly affected by the chemical nature of the solvent, 
especially by its donor strength, which is estimated from 
the enthalpy of formation of the iodine and phenol adducts 
with the particular solvent (-AH,,, - AHmonk and from 
the donor number (DN) of the solvent, proposed by Gut- 
matin* as involving the enthalpy of solvate formation 
between a donor solvent and a standard acceptor such 
as SbCls. The solvents under study cover a wide donicity 
range (Table 1). If the donating effect plays a dominant 
role there should be a correlation between the stability 
constants and the donor strengths of the solvents. This 
is because the molecules of such solvents undergo stronger 

2, kcal/mol 

Fig. 3. Dependence (upon Z) of electronic transition 
energy corresponding to maximum absorption bands of 
(1) bismuth chloride and (2) bismuth diphenyldiselenophos- 
phate complex in DMF, CH3CN, CH,OH, CrH,OH and 

(~3hCO. 

Table 1. Parameters for the solvents studied 

Solvent 

Dielectric 
constant 
(25°C) 

Z, 
kcal/mole 

AH II-Uid”Sl 
kcal/mole DNssc,, 

Acetonitrile 36.2 71.3 2.4 14.1 
Acetone 20.7 65.1 3.3 17.0 
Methanol 32.6 83.6 1.9 18.9 
Ethanol 24.3 79.6 
DMF 36.1 68.5 

::: 17.9 
26.6 

DMSO 46.1 71.7 4.4 29.8 

Table 2. Stability constants of bismuth(II1) diphenyldiselenophosphate complexes in different solvents 

a3c.N (CH,),CO CH3CHZOH CHjOH (CH,),NC(G)H (CH,),SG 

log 83 13.11 10.50 14.40 14.30 5.20 2.22 
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co-ordination by the bismuth chloride, thus decreasing its 
ability to accept diphenyldiselenophosphate. It is seen from 
Figs, 4 and 5 that the logarithms of the stability constants 
of the bismuth(II1) diphenyldiselenophosphate complex de- 
crease linearly with increased donicity of the solvent and 
more negative enthalpy of iodine adduct formatIon with 
the solvent. 

Our results show that all the solvents tested can be used 
for developing spectrophotometric methods of bismuth 
determination, the molar absorptivities of the complex 
being in the range LO-I.8 x 1041.mole-1.cm-‘. which 
allows bismuth(II1) to be determined over the 
4 x 10e6-5 x 10-sM concentration range. The solvents 
with minimum solvating ability are preferred because of 
the shift of the maximum-absorption bands to longer 
wavelengths, which eliminates interference by ions absorb- 
ing in the near ultraviolet. Similarly, preference is given 
to the solvents with small donor numbers (or low enthalpy 
of iodine-adduct formation) because the stability constants 
of the Bi(II1) complexes are highest in these solvents, in- 
creasing the selectivity. Thus methanol, ethanol and ace- 
tonitrile are the most useful of the solvents studied. Calib- 
ration graphs for methanol and ethanol media at potas- 
sium diphenyldiselenophosphate concentration of 5 x 
IO-*M, (370nm, l-cm cuvettes, LiCl concentration con- 
stant at O.OlM) are described by the equations A = (1.85 
f 0.01) x lO*[Bi(III)] and A = (1.79 f 0.01) x 
lOyBi(III)], respectively, over the bismuth concentration 
range 4 x 10e6-4 x lo-‘hf. The equation for acetonitrile 
medium is A = (1.51 f 0.02) x 104[Bi(III)] (-350nm) 
for 4 x 10m6-8 x lo-‘M bismuth. In all the solvents 
there is no interference from 100 times as much Pb(II), 
Sb(III), Cd(I1) or Sn(I1) as Bi(III), in contrast to the extrac- 
tion-photometric method with bismuth(II1) dialkyldithio- 
phosphate. 

Our suggestions about choice of the optimum solvent 
for the spectrophotometric &termination are of a general 
nature. and based on the known physico-chemical proper- 

14 . . 
. 

. 
IO 

n 

Qz6 
9 

2 I\ 

OH OMF OMSO 

14 18 22 26 30 

DNSbCl, 

Fig. 4. Dependence of log & on donor number of the 
solvent. 

-A”&-adduct. kcal/mol 

Fig. 5. Dependence of log /?, on enthalpy of iodine adduct 
formation with the solvent. 

ties of the solvents and their correlation with the spectral 
and thermodynamic properties of the complex, which is 
valid for a rather wide range of solvents with different 
chemical nature. 
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Summsry-Complex formation between bismuth(II1) chloride and potassium diphenyldiselenophos 
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Copper(H) reacts with many mercapto compounds to yield 
simultaneously the cuprous mercaptide and a disulphide 
according to the reaction 

4RSH + 2Cu’+ + 2RSCu + RSSR + 4H’ 

Cupric oleate,’ acetate’ and alkyl phthalate3 solutions 
have been used as titrants on the macro-scale. The end- 
point is shown by the blue colour of the excess of reagent. 
Mercaptoacetic acid cannot be determined by this method 
because the deep violet cupric-cuprous mercaptide obs- 
cures the end-point,3 but at the end-point in the reverse 
titration4 the deep violet precipitate first formed changes 
to a permanent yellow precipitate of cuprous mercaptide. 

Roth5 suggested an indirect micro-method in which the 
sample is treated with an excess of cupric butylphthalate. 
After 5min, the residual cupric ions are determined iodi- 
metrically. Ellis,2 however, says that a part of the iodine 
that is liberated oxidizes the mercaptide to disulphide and 
introduces error. 

The general applicability of the reaction of mer&ptans 
with cupric ion led us to evolve a convenient semi-micro 
method. Mercaptans can be determined by treating a solu- 
tion of them in water, methanol, dimethylformamide or 
acetonitrile with an excess of cupric sulphate solution in 
water. After 1 min, the residual copper(H) is titrated with 
mercaptoacetic acid solution. 

EXPERIMENTAL 

Reagents 

Standardized O.lM copper sulphate and O.lM mercapto- 
acetic acid standard&& by treatment with excess of 
iodine and thiosulphate back-titration. 

Procedure 

Weigh a sample containing 0.3-1.0 meq of mercaptan 
into a 150-ml Erlenmeyer flask and dissolve it in 20 ml 
of water. methanol, dimethylformamide or acetonitrile. 
Add a measured excess of O.lM cupric sulphate solution 
and swirl for I min. Titrate with O.lM mercaptoacetic acid 
from a lO-ml burette until the deep violet precipitate first 
formed changes to a permanent yellow. Near the end-point 
titrate slowly with vigorous swirling. Run a blank deter- 
mination on the same volume of cupric sulphate solution. 

RESULTS AND DISCUSSION 

A wide variety of mercaptans, including primary, 
secondary and tertiary compounds, was examined. In all 
cases. the reaction was rapid and complete and the end- 
point was unaffected. Table 1 gives a comparison of results 
obtained by the present method and independent methods. 

The advantages of the present method over methods in- 
volving precipitation with silver or mercuric ion are its 
fixed stoichiometry and its simplicity. Although the iodi- 
metric method yields more accurate results, the number 

Table 1. Determination of mercaptans with copper 

Purity, % 

Compound 
Present Comparison 
method” method 

I-Dodecanethiol 
o_Mercaptobenaoic acid 
2-Mercaptoethanol 
pChlorobenzenethio1 
I-Butanethiol 
Toluene-a-thiol 
Allylthiol 
3-Mercaptopropionic acid 
Mercaptosuccinic acid 
ZMercaptopropionic acid 
ZMethylpropane-2-thiol 
2-Naphthalenethiol 
pToluenethio1 
2-Diethylaminoethanethiol 
2-Mercaptobenzothiazole 
2-Mercaptobenzimidaxole 
2-Mercaptobenxoxazole 
2-Butanethiol 
Cyclohexanethiol 

98.1 98.2b 
96.6 96.5’ 
99.1 99.3’ 
99.3 99.5* 
91.0 90.8’ 
98.6 98.4’ 
93.5 93.6’ 

100.0 99.8’ 
96.7 96.5b 
95.9 95.7’ 
99.0 98.9( 
98.2 980’ 
97.6 97.6d 
98.6 98.4’ 
99.2 99.0d 
97.8 97.6d 
98.9 98.gd 
97.9 97.gb 
95.3 95.6’ 

a Average of 10 determinations; average deviation in the 
range 0.2-0.3x. 

hHg2+ titration’. 
c Pb4+ titration”. 
d alkalimetry’ I. 
( iodimetry6. 
f acetylation”. 

of mercaptans to which it can be applied is limited, and 
it is reported to give over-oxidation of compounds such 
as 3-mercaptopropionic, mercaptosuccinic and o-mercap- 
tobenaoic acid,’ and non-stoichiometric or slow reactions 
with secondary, tertiary and long-chain aliphatic mercap 
tans,* all of which can be determined accurately by the 
present method 

Organic sulphides, disulphides, thiocyanates and unsa- 
turated compound do not interfere. Chloride, bromide and 
sulphite also do not interfere. Serious interference is caused 
by thiourea and ions such as sulphide, thiosulphate, thio- 
cyanate and cyanide. Like ethylenedithiol, o-aminoben- 
zenethiol does not reduce copper( but forms a cupric 
mercaptide. 

Acknowledgements-Thanks are due to Evans Chemetics. 
Inc., New York, U.S.A.. for gifts of mercaptan samples and 
to University Grants Commission, New Delhi, for financial 
assistance to one of us (K.K.V.). 
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Many polarographic methods have been reported for 
determining micro- or macroamounts of arsenic in steel. 
They are usually based on three stages: oxidative decom- 
position of me sample, q~nti~ti~ separation of the 
arsenic by extraction,‘*2 disti!!ation3s’ or co-precipitation’ 
and subsequent determination of arsenic by a polaro- 
graphic method. But none of them is sufficiently rapid, 
accurate and sensitive for routine analysis. 

The Russian Standard Method’ for determining arsenic 
in steel involves oxidative attack of the sample with aqua 
regiu. treatment with Ca(H2PO& in the presence of CuC! 
and CUC!~ to separate the arsenic in an elementary state, 
and its subsequent iodometric &termination. With arsenic 
contents of O.Ol-O.l% the precision of the method is about 
1 sod. 

The Bntish Standard Method’ is based on the evolution 
of ASH, and its absorption in silver diethyldithiocarba- 
mate-pyridine solution. The precision is SOo/, and 3% for 
contents of 0.#3~~ and O.lS% arsenic respectively. 

This paper describes a sensitive and accurate polaro- 
graphic method for determining arsenic in steel, suitable 
for routine control analysis. 

Apparatus 

EXPERtMENTAL. 

Polaroarams were recorded with an electronic polaro- 
graph mode! LP-60. using a mercury electrode with a 
droo-time of 2.97 see m O.IM potassium chloride and a 
drop-rate of 4.65 mg/sec. A saturated calome! reference 
electrode was used for al! measurements, in conjunction 
with a 0.033M sodium sulphate bridge. 

Reagents and solutions 

Concentrated nitric, formic and sulphuric acids; 0.1 g/m! 
sodium me~bisulphite solution; 1% potassium iodide solu- 
tion; 8% ascorbic acid solution; 0.1% Methyl Orange solu- 
tton: O.lM manganese sulphate; citrate buffer (i.25M) pre- 
pared by dissolving 53 g of citric acid monohydrate m 
hot distilled water, cooling and diluting to 200 ml, neutra- 
lizing with 5 g of sodium hydroxide and adjusting to pH 
3.0; 409; and 20% sodium hydroxide solutions; arsenc-free 
iron (less than O.OOOS~~ arsenic). Standard arsenic solution 
(0.1 mg/m!) was prepared by dissolving 0.132 g of arsenic 
trioxide in 5 ml of 5% sodium hydroxide solution, diluting 
to 200 m! with redistilled water and neutralizing carefully 
with sulphuric actd (1 + 1) (indicator litmus); the solution 
was then diluted to the mark in a IOOO-ml volumetric flask, 
and standardized by the bromate method.’ 

All reagents used were analytical-reagent grade and were 
used without further puriiication. 

Procedure 

Weigh 0.25-l g of steel into a 150-m! beaker. add 5 
ml of nitric acid (I _t 1) and cover with a watch-glass. 
When the violent reaction is over, heat on a sand-bath 
(-c 200”) to complete decomposition of the sample. Add 
about IO-15 ml of formic acid dropwise. gradually, and 
heat carefully to fully expe! the nitrogen oxides. Wash the 
watch-glass with water, coo! to room temperature. Add 
S ml of concentrated sulphuric acid and heat gently almost 
to dryness. Then add lb20 ml of water. heat to boiling 
to dissolve the salts and add 20 ml of 0.1 g/m! sodmm 
metabisulphite solutton and 1 ml of 1’; potassnun iodide 
solution. Cover with the watch-glass. watt for 15 min and 
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Many polarographic methods have been reported for 
determining micro- or macroamounts of arsenic in steel. 
They are usually based on three stages: oxidative decom- 
position of me sample, q~nti~ti~ separation of the 
arsenic by extraction,‘*2 disti!!ation3s’ or co-precipitation’ 
and subsequent determination of arsenic by a polaro- 
graphic method. But none of them is sufficiently rapid, 
accurate and sensitive for routine analysis. 

The Russian Standard Method’ for determining arsenic 
in steel involves oxidative attack of the sample with aqua 
regiu. treatment with Ca(H2PO& in the presence of CuC! 
and CUC!~ to separate the arsenic in an elementary state, 
and its subsequent iodometric &termination. With arsenic 
contents of O.Ol-O.l% the precision of the method is about 
1 sod. 

The Bntish Standard Method’ is based on the evolution 
of ASH, and its absorption in silver diethyldithiocarba- 
mate-pyridine solution. The precision is SOo/, and 3% for 
contents of 0.#3~~ and O.lS% arsenic respectively. 

This paper describes a sensitive and accurate polaro- 
graphic method for determining arsenic in steel, suitable 
for routine control analysis. 

Apparatus 

EXPERtMENTAL. 

Polaroarams were recorded with an electronic polaro- 
graph mode! LP-60. using a mercury electrode with a 
droo-time of 2.97 see m O.IM potassium chloride and a 
drop-rate of 4.65 mg/sec. A saturated calome! reference 
electrode was used for al! measurements, in conjunction 
with a 0.033M sodium sulphate bridge. 

Reagents and solutions 

Concentrated nitric, formic and sulphuric acids; 0.1 g/m! 
sodium me~bisulphite solution; 1% potassium iodide solu- 
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tton: O.lM manganese sulphate; citrate buffer (i.25M) pre- 
pared by dissolving 53 g of citric acid monohydrate m 
hot distilled water, cooling and diluting to 200 ml, neutra- 
lizing with 5 g of sodium hydroxide and adjusting to pH 
3.0; 409; and 20% sodium hydroxide solutions; arsenc-free 
iron (less than O.OOOS~~ arsenic). Standard arsenic solution 
(0.1 mg/m!) was prepared by dissolving 0.132 g of arsenic 
trioxide in 5 ml of 5% sodium hydroxide solution, diluting 
to 200 m! with redistilled water and neutralizing carefully 
with sulphuric actd (1 + 1) (indicator litmus); the solution 
was then diluted to the mark in a IOOO-ml volumetric flask, 
and standardized by the bromate method.’ 

All reagents used were analytical-reagent grade and were 
used without further puriiication. 

Procedure 

Weigh 0.25-l g of steel into a 150-m! beaker. add 5 
ml of nitric acid (I _t 1) and cover with a watch-glass. 
When the violent reaction is over, heat on a sand-bath 
(-c 200”) to complete decomposition of the sample. Add 
about IO-15 ml of formic acid dropwise. gradually, and 
heat carefully to fully expe! the nitrogen oxides. Wash the 
watch-glass with water, coo! to room temperature. Add 
S ml of concentrated sulphuric acid and heat gently almost 
to dryness. Then add lb20 ml of water. heat to boiling 
to dissolve the salts and add 20 ml of 0.1 g/m! sodmm 
metabisulphite solutton and 1 ml of 1’; potassnun iodide 
solution. Cover with the watch-glass. watt for 15 min and 



SHORT COMMUNICATIONS 727 

boil on a hot-plate to reduce As(V) to As(III) (until the 
solution becomes pale green in colour) and to remove SO2 
completely (test by smell). Cool, wash the watch-glass with 
water. transfer the sample into a lOO-ml volumetric flask 
and dilute to the mark. Mix well and take three 25-ml 
aliquots in three 50-ml volumetric flasks. Add to each flask 
2 ml of O.lM manganese sulphate solution, 5 ml of 8% 
ascorbic acid solution, 1 or 2 drops of Methyl Orange 
solution and neutralize with 40”/, sodium hydroxide solu- 
tion. When the colour of the solution is bleaching. add 
1 or 2 more drops of indicator and continue the neutraliz- 
ation with 20% sodium hydroxide solution till the solution 
becomes orange in c&our. Add 5 ml of citrate buffer and 
dilute to the mark with distilled water. Record the polaro- 
grams from -0.4 to - 1.6 V vs. SCE without removal 
of oxygen. Measure the current at the middle of the maxi- 
mum, and take the mean for the three aliquots. 

Preparation of calibration graph 

The calibration graphs are prepared by using the same 
quantity of pure iron as the weight of the sample of steel. 
The iron is dissolved and treated by the proposed pro- 
cedure. Then 3.00; 2.00; 1.00; 0.50 and 0.25 ml of the stan- 
dard arsenic solution are added to 25-ml aliquots in 50-ml 
volumetric flasks and the solutions are treated according 
to the procedure described above. 

RESULTS AND DISCUSSION 

The method is based on an oxidative decomposition of 
the sample to prevent loss of arsenic as arsine, followed 
by a reduction of As(V) and Fe(II1) with sodium metabisul- 
phite (Na&05) and potassium iodide, and subsequent 
polarographic determination of arsenic (III). This method 
is sensitive and less tedious than the other methods, and 
there is no interference horn Fe, Si, P, Sn, Sb, Pb, Bi and 
cu. 

Accuracy and preciswn 

To estimate the possible sources of errors Doss of arsenic 
during decomposition of the sample, incompleteness of 
reduction of As(V) and Fe(lII), effect of supporting electro- 
lyte composition, etc.] samples were prepared from high- 
purity iron (0.5 g), and different amounts of arsenic(II1) 
were added before and after the dissolution, and arsenic 
was determined by the procedure described. Table 1 gives 

the currents obtained on addition of arsenic before (I) and 
after (II) the decomposition of the samples, for three indivi- 
dual measurements on separately prepared solutions. The 
equations of both linear calibration curves, calculated by 
the method of least squares,’ were i, = 0.434 + 0.773C,,, 
and i,, = 0.432 + 0.799C,, where i is the current in PA 
and CA, the arsenic concentration in &ml. The slopes 
of the two lines were compared by the Student-t criterionlO 
[t = 1.1 < r(95%, f = 7) = 2.361. The difference between 
them was found to be determined only by random errors. 
In addition the mean currents of the two lines at a given 
arsenic concentration were compared by the F- and 
t-tests.’ The values of t and F (see Table 1) indicate that 
there is no significant difference between the two currents 
and consequently the dissolution process and the condi- 
tions of the reduction have no effect on the accuracy of 
the arsenic determination. Accordingly the two calibration 
graphs are identical and can be combined into 
i = (0.43 f 0.14) + (0.79 * O.O6)C,+,. The coefficient a of 
the regression line was tested by the F-criterion.’ The test 
F = 115 > F(95%, f~ = 1, f2 = 3) = 10.13 shows that the 
intercept is not zero. 

The accuracy and precision of the method were studied 
with samples of standard steel, containing: As 0.182%, Si 
0.370/ Mn 1.68%, P 1.66% S 0.68%. The results of the 
arsenic determination by the proposed method and their 
statistical analysis are given in Table 2. 

The accuracy of the method was also studied by fitting 
the line yi = a + bx, to the data, where xi stands for the 
arsenic contents, y, for the amounts found by the proposed 
method, and a for the initial content of arsenic in the steel 
(see Table 3). To 0.5-g samples of steel, containing 
0.137 + 0.008% As, 0.220/, C, 0.30% Si, 0.65% Mn, 0.045% 
P, 0.055% S, were added different amounts of standard 
As(II1) solution before the decomposition of the samples 
(xJhazd(ythey were determined by the polarographic 

I = As found). The results are given in Table 
3. It was found that the line yi = 0.133 + 1.06x, fitted the 
data: the intercept a = 0.133 corresponded to the original 
arsenic content of the steel, the slope b of the line was 
unity and therefore, except for random errors, the amounts 
found were equal to the amounts taken. In Fig. 1 is given 
the statistical ellipse to test the systematic errors.11.12 

Tables 4 and 5 consist of data for polarographic deter- 
mination of arsenic in two different steels, as well as the 
dispersion analysis, testing possible sources of errors.g To 

Table 1. The effect of sample pretreatment and reduction on the arsenic determination 

Arsenic added, @ml Measured mean current, PA 
in final solution (r) (II) .Xp F 

6.666 5.58 5.70 2.33 
4.444 3.80 4.03 
2.222 2.35 2.28 2.10 
1.111 1.30 1.38 
0.555 0.74 0.70 1.32 

Statistical tests 
F (95%, fi,fz) &.p 

19 1.14 

19 1.10 

19 0.40 

t (95%, f 1 

2.78 

2.78 

2.78 

Table 2. The results of polarographic determination of arsenic in standard steel samples and their statistical analysis 

No. 

l’,l” 

;,2”2”’ , ,, ’ 
3,‘3’ 
4 

w.g 
(sample 
weight) 

0.4433 

0.4433 0.5025 
0.2500 
0.2502 

V, ml 
(aliquot 
from 100 

ml) 

25.00 

20.00 25.00 
direct 
direct 

Coniid. 
limit 

i, PA @5%, 
As, %* %?s D (“Y::). 

t = (x - dJ;; 

(man) s f=@ 

3.86 0.195 

4.28 3.10 0.191 0.193 
3.86 0.173 
3.80 0.170 

Mean 0.1844 0.01179 fO.O1l 0.65 2.45 

* As = 0.5(i-0.43)/0.79?& 
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estimate the precision of the method the coefficient of vari- mcnts (Cu. Mn, Sn, Sb, Bi, Pb, Fe) have been investtgated 
ation (i?/,) is also used. The dispersion analysis of the data in another work.13 It was found that Fe(H) and Mn(I1) 
in Tables 4 and 5 showed equal random errors in groups and pH affect the shape and the height of the arsenic wave. 
A. B, C (three 25ml aliquots of a sample of steel): On the basis of these results we recorded all polarograms 

Tabie 4 
of arsenic at given Fe(H) and Mn(fI) concentrations, under 
the following conditions: 0.045iW ascorbic acid, 0.12% 

x2 = 2.303(fii log Sz - Z& log S:, citric acid, 0.0041W MnSO,, 0.009M Fe@]. All statistical 

= 2.31 < x2(99%,/= 5) = 15.1 tests for systematic errors also proved that the different 

F= 
s: ;;r = 1.57 < F(99%,fi = 2,f, = 17) = 6.11 Table 3. The test for systematic errors 

V,z = &77x; J$ = 0.0097% 

Table 5 

As found, % 
As, taken, 0.02i 

No. Kg % xi i, irA yf “0.68w 

x2 = 367 < x2(99%, f = 3) = 11.3 

F = 2.78 < F(99%,f, = 2,f, = 11) = 7.20 
$2 = 0.0042%; fi = 0.00710/, 

Consequently the random errors of comparison $$ and 
of the repr~ucibility j$$ do not differ statistically. 
Selectivity 

The influence of pH and the interference of some ele- 

1 0.5147 0.037 3.09 0.177 
2 0.5026 0.038 2.77 0.162 
3 0.4846 0.039 2.62 0.159 
4 0.3173 0.060 1.95 0.180 
5 0.5038 0.075 4.12 0.240 
6 0.5045 0.075 4.00 0.233 
7 0.5131 0.148 4.63 0.265 
8 0.4948 0.154 5.34 0.317 
9 0.5213 0.219 6.35 0.358 

Table 4. Data for arsenic in steel by the polarographic method. As f: 0.02(i-O.56)/0.79W% 

_i 

I 4 2 3 5 1 0.4954 0.5013 0.4990 0.5006 0.5122 3.75 3.52, 3.67, 3.30 3.45 3.45 3.67s 3.60 3.30 3.60 

- 0.159 0.159 - 0.159 

3.60 3.75 3.525 - 0.161 0.150 0.143 0.138 0.147 0.154 0.138 0.150 0.158 0.150 0.146 0.146 
6 0.5022 3.37, 3.15 - 0,142 0.134 

0.154 0.146 0.161 - - 
0.138 i 

7 0.5021 3.30 3.15 3.15 0.138 0.134 0.134 0.135 
8 0.5032 3.30 3.00 3.37s 0.138 0.123 0.142 0.134 
9 0.5037 3.30 3.15 - 0.138 0.130 - 0.134 

10 0.4990 3.525 2.85 - 0.150 0.116 - 0.133 
11 0.4970 3.15 3.22$ 3.07, 0.132 0.136 0.128 0.132 

groups A B C 0.1423 f 0.007 
mean 

S= = 0.0087% &= W*f = 10)‘s = 0*~70, 

fin /a 

n = 28 
v S*lOO 

= - = 6.3% 
5 

Table 5. Data for the arsenic analysis of steel by the polarographic method and their dispersion 
analysis 

O/As _ (i - 0.56)2. lo-’ 
D 

0.79. w 

NO., K 4, 121 i3. %As,, YW2, %As3, %As, 

m B PA PA PA Xi1 *I2 Xl3 mean 

1 0.4993 
2 0.4990 
3 0.4996 
4 0.5026 

S = 0 00387Y. 
v= 5194;;. o 

1.65 
1.95 
1.90 
1.95 

1.65 1.725 0.0553 0.0553 0.059 1 0.0566 
1.72s 1.87, 0.0705 0.059 1 0.0667 0.0654 
1.80 1.85 0.0679 0.0628 0.0654 0.0654 
2.05 2.10 0.0709 0.075 1 0.0776 0.0742 

Groups A B c 0.0654 
+ 0.0048 
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Fig. 1. Statistical ellipse for estimation of the 
systematic errors. 

elwts contained in steel do not interfere with the arsenic 
polarographic determination. Consequently. the proposed 
method, without preliminary separation of arsenic. is suffi- 
ciently sensitive, much more rapid and convenient for rou- 
tine control analysis (the time of analysis is 20-30 min 
after the decomposition of the sample). 

Sensirivity 

The fact that Fe@) and Mn(I1) considerably increase 
the limiting current of arsenic had a favourabie e&et on 
increasing the sensitivity of poiarogmphic As(III) deter- 
mination. As a rule in the other supporting electrolytes 
the determination of As concentrations less than lo-‘M 
is difficult. The maximum on the arsenic wave in the pres- 
ence of Fe@), Mn(II) and citric acid at pH 3.0 enables 
us to determine As@) at concen&ations of about 
10-‘-10-4M by the classical polarographic method with 
suflicient accuracy and precision. 

The lower limit of determination was found from the 
equation of the calibration curve’ 

Astin = 
t(PJ)CS, + .%I 

b + W*f).Sb 
= 0.311 j&ml 

where S, and Sb are the mean-square errors of the c&ii- 
cients a and b of the regression line. This lower limit corre- 
sponds to an As content of 0.0015% if a sample is dissolved 
and made up to 50 ml and analysed polarographically 
directly. For fourfold dilution and 0.5 g of steel the lower 
limit of determination is 0.012% As, which corresponds 
to the lowest measurable signal &,, = 0.21 @A). 
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Summary-A simple and sensitive polarograpbic method for determining arsenic in steel is presented. 
The steel is dissolved in HNO,, and arsenic reduced with Na,S,05-KI. The polarographic wave 
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INTERFERENCES IN THE ATOMIC-ABSORF’TION 
DETERMINATION OF SILICON 

J. MIJSIL and MARIE NEELMILOVA 
Development Laboratory Kovohut4 Z.C. 262 01 Mnigek pod Brdy, Czechoslovakia 

(Received 29 September 19’75. Accepted 16 Marck 1976) 

In recent years much interest has been expressed in inter- 
ferences in atomic-absorption spectroscopy (AAS) deter- 
mination of Si.‘” Enhancement by sodium was observed’ 
as well as some general enhancement effec&.3d There is 
a suggestion thaat the effects may be dependent on the 
nebulizer and/or spray chamber arrangement.6 

The present investigation was made in an attempt to 
establish the effects of possible interferents in amounts up 
to lOmg/ml on the absorption of Si (SO%/ml). 

EXPERIMENTAL 

The measurements were performed on a Perk&-Elmer 
Model 303 atone-abortion spectrometer with the 
burner assembly from the Model 403 and a standard N20 
burner (slot 0.48 x 5Omm). Tbe flow-rate of N20 was 12 
l&in. The flow-rate of acetylene (about 7.5 l&in) was 
adjusted in such a way that the upper edge of the “red 
feather” was 30 mm above the burner slot when water was 
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elwts contained in steel do not interfere with the arsenic 
polarographic determination. Consequently. the proposed 
method, without preliminary separation of arsenic. is suffi- 
ciently sensitive, much more rapid and convenient for rou- 
tine control analysis (the time of analysis is 20-30 min 
after the decomposition of the sample). 
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The fact that Fe@) and Mn(I1) considerably increase 
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the determination of As concentrations less than lo-‘M 
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ence of Fe@), Mn(II) and citric acid at pH 3.0 enables 
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where S, and Sb are the mean-square errors of the c&ii- 
cients a and b of the regression line. This lower limit corre- 
sponds to an As content of 0.0015% if a sample is dissolved 
and made up to 50 ml and analysed polarographically 
directly. For fourfold dilution and 0.5 g of steel the lower 
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In recent years much interest has been expressed in inter- 
ferences in atomic-absorption spectroscopy (AAS) deter- 
mination of Si.‘” Enhancement by sodium was observed’ 
as well as some general enhancement effec&.3d There is 
a suggestion thaat the effects may be dependent on the 
nebulizer and/or spray chamber arrangement.6 

The present investigation was made in an attempt to 
establish the effects of possible interferents in amounts up 
to lOmg/ml on the absorption of Si (SO%/ml). 

EXPERIMENTAL 

The measurements were performed on a Perk&-Elmer 
Model 303 atone-abortion spectrometer with the 
burner assembly from the Model 403 and a standard N20 
burner (slot 0.48 x 5Omm). Tbe flow-rate of N20 was 12 
l&in. The flow-rate of acetylene (about 7.5 l&in) was 
adjusted in such a way that the upper edge of the “red 
feather” was 30 mm above the burner slot when water was 
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being nebulized. The position of the burner was adjusted 
to give maximum absorption (light-beam 8 mm above the 
burner slot), see Fig. 1. A Perk&Elmer silicon hoilow- 
cathode lamp was employed and the measurements were 
made at 251.6 nm with band-width 0.23 nm. The interferent 
solutions did not absorb at this wave-length. 

The 5OWppm &con stock solution was prepared by 
dissolving silica in sodium hydroxide solution. The 
10.mg+/mf stock solutions of interferents other than vana- 
dium were prepared by dissolving the high-purity metals 
in hydrochloric acid The vanadium solution was made 
by dissolving V,05 in the acid. The silicon stock solution 
was found to be stable for several months; the solutions 
measured, prepared by dilution, contained 50 ppm Si, 
100 ppm Na and any interferents added. They were acidi- 
fied with 4 ml of 6M hydrochloric acid per 100 ml and 
measured within 8 hr of preparation. The silicon calib- 
ration curve was linear up to 150 ppm Si under these con- 
ditions. Non-selective absorption at the Si 243.5 mn line 
was tested and found neghgible in all cases. 

RESULTS AND DISCUSSION 

E&a of acids (Fig. 2) 
The acids were always ad&d after dilution of the silicon 

solution to 500-1000 ppm; the addition of acids to more 
concentrated silicon solutions may cause the polymerixa- 
tion of SiOa.xHaO. The depressive et&t of sulpburic acid 
is not in correlation with the change in viscosity. 

E&ct of- alkali metuls (Fig. 3) 
There is an inverse correlation between atomic number 

of the elements and the enhancement effects. Silicon is un- 
likely to be ionized, so the effect is most likely caused 
by formation of more easily volatilized mixed oxides. There 
is no plateau on the enhancement curve, so it is very im- 

-Si 
--SitAl 

4 6 8 IO 12 14 IS 18 
mm 

Fig. 1. Flame profile (SOppm Si: ditto + IOOOppm Al). 

76 - 
I I I I 
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portant to keep the alkali metal concentration strictly con- 
stant in practical analysis (or below l0-2M for Na and 
K). This factor may explain the somewhat higher precision 
of Si determination by Teffon bomb decomposition than 
by alkali fusion, which was recently reported.6 However. 
the interference can be reduced by dilution, at the expense 
of sensitivity. 

Ejkt of aluminium (Fig. 4) 
This effect cannot be explained by a change in the lateral 

diffusion in the Same (see Fig. 5); with the same experimen- 
tal arrangement a clear lateral diffusion effect by sulphuric 
acid was observed earlier.’ Also the game-height profile 
in presence of All+ is not changed except for a constant 

Fig. 3. Effect of alkali metals on the absorbance of 50 ppm 
Si. 

0 IO 1 

grn 
IO’ 

Fig. 4. Effect of Al on the absorbance of SOppm Si. 
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Fig 5. Distribution of Al atoms in the flame cross-section 
8 mm above the burner slot (50 ppm Si: ditto + loo0 ppm 

Al). Fig. 2. Effect of acids on the absorbance of 50ppm Si. 



signal enhancement (Fig 1). Thus, the enhancement effect 
probably takes place in the first steps of the atomization 
process. The two plateaux on the curve (Fig. 4) may be 
due to two different mechanisms. 

The eflecr of iron, nickel, mengunese (F$. 6) 
The effects of Al and Fe or Ni are additive. 

The eflect of vanadium (Fig. 7) 
This depends on the oxidation state OS the vanadium, 

the depression being greater with V(V) than with V(IV). 
The simultaneous influence of V and Fe is constant over 
a wide range of V:Fe ratios (‘?o/, enhancement for 
V: Fe c 9, falling to 2% for V alone). This situation is ana- 
lytically favourable, as observed earlier in the good prcci- 
sion of Si determination in ferrovanadium.6 

The e&at of magnesium, etc. 

The plateaux on the Mg interference curve depend on 
the Si:Mg ratio (Fig. 81, and the effects of Al and Mg 
are practically additive. 

- 5owmsI 
Il2---- ditb+ 500~ Al 

.-- lcnppm SI 

ICB- 
F 

Q 

0 LO I4 IO’ 
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Fig. 8. Effect of Mg on the absorbance of 50 and 100 ppm 
Si and effect of Mg in presence of 500ppm Al on the 

absorbance of 50 ppm Si. 
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Fig. 9. Effect of Cu, Zn and Ti on the absorbance of 
5oppm si 

Fig. 6. Effect of Ni, Mn, Fe (curves (I) and Ni, Fe simul- 
taneously with SOOppm Al (curves b) on the absorbance 

of 50 ppm Si. 

In the case of Ti (Fig 9) a higher acidity was usal to 
prevent hydrolysis, so the decrease in interference at higher 
concentrations may be caused by the depressive efRct of 
the acid Roth Ti(II1) and Ti(IV) were tested and the en- 
hancement effect was somewhat higher with Ti(II1). 

-ditto after nubctm The actual magnitude of the effects depends on the 
nebulizer and spray chamber arrangements, but the form 
of the interference curves is not usually changed. 
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Summary-The following substances have been investigated with regard to their interfering effect in 
the determination of silicon by AAS: HCl, HNOs, HsSO4, Na+, K+, Cs’. A13+, Ni2+, Mn2+, Fe3”, 
Vs+. Mg2+, Cu2+: Zn2* and Ti4’. Some ternary systems with alurninium have been studied to examine 
the additive effects. Most of the interferents enhance the silicon absorption; only nickel and the acids 
exert depressive effeots; the interference of copper and zinc is negligible. 
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FORMATION OF Fe@), Co(B), Ni(II), Cu(fI), Zn(II), Ag(1) 
AND CdfII) HE~~AN~O~ALTATES 

ALESANDRO DE ROBERTS, ATHOS BELLOMO and DOMENICO DE MARCY 
Institute of Analytical Chemistry, University of Messina, Messina, Italy 

(Received 15 January 1976. Accepted 16 March 1976) 

Some authors*-’ have considered the reactions occurring 
in aqueous solution between K&(0& and uni-. bi- and 
tervalent cations. but it appears that so far the reaction 
stoicbiometries at various reagent concentrations have not 
been determined. We therefore decided to investigate the 
precipitation reactions of K&o+%& (hereafter referred to 
as An) with various cations Me [Fe(U), Co(H), Ni(IIA 
Cu(II), Zn(II), A&I) and Cd@)] by means of direct and 
reverse titrations. The reagent concentration range exam- 
ined was the widest possible, ranging from the reagent 
solubility down to the lowest limit detectable with the in- 
struments used. 

W(PERthfEMAL 

The Me solutions were prepared from analytically pure 
salts, and standardized amrding to the usual techniques.’ 

The K,CQ(CN)~ solutions were made by direct weighing 
of the analytically pure salt that had been dried over P205. 
and were stored in the dark to avoid photoreactions;g they 
were periodically checked spectrophotometrically in the 
3CO-400 nm range, a single maximum at 3 10 nm confirm- 
ing the exclusive presence of the he~cyan~~l~te spe- 
CieS.9 

The precipitations of Me with An and vice versa were 
followed by a conductometric high-frequency apparatus 
with digital read-out.‘* This technique was preferred 
because (a) it eliminated difficulty in choosing electrodes 
(an advantage over the potentiometric method), (b) read- 
ings could be taken immediately (zero equilibration time), 
(c) in the case of ~tion~xc~~ in the prc45pitates there 
would be a change in the solution conductivity, which 
could be detected even if the precipitates had similar K, 
values. 

For each titration, the ratio between the analyt;cal con- 
centrations of Me and An at the equivalence pomt was 
calculated: R = [MeJ/[An]. The volume titrated was 
always IOOml, and the Me and An concentrations were 
allowed to vary. 

Me titrations with An 
Reactions occurring on addition of An to the solutions 

of Me always produce only Mes[Co(CN)& (n = charge 
on Me) except for Cd(U), for which, by further addition 
of An beyond the first equivalence point with R = 1.5, a 
precipitate with R = 1.0, corresponding to CdKCo(CN)6, 
is obtained 

Table 1 reports the Me concentration range. R values, 
formulae and colours of the precipitates obtained. Tit- 
rations of 0.05-25 mmole of the cations gave resuIts with 
errors ranging from -0.5 to +0.60/,, average 0.3:/,. 

Titrations of An with Me 
In the reverse titrations, the stoichiometry of the precipi- 

tates was variable, depending on the nature of the precipi- 
tating cation and on the An concentration (Table 2). 

Titration of O.&-22mmoie of An with the various Me 
solutions gave errors ranging from -0.8 to +0X?& aver- 
age 0.2ym except for two results with zinc as titrant 
(* 1.2%). 

DISCUSSION OF RESULTS 

The interpretation of the stoichiometry of the reactions 
is based on the possibiiity of ion-pair formation between 
Co(CN):- and K + fl*iL the #n~tmtion of the latter , 
being three times that of the former. I<,, for KCo(CN)$- 
formation is between 17 and 30,‘1.12 so ion-pairs should 
be the predominant species in solution and their degree 

Table 1. Concentration ranges, R values, formulae and colour of compounds obtained 
by precipitating Me with K&o(CN), 

0.81 c pcu 5 3.30 

MII) 0.70 5 pzn 5 3.02 1.50 (z ;:;; YI~[CO(CN)~]~ Vhitc 

*$(I) 0.60 5 pA$ I 3.31 3.00 t r ;'z Ag3Co(m$ white . 

1.50 11 ;:c; White 

CdfII) 

Cd3[CofCN)6]2 

0.73 5 pCd 5 7.16 1 9 
1.00 1’ ;:z CdB?Co(CN)6 white 

$Transformation from R = 1.50 to R = 1.00 occurred in the solid phase. 



Table 2. Concentration ranges. R values, formulae and colour of compounds 
obtained by precipitating K,Co(CN), wtth Me 

Precipitating 
cation 

CoKCo(CN+ 

Co3 CdCN), 2 I 1 
mrcoicN>, 

Ni3 Co@Nt, 2 

i I 
Ni(JI) 

5ky- 
biue 

?.26< pAn < 1.46 / 1.50- 1.33 

Ni,K CdCN), , I I. 1.005 pAn L 1.26 
I J 

1.33 
+ O.OQJ 
- o.wa 

?.55< “hn L 3.03 Zn3 Cc&N), 2 I 1 
%nKCofCN), 

Cd(II) 

of formation should increase with iucreasing K&o&N), 
concentration. 

On these premises, we can assume that in all the tit* 
rations considered, the first stage consists of the reaction 
of Me with KCo(CN)$- species: 

2MZf i- nKCofCN~- = Me&KCo(CN),], (11 

Factors such as the nature of Me, concentration of An, 
order of addition of reagents. may then ravour a solid 
phase transformation : 

MesCKco(CN)e], f Me”+ x= Mes[Co(CWe,], + nK+ (2) 

or. over a narrow concentration range for NifII) added 
to An, the formation of Ni4KfCo(CN)& : 

3NiKCo(CN), -I- NiZ+ = Ni,K[CofCNk,J, + 2K+ (31 

In the titrations of Me with An. only the 
Mex[Co(CN),], species were obtained [reactions (I) and 
(213 except for Me = Cd(I1) where further addition of 
K,Co(CN)e after the first equivalence point @ = 1.50) 
leads to formation of CdKCo(CN)s (R = I.CKQ. 

In titrations of An with Me, the behaviour can be classi- 
fied according to the atomic number of the metal and its 
position in the periodic table. For the group Fe(H), Co(H) 
and Ni(II), whereas Fe(I1) gives exclusively Feo[Co(CN)&. 
Co(U) grst forms the compound with R = LOO 
[CoKCo(CN~J, which transforms into Co,[Co(CN)& 
and Ni(II) behaves like Co@11 with dilute An solution, but 
at pAn < 1.26 gives a single compound with R = 1.33, hav- 
ing the formula Ni~K[Co(CNf& and being stoichiometri- 
tally equivalent to NiKCo(CN), + Nia[CO(CN)&: for 
pAn values lower than 1.00, a trend towards quantitative 
precipitation of NiKCo(CN), is observed. The stability of 
the compounds of Mes[Co(CN)& type, with respect to 

addition of potassium ions, is Fe(H) > co(IIj > N&II). 
Cu(I1) and Ag(I) show identical behaviour, since they form 
exclusively the Me&ir(CN&,], species. Zn(I1) and Cd(H) 
react almost identically, both forming the MeKCo(CN), 
and Me,[co;(CN),& types of compounds. 

The titration errors are fairly small_ and the reactions 
can be exploited a~~ieally for the fr~uentome~c deter- 
mination of these metal tons or. more usefully. of 
KaCofCN)s. since no valid methods have hitherto been 
proposed for the latter. 
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Summary-A study is reported of the formation of Fe(H), Co(H), Ni(I1). Cu(II). Zn(II), A&I) and 
Cd(II) hexacyanocobaltates. The results show that the precipitates form by reaction of the metal ions 
with KCo(CN)z- ion-pairs in 1: 1 ratio, followed by solid phase transformations. 
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FLUORINE-19 MAGNETIC RESONANCE IN MEASUREMENT 
OF THE THERMODYNAMICS OF THE REACTION OF 
o-ALKYLPHENOLS WITH HEXAFLUOROACETONE* 

FLOYD F.-L. Ho 

Research Center, Hercules Incorporated. Wilmington, Delaware 19899, U.S.A. 

(Received 23 February 1976. Accepted 31 March 1976) 

Hexafluoroacetone (HFA) has been used advantageously 
as a sensitive probe in the analysis of compounds contain- 
ing active hydrogen. Leader is2 has examined HFA adducts 
of various alcohols. amines, mercaptans, oximes, etc. and 
found that the fluorine magnetic resonance (FMR) signals 
of the adducts are generally sharp and characteristic of 
the compounds being investigated. These signals spread 
over a IO-ppm range. Different hmctional groups in multi- 
functional compounds can be conveniently examined at 
the same time. -Owing to the relatively high sensitivity of 
FMR (exceeded only by uroton magnetic resonance, PMR) 
and the presence of six kuorine n&lei in each functional 
adduct. small samples of a few ~1 or mg can be easily 
studied. Also, use of expensive deuterated solvents is 
avoided. 

However, the adduct reaction is an equilibrium: 

7 

OH 
I 

CF,-C-CF, + RXH$ZF3-C-CF, (1) 
I 

XR 

where X is 0, S, NH, or NR’, etc. Although this equilib- 
rium generally lies far to the right,3.4 incomplete reaction 
at room temperature has been observed.z*5 Therefore ther- 
modynamic data for it would be useful in devising analyti- 
cal procedures based on it. Such data could also readily 
be correlated with reactivity of functional compounds, and 
therefore useful in correlation of reactivity parameters with 
structural influences or solvent effects. In this work, the 
equilibria of HFA with a series of o-alkylphenols are exam- 
ined at several temperatures, and correlation of the ther- 
modynamic data with other structural parameters is dis- 
cussed. 

prepared in a plastic bag filled with dried nitrogen. and 
the general procedure in handling the reagent was as de- 
scribed by Leader.‘*’ The reaction in equation (1) was car- 
ried out in situ in a l-ml volumetric flask. Small quantities 
of hexafluorobenzene were added to provide the instru- 
ment lock signal. 1,2-Difluorotetrachloroethane, obtained 
from PCR, Inc., and further purified by fractional distilla- 
tion, was used as internal standard for integral calibration. 
This signal is observed 96.07 ppm downfield from that of 
GF.+ 

The FMR spectra were obtained on a Bruker HFX-90 
spectrometer, operated at 84.67 MHz and equipped with 
a variable temperature probe. ‘Ihe probe temperature was 
measured with a calibrated copper-constantan thermocou- 
ple and checked with a thin thermometer held in the spin- 
ning sample holder. The temperature was controlled 
within + 1” during the measurement. Sealed tubes were 
used in all measurements, The equilibrium constant of 
equation (1) was calculated from 

K = [c/a(b - c)] (2) 

where a is the molar concentration of the excess of HFA 
(which gives a sharp peak 886ppm downfield from that 
of C,F,). c is that of the phenolic adduct, measured by 
integration of the spectra; b is the initial molar concen- 
tration of the phenol. The adduct signals generally 
occurred in a region a few ppm upfield from the HFA 
peak and were slightly temperature-dependent. 

Table 1. Comparison of log K with other substituent 
constants 

ortho- 
substituent log K ~0~t.b t a*$ fJ- II 

EXPERIMENTAL 

The phenols studied were reagent grade chemicals, and 
were further ~urifled bv fractional distillation. HFA was 
purchased from Pierce -Chemical Co. Reagent grade ethyl 
acetate was dried by a Soxhlet extraction using activated 
4A molecular sieves and used immediately; this procedure 
removed any ethanol completely and reduced the water 
content to below 50ppm. It is a more effective way of 
removing these impurities than the alumina column 
reported earlier.5 The HFA reagent in ethyl acetate was 

* Hercules Research Center Contribution No. 1675. 

--CH3 2.03 -0.13 0.00 -0.13 
-CHrCHs 1.93 -0.1% -0.10 -0.15 

1.87 -0.23 -0.19 -0.15 
0.76 -0.52 -0.30 -0.08 

t Apparent o constants from reference 6, except for the 
ethyl compound. 

? Taft’s constant from R. W. Taft. Jr. in Sreric Edicts 
in ‘Organic Chemistry, M. S. Newman, ed.. Chap. VXIII. 
Wiley, New York, 1956. 

$ J. Clark and D. D. Perrin. Quart. Rev. Chmt. Sot., 
1964, 18. 295. 

!/ From reference 7. 
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Summary-A study is reported of the formation of Fe(H), Co(H), Ni(I1). Cu(II). Zn(II), A&I) and 
Cd(II) hexacyanocobaltates. The results show that the precipitates form by reaction of the metal ions 
with KCo(CN)z- ion-pairs in 1: 1 ratio, followed by solid phase transformations. 
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FLUORINE-19 MAGNETIC RESONANCE IN MEASUREMENT 
OF THE THERMODYNAMICS OF THE REACTION OF 
o-ALKYLPHENOLS WITH HEXAFLUOROACETONE* 

FLOYD F.-L. Ho 

Research Center, Hercules Incorporated. Wilmington, Delaware 19899, U.S.A. 

(Received 23 February 1976. Accepted 31 March 1976) 

Hexafluoroacetone (HFA) has been used advantageously 
as a sensitive probe in the analysis of compounds contain- 
ing active hydrogen. Leader is2 has examined HFA adducts 
of various alcohols. amines, mercaptans, oximes, etc. and 
found that the fluorine magnetic resonance (FMR) signals 
of the adducts are generally sharp and characteristic of 
the compounds being investigated. These signals spread 
over a IO-ppm range. Different hmctional groups in multi- 
functional compounds can be conveniently examined at 
the same time. -Owing to the relatively high sensitivity of 
FMR (exceeded only by uroton magnetic resonance, PMR) 
and the presence of six kuorine n&lei in each functional 
adduct. small samples of a few ~1 or mg can be easily 
studied. Also, use of expensive deuterated solvents is 
avoided. 

However, the adduct reaction is an equilibrium: 
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OH 
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CF,-C-CF, + RXH$ZF3-C-CF, (1) 
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XR 

where X is 0, S, NH, or NR’, etc. Although this equilib- 
rium generally lies far to the right,3.4 incomplete reaction 
at room temperature has been observed.z*5 Therefore ther- 
modynamic data for it would be useful in devising analyti- 
cal procedures based on it. Such data could also readily 
be correlated with reactivity of functional compounds, and 
therefore useful in correlation of reactivity parameters with 
structural influences or solvent effects. In this work, the 
equilibria of HFA with a series of o-alkylphenols are exam- 
ined at several temperatures, and correlation of the ther- 
modynamic data with other structural parameters is dis- 
cussed. 

prepared in a plastic bag filled with dried nitrogen. and 
the general procedure in handling the reagent was as de- 
scribed by Leader.‘*’ The reaction in equation (1) was car- 
ried out in situ in a l-ml volumetric flask. Small quantities 
of hexafluorobenzene were added to provide the instru- 
ment lock signal. 1,2-Difluorotetrachloroethane, obtained 
from PCR, Inc., and further purified by fractional distilla- 
tion, was used as internal standard for integral calibration. 
This signal is observed 96.07 ppm downfield from that of 
GF.+ 

The FMR spectra were obtained on a Bruker HFX-90 
spectrometer, operated at 84.67 MHz and equipped with 
a variable temperature probe. ‘Ihe probe temperature was 
measured with a calibrated copper-constantan thermocou- 
ple and checked with a thin thermometer held in the spin- 
ning sample holder. The temperature was controlled 
within + 1” during the measurement. Sealed tubes were 
used in all measurements, The equilibrium constant of 
equation (1) was calculated from 

K = [c/a(b - c)] (2) 

where a is the molar concentration of the excess of HFA 
(which gives a sharp peak 886ppm downfield from that 
of C,F,). c is that of the phenolic adduct, measured by 
integration of the spectra; b is the initial molar concen- 
tration of the phenol. The adduct signals generally 
occurred in a region a few ppm upfield from the HFA 
peak and were slightly temperature-dependent. 

Table 1. Comparison of log K with other substituent 
constants 

ortho- 
substituent log K ~0~t.b t a*$ fJ- II 

EXPERIMENTAL 

The phenols studied were reagent grade chemicals, and 
were further ~urifled bv fractional distillation. HFA was 
purchased from Pierce -Chemical Co. Reagent grade ethyl 
acetate was dried by a Soxhlet extraction using activated 
4A molecular sieves and used immediately; this procedure 
removed any ethanol completely and reduced the water 
content to below 50ppm. It is a more effective way of 
removing these impurities than the alumina column 
reported earlier.5 The HFA reagent in ethyl acetate was 

* Hercules Research Center Contribution No. 1675. 

--CH3 2.03 -0.13 0.00 -0.13 
-CHrCHs 1.93 -0.1% -0.10 -0.15 

1.87 -0.23 -0.19 -0.15 
0.76 -0.52 -0.30 -0.08 

t Apparent o constants from reference 6, except for the 
ethyl compound. 

? Taft’s constant from R. W. Taft. Jr. in Sreric Edicts 
in ‘Organic Chemistry, M. S. Newman, ed.. Chap. VXIII. 
Wiley, New York, 1956. 

$ J. Clark and D. D. Perrin. Quart. Rev. Chmt. Sot., 
1964, 18. 295. 

!/ From reference 7. 



SHORT COMMUNlCATlONS 735 

RESULTS AND DISCUSSION 

The equilibrium constants of the HFA adducts of several 
o-alkylphenols (listed in Table I) were measured at O-68” 
in ethyl acetate as solvent. The reaction was found to be 
truly reversible and thermodynamically controlled. Equi- 
librium was reached in a few minutes except in the case 
of o-tert-butylphenol at 0 . for which 1 hr was necessary. 
Ample time should be allowed for equilibrium to be 
reached before measurements are taken. 

The signal from the excess of HFA increased with in- 
creasing temperature and that from the adduct decreased. 

The logarithms of the equilibrium constants measured 
at 25” are listed in Table 1, together with several other 
constants reported in the literature. The enthalpies and 
entropies of the reaction, derived from the variation of 
the equilibrium constant with temperature, are summar- 
ized in Table 2. 

In quantitative analyses of such functional compounds 
by use of FMR and HFA, knowledge of the chemical equi- 
librium is important. For example, the AH and AS values 
of o-ethylphenol. Table 2. show that the reaction at 40 
is only 92.%/, complete if 6 = O.OSM and a = 0.5M. How- 
ever. if the same measurement were made at O”, the reac- 
tion would be 99.6% complete. Because the precision of 
the NMR integral is generally about _~r;d the reaction 
at 0” under these conditions can be considered virtually 
quantitative. 

The log K values reported in Table 1 correlate fairly 
linearly with the apparent uonb obtained from the pK, 
values for the phenols in water at 25°,6 and change in 

Table 2. Enthaipies and entropies of reaction of o-alkyl- 
phenols with HFA in ethyl acetate 

ortho- 
substihlmt 

Z:CH, 
--CH(CHJ)Z 
-C&H& 

AS, Cal. 
AH, kcallmole mole-’ .deg-’ 

-15* 1 -41 f 2 
-14 -38 
-13.5 -31 
-5 -14 

the same direction as those of Taft’s constants wlthin the 
series. However, no apparent correlation was found 
between log K and u- measured from the phenolic proton 
shift;’ this can be partly attributed to the dissimilarity of 
the properties measured. For example. the chemical shift 
of ortho-substituted phenols in dimethyl sulphoxide was 
shown to be influenced by the substituents mainly through 
electronic effects,’ whereas the substituent constant based 
on reactivity measurements includes contributions from 
both electronic and steric effects, as well as resonance 
effects. In addition, -OH chemical shifts are known to be 
greatly influenced by intermolecular interactions, such as 
hydrogen bonding and magnetic shielding by solvent mol- 
ecules. 

As expected, the thermodynamic data shown in Table 
2 indicate that the reaction becomes less exothermic as 
the size of the ortho-substituent increases, suggesting the 
importance of steric interaction. This steric effect is very 
pronounced in the case of o-tert-butyl substituent. It is 
also interesting to note that within the series AH changes 
roughly linearly with AS. indicating the existence of an 
isokinetic relationship.* 

The main attraction of the method is that it provides 
direct measurement of two of the parameters needed for 
determining equilibrium constants. but the error is about 
Y’ /o. 
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!Smnnury-The reaction of several o-alkylphenols with hexafluoroacetone at O-68” was followed by 
measuring the fluorine magnetic resonance. A knowledge of the equilibrium of the hemiacetal formation 
is useful in devising schemes for determination of these compounds. The enthalpy and entropy changes 
for the equilibrium were found to become less negative with increasing size of the orrho-substituents, 
indicating the importance of steric interaction. The equilibrium data correlate well with Taft’s constant 
and a,,,,,., from pK, values, but deviate from cr- derived from measurements of phenolic proton chemical 
shifts. 
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SOLVENT EXTRACTION AND PHOTOMETRIC 
DETERMINATION OF MOLYBDENUM (VI) WITH 

2-AMINOBENZENETHIOL* 

ANIL K. CtUmr~~n and SASWATI P. BAG@ 
Department of Chemistry, Jadavpur University, Calcutta-700032, India 

(Received 14 May 1975. Revised 16 March 1976. Accepted 15 April 1976) 

In our search for sensttive reagents contaming sulphur as 
a donor atom for molybdenum, 2-aminobenzenethiol’ was 
found to be a good colour-forming reagent. There are only 
a few chelating agents with the 

-C=c- 

I I 
SH NH2 

grouping that form stable complexes with metal oxo- 
cations such as VO:. WOf’, TiO’* and MOO?+.” 
Molybdenum usually- forms- stable oxo-species, ;.g., 
MoOi+. MOO*+. MoO(OH13+. in combination with 
var& ‘chelating agents cn t&e acidic pH range. Except 
for instances where ligands such as dithiocarbamates 
reduce Mo(VI) to MO(V), the stable chelates of oxo-molyb 
denum ions are reported to be formed from Mo(VI). 

The present investigation shows that with 2-aminoben- 
zenethiol, molybdenum forms a green complex which is 
quantitatively extractable into chloroform at pH 1.4-2.8. 
fie colour iI stable for 2 hr at room tempera&e and the 
molar absormivitv is 7.08 x IO* l.mole- .cm-‘. The re- 
agent has b&n abplied to the estimation of MO in high- 
speed alloy steel containing Cr. MO, W and V. 

Reagents 
EXPERIMENTAL 

Ammonium heptamolybdate o&hydrate was dissolved 
in water containing a few drops of ammonia and the solu- 
tion standardized gravimetrically by the 8-hydroxyquino- 
line method.3 Working solutions were prepared by appro- 
priate dilution of the stock solution. _ _ 

_. 

Chloroform was freed from alcohol by washing with 
dilute sulphuric acid, dilute ammonia and then tw&e-dis- 
tilled water. Anhydrous sodium sulphate was used to free 
the organic phase from water. 

Purification of 2-aminobenzenethiol. The reagent was frac- 
tionally distilled under reduced pressure. Because the com- 
pound is sensitive to atmospheric oxidation the distillation 
system was saturated with nitrogen. The product distilling 
at 88-91”/1 mmHg was kept frozen under nitrogen. The 
pure liquid is almost colourless at room temperature. 

A 2”/, w/v solution of reagent was freshly prepared in 
pure chloroform before use. 

Procedure 

Adjust the pH of the aqueous molybdenum solution 
(10 ml) to 2.0. Add 5 ml of 2% reagent solution and 1 ml 
of pure chloroform, shake the mixture thoroughly for 
5 min m a 50-ml separatory funnel, collect the chloroform 
layer m a 50-ml beaker and dry it over anhydrous sodium 
sulphate. Extract the aqueous phase with further 5-ml por- 
tions of chloroform. Transfer the combined extracts quan- 
titatively to a 25-ml volumetric flask and dilute to volume 
with chloroform. Measure the absorbance at 7OOnm in 
1 -cm cells. Construct a calibration curve similarly. 

*Presented at the Symposium on Solvent Extraction, 
Convention of Chemists. I.I.S., Bombay, 1971, Session 
VIII. 

Procedure for steel analysis 

Dissolve an appropriate weight of sample (1 g for 0.2% 
of MO. 0.1 g for 6% MO) In 50 ml of 3M sulohuric acid 
in a 150-mi Erle&eyer flask and oxidize with concen- 
trated nitric acid. Place a small funnel in the neck of the 
flask. Boil to reduce the volume to about 20 ml; cool. add 
30ml of water and boil for a few minutes. Cool, filter if 
necessary, add 0.5 g of ferrous sulphate to reduce vanadium- 
(V) and chromium(VI), transfer to a lOO-ml volumetric 
flask and dilute to volume. Take 5 ml of this solution, 
add I ml of saturated ascorbic acid solution and determine 
the molybdenum content by the procedure described 
above. Table 2 summarizes the results for two BAS stan- 
dard steels. 

RESULTS AND DISCUSSION 

Characteristics of the complex 

The absorption spectrum of the molybdenum-thiol com- 
plex in chloroform, extracted at pH2.0 according to the 
general procedure, is reproducible for different concen- 
trations of the metal, and has its absorbance maximum 
at 700nm. The reagent does not absorb at wavelengths 
longer than 500 nm at the concentrations used. The system 
obeys Beer’s law from 0.25 to 10 ppm molybdenum and 
a Ringbom plot4 shows the optimum range to be 0.5-4.5 
ppm. The relative error per 1% absolute photometric error 
for this range is 2.5%. The molar absorptivity and 
Sandell sen&vity of ihe complex were fobnd -to be 
7.08 x lO*I.mole-‘.cm-’ and 0.0075 &cm2 resmctivelv. _. 

Sufficient colour intensity is observed betwe& pH 016 
and 4.2, but the optimum range for the quantitative extrac- 
tion of the chelate is pH 1.4-2.8. The amount of reagent 
necessary is at least 3 ml of 2% w/v solution for 4ppm 
MO, and 5 ml is recommended 

The optimum extraction time for 99.99; extraction IS 
5 min. If shaking is continued for more than 15 min the 
colour intensity decreases. The extracted chelate is stable 
for at least 2 hr at room temperature, but changes rapidly 
to a brown complex in presence of oxidizing agents. 

E&cct of other ions 

The effect of diverse ions on the molybdenum determina- 
tion was studied by adding 200 ppm of the ion in question 
to a solution containing 4 ppm of molybdenum and apply- 
ing the recommended p&cedure. Ba, Ca, Mg, Sry -Al. 
TilIV). Sn(IV) and SWIII) do not interfere. Tolerance limits 
fo; ofher ioni are given’ in Table 1. The interference due 
to V(V) and Fe(II1) can be eliminated by addition of hyd- 
roxylamine hydrochloride and ascorbic acid respectively. 
Bi(III), Sn(II), and Re(V) obtained by reduction with stan- 
nous chloride, interfere seriqusly. 

Composition of the complex 

The composition of the complex was determined by 
Job’s method of continuous variations and was reproduc- 
ible at different molybdenum concentrations. 

The Job plot (Fig. 1) showed some unusual features. At 
the mole ratio corresponding to the MR, species there 



Table 1. Tolerance for foreign ions. (Molybdenum concen- 
tratlon: 1 ml of 1.042 x IO-‘M s 4ppm in final volume 

of 25 ml) 

(a) 

Tolerance* Tolerance* 
Ion added limit, ppm Ion added limit, ppm 

Zn’+ loo@’ uo:+ loo 
CU2+ lOO@’ Pd2+ 100 
Cd’+ 100 pt*+ 50 
co2+ OS6+ 50 
Ni2+ I$., Oxalate 100 
Mn2+ Tartrate 100 
Fe3 + :o,, Citrate 100 
Cr3 + EDTA 100 
VS’ $,c+J Fluoride 100 
W6+ 100 

* Amount causing < 2% error. 
(a) Masking with 3 ml of 0.2% EDTA. 
(b) Prior removal by extraction with ~m~by~iyoxime. 
(c) No interference in presence of ascorbic acid. 
(d) Using 2% NH,OH .HCI solution. Mote raTto of reawnt 

Table 2. Determination of MO in high-speed steel 
(Mn-Ni-Mo-Cr-V) 

Fig. 2. Mole-ratio plots: (a) [M] = [R] = 2.084 x 10m2M; 
(b) [M] = 1.402 x 10-‘&f, [R] = 7.01 x 10-‘&f. 

Sample 
Weight range 

studied mg 

MO. % 

Certified Found 
was a ~imum in the absorbance and a sbarp ~nirn~ 
at tbe ratio corresponding to MR3. A mole-ratio plot 
(Fig. 2) gave a non-linear increase in absorbance up to an 
R:M ratio of about 3, then a steeper and linear increase 
followed by a maximum and constant absorbana when 
an R:M ratio of at least 500 was reached. This formation 
can be interpreted as indicating first an MR2 complex of 
low molar absorptivity (2.0 x IO* i.mole-‘.cm-‘) fol- 
lowed by formation of an MRs complex of low stability 
but high molar absorptivity (found by the Bag and Chak- 
rabarti method5 to be 7.08 x lti I.mok-l.cm-l). The 
stability constant of the MR, complex was evaluated as 
2.0 x 10’ at 25 k 1” by Yatsimirskii’s metbod.6 The reac- 
tion can be interpreted as 

Durgapur 
Steel (HSL, 
India) 
(0.49% Mn, 
0.34% MO, 
1.36% Cr, 
o.soo/, v 
BAS No. 60B 

BAS No. 64B 

500-1000 0.34 0.338 
0.337 
0.337 

5WlOOO 0.43 0.427 
0.427 
0.429 
0.429 

100-200 4.95 4.94 
4.94 
4.94 
4.94 

0.6 

8 

i 0.6 
* 

s 

04 

o-04 
M 
M+L * MO(PI) 10-Z M 

Fig, 1. Job plot. [M] = [R] = 1.042 x lo-‘M. 

MO O2 L2 + HL 2 MO O(OH) Ls 

where HL = 2-aminobenzenethiol. 
The MRs complex was isolated for verification of its 

composition. Elemental analysis supported the formula 
MoO(OH)L,. The complex gave negative tests for chloride. 
The infrared spectrum of the isolated complex showed a 
sharp absorption peak in the 3100 cm-’ region, suggesting 
the presence of an O-H stretching band The compound 
a&o showed an M& absorption band at 92Ocm-’ (s). 
This again supports the existence of the MoO(OH)3c spe- 
cies. The complexes Mo02L, in presence of a stoichio- 
metric amount of l&and and MoO(OH)Ls in presence of 
a large excess of ligand are both extractable into chloro- 
form. 

:: 

3. 

4. 
5. 

6. 
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Summary-A new extractive photometric method IS described for estimation of molybdenum with 
2-aminobenzenethiol. The green complex in chloroform has its absorbance maximum at 700nm and 
IS stable for 2 hr when extracted from a solution of optimum pH range 1.4-2.8. The extraction is 
quantitative. The sensitivity is 0.0075 &cmz. Beer’s law is obeyed over the range 0.25-10 ppm with 
optimum range 0.54.5 ppm. The molar absorptivity is 7.08 x 10’ 1. mole- I. cm- I. The overall stahlity 
constant is 2.0 x 10’ at 25 f 0.1”. 
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ION-SELECTIVE ELECTRODES IN ORGANIC 
FUNCTIONAL GROUP ANALYSIS 

MICRODETERMINATION OF NITRATES AND 
NITRAMINES WITH USE OF THE IODIDE ELECTRODE 

&AD s. hf. -AN 
Research Microanalytical Laboratory, Department of Chemistry, Faculty of Science 

Ain Shams University, Cairo, Egypt 

(Received 20 February 1976. Accepted 12 April 1976) 

Organic nitrates and nitramines have been determined by 
titration with various reductants.’ However, these methods 
suffer from the defect that many nitrogenous and non- 
nitrogenous compounds interfere and the titrants need 
special precautions during preparation, storage and use.’ 
Methods based on spectrophotomet& and gravimetric* 
procedures are usually time-consuming and unreliable 
when used on a routine basis. Gasometric reactions using 
inorganic5-9 and organic’“,” reagents have also been sug- 
gested. 

Recently, the development of the nitrate-responsive elec- 
trodes’2-14 has made possible substantial improvement in 
the analysis of inorganic nitrates. Reduction of the nitrate 
ion followed by measurement of the liberated ammonia 
by means of the ammonium-responsive electrode has also 
been reported. I’ The use of both electrodes for the analysis 
of the nitrates by direct potential measurements requires 
careful adjustment of many variables and the resulting 
precision is not better than + 2%.“-” Potentiometric 
titration is more accurate provided that the titrant forms 
either a stable complex or a precipitate, but unfortunately 
not many such titrants are available for nitrate or 
ammonia. However, diphenylthallium(II1) sulphate has 
been applied for the titration of the nitrate ion, on the 
semi-micro scale only, with use of the nitrate electrode.16 

On the other hand, the nitrate electrode is inapplicable 
to the determination of organic nitrates, and prior conver- 
sion of the organic nitrate or nitramine into inorganic 
nitrate by acid or alkaline hydrolysis is not quantita- 
tive.1’.‘8 The organic moiety of these compounds partially 
reduces the nitrate to various products such as ammonia 
and nitrogen oxides. 

The present work describes a new finish to the deter- 
mination of organic nitrates and nitramines by reaction 
with mercury-sulphunc acid mixture, the mercurous ions 
released being titrated with iodide. and an iodide electrode 
used to detect the end-point. Several compounds used as 
high explosives, industrial intermediates and vasodilators 
have been analysed and the results obtained are accurate. 

EXPERIMENTAL 

Reaqmts and materials 

All reagents were analytical grade except where stated. 
Doublv-distilled water was used throughout. The nitrate 
and &amine samples used were of p&ty not less than 
99”, as confirmed by the gasometric method.5 

Apparatus 

A Pye Unicam 292 MK2 pH-meter. an Orion 94-53 
solid-state iodide-selective electrode and an Orion 90-02 
double-junction reference electrode were used. 

Procedure 

Weigh accurately 2-5mg of the ground dried nitrate, 
nitrite or nitramine sample and transfer it to a test-tube 
(10 x 21 cm). For smaller samples, transfer to the tube a 
portion of solution containing 0.1-1.0 mg of the sample 
and evaporate to complete dryness. Add 2-3 ml of 96% 
sulphuric acid and displace the air in the tube with pure 
nitrogen. Add 3 drops of mercury and shake the tube for 
5-7min at room temperature, with a continuous flow of 
nitrogen. Transfer the contents of the tube to a 250-ml 
beaker, rinsing with co. SO ml of doubly-distilled water, and 
stir. Insert the iodide and reference electrodes, titrate with 
0.02M potassium iodide for sample sizes above 2 mg and 
with 0.002M solution for sample sizes below 2 mg and 
monitor the e.m.f. As the end-point is approached add the 
titrant in O.Ol-ml increments. For sample sizes above 5 mg, 
the titration has to be conducted slowly, with efficient stir- 
nng from the beginning of the titration, since the equilib- 
rium is reached slowly. Run a blank in the same manner. 

RESULTS AND DIBCUSSION 

Nature of the reaction 
Mercury in presence of concentrated sulphuric acid 

quantitatively reduces nitrates to nitric oxide,s-9 and is 
itself converted into mercurous and/or mercuric ions. It 
is found experimentally that three moles of potassium 

Table 1. Effect of temperature on the reaction of mercury 
with 96% sulphuric acid (reaction time 15 min) 

Temperature, ‘C 

20 
30 
40 
60 
80 

100 

Dissolved mercury, 
peel 

0.4 
0.6 
1.6 
3.6 
6.4 

90.0 
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Summary-A new extractive photometric method IS described for estimation of molybdenum with 
2-aminobenzenethiol. The green complex in chloroform has its absorbance maximum at 700nm and 
IS stable for 2 hr when extracted from a solution of optimum pH range 1.4-2.8. The extraction is 
quantitative. The sensitivity is 0.0075 &cmz. Beer’s law is obeyed over the range 0.25-10 ppm with 
optimum range 0.54.5 ppm. The molar absorptivity is 7.08 x 10’ 1. mole- I. cm- I. The overall stahlity 
constant is 2.0 x 10’ at 25 f 0.1”. 
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FUNCTIONAL GROUP ANALYSIS 
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NITRAMINES WITH USE OF THE IODIDE ELECTRODE 
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Research Microanalytical Laboratory, Department of Chemistry, Faculty of Science 

Ain Shams University, Cairo, Egypt 
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Organic nitrates and nitramines have been determined by 
titration with various reductants.’ However, these methods 
suffer from the defect that many nitrogenous and non- 
nitrogenous compounds interfere and the titrants need 
special precautions during preparation, storage and use.’ 
Methods based on spectrophotomet& and gravimetric* 
procedures are usually time-consuming and unreliable 
when used on a routine basis. Gasometric reactions using 
inorganic5-9 and organic’“,” reagents have also been sug- 
gested. 

Recently, the development of the nitrate-responsive elec- 
trodes’2-14 has made possible substantial improvement in 
the analysis of inorganic nitrates. Reduction of the nitrate 
ion followed by measurement of the liberated ammonia 
by means of the ammonium-responsive electrode has also 
been reported. I’ The use of both electrodes for the analysis 
of the nitrates by direct potential measurements requires 
careful adjustment of many variables and the resulting 
precision is not better than + 2%.“-” Potentiometric 
titration is more accurate provided that the titrant forms 
either a stable complex or a precipitate, but unfortunately 
not many such titrants are available for nitrate or 
ammonia. However, diphenylthallium(II1) sulphate has 
been applied for the titration of the nitrate ion, on the 
semi-micro scale only, with use of the nitrate electrode.16 

On the other hand, the nitrate electrode is inapplicable 
to the determination of organic nitrates, and prior conver- 
sion of the organic nitrate or nitramine into inorganic 
nitrate by acid or alkaline hydrolysis is not quantita- 
tive.1’.‘8 The organic moiety of these compounds partially 
reduces the nitrate to various products such as ammonia 
and nitrogen oxides. 

The present work describes a new finish to the deter- 
mination of organic nitrates and nitramines by reaction 
with mercury-sulphunc acid mixture, the mercurous ions 
released being titrated with iodide. and an iodide electrode 
used to detect the end-point. Several compounds used as 
high explosives, industrial intermediates and vasodilators 
have been analysed and the results obtained are accurate. 

EXPERIMENTAL 

Reaqmts and materials 

All reagents were analytical grade except where stated. 
Doublv-distilled water was used throughout. The nitrate 
and &amine samples used were of p&ty not less than 
99”, as confirmed by the gasometric method.5 

Apparatus 

A Pye Unicam 292 MK2 pH-meter. an Orion 94-53 
solid-state iodide-selective electrode and an Orion 90-02 
double-junction reference electrode were used. 

Procedure 

Weigh accurately 2-5mg of the ground dried nitrate, 
nitrite or nitramine sample and transfer it to a test-tube 
(10 x 21 cm). For smaller samples, transfer to the tube a 
portion of solution containing 0.1-1.0 mg of the sample 
and evaporate to complete dryness. Add 2-3 ml of 96% 
sulphuric acid and displace the air in the tube with pure 
nitrogen. Add 3 drops of mercury and shake the tube for 
5-7min at room temperature, with a continuous flow of 
nitrogen. Transfer the contents of the tube to a 250-ml 
beaker, rinsing with co. SO ml of doubly-distilled water, and 
stir. Insert the iodide and reference electrodes, titrate with 
0.02M potassium iodide for sample sizes above 2 mg and 
with 0.002M solution for sample sizes below 2 mg and 
monitor the e.m.f. As the end-point is approached add the 
titrant in O.Ol-ml increments. For sample sizes above 5 mg, 
the titration has to be conducted slowly, with efficient stir- 
nng from the beginning of the titration, since the equilib- 
rium is reached slowly. Run a blank in the same manner. 

RESULTS AND DIBCUSSION 

Nature of the reaction 
Mercury in presence of concentrated sulphuric acid 

quantitatively reduces nitrates to nitric oxide,s-9 and is 
itself converted into mercurous and/or mercuric ions. It 
is found experimentally that three moles of potassium 

Table 1. Effect of temperature on the reaction of mercury 
with 96% sulphuric acid (reaction time 15 min) 

Temperature, ‘C 

20 
30 
40 
60 
80 

100 

Dissolved mercury, 
peel 

0.4 
0.6 
1.6 
3.6 
6.4 

90.0 



iodide are required to titrate quantitatively the mercury 
ions produced by reaction of one mole of the nitrate or 
nitramine group. Consequently. the reactions of nitrates 
and nitramines with mercury may be 

2 R-O-NO2 + 3H&& + 6Hg 

= 3Hg,SU, + 2NO + 2R-UH + 2H10 (1) 

2 R-NH-NO2 + 3H,S04 + 6Hg 

= 3Hg#O, + 2N0 + 2R-NH2 + 2H20 (2) 

The possibility of formation of mercuric ions as shown 
by quation (3) leads to the same overall stoichiometry 
2NO; =3Hgi* r3Hgzf =6I-. 

2 R-O-NO, + 3H,SO, + 3Hg 

3: 3HgS0, + 2NO + 2R-OH + 2H,O (3) 

However, qualitative identification of the inorganic reacm 
tion products, by addition of dilute hydrochloric acid and 
enough ethanol to give a concentration of 75% v/v, remo- 
vat of H&l, by filtration. then Passage of hydrogen sub 
phide, showed that mercurous ions were the sole pmdmt. 

Reaction conditions 
Reaction of organic nitrates and nitramines with mer- 

cury and sulphuric acid is fast enough to ensure quantita- 
tive reduction within 5 min at 20”. Table 1 shows the blank 
values obtained by reaction of mercury with %% sulphuric 
acid for IS min at temperatures ranging from 20” up to 
1009 Reaction at temperatures above 40” is not recom- 
mended. since the blank values tend to increase and affect 
the results, especially with sample sizes in the range 
between 100 fig and 1 mg. 

Study of the effect of the sulphuric acid concentration 
shows that g5% v/v is the minimum concentration pcrmiss- 
ible for quantitative reduction (Fig. 1). The amount of acid 
actual& required is determined not only by the amount 
needed for the reduction but also by the amount needed 
to give maximum solubility of mercurous sulphate during 
the titration. Measurements on mercurous sulphate in 
various concentrations of sulphuric acid show that the 
solubility of mercnrous sulpbate is maximal in the 1.5-3 N 
acid (Table 2). Consequently. the optimum volume of 96% 
sulphuric acid rquired for the reaction is 2-3 ml, which 
on dilution with water to cc. 50 ml glues a 1.5-3 N soiution 
which will completefy dissolve up to 33 mg of mercurous 
sulphate (equivalent to about 4 mg of nitrate sample con- 
taining 15% nitrogen). 

It is necessary to carry out the reaction under a flow 
of nitrogen to remove the nitric oxide produced. because 
in presence of air or oxygen some nitric oxide will be ox& 
dized. dissolve in the acid and cause oxidation of some 
OF the mercurous ions, and possibly dissolve a little ad- 
ditional mercury, resulting in erratic positive errors. 

Determination of mercurous ions, by using the ion-selective 
electrode 

It has been reported that the solid-state iodidusensitive 
e&t&e {Orion V4-53) responds to mercuric ions a0 down 
to 10-s M and is useful as end-point detector in the 
titration of mercuric ions with potassium iodide. *t The 
behaviour of this electrode towards mercurous ions has 
not been explored. In the present work, attempts were 
made to use it to determine mercurous ions by both direct 
potenttometry and potentiometric titration. 

A test of the potential response of the iodide electrode 
(Orion 94-53) in conpmction with a double-junction refer- 
ence electrode (Orion 90-02) at pH 2-4 in 0.1 N sodium 
perchlorate shows a more or less lmear relation between 
the logarithm of mercurous ion concentration in the range 
10-2-10-6 M and the potential, but the slope is less thaa 
Nernstian. being about 45 mV/decade. Direct measurement 

Table 2. Effect of sulphuric acid concentration on the solu- 
bility of mercurous sulphate at 25°C 

EWfd, Solubility, CH$OA Solubility. 
g/l. g/t. 

0 0.4983 2s 
Cl.1 0.4508* 3.0 
0.5 0.5457 3.5 
1.0 0.5933 4.0 

::: 0*6644 0.6406 4.5 5.0 

*The literature value is 0.44 g,/Li9 

0.6644 
0.6406 
0.6169 
a.5695 

0.5220 0.4983 

Table 3. Microdetermination of some organic nitrates and 
nitramines by using the iodide electrode 

Sampie 

Nitrate- or 
nit~~ne~ni~~~, 

% Recovery 
Calcuhted Found* % 

Pentaerythritol 
tetranitrate 

Celhdose nitrate 

Urea nitrate 

Guanidine nitrate 

Nitroguamdine 

Nitrobiuret 

Hexogen (RDX) 

11.12 

14.14 

11.38 

11.47 

13.46 

9.46 

I g.92 

17.6 
17.6 
17.5 

14.0 
14.0 
139 

11.2 
11.2 
11.3 

1 f.3 
11.3 
11.3 

13.5 
13.6 
13.6 

9.3 
9.4 
9.4 

18.8 
18.7 
18.7 

99.3 
99.3 
98.8 

g; 
98.3 

98.4 
98.4 
99.3 

98.5 
98.5 
98.5 

lot.l.2 
101.0 
101.0 

98.3 
99.4 
99.4 

99.4 
98.8 
9g.g 

l Based on the consumption of 3 equivalents of potas- 
sium iodide per mole of nitrate or nhramine group. 

Sulohuric acid concentration, % v/v 

Fig. 1. Effect of sulphmic acid concentration on the reduc- 
tion of pentaerythritol tetranitrate with mercury 
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Table 4. Microdetermmation of some inorgamc nitrates 
and nitrates by using the iodide electrode 

Sample 

Nitrate- or 
nitrite-mtrogen. 

0 Recovery, 
Calculated0 Found* Go 

- ~~ 
Potassium nitrate 13.85 13.8 99.6 

13.7 99.3 
13.7 99.3 

Barium mtrate 10.71 10.6 99.0 
10.5 98.0 
10.5 98.0 

Potassium nitrite 16.41 16.0 97. I 
16.1 97.8 
16.2 98.4 

Sodium mtrite 20.29 19.6 96.6 
19.9 98.1 
19.7 97.1 

* Based on the consumption of one and three equival- 
ents of potassium iodide per group of nitrite and nitrate, 
respectively. 

of the mercurous ion concentration by using a calibration 
graph gives unsatisfactory results. 

The use of the iodide electrode as indicator for the 
potentiomet~c titration was therefore tried. The titration 
curves show a sharp inflection ( -4OOmV) at the equiva- 
lence point. The relative standard deviation for I mg of 
mercurous ion is 0.24; and the reaction follows a 1:2 
(Hgj* :I-) stoichiometry down to mercurous ion concen- 
trations of lo-* M. 

~et~mination of argumc nitrates and ~ttralnines 

The results obtained (Table 3) for the analysis of some 
nitrate esters, nitrate salts of organic bases and nitramines 
in the range 0.1-50 Imole show an average recovery of 
99.0% and a mean relative standard deviation of O.Z?/,. A 
series of 10 replicate analysis of pentaerythritol tetranitrate 
and of nitroguanidine in the range If@-lOOOpg showed 
a mean relative standard deviation of 0.39& and an average 
recovery of 98.302. 

The response of many nitrogenous groups to the reac- 
tion was tested Mono-, di- and tri-nitro compounds (e.g., 
p-nitrophenol, m-dinitrobenzene, 2.4.6trinitrobenzoic acid 
and 2,4.6-trinitrophenol) as well as amides, anilides, oximes 
and hydrazides (e.g.. benzamide. benzanilide, dimethyl- 
giyoxime. sulphanilic acid and hydrazobenzene) were 
checked and none of these compounds responded to the 
reaction. 

Determination of’ inorganic mtrutes and nitrites 

The applicability of the reaction to the analysis of inor- 
ganic nitrates and tutrites was also tested. The results 
obtained. based on the consumption of three and one 
equivalents of potassium iodide per nitrate and nitrite 
group. respectively, according to equattons (4) and (5). 
show an average recovery of 99’” for the nitrates and 
97.5’, for the nitrrtes (Table 4). The quantitative liberatton 
of one mole of nitric oxide gas per mtrate and nitrite 
group’.” IS in a good agreement with these data. 

2NO; + 4H,SOp + 6Hg 

= 3Hg,SO, + 4H,O + 2N0 + SO:- (4) 

2NO; + 2HZSOd + 2Hg 

= Hg,SO, + 2HrO i- 2NO + SO:- (5) 

Advantages 

The proposed procedure has advantages on the score 
of sensitivity, selectivity and simplicity over many of the 
methods used for analysis of the nitrates.ls2 It is more 
than 60 times as sensitive as the micro-gasometric 
methods, since it is applicable to the analysis of lOOr(g 
of the nitrates, an amount which are totally inadequate 
for many gasometric and titrimetric procedures: 1Oig of 
nitrate-nitrosten = 1.07 ml of 0.002 M KI ~0.0160 ml of NO 
at NTP. - 

It is not affected by environmental conditions such as 
pressure. temperature, solubthty, and vapour-pressure fac- 
tors, which have a direct effect on the measurement by 
the gasometric procedures. Also, the reagents are stable 
and require no special precautions such as those needed 
with the reductants used in the titrimetric methods. 
Finally, it avoids the difficulties and errors arising from 
the time-consuming reduction’s and hydrolysis’ pro- 
cedures. 

1. 

2. 

3. 

4. 

5. 
6. 
7. 
8. 
9. 

10. 

11. 
12, 
13. 

14. 
15. 
16. 
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Summary-A simple. selective and accurate method has been described for the rapid micro and sub- 
micro determination of organic nitrates and mtramines. It is based on reaction with mercury~ulphu~c 
acid mixture for 5 mm at room temperature followed by potentiometric titration of the mercurous 
ions released. a solid-state iodide-sensitive eIectrode being used. Three equivalents of potassium iodide 
as titrant are consumed per mole of nitrate or nitramine group. The results obtained, with sample 
sizes ranging from 1.0 to 50 pmole, are precise to h 0.2g; and the average recovery is 99’4. None 
of the other nitrogenous functional groups responds to this reaction. 
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ANALYTICAL DATA 

DISSOCIATION OF THE AMMONIUM ION IN WATER-UREA 
AND WATER-tert-BUTYL ALCOHOL MIXTURES 

YVON POINTUD, HENRI GILLET and JEAN JUILLARD 
Laboratoire d’Etude des Interactions Solutes-Soivants, Universite de Clermont. BP 45, 63170 Aubibre, France 

(Received 17 March 1976. Accepted 31 March 1976) 

In the course of a continuing study of ion solvation in 
the two series of media’ named in the title it seemed 
appropriate to evaluate the dissociation of the ammonium 
ion in order to appreciate the meaning of the thermodyna- 
mic properties of this ion, measured in those solutions. 

This has been done through potentiometric measure- 
ments of the potential difference of a galvanic cell such 
as: 

Aqueous solutions approximately equimolal in NH, and 
NH&J were prepared by adding to water weighed 
amounts of hydrochloric acid and ammonia stock solu- 
tions of accurately known concentration. The variations 
6U of the potential difference U of the galvanic cell were 
then recorded when weighed amounts of co-solvent S were 
added, a Radiometer pH-meter 4, reading to 0.2 mV, being 
used. The solutions were kept at 25.0’; the addition of 
urea considerably lowered the temperature, so the 
measurements were taken only when the temperature had 
been restored to 25.0”. 

The dissociation constants were calculated from 6U, 6U” 
(which is the change of the standard~te+al of the cell) 
and the pK. of NH: in water (9.245). Acttvrty coefficients 
were estimated by using the extended Debye-Hiickel equa- 
tion with coefficients A and B appropriate to the media, 
and Bjerrum’s 4 as distance parameter. Association of 
ammonium chloride was neglected and the pK, values in 
mixed solvents were then obtained by using the equations 

p’K. = 
F(6r.P - 6U) 

RT In 10 
+ p”K, + n - “R (1) 

where the superscript s stands for the aqueous organic 
mixture and w for water, and for both solvent media 

R = log 
(m. + mOn)% + 2A,/(m, + ti-)P 

mb - man- 1+ &,/w 

where mb and m, are the molal analytical concentrations 
of base and salt respectively (m, = molality of acid added 
to the solution, mb + m, = molality of ammonia added to 
the solution) and p is the density of the solvent medium. 

The value of mot.- in water was calculated from the 
pK, of NH;, the ionic product of water and the analytical 
molality of base and salt, by using classical treatment of 
ionic equilibria; 6U” was obtained by measuring the vari- 
ations of the potential of the cell when co-solvent was 
added to pure aqueous hydrochloric acid of various con- 
centrations. There are, then, two non-independent un- 
known quantities in equation (1): p’K. and ‘moH-. There- 
fore calculations are made through successive approxima- 

tions. The ionic product values used for solvent mixtures 
were taken from the 1iterature.s 

With urea, it has been observed that, taking into account 
the possible hydrolyses which can produce ammonium and 
cyanate ions, it is best to work only with fresh solutions 
and high enough electrolyte concentrations. With anal 

f 
i- 

cal salt concentrations between 5 x 10v3 and IO- m, 

Table 1. Molal dissociation constant of ammonitm-r ion 
(PK.) in water-urea mixtures at 25°C (PK. in 

water = 9.245)4 

mb* lot 20t 30t 4Ot 

1.004 x 10-Z 8.726 8.43,, 8X7 8.02, 
9.05 x 10-S 8.73, 8.43s 8.214 8.02, 
8.14 x lo-’ 8.724 8.43, 8.20s 8.02, 
7.07 x 1o-3 8.723 8.42, 8.207 8.01s 
6.2 x 10-J 8.72s 8.429 8.20’ 8.01 s 

Mean 8.72, 8.43 J 8.20, 8.02e 

+ Molality of initial solution of NH3 in water. 
t Urea, % w/w. 

t 

Fig. 1. Variation of the mob1 dissociation constant of the 
ammonium ion with: n ?L w/w TBA. - volume fraction 
of TBA, I$. --- volume fraction of urea, 4. l volume frac- 
tion of MeOH according to ref. 6 and 0 volume fraction 

of EtOH according to ref. 7. 
741 
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Table 2. Molal dissociation constant of ammonium ion organic media:’ for most of the co-solvents, the variations 
in water-TBA mixtures at 25°C observed are related only to the volume fraction, whereas 

TBA, TBA, 
urea produces quite different effects. 

“/, w/w PK. “, w/w PK 
REFERENCES 

5 9.20 8.97 
10 9.15 z 8.94 I. Y. Pointud, J. JuiRard, J.-P. Morel and L. Avediktan, 

:; 
9.09 

: 
8.90 Electrochim. Acta. 1974. 19, 229. 

9.03 8.87 2. Idem, Thermochim. Acta, 1974, 8, 123. 
3. N. Dollet and J. Juillard, J. Soln. Chem., 1976, 5, 77. 
4. R. G. Bates and G. D. Pinching, J. Res. Natl. Bur. 

good reproducibility of the results has been obtained Srds., 1949, 42, 4 19. 
(Table 1). Data concerning water-tert-butyl alcohol media 5. H. Gillet, L. Avedikian and J.-P. Morel, Can. J. Chem., 

are shown in Fig. 1; extrapolated data for exact concen- 1975, 53, 455. 
trations of the alcohol are reported in Table 2. 6. M. Paabo. R. G. Bates and R. A. Robinson, J. Phys. 

It is worth noting (Fig. 1) that changes of pK, with Chem., 1966, 70, 247. 
volume fraction of alcohol (4) are identical for methanoL6 7. W. J. Gelsema, C. L. De Ligny and G. F. Visserman, 
ethanol.’ and tert-butyl alcohol iTBA), at least in water- Rec. Trao. Chim., 1965, 84, 1129. 
rich media, as if they were determined only by the actual 8. R. Smits. D. L. Massart, J. Juillard and J.-P. Morel, 
volume of water. The same situation has been encountered Electrochim. Actu, in the press. 
for the AG of transfer of RbCl from water to aqueous 

Sumnmry-Dissociation constants for the ammonium ion in water-urea and water-tert-butyl alcohol 
mixtures (MA,) have been determined by a potentiometric method 
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ANNOTATION 

SOME COMMENTS ON 
“THE PROGRESS OF ANALYTICAL CHEMISTRY 1910-1970 

T. BRAUN 
Institute of Inorganic and Analytical Chemistry. L. Eotvds University, 

1443 Budapest, P.O.B. 123, Hungary 

(Received 28 November 1975. Accepted 29 March 1976) 

The paper by Brooks and Smythe’ of the title above has 
initiated some thoughts i consider worth while to add as 
comments. 

The authors of this paper have tried to approach a very 
much up-to-date problem with methods and means applied 
only in very few cases to analytical chemistry. To follow 
the progress of analytical chemistry between 1910 and 
1970, they consider the number of publications, its time- 
dependent growth and the distribution of publications with 
respect to various factors (country, language, sub-fields, 
elements), “in order to evaluate some of the long-term 
trends of this century”. Now the statistical distribution and 
growth of scientific publications, citations and manpower 
has been dealt with in detail in some basic works,2-4 and 
it has been shown in these that the statistical data on the 
number of scientific publications can be correlated to the 
data on new scientific achievements, although scientific 
achievement and scientific information are different con- 
cepts The study of this “indicator”, supplemented by 
several others (number of citations. number of scientists, 
number of institutions, funds, equipments, etc.) drawn from 
various sources (e.g., bibliographies, abstract journals, pro- 
gress reviews, etc.) can reveal many interesting conclusions. 
However, one should avoid the misjudgment that the 
number of publications is the only and fundamental 
measure (“indicator”) of the “size of science” or its “devel- 
opment” or “progress”. Thus, as a title, “Progress of the 
literature of analytical chemistry, 1910-1970” would have 
been more relevant. 

The growth of the number of scientific publications is 
exponential, as has been shown both for all sciencez4 and 
for several individual fields.5 It is usual to characterize 
further the exponential increase by a growth rate that can 
be compared with the growth rate of chemistry in general 
or with that of some other fields5 A very convenient, sim- 
ple, way to compare various rates of exponential growth 
is by means of the doubling time, the length of time 
required for the literature to double in size, when growing 
at constant rate. The problems in attempting to assess the 
total volume of analytical literature are so great and 
diverse as to cast doubts on the value of any such estimate. 
It seems that it is more reliable to look at and compare 
the rates of growth of the various techniques (see Fig. 3). 

It is well known that the whole scientific literature 
doubles within about 15 years,” the literature of chemistry 
within 8-10 years6 and that of analytical chemistry within 
about 5-7 years’ (for the period 19561972). 

Another question worth consideration is whether the 
rankmg of the countries in which analytical chemistry was 

*The authors of the original paper wish to apologise 
for this error; the journal itself was not available to them 
[Editor]. 

carried out (cf: ref. 1, p. 497) is of help in the study of 
the general progress of analytical chemistry. It seems that 
a transformation of the data into a correlation with some 
specific factor would be more useful. If, for example, the 
number of publications in analytical chemistry (or its 
logarithm) from a given country is plotted vs. some indi- 
cator representing the general stage of scienti6c develop 
ment in the country (e.g., the total number of scientists 
or scientific authors in the country’), it would perhaps pro- 
vide a picture of the weight of analytical chemistry within 
the gqeral scientific capacity of the country. A preliminary 
plot of this sort is given in Fig. 1, showing data for 1970 
(number of analytical publications from ref. 1, number of 
authors from ref. 8). 

On page 500 in ref. 1, “the major (analytical) journals 
(each containing more than l.oo/, of the world total)” are 
listed, based on calculations for the year 1970. The Polish 
nuclear journal Nukleonih is also mentioned. The 1% 
means that each listed journal published at least l&l ana- 
lytical papers in 1970. Going through the 1970 issues of 
Nukleonika, it can be established that they contain a total 
of82 papers (including nuclear physics, chemistry, biology 
and analytical chemistry) out of which there are only 13 
dealing or related with analytical chemistry. From this it 
seems that this nuclear journal, excellent as it is, cannot 
be included in the list of major analytical journals.* 
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Fig. 1. Log-log scatter plot of output of analytical papers 
by various countries for 1970 as a function of total number 
of scientific authors in these countries for 1970 (slope of 

the regression line 1.09). 
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Fig. 2. Growth of papers in some sub-fields of radioanaly- 
tical chemistry. Adapted from refs. 9 and 11. 0 Prompt 
nuclear analysis, x Charged-particle activation analysis, D. 

Solid-state gamma-s~tromet~, 

Finally, I would iike to mention that I am not convinced 
that “the main source for the (statistical) evaluation of 
methads used in analytical chemistry is the biennial 
reviews in Analvtical Chemistrv” (ref. 1. r). 500X 

As a matter bf fact, the basis bf preparation of these 
reviews is not uniform and both their qualitative and quan- 
titative contents vary over a wide range. There are some 
very selective critical reviews among them. and Mers e.sm 
be cansidered rather as bibliographies. The latter might 
serve the purpose of reT. 1 but the former do not. 

I have the notion that more useful data could be 
obtained if true bibliographies or abstract journals were 
used as a source, and if the number of papers published 
in the analytical sub-ftelds were plotted cumulatively as 
a function of time. Figures 2 and 3 shows such two iIius- 
trations from the field of radioanalyticai chemistry and 
efectroanaiyticai chemtstry. 

)I- 
46 years 

l%S 57 59 6l 63 = S? 69 71 73 

Year 

Fig. 3. Growth of papers on electroanalytical chemistry 
of inorganic compounds. Adapted from ref. 10. 0 Elec- 
troanaiytical chemistry, totat, l Conductometry, x Volt- 
ammetry. Q Potentiometry, 0 Coulometry, A 
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LETTER TO THE EDITOR 

l.sm%mese in serum 

::e have read the ahcrt canmunication by I,uzzadli and Kocchettg on the atcmio- 

absorption deteruinatian of manganese, cobalt and copper in whole blood and serums In ft 

2~3 they refer thee tic?es to Our publications in awrongrmrmer. 

B :;e have never stated that a high serum manganese oonoentiati0a is m d the 

most aoourate indicators of myooardial infarotion as they suggest in their introduction. 

Ve have in fact examined patients with tim disease but ouz" results show tbt the 

difference in the ma serun manganese oonoentration between nond controls (0.57 &ml) 

an& patients with acute ~ocadial infarotion (0.64 ng/ml) is not aignifioant (t = 1.89; 

o.05du0.,o).4 yhu4i.n our experience, serum manganese values a0 not povide an indiaation 

of lqyocardial damfqe. To the best uf our knowledge, there is one publioatim5 alaiming 

that the sel?llr -se concentration increases after lqyocardial infarction, but it is 

apparentlybued onanalyses ab contaminated ssmples.4 Ce fauna that tim serum manganese 

oonoentratian inowes during the active phase of saute viral hepatitis (mean + standard 

aeviation P 2.32 + 0.96 n&l), chronic. aggressive hepatitis (0.84~ 0.24 n&l) and 

posthepatitio cifihosis (0.84~ 0.2O n&l)6 as vdl as in some other hepatobiliary 

disorders,~., liver cirrhosis af difperent aetiology (0.78~ 0.30 &ml) and liver 

me&&ares (1.08 =_O.W ngh.l).7 

Seoond. In their disouadon ~uzsarelli and Rocchetti erroneously assert that the 

serum manganese conoentrations they found (nean 2 standard aeviatian = 9 2 4.3 ng/nl; 

range = 5 - 16 ng/nl>i are in agreement with those aescribedbyus (O.57rO.13 n&l; 

rMge -0.38 -l.04ng/ml).2 

Thira. ~u~zardli and Roochetfi mention that ths serum cobalt levels they determined 

(mean + standad deviation = 7.7 = 1.9 ng/ml; ralyje = 5.6 - 9.8 ng/ml)' correspond to 

those reportea by \IS.~ Our paper aeertuith the preparation of a mlti4lmmt serum 

ztondard. rra aaaed oobzlt to give a find conaentration of 6.46 ppm (&IL) in lyophdized 

aeruw , Q., three craers of magnitude higher than their read%. The alleged agreement 

thus ar24ea fram a fundamelitsl misurdersttiing Qt' the facts. 
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INSTRUMENTS IN ANALYSIS-CRITICAL REVIEWS 

DEVELOPMENT OF TI-IE DIFFERENTL4L REFRACTOMETER 

J. R. MAER 
Chemistry Department, The University, P.O. Box 363, Birmingham 15, U.K. 

When the refractive index of a solute differs from that 
of a solvent, then if the solution is of low absorbance 
and contains no suspended matter, it is possible to 
determine the concentration of the solute by measur- 
ing the refractive index of the solution and comparing 
it with those of a set of standard solutions. To take 
a trivial but biologically important example, the 
refractive index of pure water at 20“ and 589nm is 
1.33299, while that of sodium chloride is 1 S442. The 
refractive index difference of approximately 0.22 is 
therefore sufficiently large to make the determination 
of the concentration of saline solutions by refracto- 
metry a practical proposition. A linear correlation of 
refractive index and concentration would be expected 
and solutions containing more than 1% w/v of sodium 
chloride can be analysed with simple apparatus. 

When a solution contains more than one species 
having a refractive index which differs from the sol- 
vent, it may still be possible to analyse the solutions 
by making a pair of measurements at different dilu- 
tions or at different wavelengths. The refractive index 
of many substances varies substantially with wave- 
length and this variation is not the same for sub- 
stances of different composition. Shippy and Bur- 
rows1 derived the following equation for the calcula- 
tion of the concentration of solutions containing two 
solutes A and B 

%A -= n(X%B) - n(mixture) 

100 rr(X% B) - n(X% A) 

where n is the refractive index and X is a concen- 
tration at which the refractive index is known for each 
solute in separate solutions. The same authors were 
the first to publish accurate values of the refractive 
indices of sodium chloride solutions in the concen- 
tration range 5-20”~ w/v. Later Brodskii and Sher- 
shever2 analysed solutions of potassium chloride in 
the range 0.03-0.75’% by measuring the refractive in- 
dex with an interferometer. Tables of the refractive 
indices of dilute salt solutions have since been pub 
lished by Kruis3 and Starmn4 

Recently,s a precise study of the variation of refrac- 
tive index with concentration (dn/dC) has been made 
for aqueous solutions of sodium chloride, potassium 
chloride and ammonium nitrate. The high precision 
made possible by the use of a helium-neon laser as 

a light-source revealed that the relationship was not 
strictly linear, but could be fitted to a polynomial. 
Although solutions of substances in solvents other 
than water do not have linear relationships between 
refractive index and concentration, nevertheless a 
wide range of solutions in organic solvents has been 
analysed refractometrically. Most simple refract- 
ometers rely on the critical angle principle and the 
Abbe refractometer is probably the most familiar. It 
can be used with liquids of refractive index between 
1.300 and 1.700 and requires only a small sample. 
It can measure accurately to the third decimal place 
and when the temperature is kept constant to 0.2”, 
reliable measurements may be made to 4 decimal 
places. Other models such as the Pulfrich and immer- 
sion types require much larger samples and have a 
restricted refractive index range. Comparisons of 
retractive indices may sometimes be made to the fifth 
decimal place. 

With such instruments it is thus possible to analyse 
solutions with a refractive index difference of 0.1 
between the solute and solvent and a concentration 
of down to 1% w/v, with an error of 10% or better. 
When it is required to analyse solutions with a 
smaller refractive index difference between the solute 
and solvent, or with a lower concentration of solute, 
then a more sensitive instrument must be used. In 
many cases it is not necessary to make an absolute 
measurement of the refractive index with an expensive 
instrument such as an interferometer, but to make 
only a precise comparison of two similar refractive 
indices such as that of the pure solvent and the solu- 
tion. In such cases the measurements may be made 
with a ditIerential refractometer. 

The principle of the ditferential refractometer is ex- 
tremely simple. If a ray of light passes through a hol- 
low prism which contains a liquid, the ray will be 
de8ected (Fig. 1). If now a second identical prism is 
placed close to the first, thus creating a cube, the 
ray will now suffer no deflection if it strikes the face 
of the first prism normally, for any deflection experi- 
enced in the first prism will be cancelled by a deflec- 
tion in the opposite direction. This condition is only 
fulfilled when the refractive indices of the liquids in 
both prisms are equal. If the refractive index of the 
liquid in the second prism changes by a small 
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Fig. 1. Principle of the differential refractometer. 

amount, then the ray of light suffers a correspond- 
ingly small deflection. For small changes in refractive 
index, the linear deflection of the ray of light will 
be proportional to the difference in refractive index 
and to the distance of the observer from the prism 
assembly. The sensitivity of the system is thus deter- 
mined by the length of the optical lever and the accu- 
racy with which the position of a spot of light can 
be determined. The only methods of increasing the 
sensitivity are to replace the double prism with a hol- 
low right-angled prism within a rectangular tank, or 
to increase the number of times that the ray of light 
traverses the prism assembly, by the use of suitably 
placed mirrors. 

The differential refractometer was first described 
many years ago, but the instrument was not used 
widely until the advent of chromatography, and then 
only when large numbers of samples had to be exam- 
ined by a routine method. In this application it com- 
petes favourably with interferometry, but is often less 
sensitive or rapid than calorimetry when specific re- 
agents are available. 

The early differential refractometers were visual 
devices in which the displacement of the beam was 
measured optically. An excellent example of this type 
of instrument was designed by Brice6 in 1951 and 
marketed by the Phoenix Precision Instrument Co. 
in America. The main problem with visual instru- 
ments is that they are tiring to use and this difficulty 
was overcome by Brice in a later design in 1957. Here 
the displacement of the light-beam was detected pho- 
toelectrically. A modem modification of the Brice- 
Phoenix design described by Pittz and Bablouzian’ 
uses a monochromatic light-beam provided by a mer- 
cury vapour lamp and a 435.8 nm filter. The displace- 
ment of this beam is detected by the use of a pair 
of selenium half-cells (cut from a single cell) mounted 
0.8 mm apart on a carriage. The outputs of the half- 
cells (about 100 mV) are connected, in opposition, to 
a microvoltmeter. The reading on the microvoltmeter 
is reduced to zero by moving the carriage in a direc- 

tion at right angles to the light-beam, so that each 
half-cell is equally illuminated by the slit image. The 
extent of the deflection is read directly from a counter 
attached to the micrometer drive. 

One disadvantage of the differential refractometer 
is that the glass interface between the sample and 
standard liquids is-at an angle to the incident light- 
beam. This sets a limit to the refractive index of the 
solvent which may be used. Thus. in the original com- 
mercial cell of the Brice-Phoenix instrument, the glass 
interface had a refractive index of 1.52 and this re- 
stricted the choice of solvents to those having a 
refractive index of less than 1.62. This drawback was 
recognized by the manufacturers,’ who recommended 
that the cell should be rotated through 90” when 
using highly refractive solvents (such as r-bro- 
monaphthalene). Unfortunately. this results in a 
deterioration of performance, the sensitivity being 
only one-seventh of the initial value. Recently, Kra- 
tochvil and Babka9 have reduced the problem of total 
internal reflection at the interface within the cell by 
constructing a mod&d design, in which the interface 
is made of highly refractive glas~‘~ (n = 1.62). 

As a routine control instrument, the differential 
refractometer has been exploited most successfully by 
Jones,’ ’ who used it in the difficult problem of the 
determination of the isomers of benzene hexachloride. 

Another elegant application is the study of adsorp- 
tion from solution onto particulate matter. Ash, 
Brown and Everett” circulated a solution of cyclo- 
hexane in benzene through a bed of carbon black 
and through one side of the cell. A second stream 
of solution was circulated through the other side, the 
whole assembly being mounted in a thermostat. 
Adsorption on the carbon black was detected by 
the change in refractive index and a precision of 
3 nmole/m’ was achieved for adsorption on the car- 
bon. When the differential refractometer is used to 
study the changes in the effluent from a chromato- 
graphic column or a bleed from a plant stream, 
then the problem of recording arises and this is a 
difficult problem to surmount because of the very 
small signals which the refractometer can provide. 
This difficulty has been the main obstacle to the wide- 
spread application of differential refractometry to 
plant control. 

The first solution to the recording problem was 
made by Tiselius and Claesson13 in their work on 
adsorption chromatography. In their design, the beam 
of light passing through the refractometer struck the 
apex of a hexagonal prism acting as a beam-splitter. 
The two beams then fell upon two photocells 
arranged in opposition so that when they were 
equally illuminated, no output signal was observed. 
When, as a result of change in refractive index in 
the contents of one of the refractometer cells. the inci- 
dent beam was deflected, the intensity of illumination 
on the two photocells changed. and the galvanometer 
was deflected. The movement of a spot of light ref- 
lected from a mirror on the galvanometer suspension 
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was recorded photographically, and by using a fairly 
long optical lever, a sensitivity of 3 x lo- ’ refractive 
index units was achieved and this permitted the 
recording of changes in solute concentration of the 
order of 0.1%. As a further refinement, the instrument 
was made to record an elution curve directly, by col- 
lecting the eluate in a vessel on a spring balance and 
allowing the movement of this to be transmitted to 
the light-beam by means of a second mirror. The 
device of connecting the matched photocells to a gal- 
vanometer and studying the deflection of the second- 
ary light-beam reflected from a suspended mirror has 
been used by a number of workers14 to obtain the 
necessary sensitivity and modem spot-followers can 
be used to record the deflection of the secondary 
beam. The whole assembly, however. is very sensitive 
to mechanical vibration because of the number of 
mirrors involved and the length of the optical levers, 
so that its use is strictly limited. 

The use of two matched photocells is expensive and 
most workers have preferred to use a single photocell 
with a split cathode, the two halves being arranged 
in opposition. Such a &vice was first used by Stamm* 
who also incorporated in his instrument an arrange- 
ment making it suitable for automatic operation. The 
defiection of the primary beam was neutralized by 
the rotation of a parallel-sided slab of glass placed 
before the split-cathode photocell. This was achieved 
with the aid of a micrometer screw and monitored 
by the deflection on a galvanometer attached to the 
photocell. Later models have used servo systems to 
couple the rotational movement of the compensating 
glass block to the photocell output. Alternatively, the 
output of the photocells may be recorded directly as 
in the instrument described by Zaukelies and Frost.’ ’ 
This design, which is extremely simple in construc- 
tion, involves only a light-source and associated opti- 
cal system, a refractometer cell and a twin-cathode 
photocell. The limiting factor in its sensitivity was 
noise in the photocell output, corresponding to 
2 x 10e6 refractive index units. Recently an improved 
version of this instrument has been described in which 
great attention has been paid to the elimination of 
all sources of noise. 

Much of the photocell noise was eliminated in a 
refractometer design due to Trenner,16 by ensuring 
that the output signal from the sensing device was 
a.c. This is probably the most complex difierential 
refractometer yet to be constructed and used the hex- 
agonal prism beam-splitter in a novel fashion. Light 
from a slit source was focused on the apex of the 
hexagonal prism, which was mounted on a platform 
and could move in a direction at right angles to the 
path of the incident light. The two beams emerging 
from the other end of the prism were of equal inten- 
sity when the prism was pncisely aligned. The beams 
were chopped alternately by a 60-Hz chopper and 
then entered an integrating sphere. Here the light was 
received by a photomultiplier. At balance, the light 
inside the sphere had no 6@Hz component. A change 

in refractive index in the refractometer cell caused 
a movement of the slit image from its position on 
the apex of the hexagonal prism and caused a change 
in the relative intensity of the two beams, so that 
the light in the integrating sphere then had a @-Hz 
component. The corresponding a.c. output from the 
photomultiplier was fed to a recorder and also to 
the drive of a motor returning the hexagonal prism 
to the null position. Full-scale deflection of the 
recorder corresponded to approximately 1.5 mm 
movement of the prism and one division corres- 
ponded to a movement of 7 e at the detector. The 
resulting sensitivity was 3.6 x 10m6 refractive index 
units. To attain this sensitivity very great care was 
exercised to eliminate thermal drift, the whole assem- 
bly being mounted in an air-conditioned room and 
all motors and sources of heat mounted outside an 
enclosed optical system. 

The first successful recording differential refract- 
ometer for the analysis of plant streams was described 
by Miller.” This is a robust and stable but not highly 
sensitive design which has been produced commer- 
cially for use in the petroleum industry. Once again, 
a beam-splitter and a double photocell are used and 
the output from the sensing system is amplified and 
fed to a servo mechanism. This moves a reflecting 
prism in such a way that the light-beam is restored 
to its original position after a change of refractive 
index has occurred. Although the optical lever was 
quite long, the instrument was kept compact by the 
use of two reflecting prisms to return the light to 
a detector situated close to the light source. Full-scale 
deflection with this instrument was approximately 
1 x 10m3 refractive index units, sufficient for the 
monitoring and control of hydrocarbon distillations. 
In the separation of cyclohexane and methylcyclopen- 
tane from n-pentane, the instrument maintained the 
refractive index of the sample within 3 x 10m4 units. 

In a more sensitive design by Campbell,1s the 
vacuum photocells were replaced by selenium cells 
and this made it possible to restore balance in the 
system by moving the compact photocell assembly. 
The refractometer cell consisted of a hollow prism 
within a cylindrical glass container, the whole serving 
as a cylindrical lens producing an image of the illu- 
minated slit on the photocells. The output from the 
photo&s was amplified and recorded and the signal 
used to drive a servo system moving the photocells 
to the position where they were equally illuminated. 
Full-scale deflection on this instrument corresponded 
to a change in refractive index of 3 x 10e4 units. The 
limit of detection was 3 x 10m6 units. 

A new recording differential refractometer has been 
described by Vandenheuvel and Sipos.” It is an im- 
proved version of the original design due to Zaukelies 
and Frost. In their investigation every care was taken 
to reduce noise to a minimum. Mechanical noise was 
controlled by sturdy construction, electrical noise by 
shielding and choice of components, thermal noise 
by use of a thermostat and noise due to flowing liquid 
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by accurate flow-control. Significantly, the authors 
did not stress the necessity to reduce convection cur- 
rents in the optical path by enclosing it closely in 
a metal shield. The instrument was capable of a maxi- 
mum sensitivity of I x tow4 refractive index units for 
full-scale deflection, with a noise level of 5 x IO-’ 

and an error of OS’?. A record of the separation by 
reverse-phase adsorption chromatography of a mix- 
ture of methyl laurate and methyl my&ate showed 
two very well defined peaks, although the difference 
in refractive index at the tip of the largest peak was 
only 5 x 10T5. While most of the jnst~rnen~ so far 
described have used vacuum photocells as the detec- 
tors, these require stable power supplies and elec- 
tronic equipment and are often noisy at the levels 
of sensitivity at which they must be operated. There 
is an advantage in using detectors of the semiconduc- 
tor type and an excellent example of this type of in- 
strument was described by Joneszo who employed 
a pair of cadmium selenide photoconductive cells. 
The output from these was amplified by means of 
a high-gain solid-state amplitier and the sensitivity 
was further increased by placing graticules in the 
paths of the beams aviating the detector, in such 
a way that when one graticule completely obscured 
one half of the detector, the other half experienced 
maximum illumination. At full sensitivity, this 
remarkable instrument, with an optical lever of only 
20 cm, permits detection of changes in refractive index 
as small as I x 10q9. An optical lever of this type 
is illustrated in Fig. 2. 

The use of solid-state devices as differential refract- 

ometer detectors has now become standard. They 
have the great advantages of cheapness, stability, 
compact size and ease of replacement and do not 
require the use of expensive stable power supplies. 
The detectors may be of the phot~ondu~ive or pho- 
toemissive types. Suitable phot~onductive cells have 
cadmium sulphide as the photosensitive element and 
a pair are used in opposition. They have the advan- 
tage over photoemissive types that they are sensitive 
to quite low light-levels, but do require a separate 
power supply. 

Recently, very small light ~~-phot~i~ have 
become available. These may be of the silicon or ger- 
manium type and give a signal voltage when the two 
halves of the assembly are unequally illuminated. 
With such devices, it is a simple matter to measure 
deflections of the order of IO-’ rad so that they are 
highly suitable as detectors in ~e~n~~ refmcto- 
metry. Furthermore, the output can be fed directly 
to a potentiometer recorder without further ampltica- 
tion. With the most primitive optical system it is poss- 
ible to attain a sensitivity of 0.001 refractive index 
units for fu&sc.aie defiection. The fuh use of the abi- 
lity of these detectors to measure de&&on is hmited 
by the necessity of providing adequate illumination. 
For full sensitivity an iilumination of 0.03 lumens is 
required at the detector and this involves the use of 
large apertures or light-sources of high luminosity per 
unit area. 

The development of stable robust differential 
refractometers has been stimulated over the past few 
years by the increasing interest in the newer forms 

Fig. 2. A sensitive optlcal lever 
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of column chromatography such as high-pressure 
liquid and gel-permeation chromatography. There are 
certain difficulties remaining in the use of these 
devices as detectors at the base of columns. It is 
necessary to avoid any degassing of the solvent as 
it passes through the refractometer cell. The appear- 
ance of small bubbles of air often accompanies a 
modest rise in temperature of the flowing liquid and 
this results in rapid oscillations of the light intensity 
reaching the detector, with a resulting noisy record. 
It is better, where possible, to ensure that the refract- 
ometer cell is maintained at a temperature slightly 
below ambient and to use a recording system with 
a long time-constant, which does not respond to rapid 
oscillations in detector output. The most serious 
problem is, however, the fluctuation in temperature 
between the reference liquid and the sample liquid. 
If one wishes to measure a refractive index to one 
part in a thousand then it is necessary to maintain 
the temperature to better than f 1”. This requirement 
for temperature stability rises to k 0.1” for measure- 
ments of refractive index reliable to the fifth decimal 
place. Fortunately, it is not necessary to maintain the 
temperature of the whole of the instrument constant, 
but merely to ensure that the temperatures of the two 
liquids do not vary differentially by more than this 
amount. The requirement is normally met by passing 
both liquids through two channels in an efficient heat- 
exchanger before they enter the refractometer cell and 
to ensure that the membranes separating the sample 
and reference liquids are thin and allow rapid heat 
transport. A simple refractometer cell which fulRls 
these requirements may be made by clamping micro- 
scope cover slips between drilled polished brass 
blocks to provide the dividing membranes. When a 
separate heat-exchanger is used it is important to 
design it so as to provide minimum hold-up and peak 
broadening.2 ’ 

The Waters’ Model R-4 differential refractometer 
is a good example of a modern instrument and illus- 
trates many of the concepts discussed earlier. A colli- 
mated parallel beam of light passes through the cell, 
which is a hollow prism with an outer reference com- 
partment, and is reflected back again through the cell 
to a detector close to the light-source. The detector 
assembly comprises a beam-splitter and a pair of cad- 
mium sulphide photocells which are illuminated 
equally when the inner and outer refractometer cell 
compartments contain liquids of the same refractive 
index. Manipulation of the light-beam to achieve the 
null position is accomplished by the rotation of paral- 
lel-sided glass blocks in the path of the beam, giving 
the light-beam a transverse movement. Noise in the 
detector output other. than electrical noise is mini- 
mized by reducing temperature fluctuations, keeping 
the flow-rate of the sample solution low to avoid tur- 
bulence and maintaining the temperature below 
ambient to avoid deaeration. The temperature of the 
sample and reference liquids is made identical by 
passing them through a heat-exchanger before they 

are admitted to the cell compartment. The maximum 
sensitivity is 1 x low5 refractive index units for full- 
scale deflection on the record. 

Detectors for liquid chromatography must fulfil 
two requirements: they must be sensitive to very 
small differences in analytical properties of the solute 
and solvent so that total quantities of solute ranging 
between IO- 3 and lo- * g may be detected, and they 
must not reduce the efficiency of the column by peak 
broadening, i.e., increasing the HTTP. These two re- 
quirements are not independent and both are in- 
fluenced by the size of the detector cell. If we assume 
that the slope of the elution curve is Gaussiam then 
the cell volume should be a fraction (l/3) of the total 
peak-width as calculated from the HETF’ and cross- 
section of the column. Commercially available refract- 
ometer cells having a volume in the range 5-10~1 
may be used with high-efficiency liquid chromatogra- 
phy columns. Recentlyz2 the performance of two dif- 
ferential refractometers was compared. The first of 
these was a conventional beam-deflection type and 
the second was of the Fresnel type in which the inten- 
sity of the reflected beam, which depends upon the 
refractive index and the angle of incidence, is 
measuredz3 It can be seen from Table 1 that there 
is no great difference in the characteristics of the two 
detectors. A comparison of the differential refract- 
ometer with other types of detector shows that it is 
more sensitive than the ultraviolet spectrophotometer, 
but much less sensitive than transfer devices of the 
disc and wire type coupled to a game-ionization 
detector. 

Munk,24 however, has shown that in comparisons 
of the differential refractometer with the ultraviolet 
absorption detector, if solutes giving maximum detec- 
tor response are used, then this order may be 
reversed. Thus, the detection limit for a solution of 
sucrose in water was 3 x 10-9g/sec for the differen- 
tial refractometer, ” while that for a solution of adeno- 
sine (molar absorptivity 1.40 x l@ l.mole-‘.cm-’ 
at 254 nm) was 2 x lo-” g/set for the ultraviolet 
absorption detector. 

The great advantage of the differential refiact- 
ometer over the more sensitive interferometer in the 
measurement of small differences in refractive index 
has been its comparative simplicity and compact size. 
The use of lasers as light-sources makes it possible 
to design much smaller interferometers which can be 
used to monitor column effluents. An interferometric 
detector with a cell volume of only 44 has been 
reported by Hazebrook. 26 A helium-neon laser oper- 
ating at a wavelength of 632.8 nm was used as a light- 
source. After polarization the beams were passed 
through the standard and reference cells and com- 
bined, the fringes being detected by silicon photo- 
diodes. The large dynamic range (5000: 1). rugged 
construction and small size make it suitable for such 
tasks as high-pressure capillary liquid chromatogra- 
phy or supercritical fluid phase separations. Although 
the limit of detection quoted was of the same order 
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Table 1. Comparison of detectors for column chromatography 

Detector 
Cell volume, 

.nl Sensitivity 
Maximum detection, 

mole/set mole/ml 

Refractometer 
(Laboratory Data Control) 

Refractometer 
(Waters Associates) 

WV detector (I = 1 mm) 
Wire detector 

5.0 2.87 x lo-’ 5.67 x lo-” 2.67 x 10-s 

10.0 4.06 X lo-’ 9.86 x lo- lo 9.13 x lo-* 
27.2 8.68 x 1O-3 4.73 x lo-‘O 5.69 x IO-* 
- 3.9 x IO_‘3 x \ 3.93 x 1o-8 8.89 1O-6 

as that for a sensitive differential refiztometer, the 
ultimate sensitivity of an interferometer is theoreti- 
cally much greater. It seems possible therefore that 
in the future these two devices will be in competition 
as detectors in liquid chromatography. 
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In our laboratary, a new gas-chrometographic technique celled the "ligand vapour &as- 
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Summary-A review is given of the developments in the analytical chemistry of vanadium that have 
taken place in the last l-S years. 

The importance of vanadium in modern science and 
technology is reflected in the growing number of pub- 
lications dealing with the analytical characterization 
of vanadium: over 1000 have appeared in the past 
15 years. The earlier literature has been covered by 
Grady.’ Our intention in writing this paper is to give 
some guidelines to the analytical chemist who wishes 
to select a method for a particular problem. To this 
end, we quote only those papers that seem to us to 
have something new and important to say, but this 
must not be construed as meaning that the literature 
omitted is without value. The material is classified 
according to the techniques by which vanadium is 
determined. First classical, then electroanalytical, 
optical and finally other instrumental methods are de- 
scribed. This classification is, we hope, in accordance 
with the demands of the practising analytical chemist, 
who may have only a limited number of techniques 
at his disposal when choosing his method. 

QUALITATIVE TESTS FOR VANADIUM 

Of the many reagents mentioned in the literature 
kojic acid should be recommended first:’ under the 
correct conditions 0.5 pg of vanadium in a 2-ppm 
solution may be detected in the presence of numerous 
cations and anions. Ferron has been investigated by 
the same authors,3 while others4 found the Schiff-base 
formed from anthranilic acid and salicylaldehyde .to 
be an equally selective and sensitive reagent for vana- 
dium. 

QUANTITATIVE SEPARATION OF VANADIUM 

Solvent extraction techniques 

These may be based on direct extraction with a 
substance serving both as complexing agent and as 
the water-immiscible solvent. The efficiency of such 
separations depends on the pH of the aqueous phase. 
Among such reagents 4-methylpentan-2-o15 and 

* For reprints of this Mini-Review, see Publisher’s 
announcement near the end of this issue TALMR 4. 

t On leave from Department of Chemistry, Queen’s 
University, Belfast, Northern Ireland. 

mesityl oxide6 can be mentioned. More suitable, how- 
ever, are extractions based on binary or ternary sys- 
tems. The binary systems consist of a reagent and 
a solvent; the ternary may have two reagents with 
one solvent or one reagent with a mixture of two 
solvents. Their use gives a wider choice of experimen- 
tal conditions and the separations are generally 
sharper and more specific. 8Hydroxyquinoline with 
chloroform’ or isobutyl methyl ketone* gives a good 
separation; so does a ternary system based on 8-hyd- 
roxyquinoline, benzyldimethyltetradecylammonium 
chloride and chloroform.’ Another long-chain alkyl- 
amine is the ion-exchanger Amberlite LA-2 which, 
when dissolved in chloroform, is a powerful extrac- 
tant for vanadium. lo Vanadium(III) can be extracted 
with ammonium thiocyanate and ethyl methyl 
ketone;” tin(I1) chloride can be used for preliminary 
reduction of the vanadium. Thiocyanate combined 
with tributyl phosphate l2 is suitable for extracting 
vanadium(IV), and the tributyl phosphate also 
reduces any vanadium(V) present. Tributyl phosphate 
alone in hydrochloric acid solution is an effective re- 
agent; both the theoretical and the practical aspects 
of this separation have been investigated.13 

fl-Diketones, such as acetylacetone (with butanol)14 
and 2-thenoyltrifluoroacetone with isopentyl or butyl 
acetate, ” butanol,“j chloroform’7 or a chloroform- 
benzene mixture” have also been recommended. 
Hydroxamic acids are well-known reagents for van- 
adium; they may be used as selective extractants 
with various solvents, 4_Methoxybenzothiohydrox- 
amic acid,’ y N-phenylbenzohydroxamic acid2’p2 ’ and 
N-phenyl-2naphthohydroxamic acid” are the most 
suitable. Normally chloroform is the solvent, but 
the sensitivity may be increased by adding ethanol 
to it2’ cr-Benzoinoxime in chloroform,23 quinaldinic 
acid in a mixture of pyridine and chloroform24 
and 1,2,3-phenyloxyamidine” in ether are also pow- 
erful combinations. A thorough study of some ternary 
systems containing di(2-ethylhexyl) hydrogen phos- 
phate, kerosene and, as the third component, sodium 
fluoride or thiosalicylic acid,26 led to a procedure for 
the quantitative extraction of vanadium(W) and its 
separation from vanadium(II1). The choice of the third 
partner depends on the composition of the matrix. 
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Another system for extraction of vanadium(IV) is 
3-methylcatechol and lauryltrimethylammonium bro- 
mide in 1,2-dichloroethane.27 

Chromatographic methods 

As vanadium may be present in solution either as 
a cation or as an anion, depending on the oxidation 
state and the acidity, there are several possibilities 
on which separations may be based. The simplest way 
of removing small amounts of vanadium for a solu- 
tion is co-precipitation, where aluminium hydrox- 
ide,28,2g zirconium oxide” or iron(II1) hydroxide3’ 

may serve as carriers. The theoretical aspects of the 
separation of vanadium and other metals by cation- 
or anion-exchangers have been elucidated in a series 
of papers.31 Cation-exchangers retain vanadium(IV) 
or (V) from strongly acid solutions. 

With Dowex 50 W-X8 (H+-form) small amounts of 
vanadium can be separated quantitatively from 25 
other metal ions.32.33 In the presence of titanium the 
cation-exchanger KY-3 (H+-form) has been used.34 
while in the analysis of ferrovanadium or iron ores35 
the cation-exchanger KU-2 can be used to advantage. 
Dowex-1 anion-exchanger, with an excess of fluor- 

ide,36 chloride. 37.38 thiocyanate3’ or acetate 4o in the 
solution, is the most widely applicable. 

The combined use of Dowex-1 anion-exchanger 
and Dowex-50 cation-exchanger facilitates the quanti- 
tative separation of six metals, including vanadium, 
from one another.41 The anion-exchanger EDE 10 
P with hydrochloric acid,42 lithium chloride43 or hy- 
drogen fluoride44 can also be used. The Chelex-100 
chelating ion-exchanger is specially recommended for 
the removal of vanadium from sea-water.45 The liquid 
anion-exchanger Aliquat 336, adsorbed on XAD-2 
resin, can remove peroxovanadate(V) together with 
other peroxo anions.46 

Redox ion-exchangers are also available for the 
retention of vanadium; tetrachloroquinol (on Celite 
A support)47.48 and chlorani14’ (on polyurethane 
foam) are the most suitable. 

Paper chromatographic separations with various 
solvents50.51.52 and with impregnated papers53,54,55 
are also available, though thin-layer chromatographic 
methods56.57,s8 usually offer sharper separations. 

Paper electrophoretic59*60 and gas-chromato- 
graphic61-64 methods are also available; the latter 
will be discussed again in more detail. 

GRAVIMETRIC DETERMINATION 

Some of the old methods have been improved. 
Vanadium sulphide can be precipitated from homo- 
geneous solution65 with thioacetamide. A critical re- 
examination of the well-known precipitation in the 
form of silver vanadate@j has revealed that precipi- 
tation is only quantitative and stoichiometric between 
pH 6.2 and 6.8. Numerous new organic reagents have 
also been suggested for the gravimetric determination 
of vanadium. Some of these, such as o-hydroxyaceto- 

phenone oxime. 67 N-(2)-hydroxynaphthyl-1-methylene 
ethylamine and 2-hydroxynaphthaldoxime’j8 and ben- 
zoylacetanilide6’ produce a high molecular weight 
compound which can be dried and weighed, allowing 
the accurate determination of 10-50 mg of vanadium. 

TITRIMETRIC DETERMINATION 

Vanadium can be titrated with redox, complexo- 
metric and precipitating agents. Some of the well- 
known methods have been examined further, and a 
few new reagents have been introduced. A large 
number of papers deal with the application of known 
methods for the determination of vanadium, to 
various matrices. These cannot be reviewed here for 
lack of space, and we decided to omit contributions 
which contained only minor variations on well-estab- 
lished methods. Some authors have made a critical 
comparison of known methods with the aim of find- 
ing the most reliable procedure. 

One critical study” showed that the most reliable 
titrimetric method is to oxidize vanadium to vana- 
date, remove the excess of the oxidizing agent, reduce 
vanadate with a known excess of iron(I1) ammonium 
sulphate (added as the weighed solid) and back-titrate 
with potassium dichromate. 

AnotherI compared the precision of the titration 
of vanadium(V) with iron(I1) sulphate and the tit- 
ration of vanadium(IV) with potassium permanganate 
and found that the reductometric process is consider- 
ably the more accurate if N-pheriylanthranilic acid 

is used as indicator. 
Another group of researchers72 examined and com- 

bined redox and complexometric titrations with spec- 
trophotometric measurements to determine vana- 
dium, molydenum, tungsten, phosphorus and silicon 
in the same sample. 

The titration with permanganate becomes more 
sensitive if vanadium is reduced not to the quadriva- 
lent, but to the tervalent state. A bismuth reductor 
is most suitable for the reduction.73 With fluoride as 
complexing agent the permanganate titration gives 
good results even if chromium(II1) ions are present.74 
If dichromate is used as the titrant, the titration reac- 
tion is normally slow. An analytical study has been 
made of the vanadium(IVtchromium(V1) reaction.75 
In the presence of an excess of phosphoric acid the 
titration with dichromate can be carried out with nor- 
mal speed,76 and mixtures of vanadium(II1) and vana- 
dium(IV) can also be titrated.” Mixtures of iron(I1) 
and vanadium(IV)78 as well as of molybdenum(V) and 
vanadium(IV)” can also be titrated under similar cir- 
cumstances. Cerimetric titration can be performed 
with photometric” and potentiometric” end-point 
detection, without the addition of external indicators. 
The limitations of the photometric method have been 
examined theoretically and experimentally.80 With 
ferroin,82 tris(bipyridyl)iron(II) and Rhodamine B83 
as indicators, visual titrations are also possible. Other 
oxidimetric titrants have also been suggested; potas- 
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sium ferricyanide in alkaline medium,84 potassium 
chlorate,85 iodine cyanide and bromide cyanideE6 are 

all suitable reagents. Vanadate can oxidize vana- 
dium(II1) to vanadium(IV), and therefore ammonium 
vanadate can be used as titrant for the determination 

of vanadium(III),87 and with some modifications for 
separate determination of vanadium(I1) and vana- 
dium( III). 

Vanadium(V) can be reduced to vanadium(IV) with 
iron(I1). With amperometric end-point detection this 
titration is very accurate, ” but the change of poten- 
tial at the end-point is not large enough to ensure 
an accurate potentiometric determination unless a 
complexing agent which keeps the free iron(II1) con- 
centration low is added. Such agents are EDTA with 
Methylene Blue or thionine (the latter two as photo- 
sensitizers),8g glycerol in alkaline mediumgo and 
phosphoric acid.g1 In syrupy phosphoric acid 
medium vanadium(IV) can also be reduced with 
iron(I and in ammoniacal solutions containing 
catechol, the vanadium(IVtvanadium(II1) end-point 
becomes extremely sharp. g3 Among other reducto- 
metric titrants potassium ferrocyanideg4 has been 
suggested for potentiometric micro-titrations. Chro- 
mium(I1) sulphate” with potentiometric or photo- 
metric end-point, copper(I) chloride with visual indi- 
cators,g6 molybdenum(II1) with potentiometric end- 
point” and vanadium(I1) with visual indicatorsg8 
may also be used. The last-named reduces both vana- 
dium(V) and vanadium(IV) to the tervalent state un- 
der the given experimental conditions. Sodium thio- 
sulphate with copper as catalyst reduces vanadium(V) 
and the titration can be monitored by potentio- 
metry. y ” H droxylamine can also be used to deter- 
mine vanadium(I1) and vanadium(II1) in one sample, 
though not as a direct t&rant,“’ the excess of the 
reagent and the vanadium(I1) being back-titrated in 
two stages with permanganate or cerium(IV) with 
potentiometric end-point detection. Hydrazine sul- 
phate alone”’ or combined with phosphoric acid”’ 
can be used as reductometric titrant with photo- 
metric, potentiometric and in some cases visual indi- 
cation. Binary mixtures of vanadium(V) and chro- 

mium(V1) can also be analysed with these reagents; 
isonicotinic acid hydrazide can also be used, with 
photometric end-point detection, the two inflexions 
of the titration curve corresponding to the two equi- 
valence points. ’ O3 

Vanadate can be titrated with silver nitrate, form- 
ing a precipitate, the composition of which depends 
on the pH of the medium lo4 but is always stoichio- 
metric, facilitating the determination of vanadium 
with potentiometric. amperometric or conductometric 
end-point detection.“’ 

Vanadium(IV) and (V) react with EDTA. These 
reactions have been re-examinedlo and improved 
procedures have been recommended.“’ In addition 
to the usual metallochromic indicators, ferronlo8 and 
Variamine Bluelog are also suitable. Some new com- 
plexation reactions have been found and made the 

basis of a titrimetric determination: the new titrants 
are 2hydroxy-5’-methylpropiophenone oxime,“’ 

sodium tungstate’ l1 and pyridine-2,6-dicarboxylic 
acid in the presence of hydrogen peroxide.’ l2 A redox 
titration with Methyl Orange can be used.113.114 
With 5,7-dibromo-8-hydroxyquinoline’ I5 or with the 
di-iodo derivative,l16 heterometric micro-titrations 
are possible. Non-aqueous reductometric titrations of 
vanadium with chromium(I1) acetate in dioxan can 
be used for the determination of micro-amounts of 
vanadium(IV).’ ” 

Vanadate forms polyanions when the solution is 
acidified with a strong acid. The possibility of titrat- 
ing vanadate with perchloric acid, using thermometric 
end-point detection, has been investigated and favour- 
able results have been reported.118 

Coulometry and chronopotentiometry 

Coulometric determinations of vanadium are based 
either on the reduction of vanadium(V) or on the oxi- 
dation of vanadium(IV). The two forms can be deter- 
mined in the presence of each other by controlled- 

potential coulometry,‘lg and with an on-line computer 
end-points can be predicted accurately before the 
completion of the experiment.“’ Vanadium(V) can 
be reduced in the presence of manganese and iron, 
but chromium(VI) interferes. lzl 

With constant-current coulometry we have the choice 
of a direct determination”’ or the coulometric gener- 
ation of an auxiliary reagent. Of these, tin(II),‘23~124~125 
and iron( 1263127 iron(IItEDTA,128 titanium(III),130 
copper(I),131 molybdenum(IV)‘32 and vanadium(III)133 
are suitable for the determination of vanadium(V), 
and the lower oxidation states of vanadium can 
be oxidized with electrogenerated iron(III),’ 34 di- 
chromate,135 and p-benzoquinone’36 as coulometric 
titrants. The controlled-potential coulometric deter- 
mination of vanadium can also be carried out in a 
molten salt electrolyte, the sample being fused with 
a lithium chloride-potassium chloride eutectic.13’ 
Vanadium(V) can also be determined in molten salts 
by chronopotentiometry.138 

VOLTAMMETRY, POLAROGRAPHY AND 

RELATED TECHNIQUES 

The d.c. polaragraphy of vanadium is usually based 
on the cathodic reduction of vanadium(V), though 
reduction from other oxidation states is also possible. 
Some new developments in this field include the 
determination of vanadium in various industrially im- 
portant matrices: the determination in the presence 
of titanium,13’ thallium,14’ molybdenum,141 nickel, 
copper and manganese, 14’ iron, nickel and cobalt143 
as well as tungsten, chromium, lead, copper and 
arsenic144 is now possible. An unusual method144 for 
the analysis of steel is based on the reduction of vana- 
dium(H) to the amalgam. The polarographic behav- 
iour of vanadium in concentrated phosphoric acid has 
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also been studied.14’ An inverse voltammetric deter- 
mination of small amounts (0.2 pg/ml) of vanadium 
is possible with the carbon-paste electrode.‘46 With 
d.c. or ax. oscillopolarography, capacitor currents can 
be eliminated from the measured signals, thus im- 
proving the sensitivity of the determination. The addi- 
tion of complexing agents makes the method not only 
sensitive, but also selective; tartaric, citric and trihyd- 
roxyglutatic acids,14’ fluoride,148 ferron,14’ and thio- 
cyanate150.151 are the most suitable. A detailed study 
of the oscillopolarographic behaviour of vanadium14’ 
revealed that both the reduction of vanadium(V) and 
the oxidation of vanadium(IV) are suitable for ana- 

lytical purposes. 
It has been established that, when subjected to uol- 

tammetry at a pyrolitic graphite electrode, vana- 
dium(V) is reduced irreversibly, though the voltam- 
metric peaks are fairly reproducible.“’ 

For the determination of vanadium by ampero- 
metric titration the titrimetric determination reagents 
already listed can normally be used. There are, how- 
ever, some unusual reagents which have only been 
suggested for use with amperometric end-point detec- 
tion. As oxidimetric titrants, pyrogallolcarboxylic 
acid ’ 5 3 and hexa-amminecobalt(II1) tricarbonatocobal- 
tate,154 and as a reductometric titrant vanadium(I1) 

sulphate, 155 have been suggested, the latter reducing 
vanadium(IV) to the tervalent state. For a precipi- 
tation titration lead nitrate.’ 58 %mercaptoquino- 
line15’ and, in a reverse titration procedure, selenious 

acid16’ can be used. In the last method a known 
amount of selenite is titrated with the sample solu- 
tion. For a complexometric titration 2,4-dithio- 
biuret161 and Tiron16’ may be used. A number of 
papers, not listed here, describe the biamperometric 
(“dead-stop”) titration of vanadium(V) with iron(I1); 
a useful method with ascorbic acid as titrant is avail- 
able for the simultaneous determination of cerium(IV) 
and vanadium(V). ’ 63 

SPECTROSCOPIC METHODS 

Emission spectrography 

A large number of papers have been published on 
the determination of vanadium in different raw mater- 
ials and industrial products. Usually a spark spectrum 
is obtained. Most frequently the line at 3185.4 A is 
used, but those at 2864.4, 3093.1, 4112.0 and 4379.0 
A are also useful, depending on the nature of the 
matrix and the internal standard used. Though a 
detailed review of this field cannot be included here, 
some important new developments should be men- 
tioned. A direct-reading spectrochemical determina- 
tion of vanadium and other elements in silicates, with 
automatic background and matrix corrections (car- 
ried out by an on-line computer) is now possible with 
a coefficient of variation better than 5%.164 A simpli- 
fied standardization method based on varying the 
exposure time can be applied for metal samples.165 

Solvent extraction coupled with emission spec- 

troscopy enhances the sensitivity and permits the use 
of an emission line produced by the solvent (a C-Cl 
line from the chloroform) as the internal standard.166 

Co-precipitation of vanadium with compounds such 
as cadmium or zinc hydroxide16’ or molybdenum 
phosphate’68 as collector can also favourably 
enhance the sensitivity. Specially prepared samples 
(fused buttons) can be used in the analysis of cast 
iron samples.16g Geological materials can be analysed 
for vanadium after being diluted with a mixture of 
carbon and barium carbonate powder.“’ Solution 
techniques, resembling flame photometry, allow a 
higher degree of reproducibility. Small amounts of 
vanadium can be determined by spraying a solution 
of the sample through a capillary graphite electrode 
into an a.c. arc.l’l Hollow-cathode excitation can 
also be used for the emission spectrographic deter- 
mination of vanadium. ’ 72 Improved reproducibility 
and sensitivity are attainable by using microwave- 
induced plasma excitation,173 especially if the vana- 
dium is reacted to form a volatile chelate before the 
measurement. ’ 74 The excitation processes of vana- 
dium have been studied by time-resolved spec- 
troscopy.“’ 

Emission flame photometry 

A detailed study of the flame emission spectrum 
of vanadium in a fuel-rich oxyacetylene flame 
revealed that the best wavelength for the determina- 
tion is 4379.2 A, the limit of detection being 3 ppm 
of vanadium.‘76 The inter-element effects in a nitrous 
oxide-acetylene flame have been thoroughly stud- 
ied.“’ The introduction of separated flames has in- 
creased the sensitivity of the determination of vana- 
dium; with the nitrous oxide-acetylene flame the 
detection limit is 0.2 ppm,178 but if the same flame 
is sheathed with argon or nitrogen, the detection limit 
is as low as 0.05 ppm.“’ 

Atomic-absorption and atomic-jluorescence spectropho- 
tometry 

The atomic-absorption spectrum of vanadium in a 

fuel-rich acetylene-oxygen flame has been 
recorded.“’ Atomic absorption has been applied by 
a number of researchers to the determination of vana- 
dium in various samples and matrices, but these ap- 
plications will not be reviewed here. However, useful 
studies of interferences by inorganic substances’8’B’82 

and organic solvents lE3 have been carried out, and 
the addition of an excess of iodidelE4 or aluminium 
chloridelE5 has been suggested for eliminating these 
interferences. A new technique, a variation of the 
standard-addition method, may be used to obtain 
more reliable results.lE6 

Microwave discharge tubes can easily be prepared 
in the laboratory, and can be used instead of hollow- 
cathode lamps as radiation sources in the determina- 
tion of vanadium.18’ The use of sheathed flameslEg 
increases the sensitivity. 
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Important increases in sensitivity are achieved by 
using flameless techniques. A graphite, tungsten or 
tantalum boat,igO with electrical resistance-heating is 
suitable for determining as little as 0.6 ng of vana- 
dium. With a carbon-filament atomizer a limit of 
detection of 0.3 ng may be achieved,igl while with 
one particular carbon-rod furnace even 6.8 pg of 
vanadium can be detected,“’ though another author 
has reported the much worse figure of 1 ng for a 
similar carbon-rod atomizer.lg3 Much depends on the 
matrix, and the order in which the elements in the 
sample are volatilized also plays an important role.lg4 
With commercial graphite furnaces (cuvettes) at 
2700 K the limit of detection is about 20 ng.lg5 Inter- 
esting further developments in flameless atomic- 
absorption techniques involve the use of a high- 
frequency flame-like discharge,lg6 a d.c. arcl” and 
a plasma jet”* as the means of atomization. 

Sensitivities may be improved by using indirect 
techniques, which were reviewed in this journal some 
years ago. igg An interesting way of determining vana- 
dium is to produce molybdovanadophosphoric acid, 
extract this with an organic solvent, re-extract into 
water and determine the molybdenum content of the 
solution by atomic absorption. With an acetylene-air 
flame 0.5 ppm of vanadium can be determined with 
a coefficient of variation of 3.4%;“’ a further increase 
in sensitivity can be obtained with a modified pro- 
cedure, using the nitrous oxide-acetylene flame.20’ 

In atomic-fluorescence spectrophotometry, using 
separated nitrous oxide-acetylene flames for atomiza- 
tion and a microwave-excited electrodeless discharge 
tube as a radiation source, the limit of detection was 
88 ng/ml; of 23 ions investigated only aluminium, 
cobalt and tungsten interfere.“’ 

Molecular-absorption spectrophotometry in the visible 
and ultraviolet region 

This approach seems to be the most popular for 
the determination of small amounts of vanadium. In 
the last 15 years more than 320 papers have been 
published that recommend new reagents or new pro- 
cedures with known reagents. It is again impossible 
to include all these works in this,review; even strin- 
gent selection of the material still leaves 150 works 
worthy of mention. The most important inorganic 
and organic reagents will be discussed first, followed 
by an alphabetical list of some less common, but still 
useful, reagents, 

Inorganic reagents. Several ionic species of vana- 
dium in different oxidation states have characteristic 
colours: it is therefore possible to determine vana- 
dium spectrophotometrically by its own colour. Ter- 
valent,‘03 quadrivalentzo4 and quinquevalent”’ 
vanadium may all be determined in this way. Peroxo- 
vanadium(V) (known also as peroxyvanadic acid) is 
a well-known coloured product obtained by treating 
vanadium solutions with hydrogen peroxide. Its use 
for the determination of vanadium has been re-exa- 

mined and the optimal experimental conditions have 
been established.‘06 The determination in the form 
of heteropoly acids has the advantage that it can be 
combined with an extraction procedure, enabling 
vanadium to be separated at the same time. When 
determining vanadium as the yellow tungstovanado- 
phosphoric acid the best wavelength for the measure- 
ment seems to be 364 nm1,207 but good results can 
also be obtained at 392,‘08 415,“’ or 436’l” nm. Use 
of molybdovanadophosphoric acid may have some 
advantages, especially if it is measured in the ultra- 
violet (228 mn),454 though measurements at 360211 
and 323’12 nm are also used. Thiocyanate, depending 
on the experimental conditions, may be used as a 
reducing’ ’ 3 or a complexing214 agent; in both cases 
the resulting product can be measured by spectropho- 
tometry. Recently, the use of ferrocyanide has been 
recommended.21 5 

Important organic reagents. The most sensitive spec- 
trophotometric reagents for vanadium are the various 
di-substituted aromatic hydroxylamines of hydroxa- 
mic acids. Over the years a large number of deriva- 
tives have been prepared and suggested as reagents. 
There are really no great differences in sensitivity and 
selectivity among the various reagents; the limits of 
detection lie between 10 and 100 ng/ml in most cases, 
and determinations are feasible up to concentrations 
of 10 pg/ml. It is not easy to select a “best” reagent 
because of the large choice; some authors, however, 
have made comparative studies which may be used 
as guides. Thus, one research group compared 52 
saturated2i6 and 23 unsaturated”’ N-arylhydroxa- 
mic acids, finding N-m-tolyl-p-methoxybenzohydroxa- 
mic acid and N-phenyl-3-styrylacrylohydroxamic acid 
as best choices out of the first and second groups 
respectively. In a previous study, which included 27 
different hydroxamic acids, the same group singled 
out N-phenylcinnamohydroxamic acid”* as the best 
choice. Other comparative studies21g,220 involved 
fewer reagents but may serve as a basis for choosing 
the best for a given task. 

Simple benzohydroxamic acidzzl combined with 
solvent extraction can be used with advantage, but 
the best reagents seem to be the di-substituted acids. 
Out of these 4-methoxybenzothiohydroxamic acid,222 
benzoylphenylhydroxamic acid,223 m-nitro-N-phenyl- 
benzohydroxamic acid,224 m-(p-chlorophenyl)-N-ben- 
zohydroxamic acid”’ and its o-chloro-derivative,226 
N-o-tolybenzohydroxamic acid,“’ N-phenyl-2-sul- 
phobenzohydroxamic acid, “’ N-p-tolyl-2-furylacrylo- 
and N-phenyl-2-furylacrylo- hydroxamic acidszzg and 
thiophen-2carboxyhydroxamic acidz30 are recom- 
mendable. Other simple hydroxamic acids which have 
been studied and recommended are the hexanohyd- 
roxamic,231 nicotinohydroxamic,232 2-furohydroxa- 
mic,233 cinnamohydroxamic,233 quinaldohydroxa- 
mic234 and 2-naphthohydroxamic.235 

4-(2-Pyridylazo)resorcinol, better known as PAR, is 
a well-known chelating agent, used for the separation 
and spectrophotometric determination of a number 
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of metals. Under certain conditions vanadium can be 
selectively complexed and the product extracted with 
an organic solvent. The organic phase, or, after strip- 
ping, the aqueous phase, can be subjected to spectro- 
photometry. At 560nm, &2 pg of vanadium can be 
determined accurately. The choice of an auxiliary 
complexing agent is important; recent works recom- 
mend the use of tartrate, fluoride,z37 phosphate,238 
EDTA,239 chloroacetic acid, 240.241 l,Zdiaminocyclo- 
hexane-N,N,N’,N’-tetra-acetic acidz4* and citrate.243 
The composition of the vanadium-PAR complex has 
also been studied244 and the optimal conditions for 
formation of the complex in the absence of auxiliary 
complexing agents have been established.245 Another 
reagent, similar in structure, is 1-(2-pyridylazo)-2- 
naphthol (PAN). It has been recommended as a re- 
agent for vanadium in ores246 and stee1.247 A new 
reagent of similar nature, 5-ethylamino-2-(2-pyridyl- 
azo)-p-cresol, together with its two bromo-derivatives, 
is suitable for determining 0.14.5 pg/ml levels of 
vanadium.248 A comparative study on the PAR and 
PAN complexes has been made.249 

MTydroxyquinoline and its derivatives are also fre- 
quently used complexing agents. They react with a 
number of metals by forming precipitates in aqueous 
media, which can then be extracted and determined 
by spectrophotometry. The reagents on their own are 
not selective, but the use of an auxiliary complexing 
agent and the proper choice of pH can make these 
determinations highly selective. With 8-hydroxy- 
quinoline itself, EDTA,250 phosphate,251 phenols,252 
sodium azide25 3 and zephiramine254 are suitable 
masking agents for a number of determinations on 
different matrices. Another way of improving the 
selectivity is to co-precipitate vanadium with 8-hyd- 
roxyquinoline and phenylphenol.255 Some derivatives 
such as 7-arylazo-8-hydroxyquinoline,256 8-hydroxy- 
5,7-di-iodoquinoline257 and 8-aminoquinoline258 are 

also suitable reagents. 

Methylthy& Blue is a well-known metallochromic 
indicator, used mainly in complexometric analysis. It 
forms coloured complexes with a number of 
metals,259 but under certain conditions it can serve 
as a selective reagent for vanadium.260 Usually the 
vanadium(V) complex is measured, but the vana- 
dium(IV) complex is also suitable for qualitative 
determination.261 The latter complex can also be 

extracted.262 
IJO-Phenanthroline, often used as a reagent for 

bivalent iron, forms a coloured complex with vana- 
dium(I1) and can be recommended for its determina- 
tion by spectrophotometry.263 In the presence of 
sodium azide, vanadium(V) can be determined if the 
complex is extracted. Vanadium(IV) does not react 
under these conditions.264 Alternatively, 6-hydroxy- 

1,7-phenanthroline may be used.265 
Phenyljiuorone reacts with quadrivalent metals; its 

use for the determination of tin(IV) is well known. 
In the absence of tin(IV) it can also be used for the 
determination of vanadium(IV);266 with 9-(3-pyridyl)- 

fluorone267 a vanadium concentration as low as 5 
ng/ml can be determined. 

With the use of complexing agents, malt01 (3-hyd- 
roxy-2-methylpyran-4-one) is a selective reagent for 
vanadium(V), .26* the product can be extracted into 
chloroform. Interferences of a number of ions can be 
eliminated by proper choice of the acidity.26g*270 

Other organic reagents. The following reagents, 
listed in alphabetical order, can also be used for the 
spectrophotometric determination of vanadium under 
certain conditions: Acid Alizarin Black SNq2’i Acid 
Chrome Blue K,272 Alizarin Red S,273 3-atnino- 

5-hydroxy-naphthalene-2,7-disulphonic acid,274 p- 
anisidine,275 Arsenazo,276 catechol alone*” or 
with a tertiary amine2’* or as its 3,4-dinitro deriva- 
tive 279 Calcichrome,280 
Azurol S alonezE2 

p-chloroaniline, 281 Chrome 
or combined .with zephiramine,2”3 

1,2-di-(2-aminoethoxy)ethane-N,N,N’,N’-tetra-acetic 
acid and hydrogen peroxide,284 1,2-di-(2aminoethyl)- 
ether-N,N,N’,N’-tetra-acetic acid,285 o-dianisidine,286 
P-(diantipyrinylmethyl)styrene287 and its deriva- 
tives 287.288 2-(3,5-dibromo-2-pyridylazo)-5-diethyl- 
aminophenol, , 289 5 7-dichloro-8-hydroxyquinaldine,290 
(diethylamino)pyridylazophenol derivatives2’i 3,3- 
dimethylnaphthidine,2g2 2_dimethylaminoethane- 
thio1.2g3 diphenylamine. 2g4 Eriochrome Cyanine,2g5 
Eriochrome Red,296 Erio Green,297 ferron,298 formal- 
doxime,29g o-hydroxyacetophenone,300 3-hydroxy- 

flavone,30’ bis(2-hydroxyethylimino)gossypol,302 
2-(3-hydroxy-3-phenyltriazeno)benzoic acid303 and its 

sulphonated derivative,304 N-hydroxysuccinic 
acid,305 2,2’-iminodibenzoic acid (Vanadox),306 /?-iso- 
propyltropolone,307 the reagent called MAAF 11308 
Magneson (dimethylamino-2-[3-(l-methyl-2-piperi- 
dyl)-2-pyridylazo]phenol,309 N-methylanabasine-a- 
azo-a-naphthol,310 morin31 ‘s312 murexide,313 naph- 
thalene-2,3-dio1,314 nicotinic acid hydrazide,31 5 
organic dibasic acids,316 oxalic acid,317 phenothia- 
zine derivatives3 l8 o-phenylenediamine,3 lp phenyl- 

thiosemicarbazide,320 phthalocyaninetetrasulpho- 
nit acid,321 picramic acid,322 picraminazo N,323 
propane-1,2-diaminetetra-acetic acid (APDT),324 
propyl-2,3.4-trihydroxybenzoate,325 protocatechuic 
acid,326 pyridine thiocyanate,327 pyridine-2,6- 
dicarboxylic acid,328 pyridine-2,4,6-tricarboxylic 
acid,32p 6-(2-pyridylazo)thymol,330 6-2(pyridylazo)- 

3,4-xylenol, 331 Pyrogallol Red,332* quercetinsulphonic 
acid,333 rutin, salicyalaldehyde,335 Schiff-base,336 
Solochrome Black RN,337 Solochrome Violet RS,338 
sulphonated derivatives of diphenylcarbazone and 
dithizone,33g Sulphonazo, 340 Sulphonitrazo,34’ sul- 
phosalicylic acid,342, tetraphenylphosphonium chlor- 
ide,343 various thiazolylazo-compounds,344*345 thio- 
salicylamide,346 tironJ4’ tribromopyrogallol,348 
tris(2-hydroxyalkyl)amine derivatives,34p tropo- 
lone3” and Xylenol Orange.351 

Infrared spectroscopy 

Infrared spectroscopy is a powerful technique for 
the qualitative characterization of substances. Though 

. 
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its main field of application is organic chemistry, it 
can be applied for inorganic systems. In one impor- 

tant paper352 all previously published infrared data 
on vanadium have been collected. From the infrared 
spectra and correlation charts it is now possible to 
identify ortho-, pyro-, meta-, hexa and decavanadates. 
A quantitative determination of vanadium in infrared 
spectroscopy is possible by precipitating with 8-hyd- 
roxyquinoline, making a KBr disk and measuring the 
characteristic absorption band.353 

Molecular-Juorescence spectrophotometry 

The great advantage of molecular-fluorescence 

spectrophotometry is that by selecting the wave- 
lengths of both the excitation and emission radiation 
separately, one has double the confidence in the quali- 
tative characterization. The vanadium complexes of 

eisophthalic acid354 and benzoic acid355 show charac- 
teristic fluorescence and can be used for the quantita- 
tive determination of vanadium. The structure of the 
complexes and the mechanisms of the reactions lead- 
ing to the fluorescent compounds have also been dis- 
cussed. 

Electron paramagnetic resonance (EPR) and electron 
spin resonance (ESR) spectroscopy 

These techniques are seldom used for quantitative 
analysis. Nevertheless, it is possible to determine 
0.1-200 ppm of vanadium(IV) as vanadyl aetiopor- 
phyrin by EPR spectroscopy,356 the method being 
especially suitable for the determination of vanadium 
in crude petroleum.356s357 At low temperatures the 
Q-factor of the oscillator is considerably higher than 

at room temperature, facilitating the EPR spec- 
troscopy determination.358 Quantitativi determina- 
tion is also possible with ESR spectroscopy.35gs360 
The reaction mechanism of the formation of the vana- 
dium(IVtArsenazo complex has been investigated by 
EPR spectroscopy.361 

X-Ray fluorescence 

As the X-ray spectra of the elements are compara- 
tively simple, consisting of only a few strong lines, 
the evaluation of the X-ray fluorescence spectrum of 
a sample containing several elements is relatively 
easy. This, together with the absence of chemical in- 
terferences and dependence on oxidation state, and 
its applicability to nearly all the elements, has helped 
to ensure the popularity of XRF in spite of the costs 
involved and the problems of sample preparation. 
Usually the unresolved Kcc~,~ lines are used for the 
analysis (with an LiF analyser crystal they appear at 
20 = 76.91”), without the use of a titanium filter, 
which absorbs these lines. For the same reason, 
titanium and also calcium interfere if present in the 
sample. 

More than 40 papers have appeared in the past 
15 years on the determination of vanadium by this 
technique, about half of them dealing with the analy- 
sis of steel, rock or petroleum samples. They describe 

various techniques for sample preparation, and there 
are differences in the choice of the line measured. 
These papers have not been included in this review. 

Some special methods of sample preparation have 
been developed, such as a device to handle small 
liquid ~amples,~~’ a borax-disk technique for fusible 
substances,363 a cellulose disk method,364 adsorption 
of metal ions from solutions with cation-exchangers 
and use of the dried solid as the sample,365 as well 
as dissolving the substance in sulphuric acid, evapor- 
ating to small volume and preparing a paste with 
magnesium oxide,366 which is dried and then used 
as the sample in the X-ray spectrophotometer. When 
the amount of vanadium is too small for direct deter- 
mination, preconcentration by precipitation with 
ammonium tetramethyldithiocarbamate367 or dieth- 
yldithiocarbamate368 as precipitants can be applied. 
The determination of vanadium in samples such as 
ultrapure chemicals,36g air-borne dust370.371 and 
organometallic compounds3” is also possible by 
X-ray fluorescence. Electron-microprobe determina- 
tions of vanadium in silicates373 and in samples con- 
taining titanium,374 where spectral interferences have 
to be eliminated, have also been described. A simple 
mathematical method to evaluate matrix effects in 
X-ray fluoresence analysis can also be applied.375 

ACTIVATION ANALYSIS 

Neutron-activation analysis is one of the most pow- 
erful techniques, capable of determining as little as 

lo- l2 g of some elements. By careful choice of neu- 
tron energy, neutron flux, length of irradiation and 
cooling time between irradiation and measurement, 
the method can be adapted for the determination of 
vanadium in almost any matrix. The number of 
papers which have appeared over the past 15 years 
demonstrates the popularity of the technique. 

Usually, thermal neutrons are used to activate “V 
in an n,y reaction to give 52V which gives a y-line 
at 1.433 MeV suitable for measurement. The isotopic 
abundance is almost lOO’/& the cross-section is 
reasonably high at 4.9 barns, but the half-life is rather 
short at 3.76 min. The limit of detection is usually 
better than lo-’ g, though it does depend on the 
composition of the matrix. 

Methods are available for the determination of 
vanadium in iron alloys,376 iron and iron ores3” 
high-purity iron3’s aluminium,37g petroleum,380 fuel 
oil 381 air-pollution particles,382*383,384 rocks and 
meteorites,385*386 cement,386 nuclear graphite,387 
lunar samples, 388 human bone,38g biological mater- 
ials 3go tissue391 and plants.392 Sometimes a chemical 
preconcentration or separation step is needed before 
activation analysis; this can be done with ion- 
exchangers,393 extraction with 2-nonylpyridine 
N-oxide394 or precipitation with 8-hydroxyquino- 
line.3g5 Moderated fast neutrons396 and charged par- 
ticles397,3g8 can also be used for the activation analy- 
sis of vanadium. A special technique called “re-activa- 
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tion analysis” can also be used399 and a precipita- 
tion-exchange technique, based on the measurement 
of 1 “Ag, has also been described.400 

CATALYTIC ANALYSIS 

There are two main advantages of catalytic 
methods of analysis. First, they allow the selective 
and sensitive determination of trace amounts (as 
low as l&100 ng) with simple, cheap equipment. 
Secondly, they produce an analytical signal from a 
kinetic system which is moving towards equilibrium; 
this signal is different in principle from almost all 
other analytical signals, obtained from equilibrium 
systems. The rate of a reaction between two reactants, 
present in macro amounts, is measured; this depends 
on the analytical concentration of the catalyst present. 
Vanadium catalyses several redox processes in homo- 
geneous solution; at least 50 papers have been pub- 
lished on its catalytic determination. The optimum 

concentration range is usually 0.1-l ppm with a 
detection limit of 0.02 ppm (20 ng/ml). The methods 
reviewed here will be classified according to the oxi- 
dizing agents applied. Vanadium catalyses the bro- 
mate oxidation of iodide,401~402 thiocyanate,403 ami- 
do1404 4-amino-5-hydroxynaphthalene-2,7-disul- 
phonic acid, ‘04 Bordeaux Red406 (this method being 
also adapted for the determination of vanadium in 
stee1k4” Bromopyrogallol Red,4o8 Eriochrome Blue 
P 4og Indigo Carmine,410 4-aminodiphenylamine-2- 
sulphonic acid,41 ’ p-phenetidine4 ” and Solochrome 
Violet.‘i3 With chlorate as oxidizing agent, traces of 
vanadium can be determined by using p-aminodiethyl- 

aniline,41 4 aniline,“’ ’ benzidine,416 4-hydrazinoben- 
zenesulphonic acid4’ 7 or p-phenetidine4 l8 as the 

reducing agent. Hydrogen peroxide oxidizes 
iodide,41 9,420 aniline4” (this reaction can be adapted 
for the determination of vanadium in rocks),422 benzi- 
dine423 and diphenylcarbazide424 in slow reactions 
which are catalysed by trace of vanadium. Oxidations 
with peroxodisulphate are also catalysed by vana- 
dium; catechol425 and gallic acid426 can serve as 
reducing agents. With the latter, vanadium can also 
be determined in sea-water.427 The oxidative coupling 
of 4-hydrazobenzenesulphonic acid with l-naphthyl- 
amine is also suitable as a main reaction for the cata- 
lytic microdetermination of vanadium.428 When Lan- 
dolt reactions are used as the slow reaction, a simple 
visual procedure can be adapted, reaction times being 
measured with a stop-watch. Landolt systems involve 
one oxidizing and two reducing agents. With the bro- 
mate-iodide-ascorbic acid system 0.1 ppm of vana- 
dium can be determined selectively in the presence 
of 22 foreign ions.4z9 Good results are also obtainable 
with the bromate-bromide-ascorbic acid,430,431 the 
chlorate-chloride-ascorbic acid432.433.434 and the 
chlorate-bromide-ascorbic acid435 systems. Chemilu- 
minescence reactions are also catalysed436*437 or 
quenched 438 by traces of vanadium, and these reac- 
tions can again be used for its determination. 

MASS SPECTROMETRY 

Although not a cheap technique, mass spectrometry 
produces an easily distinguishable analytical signal, 
and can be adapted for the qualitative and quantita- 
tive characterization of an element, such as vanadium, 
with a relatively low atomic weight. Spark-source 
mass spectrometry is normally used. ‘lV is present 
in almost 100% abundance and the ‘lV line is well 
separated (in an organic matrix no other line appears 
between mass numbers 50 and 52). The limit of detec- 
tion is about 0.01 ppm, with 0.1-10 ppm the optimum 
concentration range. 

The method can be adapted for various matrices, 
mass spectrometric determinations of vanadium in 
iron and steel,43%440,44i other metals,442.443 
rocks,444 coal ash,445 marble446 and titanium diox- 
ide447 having been described. 

GAS CHROMATOGRAPHY 

Some metal chelates with organic ligands are easily 
volatilized. This fact can be utilized for the gas chro- 
matographic separation of vanadium from other 
metals and its determination. As chelating agents tri- 
fluoroacetylacetone, 61 thenoyltrifluoroacetylacetone,62 
bis(trimethylsilyl)trifluoroacetylamide63 and salicyl- 
aldimine’j4 have been suggested. Usually, the separ- 
ated components are condensed and the vanadium 
is determined by spectrophotometric methods. 

MISCELLANEOUS TECHNIQUES 

Separations based on the ring oven technique cou- 

Pled with’ spectrophotometry,448 fluorescence 
measurements,449 segment colorimetry4” and the 
related technique of annular colorimetry451 are also 
suitable for the qualitative and quantitative character- 
ization of traces of vanadium. Thermogravimetric 
studies on vanadium precipitates452 and alums con- 
taining vanadium(III)453 have also been made. 

As interest in the determination of vanadium seems 
to grow, the authors hope to prepare a further critical 
review when enough new material, worthy of appraisal, 
becomes available. 
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Summary-The range of acid stability constants over which the Gran functions are applicable in 
evaluating acid-base titrations at normal concentratrons is studied and found to be quite narrow. 
Alternatively, the titrations can be evaluated by using non-approximative methods based upon an 
equation that is derived without making the simplifying assumptions leading to the Gran functions. 
One such method, introduced by Hofstee, is discussed and the results of a study of the effects of 
a systematic error in the pH-determinations upon the determination of the equivalence volume are 
given. Two other non-approximative methods for evaluating acid-base titrations that are particularly 
suitable for use in automatic titrations of many similar samples are also described. These methods 
yield correct values of the equivalence volume regardless of a possible systematic error in the pH-values 
and are particularly useful for titrations of moderately strong and very weak acids (stability constants 
up to 101o-lO” at O.OlM concentration) where the Gran functions cannot be used. 

Over the years, the so-called Gran curves1*2 have 
attracted the interest of analytical chemists. This in- 
terest has been intensified by the introduction of 
several new ion-selective electrodes. The Gran func- 
tions (founded upon an idea of Ssrensen’s3) represent 
one of the first attempts to linearize titration curves, 
thereby making it possible to calculate the equiva- 
lence volume by using several points on the titration 
curve instead of only the inflexion point. As shown 
by Johansson and Pehrsson4 it is simple to design 
an apparatus for performing titrations automatically 
along the principles developed by Gran. 

The Gran functions for titrations of acids with 
strong base are summarized in Table 1. Similar func- 
tions may be derived for titrations of bases and for 
compleximetric titrations, e.g., of fluoride ions.’ 

The titrant is in each case assumed to be a strong 
base. V, is the volume of the sample solution before 
the titration is started, V the volume of titrant added, 
and k, k’ are arbitrarily chosen constants. If the func- 
tions are plotted against v straight lines are obtained 
that intersect the kxis at V,, the equivalence volume. 

The great advantage of the Gran functions is that 
it is not necessary to determine absolute [HI-values 
(charges are omitted for simplicity). It suffices to 
determine values proportional to [H] which means 
that it is not necessary to calibrate the electrode sys- 
tem. However, the use of the traditional Gran curves 
is restricted to a limited range of acid strengths. The 
Gran function (V, + V)lO(k-pH) = f(V) gives a 
straight line only when a strong acid is titrated. As 
shown below, V 10(k-pH) will not give a completely 
straight line for any acid. However, for moderately 
weak acids, HA, having logarithmic stability con- 
stants 

log K”A = log[HA] - log [H] - log [A] 

lying in the range 5.M.5, more than 50% of the func- 
tion will lie on a straight line intersecting the V-axis 
at V = V, (assuming concentrations of the order of 
O.OlM). There is a range of acids between strong and 
moderately weak within which neither of these simple 
functions will yield satisfactory results and this has 
not been generally recognized. When the acids are 

TM 23 

Table 1. Gran’s second method 

Gran functions 

Substance 
titrated 

Strong acid 
Weak acid 

-11/12-B 

On the acid side of 
the equivalence point 

(V, + Y)lo’k-‘“’ =f(V) 
VlO”-p”’ =f(V) 

169 

On the alkaline side of 
the equivalence point 

(V, + V)lO’p”-“’ -f(V) 
(V, + V)lOpH-“’ =f(V) 
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very weak, the Gran function I’ 10(k-pH’ =f(v) gives principles put forward in this paper will be presented 
incorrect results. in a forthcoming communication. 

Ingman and Still,6 and Johansson,’ have derived 
the following equation that is valid throughout the 
range of acidic strengths without approximations: 

MEASURING HYDROGEN-ION CONCENTRATIONS 

The most common method of measuring hydrogen- 
ion concentrations is potentiometrically with the glass 
electrode. Though the electrode in principle responds 
to activity, it may be calibrated with known concen- 
trations if precautions are taken in order to keep the 
activity factors constant. This can be done by using 
ionic media of constant ionic strength. Equation (2) 
relates the measured potential to the concentration 
of hydrogen ions in the solution: 

l/,=V+KHA I’[H]+ 
{ 

‘!? [H,2 _ yR_ 

+~{[I+$} (1) 

K, is the ion-product of water and C the concen- 
tration of the titrant solution. This equation requires 
use of concentrations and concentration constants 
determined at the ionic strength in use. The different 
terms in equation (1) all have the dimension of 
volume and may be interpreted as being contributions 
in different pH-ranges to the equivalence volume of 
the acid. This makes it quite easy to judge whether 
a term is negligible or not. A similar equation can 
be derived for titrations of bases with strong acids. 

It is easily seen that the Gran functions mentioned 
in the introduction may be obtained from equation 
(1) by making the appropriate simplifying assump- 
tions. In strongly acidic solutions, in other words 
when a strong acid is being titrated, all other terms 
in equation (1) may be neglected in comparison with 
the term (V, + V)[H]/C and so the Gran function 
for titrating strong acids is obtained. When a weak 
acid is titrated, the dominant term will be KHAV [H], 
thus yielding the Gran function for titrating weak 
acids. Finally, if the value of KHA is not too high, 
equation (l), for strongly alkaline solutions, will be 
reduced to 

(V, - V) = - Ep 2 

which is the Gran function to be used after the equi- 
valence point when base is being added in excess to 
the solution. 

The aim of the first part of the present paper is 
to study the conditions under which titration data 
will give correct equivalence volumes when treated 
according to Gran. In the second part of the paper, 
a method given by Hofstee’ is discussed. This method 
is based upon equation (1) and is thus non-approxi- 
mative, but it requires knowledge of absolute [H] 
values and not simply values proportional to [H]. 
In this case it is consequently necessary to calibrate 
the electrode system. In the third part, two alternative 
non-approximative methods of calculating equiva- 
lence volumes from titration data are presented. The 
equivalence volumes are determined by using equa- 
tion (1) and simple numerical methods. It is shown 
that even large systematic errors in the determination 
of the pH values can be tolerated without sacrifice 
in the accuracy of the results. A very rough calib- 
ration of the electrode system is therefore enough. 
An apparatus for automatic titration utilizing the 

E = EL + Qlog[H] + E; (2) 

Here, Eb stands for the standard potential, including 

the reference potential and the part of the activity 
coefficients and the junction potential that is indepen- 
dent of the acidity. Q = RTlnlO/nF = 59.2 mV at 25”. 
In our experience, good glass electrodes do not 
deviate from this value in a thermostatically con- 
trolled system. E; = j, [H] + jo,[OH] accounts for 
the acidity-dependent part of the activity coefficients 
and the junction potential. The constants jH and jo, 
are characteristic of the ionic medium. 

In the following we denote -log [H] by ph to 
distinguish it from -log [Hi = pH, where (H) is the 
hydrogen-ion activity. Our experience shows that the 

main cause of errors in the determination of ph is 
the difficulty of obtaining a correct value of EL. The 
most accurate way to determine E0 seems to be by 
a so called E&titration (see below). First, however, 
the values of j, and j,, must be determined. 

The value of jH may be determined once and for 
all by titrating a known amount of a rather concen- 
trated solution of strong acid with strong base. The 
concentrations of the acid and base must be known. 
The base is added stepwise and E and V are measured 
after each addition of titrant. A plot of E - Qlog[H] 
against [H] yields j, as the slope and Eb as the inter- 
cept with the y-axis;’ jo, is similarly calculated from 
titration points taken after the equivalence point. 

When j, has been determined, Eb is preferably 
determined by titrating a more djlute solution of 
strong acid (CnA = O.OlLO.OOlM) in order to mini- 
mize the effect of an error in j,. For each titration, 
several values of Eb can be calculated by using equa- 
tion (2) and the Eb value to be used is taken as the 
mean. Normally, an Eb-titration is run in a separate 
vessel before the titration of the unknown in another 
vessel. A small change in Eb (of the order of a few 
tenths of a millivolt) may result when the electrode 
is transferred from one solution to another. This 
source of error can be eliminated by running the 
EL-titration before the determination of the unknown, 
which is then added to the same solution. This pro- 
cedure is, however, time-consuming and is only used 
when a very high degree of accuracy in the determina- 
tion of EL is necessary. 
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The simplest, though less accurate, method of 

determining Ee is to use a calibration solution of 
known hydrogen-ion concentration. 

A change in Eb also seems to take place in some 
glass electrodes on going from the acid to the alkaline 
pH-range. This change may amount to a few milli- 
volts. An electrode system that is to be used on the 
alkaline side of this region should therefore be cali- 
brated in alkaline solution and points that lie in the 
critical range should not be used in the evaluation 
of titrations. 

THE GRAN FUNCTIONS 

Since their appearance, the Gran functions have 
been discussed and further developed by several 
authors. In their monograph on computer calcula- 
tions in analytical chemistry, Dyrssen and co- 
workers” discussed the approximations that need to 
be made in order to obtain the Gran functions for 
titration of bases with strong acids. They gave some 
rather crude rules for deciding when the Gran func- 
tions v[H] and (V, + V)[H] may be expected to 
yield correct results. They also discussed the functions 
from the statistical point of view and devised methods 
for estimating the precision of the determination of 
the equivalence volume from the titration points and 
for deciding whether a point should be disregarded 
or not. Hansson and Jagner” modified the Gran 
plots for titration of the total alkalinity and carbonate 

content in ocean water by accounting for the interfer- 
ing side-reactions of other species in sea-water. 

Ebel and KrBmmelbein’2~13 have discussed exper- 
imental sources of errors in the use of Gran functions. 
According to them, a 1% error in the slope of the 
electrode response will result in a titration error of 
0.396 for a titration of strong acid with strong base. 
No such error has, however, been observed by the 
present authors if the temperature is properly con- 
trolled. Ebel and Krommelbein have also shown14 
that the Gran function V[H] represents a poor 
approximation of the complete equation (1) for some 
ranges of Ku, values. Therefore, they applied ortho- 
gonal polynomials to approximate equation (1) but 
exchanged the (x,y)-values for (y,x)-values in the 
curve-fitting procedure. This was later commented 
upon by Wahbir5 who considered it to be mathemati- 
cally incorrect. 

McCallum and Midgley16 have discussed the effect 
of changes in activity coefficients upon the Gran func- 
tions during a titration. They took these changes into 
account by an iterative computer technique using the 
Debye-Hiickel equation. They thus assumed that no 
attempts are made to keep the ionic strength of the 
solution constant during the course of the titration. 
In a second paper r7 the same authors have shown 
that the Gran function V[H] gives poor results for 
acids having CHAKHA < 103. They have also extended 
the equation given by Ingman and Still to make it 
valid for titrations of acids in the presence of a weak 

base. Furthermore, they have given an equation for 
evaluating titrations of biprotic acids. The main draw- 

back of these methods is that it is necessary to know 

the stability constants of both the acids and the bases 
as well as the E. of the electrode system. 

The principal advantage of the simple Gran func- 
tion is that it is not necessary to compute [H] from 
the measured emf data by using equation (2). As soon 
as EJ is negligible it will be possible to plot for 

example (V, + V)lO(E-k”Q (that is, (V, + V) x con- 
stant x [H]) instead of (V, + V)[H] against K where 
k is a constant that may be chosen arbitrarily. This 
is a distinct advantage since it is rather easy to 
measure E with good precision but an accurate deter- 
mination of EL (and thus of [H]) is considerably more 
difficult. 

One case where E; is frequently negligible is when 
weak acids are titrated at ionic strengths equal to 
or exceeding 0.1. However, when strong acids are 
titrated, it is often not possible to neglect Ei. To give 

an example: in 0.5M potassium chloride, ju z -90 
mV and j,[H] will vary from 0.9 mV to negligible 
values for a titration of O.OlM hydrochloric acid; this 
will result in a curved Gran plot. 

When a strong acid is titrated and E; cannot be 
neglected, iteration provides one way of calculating 
values that are proportional to [H] though E. may 
be unknown. An approximate value of the equiva- 
lence volume V, is then first calculated by using 
ES = 0. Subsequently, E; is computed from ju and ap 
proximate [H] values obtained from the approximate 
V, value. Corrected relative values of [H] may then 
be calculated for each pair of (E - E;, V) data. It 
is only rarely necessary to repeat the iteration. 

The limitations of the Gran functions 

These have been studied for different values of KHA 
by computing theoretical titration curves and using 
these data ([HI, V) to test the Gran functions. The 
calculations were done for titration of O.OlM acid 
with O.lM sodium hydroxide, and for titration of 
O.OOlM acid with O.OlM sodium hydroxide. The 
results are shown in Table 2. The first column in the 
table gives the initial concentration CiA of the acid, 
the second column gives log Ku, and the o&er 
columns list the range of the titration parameter a 
(defined by a = VCjV,C$), within which the Gran 
functions yield straight lines that intersect the V-axis 
at V, + 0.1%. (An arbitrary criterion of linearity was 
chosen, viz. the ordinate value of the function should 
not deviate from the corresponding ordinate of the 
extrapolated linear portion of the function by more 
than 0.1% of the straight line ordinate at V= 0.) 

As can be seen from Table 2, the Gran function 
V[H] (or KHAV[H]) which is used to evaluate tit- 
rations of weak acids does not yield a straight line 
within the specified error limits in the entire range 
a = O-l for any value of the stability constant. In 
the following, three specific examples will be discussed 
in some detail. 
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Table 2. The range a(=YCr,/VOC&) within which the 
Gran functions yield straight lines that intersect the V-axis 
at V, f 0.1% for different values of I&. (see text for 

explanation.) 

Gran function used 

GA. Pi, + WW f’CH1 (v, + V/D-U 
M 1% K”, a a a 

0.01 -10 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
1.0 
1.5 
8.0 
8.5 

0.001 -10 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 

0.00-1.00 
O.O&l.OO 
0.75-1.00 
0.90-1.00 

0.9&1.00 
0.85-1.00 
0.75-1.00 
0.65-1.00 
0.5~1.00 
0.40-1.00 
0.25-1.00 
0.15-0.99 
O.l(M.99 
0.05-0.97 
0.03-O.90 
0.02-0.75 

O.Wl.OO 
O.O&l.OO 
0.75-1.00 
0.9(r1.00 

0.9(r1.00 
0.85-1.00 
0.8~1.00 
0.7WI.99 
0.55-0.99 
0.40-0.97 
0.25-0.90 

1 .oo-2.00 
1.0&2.00 
l.c!&2.00 
1.0&2.00 
1.0&2.00 
l.OO-2.00 
1 O&2.00 
1.0&2.00 
1.0&2.00 
1.W2.00 
l.Of&2.00 
1.0&2.00 
1.01-2.00 
1.01-2.00 
1.03-2.00 
1.1~200 
1.25-2.00 
1.00-2.00 
1.W2.00 
1 .X&2.00 
1 .O@-2.00 
1.0&2.00 
1 .OO-2.00 
1.00-2.00 
1.0&2.00 
1.01-2.00 
1.01-2.00 
1.03-2.00 
1.10-2.00 

Example 1. An acid having log KHA = 3.0. Figure 
1 shows a plot of V[H] against V compared with 
a plot of (V, - V) = f(V) calculated from the com- 
plete equation (1) for a titration of 1OOml of O.OlM 
solution of an acid having log KnA = 3.0, with O.lM 

sodium hydroxide. As said above, all the terms in 
equation (1) have the dimension of volume. During 
the course of the titration different terms will be pre- 
dominant in different pH-regions. In Table 3 the 
values of the terms KHAV[H], K&V0 + V#H)‘/C, 

(V, + VCHIK. &A(I/O + V)Kw/C and (V, + f’)Kw/ 

C[H] in equation (1) are listed for different values 
of a. It is seen from the table that the second and 
third terms listed above are not negligible in compari- 
son with the first term at the beginning of the tit- 
ration. However, as the equivalence point is 
approached the predominance of the first term grows 
and for the titration shown in Fig. 1, a straight line 
will result for a = 0.9-1.0. After the equivalence point 
all other terms are negligible in comparison with 
(V, + V)K,/C[H] and a plot of this function vs. V 
will therefore yield a straight line that intersects the 
V-axis at the equivalence volume. 

Example 2. An acid having log Ku, = 10. Figure 
2 shows a titration of 100 ml of O.OlM acid having 
log KnA = 10.0, with O.lM sodium hydroxide. 
According to Table 4 it is not possible to neglect 
the terms K&I/O + V)K,/C and (V, + l’)K,/C[H] 
in comparison with K,V[H] before the equivalence 
point. It is also necessary to consider all three terms 
after the equivalence point. 

Example 3. An acid having log K, = 7.5. As is 
clear from Table 2, the best results will be obtained 
with the Gran function V[H] in the range 6.0 I log 
KHA 2 8.0 at normal concentrations (zO.OlM). A 
plot of this function against I/ is shown in Fig. 3, 
assuming that 100 ml of O.OlM acid having log 
K,, = 7.5 is titrated with O.lM sodium hydroxide. 
As is seen from Table 5, The term K,,V[H] predomi- 
nates over all other terms in equation (1) in the inter- 
val 0.1 < a < 0.9. 

Systematic titration errors 

As seen from the preceding discussion, in many 
cases the lines that result from plotting the Gran func- 

5 10 15 20 

-+ V (ml) 

Fig. 1. Gran plots (V[H] and (V, + v)/[H]) and a plot of (V, - v) = f(V) calculated from equation 
(1) against V for a titration of O.OlM solution of an acid having log KHA = 3.0, with O.lM NaOH. 
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Table 3. The table lists the contributions of the different terms in equation (I) to the equivalence volume at different 
values of a. It is valid for a titration of 100 ml of O.OlM solution of an acid having log KuA = 3.0, with 0.M NaOH 

GAUHI Km !!$! [H]Z F [H] KHA v K, 
V,+ V K, 

a 
-cH3 c 

0 0.000 7.300 
0.1 2.152 4.616 
0.2 3.374 2.903 
0.3 3.910 1.749 
0.4 3.955 1.017 
0.5 3.666 0.564 
0.6 3.151 0.292 
0.1 2.485 0.135 
0.8 1.718 0.050 
0.9 0.883 0.010 
1.0 0.000 0.000 
1.1 0.000 O.OCKl 
1.2 0.000 0.000 
1.3 0.000 0.000 
1.4 O.OC@ 0.000 
1.5 O.CQO 0.000 
1.6 0.000 0.000 
1.7 0.000 O.ooO 
1.8 O.OCKl 0.000 
1.9 0.000 0.000 
2.0 0.000 0.000 

2.702 
2.173 
1.721 
1.342 
1.028 
0.770 
0.557 
0.380 
0.232 
0.107 
0.000 
0.000 
0.000 
0.000 
0.000 

%E 
0.000 
0.000 
O.COO 
0.000 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
OS00 
0.000 
0.004 
0.000 
0.000 

-1.000 
-2.000 
-3.000 
-4.000 
- 5.000 
-6.000 
- 7.000 
-8.000 
-9.000 

- 10.000 

5 10 15 20 
--, Vlml) 

Fig. 2. As Fig. 1 but log KHA = 10.0. 

Fig. 3. As Fig. 1 but log KnA = 7.5. 
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Table 4. The table lists the contributions of the drfferent terms in equation (1) to the equivalence volume at different 
values of a. It is valid for a titration of lOOm1 of O.OlM solution of an actd having log&, = 10.0, wrth O.lM NaOH 

a KHA UHI GA y [H] K vlJ+v v,+ v K, 

“* c w -[H-J C 

0 0.000 10.097 
0.1 9.111 O.OOil 
0.2 8.127 O.OOil 
0.3 7.146 O.OCO 
0.4 6.172 0.000 
0.5 5.205 0.000 
0.6 4.255 0.000 
0.7 3.332 O.OQO 
0.8 2.459 0.000 
0.9 1.689 0.000 
1.0 1.105 0.000 
1.1 0.747 0.000 
1.2 0.551 O.OOb 
1.3 0441 O.OOil 
1.4 0,375 0.000 
1.5 0.331 0.000 
1.6 0.300 0.000 
1.7 0.278 0.000 
1.8 0.261 0.000 
1.9 0.248 0.000 
2.0 0.237 O.ooO 

0.001 
0.000 
0.000 
0.000 
0.000 
OS!00 
0.000 
O.ooO 
O.OQO 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.600 
0.000 
0.000 

-0.100 - 0.000 
-0.101 -0.011 
-0.102 - 0.025 
-0.103 -0.043 
-0.104 - 0.067 
-0.105 -0.101 
-0.106 -0.149 
-0.107 - 0.225 
-0.108 -0.351 
-0.109 -0.581 
-0.110 - 0.995 
-0.111 - 1.636 
-0.112 - 2.439 
-0.113 - 3.328 
-0.114 - 4.260 
-0.115 - 5.216 
-0.116 -6.184 
-0.117 ’ -7.161 
-0.118 -8.142 
-0.119 -9.129 
-0.120 -10.116 

tions will not be perfectly straight and this may lead 
to a systematic titration error. The magnitude of this 
error depends upon how large a part of the function 
is used for calculating the equivalence volume V,. The 
theoretical systematic titration errors resulting when 
titrations of O.OlM solutions of acids of different 
strengths with O.lM sodium hydroxide are evaluated 
by the diverse Gran functions have been collected in 
Table 6. It was assumed that the titrations were per- 
formed by stepwise additions of equal volumes of 
titrant in the range a = Ck1.0 so that Au = 0.1. The 

equivalence volumes were calculated from not less 
than five titration points. If the only way to obtain 
an acceptable result is to use less than five points 
in the Gran evaluation, one of the methods presented 
below is definitely prefereable to the Gran method. 

The applicability of the Gran functions 

If it is desired that a Gran function should give 
a line that is straight over at least 50% of its course 
and such that the extrapolated straight-line portion 
intersects the Taxis at V, with a maximum relative 

Table 5. The table lists the contributions of the different terms in equation (1) to the equivalence volume at different 
values of a. It is valid for a titration of 100 ml of O.OlM solution of an acid having log KnA = 7.5, with O.lM NaOH 

a KHAVCHI K HA v [H,’ y [H] K,, 
v, + v V,+V K, 

c w C WI 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 

0.000 9.982 0.018 0.000 0.000 
8.998 0.003 0.000 0.000 O.COO 
7.999 0.001 0.000 0.000 O.OOil 
7.000 0.000 0.000 0.000 0.000 
6.000 0.000 0.000 0.000 0.000 
5.001 0.000 0.000 0.000 0.000 
4.001 0.000 0.000 0.000 -0.001 
3.001 0.000 0.000 0.000 -0.001 
2.002 0.000 0.000 0.000 -0.001 
1.003 0.000 0.000 0.000 -0.003 
0.059 0.000 0.000 0.000 - 0.059 
0.004 0.000 0.000 0.000 - 1.003 
0.002 0.000 O.ooO 0.000 - 2.002 
0.002 0.000 0.000 0.000 - 3.001 
0.001 0.000 0.000 0.000 - 4.000 
0.001 0.000 0.000 0.000 - 5.001 
0.001 0.000 0.000 0.000 -6.001 
0.001 0.000 0.000 0.000 - 7.000 
0.001 0.000 0.000 0.000 -8.000 
0.001 0.000 0.000 0.000 -9.000 
0.001 0.000 0.000 0.000 - 10.000 
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Table 6. The systematic titration errors that result when linear regression is used to fit 
a straight line to calculated titration data (K[H]) according to Gran’s method. (See text 
for explanation.) Different values of the stability constant of the acid were assumed, and 

CHA = O.OlM 

log GA 

-10 
1.0 
1.5 
2.0 
2.5 
3.0 
4.0 
5.0 
6.0 
7.0 

8.0 
8.5 

9.0 

9.5 
10.0 

Range of the parameter a 
used in calculating the 

equivalence volume 

0.0&1.00 
o.OfL1.00 
0.5f.k1.00 
0.5~1.00 
0.5~1.00 
0.50-1.00 
0.5~1.00 
0.4C1.00 
0.20-1.00 
0.1(r1.00 
O.lCO.90 
0.10.90 
0.1&0.90 
O.lCLO.60 
O.l(M.90 
O.ltM.60 
O.lOJI.90 
O.llM.90 

Gran function used 

(v, + VW1 WI 
trtratron error, “/‘, titration error, y0 

<O.Ol 
10.01 
-0.09 
-0.6 
-4.1 + 11.5 

+ 1.8 
+0.3 
+ 0.07 
+ 0.08 
+0.14 
+ 0.03 
+ 0.08 
+0.3 
+0.12 
+0.8 
+0.4 
+2.3 
+6.3 

error of -&O.l%, then Table 2 can be used to formu- 
late the following conditions for the applicability of 
the Gran functions. * 

Before the equivalence point: 

(V, + V)[H] CuA = O.OlM log K,, I 1.0 

VW1 c,, = O.OOlM log K,, I 2.0 
Cu* = 0.01M 5.0 I log K,, I 8.5 
c,, = O.OOlM 6.0 I log K,, I 7.0 

After the equivalence point: 

(V, + V)/[H] C,, = O.OlM log KnA < 8.5 
CHA = O.OOlM log KHA I 1.0 

THE HOFSTEE METHOD 

As is clear from the discussion above, the use of 
the simple Gran functions is severely restricted, which 
is particularly serious when using the method of step- 
wise additions of equal volumes of titrant. With data 
of good quality equation (1) should always yield good 
results and it is easily solved with the aid of a com- 
puter. A systematic deviation of the ph measurements 
was considered the most likely systematic error and 
a study of its effects upon the results yielded by equa- 
tion (1) has been conducted. 

Hofstee’ in 1960 published a method for determin- 
ing equivalence volumes which is, in principle, based 
upon equation (1). He used the equations for the total 
concentration of the acid and the electroneutrality 
condition in order to determine the concentration of 
acid and the stability constant of the acid in the fol- 

lowing manner : 

. GA = CA1 + WICAIKHA 

[Al = [Na] + [H] - [OH] 

where KHA in this case is a mixed constant, and 
[Na] = VC/(V, + V). A plot of [A] z ma] = VC/ 

(V, + V) against {H}[A] yields CHA as the intercept 
with the y-axis and KH, from the slope. Hofstee used 
his method with the approximations shown here to 
evaluate titrations that could equally well have been 
evaluated by Gran’s method (log KHA = 7.02 and 
7.90). His method was used for titrations of modera- 
tely strong acids and very weak acids by Benet and 
Goyan,r8 who also pointed out that a systematic 
error in pH gives an incorrect value of the equiva- 
lence volume if the titration data are taken outside 
the pH interval 5-9. Their experiments were con- 
ducted in such a way that V was negligible in com- 
parison with V,. 

Leeson and Brown” modified Hofstee’s equation 
in order to account for dilution during the course 
of the titration. Briggs and Stuehr” used an iterative 
technique to allow for excess of strong acid or strong 
base in the solution. 

Equation (1) is linear in V, and K,, and may be 
written in the form 

where 

- V, + rKHA + s = 0 (3) 

r = V[H] + y[H]Z _ !!$K_ 



776 LENNART PEHRSSON, FOLKE INGMAN and AXEL JOHANS~N 

and 

V and E are measured. [H] is calculated according 
to equation (2), by an iterative technique when EJ 
cannot be neglected. (Those who have until the pres- 
ent time published work about the Hofstee method 
have determined the hydrogen-ion activity and not 
the concentration. In other words, they have cali- 
brated the glass electrode for hydrogen-ion activity. 
For them, it has therefore been necessary to know 
or determine the activity coefficients.) 

After calculation of r and s for each measured point 
on the titration curve, linear regression may thus be 
employed to fit a straight line to equation (3), yielding 
the unknowns V, and K,,. [One of the assumptions 
made when the method of least squares is used for 
regression of y on x is that there is no error in x 
and a normally distributed error in y. Care should 
therefore be exercised in order to ensure that the 
quantity having the greater errors is considered as 
y. In equation (3) both r and s are dependent upon 
the primary data I/ and [H] (or rather E). Errors 
in these quantities are propagated and give corre- 
sponding errors in r and s. A certain error in [H] 
gives a much greater relative error in r than in s. 
Therefore, r should be considered as y in the calcula- 

tions.] 
The main advantage of the Hofstee method in com- 

parison with the Gran functions is that it is applicable 
to acids of any strength since it is based upon the 
complete equation (I), which was derived without 
approximations. The main disadvantage is that it is 
necessary to measure absolute values of [H] and not 

just values proportional to [H], i.e., Eb in equation 
(2) must be determined. As has already been pointed 
out, Ee is difficult to determine with good accuracy, 

but it is much easier to determine E with good preci- 

sion. 

An incorrect value of Ee gives rise to a systematic 
error, Aph, in the ph value that is calculated from 
the measured emf data. The error at 25” is given by 

Aph = 
Al& 

59.155 mV 

A systematic error in the ph values gives rise in turn 

to a systematic titration error when Hogtee’s method 
is used to calculate the equivalence volume. We have 
calculated this titration error for Aph = +O.Ol, cor- 
responding to an error of Eb of f0.5 mV in the deter- 
mination, and for different values of K,,. The results 
are shown in Table 7. It has been assumed that the 
titrations are performed by stepwise addition of equal 
volumes of titrant. The calculations were made for 
titration of O.OlM (O.OOlM) solution of acid with 

O.lM (O.OlM) sodium hydroxide in the range 
a = G-1.0 with Aa = 0.1. 

The table shows that the titration error at constant 
Aph is dependent upon the stability constant K,, 
and the concentration of the acid that is being 
titrated. It is seen from Table 7 and Fig. 4 that the 
systematic titration error obtained when the Hofstee 
method is used to evaluate titrations will be least for 
those values of the stability constant that are most 

suitable for evaluation with the Gran function V[H]. 
(The reader is referred to Table 2.) This is quite logi- 
cal since, as shown above, this Gran function may 
be used without knowledge of the value of Ee. In 
these cases, Hofstee’s method will give a very nearly 

Table 7. The systematic titration errors that result by Hofstee’s method for 
different values of log Ku, and Cg, (O.OlM and O.OOlM, respectively) if a 
systematic error Aph = +O.Ol is assumed m the ph values. (See text for 

explanation.) 

log K”, 

Range of the titration 
parameter a used m Titration error ‘/’ > ,o 

calculating the 
equivalence volume hA co = 0.01 M Co = 0.001 M HA 

1.0 
1.5 
2.0 

3.0 

4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

9.5 
10.0 

11.0 

0.00-1.00 
0.10-1.00 
0.10-1.00 
0.3(tl.O0 
0.1~1.00 
0.30-1.00 
0.10-1.00 
0.1~1.00 
0.1~1.00 
0.1c&1.00 
0.10-1.00 
0.10-1.00 
O.l(M.90 
0.1(t1.00 
0.10-1.00 
0.10.90 
0.10-1.00 

0.03 
0.09 
0.19 
0.10 
0.27 
0.10 
0.14 
0.03 

<O.Ol 
<O.Ol 

0.01 
0.04 
0.02 
0.08 
0.19 
0.14 
1.0 

0.03 

0.19 

0.27 
0.14 
0.03 
0.01 
0.04 
0.19 

1.0 
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I I 

b_L 
2 4 6 8 10 12 

Fig. 4. The systematic titration error resulting by the Hof- 
stee method from a systematic deviatton Aph = +O.Ol in 
the pH values as a function of log KHA. The figure has 
been constructed for titrations of O.OlM acid with O.lM 
NaOH. Ten additions of titrant were assumed so that 
Aa = 0.1. All points in the range of the titration parameter 

a = 0.1-1.0 were used in the evaluation. 

correct value of the equivalence volume, but an 
erroneous value of the stability constant KnA is 
obtained if there is an error in Ee. In the KnA range 
mentioned, the other terms in equation (1) are small 
in comparison with K,,V[H] and so the systematic 
titration error arising from an error in Eb should also 
be small. It can be shown that the titration error in 
most cases is approximately proportional to the error 
Aph in the ph values, assuming moderate titration 
errors amounting at most to a few per cent. In the 
following, a few examples will be discussed. Titration 
of O.OlM solutions of the acids with 0.M sodium 
hydroxide is assumed. Ten titrant additions 
(Aa = O.l), all made before the equivalence point are 
also assumed. 

Example 1. If log Ku* = 7.5 all terms in equation 
(1) except KHAV[H] are negligible in the range 
0.1 I a I 0.9 (refer to Table 5). A systematic error 
in the ph values will result in an incorrect value of 
KH4 but an almost correct value of the equivalence 
volume. Aph = + 1.0 thus yields log KHA = 8.5 but 
an error in the equivalence volume V, that is less 
than +O.l%. 

The largest systematic titration errors result when 
two or more terms in equation (1) are of the same 
magnitude. This is the case when values taken before 
the equivalence point are used to calculate the equiva- 
lence volume for titrations of moderately strong acids 
with K,, values in the range 2.0 I log K, I 3.5 

(CHA 2 O.OlM). The terms KHA(VO + V)[H]‘/C, 
KHA V[H] and (V, + V)[H]/C will then all be of the 
same magnitude as shown by Table 3. Greater accu- 
racy in the calculation of the equivalence volume may 
in such cases be achieved by omitting some of the 
first titration points (refer to Table 7). As shown by 

Table 3 the predominance of K,,V(H] grows as the 
equivalence point is approached. 

At a constant value of Aph an increase in the tit- 

ration error is also to be expected when very weak 
acids are titrated. The terms KHA(VO + V)K,.,/C and 
(V, + V)K,/C[H] become increasingly important as 
compared to K,,V[H], with increasing values of 

K .J 
HA 

The importance of the term KHA(VO + V)[H]‘/C 
is greatest when a = 0 and decreases rapidly with 
growing V Because this term contains the square of 
the hydrogen-ion concentration, an error in [H] gives 
rise to a large error in the equivalence volume. This 

is the reason why the point a = 0 should normally be 
disregarded in the evaluation of the equivalence 
volume for weak acids. 

Example 2. An acid having log KHA = 7.5 is titrated. 
A Aph of +O.Ol is assumed. The titration error 
amounts to *0.5% if a = 0 is included in the evalu- 
ation, whereas the error falls to less than *0.01x 
if this point is left out. 

In order to obtain good results when using the Hof- 
stee method tp compute equivalence volumes, only 
titration points either before or after the equivalence 
point should be used if there is a systematic error 
in the ph values. The reason for this is that for weak 
acids the predominant term in equation (1) before the 
equivalence point will be K,, V[H]. After equivalence 

has been attained (V, + V)K,/C[H] will predomi- 
nate. 

Example 3. An acid having log K,, = 6.5 is 
titrated. Aph = fO.O1. If nine points before and nine 
points after the equivalence point (An = 0.1) are con- 
sidered in the evaluation, the systematic error 
amounts to +l%. With only the nine points taken 
before the equivalence point, the error is less than 
+0.01x. 

There is no reason to use the Hofstee method to 
evaluate titrations of acids having log K,, I 7.5 and 
CHA = O.OlM (or log K,, I 6.5 and C,, = O.OOlM) 
by using points taken after the equivalence point. The 
reason is that the Gran function (V, + V)/[H] yields 
accurate equivalence volumes in these cases. In the 
same way it is best to use the Gran function 

(V, + V)[H] for titrations of strong acids. 
If the Hofstee method is to be used for calculation 

of the equivalence volume for oery weak acids, Eb 
for the electrode system should be determined in alka- 
line solutions. Eb is then given by 

E = Eb + Q log [H] + EJ 
= (E6)OH - Q log [OH] + EJ 
= (E&H - Q log K, + Q log [H] + E; 

Eb = (‘%OH + Q PK, 

An error in K, will result in an error in E. and thus 
in [H]. K, is, however, also contained in equation 
(1). If the same value of K, is used for calculation 
of E. and in equation (l), it can be shown that the 
errors will balance each other so that a correct value 
of the equivalence volume, V,, is obtained. Conse- 
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quently, in order to obtain a correct value of the equi- 
valence volume it is not necessary to know K, accu- 
rately ifthe electrode is calibrated in alkaline solutions. 
The value of K,, will, however, be incorrect if the 
value of K, is incorrect (logK&yned = log K,, + 
ApK,, where ApK, is the error in pK,). 

PROPOSED NON-APPROXIMATIVE METHODS NOT 

REQUIRING CALIBRATION OF THE ELECTRODE 

SYSTEM 

The main disadvantage of the Hofstee method is 
that an accurate knowledge of Eb is required for cer- 
tain ranges of acid strengths. It is true that Eb can 
be accurately determined by running an E&titration 
before every analysis but this is a time-consuming 
and--especially in routine work-awkward pro- 

cedure. Multiparametric refinement methods primar- 
ily designed for evaluating stability constants, such 
as Sillen’s LETAGROP procedure.” can also be used 
for determining concentrations.” The value of E. is 
refined by these methods during the calculations, and 
the problem of an E. that varies from one titration 
to another may thus be solved. These methods are. 
however, rather complicated and generally require a 
considerable amount of computation time. Waldmeier 
and Rellstabz2 applied a similar technique to evaluate 
the concentration of a monoprotic acid. A disadvan- 
tage of their method is that it requires approximate 
values of all the parameters to be refined, i.e., the 
concentration of the acid sample (in principle un- 
known), K,, and Eh. 

The methods given below, however, do not require 
an approximate value of the concentration of the acid 
titrated, and one of the methods does not even require 
a value of K,,. An approximate value of E. must 
be known, but a very rough value is enough. This 
means that a crude calibration of the electrode couple 
is sufficient, and the value of E. thus obtained can 
be used for months without recalibration. The 
methods include a non-linear regression procedure. 
In both cases a computer program can easily be 
written that performs the calculations according to 
the principles described below. The computation time 
required is short, generally only about 3-6 times that 
used for linear regression (for the same number of 

parameters). 
The first method is intended for routine titrations 

of a particular acid, e.g., in automatic analysis, and 
requires that K,, is known, whereas this is not 
necessary in the second method. The methods are 
particularly useful for evaluating titrations of moder- 
ately strong acids (1.5 I log Km I 5, CHA = O.OlM) 
and very weak acids for which the results yielded by 
the Gran method are poor and the Hofstee method 
requires accurate determination of Eb. 

Method A, intended for use when the stability constant 
KHA is known 

If K,, is known with sufficient accuracy it is poss- 
ible to calculate V, even without knowledge of Eb, 

according to the following principle. An error 
(denoted by Aph) introduced into the ph values by 
an erroneous E. will result in an incorrect [H], 

denoted by [H’]. Consequently. 

[H’] = IO- (Ph + 4-j = [H] lo-Aph 

= [H]/fwheref = IOAph (4) 

Considering (4), equation (1) can be written in the 
form 

y= -v,+ V+ K,, V’[H’]+ 5!32[Hf]2 

- ‘<K+_} + y{f,~r] -&} (5) 

The unknowns in the equation are V, and f: In the 
first approximation f is put equal to 1. V, is then 
obtained as the mean of the V, values calculated from 
each titration point (r/;[H’]) by using equation (5) (let- 
ting y = 0). If f # 1 (i.e., the value of E. is incorrect) 
and this mean value of V, is inserted into equation 
(5), the equation will not give y = 0 for all r! [H’] 
pairs. Instead, y will have values denoted by Ay. Dif- 
ferentiation of equation (5) yields 

Ay = - AV, + Af K,,V(H’) 

vo + v K 
+-- 

c 
KHA 2fCH’12 + WI + f+ 

>I 
This equation is linear in AK and A$ By use of 

calculated values of Ay from equation (5) and f= 1, 
these quantities may be calculated by linear regres- 
sion. AV, and Af are used to correct V, and f: The 
corrected values are in turn used to calculate new 
values of Ay by equation (5), and then new values 
of the differences AV, and Af are computed by equa- 
tion (6) and so on. The iteration is repeated until 
two successive values of V, differ by less than, for 
example, 0.01%. 

The tolerable error in E. which still gives conver- 
gence of the iteration to a correct result is at least 
+60 mV (corresponding to an error in ph of k 1 
unit). If desired, a corrected value of E. may be 
obtained since E. = Ebgurss - 0.0592 log f (at 25°C). 
In those cases where EJ is not negligible when [H] 
is calculated, the following procedure is recom- 
mended: in the first approximation E; is neglected 
and a value of E. is calculated according to the de- 
scription above. This value of E. is then used in cal- 
culating [H] values by using equation (2) and the 
calculations are repeated as described. Since EJ in 
most cases is small, fast convergence may be expected. 

When this method is used for titrations of many 

similar samples and the value of KHA is unknown, 
an Eo-titration is first performed. In the next titration, 
the first sample is titrated according to the Hofstee 
method, which gives the concentration of the sample 
and the value of KHA. This value of KHA is then used 
in the determmation of the equivalence volumes of 
the other samples according to the proposed method. 
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Table 8. Titration error resulting from Method A, assum- 
ing an error of +O.Ol logarithmic units in log KHA at 
different values of Ku* and C&. Ten titrant additions of 

equal volume are assumed 

C$, M 

Range of the 
titration 

parameter a used 
in calculating 

the equivalence Titration 
log GA volume error, o/o 

0.01 1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
11.0 
7.0 
9.0 

10.0 
11.0 

0.001 2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 

0.1~1.00 <O.Ol 
0.10-1.00 0.06 
O.lG1.00 0.19 
0.1cL1.00 0.14 
0.1~100 0.03 
0.10-1.00 <O.Ol 
O.lc-1.00 <O.Ol 
0.1~1.00 0.01 
O.l&l.OO 0.04 
O.lG1.00 0.20 
O.lG1.00 1.7 
0.2&2.00 0.22 
0.2G2.00 0.25 
0.20-2.00 0.40 
0.2G2.00 1.7 
O.ll&l.OO <O.Ol 
0.1cL1.00 0.06 
O.lG1.00 0.19 
O.lGl.00 0.14 
O.l&l.OO 0.03 
O.ltSl.00 10.01 
O.lG1.00 0.04 
O.lGl.00 0.20 
O.l(r1.00 1.7 

The results of a study of the effect of an error in 
log Ku,, on the determination of V, according to the 
proposed method are summarized in Table 8. For 

moderate titration errors (up to a few per cent), the 
titration error is approximately proportional to the 

error in log K,,. 
In the discussion above it has been assumed that 

the value of K, is known, since a very approximate 
value is usually enough. When the titrations are per- 
formed in the acidic range the terms in equation (5) 
which contain K, are small and a rough value of 
K, may be used. It can be shown that an approxi- 
mate value of K, is sufficient even when the titrations 
are run in the alkaline range, provided that the elec- 
trode is calibrated for hydroxide-ion concentration 

when KHA is determined. 
If an erroneous value of K, is used when KHA is 

determined by the Hofstee method and an E&tit- 
ration in the alkaline range, an erroneous value of 
K,, is obtained, as said before (log Kgylned = log 
KHA + ApK,, where ApK, is the error in pK,). If 
these incorrect values of K, and KHA are used in 
the calculations according to the proposed method, 
the errors in Ku, and K, cancel each other so that 
a correct value of the equivalence volume is obtained. 
The condition for this is that the terms 
KHA(& + V)[H]‘/C and (V, + V)[H]/C in equation 
(1) are negligible. 

If a titration is carried out in both fairly acidic 

and alkaline solution, K, must be accurately known 
for this method to be used. This is the case when 

titration points are taken both before and after the 
equivalence point when moderately strong acids are 
titrated. However, when such acids are titrated it is 
recommended that only points taken before the equi- 
valence point be used in order to avoid interfering 
equilibria. (This will be discussed in a subsequent part 
of this series.) 

Method B, intended for use when the stability constant 
is unknown 

Putting KhA = fK, and KL = K,/f, equation (5) 
may be written 

y = - v, + V + K;A V+f [H’]’ 

-V+K,}+y{f[H’,-&} (7) 

In this case the unknowns are V,, KbA, f and K&. 
Approximate values of EL and K, are required. First 
values are calculated for V, and KhA by linear regres- 
sion, lettingf = 1 and y = 0. Iff # 1 and/or the value 
of K, is incorrect, and these values and the calculated 

values of V, and KnA are inserted into equation (7), 
it will not give y = 0 for all V [H’] pairs, but values 
denoted by By. Differentiation of equation (7) yields 

Ay = -AT’, + AK;, V[H’] + 
1 

v, + V 
- cKL +Af ‘+ 

-AK;‘+{Kn,+&,} (8) 

Linear regression yields AV,, AKL,, Af and AK:. The 

differences so obtained are used to correct V,, KkA, 
fand Ka. The same iteration procedure as described 
above is then repeated until the value of V, remains 
constant during two cycles of iteration. 

When titrations of moderately strong acids and 
very weak acids are evaluated, the number of par- 
ameters may be reduced to three. These cases will 
be treated in more detail since the results yielded by 
the Gran method are poor and the Hofstee method 
requires a very accurate calibration of the electrode 
system. 

When a titration of a moderately strong acid is eva- 
luated it is recommended to use only titration points 
taken before the equivalence point, as mentioned 
before. The terms containing K, in equation (7) may 
then be neglected and the number of parameters 
reduced to three. The calculations yield values for V,, 
KhA and j It is possible to calculate subsequently 

K, and EL according to K,, = K;1A/f and Eb = 

,$esS - 0.0592 log f (at 25”). 
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In the cases where EJ = jn[H] cannot be neglected, 
it is possible to use the same iteration procedure as 
described above (see method A). 

A greater positive than negative error in the ph- 
values may be tolerated without impairing the conver- 
gence of the iteration. The tolerable positive error 

may, for all KHA values in the range 

1.5 I log KHA 5 5 (CHA = O.OlM), amount to 2 units 

of ph. The maximum negative error that still gives 
convergence varies with K,,. In the most unfavour- 
able case, log K,, = 1.5 (C,, = O.OlM), the negative 
error may not exceed 0.1 ph-units. (Our investigation 
was made assuming ten equidistant titration points 
in the range a = 0.1-1.0.) 

When titrations of oerx weak acids are evaluated, 
Kj,*(I/O + V)f[H’]‘/C and (V, + V)f[H’]/C in equa- 
tion (7) can be neglected if points taken at the very 
beginning of the titration curve are omitted. The 
results give the values of V,, K;IA (=fK,,) and KL 

( = L/f). 
For log KHA 5 10(CHA = O.OlM), 2 or 3 iteration 

cycles are sufficient even when the error in Eb 
amounts to f60mV (i.e., an error in ph amounting 
to k 1 unit) and in pK, to + 1 unit. At log KHA = 11, 
four cycles are needed (assuming ten equidistant 
points in the range a = 0.1-1.0 or 0.2-2.0). 

CONCLUSION 

The results of this study may be summarized as 

follows. 
When strong acids (KHACHA < 10-l) are titrated, 

there is no reason for using the complete equation 
(1). as perfectly satisfactory results may be obtained 
by using the Gran function (V, + V)[H] = f( V). Tit- 
rations of weak acids with K,, values in the range 
5 < log KHA < 8.5 (C, = 0.01 M) may satisfactorily 
be evaluated by using the Gran function 

VW1 = f(( V. 
The Hofstee method is non-approximative and 

can be used to evaluate titrations of acids of most 
strengths. However, for those acidic strengths for 
which the Gran functions yield poor results, the Hof- 
stee method requires accurate knowledge of Eb. 

In automatic titrations it is desirable to be able 
to use all the titration points in the evaluation. This 

is in most cases impossible with Gran’s functions. 
Furthermore, it is not desirable to be forced to make 
time-consuming determinations of Eb before almost 
every sample titration, as required by Hofstee’s 
method for some values of K,,C,,. This disadvan- 
tage can be overcome by using one of the two other 
non-approximate methods presented in this paper. 
These methods require only very approximate 
E&values. 

It will be shown in forthcoming communications 
how similar methods can be applied to titrations of 
mixtures of acids and acids and weak bases, and how 
the same principles can be used in photometric tit- 

rations. 
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Summary-A general method for evaluating titration data for mixtures of acids and for acids in 
mixture with weak bases is presented. Procedures are given that do not require absolute [H)-data, 
i.e., relative [HI-data may be used. In most cases a very rough calibration of the electrode system 
is enough. Further, for simple systems, very approximate values of the stability constants are suf- 
ficient. As examples, the titration of the following are treated in some detail: a mixture of two acids, 
a diprotic acid, an acid in presence of its conjugate base, and an ampholyte. 

In the first paper in this series,’ the applicability of 
the Gran functions’ and the Hofstee method3 to 
titration of monoprotic acids was discussed and two 
non-approximate methods were introduced that can 
use relative values of the hydrogen-ion concentration 
[H]. By using these methods, it is thus not necessary 
to measure absolute [HI-values and a very rough 
calibration of the electrode system is enough. One of 
the methods does not even require knowledge of the 
stability constants of the acids. In this paper, the 
same approach will be extended to mixtures of acids 
and to acids mixed with weak bases. First, a general 
procedure for the treatment of these types of titrations 
will be given. Then, four common types of titrations 
will be treated in more detail, viz. those of a mixture 
of two acids, a diprotic acid, an acid in the presence 
of its conjugate base and an ampholyte. 

The titration of mixtures of acids is a problem 
that has been treated by numerous analytical chemists 
in the past. Two acids in admixture with each other 
can quite simply be titrated if the stability constants 
K,, of the acids differ enough. How great this dif- 
ference should be when traditional methods are used 
is dependent on the ratio between the concentrations 
of the acids and on the method that is used to detect 
the equivalence points of the titration. As a rule of 
thumb, a difference of 4 logarithmic units is usually 
considered satisfactory for instrumental detection of 
the end-point. For smaller values of the difference, the 
acids will apparently be titrated simultaneously and 
the evaluation of the titration will become increasing- 
ly difficult, yielding less reliable results. Some specific 
reactions of the anions may be utilized in order to 
apparently strengthen one of the acids.4 If a specific 

* Part I-Talanta. 1976, 23, 769. 

reaction is difficult to find, a mathematical approach 
to the problem can be used. During the years a 
wide variety of solutions to the problem have been 
suggested. 

Auerbach and Smolczyk5 derived mathematical 
expressions for the evaluation of a titration of two 
acids in a mixture (the acids could be mono-, di- or 
triprotic). They also gave an error function to make 
possible the estimation of which titration points will 
give the most accurate results. The concentrations of 
the acids are taken as mean values of the results 
calculated from these points. 

Frisque and Meloche6 gave a m&hod for calcu- 
lating the concentrations of two monoprotic acids in 
a mixture from one titration point and the total acid 
concentration. The pH of the titration point giving 
the minimum error is calculated from the stability 
constants of the acids. 

Purdie et al.’ devised a method to compare data 
obtained by titration of a mixture of two acids with 
theoretical titration data calculated for several ratios 
of the concentrations of the two acids. By graphical 
interpolation they determined the relative amounts of 
the two acids and knowledge of the sum of the con- 
centrations of the acids permitted them to calculate 
the amounts of the individual acids. 

All the methods’-’ referred to above require know- 
ledge of the sum of the concentrations of the acids. 
This is a drawback since other weak electrolytes that 
might be present in the sample, as impurities in the 
titrant (e.g., carbonate ions) or in the neutral salt used 
to keep the ionic strength constant, often make the 
determination uncertain. Determination of the total 

concentration is also difficult if the acids are weak 
(refer to Part I). The methods also require exact 
knowledge of the stability constants of the acids. 

781 
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Methods for calculating the concentrations of two 

monoprotic acids in admixture with each other have 

been given by Komar,’ Yui et aL9~i0 and Ivaska.’ ‘J’ 
Ivaskai3 also gave a method for calculating the con- 
centration of a diprotic acid. The methods require 
knowledge of the stability constants of the acids but 
not of the sum of the concentrations of the acids. 
Two titration points are enough for the calculations. 

If more points are used, better accuracy may be 
expected. 

Kankare14 devised a potentiostatic method for tit- 
rating mixtures of acids. This method has the advan- 
tage that the electrode system does not have to be 
calibrated. The sum of the concentrations of the acids 
must be known. Knowledge of the stability constants 
or of the “degree of deprotonation” of the acids is 
also required. 

An error-minimization technique has been applied 
to the evaluation of mixtures of two acids by workers 
in this laboratory. l5 A similar technique has also been 
used by Meites et ~1.‘~ for the titration of a weak 
acid contaminated by a small amount of a strong 
acid or base. 

Midgley and McCallum gave a method for calcu- 
lating the concentration of an acid in the presence 
of weak bases.” In the same paper they gave a 
method for the evaluation of a titration of a diprotic 
acid. The constants must be known. They also derived 
equations for the titration of a mixture of a weak 
acid (which may be polyprotic) and a strong acid.” 

All the methods mentioned-Kankare’s being the 
sole exception-require a very accurate calibration of 
the electrode system, i.e., a very accurate determina- 
tion of EL (refer to Part I) should be made. This must 
be considered a drawback, especially in routine work. 
since it requires frequent and time-consuming 
,!Zo-determinations. If the methods presented in this 
paper are used in calculating the equivalence volumes. 
approximate values of Eb and/or the stability con- 
stants are sufficient. The sum of the concentrations 
need not be known. 

A GENERAL PROCEDURE FOR THE EVALUATION OF 
A TITRATION OF A MIXTURE OF ACIDS IN THE 

PRESENCE OF WEAK BASES 

We assume that n acids having initial analytical 
concentrations Ci,, (i.e., the total concentration irre- 
spective of form) are titrated with V ml of a solution 
of strong base, e.g., sodium hydroxide, of concentra- 
tion C. There are also m weak bases present in the 
mixture, their initial analytical concentrations being 
Cg,. The volume at the beginning of the titration is 
V, ml. 

The stability constant (given in terms of concentra- 
tions of the different species and determined in a 
well-defined ionic medium) is given for the acid HA, 

by 

[HAi 1 
K ~ 

HAL = [H] [A,] 
(1) 

if the charges are omitted for convenience. The stabi- 
lity constant of the conjugate acid HB, of the base 
Bj is similarly given by 

(2) 

and it is understood that KHA, > K,,, . 
The total concentration of the acid HA, when V ml 

of titrant have been added is 

c HA, = [HA,] -t [A,] = $+ (3) 
0 

Correspondingly, for the base B, : 

Ca, = [HBj] + [Bj] = & (4) 
0 

The analytical concentration of added strong base, 
C OH, in the solution is given by 

CO" = COKI + CCAII - CCHBjl - WI (5) 
I j 

Combination of equations (1) and (3) yields 

W-L, 
cAi3 = (V, + I’)(1 + [H]K,,,) 

(6) 

and by combining equations (2) and (4) we obtain 

1 

1 + WI&B, 
(7) 

The analytical concentration of added base is related 
to the concentration of the titrant by 

vc 
coH = (V, + V) 

By combining equations (S)(8) we finally obtain 

c 
v,CiL. 

- cv,c'J(l - 1 + [;]KHB,) 1 ~+CHIKHA, j 

-(V,+V)([H]-&)-VC=O (9) 

Equation (9) is valid for monoprotic acids and bases. 
Polyprotic acids and bases may under certain condi- 
tions be treated as mixtures of monoprotic species.19.20 
The constants for di- and polyprotic acids will then 
be titration constants and not true stability constants 
(uide infia). 

In equation (9) V. and C are assumed to be 
known quantities. [H] is measured for different values 
of V. Furthermore, if KHA,, KHB, and K, are known, 
then equation (9) is linear in Ci,, and Ci,. In prin- 
ciple, II + m corresponding values of V and [H] are 
sufficient to make possible the calculation of C$, and 
Cg,. If there are more values of V and [H], equation 
(9) is solved for Ci,, and C,“, by linear regression 
analysis. Numerous manufacturers of computers have 
the necessary software ready for linear regression 
analysis. It should be noted that the accuracy of Cp, 
will be much less than the accuracy of C&,. 

Errors in the values of K,,,, K,,, and K, (the 
constants may be known only approximately) give 
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rise to errors in the resulting values of C&,, and C&. 
This is a problem that may often be solved by using 
a non-linear least squares method. Equation (9) may 
be written: 

i 1+ CKIKHA, J 

If incorrect values of KHA,, K,,, and K,., are used, 
equation (10) will not give y = 0 for all (F [HI)-pairs. 
Instead, y will have values denoted by Ay. Differen- 
tiation of equation (10) yields : 

AY = 1 rliAC&, + c rziA&a, 
i I 

+ C rs,ACg, + x TUAKHB, + r,AKw (11) 
j j 

where 
v, 

rii = 1 + CHIKHA, 

%OCiA, [HI 

‘Z = - (1 + [H]KHA,)’ 

v, 

“j = 1 + [H]Kna, 
- v, 

v, C$ CHI 

r4’ = - (1 + [H]Kna,)’ 

r5 = (V, + VYCHI 

Equation (11) is linear in AC;*,, ACE,, AKHA,, AKHB, 
and AK,. These quantities can be calculated by linear 
regression if the approximate values for Km,, KHB, 
and K, and the calculated values for C&, and Ci, 

are used. This requires at least 2(n + m) + 1 corres- 
ponding values of V and [H]. The values of the 
difference so obtained are then used to correct the 

values of Ci,,, Cz,, KHA,, K,,, and K,. New values 
of the differences are then obtained by using equa- 
tions (10) and (ll), and so on. The iteration is 
repeated until the value of CEA, does not change by 

more than, for example, 0.01%. 

Use ofrelative [HI-values 

In the foregoing, absolute measurement of [H] has 
been presupposed. This implies that E. (see Part I) 
for the electrode system in use is determined as ac- 
curately as possible. In the following, the possibility 
of calculating C&,, though E. is only approximately 

known, will be demonstrated. An error in the ph- 
values, denoted by Aph (ph = -log[H]), introduced 
by an erroneous value of E. will result in an incor- 
rect [H] denoted by [H’]. Consequently, 

[H’] = 10-(ph+Aph) = [H]lO-A”” = [HI/f 

where f = 10Aph. Putting KAA, = fKHA,, Kk,, = fKHB, 

and Kk = K,/f, equation (10) may be written: 

y=c Kc;& 
i 1 + WIGA, - c v,ci,(l - 1 + &LB) j 

> 
- VC (12) 

Differentiation of equation (12) yields: 

Ay = c r;iAC&, + 1 r;iAKnA, + C r;jAG, 
I I i 

+ C rkjAK;la, + r;AKL + r;Af (13) 
i 

Here, rii - rL, are defined as rli - r5 above, except 

that KHA,, &ES,. K, and [H] are replaced by K;1A,, 

K ;,R,, Ki and [H’], respectively; rk is defined by 

rk = -(V, + V)[H’] (14) 

Equation (12) is solved for Ci,, and Cg, by using 
approximate values of K;IA,, KhB, and K&, and f = 1 
(letting y = 0). Values of AC;,,, AK;,,, AC:,, AK&,, 
AK; and Af are then obtained from equation (13) by 
linear regression. The same iteration procedure as 
described is then repeated until the value of C&, 
remains constant during two cycles of iteration. 

The number of parameters may in practice often 
be reduced by one. In the acidic range it is possible 
to neglect the term (V, + V)K:/[H’] in equation (12), 
and in the alkaline range (V, + V)f[H’] can be neg- 
lected. In the latter case KL (=K,/f) and not f 
appears as a parameter. 

It is only for titration of rather simple systems 
that all parameters can be determined from a mode- 
rate number of titration points. This means calcu- 

lation of the concentrations, and refinement of the 
constants and f: Examples are: most diprotic acids, 
an acid in the presence of its conjugate base and a 
mixture of two acids in about equal concentrations 
and having log Kn,-values that differ by 2 logarithmic 
units or more. For more complicated systems the 
iteration procedure will converge either not at all or 
only very slowly and with possibly poor accuracy of 
the results. 

Further, the approximate values assigned to K,,,, 
K,,,, f and K, must not differ too much from the 
correct values in order to give convergence. The more 
complicated the system is, the closer must the approxi- 
mate values be to the correct ones. 

The number of parameters can be reduced by 
measuring Eb as exactly as possible and/or deter- 
mining some or all of the stability constants. 

For routine work where many similar samples are 

to be titrated, a method that does not need an accurate 
value of E. is desirable. Otherwise, too frequent 
EL-determinations with consequent low analysis rate 
would be required. A determination of the stability 
constants will often prove worthwhile even in cases 
when it is not essential in order to obtain con- 
vergence, as this will result in faster convergence and 
reduced computing times. The stability constants of 
monoprotic species are easily determined by the 
Hofstee method as described in Part I. (It should be 
noted that this method does not demand that the 
acid or base is completely pure; however, the impuri- 
ties must not be interfering protolytes.) A method for 
determining the stability constants of a diprotic acid 
will be given below. 
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Convergence, precision and accuracy will be treated 
in more detail for a special case: titration of a 
mixture of two acids. Subsequently, some common 
titration problems will be treated that cannot be 
evaluated by the Gran method or by any of the 
methods presented in Part I that use points taken 
before the equivalence point (the drawbacks of using 
points taken after the equivalence point have already 
been discussed above). These problems include titra- 
tion of (i) a diprotic acid, (ii) an acid in presence of 
its conjugate base (e.g., acetic acid in presence of 
acetate ions) and (iii) an ampholyte (e.g., potassium 
hydrogen phthalate). 

TITRATION OF A MIXTURE OF TWO 
MONOPROTIC ACIDS 

The stability constants of the acids are denoted by 
KHA, and KHA2 and their initial total concentrations 
by Cfi,, and Ci,,. The titration is assumed to be 
carried out in the acidic range so that the term 
(V, + V)K,/[H] dan be neglected. For calculation of 
Ci,, and C&, from the titration points (y [HI), four 
different cases may be distinguished, depending on 
how many of the parameters KHA,, KHA2 and f are 
to be refined. 

1. Rejinement of KHA,, KHAl and f. The calculation 
of Ci,, and Ci,, is based on equations (12) and 
(13). In this special case, equation (12) gives: 

KJGA, 
” = 1 + [H’]KhA, + 

WItA, 
1 + CH'IGA~ 

- (V, + V)f[H’] - VC 

where [H’] = [HI/’ KhAI =fKHA, and KhA2 = 
fK,,,. Equation (13) gives: 

Ay = r;lACiA, + r;2ACiA2 + r;,A&,, 

where 
+ r;IAK;lAL + &Aj 

riL = 
v, 

1 + CH'KA~ 

v, 
r12 = 1 + [H’]K;,, 

v,ciA,[H'l 

"' = - (1 + [H’]K;1A,)2 

v,C:,, WI 

"' = - (1 + [H’]K;1Az)2 

rb = - (V, + V)[H’] 

CI%4,> CiA2> KHA, (=Kk~,lf), KHAN C=KkAJf and 
f are then calculated by the same procedure as des- 
cribed above. 

2. Rejinement of K,,,, and K,,* when EL is known. 
The calculation of CiA, and CiAl is based on equa- 
tions (10) and (11). In this case, equation (10) gives: 

Kc;,, 

’ = 1 + [H]KHA, + 

bc!lA2 

l+ CHIKHA~ 

- (V, + V)[H] - VC 

Equation (11) gives : 

AY = rIlAC&, + r&$4, + rzl&HA, + rz2AKHAz 

where 

v, 
rll = 1 + [H]KHA1 

v, 

‘12 = 1 + [H]KHAl 

v,ciA,CH1 

"' = -(l + [H]KHA,)’ 

v, ciA,CHl 

"' = - (1 + [H]KHAI)* 

3. Rejinement off with known KHA, and KHA2. With 
[H] = f [H’]. equation (10) gives : 

%?A, 

’ = 1 + f[H’]KHA! + 
Gc:A, 

1 + f [H’]KH.+ 

- (V, + V)f[H’] - VC (15) 

Differentiation of equation (15) gives : 

By = r;,ACiA, + r;2AC!A2 + r;Af (16) 

where 

ril = 
v, 

1 + ~CH'IKHA, 

riz = 
v, 

1 + ~CH'IKHA~ 

r; z _ ~GA,CH'IKHA~ ~GA,CH'IKHA~ 

t1 + f [H’]KHA,)* - (1 + f [H’]KHA2)’ 

- 0% + V)CH'I 

Approximate values of CiA1 and Ci,, are calculated 
by equation (15), using linear regression and putting 
f = 1 and y = 0. Then corrections for Cg,, , Ci,, 
and f are calculated by equation (16), and so on. 

4. &A,, KHA2 and E. are known. In this case the 
problem of calculating Cg,, and Ci,, is simply solved 
by linear regression with two parameters. It is also 
possible to solve it graphically, in which case one of 
the parameters is obtained from the intercept of a 
straight line with the y-axis and the other is calculated 
from the slope of the line. 

Before deciding on a method, one should check 
whether the calculations give accurate results and how 
well the parameters that are to be refined must be 
known so that convergence of the iteration procedure 
is obtained. Table 1 shows the accuracy obtained by 
the four different methods described above for evalu- 
ating the results when mixtures of two acids are 
titrated with O.lM sodium hydroxide. The stability 
constants and the concentrations of the acids are given 
in the table. Nine equal additions of titrant in the 
range a = 0.14.9 (Aa = 0.1) were assumed, a being 
the titration parameter defined by a = VC/(V,Ci,, 
+ VoC:AA). The results in the table were obtained by 
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Table 1. Random titration errors obtained with synthetic titration data of a mixture of two acids with properties 
shown in the first column when the parameters shown in the second column are refined. Exactly correct V-values 

and ph-values that were correct to the third decimal place were used in the calculation 

Strengths and concentrations, M, 
of the acids Parameters CL, 

CL. ci,, KHA, K”,,f <O.l <O.l <O.l 
I,+ KHA, &IA, <O.l <O.l <O.l 
I*,f <O.l <O.l <O.l 

c,o,; co “AI <O.l <O.l <O.l 

log KHA, = 3, log KHA2 = 4 GA, CL, KHA, Kw,f 1 3 0.1 
CL, = 7.5 x W3, C& = 2.5 x 10-j Ci!,, Ci%z KHA, &AZ 0.3 0.6 <O.l 

CL, CiLf <O.l 0.3 <O.l 
GIL, CL <O.l 0.2 <O.l 

log KHA, = 3.5, log K”A* = 4 Cik, 11 11 0.1 
C& = 5 x 10-3, C& = 5 x 1o-3 Cik, 

CrL KHA, &A, f 
7 7 <O.l 

GA, 
C& KHA, &IA, 

CHo& f 0.2 0.2 <O.l 
CL, GA* <O.l <O.l <O.l 

using theoretically calculated values of ph, correct to 
three decimal places. The values of V were exact. 
This way of testing the evaluation methods gives an 
idea of their relative precisions. The data in the table 
give a representative selection from many calculations 
based on different values of the stability constants 
and the concentrations of the acids. The results may 
therefore be used to compare the different methods. 
As is seen from the table, it is possible to use ap- 
proximate values of KHA, , KHAl and f but still calcu- 
late accurate values of C&, and Cfi,, if there is a 
sufficient difference between the stability constants. 
When the difference between the stability constants 

decreases and/or the disproportion between the con- 
centrations of the acids increases, the value of f--or 
better-the values of KHA, and KHAl must be known. 
Another way of improving the results in such a 
situation is by increasing the number of titration 
points. As seen from the table, determination of KHA, 

and Km in separate experiments and refinement of 
f gives accurate results even when the difference 
between the constants is small. This is also an attrac- 
tive way of working for automatic titrations of many 
similar samples. As already mentioned, the Hofstee 
method can be used to determine the stability constant 
of a monoprotic acid. Experiments with formic acid 

Table 2. Maximum errors in log K”, and ph (Eo) that give convergence of the calculations in evaluating titrations of a 
mixture of two acids. The first two subcolumns in the third column give the tolerable errors in K,,, for small errors 
in ph, and the tolerable errors in ph for small errors in Kw,. The third subcolumn illustrates the situation when both 

errors are of the same magnitude 

Strengths and concentrations, 
M, of the acids Parameters 

Max. deviation from the correct 
value for convergence 

IAlog 
KHA,~ /AphI 

log K,,, = 
C& = 5 x 

2, logKm, = 4 
10-3, c:,, = 5 x 1o-3 

;gKK,, = 9, IoqK”;, = 11 
“A, = 5 x lo- , C”& = 5 x lO-3 

log K,,, 

G.4, = 
= 3, log KHA2 = 4 

5 x 10-3, c;,, = 5 x 10-s 

0.15 0.15 0.15 
0.3 

0.5 

0.1 0.1 0.1 
0.15 

0.3 

0.15 0.15 0.15 
0.15 

0.3 

0.08 0.07 0.07 
0.08 

0.3 

0.2 

* ApK, may in this case amount to f 1 [see equation (14)]. 

r*L 23-11/12%c 
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and propionic acid show that the values obtained by 
the Hofstee method are also valid for mixtures. Our 
method gives rather accurate values of f in addition 
to Ci,, and CL,,. Therefore, it is possible to calculate 

Eb by 

E. = Ebgyess - 0.0592 logs (17) 

and this Eo-value can be used as a good starting value 
for E. in the next titration, which is an advantage. 

Table 2 gives the maximum errors that can be 
tolerated in the initial values of EL (expressed as Aph) 
and KHA, and KHAl for some values of the stability 
constants and the concentrations. If the errors are 
greater, the iteration procedures either do not con- 
verge or converge to a completely wrong result. The 
values in Table 2 were calculated assuming titration 
with O.lM sodium hydroxide and nine titration points 
with Au = 0.1. The number of cycles required to give 
convergence to the correct result (the criterion here 
being less than 0.01% difference in Ci,, between two 
subsequent cycles) for the extreme values of lblog 
KHA 1 and 1 Aphl lies within the range 3-10. Greater 
errors can be tolerated if damping factors are em- 
ployed. [The equations for By were derived assuming 
that the correction terms AC&, etc. are very small. 
For greater values of the correction terms the equa- 
tions do not hold exactly.] The use of damping factors 
implies computation of Cy* from the first calculated 
values of &, and CL, and the approximately known 
values of KHAl , KHA2 and J then adjustment of these 
values by adding the correction terms AC;,, , AC;,,, 

A&A, 3 AKHAI and AJ The corrected values are then 
used to compute a new value of Zy’. If this new 
value is less than the previous one the iteration pro- 
cedure is continued. If the new value is greater than 
the first the correction terms are divided by a damping 
factor R which is first given the value 2. A new value 

of Zyz is computed and compared with the first. If it 
is still greater than this, the value of R is put equal 
to 4 (8, 16, 32 and so on) until the new value of 

Zyz is less than the first value. The iteration is then 
continued. 

Examples. A mixture of two acids having log 
K HA, = 2 and log KHA2 = 4 and C&, = Ci,, = 
0.005M is titrated. KHA,, KHAl and f are refined. 
Nine titration points with Aa = 0.1 are assumed. 
Without using damping factors the maximum toler- 
able errors are: /Alog KHAL 1 < 0.3, lAphI < 0.15. With 
damping factors the tolerable errors are increased to 

1 Alog KHA, 1 5 0.7, ( Aph 1 .S 0.3. In a similar case with 
log KHA, = 3, log KHAl = 4, Ci,, = 0.0075M and 

CL, = O.O025M, the maximum tolerable errors with- 
out the use of damping factors are IAlog K,,, I 5 
0.08, I Aph I < 0.07. With damping factors the corres- 
ponding values are I Alog K,,, I I 0.2, 1 Aphl 5 0.15. 
It should be noted that the convergence will be slow 
in the cases when damping factors must be used. 

Table 3 gives the errors in the calculated values of 
CfiA, and Cfi,, that are introduced by an erroneous 
value of E. if f is not refined. A value of Aph = 
f0.002 has been assumed. The table was calculated 
assuming titration with O.lM sodium hydroxide, nine 
additions and Aa = 0.1. Moderate titration errors (up 
to a few per cent) are approximately proportional to 
the Aph-values. 

Table 4, based on the same assumptions regarding 
titrant, number of titration points and distance be- 
tween the points as Table 3, lists the errors in the 
calculated values of CiA, and CgA, that are introduced 
by using erroneous values of K,,, and KHAl if these 
are not refined. The error in the values of the 
logarithmic constants, AlogKHA,. was assumed to be 
+0.002. The concentration errors were calculated for 
the most unfavourable case, i.e., a positive error in 
K,,, and a negative error in KHAl (or the other 
way round). For positive (or negative) errors in both 
constants. the titration errors will be smaller, smallest 
when the titration points are obtained in the ph-range 
around ph = 7. 

From the preceding tables it may be concluded that 

Table 3. The effect of a systematic error in ph on the determmation of the concentrations 
of two acids in a mixture, dependmg on the strengths and concentrations of the two acids 

when f is not refined. Aph = + 0.002 

Strengths and concentrations, M, of the acids 
IErrorl. “O. in the determination of 

Cl!,, CL, C,o,> + CL, 

0.08 0.06 0.01 

0.15 0.04 0.01 

log I&, = 6, log KHAl = 8 <O.Ol <O.Ol <O.Ol 
C&, = C;& = 5 X 10-3 

log&*, = 9, log KHA2 = 11 0.02 0.5 0.2 
c;,, = c;,, = 5 X 10-s 

log&,, = 3, log KHA, = 4 0.6 0.6 0.03 
CL, = c;,, = 5 X 1om3 

log K,, = 3, log KHAl = 4 0.7 1.6 0.1 
C;,, = 7.5 x 10-3,CfiA2 = 2.5 x 10m3 
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Table 4. The effect of a systematic error in the stability constants of two acids on the 
calculation of their concentrations, depending on the strengths and concentrations of the 

two acids when the constants are not refined. A log ICI,,,, = ~0.002 

Strengths and concentrations, M, of the acids 

log KHAl = 2, log l&Al = 4 
Cfi*, = C:c&> = 5 x lo-3 

;fAVyi; ‘;lloOgy;i; f 

log KHAl = 6, log KHA2 f 

7.5 X 10-3 

8 
c;,, = c;,, = 5 x lo-” 

log K,,, = 9, log KHA2 = 11 
G.4, = C& = 5 x 1o-3 

log KH~, = 3, log KHAN = 4 
CR*, = C& = 5 x 1o-3 

log KHAjI ; ~~-~~~’ CL, = 1 2 2.5 x 10-3 

log KHAl = 3.5 log KHA2 = 4 
cl%, = CiA2 = 5 x lo-3 

IError “/a. m the determination of 

CL, Gk c$, + GAI 

0.10 0.06 0.08 

0.16 0.11 0.07 

0.10 0.24 0.17 

0.04 0.7 0.4 

0.4 0.4 <O.l 

0.2 0.7 10.1 

0.9 0.9 <O.l 

when the difference between the stability constants of 
the acids is small, it will be advantageous to deter- 
mine KHA, and KHA2 in separate experiments. When 

these quantities are known there is rarely much to be 
gained by an accurate determination of Eb. This is 
because the error in Eb is then added to the errors 
in the log KnAI-values and the resulting systematic 
error will often be greater than the random error 
introduced by the additional refinement off (refer to 
Tables 1 and 3). When there is sufficient difference 
between the stability constants, all parameters can be 
refined, but faster convergence and less computational 
work can be expected if even in this case the con- 
stants are determined in separate experiments. 

Titration of a strong and a weak acid is a special 
case of titration of two acids since, by definition, one 
of the acids is completely dissociated. Thus, the same 
value may always be assigned to the stability constant 
of the strong acid, e.g., 10-‘“. There is nothing to be 
gained by refining the value of this constant during 
the calculation and the number of parameters to be 
refined is therefore reduced by one. 

TITRATION OF DIPROTIC ACIDS 

If the difference between the successive stability 
constants of the diprotic acid is not less than about 
0.6 logarithmic units,lg the evaluation of the titration 
of a diprotic acid is the same as that of two mono- 
protic acids having CE,, = Ci,, . 

The number of parameters is consequently reduced 
by one, owing to the condition that CL = C’i,, = 
C’i,,. However, the “titration constants” that result 
by refining initially given approximate values of KHA, 
and &A2 are not identical with the true stability 
constants of the diprotic acid. The stability constants 
can be obtained from the titration constants or vice 
versa, according to SimmsZo or Klas2i If, for a certain 
titration problem, refinement of the constants is not 

desired, titration constants and not true stability 
constants should be used in the calculations. In the 
example below, the titration constants are denoted by 
K1 and K2 (generally K,). 

As an example, a titration of a 0005M solution of 
an acid having log K, = 3 and log K2 = 4, with O.lM 
sodium hydroxide, will be considered. Nine titration 
points are used and Aa = 0.1. The parameters are 
Ci,, K;, K; and f. The conditions for convergence 
arelAlogK,l 5 0.2, lAphI I 0.5,lAlogK,l + IAphl I 
0.2 (see text to Table 2). In addition to the concen- 
tration of the acid the results will thus comprise 
values of K,, Kz and f. It is thereby possible to 
calculate a good, approximate value of EL by equation 
(17). As said before, this is an advantage in automatic 
titrations. The values of the titration constants can 
be obtained from K, = K;/f and K2 = K;/f, The 
values of the constants that are obtained when both 
f and K1, K2 a.re refined will not be highly accurate. 
If the intention is to determine the constants, Eb should 
be determined by an E&titration before the sample 
is titrated and f should not be refined. 

TITRATION OF AN ACID IN THE PRESENCE OF ITS 
CONJUGATE BASE 

The parameters are CE,, Ci (= Cg), K,, and f. 
This is a special case of a titration of a mixture of an 
acid and a weak base, having K,, = K,,. As an 
example, a titration of a O.OlM solution of an acid 
having log Ku, = 3.5, with 0.1 M sodium hydroxide, in 
the presence of O.OlM concentration of the conjugate 
base has been studied. Nine titration points with 
Aa = 0.1 were assumed. The conditions for con- 
vergence for calculation of C”,, and Ci with refine- 
ment of KHA and f are 

@lOgK,,I 50.7, IAphl I 1 

@log&,( + lAphI 10.7. 



788 LENNART F’EHRSSON. FOLKE INGMAN and STEN JOHANSSON 

It should be noted, however, that when this method 
is used, an accurate value will be obtained for Ci, 
only, whereas the values of Ci, K,, and f will be 
approximate. 

When determining the concentrations of many 
similar samples by automated analysis it may be 
worthwhile to determine the value of KHA by the 
Hofstee method. This will reduce the computations 
appreciably. If this is done, values of C’& and Ci 
are calculated and the value off (initially put = 1) is 
refined. Use of this method will yield an accurate 
value of f which may be used to calculate an 
accurate value of EL by equation (17). This value of 
Eb is subsequently used in the next titration, resulting 
in fast convergence and saving of computation time. 
For the example above, an error as large as +O.l in 
log KHA gives an error <O.lY; in Ci,. 

TITRATION OF AN AMPHOLYTE 

This, too, is a special case of titration of a mixture 
of an acid and a weak base, but here C& = Ci. The 

parameters are C$,, f, KHA and Z&a. 
The example given is a titration of a O.OlM solution 

of an ampholyte having log KHA = 5 and log K,, = 3. 
Nine titration points having Aa = 0.1 are assumed. 
Refinement of all parameters gives slow convergence 
and not very accurate results. However. even if f 
is not refined, a large error in Eb can be tolerated 
without impairing the result. A systematic error in ph 
corresponding to IAph/ = 0.3 gives a titration error of 
less than 0.1%. Fast convergence and accurate results 
are obtained. The condition for ‘convergence is 

IA log K,,I I 0.3. The value of log KHB may be set = 0. 
Here, it would be appropriate to use “titration 

constants”. However, for the sake of clearness, the 
notations KHA and K,, have been retained. 

CONCLUSION 

What distinguishes the proposed methods presented 
in this paper and in Part I from most other mathe- 
matical approaches to evaluation of titrations is that 
it is sufficient to use approximate E&values, i.e., often 
a very rough calibration of the electrode system is suf- 
ficient. Further, for titrations of monoprotic acids it is 
not necessary to know the stability constants of the 
acids. For other titrations, e.g., mixtures of acids 
having stability constants that differ by more than 2 
logarithmic units, and of most diprotic acids, it is 
mostly sufficient to know approximate values for the 
constants. When the values of the constants are 
unknown they may be guessed and, if necessary, the 
guessing is repeated until the calculations converge. 
For more complicated titrations, such as titrations of 
mixtures of acids with a small difference between 
their stability constants, knowledge of the constants 
is required for accurate results. For monoprotic and 

diprotic acids these constants are easy to determine, 
as described. An advantage of the proposed methods 
when mixtures of acids are titrated is that it is not 
necessary to determine separately the sum of the con- 
centrations of the acids. 

The method of stepwise addition of titrant, com- 
bined with the proposed evaluation methods, has the 
following advantages in comparison with conventional 
titration methods: it makes possible the titration of 
very weak acids (e.g., log K,, = 10-l 1, CHA = O.OlM) 
that cannot be determined by conventional methods 
in aqueous medium and also titration of a mixture 
of two acids with a small difference between the 
stability constants. Further, the results can be evalu- 
ated statistically and systematic errors traced. 

Another advantage is that the method is very 
suitable for automation and experimental results 
supporting the theories presented in Parts I and II 
have been achieved by using an automatic apparatus. 
These results and the apparatus will be presented in 
Part III. 

There are, of course, titration problems that can be 
solved equally well by conventional methods as by 
the methods presented in these papers. Part of the 
aim of these papers has, however, been to devise 
methods that make possible the solution of most 
titration problems by using similar or closely related 

techniques. 
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Summary-The precision and accuracy of spark-source mass spectrometry with electrical detection 
has been studied, with five steel standard reference materials (NBS-SRM 661-665). Two different modes 
of analysis have been evaluated, magnetic scanning with electrical detection of the individual ions 
in sequence, using the total ion-current as reference, and magnetic switching between masses, with 
current integration. Measurements of isotope abundances have been used to evaluate the precision. 
The relative sensitivity coefficients of Ti, V, Cr, Mn, Co, Ni, Cu, As, Zr. Nb, MO, Sb, La, Ta and 
W have been determined m. iron as an internal standard. The accuracy of analyses based on these 
experimentally measured relative sensitivity coefficients was confirmed by comparing the results for 
a pure iron sample with those obtained by neutron-activation analysis. 

In spark-source mass spectrometry two different 
modes of operation are possible with electrical detec- 
tion, scanning of the mass spectrum with simul- 
taneous detection of the total ion-current and switch- 
ing to specifically chosen masses before a measure- 
ment until a preset total ion-current signal is reached. 
Several workersI have determined the precision of 
the peak-switching mode to be 2-5% relative standard 
deviation for several metals. This contrasts with a pre- 
cision of lCL20% obtainable with photographic ion- 
detection.5p6 

Standard reference materials are required for the 
experimental determination of the relative sensitivity 
coefficients (S,). In this paper the coefficient for ele- 
ment x is defined as &(x/y), and is equal to the ratio 
of the concentrations of elements x and y in the 
matrix material z as determined from the singly- 
charged ions, divided by the true concentration ratio: 

&(x/Y), = C(c,/C,),,McxICY)fTUell. 
For steel standards, iron can conveniently be used 
as the reference element. Experimentally determined 
coefficients obtained by electrical detection with NBS 
steel standards have been published by Capellen, 
Conzemius and Svec,7 Hull * and Blanchard.g 

In this paper we report the precision and accuracy 
obtained for the analysis of steel by use of electrical 
detection in the magnetic scanning and peak-switch- 
ing modes. In a previous paper6 a similar study was 
described for the same samples and photographic ion- 
detection. 

EXPERIMENTAL 

Apparatus 

The expenments were performed with a double-focusing 
mass spectrometer with Mattauch-Herzog geometry 

(JMS-01 BM-2, JEOL, Tokyo), incorporating an automatic 
spark-control system (MS-AS-01. JEOL) which allows 
continuous sparking between the electrodes by vibration 
of one electrode and control of the spark gap by shifting 
the other electrode by means of a servo-motor. The total 
ion-current is kept constant with an ion-beam control unit. 
When a preset value is reached, an electrostatic field is 
applied between two beam-suppressing plates to deflect the 
Ions, preventing them from entering the analyser. 

The electrical detection system (MS-ED-Ol. JEOL) has 
two modes of operation, as follows. 

Magnetic scanning. While the sample is sparking, the 
magnetic field is increased linearly or decreased exponen- 

Ma,,nstlc field. GLWSS 

I( 1000 

< 100 

(10 

(I 

Fig. 1. Part of a mass spectrum with linear ratio scan out- 
put. Sample, NBS-SRM 665 steel standard. 
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Fig. 2. Part of a mass spectrum with linear ratio scan out- 
put. Sample, NBS-SRM 661 steel standard (concentration 

Pb : 0.25 ppm). 

tially, so that the ions of the individual isotopic species 
are swept sequentially across the first Cu-Be dynode of 
a 20-stage electron multiplier. The ratio of the instan- 
taneous collector current to the total ion-current of the 
unresolved ion-beam is recorded with a Cchannel strip- 
chart recorder. The sensitivity of adjacent traces varies by 
a factor of 10, so that a dynamic concentration range of 
more than 10’ is covered in a single scan. The magnetic 
field strength is also indicated at every 100 gauss. An 
example of part of a mass spectrum is shown in Fig. 1. 
The sensitivity of the technique is about 0.1 ppm. Figure 
2 shows a mass spectrum of the isotopes of lead in the 
NBS-SRM 661 steel standard, the lead being present at 
a concentration of 0.25 ppm. One channel is used here to 
indicate the total ion-current, the others the mass spec- 
trum. 

Magnetic peak-switching. In this mode, 6 channels are 
available. The magnetic field can be switched to preset 
values at which the ion-beams of the isotopes of interest 

I 
I3 4mm 

5 
R=206xg ‘500(10% valley1 

12000 11900 

Magnetic field, Gauss 

Fig. 4. Part of a mass spectrum showing the resolution 
for the magnetic scanning mode. Sample, NBS-SRM 664 

steel standard. 

are detected by the electron multiplier. For each mass 
selected the collector current is integrated until a predeter- 
mined charge has been collected at the total ion-beam 
monitor. The ion-beam is then automatically switched off 
and the magnetic field is changed to a value corresponding 
to the next mass selected for measurement. The results 
are displayed on a digital voltmeter and are also printed. 
The sensitivity obtainable in this mode is more than 3 
times better than that with the scanning mode. 

Samples 

The standard 
were used. Thev 

reference materials NBS-SRM 661-665 
have been described elsewhere.6 A high- 

purity iron sakple, prepared for the “Verein Deutscher 
Eisenhtittenleute” was also analysed. It has already been 
studied by neutron-activation analysis.1° The samples were 
prepared as described earller,6 but in order to improve 
the location of the spark, a portion of the top of both 
electrodes was cut away, leaving only a quarter of the ori- 
ginal surface (Fig. 3). 

Mass-spectrometry procedure 

The width of the slits was adjusted as follows: object 
slit 100 pm, u-slit (in front of the electrostatic field) 2.0 mm, 

Fig. 3. Electrode geometry. (a) accelerating slit (tantalum), (b) sample electrode, (c) sample-holder 
(tantalum). 
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Table 1. Measurements of isotopic abundance by magnetic scanning 
(sample NBS-SRM 661 steel standard, MO 0.19% w/w) 

Peak height, arbitrary units 

Scan No. =Mo 94Mo =Mo 96Mo “MO 98Mo “‘MO 

1 485 395 555 575 325 950 315 
2 530 370 590 770 230 1200 330 
3 730 350 630 550 270 1100 350 

20 750 370 830 840 480 1400 470 
Mean 645 440 638 644 378 1089 403 
Standard deviation, % 14.6 19.0 13.9 16.3 21.4 19.1 20.2 
Standard error of mean. “, 3.3 4.3 3.1 3.6 4.8 4.3 4.5 
Calculated abundance, % 15.22 10.39 15.06 15.20 8.92 25.70 9.51 
Natural abundance, % 15.84 9.04 15.72 16.53 9.46 23.78 9.63 
Relative deviation, % -3.9 + 14.9 -4.2 - 8.0 -5.7 + 7.5 - 1.2 

/j’-sht (energy-defining slit-behind the electrostatic field) 
2.0mm and collector slit 250pm. 

The following spark conditions, which ensured a stable 
continuous spark, were chosen: spark-source voltage 
65 kV, pulse length 20 psec, repetition frequency 3000 set- 1 
and ion-accelerating voltage 29.5 kV. 

The scan-speed was 40 min/full range (m/e l-250) and 
the recorder speed was 1 mmjsec. For peak-switching, an 
integrated monitor charge of 0.9 nC was chosen; the analy- 
sis time per element was about 15sec. 

The mass resolution in the magnetic scanning mode un- 
der the conditions described above was about 500 (10% 
valley) as appears from Fig. 4. All samples were presparked 
for at least 5 min. 

RESULTS AND DISCUSSION 

Evaluation of the precision by measurements of isotopic 
ratios 

The abundances of the molybdenum isotopes in the 
steel standard NBS-SRM 661 were determined in 
order to evaluate the precision of the analysis. Molyb- 
denum is present at a concentration of 0.19% by 
weight and the precision may be influenced by a het- 
erogeneous distribution. The measurements were 
therefore repeated for the isotopes of iron. In addi- 
tion, the precision was evaluated for impurities at 
lower concentration levels, namely tungsten (150 ppm) 
and silver (4 ppm). 

Magnetic scanning. The mass intervals around the 
multi-isotopic elements iron, molybdenum, silver and 
tungsten were scanned, 20 scans being recorded in 
sequence. The precision of the measurements is shown 
in Tables 1 and 2. In order to calculate the isotopic 

abundances, the average intensity of the ion-current 
for an isotope was compared with the sum of the 
intensities for all isotopes of the element. The isotopes 
58Fe and isoW were not considered because they are 
subject to interference from 58Ni and lsoHf respect- 
ively. The precision of the determination of the iso- 
topic abundance appears to be considerably higher 
for iron than for the other elements, namely 11.6% 
relative standard deviation (r.s.d.) against 17.8% for 
molybdenum, 17.6% for silver and 13.4% for tungsten. 

The average deviation between the calculated and 
true abundance for all isotopes is about 5%. The sys- 
tematic positive deviation for 94Mo is due to a small 
interference from 94Zr which was also revealed by 
photographic detection. The systematic positive devi- 
ations for 54Fe and “Fe are due to the large differ- 
ence in the abundance of the iron isotopes, so their 
peaks have to be measured on 2 different recorder 
traces. Exact calibration of these 2 recorder channels 
showed a 13% deviation between them. After this cor- 
rection the calculated abundance for the iron isotopes 
became 6.19% for 54Fe, 91.2Y/, for 56Fe and 2.20% 
for 57Fe. 

Magnetic peak-switching. Similar experiments were 
performed by peak-switching. For iron, molybdenum, 
silver and tungsten, the isotopes were examined in 
sequence. For each measurement the magnetic field 
was manually optimized and the collector current was 
integrated until a preset exposure of 0.9 nC was 
recorded at the total ion-beam monitor. A total of 
20 measurements was carried out for each isotope. 
The results are listed in Tables 3 and 4. Peak-switch- 

Table 2. Isotopic abundance measured by magnetic scanning 
(sample NBS-SRM 661, Fe 95.6% w/w, Ag 4 ppm, W 150 ppm) 

54Fe 56Fe $‘Fe l”‘Ag logAg lE2W 
183~ IS4W 1 &SW 

Mean peak height (20 measurements) 579 7436 206 469 439 385 206 460 410 
Standard deviation, % 13.3 10.2 11.4 17.6 17.5 13.2 15.7 9.4 15.1 
Standard error of mean, % 3.0 2.3 2.6 3.9 3.9 3.0 3.5 2.1 3.4 
Calculated abundance, % 7.02 90.15 2.50 51.65 48.35 26.32 14.08 31.44 28.02 
Natural abundance, % 5.82 91.66 2.19 51.35 48.65 26.41 14.40 30.64 28.41 
Relative deviation, y0 + 20.6 -1.7 + 14.2 +0.6 -0.6 -0.3 -2.2 + 2.6 -1.4 
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Table 3. Isotopic abundance measured by magnetic peak-switching 
(sample NBS-SRM 661, MO 0.19% w/w) 

Collected ion-charge, arbitrary units 

Measurement No. 

1 
* 
L 

3 
20 
Mean 
Standard deviation, % 
Standard error of mean, % 
Calculated abundance, % 
Natural abundance, % 
Relative deviation, ‘% 

11072 6610 11402 11070 6868 16902 6611 
11592 6743 11489 11358 6854 16713 6586 
10703 6695 11579 11262 6813 16566 6642 
12378 6618 11655 13152 7545 18051 7934 
11782 7242 11569 12399 7062 18134 1067 

5.0 7.4 3.0 5.6 3.1 5.6 7.1 
1.1 1.7 0.7 1.3 0.7 1.3 1.6 

15.73 9.67 15.44 16.55 9.43 24.21 9.43 
15.84 9.04 15.72 16.53 9.46 23.78 9.63 

-0.7 +7.0 - 1.8 +0.1 -0.3 +1.8 -2.1 

Table 4. Isotoptc abundance measured by magnetic peak-switching 
(sample NBS-SRM 661, Fe 95.6% w/w. Ag 4 ppm, W 150 ppm) 

54Fe 56Fe 57Fe ro7Ag ro9Ag 192w 183W 184W 186W 

Mean of 20 D.V.M.* 
readings 34223 480083 12073 5959 5985 3188 1690 3461 3462 

Standard deviation, % 3.5 3.0 3.5 4.6 6.2 4.2 5.2 5.3 3.7 
Standard error of mean, % 0.8 0.7 0.8 1.0 1.4 0.9 1.2 1.2 0.8 
Calculated abundance, % 6.48 90.90 2.29 49.89 50.11 26.96 14.29 29.32 29.28 
Natural abundance, % 5.82 91.66 2.19 51.35 48.65 26.41 14.40 30.64 28.41 
Relative deviation, % +11.3 -0.8 +4.6 -2.8 + 3.0 +2.1 -0.8 -4.3 +3.1 

* Digital voltmeter. 

Table 5. Effect of homogeneity on precision 

Scanning Peak switching 

r.s.d. due r.s.d. due 
r.s.d., to heterogeneity,* r.s.d., to heterogeneity,* 

% % % % 

Fe 11.6 3.3 
MO 17.8 13.5 5.3 4.2 
Ag 17.6 13.2 5.4 4.3 
W 13.4 6.7 4.6 3.2 

*s he, = JzY=z 

Table 6. Influence of lower electron multiplier voltage and wider collector-slit 
on the measured isotopic ratios for iron 

Collector-slit 250 pm, 
electron multiplier 

voltage 0.5 kV 

“‘Fe 56Fe 57Fe 

Collector-slit 1 mm, 
electron multiplier 

voltage 1 kV 

54Fe 56Fe 57Fe 

Calculated abundance, % 6.53 90.84 2.30 6.18 91.29 2.19 
Natural abundance, % 5.82 91.66 2.19 5.82 91.66 2.19 
Relative deviation, % + 12.2 -0.9 + 5.0 +6.2 -0.4 0.0 
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Table 7. Magnetic peak-switching: reproducibility within a series of 8 successive 
integrations 

(sample NBS-SRM 661 steel standard) 

Relative standard deviation, % 

Element Isotope Series 1 Series 2 Series 3 Average r.s.d., % 

Fe 54 2.5 
56 2.0 
57 1.2 

MO 92 3.8 
94 2.5 
95 1.0 
96 2.9 
97 4.6 
98 1.5 

100 3.9 

Ag 107 4.5 
109 5.4 

W 182 2.9 

2.0 

::6’ 

1.5 
2.7 
1.6 

::: 
1.8 4.0 
2.2 2.8 

5.3 
1.6 

3.5 
3.1 

4.9 

4.1 2.4 

1.6 
1.4 2.0 
3.4 

4.2 
2.5 
4.7 
2.0 2.8 
3.1 

183 2.7 5.0 6.1 
184 3.2 4.3 8.9 

4.5 

186 5.1 4.8 3.8 

ing appears to be capable of producing a more precise 
determination than does scanning, namely 3.3% r.s.d. 
for iron and about 5% for the impurities. The lower 
precision for the impurities suggests a contribution 
of the heterogeneous distribution of the impurities at 
the micro-level. It was found by weighing the elec- 
trodes before and after a controlled sparking that 
about 4 pg of material was consumed for each indivi- 
dual reading. For scanning, the amount of material 
consumed is about a tenth of this. This results in 
a larger contribution of the heterogeneous distribu- 
tion of the impurities as is apparent from Table 5. 

The average deviation between the calculated and 
true abundance of all the measured isotopes is about 
3%. The systematic positive deviation which remains 
for s4Fe and 57Fe could be due to two causes: satu- 
ration of the electron multiplier for the intense 56Fe 
ion-beam or widening of this ion-beam by the space- 
charge effect, so that a different fraction of the isoto- 
pic ion-beam enters through the collector-slit for this 

isotope than for the others. Therefore the experiments 
were repeated for a lower multiplier voltage (0.5 kV 
instead of 1 kV) and for a wider collector slit-width 
(1 mm instead of 250/1m). The results summarized in 
Table 6 show that the systematic deviations remain 
at a lower electron multiplier voltage, but decrease 
considerably with a wider collector-slit. 

With the electrical detection system used, it is poss- 
ible to carry out repetitive measurements automati- 
cally, 1, 2, 4 or 8 integrations being made before the 
field is switched to the next mass. Within such a series 
of measurements, the reproducibility is expected to 
be better because in the previous experiments there 
is an uncertainty in the reproducibility of the magne- 
tic field. Three series of eight integrations were per- 
formed for each isotope and the relative standard de- 
viations within each series are listed in Table 7. For 
the iron isotopes the precision is 2% r.s.d. This rep- 
resents the limit of the precision of the electrical 
detection system under the conditions used. 

Table 8. Effect of changes in duty cycle on precision 

Pulse Pulse 
repetition rate, length, 

set- ’ wc 51V 

Relative standard deviation, % 

Y.r 55Mn 57Fe 59co 60Ni Average 

Scanning 
3000 
lOC!O 
1000 
1000 

Peak-switching 
3000 
1000 
1000 
1000 

20 16.0 
80 17.8 
40 12.7 
20 13.5 

20 2.1 
80 2.4 
40 1.6 
20 3.0 

12.2 11.6 10.6 7.1 12.1 11.6 
10.6 8.2 8.2 9.2 9.9 10.7 
8.9 9.3 11.8 11.0 8.5 10.4 

14.6 8.3 9.6 7.9 8.6 10.4 

1.7 1.8 2.0 3.0 2.8 2.2 
2.0 1.8 1.8 3.1 1.7 2.1 
4.2 3.1 2.0 1.0 0.9 2.1 
1.9 2.4 3.7 2.0 1.9 2.5 
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Table 9. Magnetic scanning: reproducibility of experimental sensitivity coefficients 
for standard NBS-SRM 662 

Element 

Ti 
c”r 

Mn 
Fe 
co 
Ni 
CU 
As 
Zr 
Nb 
MO 
Sb 
La 
Ta 
W 

Isotope 

48 
52, 51 53 

55 
57 
59 
60 
63, 65 
75 
90, 91 
93 
95, 97, 98, 100 
121, 123 
139 
181 
182, 183, 
184, 186 

Concentration, 
Y& w/w 

0.23 
0.07 0.54 

2.7 
95.3 
0.28 
0.53 
0.9 
0.31 
0.42 
0.50 
0.09 
0.05 
0.0023 
0.21 

0.16 

r.s.d.. 
01 ,D 

16 
15 10 

14 

13 
15 
17 
26 
23 
12 
18 
25 
31 
14 

26 

Relative 
sensitivity 
coefficient 

2.8 
1.8 1.8 

2.6 
1.0 
0.9 
0.9 
1.8 
3.4 
2.2 
1.7 
1.3 
3.8 
5.4 
1.1 

0.8 

Table 10. Magnetic scanning: reproducibility of experimen- 
tal sensitivity coefficients 

NBS-SRM standard Average standard deviation “/, 

661 18 
662 18 
663 18 
664 16 
665 21 

Instrumental parameters 

To examine the influence of the spark conditions 
on the precision of the analysis, the mass range 5160 
a.m.u. was repeatedly measured in the scanning and 
in the peak-switching modes for the reference material 

SRM 661. All previous experiments were carried out 
with a pulse length of 20~s~ and a pulse repetition 
rate of 3000 sect. When using a duty cycle higher 
than 67; (e.g., 80psec x 3000 set-’ or 40 psec x 
3000 set- r) it was difficult to obtain stable sparking 
conditions long enough to carry out the experiment. 
The sample electrodes burned up so quickly and irre- 
gularly that they soon made contact and fused 
together. The variation in precision with pulse length 
and repetition rate is summarized in Table 8. The 
r.s.d. for scanning is for 20 scans in sequence; for 
peak-switching it refers to 5 switching cycles in which 
8 integrations are performed in sequence of increasing 
mass. It can be concluded that the pulse repetition 

rate and the pulse length have only a negligible in- 
fluence on the precision. The standard deviations 

Table 11. Magnetic peak-switching: reproducibility of experimental sensitrvity 
coefficients for standard NBS-SRM 662 

Element Isotope 

Magnetic Standard 
field, Concentration, devtation 
gauss 9, w/w “i 0 &I 

Ti 48 5850 0.23 13 2.7 
V 51 6031 0.067 8 1.6 
Cr 52 6090 0.53 7 1.8 
Mn 55 6261 2.5 8 2.4 
Fe 57 6370 95.3 1.0 
co 59 6481 0.27 7 0.89 
Nr 60 6534 0.49 7 0.83 
cu 63 6689 0.81 4 1.6 
As 75 7289 0.33 13 3.6 
Zr 90 7973 0.47 11 2.5 
Nb 93 8102 0.58 11 2.0 
MO 98 8315 0.096 10 1.4 
Sb 121 9219 0.053 11 
La 139 9866 0.0024 14 ::: 
Ta 181 11213 0.018 16 0.9 
W 184 11300 0.014 8 0.65 

Average r.s.d. 100,b. 



Analysis of steels 795 

Table 12. Magnetic peak-switching: reprodu- 
cibility of experimental sensitivity coefficients 

shown in Table 8 correspond to the values found for 
the iron isotopes in Tables 2 and 7. Other experi- 

NBS-SRM standard Average r.s.d. % 
ments showed that the accelerating voltage has no 
detectable influence on the precision. The maximum 

661 11 accelerating voltage of 29.5 kV can thus be used to 
662 10 obtain the highest sensitivity. 
663 12 
664 9 

Morrison and Colby” reported that the spark-gap 

665 10 voltage has an influence on the precision of the 
measurements. An accurate measurement of this par- 

Overall average r.s.d. 10%. ameter was not possible with our equipment since 

Table 13. Magnetic scanning: experimental Ss values for 5 steel standards 

Element 661 

Relative sensitivity coefficient 

662 663 664 665 

Weighted average 
Ss for all 
standards r.s.d., y0 

Ti 2.6 + 0.7 2.8 + 0.4 2.1 f 0.3 2.2 * 0.2 2.0 f 0.5 2.2 14 
V 1.7 + 0.2 1.8 + 0.3 1.6 f 0.1 1.6 k 0.2 1.8 f 0.5 1.6 11 
Cr 1.7 f 0.1 1.8 f 0.2 1.6 + 0.2 1.7 f 0.3 1.9 * 0.4 1.7 12 
Mn 2.6 f 0.2 2.6 + 0.4 2.4 + 0.4 2.8 f 0.5 2.7 + 0.8 2.6 12 
Fe 1 1 1 1 1 1 
% 0.94 0.88 * * 0.04 0.09 0.9 0.9 f + 0.1 0.1 ; 0.9 1.0 * f 0.1 0.1 0.9 0.9 f * 0.2 0.1 0.89 0.95 15 8 

cu 1.8 + 0.2 1.8 + 0.3 1.7 + 0.2 1.9 * 0.3 1.6 + 0.3 1.8 14 
As 4.2 k 0.6 3.4 f 0.9 3.0 f 0.8 3.5 * 0.9 3.7 20 
Zr 2.3 f 0.8 2.2 + 0.5 2.0 f 0.4 1.8 f 0.4 2.0 25 
Nb 2.2 f 0.3 1.7 + 0.2 1.9 * 0.4 1.6 + 0.2 1.8 12 
MO 1.8 f 0.5 1.3 f 0.3 1.3 f 0.3 1.4 + 0.2 1.4 18 
Sb 5.6 f 0.9 3.8 k 0.9 4*1 4.2 k 0.6 4.5 18 
La 4*1 5*2 5+1 6k2 4.8 32 
Ta 1.0 f 0.3 1.1 * 0.2 0.8 f 0.2 1.0 + 0.1 1.0 17 
W 0.6 f 0.2 0.8 f 0.2 0.6 + 0.1 0.63 + 0.09 0.6 18 
Average 
r.s.d., ‘4 18 19 19 17 21 16 

* Interference by ii%?+. 
t Interference by izoSn2+. 

Table 14. Magnetic peak-switching: experimentally determined Sa values for 5 steel standards 

Weighted 
Relative sensitivity coefficients in sample average SR 

for all 
Element 661 662 663 664 665 standards r.s.d., y0 

Ti 2.4 + 0.3 2.7 + 0.4 2.2 f 0.1 2.1 f 0.1 2.1 &- 0.3 2.2 8 
V 1.7 f 0.2 1.6 + 0.2 1.6 k 0.1 1.6 f 0.1 1.7 * 0.3 1.6 9 
Cr 1.7 + 0.2 1.8 + 0.1 1.67 k 0.08 1.6 f 0.1 1.8 f 0.3 1.7 7 
Mn 2.7 f 0.2 2.4 f 0.2 2.6 + 0.2 2.8 k 0.1 2.9 f 0.3 2.7 6 
Fe 1 1 . 1 1 1 1 
co 0.94 f 0.06 0.89 f 0.06 
Ni 0.90 &- 0.09 0.83 f 0.06 

; 0.90 + 0.05 0.89 + 0.04 0.89 6 
0.81 + 0.05 0.82 + 0.04 0.82 6 

CU 1.7 + 0.2 1.62 + 0.07 1.6 f 0.3 1.82 f 0.09 1.9 * 0.1 1.7 6 
As 4.2 f 0.9 3.6 + 0.5 3.6 + 0.6 1.9 f 0.2 3.2 10 
Zr 2.4 + 0.5 2.5 f 0.3 2.1 * 0.2 1.9 f 0.2 2.1 11 
Nb 2.2 k 0.2 2.0 f 0.2 1.6 rf: 0.1 1.5 + 0.1 1.8 8 
MO 1.56 f 0.05 1.4 + 0.1 1.2 * 0.1 1.39 + 0.03 1.2 + 0.1 1.42 4 
Sb 4.1 + 0.5 4.4 f 0.5 4.2 f 0.9 5.3 f 0.9 4.3 14 
La 5.4 f 0.8 6+1 6+1 7+1 5.9 18 
Ta 1.0 * 0.1 0.9 * 0.1 0.9 + 0.1 1.1 f 0.2 0.9 16 
W 0.7 f 0.2 0.65 + 0.06 0.7 f 0.1 0.8 f 0.2 0.68 13 
Average 
r.s.d. “4 12 10 13 9 11 10 

*Interference by ii*Sn’+. 
t Interference by izoSn2+. 



796 E. VAN HOYE, F. ADAMS and R. GIJEIELS 
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Fig. 5. Effect of concentration on the relative sensitivity 
coefficients of some elements in steel standards. l Ti, 0 

Cr, A Co, 0 MO, A W. 

it appeared impossible to control the spark gap pre- 
cisely. A spark-source voltage of 65 kV was chosen 
as previous experiments showed this to be suitable 
for the steel samples.6 

Reproducibility of experimental sensitivity coejficients 

To perform quantitative analyses with an electrical 
detection system, the mass-analysed signal, which is 
in fact the ratio of the collector signal to the monitor 
signal, is compared with a signal corresponding to 
a known concentration. In this work, “matrix refer- 

encing “‘* is used : all signals are referred to 57Fe. 
A total of 20 scans ranging from 48 to 186 a.m.u. 

was recorded, each taking 15min. The average con- 
centrations and the standard deviations are listed in 
Table 9 for standard NBS-SRM 662. When more than 

Table 15. Magnetic peak-switching: relative sensitivity 
coefficients as a function of concentration for steel stan- 
dards (slopes of the straight lines obtained by the least 

squares method) 

Element 

Ti 
V 
Cr 
Mn 
co 
Ni 
cu 
As 
Zr 
Nb 
MO 
Sb 
La 
Ta 
W 

Slope* 

0.0052 + 0.11 
- 0.083 f 0.099 

0.020 f 0.085 
-0.16 + 0.13 
0.026 f 0.038 
0.034 + 0.047 

-0.14 + 0.077 
-0.51 f 0.72 

0.15 * 0.39 
-0.35 f 0.19 
0.065 f 0.054 
0.75 + 0.81 

-1.3 + 1.6 
-0.067 +_ 0.19 
-0.065 f 0.12 

Concentration 
interval, % W/W 

0.0006-0.24 
0.00060.3 1 
o.o007-1.31 
o.c@57-1.50 

0.007-0.30 
0.04-1.99 

0.0058-0.50 
0.010-0.09 
0.009-0.19 
0.022-0.29 

0.0050-0.49 
0.002-0.035 

0.00007-0.0006 
0.020-0.20 

0.01~.21 

* AS, per unit change in logarrthm of concentration. 

one isotope was used, the weighted average concen- 
tration and the corresponding standard deviation 
were calculated from 

C(c,/s’) 
c= I 

w/s3 
and s= ‘00 fi 0’ 

c qgiy” 

where N is the number of isotopes. An average rela- 
tive standard deviation of IS:/ was obtained. The 
results of similar experiments for the other steel stan- 
dards are summarized in Table 10 and it may be con- 
cluded that the precision is about 18:& 

For magnetic peak-switching, 8 successive measure- 
ments were carried out for each isotope before switch- 
ing to the next. This sequence was repeated 10 times. 
The average of the 80 concentrations calculated for 
each isotope, the standard deviation and the &-values 
are shown in Table 11 for standard reference sample 
662. An average standard deviation of 100, was 
obtained. Table 12 lists the average precision resulting 

Table 16. Determination of trace impurities m iron: comparrson of results obtained by neutron-activation analysis 
(NAA) and spark-source mass spectrometry (SSMS) 

Element NAA 

V 2.52 & 0.15 
Cr 6.2 f 1.0 
Mn 10.7 * 0.3 
co 80.4 k 1.1 
Ni 864 k 5 
cu 41.0 * 1.0 
As 8.55 & 0.35 
MO 64.2 f 1.0 

Concentration, ppm 
Deviation from NAA 

SSMS values, “/, 

Photoplate Scanning Peak-switching Scanning Peak-switching 

2.5 k 0.1 2.0 + 12% 2.9 + 9% -21 + 14 
6.4 k 0.5 6.9 f 8% 7.5 f 8% +11 +21 
10 + 2 13 f 20% 12 f 8% +21 +12 
64 k 3 97 f 9% 78 f 7% +20 -3 

800 f 100 1000 f 15% 820 f 7% +16 -5 
39 f 5 44 * 20% 42 & 7% +8 +3 
11+2 7 * 43% 7.4 & 15% -14 -14 
70 rf 10 60 f 25% 74 f 9p’, -6 + 15 

Average 
average r.s.d. 19% 9% 15 11 
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Table 17. Relative sensitivity coefficients* determined in steel standards by using 
peak-switching 

Element 

Ti 
V 
Cr 
Mn 
Fe 
co 
Ni 
CU 
As 
Zr 
Nb 
MO 
Ta 
W 

Capellen et al.’ Hull* Blancha.rdg This study 

6.6 + 73% 2.4 + 25% 2.2 f 8% 
1.7 f 22% 1.6 f 16% 1.99 1.6 k 9% 
1.5 * 13% 1.5 f 9.1% 2.06 1.7 f 7% 
2.4 f 33% 2.6 f 19% 3.13 2.7 f 6% 

1 1 1 
0.90 $- 8.9% 1.0 f 26% 0.81 0.89 + 6% 
0.79 + 11% 0.96 f 19% 0.73 0.82 f 6:/i 

1.6 k 37% 2.1 + 17% 1.48 1.7 + 6% 
4.6 k 707; 6.2 + 22% 3.2 + 10% 
2.8 + 7 . l”,’ /o 2.6 - f 8.3% 2.1 f 11% 
2.0 + 20% 1.8 + 7.2% 1.8 k 8% 
1.9 f 26% 1.3 + 7.8% 1.42 + 4:/0 

0.80 + 21% 0.9 f 16% 
0.56 f 17% 0.68 * 13% 

* Shown as coefficient + relative standard deviation. 

from similar experiments with the other standards. 
They confirm the 10% precision found for NBS 662. 
The experiments for scanning and peak-switching 
were carried out in 2 groups over a one-month 
period. 

Sensitivity coejicients as a function of concentration- 
accuracy of analysis 

The concentrations of the impurities in the steel 
standards NBS-SRM 661-665 cover one or more 
orders of magnitude. Hence, analysis of these stan- 
dards shows whether the &-values vary with the con- 
centration. The results are listed in Table 13 for the 
scanning mode and in Table 14 for the peak-switching 
mode. 

The specified uncertainty of the certificate values 
differs widely for the different elements and was inter- 
preted as being twice the standard deviation. The 
standard deviation of each &-value was obtained 
from 

where a refers to value found by mass spectrometry 
and b to the certified concentration. The last columns 
of Tables 13 and 14 list the weighted averages of the 
relative sensitivity coefficients and the standard 
deviation 

s _ wIL/sf)~ loo JN 
a 

C(l/$) ’ s = s, Z(l,$)%. 

Comparing Tables 13 and 14 it is apparent that 
there is fair agreement between the relative sensitivity 
coefficients for all the elements considered, obtained 
through magnetic scanning and magnetic peak- 
switching. Switching is the more precise method, with 
a lo”/, r.s.d., the corresponding precision of scanning 
being 1618%. However, a quick survey by scanning 
provides quite acceptable results. A previous study 
showed that the precision with photographic detec- 
tion was 15%. The accuracy was of the same order 
as the precision for the three modes of operation, as 
illustrated by the comparison of the results with those 
obtained by neutron-activation analysis. 

The overall mean relative standard deviation Other workers have reported sensitivity coefficients 
obtained was 16% for scanning and 10% for peak- for spark-source mass spectrometric analysis of steel 
switching. Since there is no significant increase com- standard samples by peak-switching. Their results are 
pared with the standard deviation for the individual summarized in Table 17 and are in agreement with 
standard samples, it can be concluded that Sa is not the values reported here. The &-value of iron was 
a function of the elemental concentration in steel at taken as unity by all authors with the exception of 
the level of precision allowed by spark-source mass Hull, who used internal referencing to vanadium; 
spectrometry. By way of example, Fig. 5 shows the these values have been converted for the comparison, 
&-values measured by peak-switching for Ti, Cr, Co, setting the &-value of vanadium at 1.6. 

MO and W, plotted as a function of the concentration 
of these elements in the samples. The slope of the 
most probable straight line drawn through the data 
points does not significantly differ from zero in all 
cases. The results of regression analysis on the data 
are shown in Table 15 for all elements considered. 

Tables 13 and 14 show that the precision of the 
experimental determination of &-values is of the 
order of loo/, for magnetic peak switching and 
16-18x for magnetic scanning. This gives an idea of 
the accuracy with which steels can be analysed by 
using the experimentally determined &-values. This 
was confirmed by comparing the results for the analy- 
sis of a high-purity iron sample with those obtained 
by neutron-activation” (Table 16); the results found 
by photoplate detection are shown for comparison. 

CONCLUSIONS 
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Summary-Radiotracer studies with %a and 36C1 demonstrate that PVC matrix membranes contain- 
ing Orion 92-20-02 liquid calcium ion-exchanger are permselective to counter-cations. Diffusion coeffi- 
cients are quoted for the migration of 45Ca between pairs of calcium solutions and are discussed 
in terms of solution concentration, membrane thickness and concentration level of sensor in the mem- 
brane. Migration of calcium ions from calcium chloride solution to a Group (II) metal chloride solution 
through a PVC membrane containing calcium liquid ion-exchanger is discussed in terms of solvent 
extraction and electrode selectivity coefficient parameters. Thus, magnesium, strontium and barium 
ions appear to inhibit migration through the membrane by their low affinity for the membrane liquid 
ion-exchanger sites, while the inhibition by beryllium ions is attributed to site blockage by the strong 
affinity of dialkylphosphate sites for beryllium. 

The high quality of ion-exchange membranes as selec- 
tively permeable devices is well established’ but liquid 
ion-exchangers have greater selectivity for counter- 
ions than the resinous materials and it is for this rea- 
son that liquid ion-exchanger membranes have utility 
as selective ion-sensors in ion-selective electrodes.2*3 
The ideal in principle is a membrane of perfect selec- 
tivity for one counter-ion relative to all others, 
because the selectivity coefficient, kri would then 
approach zero and thus nullify the contribution of 
kri(aB)lAhe in equation (1) to give a simple linear rela- 
tion between ion-selective electrode response, E, with 
respect to a suitable reference electrode, and the 
logarithm of the activity, aA, of the principal counter- 
ion A: 

E = constant f 
2.303RT 
~ log (UA + k~(~~)=*‘-) 

ZAF 
(1) 

In equation (1) the positive sign holds for cations and 
the negative for anions, a, is the activity of the inter- 
fering counter-ion B, and the z terms refer to the 
number of charges on the counter-ions. 

Perfect selectivity is unknown and the selectivity 
coefficient must always be borne in mind when using 
ion-selective electrodes. It is therefore desirable to 
have a better understanding of selectivity. As a step 
in this direction, the present paper reports a radio- 
tracer study on the calcium ion permeability of PVC 
matrix membranes containing Orion 92-20-02 liquid- 
ion exchanger, and the membranes are also shown 
to be impermeable to chloride ions. 

EXPERIMENTAL 

Experiments usmg membranes prepared in the manner 
previously described &’ involved radioactive tracer ex- 
change between two solutions separated by a membrane, 

studied either by continuous recording or by intermittent 
sampling and monitoring. The detailed procedures are de- 
scribed below. 

Procedure I 

A 7-mm diameter disc of PVC-liquid ion-exchanger ion- 
selective electrode membrane cut from a master membrane 
prepared from 0.17 g of PVC (Breon 111) + 0.40 g of Orion 
92-20-02 calcium ion-exchanger, was sealed (with a cement 
made of PVC in tetrahydrofuran) to a PVC tube fitted 
to the end of a drawn-out BlO socket. A solution contam- 
ing 0.1 ml of calcium chloride solution (ca. 1 mCi of 4SCa 
per ml), diluted to 2 ml with water to give a 0.005M cal- 
cium solution, was placed inside the tube, which was then 
closed with a BlO stopper to prevent evaporation. This 
assembly was suspended inside a tube 14cm long and 
2.3 cm in internal diameter, sealed at one end with a mica 
window (5 mg/cm*) by “Araldite”. The outer tube con- 
tained 10ml of 10m4M calcium chloride or magnesium 
chloride, as appropriate. The entire assembly was posi- 
tioned in a mica end-window Geiger-Miller counter sys- 
tem as depicted in Fig. 1. The increase in activity of the 
external solution was thus monitored continuously by the 
pen recorder as the P-emitting 45Ca ions migrated through 
the membrane. 

The design of this experiment is such that the results 
are only qualitative, but the preliminary results obtained 
led to the design of procedure II. Co-ion diffusion studies 
were made with calcium chloride labelled with chlorine-36. 

Procedure II 

Apparatus assemblies like that depicted in Fig. 2 were 
kept in an air thermostat at 35 + 0.5”, a temperature 
higher than ambient being chosen in order to overcome 
problems of dissipating the heat generated by the mag- 
netic stirrers. A 22-mm diameter disc of PVC-liquid ion- 
exchanger ion-selective electrode membrane cut from an 
appropriate master membrane prepared as in procedure 
I was cemented to a PVC tube of 16 mm internal diameter. 
The other end of the tube was connected to a glass tube 
(A) fitted with a side-arm and having a Teflon-covered 
magnetic-stirrer bar hanging from a fishing swivel by a 
nylon fishing line. The membrane end of (A) was immersed 
in a solution contained in a 25-ml beaker (B) provided 
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Radio tracer solution 

VC tubing 

Membrane 

MICO window 

(Geiaer-Muller counter 

I 

sysfem connected to 
scalar ratemeter and 
pen recorder 

Fig. 1. Apparatus assembly for continuously monitoring 
the permeation of radiotracer ions through PVC matrix 

membranes. 

with a Teflon-covered magnetic-stirrer bar. Both (A) and 
(B) were charged with appropriate solutions (10 ml) which 
were stirred with the magnetic stirrers during experimen- 
tation. The solutions were monitored for radioactivity by 
withdrawing lo-$ samples at appropriate times through 
the side-arm of (A). A Lang-Levy auto-zero micropipette 
was used to spot the samples onto 5.5~cm diameter discs 
of Whatman No. 1 filter paper and the 4sCa activity was 
counted with a Geiger-Miiller mica end-window tube. 

Discs of PVC alone, and of PVC containing only 
dioctyl phenylphosphonate mediator were similarly 
examined. Additionally, permeation selectivity was 
examined with 36C1. 

Calcium content of the liquid ion-exchanger 

The calcium content of the liquid ion-exchanger was 
determined by Crump’s EDTA procedure’ and the results 
used for evaluating the calcium content of the various 
membranes. 

Nylon line 

Tube A 

Internal solutlon 

Tube 0 

PVC 

Membmne 
External solution 

Fig. 2. Apparatus aassembly for studying the permeation 
of radiotracer ions through PVC matrix membranes by 

intermittent sampling. 

Selectioity coejicient determinations 

Selectivity coefficients, kri, were determined by a mixed- 
solution method,8,9 with a fixed level of interferent B. 

RESULTS 

Selectivity coefficients are summarized in Table 1 
along with certain solvent extraction data. 

The main results relate to the migration of calcium 
ions between solutions of calcium chloride or between 
solutions of calcium chloride and another Group (II) 
metal chloride separated by a PVC matrix membrane 
containing Orion 92-20-02 liquid calcium ion- 

exchanger based on a dialkylphosphate sensor plus 
phosphonate mediator. The selective permeability of 
the membrane to cations is shown by the non-diffu- 

Table 1. Extraction coefficients of alkaline earth cations from 4M sodium nitrate into di(2-ethylhexyl)phosphoric acid 
in benzene, and selectivity coefficients, kgb, of PVC matrix membrane ion-selective electrodes with dialkylphosphate 

sensors 

Counter- 
ion, B 

Be’+ 

Mg’+ 

Log of extraction 
coefficient* 

pH = 7.0 pH = 5.2 

4.3 4.3 

1.2 1.4 

Ca di(2-ethylhexyl)- 
phosphate sensor 

with decanol 
25°C 

26 
2.6 

(5 x 10-5) 
1.0 

Q&t 

Orion 92-20-02 
liquid ion-exchanger 

25°C 35°C 

7.28 11.28 
12.0 14.0 

(5 x 10-5) (5 xo’,9-” 
0.0555 
0.052 

Ca2 + 
S?+ 

Ba’+ 

Zn2+ 

0.9 2.2 1.0 
(4 x1$4) 

(4 x1’oo-4) 
-0.2 0.1 0.5 0.05 0:09 

-0.6 -0.5 
(4 x0,:-‘? (4 x01&4) 

(4 x 10-4) (4 x io-4) 

(4 “of&Y 

(4 xl;;; 

0.12 
(4 X 10-4) 

* Based on data from Ref. 10 
t This work. Number in parentheses are the molarity of the interfering counter-ion B. 
5 These krd values were determined with the sulphate of the interferent ion; all others refer to the chloride systems. 
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Fig. 3. Traces showing the permeation of %a’+ through 
a PVC matrix membrane with trapped Orion 92-20-02 
liquid ion-exchanger, into calcium chloride (curve A) and 
magnesium chloride (curve B) solutions. Curve C confirms 
membrane pennselectivity to counter-cations by the near- 
zero diffusion of s6C1- under similar conditions to those 

prevailing for curve A. 

sion of chloride ions through it (Fig. 3 and Table 
2). Results obtained by both procedures I and II also 
confirm the impermeability of the PVC matrix to cal- 
cium ions, which gave no diffusion through a PVC 
membrane alone or containing dioctyl phenylphos- 
phonate”~” mediator but no dialkylphosphate. 

Both procedures approximate the way liquid ion- 
exchanger membranes are used in ion-selective elec- 
trodes, but procedure I serves only to demonstrate 
the migration or otherwise of radioactive species 
through the membrane (Fig. 3). 

The quantitative migration data were obtained by 
procedure II. Thus, diffusion coefficients for calcium, 
6, were calculated from steady-state 45Ca diffusion 
across the membrane (with calcium solutions on each 
side) by means of the equation13 

b = d(C”/C’) l”‘Ch 

dt r (2) 

where h is the membrane thickness [O.OSO cm except 
for membranes 9 and 10 (0.03Ocm) and membrane 
11 (0.025 cm)], measured with a micrometer gauge, 
q is the cross-sectional area of the membrane 
(2.01 cm2), C’ and C” are the tracer concentrations 
(proportional to radioactivity) in the initially active 
and inactive solutions respectively, C is the total cal- 
cium ion concentration (that is, tracer + non-tracer) 
in the solutions on each side of the membrane (Table 
2) and C that in the membrane (4.34 x 10e2M except 
for membranes 9 and 10 where C is 3.35 x lo-‘M), 
and V” is the volume (10ml) of the initially inactive 
solution. 

Table 2. Diffusion coefficients, 6, and time-independent d(C”/C’)/dt data for solution/membrane systems, obtained by 
procedure II 

Series 
Membrane 

constituents 

Solution A 
(internal), 

CCaCLI, M 

Solution B 
(external), 

CCaCLl, M 
6, 

lo9 cm2/sec 

d(C”C?, 

10’ set-’ 

1 

2 

3 

10 

1 

PVC (0.17 g) 
matrix only 

PVC (0.17 g) + 
dioctyl phenyl- 

phosphonate 
(JJ;;z 

procedure I 

As for 
procedure I 

As for 
procedure I 

As for 
procedure I 

As for 
procedure I 

As for 
procedure I 

As for procedure 
I but with 0.20 g 
of ion-exchanger 
As for procedure 
I but with 0.20 g 
of ion-exchanger 
As for procedure 
I but with 0.2Og 

of ion-exchanger and 
0.085 g of PVC 

10-j* 

1o-3* 

10-s and 10-i 
labelled 

with 36C1 
10-s* 

10-s 

1o-2* 

1o-2 

10-i* 

10-3* 

10-s 

10-J 

lo-’ and 10-i - 

10-J 10.6 

10-a* 11.1 

10-Z 14.3 

10-z* 14.9 

10-l 2332t 

10-s 1.0 

lo-* 2.8 0.63 

10-a 5.1 18.0 

Zero over 
> 10 days 
Zero over 
> 7 days 

Zero over 
> 9 days 

18 

19 

2.5 

2.6 

0.404.56t 

2.2 

* These solutions are labelled with 4sCa 
t Difficulty in guaranteeing time-independence of tracer flux at such high concentration. 

TAL 23-11/12-D 
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Equation (2) was used under steady-state condi- 
tions when the tracer flux through the membrane was 
time-independent, that is, when the tracer concen- 
tration ratio between the initially inactive and active 
solutions increased linearly with time. The calcium 
diffusion coefficients between calcium solutions are 
summarized in Table 2. 

Equation (2) is restricted to the measurement of 
selfdiffusion coefficients, but the C”/C us. time pro- 
files for the migration of 45Ca from calcium solutions 
to other Group (II) metal solutions are similar to 
those for migration between calcium solutions. Hence, 
in order to compare the migration of labelled calcium 
between solutions of similar concentration and in- 
itially composed of calcium chloride and Group 
(II) metal salts respectively, d(C”/C’)/df data for the 
time-independent regions are summarized in Tables 

2 and 3. 
Except for experiment 8 where there was extreme 

difficulty in locating the time-independent region of 
the tracer flux, the results in Tables 2 and 3 are means 
of replicate determinations with individual values 
within f8% of the mean, except for experiment 4 
where the mean is that of five determinations with 

a coefficient of variation of 4.7%. The results are dis- 
cussed in the context of these error ranges. 

DISCUSSION 

The permeation of the counter-cations but not of 
the chloride co-ions (Fig. 3 and Tables 2 and 3) con- 
firms that these membranes possess the permeation 
selectivity characteristic of ion-exchanger membranes. 
Thus, migration of counter-ions through the mem- 
brane placed between two solutions is not “one-way 
traffic”, because in order to preserve electrical 

Table 3. Time-independent d(C”/C’)dt data for solution/ 
membrane systems, obtained by procedure II (membrane 

composition as described in procedure I) 

Series 
Solution A 
(internal) 

Solution B 
(external) 

WC’?. 

10’ set-’ 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

10m3M *CaCl, 10m3M BeSO, 5.6 
10F3M *CaC12 IO-‘M BeCl, 2.5 
10m3M BeC12 10m3M *CaCl, 2.2 
10m3M *CaC12 10e3M M&l2 8.0 
10m3M MgClz lo-‘M *CaCl* 8.4 
10m3M *CaC12 10W3M SrCl, 8.5 
10m3M SrC& 10m3M *CaC12 9.1 
10m3M *CaC12 10e3M BaClz 8.4 
10e3M BaCl, 10e3M *CaC12 75 
lo-‘M *CaC& lo-‘M MgC12 1.66 
lo-‘M MgClz lo-*M *CaC12 1.68 
lo-‘A4 *CaCl, lo-‘M SrCl, 1.08 
lo-‘M SrCl, - lo-‘M *Call* 1.17 
lo-‘M *CaCl, lo-*M BaCl, 0.91 
lo-‘M BaC12- lo-‘M *Ca& 0.82 
10m3M *CaC& 10e3M ZnSO, 3.7 
lo-‘M *CaCl, 10m3M ZnCl, 3.1 
10e3M ZnCl, 10m3M *CaC& 3.8 

* These solutions are labelled with 45Ca. 

balance, counter-ion migration in one direction must 
be accompanied by an equivalent migration in the 
reverse direction. This is demonstrated by the results 
of experiments 4-7 (Table 2), 13-26 (Table 3), 28 and 
29 (Table 3) based on migrations from internal to 
external solutions and vice uersu. 

Of course, diffusion behaviour may not be exclus- 
ively determined by the processes within the mem- 
brane, owing to the influence of such factors as con- 
centration profiles within the bulk solutions. These 
are kept uniform by stirring in procedure II, but such 
agitation does not affect the Nernst diffusion layers 
or “films” which adhere to the membrane surfaces. 
However, film control of diffusion of counter-ions is 
less significant in the present systems for, compared 
with conventional ion-exchanger membranes with 
typical self-diffusion coefficients of -2 x 10-6 
cm’/sec for counter-ions,‘4 the coefficients here are 
smaller by 2-3 orders of magnitude (Table 2). This 
implies that the self-diffusion of counter-ions is more 
likely to be diffusion controlled. 

In the present case, the diffusion coefficient is di- 
rectly proportional to membrane thickness rather 
than being independent of it. This is a consequence 

of the observed permeation of calcium ions through 
the membrane (experiments 4 and 11) being indepen- 
dent of membrane thickness, a feature that may be 
attributed to the diffusing species experiencing the 
same resistances such as may occur from having a 
viscous interface at the membrane surface, arising 
from some loss of plasticizing mediator. 

The observed values of ca. 1O-s-1O-9 cm’/sec for 
D (Table 2) are similar in magnitude to those found 
by Bailey and Dalziel 15,16 for the diffusion of calcium 
ions from solution to a small membrane disc; the 

low order of magnitude is considered as characteristic 
of diffusion through a very viscous medium. 

The data in Table 2 indicate the effects of solution 
concentration and the amount of sensor in the mem- 
brane as well as the effect of membrane thickness. 
Experiments 4-10 (Table 2) show that increase in 
solution concentration leads to an increase in the dif- 
fusion coefficient. A similar dependence has been 
observed for ion-exchange resins17-” and attributed 
to an apparent increase of co-ion concentration in 
the pores to provide pathways of high mobility for 
the migration of counter-ions.‘9.21 However, here it 
has been shown that there is no co-ion migration (Fig. 
3 and Table 2) through the PVC membrane contain- 
ing liquid ion-exchanger. Hence, the migrations sug- 
gest a lesser role for co-ion mobility pathways for 
counter-ions and a greater role for the solvent media- 
tor and osmotic and other forces in the utilization 
of liquid ion-exchanger sites as pathways. 

From the purely theoretical standpoint, the effect 
of a lower amount of exchanger in the membrane 
(Table 2, experiments 9 and 10) should, because of 
decreasing electrostatic retardation, increase the diffu- 
sion coefficient. The reverse is the case and D is even 
lower than expected from the reduced membrane 
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thickness (from 0.05 to 0.03 cm). These low values 
arise from the low slope of the time-independent 
region of the C/C’ us. time plot and are a direct 
consequence of a lower flux arising from having fewer 
liquid ion-exchanger site pathways in a more viscous 
PVC membrane (Table 2, experiments 9 and 10) than 
in the corresponding controls (Table 2, experiments 
4-7). 

Equation (2) cannot be applied to permeation 
between calcium chloride and Group (II) metal salt 
solutions, and suitable radiotracers in neutral solution 
are not conveniently available for a wider study of 
steady-state diffusion of alkaline earth metal cations. 
Nevertheless, interesting patterns emerge for the 
mobility of labelled calcium between calcium chloride 
and Group(I1) metal salt solutions. These are based 
on the rate of attainment of tracer equilibrium, 
namely d(C”/C’)/dt data for the time-independent 
regions of C”/C’ us. time plots (Tables 2 and 3). 

The low d(C”/C’)/dt values for calcium migration 
through the membrane into the chlorides (Table 3) 
of magnesium (experiments 15, 16, 21 and 22), stron- 
tium (experiments 17, 18, 23 and 24) and barium (ex- 
periments 19, 20, 25 and 26) relative to values for 
migration between calcium solutions at similar con- 
centration levels (Table 2, experiments 47) match the 
low electrode selectivity coefficients (ke”,‘B) for these 
ions (Table 1). This pattern may arise from the rela- 
tive reluctance of the interferent ions even to enter 
the membrane, as illustrated by their tendency to 
have lower solvent extraction coefficients (Table 1). 
This reluctance decreases the migration of calcium 
ions in the reverse direction. 

The low d(C”/C’)/dt values for the migration of cal- 
cium into beryllium solutions at 10W3M level (Table 
3, experiments 12 and 13) is rather surprising in view 
of this explanation for magnesium, strontium and 
barium. However, it is suggested that beryllium ions 
block the liquid ion-exchanger sites because of the 
high affinity of the exchanger for beryllium, as shown 
by the data for solvent extraction and electrode selec- 
tivity coefficients (Table 1). Kinetic forces may also 
be at work as in the exchange of solvent water with 
hydrated metal ions, which in the case of beryllium 
has a rate constant over six orders of magnitude less 

than that for calcium.” 
Ion-selective electrodes having selectivity coeffi- 

cients much greater than unity frequently need con- 
siderable recovery treatment after exposure to inter- 
ferents. Also, ion-selective electrodes can suffer shocks 
on exposure to certain other ions, for example, the 
calcium ion-selective electrode with Orion 92-20-02 
liquid ion-exchanger trapped in the PVC matrix 
membrane requires prolonged contact with calcium 
ions in order to recover from contact with zinc ions. 
That the sites may be blocked by zinc ions is sug- 
gested by d(C”/C’)/dt data for 10e3M calcium and 
zinc solutions (Table 3, experiments 27-29) and those 
for the corresponding calcium and beryllium system. 

The difference between beryllium chloride and ber- 

yllium sulphate (Table 3-experiments 12-14) appears 
to be due to the anion. A similar effect was observed 
for the selectivity coefficient, &‘$a,, of the calcium ion- 
selective electrode in the presence of the two beryl- 
lium salts as interferents (Table 1). No such differ- 
ences were observed for zinc. 

CONCLUSION 

The radiotracer studies have confirmed the selective 
permeability to counter-ions, of membranes ‘made 
with calcium liquid ion-exchanger contained in PVC. 
The migration of calcium ions through such mem- 
branes under various conditions of concentration, in- 
terference and membrane thickness can be explained 
in terms of the availability of membrane pathways 
(which, of course, provide ways for ionic conduction 
as opposed to the electronic conduction of glass mem- 
branes). 

The mobility of calcium ions between calcium 
chloride solutions and Group (II) metal salt solutions 
through the PVC matrix membranes is consistent 
with solvent extraction and ion-selective electrode 
parameters (possibly tempered by kinetic factors), but 

it has not been possible to distinguish between the 
separate roles of equilibrium ion-exchange and mobi- 
lity in the membrane, which seem to be inter-related in 
electrode selectivity. Nevertheless, the consensus on 
ion-transport in untrapped liquid ion-ion exchange 
membranes is that the actual mobilities of the associ- 
ated (ion plus site) pairs for the usual long-chain 
liquid ion-exchangers are approximately the same for 
all counter-ion species23s24 so that electrode selec- 
tivities (and overall transfers of ions in the present 
study) are related simply to equilibrium ion- 
exchange.23-26 
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GAS CHROMATOGRAPHY OF TERNARY COMPLEXES 
OF MANGANESE(II), IRON( COBALT(I1) 

AND NICKEL(I1) WITH HEXAFLUOROACETYLACETONE 
AND DI-n-BUTYLSULPHOXIDE 

THOMAS P. O’BRIEN and JEROME W. O’LAUGHLIN 
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Summary-The gas chromatographic behaviour of the ternary complexes of selected bivalent first-row 
transition metal ions with 1,1.1,5,5,5-hexafluoro-2,4-pentanedione H(HFA), and di-n-butylsulphoxide, 
DBSO, was studied. Calibration plots of peak area vs. amount of metal injected were linear over 
a range of 6G900 ng for manganese(B), iron(H). cobalt(B) and nickel(B). The average relative standard 
deviation was less than 3.0% for all the metals studied. Detection limits of 60, 109, 112 and 115 ng 
for cobalt(II), nickel(B), iron and manganese(B), respectively, were obtained with flame-ionization 
detection. Various liquid phases, including OV-1, SE-30, and Dexsil 300 were used. The best results 
were obtained on columns of 5% Dexsil 300. No appreciable thermal decomposition was observed 
on stainless-steel or glass columns, but the best formed peaks were obtained on all-glass columns. 
The elution of the metallic species was confirmed by venting the exit gases from the gas chromatograph 
directly into an atomic-absorption spectrophotometer. 

The volatility of certain metal chelates, particularly 
those of chromium and beryllium with fluorinated 

p-diketones, has permitted their determination by gas 
chromatography.‘*’ With the use of the electron-cap 

ture detector, detection limits as low as lo- l4 g have 
been reported for chromium.3 A problem encountered 
with many cations is that the co-ordination number 
is more than twice the number of charges on the 
cation and the resulting chelates with bidentate /I- 
diketones are hydrated or polymeric.4-6 This problem 
can be surmounted by deliberate introduction of neu- 
tral donors such as tri-n-butyl phosphate, TBP, or 
di-n-butylsulphoxide, DBSO, to form anhydrous 
adducts of these chelates. The authors7 have pre- 

viously shown that the zinc adduct, Zn(HFA),. 
2DBS0, was sufficiently volatile to be eluted from 
a gas chromatograph without apparent decomposi- 
tion. The preparation of similar adducts and the gas 
chromatography of the DBSO adducts of the hexa- 
fluoroacetylacetonates of the lanthanides, thorium, 
and uranium have been reported.“-l3 Little work has 
been reported on this approach for the bivalent tran- 
sition metal ions, although the gas chromatography 
of bivalent transition metal chelates has been reported 
by Sievers, Ross and co-workers,‘“” where B-di- 
ketones with bulky terminal groups which gave anhy- 
drous chelates were employed. Belcher, Uden and co- 
workers4,‘**ig also successfully chromatographed 
several bivalent metals as their monothio+-dike- 
tonates and as chelates with bidentate and quadriden- 
tate p-ketoamines. 

The synergic extraction and gas chromatography 

of iron(I1) and iron(II1) adducts with hexafluoroace- 
tylacetone, H(HFA), and TBP was reported by 

TomaZiE and 0’Laughlin.20 Burgett2’~22 reported 
that copper( iron( cobah( nickel(I1) and 
lead(I1) were quantitatively extracted when O.OlM 
solutions of these metals were equilibrated with 
0.03M H(FHD) (1,1,1,2,2,6,6,7,7,7-decafluoro-3,5-hep- 
tanedione) and 0.03M DBSO. Burgett reported that 
all the adducts, except for those of lead and copper, 
could be eluted from a gas chromatographic column. 
The lead adduct decomposed and copper was 
reported not to form an adduct. The synergic extrac- 
tion and gas chromatographic behaviour of zinc(II), 
cadmium(I1) and lead(I1) with H(HFA) and DBSO 
have been previously reported.7 Although all three 
were quantitatively extracted, only the zinc adduct 
could be eluted; the cadmium and lead adducts 
apparently decomposed on the column. 

Several reviews on the determination of metals by 
gas chromatography have been published. These in- 
clude books by Moshier and Sievers,’ Guiochon and 
Pommier23 and reviews by Belcher24 and Kutal.*’ 

The present paper reports on the gas chromatogra- 
phy of manganese(II), iron( cobalt(I1) and nickel(I1) 
as ternary complexes prepared by synergic extraction 
of the cations with H(HFA) and DBSO into cyclo- 
hexane. The gas chromatographic behaviour of these 
adducts was studied as a function of the metal con- 
centration, neutral donor concentration and nature 
of the stationary phase in both glass and stainless- 
steel columns. 

EXPERIMENTAL 

Apparatus 

The gas chromatographic studies were performed on a 
Bendix Model 2500-Life Sciences Gas Chromatograph 
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equipped with on-column injection and a flame-ionization 
detector. A Loenco Model 15C-X Gas Chromatograph 
equipped with a thermal-conductivity detector was used 
in the atomic-absorption studies. The chromatograms were 
recorded on a Honeywell Model 194 Electronik strip-chart 
recorder. 

Both the Perkin-Elmer Model 290B and Model 403 
Atomic Absorption Spectrophotometers were used in the 
atomic-absorption studies. Each was used with an air-ace- 
tylene flame and a Perkin-Elmer Model 56 strip-chart 
recorder. A Perkin-Elmer Deuterium Arc Background 
Corrector was used on the Model 403. 

A Cary Model 15 Spectrophotometer, a Perkin-Elmer 
Model 180 Infrared Spectrophotometer, and a Varian 
Model A-60 Nuclear Magnetic Resonance Spectrophot- 
ometer were employed to check the purity of the reagents, 
chelates, and adducts. 

Reagents and materials 

Reagent grade nitrate, chloride, or acetate salts were 
used to prepare stock metal solutions. H(HFA), 
1,1,1.5,5,5-hexafluoro-2,4_pentanedione, was obtained from 
Pierce Chemical Company and its purity was checked by 
ultraviolet, NMR, and infrared spectroscopy as well as by 
gas chromatography. All solvents were reagent grade. 

The H(HFA) complexes of Co(H), Fe(H), Mn(II), and 
Ni(I1) were obtained from PCR, Inc. Tri-n-butyl phos- 
phate, TBP, and di-n-butylsulphoxide, DBSO, were used 
without purification. 

Chromosorb W-HP 100/120 mesh was obtained from 
Analabs. Inc.. Dexsil 300 was obtained from Reais Chenn- 
cal Company through the Bendix Corporation, and SE-30 
and OV-1 were obtained from the Bendix Corporation. 

Columns were constructed of borosihcate glass tubing 
or type 304 stainless-steel tubing. 

Bendix “Co1-Treet” and “Glass-Treet” were obtained 
from the Bendix Corporation. Dimethylchlorosilane and 
dimethyldichlorosilane were obtained from Pierce Chemi- 
cal Company. 

Column pretreatment 

Before coating the Chromosorb W-HP was pretreated 
by a method described previously.7s26 

The glass columns were rinsed with Bendix “Glass- 
Treet”, and absolute methanol, then flushed with air and 
dried in an oven for several hr at 110”. The stainless-steel 
columns were treated as suggested by Analabs. Inc.” The 
columns were rinsed successively with absolute methanol, 
isopropyl alcohol, chloroform, isopropyl alcohol, dilute 
nitric acid (l.OM), and then thoroughly rinsed with 
demineralized water and finally with absolute methanol. 
The empty columns were then flushed with air and dried 
m an oven for several hr at 110”. 

Preparation of column packing 

The silated Chromosorb W-HP was coated with Dexsil 
300, SE-30, or OV-1 by slurrying with a chloroform solu- 
tion of the coating. Excess of solvent was removed in a 
rotary evaporator and the product dried at 110” with occa- 
sional stirring. The resulting product was dried for 24 hr 
in a vacuum desiccator, then placed in a large sintered- 
glass filtering funnel; a gentle stream of dry nitrogen was 
passed upwards through the funnel to remove any fines. 

Packing and conditioning of the columns 

Dry column packing was poured into the tube and com- 
pacted with gentle tapping. Use of a vibrator gives more 
fines and poorer performance. The ends of the columns 
were plugged with glass wool that had been soaked in 
a solution of 5% dimethyldichlorosilane and 5% dimethyl- 
chlorosilane in toluene, followed by an absolute meth- 
anol rinse and drying for several hr, at 1 lo”. The columns 
were brought to conditioning temperature and 20~1 of 

Bendix “Cal-Treet” were injected to silate any active sites. 
The Dexsil 300 columns were conditioned at 350’ for 24 hr 
and the SE-30 and OV-1 columns at 300” for 24hr with 
a low flow of nitrogen. 

Preparation of organic solutions of mixed-hgand complexes 

Solutions of the metal-H(HFA)neutral donor com- 
plexes were prepared by solvent extraction utilizing the 
methods previously described’ or by placing a weighed 
amount of the hydrated chelates in a volumetric flask and 
diluting to standard volume with a solution of DBSO or 
TBP in cyclohexane to yield a stoichoimetric adduct with 
a minimum excess of neutral donor present. 

Solutions of mixtures of several metal complexes were 
prepared by solvent extraction or by mixing appropriate 
volumes of the solutions above to form mixtures. All sol- 
vent extraction mixtures were sampled directly from the 
organic layer m the extraction tubes or from the volu- 
metric flasks by syringe. 

RESULTS AND DISCUSSION 

Metal-HFA-neutral donor adducts 

Three different stationary phases were investigated 
for the best gas chromatographic response character- 
istics. Recent work12~‘3~21~22~28 has shown the excel- 
lent gas chromatographic behaviour and thermal sta- 
bility of the carborane-cage compound, Dexsil 300. 
which was the stationary phase used for the majority 
of the gas chromatographic studies. SE-30, a methyl- 
silicone gum rubber phase which has also shown 
good utility for application to volatile metal chelates, 
and OV-1, also a methylsilicone gum rubber phase, 
were used for comparative purposes. McReynold’s 
constants indicate that Dexsil 300 is more polar than 

SE-30 and OV-1 which have about the same polarity. 
The metal-HFA-neutral donor complexes of Ni(I1). 

Fe(II), Co(II), and Mn(I1) were chromatographed. 
Several attempts were made to elute the TBP adducts 
but these proved unsuccessful, owing to the inability 
to separate the adduct peak from that of TBP. Only 
the DBSO adducts were studied further. 

Initial studies were performed on glass columns 
packed with 5% OV-1 on 100/120 mesh Chromosorb 
W-HP. The peak representing the adduct was broad 
and not well resolved from that of DBSO. Somewhat 
sharper peaks were obtained by using SE-30; how- 
ever. all the retention times on an 18 x l/4 in. column 
packed with 57; SE-30 on Chromosorb W were less 
than 3 min and resolution was poor. The best formed 
peaks were obtained on short columns of 50,; Dexsil 
300 on Chromosorb W. The elution behaviour of the 
bivalent metal chelates was studied on both glass and 
stainless-steel columns of varying lengths from 18 in. 
to 6 ft, all of l/4 in. o.d. 

The chromatographic behaviour of Co(HFA),. 
2DBS0 on both stainless-steel and glass 
columns packed with SO,/, Dexsil 300 and 5% SE-30 
on 100/120 mesh Chromosorb W-HP was studied. 
The results were similar to those found for the zinc 
adduct Zn(HFA), ZDBSO’ with response decreasing 
in the order: 57; Dexsil 300-glass, 5% Dexsil 
3OO-stainless steel, 5% SE-30-glass, 5% SE-30-stainless 
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A DewI 300 S.S. 
A Dexsil 300 glass 

Nanograms injected 

Fig. 1. Dependence of peak area on weight of Co(HFA),.ZDBSO injected on glass and stainless steel 
columns packed with SE-30 and Dexsil 300 on Chromosorb W. 

steel as shown in Fig. 1. Glass columns (10 x l/4 in.) 
packed with 5% Dexsil 300 were used for all sub- 
sequent work. All calibration curves were obtained 
from 3-5 replicate injections for each concentration. 

The areas of all peaks were determined by triangu- 
lation. The substantial difference in the response on 
stainless-steel and glass columns may be due in part 
to some decomposition on the hot steel column walls, 
but this could not be verified. The best formed peaks 
were consistently obtained oh glass columns packed 
with Dexsil 300 on Chromosorb W. 

The methods by which the columns were cleaned 
and packed obviously have some bearing on the 
different response curves obtained. The retention 
times were less for SE-30 than for Dexsil 300, making 
it more difficult to resolve the DBSO peak from that 
of the metal complex. 

Determination of the H(HFA)-DBSO adducts 

The DBSO adducts of Zn(II), Ni(II), Mn(II), Co(II), 
and Fe(I1) were examined as shown in Fig. 2. A flame- 
ionization detector was used. The chelates were pre- 
pared by extracting various concentrations of the 
metals at the optimum conditions for extraction: 

pH 5.0-5.5, O.OlM K(HFA) and 0.05M DBSO in cy- 
clohexane. Solutions of the various metals were also 
prepared by weighing appropriate amounts of the 
metal-HFA chelates (to give the same metal concen- 
trations as when prepared by extraction) into a 
lOO-ml volumetric flask and diluting to volume with 
0.04M DBSO. The chromatographic peaks obtained 
from both types of solution were the same and sub- 
sequent studies were carried out with complexes pre- 
pared by the latter method. 

The stoichiometry of the ternary complexes was in- 
ferred from the slopes of the log D us. log [DBSO] 
plots. The formation of a di-adduct was indicated. 
Furthermore, solutions prepared by mixing the 
chelates of the metals with sufficient DBSO in cyclo- 

hexane to give a di-adduct gave chromatographic 
peaks identical with those for the metal complexes 
prepared by solvent extraction. 

The detection limits for the 5 metal-HFA-DBSO 
complexes are shown in Table 1, the zinc chelate hav- 
ing the lowest detection limit. Electron-capture detec- 
tors cannot be used because they are swamped by 
the excess of H(HFA). 

Retention time vs metal concentration 

Studies of retention time as a function of metal 
concentration were performed (a) at constant DBSO 
concentration (0.04M) and (b) at constant ratio of 
DBSO to metal ion concentration. In both studies 
the retention times decreased with decreasing metal 
concentration. 

The retention times in (a) decreased from 2.10min 
for 952 ng to 1.43 min for 59.6 ng of cobalt, and from 

16 
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Fig. 2. Dependence of peak area on weight of the H(HFA)- 
DBSO complexes of Fe(II), Mn(II), Ni(I1) and Co(I1). Data 

on Zn(II) are included for comparison.’ 
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Table 1. Gas chromatographic detection limits for some 
selected bivalent metal complexes 

Detection limit, ng 

Zn(HFA),.2DBSO 
Co(HFA),.2DBSO 
Ni(HFA)2.2DBS0 
Fe(HFA),.2DBSO 
Mn(HFA),.2DBSO 

45.5 
59.6 

109.0 
112.0 
115.0 

2.53 mm for 890 ng to 1.59 min for 115 ng of man- 
ganese. Nickel and iron gave similar results. In (b), 
retention times for 1112-222 ng of manganese varied 
from 2.39 to 1.54 min, and for 1172-234 ng of nickel 
from 3.15 to 1.93 min. Cobalt and iron gave similar 
results. Variations in retention times between the two 
studies at the same metal concentration are possibly 
due to changes in carrier-gas flow-rate and tempera- 
ture during analysis. 

Studies of the variation in peak area with DBSO 
concentration at a constant metal ion concentration 
of 0.008M are shown in Fig. 3. The initial DBSO con- 
centration was 0.016M which is the minimum concen- 
tration required to form the di-adduct; 3-5 replicate 
2-~1 injections at each DBSO concentration were 
made. Some variations may be explained by the fact 
that as the excess of DBSO increases, the tail of the 
DBSO peak extends under the peak for the metal 
complex. Except possibly in the case of manganese, 
this study does not indicate the decomposition of the 
adduct at lower DBSO concentrations. 

The response of the flame ionization detector is 
greater for zinc than for the other metals (Fig. 2). 
Because the areas under the peaks were determined 
by triangulation and some difficulty was caused by 
the tail due to excess of DBSO, the only real signifi- 
cance of the data in Fig. 3 may be that the excess 
of DBSO has no apparent effect on the stability of 
the complexes. 

ONi 
n Mn 
A Fe 
0 co 
A Zn 

I I I I I I I I 
0 02 004 006 0.06 0 IO 0 12 0 14 016 

foesol 

Fig. 3. Dependence of peak area on the concentration of 
DBSO for the H(HFA)-DBSO adducts of Fe(H), Mn(II), 
Ni(I1) and Co(I1). Data on Zn(I1) are included for 

comparison.’ 

Time, min 

Fig. 4. Chromatogram of a mixture of the Zn(II), Co(H) 
and Ni(I1) adducts of H(HFA) and DBSO at 170”. 

Separation of mixtures of mixed-ligand complexes 

Mixtures of the complexes were chromatographed 
and possible separations studied. The separation of 
a mixture of the zinc, nickel, and cobalt adducts iso- 
thermally or with temperature programming is shown 
in Figs. 4 and 5. Retention times for the individual 
complexes at uniform temperature indicated the elu- 
tion order to be zinc, iron( cobalt, nickel, and 
manganese. As seen from the retention times in 
Table 2, possible separations include ZnCoNi, 
Zn-CoMn, Zn-FeNi, Zn-Fe-Mn mixtures. These 

I I I I I I 
3 I 2 3 4 5 

Time, min 

Fig. 5. Chromatogram of a mixture of the Zn(II), Co(I1) 
and Ni(I1) adducts of H(HFA) and DBSO temperature 

programmed from 15(X185” at S”/min. 
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Table 2. Retention times of metal-H(HFA)-DBSO adducts 
on an 18 x 1/4in. glass column packed with 5% Dexsil 

300 on Chromosorb W 

Conditions 

170”. 
flow-rate 
38.26 ml/mm 

180”, 
flow-rate 
38.26 ml/min 

1 Xl-200 
lO”/min 
flow-rate 
38.26 ml/mm 

Metal 

Zn(I1) 
Fe(H) 
Co(I1) 
Ni(II) 
Mn(I1) 

Zn(I1) 
Fe(H) 
Co(I1) 
Ni(I1) 
Mn(II) 

Zn(I1) 
Co(H) 
Fe(H) 
Ni(II) 
Mn(II) 

Retention time, min 
Leading Centre of 

edge peak 

1.69 2.06 
1.85 2.18 
2.07 2.46 
2.26 3.44 
2.40 3.52 

1.38 1.58 
1.42 1.61 
1.58 1.74 
1.65 1.84 
2.01 2.60 

2.66 3.09 
3.00 3.16 
3.23 3.41 
4.06 4.53 
4.23 4.63 

separations were performed isothermally at tempera- 
tures of 170”, 175”, 180” and 185” and by temperature 
programming from 150 to 200” at several programm- 
ing rates from f”/min to 15”/min, the results being 
essentially the same. 

Loading effect in gas chromatographic analysis 

The gas chromatographic work showed that mul- 
tiple injections were necessary before reproducible peak 
areas could be obtained. This “loading effect” of the 
columns was found for all metals studied. It was 
observed that broad peaks or two separate peaks 
were obtained when one metal complex was chroma- 
tographed immediately after a different metal com- 
plex under isothermal conditions. This appeared to 
be caused by a peak with a retention time corre- 
sponding to the metal previously chromatographed, 
appearing along with that for the complex injected. 
After several injections this peak disappeared and the 
peak area for the complex injected became reproduc- 
ible. 

A possible explanation for this behaviour would 
be the retention of some of the first metal complex 
on the front end of the column and its displacement 
by the injection of the second metal complex. It is 
also possible that the first metal complex is partially 
decomposed in the injection area and reformed upon 
the injection of the second metal complex, by reaction 
with excess of H(HFA) and DBSO. The fact that this 
phenomenon was not observed when the column was 
left at temperature for several hours before the second 
metal complex was chromatographed favours the first 
explanation. Even then, it was still necessary to make 
several injections before the peak areas became repro- 
ducible. These phenomena would cause serious prob- 

Mass spectroscopy of the metal complexes 

Mass spectra were obtained for the Zn(HFA),. 
2DBS0 and the Ni(HFA)2.2DBS0 adducts, using 
GC-MS. The results obtained yielded little useful in- 
formation. No molecular-ion peak and few fragments 
containing the metal ion could be unambiguously 
identified. The mass spectra for similar chelates 
reported in the literature also gave complex fragmen- 
tation pattems21*2g-32 which were only indicative of 
the nature of the species actually eluted. 

Elemental analysis 

Attempts to obtain the crystalline forms of the 
adducts for elemental analysis were unsuccessful. 
Evaporation at 100” of 5 ml of O.OlM solution of 
adduct in cyclohexane yielded a thick colourless oil 
for the zinc adduct and highly coloured oils for the 
others. These oils were dissolved in cyclohexane and 
injected into a gas chromatograph. The resulting 
chromatogram showed a peak for the adduct and a 
peak due to excess of DBSO. The oils could not be 
distilled without decomposition. 

In order to verify the presence of the metal in the 
various adducts the exit gases from the thermal con- 
ductivity cell were vented directly into the nebulizer 
assembly of an atomic-absorption spectrophotometer 
via a short length of heated stainless-steel tubing. The 

40 

r 
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0 I 

Time, iiin 
3 

Fig. 6. Gas chromatographic (upper trace) and atomic 
absorption (lower trace) responses for Co(HFA), ZDBSO. 
GLC parameters: 180”, 20 in x l/4 in S.S. column, 5% Dex- 
sil300 on Chromosorb W. Atomic absorption parameters: 

lems in the quantitative analysis of mixtures of metals. Perkin-Elmer 403, 240.72 nm. 
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1. 

2. 

3. 

4. 

5. 
6. 
1. 

8. 

9. 

10. 
11. 

20 

12. 

IO 

1A 

13. 
14. 

0 15. 

+ 
16. 

Time, mm 11. 
Fig. I. Atomic-absorption responses for Fe(HFA), 
ZDBSO after gas chromatography at 180” with (lower 18. 
trace) and without (upper trace) background correction on 

a Perkin-Elmer 403 at 248.32 nm. 19. 

spectrophotometer was set at the optimum wave- 20. 

length for the metal concerned. The output of the 21, 
spectrophotometer was recorded on a strip-chart 22, 
recorder. Figure 6 shows the trace for the response 23. 
from both the thermal conductivity detector and the 
Perkin-Elmer 403 unit for the elution of cobalt. The 
initial large peak was a non-specific absorption due 

24 

25: 
to the elution of DBSO and could be largely elimin- 26. 
ated by using the background corrector as shown 
in Fig. 7 for the iron complex. Similar results were 21. 

seen for the other metals. 28. 
These results and similar studies on zinc, nickel, 

manganese, copper, and chromium complexes con- 29. 
firm that these metal complexes are eluted. 
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A NEW ELECTROCHEMICAL ANALYSER FOR NITRIC 
OXIDE AND NITROGEN DIOXIDE 

J. M. SEDLAK and K. F. BLURTON 
Energetics Science, Inc., 85 Executive Boulevard, Elmsford, NY 10523, U.S.A. 

(Recerued 20 April 1976. Accepted 4 June 1976) 

Summary-Individual sensors employing Teflon-bonded diffusion electrodes have been developed to 
measure nitric oxide and nitrogen dioxide separately, simultaneously, and continuously at part-per- 
million levels. The NO sensor was biased at 1.5 V and that for NOz at 0.8 V, both relative to the 
hydrogen electrode. The crucial factor in the virtual elimination of response from carbon monoxide, 
a relatively abundant air-pollutant, was the use of gold electrodes for both detectors. At 0.8 V NO 
does not react on gold. Although NO2 does oxidize at 1.5 V it was removed quantitatively from 
NO/NO, mixtures bv triethanolamine on firebrick. The NO2 reduction signal and the NO oxidation 
signal w&e stable and reproducible. 

Knowledge of the nitric oxide and nitrogen dioxide 
concentrations in ambient air,’ working environ- 
ments2 and stack gases3 is frequently required. Many 
approaches have been suggested for their quantitative 
measurement, including spectroscopy, gas chromato- 
graphy, chemiluminescence, ion-specific electrodes, 
coulometry and wet chemistry.4.5 Most of these 
methods, however, measure only one of these oxides, 
and complete analysis requires conversion of one gas 
into the other or a third species, with the introduction 
of additional uncertainties.5 Moreover, currently 
available techniques for NO and NO2 measurement 
are not well adapted for use in portable instruments.* 

We have previously reported techniques for 
measurement of carbon monoxide in ambient air,6*7 
of breath alcohol,* and of hydrogen sulphide,’ based 
on the electrochemical oxidation of these gases at 
constant-potential Teflon-bonded diffusion electrodes. 
We now report the extension of this general technique 
to the separate and direct measurement of NO and 
N02, with particular reference to the characteristics 
of this technique which make it a useful addition to 
air-pollution monitoring instrumentation. An exper- 
imental monitoring system with separate sensing ele- 
ments for both NO and NO2 was constructed to 
demonstrate the feasibility of this electrochemical 
detection method. The selected operating conditions 
resulted in establishment of rapid response times, 
linearity of response. minimum interference by other 
common air constituents and pollutants, and signal 
stability. 

EXPERIMENTAL 

The instrument consisted of two independent gas-mea- 
suring systems, each comprising a pump, flowmeter. 
electrochemical sensor and electronic circuits. The sensor 
was similar to that reported previously’ and contained a 
potentiostat, thermistors for signal-temperature compensa- 
tion. and provision for battery recharge. The low power 
requirements of the pumpmg system (0.3 W) and of the 

electromc components (0.025 W) permitted continuous op- 

eration for at least 8 hr on batteries. 
The physical dimensions of the NO and NO2 sensors 

were identical to those of the sensors previously de- 
scribed.6s7 In both sensors, the sensing and counter-elec- 
trodes were “Teflon’‘-bonded gold diffusion electrodes, 
while the reference electrode was a Pt-catalysed diffusion 
electrode. Although the latter is not a reversible electrode, 
its potential remained essentially constant (kO.01 V) within 
the range 1.00 k 0.03 V. The NO1 and NO sensing elec- 
trodes were kept at a constant potential (0.8 V and 1.5 V. 
respectively, with respect to the hydrogen electrode). In 
a recent fundamental study of the reactivity of gold elec- 
trodes we found that both CO and NO gave negligible 
responses at 0.8 V but that NO, yielded a substantial 
reduction current.“’ Between 1.0 and 1.3 V, CO was oxi- 
dized at a small but significant rate, but at 1.5 V its reacti- 
vity virtually disappeared again. At 1.5 V NO and NO2 
were both oxidized (the signal for the former being 2-3 
times that for the latter, for equal concentrations). How- 
ever, a filter containing 4 g of triethanolamine-impregnated 
firebrick can be used to remove NO1 quantitatively from 
NO/NO2 mixtures. i’ To guard against SO* interference 
in NO2 determination, any of several mercuric salts can 
be used in a small filter. 

The electrolyte, 25% w/w sulphuric acid (3.4 molal) was 
chosen on the basis of experience, to maintain water 
balance in the sensor during operation in ambient air with 
variable humidity. 

The NOz and NO instruments were zeroed with “Zero 
Grade 1.0 Air” from Airco Industrial Gases (< 1.0 ppm 
CO, 10.1 ppm NO) which was first passed through acti- 
vated carbon and alumma to remove traces of NO. All 
measurements were made at a constant gas flow-rate 
through the sensor, usually 700 ml/min. The signals (cur- 
rents) were read on panel meters calibrated directly in ppm 
NO or ppm NO2 and also displayed on a Hewlett-Packard 
Model 680 recorder. The actual currents were measured 
at the electrochemical sensor (i.e., before amplification) by 
determining the potential drop across a precision resistor. 

The relationship between sensor signal and concen- 
tration was checked in two ways. Reference gases of NO 
in nitrogen and NO2 m air were obtamed from Airco In- 
dustrial Gases. These gases and various dilutions with ultra 
high-purity nitrogen and “zero grade” air. respectively, 
were drawn into the instrument from 12-1. bags made of 
polyester-coated aluminium (3M Corporation). Nitrogen 
was used as the diluent for NO to preclude reaction with 
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oxygen in the sample bag. Secondly, NO or NO2 samples 
were drawn into the mstrument after passage through an 
exponential-dilution flask’ 1 approximately 1.24. in volume, 
at constant flow-rate. In these experiments the NOz 
samples were generated in an air-stream by a permeation 
tube (at thermostatically controlled temperature) from 
Metronics Associates. 

The response of the NO2 instrument to NO and of the 
NO instrument to NOz was investigated, as were res- 
ponses of both systems to SO,, CO, n-propyl nitrate. 
nitromethane, aniline, mtrobenzene and ammoma. SO2 
and CO/air mixtures were obtained from Airco Industrial 
Gases and Matheson Gas Products Co., respectively. 
Samples of the organic compounds were conveniently pre- 
pared by collection of the vapour above several ml of pure 
liquid placed in a large flask, and the ammonia sample 
was collected from above an aqueous ammonia solution. 

RESULTS AND DISCUSSION 

Instrument signals 

When nitric oxide was introduced into the instru- 
ment it was rapidly oxidized according to the equa- 
tion 

NO+2H,O+NO; +4H++3e (1) 

which was substantiated” by the observation that 
NO, NO;, and NO, are all readily oxidized at 1.5 V. 
The current generated by the reaction reached a 
steady-state value, ii, of approximately 11 pA/ppm 

NO. 
When nitrogen dioxide was introduced into the 

appropriate intake port it was reduced: 

NO1 + 2H+ + 2e+NO + Hz0 (2) 

as evidenced” by the rapid reduction of NO; and 
the unreactivity of NO. The current due to the elec- 
tro-reduction process reached a steady-state value 
which was approximately equal to - 12 pA/ppm 
NO*. 

Instrument signals for both gases were reproducible 
to within k l?/, in successive trials. 

Signal/time hehaviour 

A sensing system with a first-order response can 
be described by the following equation 
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Similarly, if at t = 0 the sensor is at steady state 
with concentration no passing and then the active gas 
source is removed (i.e., t = 0, i = i, = ano) 

1°C:) = In(&) = -kt 

The response/time curves for 5.8 ppm NO on signal 
rise and fall followed equations (5) and (6) respect- 
ively. The plots had nearly identical slopes from 
which the first-order response coefficient 
k = 0.51 set- 1 was derived. Approximately 6.6 set 
was required for attainment of 0.95ir (rise) and for 
relaxation to 0.05iI (fall). Neither line extrapolated 
precisely back to the origin because there was a small 
lag time (< 1 set) required at 700 ml/min flow-rate to 
flush the S-IO-ml volume of the tubing in the system 
before the sensor. 

On the corresponding first-order plots for 4.2 ppm 
NO*. both the rise to 0.95i, and the decay back to 
O.O5i, on admission and removal of the sample gas 
occurred in 48 set, which amounts to k = 0.062 set-‘. 

First-order rise and decay had been observed for 
electro-oxidation of CO,’ whereas H2S oxidation sig- 
nals rose and decayed according to second-order kin- 
etics.’ 

instrument signal as a function of concentratiorl 

Eight concentrations of NO1 in air in the range 
a.2 ppm were passed into the NO2 detector. Seven 
samples were prepared by dilution of a 4.2-ppm re- 
ference gas with “zero” air. The other sample, 
3.1-ppm, was obtained from the permeation tube. 
Least-squares analysis of reduction current us. ppm 
NO1 yielded a straight line with a slope of - 12.5 
pA/ppm NO*. The standard deviation of the data 
points from the line was 0.072 ppm N02, a portion 
of which reflects the uncertainty of gas mixing. 

di 
dt = k(i, - i) 

where i is the instantaneous instrument signal at time 
t, k is the first-order response coefficient, and i, corre- 
sponds to the signal which would obtain at steady 
state for the instantaneous concentration, n, of reac- 
tive gas in the sensor. For the systems described in 
this paper, 

The signal/concentration relationship was also 
linear as determined from eleven gas mixtures from 
0 to 39 ppm NO. The slope of the least-squares line 
was 11.5 pA/ppm and the standard deviation of the 
points from the line was 0.51 ppm NO. It is important 
to note that the value of the standard deviation is 
dependent on the highest concentration tested. In 
addition, the instrument panel meter was set at 70% 
full scale for 1410 ppm NO. Two gas samples contain- 
ing 466 and 39 ppm of NO then gave readings of 
22.5 and -2”,/, of full scale respectively. 

i, = xn (4) 

where a is a constant of proportionality and is usually 
given in pA/ppm. 

In the simplest case the sensor is suddenly sub- 
jected to a constant concentration of reactive gas, no, 
for which i = 0 at t = 0. In this instance 

Another method available for characterization of 
the signal/concentration relationship involves the use 
of an exponential-dilution flask.” After establishment 
of a constant concentration, no, of the reactive gas 
in the flask of volume K dilution is begun at time 
zero with air or nitrogen at flow-rate G. With perfect 
differential mixing the concentration of NO or NO, 
leaving the flask and entering the instrument is given 

by 

n = no exp( - /?t) (7) 

where B = G/K 
lnfl - i, = lnjl - k\ = -kt (5) 

\ afl0/ \ ‘I/ I 8 
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The exponential flask, in conjunction with a gas 
analyser, is useful for measurement of response to a 
continuously varying gas concentration. However, 
certain precautions need to be taken regarding inter- 
pretation of the results. The shape of the detector-res- 
ponse/time curve when sampling the dilution-flask 
effluent is influenced both by the rate of dilution (fi) 
and by the instrument response constant (k). To 
demonstrate this point consider a system which (a) 
at t = 0 is sampling a constant NO or NOz concen- 
tration, (b) has a first-order instrument-response, and 
(c) has i, and n related by equation (4). Substitution 
of equations (4) and (7) into (3) gives 

di 
dt + ki = kunoe-P’ 

With initial conditions t = 0, i = ano, the solution of 
equation (8) is 

i = & Ckexp(-/It) - fiexp(--kt)] (9) 

The two limiting cases for equation (9) are: 

(1) k $ /?: i = cm0ew8’ (10) 

(2) k G j?: i = unOemkt (11) 

In case (1). the instrument response is so rapid that 
the slope of the In i us. t plot equals j?. In case (2), 
gas dilution is rapid compared with the instrument 
response, and therefore, the experimental slope corre- 
sponds to an assessment of the instrument response 
constant, k. 

For cases in which k - log, for example, at times 
not too near zero, equation (9) can be approximated 
to 

i= 
ctnokexp(-/?t) 

,. _\ (12) 

Comparison of equations (10) and (12) reveals that 
the measured signal for the dilution-flask effluent will 
read higher by a factor of k/(k - /?) than is predicted 
by exponential-dilution theory per se. Nonetheless, 
the slope of the In i vs. t plot will eventually equal 
fl at some t % 0, provided that k > p. 

Dilution tests were carried out for initial NOz con- 
centrations of 3.08 and 0.77 ppm. The gas concen- 
trations at the end of the runs were 45 and 11 ppM 
(parts per milliard), respectively. Background signal 
fluctuations with no NO2 passing were equivalent to 
only f2-3 ppM (peak to peak). The flask volume 
V was -1200 ml and the gas flow-rate G was 650 
ml/min which gave a theoretical /l of 0.0090 set-‘. 
Uncertainties were about f25 ml/min for flow-rate 
and about f50 ml for the effective flask volume. As 
predicted by equation (9) there was curvature of the 
plots for t < 30 set (k - 7/I). At longer times the 
plots became linear with slopes of 0.0087 set-’ and 
0.0083 set- ‘, respectively. 

Dilution-flask measurements for two starting con- 
centrations (466 and 5.8 ppm NO) were made at 
G = 700 ml/min. Background current fluctuations 
contributed an uncertainty of +3 ppM NO. In this 
instance the slopes of the plots (0.010 and 0.0098 
see-‘) were in better agreement with /l = 0.0097 
set-‘, probably because k - 538 for NO. 

The present results demonstrate, within experimen- 
tal uncertainty, a linear relationship between signal 
and concentration for NOz and NO. 

Specijicity of instrument response 

The extent of interference from common air pollu- 
tants with typical NO and NO2 detection systems 
is indicated in Table 1. It was shown recently that 
commercial chemiluminescence NO,-analysers re- 
spond nearly quantitatively to certain other nitrogen 
compounds.‘3 By way of comparison, ammonia, 
n-propyl nitrate, nitromethane, nitrobenzene and 
aniline were essentially inert in the present electro- 
chemical NO and NO* instruments, even at levels 
many orders of magnitude greater than ever exist in 
ambient air (Table 1). Moreover. carbon dioxide and 
water vapour, which cause significant negative inter- 
ferences in chemiluminescence detection of N0.i4 do 
not alter the NO or NOz signals obtained with the 
electrochemical analyser. 

Table 1. Response of NO and NOz measuring systems to various substances 

NO system NOz system 
Concentration Concentration 

required to required to 
give signal give signal 

equivalent to equivalent to 
Concentration 1.0 ppm NO, Concentration 1 .O ppm NOz. 

Interferent gas tested, ppm ppm tested, ppm PPm 

SO2 
NO 

NOz 
co 

n-propylnitrate 
nitromethane 
aniline 
ammonia 
nitrobenzene 

2150 No signal 

25 No signal 
900 3000 

2.6 x lo4 >2 x 105 
4.0 x lo4 >2 x lo5 

520 30,000 
7300 No signal 

290 No signal 

20 No signal 
466 No signal 

900 loo0 
2.6 x 10“ >2 x 105 
4.0 x lo4 >2 x lo5 

520 No signal 
7300 No signal 

290 No signal 
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Fig 1. Long-term signal stability. Upper: ppm NO indi- 
cated on meter vs. time (days) since last calibration. Lower: 
ppm NO* indicated on meter us. trme (days) since last 

calibration. 

Twelve-hour zero drif 

This parameter has been defined15 as the difference, 
expressed in ppm, between the maximum and mini- 
mum instrument signal during twelve consecutive 
hours, with “zero” a% passing Through the 
It is a mandatory test in the certification 
mated analysers for certain pollutant 
Recorder traces showed twelve-hour zero 
0.008 ppm for NOz and 0.06 ppm for NO. 

Long-term signal stability 

analyser. 
of auto- 
gases.’ ’ 

drifts of 

An NO/NO2 instrument was calibrated and then 
permitted to run continuously on laboratory air for 
six weeks without recalibration. At weekly intervals 

meter readings were taken with 5-ppm NO and 
3-ppm NO* samples. The variation of meter reading 

with time is shown in Fig. 1. These results, together 
with the zero drift data, demonstrate that the instru- 
ment gives reliable quantitative responses to NO and 
NO1 after lengthy periods of non-exposure to these 
gases, without the need for frequent calibration. 

1. 

2. 

3. 

4. 

5. 

6. 
I. 

8. 

9. 
10. 
11. 

12. 

13. 

14. 
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Summary-Five sample presentation techniques were examined for the X-ray fluorescence spectrometric 
analysis of tungsten carbide alloys in powder and cemented forms. Powder samples may be oxidized 
by air at 600” before fusion (I), or preferably by lithium nitrate during fusion (II); the fusion is effected 
with lithium-lanthanum tetraborate followed by briquetting with graphite. Powder samples may also 
be blended with wax and briquetted (III). Cemented carbides are surface-prepared with silicon carbide 
before analysis (V). Briquettes prepared by blending carbide powder, lithium-lanthanum tetraborate 
and graphite (IV), give poor reproducibility, however, owing to micro-absorption effects the tech- 
nique is not recommended. The determination of eight common elements in tungsten carbide is dis- 
cussed and the relative standard deviations are 0.002-0.004 for major and 0.008-0.01 for minor elements. 

The analysis of tungsten carbides (WC) by optical 
emission spectrometry (OES), the manufacturing pro- 
cess, the cost benefits of composition control, the 
preparation of standard samples and a literature sur- 
vey have been discussed previously.’ 

X-Ray fluorescence spectrometry (XRF) of 
cemented hard metals or briquetted pre-sintered 
products affords a convenient method for the precise 
determination of tungsten, tantalum and niobium and 
is also suitable for titanium and cobalt, the other 
major alloying elements. Accordingly, tungsten car- 
bides have been analysed by XRF, using the following 
sample preparation techniques: solutions,2 prior oxi- 
dation and fusion with borates, incorporation of bar- 
ium as a heavy element absorber3s4 pressure-com- 
pacted powders5 and cemented hard metals.6*7 

The objectives of the present work were: to develop 
flexible multi-element XRF methods which could be 
applied to unknown samples; to achieve the standar- 
dization of a suite of powdered and cemented refer- 
ence standard samples for the direct analyses of inter- 

mediate and final products; to evaluate sample prep- 
aration and presentation methods compatible with 
point-to-plane OES techniques.’ Five sample prepar- 
ation/surface treatment techniques were examined: 
prior (I) or in situ (II) fusion conversion, of carbides 
into oxides, fusion with lithium-lanthanum tetra- 
borate, blending with graphite and compaction to a 
briquette; blending of powdered carbides with wax 
(III) or powdered lithium-lanthanum tetraborate and 
graphite (IV) and compaction to a briquette; and sin- 
tered solids (V) with diamond or silicon carbide grit 
polishing. 

EXPERIMENTAL 

Apparatus 

Spectrometer, Siemens automatic vacuum path SRS-1; 
generator, 4 kW Kristallflex IV; X-ray tubes, Cr 2.6 kW 
or MO 3 kW; sample holders, sintered carbon, rotated dur- 
ing irradiation; crystals, LiFZZO and Ge,,, ; collimator, 
0.15”; detectors, gas flow proportional 90% Ar-10% CH4 
(Dz) or scintillation, Tl-NaI (Sz). 

Table 1. X-ray fluorescence spectrometric measurement conditions 

Element Method Line Crystal X-Ray tube Detector 

Nb 
Ta 
Ni 
co 
Fe 
V 
W 

Ti 

W 

Ti 

all (I-V) 
all (I-V) 
all (I-V) 
all (I-V) 
all (I-V) 
all (I-V) 

fusion 
(I & II) 
fusion 

(I & II) 
unfused 

(III & IV) 
& 

cemented (V) 

J-1Fzzo 
LiF220 
LiFzzO 
LiF 220 
LiFzzO 
LiFzzo 
LtFzz0 

Geiii 

LiFz2a 

MO 
MO 
MO 
MO 
MO 
MO 
MO 

Cr 

MO 

MO 

sz 
sz 
Dz 
Dz 
Dz 
Dz 
sz 

Dz 

sz 

Dz 

815 
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Measurement conditions 

Measurements terminated at a time (4t%2OOsec) ade- 
quate to accumulate counts sufficient for the required 
precision, using the conditions set out in Table 1. 

Reagents 

Graphite powder, briquetting grade; lithium nitrate, an- 
hydrous; fusion mixture (< 500 pm) (64% lithium tetrabor- 
a&36% lanthanum tetraborate); cold-bonding paraffin 
wax powder; Johnson Matthey spectrographically pure 
oxides heated at 60&900” immediately before use. 

Recommended procedures 

Fusion briquettes. Hand-crush solid or chip carbides to 
5OOpm in a tungsten carbide mortar and further crush 
to < 125 pm in a lo-cm3 tungsten carbide grinding barrel 
on a “Siebetechnik” vibratory disc mill. 

Grind tungstic oxides to ~63 pm in a tungsten carbide 
grinding barrel and dry at 1 lo”; prior oxidation of carbides 
can be achieved if desired by heating in air at 600” for 
30 min. Weigh 1OOmg (I) (~63 pm oxide) or 85 mg (II) 
(< 125 pm carbide) into a 95/5x Pt/Au crucible containing 
2 g of fusion mixture and 500 mg of lithium nitrate and 
mix with a platinum wire; also prepare calibration stan- 
dards from appropriate pure oxides. Oxidize carbide 
samples in situ by Heating from 400” to 800” (7”/min). Fuse 
all samples at 980” for 10min. Cool, recover the fused 
bead, weigh and add graphite powder (1.5 x recovered 
bead weight). Mill the fusion bead and graphite powder 
for 3 min in a lOO-cm3 tungsten carbide grinding barrel. 
Press the milled powder to a 25 mm diam. briquette at 
900 kg/cm’ for 20 sec. Prepare a fresh surface for irradia- 
tion b; rubbing on P600 &it Sic abrasive paper by hand. 

Wax-bonded carbides UIIL Weieh 5 e of carbide vowder 
samples (i 10 pm) or Aalised calibrition standa& into 
a phial containing 50 mg of cold-bonding paraffin powder 
and place on a high- peed 

5 
mixer for 1 min. Add 5 g of 

boric acid to a press ( 5 mm ram) to form a backing, add 
the carbide-wax mixture and press at 5000 kg/cm’ for 20 
sec. 

Cemented hard metals (v). Machine-brush on 60 grit sili- 
con carbide abrasive discs. Use a fresh disc for each re-pre- 
paration. 

Assays are referred to appropriate fused, wax-bonded 
or cemented solid cahbration standards, using synthetic 
oxide, or powdered and cemented carbide primary stan- 
dards as described previously.’ 

RESULTS AND DISCUSSION 

The preparation, testing and standardization of a 
suite of powdered and cemented carbides has been 
discussed by the authors.’ Other matters discussed 
were the possibility of elemental inhomogeneity, sur- 
face preparation techniques for cemented solid car- 
bides and oxidation and fusion techniques for pow- 
dered oxides and carbides. 

Klyachko and Yakovleva8 state that tungsten 
losses are significant when tungstic oxide is heated 
at 900’, whereas 3-hr ignition tests at 750” (Gabler 
and Petersong) showed that losses are confined to 
volatile elements, notably molybdenum, lead and tin. 
Blaas et al3 have advocated oxidation of carbide 
samples at 450” and this low temperature has particu- 
lar application to the analysis of samples containing 
molybdenum. A study has been made of potential 
losses due to high-temperature oxidation; the oxi- 
dation of WC powders was necessary so that standar- 

dization analyses could be done against synthetic 
oxide standards. 

Isothermal weight-change studies as a function of 
time were carried out by heating in air a l-g 
(< 125 pm) sample (60% W, 11% Ti, 8% Ta, 1% Nb as 
carbides + 13% Co). Maximum weight increase was 
achieved in 15 min at temperatures in the range 
600”-900” (loo0 intervals) and was in accordance with 
stoichiometric oxide formation and elimination of 
carbon; the stoichiometry of the conversion was not 
of great significance in view of the known uncertainty 
in the state of oxidation of ignited cobalt oxide. At 
450” oxidation was only 50% complete in 45 min, and 
after 3.5 hr the sample still contained 0.8% residual 
carbon. Accordingly a 30-min oxidation at 600” was 
incorporated in the recommended procedure. 

The fused oxide/briquette techniques described in 
the recommended procedure derive from the work of 
Hasler” and subsequent developments.‘~’ l-l3 The 
present work required an assessment of the potentiali- 
ties of the fusion/briquette techniques and the stan- 
dardization of the prepared samples. Accordingly, 6 
calibration mixtures were prepared from pure mater- 
ials and fused and briquetted to cover the ranges: 

WOJ, 2&95x; TiOz, &20x; Co304, TazOs, 
&15%; MOO,, Fez03, SiOa, A1203, &5x; NbzO,, 
Mn,O,, &2%, and 20 other oxides, including VZOs, 
< 1%. For major elements, the incremental additions 
were randomized between the various mixtures and 
bore no relationship to the carbide compositions 
being analysed. The concentration ranges of Fe203, 
SiOl, A1203, Mn304 are not relevant to the analysis 
of hard metals but were added because a variety of 
oxide products and residues are analysed by the same 
technique and it was desired to use a flexible, wide- 
ranging system to reveal interelement effects. A 
further 6 calibration standard briquettes were pre- 
pared to approximate to the composition of the 6 
standard carbide samples after oxidation. 

With flux/sample ratio of 21/l and lanthanum ox- 
ide/sample ratio of 3.15/l, matrix effects were found 
to be negligible. The fusion briquette composition 
represents both increased dilution and lanthanum 
concentration as compared with the concentrations 
recommended by Norrish and Hutton.’ ’ However the 
freedom from interference effects is considered to jus- 
tify the lower X-ray intensities, because results are 
obtained without the use of extensive computations. 
The further availability of the briquettes for optical 
emission measurements is of great benefit.’ 

Calibration graphs were linear for the elements 
measured and correlation coefficients and lower limits 
of detection are given in Table 2. The lower limits 
of detection, calculated as the equivalent of three 
standard deviations of the background, are adequate 
for present purposes. With this system a notable spec- 
tral interference is Ti K, with VK,; however, measure- 
ment of the apparent VK,/TiK, ratio in vanadium- 
free standards provided a correction factor which was 
applied successfully to the VK, count-rate for calib- 
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Table 2. Calibration data for the fusion briquette procedures (I and II) 

Element 

Range 
% 

(nominal) 
Sensitivity 

cps/lo/ element 

Background 
equivalent 
‘% element 

Lower limit 
of detection* 

% 

Correlation 
coefficient 

W 
Ta 
Ti 
co 
Fe 
Nb 
V 
Ni 

2G80 32 0.91 0.04 0.9999 
O-15 35 0.81 0.03 0.9990 
(rl5 740 0.07 0.002 0.9990 
t&15 52 0.60 0.02 0.9999 
o-5 36 1.28 0.03 0.9986 
G2 200 1.02 0.01 0.9992 
(rl 90 0.26 0.01 0.9979 
G-1 52 0.60 0.02 0.9999 

* Calculated as 3 standard deviations of background 

ration standards and assays. With the measurement 
conditions used, 1% TiOz produced an interference 
equivalent to 0.024’? V205 and a standard deviation 
of O.OOSO~ was obtained at the 0.27, VZ05 level. 

The 6 standard carbide powders were analysed by 
the proposed fusion techniques (I, II), supported by 
atomic-absorption spectrophotometry for trace ele- 
ments, gravimetric techniques for carbon, absorbed 
water and oxygen, and by optical emission spectro- 
metry for a range of trace elements. Summation of 
the results obtained (complete analyses) on the 6 pow- 
dered samples had a mean value of 99.8%, which is 
considered satisfactory. 

Previous OES studies had been made of in situ oxi- 
dation-fusion of tungsten carbide powders as com- 
pared to air-oxidation followed by fusion.’ However, 
the greater precision of measurement available with 
XRF necessitated an extensive study. The in situ oxi- 
dation-fusion technique involves a preheating and 
fusion cycle as compared to a simple fusion; however, 
a double weighing procedure and potential loss of 
volatile elements is avoided and calculations are 
reduced. A comparative set of results is presented in 

Table 3 and an oxidation temperature of 800” was 
used to accentuate possible losses. 

Inspection of the data and application of statistical 
tests indicate that losses of tungsten oxide must be 
insignificant at temperatures below 800” and that the 
techniques give equivalent results. The temperature 
recommended for air-oxidation however is a conser- 
vative 600” and the in situ oxidation is in general 
the preferred technique and allows better precision 
for tungsten assays. 

The standardized analytical data on the powdered 
carbide materials together with the subsidiary deter- 
minations indicated previously, allow the ready calcu- 
lation of the compositions of the derived cemented 
products. Both the pre-sintered powders (III) and the 
cemented products (V) were examined directly by 
XRF, and calibration graphs were obtained for all 
major and trace elements. 

Predictable interelement absorption effects were 
noted for pre-sintered and cemented carbides; how- 
ever for practical analysis the usual matrix matching 
of calibration standard samples to assays, or correc- 
tion techniques, would be appropriate. Absorption in- 

Table 3. Comparison of prior and in situ oxidation procedures (Sample No. SW9) 

Element Nb W Ta co Ti 

prior .K % 0.64 72.08 5.19 6.46 7.44 
oxidation (I) 1 s (n = 4), % 0.005 0.17 0.01 0.01 0.03 
in situ 23 % 0.64 71.98 5.16 6.45 7.46 
oxidation (II) 1 s (n = 4), % 0.008 0.11 0.02 0.02 0.03 

(s = standard deviation). 

Table 4. Reproducibility data (1 s, n = 4) for direct carbide analysis methods [sample No. SW5 (powder)/SW6 
(cemented)] 

Method Nb W Ta Ni co Fe Ti 

Carbide powder briquetted with 
graphite and flux (unfused) (IV) % 0.016 0.11 0.03 0.036 0.04 0.064 0.07 

Carbide powder, wax-bonded (III) ‘$” 0.004 0.08 0.02 0.001 0.02 0.002 0.03 
Cemented carbide, Sic-polished (V) % 0.004 0.10 0.02 0.001 0.05 0.002 0.02 
Cemented carbide, diamond-polished (V) S; 0.003 0.08 0.01 0.001 0.03 0.003 0.04 
Calibration result, % 1.22 55.4 10.8 0.07 10.3 0.33 15.1 

* Not recommended for use. 

T*L 23--11/12--E 
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terferences particularly noted were Co with Ta/W, 
and Ti with Co; spectral interferences were much less 
extensive than those observed in OES with the same 
system.’ Calibration curves were of the same form 
for sets of wax-bonded pre-sintered carbides, and SiC- 
or diamond-polished cemented carbides; no advan- 
tage is derived from diamond-polishing. 

An attempt was made to reduce absorption effects 
with the direct analysis of pre-sintered carbide 
powders; the powdered carbides were diluted with 
lanthanum-lithium tetraborate and graphite (IV) 
which is analogous to the dilution-buffer process in 
the oxidation-fusion work. However, matrix effects 
were not eliminated, as evidenced by deviations from 
calibration graphs. The associated poorer precision 
experienced can be attributed to the non-intimate 
mixing of the lanthanum and carbide particles and 
accordingly the simple wax-bonded procedure is to 
be preferred. 

Reproducibility data for these different techniques 
are presented in Table 4. 

The work presented demonstrates that accurate 
results for major element determinations in tungsten 
carbides can be obtained by XRF with briquettes 
which have been prepared by fusion. The direct XRF 
analysis of pre-sintered carbide powders or cemented 
products was demonstrated by at least one satisfac- 
tory technique; however, interelement absorption 
effects of the type common in XRF militate against 
simple calibration procedures and in situations where 
the precision of measurement is acceptable, OES may 
be a preferred technique.’ The proposed methods are 

suitable for the complete composition control of a 
tungsten carbide manufacturing plant and similar 
standard deviations are observed for all the recom- 
mended techniques. 
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Summary-Molybdenum(V) is quantitatively precipitated as sulphide (399.7%) from O.lM hydrochloric 
acid without formation of molybdenum blue and without need for a long digestion. Precipitation 
is more complete and co-precipitation less than with Mo(VI) sulphide. The precipitate can also be 
used directly for gravimetric estimation. In the presence of EDTA, molybdenum(V) sulphide is not 
precipitated from O.lM hydrochloric acid and can be separated from copper, bismuth, antimony and 
tin sulphides and determined cerimetrically m presence of the EDTA. 

( Molybdenum is often precipitated as sulphide to sep- 
arate it from elements’= forming acid-soluble sul- 
phides. Complete precipitation is difficult from hydro- 
chloric acid medium,‘” and there is partial reduction 

to molybdenum blue,2” a milligram of molybdenum 
or more escaping the first precipitation. The pre- 
cipitate, filterable only after long digestion, is con- 
taminated by elemental sulphur3” and appreciable 
amounts of other elements, especially tungsten, vana- 
dium and iron, present in the so1ution.1a,2bS4a Separ- 
ation from other elements forming acid-insoluble sul- 
phides is not possible. Other sulphide reagents have 
not found wide acceptance because of similar disad- 
vantages or cost. Molybdenum in lower oxidation 
states is reported to give incomplete precipitation.2” 

The precipitate cannot be used directly for gravi- 
metric determination.2c Conversion into the oxide is 
unattractive because of sublimation losses, slowness 
of conversion and the unfavourable factor.2c The sul- 
phide or oxide is often converted into molybdate and 
determined by the lead molybdate method, which is 

accurate only under rigorous conditions, is tedious 
and suffers interference from sulphate’” and many 
elements, especially iron, chromium, tungsten and 
vanadium. The oxine method is more suitable for 
semimicro amounts but titanium, vanadium, tungsten 
and uranium interfere even when complexed with 
EDTA. 5a 

Obviously, precipitation of molybdenum sulphide 
would be much more useful if the precipitate had con- 
stant composition and were suitable for direct deter- 
mination. We have found that MO(V) sulphide can 
be precipitated quantitatively from dilute acid solu- 
tions and not at all on complexation with EDTA,Zd 

with possible uses for separation and determination 
of molybdenum, as described below. 

EXPERIMENTAL 
ReU~/ellts 

Molybdenum solution. Sodium molybdate dihydrate was 
dissolved m water to give a stock solution containing 
10 mg of MO/ml. This was standardized by the cerimetriP 

or the oxine method,‘= and diluted to give concentrations 
of 500, 100 and lOpg/ml. 

Solutions of other elements. Prepared by dissolving suit- 
able salts in water or dilute hydrochloric acid to give con- 
centrations of 10 or 20 mg/ml. 

Procedures 

Precipitation of molybdenum(V) sulphide. A solution con- 
taining 5-100 mg of molybdenum was made 2M in hydro- 
chloric acid and l&l5 ml in volume, boiled with 200 mg 
of hydrazine sulphate for 34 min in a covered beaker 
with frequent stirrmg, and diluted to O.lN acidity. The 
solution was heated to about 90” and a rapid stream of 
hydrogen sulphide passed from a Kipp’s apparatus for 15 
min. The solution was reheated to about 90” and the pre- 
cipitate immediately filtered off on a porosity-4 sintered- 
glass crucible and washed with four 5-ml portions of hot 
O.lM hydrochloric acid saturated with hydrogen sulphide. 

The filtrate was boiled free from hydrogen sulphide, then 
made just alkaline with sodium hydroxide and boiled with 
5 ml of 67; hydrogen peroxide, then evaporated to 
l&l5 ml and subjected to the procedure above to recover 
the residual molybdenum (< 0.3%). The precipitate was 
dried at 100 f 2” in vacua for 1 hr, then cooled in a dry 
oxygen-free carbon dioxide atmosphere for 15 min (the 
vacuum being released slowly to avoid “blowing off” of 
the precipitate) and weighed qmckly. 

Separation from other elements by precipitation of molyb- 
denum( V) sulphide. Solutions of molybdenum(V1) and 
either tungsten(VI), uranium(VI), vanadium(V), iron(III), 
nickel(I1) or cobalt(I1) were treated by the procedure 
above. Tartaric acid (34 g) was added to mask tungsten. 
Studies were made on co-precipitation of these elements, 
present in various ratios to molybdenum (Table 1). Each 
precipitate was washed 8 times with a total of 25 ml of 
hot O.lM hydrochloric acid saturated with hydrogen sul- 
phide. 

Separation of other elements, by their precipitation as 
s&hides, from molybdenum(V) masked with EDTA. Solu- 
tions containing 20.mg of molybdenum and 10 mg of cop- 
per(H), bismuth(II1). arsenic(II1). antimonv(II1). tin(H). 
$atinum(IV) or palladium(II),~ were adjusted to be 2M in 
hydrochloric acid and 10 ml in volume, boiled with 15 
mg of hydrazine sulphate for 3-4 min in a covered beaker 
with frequent stirring, diluted 20-fold and heated to boiling 
again after addition of 150 mg of EDTA. The precipitation 
was then done as before. The amounts of hydrazine sul- 
phate and EDTA were proportionately adjusted for other 
quantities of molybdenum. 

819 
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Traces of bismuth, tin and arsemc were separated by 
adding 10 mg of a collector [copper(H) for bismuth; anti- 
mony(II1) for tin or arsenic] and precipitating as just de- 
scribed. 

Ferromolybdenum analysis. Finely powdered sample 
(0.1 g) was dissolved by gentle warming with 3 ml of con- 
centrated hydrochloric acid and 1 ml of concentrated nitric 
acid. Nitrate was destroyed by careful addition of solid 
hydrazine. Any molybdenum blue was oxidized by bro- 
mine. the excess of which was boiled off. The solution was 
neutralized with sodium hydroxide and adjusted to be 2M 
in hydrochloric acid in 1 &I 5 ml volume. The molybdenum 
was then precipitated. 

Determination of elements. Milligram amounts of molyb- 
denum were determined by the oxinate methodsa or, in 
presence of EDTA, by cerimetric titration;‘” mlcrogram 
quantities were determmed by the thiocyanate method.’ 

For determination of elements adsorbed on molyb- 
denum(V) sulphide, the precipitate was dissolved in some 
water plus 8ml of concentrated nitric acid, the solution 
was heated almost to dryness, and nitrate was destroyed 
by repeated heating to dryness with concentrated hydro- 
chloric acid (3 ml each time). Any molybdenum blue 
formed was oxidized with bromine. The solution was neu- 
tralized with sodium hydroxide. Molybdenum was quanti- 
tatively extracted as molybdenum(V) xanthate’ when tung- 
sten was present. and as the molybdenum thiosulphato- 
complex’ when vanadium, uranium, nickel, cobalt or iron 
was present. After oxidation of the xanthate or thiosul- 
phate in the aqueous phase, the elements were determined 
by sensitive standard methods. 

The molybdenum adsorbed on antimony, copper, bis- 
muth and tin sulphide was determined by the thiocyanate 
method.“’ after dissolution of the precipitates as above. 

RESULTS AND DISCUSSION 

Molybdenum(W) sulphide is precipitated more 
completely ( -98.50/,)4a from sulphuric acid than from 
other media. Molybdenum(V) also forms an insoluble 
sulphide l1 but this has not been investigated for ana- 
lytical use. Molybdenum(V) obtained by reduction 
with hydrazine sulphate 6b in 2M hydrochloric acid 
is quantitatively precipitated by passage of a rapid 
stream of hydrogen sulphide for 15 min into the solu- 
tion (acidity O.lN) at 90”. Less complete precipitation 
is obtained at lower temperature and with a shorter 
time of passage of the gas. Sulphuric acid medium 
is equally suitable. The precipitation decreases slightly 
as the acidity is increased (Fig. 1, curve A). More than 
99.7”; of the molybdenum is precipitated from 
0.05-O. 1 M hydrochloric acid. The precipitate formed 
in >O.O5M hydrochloric acid is easily collected on 
a G-4 sintered-glass crucible, without need for aging. 
The precipitation is quantitative for molybdenum 
concentrations of 0.0054.5 mg/ml under optimum 
conditions, though slightly lower at <O.Ol mg/ml 
(Fig. 1. curve B). The formation of molybdenum blue 
is completely avoided as all the molybdenum is 
already in the quinquevalent state. 

The traces of molybdenum in the filtrate can be 
recovered completely, if desired, by reprecipitation 
under the same conditions after expelling the hydro- 
gen sulphide, oxidizing with peroxide, evaporating to 
about 20 ml and reducing with hydrazine to molyb- 
denum(V). Without the reoxidation and reduction, no 

recovery is possible. Therefore, it seems that the- 
molybdenum is present in the filtrate in the form of 
thiomolybdates. A collector is not necessary, unlike 
the case with molybdenum(VI).‘Z 

The precipitation of molybdenum(V1) sulphide is 
little affected by the presence of simple or complexing 
anions.2a*b*e,4b With 20 mg of molybdenum in 200 ml 

of solution, the precipitation of molybdenum(V) sul- 
phide is not affected by 34 g of tartaric acid, 2 g 
of sodium or ammonium chloride and 1 g of sodium 
acetate or sulphate, but 1 g of sodium fluoride makes 
the precipitate slimy and the filtration very slow. 
Sodium citrate or oxalic acid (0.5 g) suppresses the 
precipitation almost completely and EDTA (0.15 g) 
does so completely. Oxidants interfere. 

Separation from other elements by precipitating molyb- 
denum(V) sulphide 

Although quantitative information is not available, 
molybdenum(V1) sulphide is very much contaminated 
by iron,2b tungsten, vanadium,‘” tin,2b copper,4” and 
perhaps cobalt, nickel, chromium, uranium. There- 
fore, reprecipitation is the rule. Precipitation from 
ammoniacal tartrate solution is preferred, but does not 

avoid contamination from vanadium and tungsten,‘” 
without reprecipitation. 

Molybdenum(V) belongs to the same qualitative 
analytical group as molybdenum(VI),3b so the same 
separations from other elements are possible with 
both. The adsorption of other elements on molyb- 
denum(V) sulphide is shown in Table 1. It varies 
somewhat with the ratio of molybdenum to the ele- 
ment. Adsorption of tungsten, vanadium, iron and 
possibly other elements is much less than on molyb- 
denum(V1) sulphide. Hence molybdenum can be 
separated from vanadium and tungsten even in acidic 
media. tungsten being kept in solution with tartaric 
acid. Acceptable accuracy for molybdenum can gener- 
ally be obtained without reprecipitation (see Table 

4). 

M Ii Ct 

MO mg/ml 

Fig. 1. Dependence of MO(V) sulphide precipitation on 
HCl and MO concentrations. A-MO 0.1 mg/ml; B4.1M 

HCI. 
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Table 1. Adsorption of elements on molybdenum(V) 
sulphide 

MO taken, 
mg 

Element Weight adsorbed, w 
taken, 

mg W V Fe Co Ni U 

10 70 8 2 4 21 20 13 
10 10 76 9 25 88 63 88 
20 10 24 12 0* ~ - 28 
70 10 126 141 77 294 301 441 

* Significant for analysis of ferromolybdenum. 
-Not determined. 

Separation from elements of the acid sulphide group 
by precipitation of the sulphides, masking molyb- 
denum(V) with EDTA 

Molybdenum(V1) cannot be separated from copper, 
bismuth, antimony, arsenic and tin by sulphide preci- 
pitation, as they are all precipitated, even in presence 
of the usual complexing anionsIb For separation 
other methods must be used,1c*2b,5b after precipitation 
of the sulphides, but these methods are tedious and 
give unsatisfactory results. 

If complexed with EDTA. however, molyb- 
denum(V) is not precipitated as sulphide from 0.2M 
hydrochloric acid or at pH 9, whereas antimony, bis- 
muth, copper and tin, in their usual oxidation states 
after the hydrazine reduction, are precipitated quanti- 
tatively or nearly so (Table 2). However, at least 10 
mg of these elements should be present in 200 ml, 
if necessary by addition; otherwise, precipitation is 
less quantitative. Traces of bismuth and tin in the 
filtrate can be collected by using 10 mg of copper(I1) 
and antimony(II1) respectively. Excess of hydrazine 
has little effect except on tin. More than 1.50 mg of 
EDTA in excess leads to incomplete precipitation of 
these elements. Arsenic is > 95% precipitated, but 
about 2% still remains unrecovered even after use of 
Sb(II1) as collector for the traces left in the filtrate. 
Cadmium and lead are precipitated only in traces. 
When molybdenum is present with these elements, 
the sulphide precipitates adsorb traces of molyb- 
denum (Table 3), but a single reprecipitation, if 
thought necessary, gives acceptable separation of 
molybdenum from these elements, though in the case 

Table 2. Precipitation of some elements as sulphides after 
hydrazine reduction and EDTA complexation (element = 

0.05 mg/ml: acidity = O.lM HCl) 

Precipitation, % 
Element A B c 

Sb(II1) loo.0 100.0 100.0 
Cu(I1) 100.0 100.0 99.8 
Bi(III) 99.8 99.6 99.4 
Sn(II) 99.4 nil 
As(II1) 95.8 95.0 
Pt(IV) 99.6 - 94.3 
Pd(II) 97.0 91.0 50.0 

Hydrazine sulphate, A-10 mg, B-50 mg, C-500 mg. 
EDTA, A-150 mg; B, C-500 mg. 

Table 3. Adsorption of molybdenum(V) on sulphides of 
different elements in presence of EDTA 

MO taken, 
mg 

Weight adsorbed, pg 
Element taken, 

mg Cu BI Sb Sn 

10 70 868 53 -* - 
10 40 - - 216 
20 10 38 13 8 0 
40 10 - 21 
70 10 5 33- , 

* Hydrolysis takes place. 

of copper a reprecipitation is not so useful. When 

the ratio of molybdenum to tin is 4: 1. the tin precipi- 
tate should be allowed to stand for 1 hr at 90” before 
filtration. At higher ratios, quantitative precipitation 
of tin is not possible. 

Gravimetric determination of molybdenum(V) as sul- 
phide 

Molybdenum(V1) sulphide tends to be heavily con- 
taminated by sulphur and other elements such as 
iron, tungsten and vanadium, which are usually pres- 
ent in molybdenum materials. Ignition to the oxide 
deals only with the sulphur problem, but is still not 
attractive because of the long time needed.‘” losses 
due to volatilization and the poorer conversion factor. 

These drawbacks do not apply to molybdenum sul- 
phide. which can be weighed as such. Further, the 

precipitation is 99.7-99X’:, complete. The conversion 
factor is 0.475, corresponding to MO&. 3H,O. Alco- 
hol, acetone, and ether cannot be used for washing 
the precipitate, because of its slight solubility in these 
solvents. For drying, the temperature should not be 
more than 120”, and the time less than 1 hr. Several 
samples, including ferromolybdenum, were analysed 
for molybdenum by this method, with satisfactory 
results (Tables 4 and 5). As the adsorption of iron, 
vanadium and tungsten is only about 0.27; even at 
high concentrations of molybdenum, the method can 
be used with acceptable error for samples containing 

Table 4. Analysis of samples by molybdenum(V) sulphide 
gravimetry 

Sample composition 
MO added, MO found. Error, 

Matrix* mg mg 
I, 
” 

V(lO)Co(5)Ni(5)Fe(5) 
Ni(5)Co(5)V(lO) 
V(lO)Ni(lO) 
W(lO)Mn(5)U(5) 
U(S)Mn( 10) 
Fe(lO)Co(lO) 
Ferromolybdenum 

(SL-225) 
MO = 58.9x? 
Cu = 0.25% 

39.64 39.6 -0.1 
39.99 40.1 +os 
49.55 49.5 -0.1 
54.50 54.6 +0.1 
59.46 59.4 -0.1 
69.3 1 69.3 -0.1 

59.13 +0.4 

* Number in brackets gives the amount in mg. 
t By oxine method. 
1 Without separation of copper or correction for it. 
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Table 5. Analysis of molybdenum samples after the sul- 
phide separation in presence of EDTA 

Sample composition 
MO added, 

Matrix* mg 
MO found,? 

mg Error, :,A 

Cu(l0) 70.00 69.7 -0.4 
Sb(l0) 42.40 42.3 -0.2 
Sb(l0) 80.00 79.9 -0.1 
Bi(l0) 74.55 74.4 -0.1 
Sn(l0) 21.30 21.3 kO.0 

* Number in brackets gives the amount in mg. 
t After a smgle precipitation of the element as sulphide 

and cerimetric titration of MO(V). 

them. when cobalt, nickel and uranium are present, 
one reprecipitation would be necessary, but the loss 
of molybdenum must be taken into account. 
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SPECTROPHOTOMETRIC DETERMINATION OF 
TELLURIUM IN CONCENTRATES AND BRASSES BY 

CHLOROFORM EXTRACTION OF THE TELLURIUM (IV) 
HEXABROMIDE-DIANTIPYRYLMETHANE 

COMPLEX AFTER SEPARATIONS BY IRON 
COLLECTION AND XANTHATE EXTRACTION 

ELSIE M. DONALDSON 
Mineral Sciences Laboratories, Canada Centre for Mineral and Energy Technology, Department of 

Energy, Mines and Resources, Ottawa, Canada 

(Received 13 May 1976. Accepted 6 June 1976) 

Summary-A method for determining 0.0001410% of tellurium in copper, nickel, molybdenum, lead 
and zinc concentrates is described. After sample decomposition, tellurium is separated from most of 
the matrix elements by co-precipitation with hydrous ferric oxide from an ammoniacal medium. After 
reprecipitation of tellurium and iron, the precipitate is dissolved in 12M hydrochloric acid, tellur- 
ium(V1) is reduced to the quadrivalent state by heating, and separated from iron, lead and other 
co-precipitated elements by chloroform extraction of its xanthate. The yellow ion-association complex 
formed between tellurium(IV) hexabromide and diantipyrylmethane is extracted into chloroform from 
a 2M sulphuric acid4.6M potassium bromide medium. The molar absorptivity ,of the complex is 
1.82 x lo3 l.mole-‘.mm-’ at 336 nm, the wavelength of maximum absorption. Small amounts of 
iron, copper and molybdenum are co-extracted as xanthates under the proposed conditions but do 
not cause error in the result. Interference from antimony, which is co-extracted as the chloro-complex, 
is eliminated by washing the extract with water. The proposed method is also applicable to brasses. 

A current facet of the Canadian Certttied Reference 
Materials Project sponsored by the Canada Centre 
for Mineral and Energy Technology involves the cer- 
tification of various sulphide concentrates for both 
major and trace elements. As part of this project, the 
author is concerned with the development of methods 
for determining trace elements in concentrations as 
low as 1 ppm (10m4%). Information obtained in pre- 
vious work’ involving the chloroform extraction of 
metal ethyl xanthates from hydrochloric acid media 
suggested the possibility that a single method for 
determining tellurium, selenium and arsenic might be 
developed, based on their co-precipitation with hyd- 
rous ferric oxide from an ammoniacal medium,’ fol- 
lowed by their separation from iron by simultaneous 
extraction as the xanthates into chloroform and sub- 
sequent determination by flameless (carbon rod) ato- 
mic-absorption spectroscopy. However, this com- 
bined approach was ultimately abandoned because of 
the extremely poor reproducibility obtained for all 
three of the elements by the flameless technique. Con- 
sequently, an investigation was undertaken to develop 
a suitable spectrophotometric procedure for deter- 
mining moderate and trace amounts of tellurium 
alone, based on the separations above, that would 
be applicable to diverse concentrates. 

The most widely used methods for determining tel- 
lurium spectrophotometrically are baaed on the 
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extraction of the diethyldithiocarbamate complex,3 
measurement of the absorbance of the hydrosol 
formed by reduction of tellurium with stannous chlor- 
ide,4 and formation of the thiourea complex.5S6 The 
first two of these methods were not considered in the 
present work because of their low sensitivity and the 
instability of the complex and the colloidal sol. Tests 
with thiourea, which was used previously’ and found 
to form a stable sensitive complex, showed that this 
method is subject to interference from selenium(W) 
and from small amounts of iron(II1) that are co- 
extracted with tellurium as the xanthate complex. 
Recently, methods based on the extraction of the ion- 
association complexes formed between tellurium(N) 
hexahalides and pyrazolone or antipyrene derivatives 
have been reviewed,’ and a method has been reported 
in which the tellurium(IV) hexabromidediantipyryl- 
methane complex is extracted into dichloroethane.’ 
In this method, the absorbance of the extract is 
measured at 450 nm (molar absorptivity = 4.2 x lo2 
1. mole- ’ . mm- ‘) although the absorption spectrum 
of the complex indicates that the molar absorptivity 
is at least 3-4 times greater at the wavelength of maxi- 
mum absorption in the near ultraviolet. Preliminary 
tests using this method, in which absorbance 
measurements were made at the wavelength of maxi- 
mum absorption, 336 nm, showed that moderate 
amounts of iron(II1) and selenium(N) do not interfere 
in the complex formation. Consequently, diantipyryl- 
methane was utilized in the present work, which de- 
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scribes the successful determination of tellurium in 
copper, nickel, molybdenum, lead and zinc concen- 
trates and brasses. Interference from copper during 
the separation of tellurium from iron by chloroform 
extraction of its xanthate is avoided by prior separ- 
ation of the tellurium from copper by a double co- 
precipitation of tellurium with hydrous ferric oxide. 

EXPERIMENTAL 

Reagents 

Standard tellurium solution, 10 pg/ml. Dissolve 0.1251 g 
of tellurium dioxide by heating gently with 25 ml of con- 
centrated nitric acid, cool, and dilute to 500 ml with water. 
Dilute 10 ml of this stock solution to 200 ml with water. 
Prepare fresh as needed. (The tellurium dioxide used was 
found to be pure, by titration with potassium permanga- 
nate.) 

Diantipyrybnethane, 47; w/c solution in ethyl alcohol. Pre- 
pare a fresh solution every 7 days (Note 1). 

Iron(ll1) sulphate solution (1 ml z 20 mg of iron). Dis- 
solve 25 g of ferrtc sulphate monohydrate in hot water, 
add 10 ml of 507; v/v sulphuric acid, cool and dilute to 
250 ml with water. 

Potassium ethyl xanrhate, 20”/, w/u solutwn. Prepare fresh 
as required. 

Potassium bromide, 3M solution. 
Potassium sulphate, 2.5% W/L’ solution. 
Sulphuric acid. 10M and 507; v/v. 
Nitric acid, 50% U/V. 
Hydrochloric acid, 20% C/L’. 
Ammonia, 5% v/c. 

Chloroform. Analytical-reagent grade and high-purity 
(alcohol- and peroxide-free). 

Procedures 

Calibration curue. Add 2 ml of 2.5% potassium sulphate 
solution and 2 or 3 drops of 50% sulphuric acid to each 
of eight 50-ml beakers; then, by burette, add to the last 
seven beakers 0.5, 1, 2, 3, 4, 5 and 6 ml, respectively, of 
standard 10 pg/ml tellurium solution. The first beaker con- 
tains the blank. Evaporate each solution to dryness or near 
dryness, cool, wash down the sides of the beaker with a 
small amount of water and evaporate to dryness again 
to ensure the removal of nitric acid. Add 5 ml of 10M 
sulphuric acid and 2 or 3 ml of water, heat gently for 
2 or 3 min and cool to room temperature in a water-bath. 

Transfer each solution to a 60-ml separatory funnel, 
marked at approximately 25 ml and containing 5 ml of 
3M potassium brormde. Add 2 ml of 47; diantipyrylmeth- 
ane solution, dilute the resulting solution to the mark with 
water, stopper, mix thoroughly and allow the solution to 
stand for 15 min to complete the complex formation. By 
pipette, add 10 ml of high-purity chloroform to each fun- 
nel, stopper and shake for 2 min. Allow several min for 
the layers to separate, then drain the chloroform layers 
into dry 15-ml centrifuge tubes and centrifuge for 1 min 
(Note 2). Determine the absorbance of the blank and each 
extract, at 336 nm, against chloroform as the reference 
solution, using lo-mm cells. Correct the absorbance value 
obtained for each tellurium bromide-diantlpyrylmethane 
extract by subtracting that obtained for the blank. Plot 
pg of tellurium US. absorbance. 

Concentrates and brasses. Dependmg on the expected tel- 
lurium content and/or the iron content (Note 3), transfer 
0.2-l g of powderkd sample, containing not more than 
- 150 rng of iron. to a 250-m] beaker. Add -1.5 g of 
potassiu; chloratk (Note 4). moisten with a few ml of 
water, cover and carefully add 15 ml of concentrated nitric 
acid in small portions. Heat gently until the sample is 
decomposed, then remove the cover, add 25 ml of 50s; 

sulphurlc acid, wash down the sides of the beaker with 
a small amount of water, and carefully evaporate the solu- 
tion until copious fumes of sulphur trioxide are evolved. 
Cool, add - 100 ml of water, 5 ml of concentrated hydro- 
chloric acid, and sufficient iron(II1) sulphate solution, if 
necessary, for at least 80 mg of iron to be present. Cover 
and heat to dissolve the soluble salts. 

Add sufficient concentrated ammonia solution to the 
resulting solution to precipitate iron as the hydrous oxide, 
then add 5 ml in excess and boil the solution to coagulate 
the precipitate. Allow it to settle, then filter the hot solu- 
tion (Whatman No. 40 paper) and transfer the bulk of 
any insoluble material and any remaining globules of sul- 
phur to the filter paper with a Jet of 5% ammonia solution. 
Wash the paper and precipitate twice with 5% ammonia 
solution and discard the filtrate. Place the origmal beaker 
under the funnel and dissolve the precipitate with hot 207; 
hydrochloric acid contained in a wash-bottle. Wash the 
paper three times with the acid solution and discard the 
paper. Wash down the sides of the beaker with the hot 
acid solution, then reprecipitate the iron and filter as de- 
scribed above. Wash the beaker twice and the paper and 
precipitate three times with 5% ammonia solution. Place 
a 125-ml Erlenmeyer flask under the funnel, wash the pre- 
cipitation beaker three times with concentrated hydro- 
chloric acid from a plastic “squeeze” wash-bottle, and add 
the washings to the paper containing the precipitate. When 
the precipitate has dissolved, wash the paper three times 
with concentrated hydrochloric acid (Note 5), and discard 
It. Run a blank, with -80 mg of iron(II1) added, through 
the whole procedure. 

Heat the blank and sample solutions in a hot water- 
bath at 9G-95” for 30min to ensure the complete reduc- 
tion of tellurium(V1) to the quadrivalent state. then cool 
the solution to room temperature in a water- or ice-bath. 
Transfer each solution to a 125-ml separatory funnel, using 
concentrated hydrochloric acid to wash the flask. and 
dilute, if necessary, to - 50 ml with the concentrated acid. 
Add 10 ml of analytical-reagent grade chloroform, followed 
by 1 ml of freshly prepared 20% potassium ethyl xanthate 
solution, stopper and extract immediately (Note 6) by 
shaking for 1 min. Allow several min for the layers to 
separate, then drain the chloroform phase mto a 125-ml 
separatory funnel. Extract the aqueous phase twice more, 
in a similar manner, with lo- and 5-ml portions of chloro- 
form and 1 and 0.5 ml of xanthate solution, respectively, 
then wash the aqueous phase by shaking it for -30 set 
with 5 ml of chloroform. Add 15 ml water and 0.2 ml xan- 
thate solution to the combined extracts, stopper, and shake 
for 1 min. Allow several mm for the layers to separate. 
then dram the chloroform phase into a 150-ml beaker. 
Wash the aqueous phase three times, by shaking for 
-3Osec each time, with 3 ml chloroform, and add the 
washings to the beaker contaming the initial extract. Add 
10 ml of 500,; nitric acid to the combined extracts and heat 
in a hot water-bath to remove the chloroform. Add 0.5 ml 
of 507; sulphuric acid and 2 ml of 2.5”, potassium sulphate 
solution, cover and heat until the volume of the solution 
has been reduced to - 3 ml. Remove the cover. wash down 
the sides of the beaker with water, and evaporate the solu- 
tion to dryness or near dryness. 

If the sample contams 60 pg or less of tellurium, evapor- 
ate both the sample and blank solutions to dryness or 
near dryness, after washing down the sides of the beakers 
with a small amount of water, to ensure the complete 
removal of nitric acid. Cool, add 5 ml of 10M sulphuric 
acid and 2 or 3 ml of water, heat gently for 2 or 3 min, 
cool to room temperature, and proceed with the deter- 
mination of tellurium as described above (Note 7). 

If the sample contains more than 60 pg of tellurium, 
add 10 ml of 50y0 nitric acid to both the sample and blank 
solutions and heat gently to dissolve the salts. Cool, 
transfer the solutions to volumetric flasks of appropriate 
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size (W-200 ml) and dilute to volume with water. Transfer 
suitable aliquots (l&50 ml) of both solutions to 150-ml 
beakers, add 2 or 3 drops of 50% sulphuric acid and 2 
ml of 2.5% potassium sulphate solution and proceed with 
the removal of nitric acid by evaporation and the sub- 
sequent determination of tellurium as described above. 

Notes 

1. Pure white diantipyrylmethane is recommended. The 
yellow compound sold by some manufacturers yields a 
high blank. 

2. Filtration of the extracts through cotton-wool or filter 
paper to remove water droplets is not recommended, 
because of possible contamination from residual organic 
and other materials that absorb in the near ultraviolet. 

3. Samples containing more than N 150 mg of iron 
should not be taken, because of the resultant slowness of 
the subsequent hydrous oxide filtration procedure, and 
particularly if a large amount of copper is present. In the 
presence of larger amounts of iron, sufficient copper is 
retained in the hydrous oxide precipitate, after a double 
precipitation, to cause low or negative results for tellurium. 

4. The addition of potassium chlorate can be omitted 
for brass samples. 

5. It is not necessary to remove all of the yellow iron 
colour from the filter paper. The total volume of the 
sample solution should be 4Ck50 ml at this stage. 

6. Because of the known instability of many metal xan- 
thate complexes, extraction immediately after the addition 
of chloroform and xanthate solution is recommended. 

7. The presence of a small amount of co-extracted cop- 
per is indicated by the reddish colour obtained on addition 
of the sample solution to the potassium bromide solution 
in the separatory funnel. This colour disappears on dilu- 
tion of the solution wtth water. 

RESULTS 

Extraction of the tellurium(1 v) hexabromidedianti- 
pyrylmethane complex 

Busev and Babenko8 found that the yellow 1:6:2 
tellurium(IV) hexabromidediantipyrylmethane ion- 
association complex can be extracted into chloroform 
and benzene but that it is most efficiently extracted 
with dichloroethane. Tests carried out with benzene, 
because dichloroethane was not immediately avail- 
able, yielded extremely erratic results which were 
found to be caused by the presence of organic per- 
oxides in the solvent. Subsequent tests with high- 
purity, peroxide-free (chromatographic quality) 
chloroform showed that up to at least 6Opg of tellur- 
ium contained in z 25 ml of solution can be extracted 
quantitatively in a single stage with 10ml of chloro- 
form. The extraction of larger amounts was not 
attempted because of the high absorbance of the 
resulting extract. 

Busev and Babenko recommend measurement of 
the absorbance of the complex at 450 nm, but 336 
nm, the wavelength of maximum absorption, was used 

in the present work because of the -4-fold increase 
in sensitivity. The molar absorptivity at 336 nm is 
1.82 x lo3 1 .mole-’ .mm-‘. Beer’s law is obeyed 
over the range investigated, and the absorbance of 
the complex remains constant for at least 2 hr. 

Factors influencing the formation and extraction of the 
tellurium complex 

Effects of sulphuric acid and potassium bromide con- 
centrations. Busev and Babenko* recommend the 
extraction of tellurium from a 1.8M hydrobromic 
acid-1M potassium bromide medium. However, in- 
itial tests in which the complex was extracted from 

hydrobromic acid media alone yielded high blank 
values, presumably caused by the co-extraction of 
residual bromine from the acid. Although this blank 
can be reduced by employing redistilled hydrobromic 
acid, subsequent tests showed that extraction from 
a sulphuric acid-potassium bromide medium is more 
satisfactory. The extraction of the complex is com- 
plete from solutions 1.553M in sulphuric acid and at 
least 0.5M in potassium bromide. Larger concen- 
trations of potassium bromide do not affect the 
extraction. Extraction from 2M sulphuric acid-0.6M 
potassium bromide media was chosen for subsequent 
work. 

Eficts of diantipyrylmethane concentration and time. 
Tests performed with varying volumes of diantipyryl- 
methane solution showed that 1.5-2 ml of a 4% solu- 
tion and approximately 15 min are required for com- 
plete complex formation under the conditions of the 
present investigation. 

Separation of tellurium by extraction of its ethyl xan- 
thate complex 

Information obtained by the author in previous 
work’ involving a study of the chloroform extraction 
of numerous metal ethyl xanthates from hydrochloric 
acid media showed that tellurium(N) [or probably 
tellurium(I1) after reduction by xanthate] can be 
quantitatively, or almost quantitatively extracted over 
a wide range of acidity. Consequently, it was con- 
sidered that extraction from 12M hydrochloric acid, 
to minimize co-extraction of iron, copper, molyb- 
denum and other elements, might be an effective 
means of separating small amounts of tellurium from 
large amounts of iron and from other co-precipitated 
elements after collection of tellurium by co-precipi- 
tation with hydrous ferric oxide from an ammoniacal 
medium; therefore the xanthate extraction procedure 
was investigated in the present work. 

Preliminary experiments carried out with 12M hy- 
drochloric acid containing up to 1 g of iron(II1) 
showed that up to at least 1 mg of tellurium(IV) can ’ 
be quantitatively extracted into chloroform as the 
xanthate in three successive extractions. Subsequent 
tests showed that if tellurium is present in the sexiva- 
lent state, prior reduction in a 12M hydrochloric acid 
medium, by heating at 9&95” for -30 min,’ is 
required in the presence of moderate amounts of 
iron(II1). However, low or completely negative results 
were obtained for tellurium when the xanthate extrac- 
tion procedure, after reduction of tellurium(V1) as de- 
scribed above, was applied to synthetic copper con- 
centrate samples following a single separation of tel- 
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lurium by co-precipitation with hydrous ferric oxides. 
Further work showed that the copper retained in the 
hydrous oxide precipitate, after a single precipitation, 
inhibits or completely prevents the extraction of tel- 
lurium as the xanthate. It is not known how the cop- 
per interferes, but tests showed that the inhibiting 
effect is much more pronounced in the presence of 
iron. Up to 50 mg of copper(I1) alone will not inter- 
fere with the extraction of 50 ng of tellurium, but the 
same amount in the presence of 1OOmg of iron(II1) 
almost completely prevents extraction. Subsequent 
work showed that this interference effect can be 
avoided by removing the bulk of the copper retained 
in the initial hydrous ferric oxide precipitate, by per- 
forming a second precipitation. 

Effect of diverse ions 

It was found previously’ that platinum(IV), palla- 
dium(II), gold(III), rhenium(VI1) and selenium(IV) are 
partially or completely extracted into chloroform as 

xanthate complexes from 1OM hydrochloric acid 
media, that germanium is extracted as the chloro- 
complex, and that arsenic(II1) and arsenic(V) (after 
reduction by chloride”) are extracted as either xan- 
thate- or chloro-complexes. In addition, it was found 
in the present work that small amounts of iron(II1) 
are co-extracted from 12M hydrochloric acid media. 
Consequently, an investigation was made of the 
effects of moderate amounts of these ions on the 
determination of small amounts (50 pg) of tellurium. 
The results of these tests showed that up to at least 
500 pg each of rhenium(VII), selenium(IV) and ger- 
manium, and up to at least 5 mg of iron(III), arsenic 

(III) and arsenic(V) do not interfere in the determina- 
tion of tellurium by the proposed method. Although 
Busev and Babenko’s I1 found that gold(II1) inter- 
feres in their method because of its co-extraction 

into dichloroethane as the bromoauratediantipyryl- 
methane complex, up to at least 500 pg of gold(II1) 
will not interfere in the present method. Small 
amounts of platinum(IV) (> 50 fig) and palladium(I1) 
(>25 pg) interfere during complex formation, but 
these elements are almost completely separated from 
tellurium during its co-precipitation from an 
ammoniacal medium with hydrous ferric oxide. Up 
to at least 200 pg of each will not interfere after a 
single ammonia separation of iron and tellurium. 
Residual copper and molybdenum, which are retained 
in the precipitate even after a double separation of 
iron and tellurium, are co-extracted to a slight extent 
from 12M hydrochloric acid media, but do not cause 
error in the tellurium result. Antimony(V), tin(IV) and 
bismuth are completely coprecipititated with tellur- 
ium and iron from ammoniacal media. Tin and bis- 
muth do not interfere m the proposed method, but 
antimony(V) (more than approximately 1 mg) causes 
high results for tellurium because it is co-extracted, 
to a slight extent, as the chloro-complex, during the 
extraction of tellurium as the xanthate, and forms a 
similar extractable bromide-diantipyrylmethane com- 

plex. Interference from antimony (up to at least 
50mg) is eliminated in the present work by washing 
the tellurium xanthate extract with water. Large 
amounts of sulphate salts that are retained in the pre- 
cipitate after a single precipitation and separation of 
tellurium may interfere in the subsequent reduction 
of tellurium(V1) in 12M hydrochloric acid medium. 
Consequently, a double precipitation is recom- 
mended. Nitrate salts interfere in a similar manner. 

Applications 

The proposed method was applied to the analysis 
of a series of five synthetic concentrates (i.e., commer- 
cial mineralogical sulphide concentrates ground to 
finer than 200 mesh) in which the added tellurium 
was varied from 0.0005 to O.lOo/,. The standard tellur- 
ium solution was added directly to the powdered 
samples. Because of its high iron content, 0.5-g 
samples were taken of the copper concentrate; l-g 
samples were taken of the remaining concentrates. 
The method was also applied to three standard refer- 
ence cartridge-brass samples. The results of these 
analyses are given in Tables 1 and 2. 

Table 1. Recovery of tellurium from synthetic concentrate 
samples 

Matrix 
Total Te 

present, % Te found, ‘?/, 

Cu concentrate 

Ni concentrate 

MO concentrate, 
NBS 333 

Pb concentrate 

Zn concentrate 

0.0024, 
0.00297 
0.0069, 
0.0120 
0 0520 
0.1020 
0.00216 
0.00266 
0.0066, 
0.0117 
0.0517 
0.1017 
0.0008, 
0.0013, 
0.0053; 
0.0103 
0.0503 
0.1003 
O.OOO84 
0.0013.$ 
0.0053, 
0.0103 
0.0503 
0.1003 
0.0005, 
0.0010, 
0.0050. 
0.0101” 
0.0501 
0.1001 

0.00260 
0.0028,, 
0.0072s 
0.012, 
0.051, 
0.100, 
0.0022, 
0.0026, 
0.0067, 
0.011, 
0.0511 
0.099, 
0.0008, 
0.0013, 
0.0052, 
0.010, 
0.049; 
o.1002 
0.0008, 
o.oo125 
0.0049 5 
0.010, 
0.049, 
0.098, 
0.0005, 
0.0010, 
0.0048, 
0.010, 
o.0500 
0.100, 

Duplicate determinations of tellurium in the Cu, Ni, MO, 
Pb and Zn concentrates by the proposed method gave 
0.0020, and 0.0019n, 0.0017, and 0.0016,,, 0.0004, and 
0.0002~, 0.0003, and 0.0003s~ 0.0000, and 0.0001&, re- 
spectively. The iron contents of the respective concentrates 
were 31.94, 1.58, 1.15, 8.40 and 11.10%. 
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Table 2. Determination of tellurium in N.B.S. cartridge 
brasses 

Sample 
Certified 

value, y0 Te Te found, 7; 

NBS-1100 0.0035 0.0034*, 0.0034, 
NBS-1 101 0.0015 o.00135, o.00134 
NBS-1 102 0.0003 o.OOOOs, o.OOOO* 

DISCUSSION 

Table 1 shows that the results obtained for the syn- 
thetic concentrate samples agree favourably with the 
total calculated amount of tellurium present. The 
results obtained (Table 2) for the first two of the 
National Bureau of Standards brass samples are in 
good agreement with the certified values, but that 
obtained for the third suggests that the certified value 
may be too high. 

The proposed method is suitable for samples con- 
taining 0.0001~~ or more of tellurium. Probably 
samples containing approximately O.Ol”/O or more can 
be analysed by flame atomic-absorption spectroscopy 
after removal of the chloroform from the tellurium 
xanthate extract by evaporation as described, fol- 
lowed by evaporation of the solution to dryness, dis- 

solution of the residue in dilute nitric or hydrochloric 
acid, and dilution of the resulting solution to an 
appropriate volume (25 ml) with water. 
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BEHAVIOUR OF TRACE IMPURITIES DURING 
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Summary---In order to study the behaviour of trace impurities during aqueous dissolution of a sample, 
aluminium and nickel-based alloys containing lo-‘-lo/6 Ir, OS or Ru were used. Yields of chemical 
separations such as distillation and ion-exchange were chosen as dissolution criteria. Dissolution of 
aluminium samples leads to precipitation of the three impurities. The OS and Ru precipitates can 
afterwards be dissolved by an oxidation procedure, in contrast to commercial powders of these elements. 
This behaviour may be explained m terms of the small grain-size of the precipitates. The iridium 
precipitates cannot be dissolved, which prevents quantitative separation of this element from an alu- 
minium matrix. In the case of nickel alloys, these three impurities are dissolved and can be quantitatively 
separated. 

In many analytical methods samples must be dis- 
solved in aqueous media. In activation analysis, use 
of solutions of samples and standards is actually the 
easiest way to achieve identical and reproducible 
counting geometry. Dissolution is also needed when 
a chemical separation is included in the analytical 
procedure. 

A proper dissolution method should result in a par- 
ticular component being dissolved either completely 
(in which case it should also be brought to a definite 
oxidation state), or not at all. Depending on the 
chemical properties of the elements, this is not always 
easy to achieve. It may be a difficulty in the deter- 
mination of Ru, OS and Ir when present as the metals 
in more electropositive matrices such as aluminium 
and nickel. These impurities should be deposited in 
the metallic state during the dissolution of the sample 
in either acidic or basic medium, and because of the 
difficulty of dissolving them it is not easy to see how 
to bring them to the oxidation state necessary for 
determination. 

We wanted to study this problem with experimen- 
tal conditions as close as possible to those encoun- 
tered with an actual sample. For the purpose, we 
made alloys containing a very small but known quan- 
tity of each of these elements in aluminium or nickel’ 
and irradiated them in a thermal neutron flux. Thus, 
we had aluminium or nickel samples doped with 
radioactive tracer of Ru, OS or Ir. In order to state 
whether the tracer dissolves or not, we thought that 
the best way was to submit the dissolved sample to 
a chemical separation. We assumed that the extent 
of dissolution of the tracer would be defined by the 
yield of the chemical separation, calculated from 
radioactivity measurements. 

From the possible chemical separations we chose 
distillation for Ru and OS, which have volatile oxides, 

and ion-exchange for all three elements. Anion- 
exchange was performed in hydrochloric,2*3 hydro- 
bromic4 or nitrite media,5 and cation-exchange in hy- 
drochloric acid-ethanol medium.6 

EXPERIMENTAL 

Experiments were performed on Al or Ni contaimng 
from 0.5 to 20,000 ng of OS, Ru or Ir per g of matrix 
and on commercial OS and Ru powders. Samples (2-100 
mg) were irradiated for periods ranging from 30 min to 
2 days, according to the concentrations, in a thermal- 
neutron flux of 3 x 10’Zn~cm-2~sec-1 in the EL, reactor 
at Saclay. After application of the experimental procedures, 
the yield of the chemical separation was calculated from 
radioactivity measurements of the various chemical frac- 
tions, on a Ge(Li) detector coupled to a pulse-height 
analyser. 

Distillation procedures 

These were studied only with aluminium samples. We 
used a distillation apparatus consisting of a 250-ml flask 
wherein the samples were dissolved. a IO-cm distillation 
column, a condenser, and two receivers containing 20 ml 
of 9M sodium hydroxide.’ The apparatus was flushed with 
air at a flow-rate of 200 ml/min. Various techniques were 
tried, as follows. The samples were dissolved in 10-15 ml 
of the acids and bases mentioned. 

Procedure D, (OS, Ru). The sample was dissolved in 10 
ml of sodium hydroxide 6M. The solution was then 
adjusted to be b8M in hydrochloric acid and the distilla- 
tion performed according to Payne.* After addition of 10 
ml of 20% perchloric acid, and then 15 ml of 207; sodium 
bromate solution, the distillation was continued for 30 min 
longer, and then for a further 40 min after dropwise addi- 
tion of 15 ml of 20% sodium bromate solution. The 
radioactivities of the receiver solutions and of the residue 
were compared. 

Procedure D, (OS, Ru). The sample was dissolved in 6M 
hydrochloric acid. The acidity was adjusted to be 8M and 
the solution treated as in procedure b,. 

Procedure II3 (OS). The sample was dissolved in 6M 
sodium hydroxide. The solution was adjusted to be 12M 
in sulphuric acid and the distillation performed according 
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to Chung and Beamish’ after addition of 30 ml of 30% 
hydrogen peroxide. 

Procedure D, (OS). The sample was dissolved in 6M hy- 
drochloric acid and the distillation performed as in pro- 
cedure D,. 

Procedure DS (OS). The sample was dissolved in 6M hy- 
drochloric acid and the distillation performed from aqua 
regia. 

Procedure D6 (OS, Ru). The sample was dissolved in 6M 
hydrobromic acid. After evaporation the residue was 
treated with a solution of 6M hydrobromic acid containing 
2% of bromine. The solution was evaporated (during the 
evaporations only O.OlYi Ru and 0.67% OS were lost) and 
submitted to dlstillatlon procedure D, for OS and D, for 
Ru. 

Procedure 0, (OS). The sample was dissolved in 8M sul- 
phuric acid and then treated as in procedure D,. 

Procedures using ion-exchange for aluminium samples 

Procedure E, (OS, Ru). The sample was dissolved in a 
6M hydrobromic acid-2% bromine solution. The resulting 
solution was adjusted to be 0.5M in hydrobromic acid and 
0.0035M in bromine and passed through a column (height 
12 cm, diameter 1 cm) of Dowex 1 x 4 resin, Br- form, 
at a flow-rate of 1.5 ml/min. The column was washed with 
20 ml of a solution having the same concentrations of the 
acid and bromine as the test solution. The radioactivities 
of the primary solution, of the resin and of the eluate were 
measured. 

Procedure E2 (OS, Ru). The sample was dissolved as in 
procedure E, and the solution was evaporated almost to 
dryness. The residue was dissolved in IM sodium nitrite 
and adJusted to be 0.1 M in nitrite at pH 6 in a volume 
of 30 ml. This solution was passed through a column 
(height 10 cm, diameter 1 cm) of Dowex 1 x 8 resin, NO; 
form. at a flow-rate of 1 ml/min. The column was washed 
with 30 ml of 0.1 M sodium nitrite at pH 6. The radioactivi- 
ties were measured as in procedure E,. 

Procedure E, (Ir). The sample was dissolved in 6M hy- 
drochloric acid. The solution was evaporated almost to 
dryness, treated with 0.5 ml of 0.5% ceric sulphate solution 
in 4M sulphurlc acid and adjusted to be 1M m hydro- 
chloric acid in a volume of 30 ml. The solution was passed 
through a column (height 15 cm, diameter 1 cm) of Dowex 
1 x 8 resin, Cl- form, at a flow-rate of 2 ml/min. The 
column was washed with 30 ml of I M hydrochloric acid 
containing 0.05% ceric sulphate. The radioactivity 
measurements were performed as in procedure E,. 

Procedure E, (Ir). The sample was dissolved in 6M hy- 
drochloric acid. Concentrated nitric acid was added m 
order to produce aqua regla, which was then evaporated 
almost to dryness. The residue was dissolved in 2M hydro- 
chloric acid and oxidized with a cerium (IV) solution. The 
solution obtained (20 ml) was passed through a column 
(height 10 cm, diameter 0.6 cm) of Dowex I x 8 resin. 
&-form. at a flow-rate of 2 ml/min. The column was 
washed with 20 ml of 2M hydrochloric acid containing 
O.OSy/, ceric sulphate. The measurements were performed 
as in procedure E,. 

Procedure E, (Jr). The sample (S-pg/g alloy only), and 
30 mg of non-irradiated 0.47; alloy used as carrier, were 
dissolved in 5M sodium hydroxide. The solution was then 
treated with sulphurlc acid and cerium (IV) and boiled 
for 30 min. This solution (20 ml), 1 M in sulphuric acid, 
was nassed through a column (height 10 cm, diameter 6 
cm) bf Dowex 1 x 8 resin, initially in the Cl- form and 
oreviouslv treated with 0.059: ceric sulnhate solution. The 
L 

column was washed with 20 &II of 1 M sulphuric acid con- 
taining 0.05:; ceric sulphate. The radioactivity measure- 
ments were performed as in procedure E,. 

Procedure Es (IF-). The sample was dissolved m 6M hyd- 
robromlc acid-2% bromine solution. After evaporation 
almost to dryness, the residue was dissolved in more of 
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the solvent mixture, again evaporated almost to dryness. 
and redissolved in 20 ml of OSM hydrobromic acid. This 
solution was filtered through a porosity 4 smtered-glass 
filter covered with an Ederol No. 4/M filter paper. The 
filtrate was adjusted to be 0.05M in hydrobromlc 
acid-0.0035M bromine in 20 ml. The radioactivities of the 
filtrate and of the filter were measured. The filtrate was 
passed through a column (height 15 cm. diameter 1.2 cm) 
bf Dowex 1 x 4 resin, Br- form, at a flow-rate of 1 ml/mm. 
The column was washed with 20 ml of 0.05M hvdrobromic 
acida.OO35M bromine. The radioactivities of the resin and 
of the eluate were measured. 

Procedure E, (Ir). The sample was dissolved in 6M hy- 
drochloric acid. Concentrated nitric acid was added in 
order to produce aqua regia, which was then evaporated 
almost to dryness. The residue was dissolved in 4M hvdro- 
chloric acid- and oxidized with hydrogen peroxIde.- The 
solution was evaporated and adjusted tdbe 0.1 M in hydro- 
chloric acid and to contain 9OY ethanol. This solution 
(40 ml) was passed through a cokmn (height 10 cm, dia- 
meter 1 cm) of Dowex 50 x 8 resin, H+ form. at a flow- 
rate of 2 ml/min. The column was washed with 40 ml 
of 0.1 M hydrochloric acid-90% ethanol. 

The eluate was adjusted to be 0.2M in sodium nitrite 
and passed through a Dowex I x 8 column as m pro- 
cedure E,. The yields of sorption on both columns were 
determined by radioactivity measurements. 

Procedure E, (Ir). The sample was dissolved m 5 ml 
of the bath used for chemical polishmg of aluminmm” 
(70% phosphoric acid, 25% sulphuric acid, 59d nitric acid) 
at 90”. The solution was diluted to 60 ml and passed 
through Dowex 50 x 8 resin as in procedure E,. 

Procedure E, (Ir). The sample was dissolved in a 1 : I 
v/v nitric acid-hydrofluoric acid mixture.12 The solution 
was evaporated in order to eliminate the acids and then 
made O.lM m hydrochloric acid and to contain 90”/;, eth- 
anol. It was then treated as in procedure E,. 

Procedure usmg ion-exchange for nrckel samples 

Procedure E,, (Ir). The nickel sample was dissolved in 
6M nitric acid. The solution was evaporated twice in pres- 
ence of concentrated hydrochloric acid, in order to elimin- 
ate the nitric acid. The solution was then adjusted to be 
O.lM in hydrochloric acid and to contain 90:” ethanol, 
and passed through Dowex 50 x 8 and Dowex 1 x 8 
resins as in procedure E,. 

RESULTS AND DISCUSSION 

Separation yield with a nickel matrix 

We did not observe a precipitate during the disso- 
lution of a nickel sample. The separation yields of 
platinum elements were always very good. It seems 
that the electropositivity of the matrix has no effect 

Table 1. Chemical separation yield of Ru in Al by various 
procedures (“3 

Sample 
Procedure 

D, Dz D, E, 

Al-Ru 
0.349’ 

96.2 

Alp;u 
0.30% 

95.1 98 2 84.5 99.8 

Al-Ru 

50 fig/g 
95.3 97.1 97.8 ~ ~ 

Ru 
commercial 
powder 

GO.5 GO.7 GO.7 
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Table 2. Chemical separation yield of OS m Al by various procedures (%) 
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Sample 
Procedure 

D, B, D, 04 D, D, 0, F, Ez 

Al-Os 
2% 
Al-Os 0.68% 

AI-OS 
50 KS/g 
Al-OS 5 /G/g 

OS 
commercial 
powder 

70 - 99.8 99.2 - - 99.2 68.3 - 

- - - - 79 99.7 99.9 99.9 98.6 

- 99.8 - - - 99.1 - - 

- - - - ~ - 99.5 299.9 

GO.2 - GO.8 GO.7 1 GO.5 GO.1 - - 

when nitric acid is used for the dissolution. Platinum 
elements are probably dissolved as soon as they 
appear at the sample surface. 

Separation yield with an aluminium matrix 

In the case of aluminium we observed black pre- 
cipitates during the dissolution of the less dilute 
alloys. The behaviour of these precipitates depends 
on the element concerned and on the further treat- 
ment. 

In Tables 1 and 2 are presented the separation 
yields for Ru and OS. We did not apply procedures 
D3, D4, D, and D, to Ru, as these methods do not 
give quantitative distillation of this element, even if 
a soluble salt is u~ed.~ Such methods could not be 
used to test the dissolution of ruthenium. 

Tables 1 and 2 show that the alloys and commer- 
cial powders exhibit completely opposite behaviour. 
The commercial powders could never be dissolved, 
whereas OS and Ru resulting from alloy dissolution 
were separated in 95-100% yield by methods D,, D,, 
D5, D,, D,, E2 and D,, Dz, D,, E2 respectively. 

Distillation of osmium after oxidation by bromate 
(methods D1 and D,) and sorption of OS and Ru 
on an anion-exchange resin in hydrobromic acid 
medium did not give quantitative separations. Low 
yields were obtained even when soluble salts 
(ammonium hexachloro-osmate and hexachlororuth- 
enate) were used. The results showed that methods 
D,, D2 and E, could not be used to test the dissolu- 
tion. 

Table 3. Fixation of Ir from Al samples, on anion- 
exchange resin by various procedures (%) 

Ir in alloy, 
W/W 

lo-* 

4 X 1o-3 
2.9 x 1O-3 

5 X 1o-5 
3.2 x 1O-5 

5 X 1o-5 
5 x 1o-6 

E3 

86.7 

Procedure 

E4 

92.6 
97.1 
87.8 
95 
90.5 
88.7 
93.6 

& 

88.5 

In the case of iridium neither of the ion-exchange 
methods leads generally to a quantitative separation 
(Table 3). The separation yield could not be corre- 
lated to the alloy concentration. Experiments per- 
formed with a soluble salt of iridium (tetrachloride 
obtained by electrolytic dissolution of Irio) showed 
the same result, which could mean that the precipitate 
is dissolved during the oxidation process. However 
the presence of a black precipitate even after oxi- 
dation in the case of the 1% alloy, suggested that 
the ion-exchange resin might act as a filter. In order 
to check this hypothesis, we applied procedure Es 
in which the solution was filtered before passage 
through the resin. The results presented in Table 4 
show that an appreciable fraction of the iridium was 
retained on the filter. This fraction was not very 

Table 4. Separation of Ir from Al samples by procedure E,. Ratio of fixation 
on filter to total quantity (F/T) and of fixation on resin to quantity introduced 

onto the resin after filtration [R/(R + E)] 

Ir in alloy, 
W/W 

Experiment 1 Experiment 2 

F/7; % RI@ + E), % F/7; % R/(R + E). % 

10-Z 33.6 94.9 26.2 97.6 
2.9 x 1O-3 40.6 93.9 38.3 95.7 

5 x 10-5 6.4 97.5 32.5 91.7 
5 x 1o-6 28.6 85.4 38.9 88.5 
5 x lo-’ 9.6 88.4 3.8 88.2 
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Table 5. Fixation of iridium on Dowex 50 X8 and Dowex 
1 X8 resins from Al and Ni samples after various dissolu- 

tion procedures 

Alloy Retained on Retained on 
Ir Dowex 50, Dowex 1, 

Matrix py/cy Procedure % 0, ‘0 

Al 5 E7 94.1 100 

Al 50 E, 96.6 100 

Al 2900 E7 97.8 100 

Al 2900 & 84.1 100 

Al 2900 E, 94.4 100 

4.8 
NI 744 El, 3.0 100 

2.2 

reproducible, however, and could not be correlated 
to the alloy concentration. When the filtrate was 
passed through the ion-exchange column, the sorp- 
tion yield was more reproducible and varied as the 
alloy concentration. 

In order to check the possibility of fixing iridium 
on a resin by a filtration mechanism we applied pro- 
cedure E,, which is analogous to procedure El0 
applied to nickel (Table 5). In the case of the alu- 
minium alloys, iridium is fixed on the cation-exchange 

resin, even at very low concentration, but this is not 
the case with the nickel matrix nor, more generally, 
with soluble iridium salts. It can be explained by the 
filtration effect, which probably occurs for all fixa- 
tions of iridium on Dowex 1 resin without previous 
passage through a Dowex 50 column. 

The direct dissolution of iridium from a nickel 
sample can be attributed to the oxidizing character 
of the nitric acid used for dissolution. We tried to 
use oxidizing dissolution baths with aluminium also 
(procedures E, and E,), but they did not lead to a 
better dissolution of iridium. 

Structure of the precipitates 

The oxidation treatments did not lead to complete 
and reproducible dissolution of iridium precipitates 
resulting from aluminium alloys. These results are 
more in agreement with those expected from the 
metallic properties of Ir, than those for OS and Ru. 

The difference between the behaviour of OS and 
Ru precipitates from the aluminium alloy and that 
of the commercial powders may be explained either 
by a difference in chemical composition, for instance 
the presence of oxides, or by a difference in the crys- 
tallite sizes. In order to choose between these postu- 
lates we took X-ray diffraction patterns of the avail- 
able commercial powders (OS and Ru) and of the pre- 
cipitates. In all cases we observed the characteristic 
peaks of metallic Ru, OS and Ir; we did not detect 
any other peak. We concluded that the precipitates 
were mainly composed of pure metal crystallites. A 

more detailed analysis allowed an estimate of the 
crystallite size from the formula13B14 

0.9 I 
D= 

2 cos eJ=; 

where D is the particle diameter, I the wavelength 
of the incident X-ray (the K, X-ray of cobalt in our 
case, 1 = 1.78 A), 0 the Bragg angle, A the half-height 
width of the observed peak and A0 the half-height 
width of a standard peak close to the one observed 
and given by a product with large well-crystallized 
grains (sodium chloride in this case). 

The grain size of the precipitates was within the 
range 35-100 A. For the commercial powders of Ru 
and OS the peak widths were close to those which 
result from the spectral width of the incident X-rays. 
We could only calculate a lower limit of 1000 A for 
the grain size of the commercial powders.r5 

In order to confirm these results we made light- 
and electron-microscopy observations. The light- 
microscopy measurements gave a mean size of 0.01 
mm for the commercial powders. 

The precipitates obtained during alloy dissolution 
were deposited, after washing and centrifuging, on 
collodion-covered grids and observed with a Philips 
EM 300 electron microscope. At high magnification 
(about 200,000 x ) we saw individual grains and for- 
mations which seemed to be grain clusters. We could 
not establish a correlation between the grain or clus- 
ter size and the nature or concentration of the alloys. 
The diameter of individual grains varied from 20 to 
50 A, that of the clusters from 150 to 400 A. 

All these results seem to show that the precipitates 
are in the metallic state. Both methods lead to the 
same range of grain size for the precipitates: 2%100 
A. The grain size of the commercial powders was 
found to be at least 1000 times larger. This value 
could explain the difference in the dissolution behav- 
iour of the powders and precipitates. 

CONCLUSION 

Using dilute alloys of OS, Ru and Ir we have shown 
the decisive influence of the method of sample disso- 
lution on the chemical separations and consequently 
on the analytical results. As might be foreseen from 
the chemical properties, OS, Ru and Ir are not dis- 
solved during the dissolution of the aluminium-based 
alloy either in acid or in basic aqueous solutions. 

Further treatment could not completely dissolve 
iridium and allow a quantitative separation of this 
element. 

The OS and Ru precipitates obtained can be dis- 
solved by using a suitable oxidation treatment and 
quantitatively separated for instance by distillation. 
On the contrary, commercial powders of the same 
two elements cannot be dissolved. This difference of 
behaviour seems to arise from grain size differences, 
and probably explains why alloying platinum ele- 
ments with an acid-soluble metal facilitates their dis- 
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solution.“j When the alloy is attacked with acids, the Acknowledgements-We are grateful to G. Deluze for the 

platinum elements form finely divided precipitates electron microscoPY. 
which are more easily dissolved than the initial REFERENCES 

samples. Osmium and ruthenium impurities can thus 
be brought into aqueous solution. Although iridium 
as impurity gives precipitates of the same grain size 
as OS and Ru, it cannot be directly brought into 
aqueous solution and other means of dissolution have 
to be used, for instance alkaline fusion. Sodium per- 
oxide attack was successfully used by some authors 
for the determination of iridium in rocks and meteor- 
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Summary-The extraction behaviour of arsenic(II1) and arsenic(V) with ammonium pyrrolidinedithio- 
carbamate, sodium diethyldithiocarbamate and dithizone in organic solvents has been investigated 
by means of flameless atomic-absorption spectrophotometry with a carbon-tube atomizer. The selective 
extraction of arsenic(II1) and differential determination of arsenic(II1) and arsenic(v) have been devel- 
oped. With ammonium pyrrolidinedithiocarbamate and methyl isobutyl ketone or nitrobenzene, when 
the aqueous phase/solvent volume ratio is 5 and the injection volume in the carbon tube is 20~1, 
the sensitivities for 1% absorption are 0.4 and 0.5 part per milliard of arsenic, respectively. The relative 
standard deviations are ca. 3%. Interference by many metal ions can be prevented by masking with 
EDTA. The proposed methods are applied satisfactorily for determination of As(II1) and As(V) in 
various types of water. 

Determination of arsenic in trace amounts has 
received increasing attention in connection with en- 
vironmental pollution. Recently, a method involving 
the conversion of arsenic into arsine, and its sub- 
sequent introduction into the argon-hydrogen flame 
has been deve1oped,‘-5 enhancing the sensitivity to 
the parts per milliard (ppM) level. Moreover, during 
the last few years there has been an increased interest 
in flameless methods for atomic-absorption analysis 
because of the increased sensitivity. In a previous 
paper6 we reported an atomic-absorption spectro- 
metric method with a carbon-tube atomizer for deter- 
minations of arsenic, antimony and selenium in 
aqueous solution. Neither the arsine method nor 
the carbon tube method will differentiate between 
arsenic(II1) and arsenic(V), however. 

The potential toxicity of arsenic is considered to 
depend on its oxidation state, but there are few tech- 
niques for determining the oxidation state of a trace 
amount of arsenic, though being able to do so would 
be extremely useful for understanding the biological 
function and availability of arsenic. From these 
aspects it appears very important to determine selec- 
tively arsenic(II1) and arsenic(V). Solvent extraction 
followed by flameless atomic-absorption spectropho- 
tometry seems profitable for this purpose. Extraction 
with ammonium pyrrolidinedithiocarbamate (APDC), 
sodium diethyldithiocarbamate (DDTC) and 
diphenylthiocarbazone (dithizone) has been widely 

used in atomic-absorption determination of various 
elements. Though these reagents, especially 
DDTC,7-‘3 have been used for the extraction of 
arsenic, their combination with atomic absorption has 
scarcely been used for determination of the element, 
on account of the low sensitivity, only one report hav- 
ing been found by us in the 1iterature.14 

In this paper, we have studied the extraction behav- 
iour of arsenic(II1) and arsenic(V) with APDC, 
DDTC and dithizone in various organic solvents 
[carbon tetrachloride, methyl isobutyl ketone (MIBK) 
and nitrobenzene (NB)]. The paper further describes 
the selective extraction of arsenic(II1) with these sys- 
tems and the differential determination of arsenic(II1) 
and arsenic(V) by the atomic-absorption method with 
a carbon-tube atomizer. 

EXPERIMENTAL 

All solutions were prepared from analytical-reagent 
grade chemicals and demineralized water, and stored in 
polyethylene bottles. 

Standard arsenic(ll1) solution, 1000 ppm. Prepared by dis- 
solving 1.320 g of diarsenic trioxide in 10 ml of 1OM 
sodium hydroxide, and diluting to 1OOOml with water. An 
aliquot of this solution was diluted with water to give a 
concentration of 0.4 ppm before use. 

Standard arsenic(V), 1OOOppm. Prepared by dissolving 
2.403 g of potassium dihydrogen arsenate in water and 
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dilutmg to loo0 ml with water. An aliquot of this solutton 
was diluted with water to give a concentration of 0.4 ppm 
before use. 

Arsenic-76m solution. Prepared by diluting 1 mCi of the 
radioisotope arsenic-76m (arsenious acid m 1M hydro- 
chloric acid) to a suitable concentration. 

APDC solutron, 1% wlc aqueous. 
DDTC solution, 1% w/v aqueous. 
Dithizone solutton, 0.03% n+. Prepared by dissolving 

75 mg of refined dithizone in 250ml of organic solvent. 
Potassium iodide solution, 20% w/v. 
Sodium thiosulphate solution, I”/‘, w/r. 
EDTA (disodium salt) solution, 5% w/v. 
BufSer solution. pH 5.2. Prepared by mixing 1M acetic 

acid and 1M sodium acetate in suitable ratio. 

Apparatus 

Atomic-absorption measurements were made with a 
Nmnon Jarrell-Ash Model AA-1 EW atomic-absorption 
spdc’trophotometer equipped with a Model FLA-10 flame- 
less atomizer and a Model HU-10 furnace. Peak heights 
were recorded with a Yanaco Model YR-110 chart 
recorder. A Westinghouse arsenic hollow-cathode lamp 
was used as a light~source. Samples were placed in the 
carbon-tube with a Gilson Model P-20 digital micropi- 
pette. An Iwaki Model KM shaking apparatus was us&l 
for solvent extraction. Radioactivity measurements were 
made with an Aloka Model PSM-801 y-ray spectrometer 
equipped with a 1.5 x 1 in. NaI(T1) crystal. 

Recommended general procedure 

Arsenic(ll1) determination. Take an aliquot of a sample 
solution containing not more than 2 pg of arsenic(II1). in 
a separatory funnel. Add 5 ml of the EDTA solution, 2 ml 
of the APDC solution and 5 ml of the acetate buffer solu- 
tion. Dilute the mixture to 25ml with water, the pH of 
the resulting solution being 5-5.6. Shake the funnel for 
2-5 min with 10 ml of an organic solvent (MIBK or NB). 
Stand the funnel for 2&30min and separate the organic 
phase. 

Transfer 20 ~1 of the organic phase with the micropipette 
to the carbon-tube. Pass argon gas through the furnace 
at a flow-rate of 3 I./min, and then atomize the sample 
by the following heating sequence: drying for 30 set at 30 A 
(ca. 350’). ashing for 120sec at 70A (ca. 1050”), atomiza- 
tion for 7 set at 230 A (ca. 2400”). Record the absorption 
signal at 1937 A. Run a reagent blank at the same mstru- 
mental settings and subtract it from the analytical value. 

Total arsenrc determination. Two methods are available 
as follows. 

(a) Extraction at 1N acidity. Take an aliquot of a sample 
solution containing not more than 2pg of arsemc, in a 
separatory funnel. Add 2ml of 12N hydrochloric acid or 
sulphuric acid. Then add 5 ml of the EDTA solution and 
2 ml of the APDC solution. Dilute the mixture to 25 ml 
with water, the acidity of the resulting solution being ca. 
1N. Do the extraction and measure the atomic absorption 
as for arsenic(II1). 

(h) Reduction of arsenic(V) to arsenic(ll1) and extraction 
at pH 5.0-5.6. Take an aliquot of a sample solution con- 
taining not more than 2 pg of arsenic. m a separatory fun- 
nel. Add hydrochloric acid to adjust the acidity of the solu- 
tion to ca. 0.5N. Then add 2ml of the potassium iodide 
solution to reduce arsenic(V) to arsenic(II1). After 5 min 
or more add 1 ml of the sodium thiosulphate solution. Add 
5 ml of the EDTA solution and neutralize the solution wtth 
ammonia. Add 2 ml of the APDC solution, and adjust the 
pH to 555.6 with the buffer. Extract and measure as before. 

The amount of arsenic(V) is estimated from the differ- 
ence between total arsenic and arsenic(II1). 

Water analysis. Apply the general procedure to a 50-ml 
sample. 

RESULTS AND DISCUSSION 

Optimization of the atomization system 

Heating conditions. The heating current and length 
of time for the dry, ash, and atomize steps of the 
atomization cycle were optimized as follows. At the 
drying stage, application of 3&4OA for 30 set (ca. 
35&500”) is suitable for removing the solvent. The 
temperature for the ashing stage considerably affects 
the arsenic atomization. Use of a current of less than 
65 A for 120 set (ca. 950”) gives a lower arsenic signal. 
This may be ascribed to insufficient decomposition 
of the organic extract. When the current is above 80 A 
(ca. 1200”), the signal is again lowered. This means 
that a considerable amount of arsenic is volatilized 
before the atomization stage. Accordingly the ashing 
current should be kept in the range 65-80A for 
120-set heating. At the atomization stage, the arsenic 
peak height is maximal and constant over the tested 
current range of 220-260 A (ca. 230&2700”) for 7-see 
heating. From these results, a heating programme for 
the atomization of arsenic was chosen, as described 
in the general procedure. 

Shielding-gas pow-rates. The peak signal of arsenic 
tends to decrease with increasing shielding-gas flow- 
rate in the tested range 0.5-5 l./min. This may be 
caused by the fact that the rate of diffusion of arsenic 
atoms in the carbon-tube is increased by increasing 
the flow-rate. On the other hand, the reagent blank 
signal increases considerably with a decrease in the 
flow-rate, which is possibly due to the molecular 
absorption of the products from atmospheric oxi- 
dation of the carbon tube. Accordingly, the flow-rate 
of argon gas was kept at 3 l./min. 

Extraction 

Extraction behauiour of As(lll) and As(V). The 
extraction behaviour of arsenic(II1) and arsenic(V) 
with ADPC, DDTC and dithizone in MIBK, nitro- 
benzene and carbon tetrachloride was investigated. 
The rather complicated effect of acidity on the extrac- 
tion is shown in Figs. l-3. 

Acldlty. N PH 

Fig. 1. Effect of pH and acidity on the extraction of As(II1) 
and As(V) with APDC. 0, As(III)-MIBK; 0, As(Vt 
MIBK; & As(IIIhNB; A, As(VFNB; 0, As(IIIt_CCI, ; 
H. AsNtCCl, ; (-1, hvdrochloric acid medium; (---I 

I ,I 

sulphuric acid-medium; aqueous phase, 25 ml; organic 
phase, 10 ml; As(II1) or As(V), 2 ,ug. 
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Actdlty, N PH 

Fig. 2. Effect of pH and acidity on the extraction of As(III) 
and As(V) with DDTC. Symbols and conditions as for 

Fig. I. 

In the APDC system, in the pH ranges 4.G5.6 
(MIBK), 4.fL6.0 (NB), 4.W.O (CCL+), arsenic(II1) is 
extracted whereas arsenic(V) is not. The extraction 
efficiency of the solvents increases in the order 
Ccl, < NB < MIBK. On the other hand, in strongly 
acidic medium both arsenic(II1) and arsenic(V) are 
well extracted from sulphuric acid into all three sol- 
vents (distribution ratio: MIBK 19, NB 19, Ccl, 0.25) 
but from hydrochloric acid medium the extraction is 
much decreased as the acidity increases. The extracted 
species in neutral medium should be As(APDC),, 
which is confirmed by continuous variation plots as 
described later, and the structure is assumed to be 

analogous to that l5 determined by X-ray analysis for 
As(DDTC),. The reason for the complicated bchav- 
iour of the APDC-MIBK system which shows three 
maxima on the absorbance-pH curve is not at present 

clear. 
In the DDTC system, there is a very narrow 

pH range (at cu. pH 6.0) for selective extraction of 
arsenic(II1) and the order of extraction efficiency of 
the solvents is similar to that for APDC. 

Dithizone does not extract either arsenic(II1) or 
arsenic(V) in the pH range l-10. At high acidity only 
arsenic(II1) is extracted, and even then but poorly. 

Selective determination of AsfIll) and As(V). From 
these results it may be concluded that with APDC 
extraction into MIBK or NB from neutral medium 
is best for the selective separation of arsenic(II1) and 
arsenic(V). Total arsenic is separately determined 

0 
9 7 5 3 I 2 4 6 

Acldlty, N PH 

Fig. 3. Effect of pH aad acidity on the extraction of As(II1) 
and As(V) with dithizone. Symbols and conditions as for 

Fig. 1. 

Table 1. Recovery tests 

Extraction 
system 

Arsenic found. 
Arsenic added, w/ml 

nglml As(tota1) 
As(II1) As(V) As(II1) a* b* 

APDC-MIBK 

APDC-NB 

20 60 21 78 81 
40 40 41 77 80 
60 20 60 78 80 

: 20 60 20 80 81 
40 40 38 79 81 
60 20 59 80 82 

* Procedure. 

either by extraction from 1N acid medium or from 
neutral medium after reduction of arsenic(V) to 
arsenic(II1). 

Recovery tests with known amounts of standard 
arsenic(II1) and arsenic(V) showed (Table 1) that total 
arsenic can be determined with good recovery by 
both methods. 

In the 1N acid method, the sensitivity is slightly 
higher with the APDC-MIBK system than with the 
APDC-NB system, but acidity has to be more care- 

fully controlled. 
In the reduction method, potassium iodide in 26N 

hydrochloric acid medium has been recommended for 
the reductioni After completion of the reduction 

(half an hour in a heating bath), a reducing agent 
such as sodium thiosulphate or potassium metabisul- 
phite is added to remove the iodine liberated. The 
tolerance ranges for these reagents were therefore 
determined, by tests with 2 pg of arsenic(V) and a 
final acidity of 0.6N. Thiosulphate will reduce 
arsenic(V) as well as remove iodine, but not com- 
pletely, and Fig. 4 shows that the treatment with 
potassium iodide is essential, a concentration of at 
least 0.3% being necessary for complete reduction. 
The sodium thiosulphate concentration needed is 
0.02-0.3%, and a large excess decreases the extraction 
of arsenic(II1) by APDC. The optimum acidity is 
0.3 M hydrochloric acid or above. It was also con- 
firmed that the quantitative reduction to arsenic(III) 
requires not less than 5 min at room temperature. 

Results of recovery tests for total arsenic are shown 
in Table 1. 

Stability of the extracts. Extraction is quantitative 
in 15 set shaking and continued shaking up to 20 min 

0 5l- 

f 04~-___o 
0 31 

I 2 3 4 

Potosslum iodide, % 

Fig. 4. Effect of potassium iodide concentration on reduc- 
tion of As(V). As(V), 2pgg; sodium thiosulphate. 0.1%; 

aqueous phase 25 ml, organic phase 10 ml. 
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0.5 

1 

6 1 I I I 

0 0.1 02 03 04 0.5 0.6 

Sodium thiosulphate, % 

Fig. 5. Effect of sodium tluosulphate concentration on 
reduction of As(V) and removal of iodine. As(V), 2pg; 
potassium iodide, 2%; aqueous phase 25 ml, organic phase 

10 ml. 

produces no further change in absorption. The 
absorption signal of the extract remains almost con- 
stant for at least 6 hr after the extraction. 

Degree of extraction. This was investigated by the 
radio-tracer technique with 76mAs and a 1: 1 volume- 
ratio of aqueous to organic phase. The results show 
that arsenic(II1) is 95% extracted under these condi- 
tions (distribution ratio 19), while arsenic(V) is not 
appreciably extracted over the pH range used. 

Composition of the extracted species. Continuous 
variation plots for the extraction process were made. 
The maximum absorption occurs at a mole-fraction 

of ca. 0.25 which suggests that the extracted species 
should have a composition of 1:3 (As: APDC). 

Effect of phase-volume ratio on sensitivity. Although 
the degree of extraction appreciably decreases as the 
aqueous-organic phase-volume ratio (V,/V,) in- 
creases, arsenic(II1) is extracted nearly quantitatively 
into the organic phase in a single extraction. To exa- 
mine the effect of the volume ratio on the sensitivity 
of atomic absorption, 10ml of MIBK or NB were 
used for the extraction from various volumes of 
aqueous phase, each containing 2pg of arsenic(II1). 
The result is shown in Fig. 6. With increasing I/‘,/V,, 

z! 06J 
5 10 15 20 

“W / “0 

Fig. 6. Effect of initial volume ratio on atomic absorption 
of As. 0, MIBK; A, NB; As(III), 2 pg; initial volume of 

organic phase, 10 ml. 

the relative sensitivity in the case of NB appreciably 
decreases, while in the case of MIBK it remains 
almost unchanged owing to the solubility of MIBK 
in water (ca. 2%). If an appropriate VW/V, ratio is 
chosen according to the arsenic content in sample, 
arsenic may be determined over a wide concentration 
range from ng/ml to pg/ml levels. 

Calibration curve and precision 

Under the established optimum conditions, the 
calibration curve was made, with the arsenic(II1) solu- 
tion as standard. Similar results are obtained with 
the arsenic(V) solution if the reduction procedure is 
used. The linearity is good over the range 2-40 ng/ml 
with an aqueous/organic solvent ratio of 5. The sensi- 
tivity for 1% absorption was found to be 0.4ng/ml. 
The relative standard deviation was ca. 3% for 
80 ng/ml of arsenic(II1) (ten determinations, three in- 
jections of each). 

Interference study 

In the previous paper on arsenic determination by 
direct injection of aqueous samples,6 large amounts 
of alkali and alkaline earth metals were found to in- 
terfere considerably with the determination. In the 
present investigation it was confirmed that these in- 
terferences could be avoided by the solvent extraction 

of arsenic before the atomic absorption analysis. 
However, large amounts of metal ions which react 
with APDC appreciably lower the degree of extrac- 
tion of arsenic(II1). In many cases, such interferences 
can be reduced by the use of EDTA as masking agent. 
Table 2 shows the effects of various ions; the data 
in parentheses were obtained with 1% of EDTA in 
the aqueous phase. 

Table 2. Permissible amount of forelgn ions in determina- 
tion of 2 ,ug of As/25 ml (to give < 10% error) 

lon Added as Limit [Ion]/[As] 

Fe3+ 
co2+ 
Ni*+ 
Mn2+ 
cu*+ 
Zn’+ 
Al3 + 
Cr’+ 
Pb’ + 

Ag+ 
Hg2+ 
W+ 
Cd’+ 
Bi3+ 
Se4+ 
Te4+ 
Sb3+ 
Sz- 

Chloride 
Chloride 
Chloride 
Chloride 
Sulphate 
Chloride 
Potassium alum 
Nitrate 
Nitrate 
Sulphate 
Chloride 
Sulphate 
Sulphate 
Chloride 
Selenious acid 
Tellurous acid 
Chlonde 
Sodium salt 

2 (low 
110 (1000) 
620 ~lCQ0) 

19 (1000) 
25 (25) 
55 (1000) 

900 (1000) 
280 (1OOQ 

80 (450) 
140 (200) 
130 (200) 

400 (lOO@ 
7 (7) 
8 (8) 

75 (75) 
25 (25) 

1 (1) 
150 (150) 

The following are tolerable in lOOO-fold ratio to As: Na+. 
K+, Ca’+, Mg’+, F-, Cl-, .Br-, I-, NO;, CN-, 
CH,COO-. Values in parentheses apply when 1:; EDTA 
is present. 



Table 3. Analytical results on various samples Acknowledgements-The author wishes to express his deep 
gratitude to Professor Yuroku Yamamoto of Hiroshima 

As (total), University for suggesting this investigation and valuable 
nglml As(III), ng/ml As(V), ng/ml discussions during the course of this study. The author 

Sample added found added found added found also wishes to thank Assistant Professor Takahiro Kuma- 
maru for his advice. 

River water A 17 3 ~ 14 
River water A 8 25 8 11 - 14 
River water A 16 32 16 19 - 13 

REFERENCES 

River water B 19 5 - 14 
River water B 8 26 8 14 - 

1. W. Holak, Anal. Chem., 1969, 41, 1712. 
12 2. E. F. Dalton and A. J. Malanoski. AC. Absorotion 

River water B 16 35 16 21 - 14 
River water B 16 

Newsletter, 1971, 10, 92. 
34 5 16 29 3. F. J. Fernandez and D. 

Waste water 11 4- 
C. Manning, ibid., 1971, 10, 

7 
Waste water 

36; D. C. Mannine, ibid.. 1971. 10. 123. 
8 19 8 13 - 6 

Waste water 16 27 16 20 - 7 
4. R. C. Chu, G. P.-Barr& and P.’ A. W. Baugarner, 

Sea-water A 
Anal. Chem., 1972, 44, 1476. 

ND - ND - ND 
Sea-water A 8 8 8 8 - ND 

5. Y. Yamamoto, T. Kumamaru, Y. Hayashi and T. 

Sea-water A 24 24 24 24 - ND 
Kamada, Bull. Chem. Sot. Japan, 1973, 46, 2604; Bun- 

Sea-water B 
sekl Kagaku, 1973, 22, 876. 

- ND - 3 
Sea-water B 16 19 16 

6. T. Kamada, T. Kumamaru and Y. Yamamoto, Bunseki 
16 - 3 

Sea-water B 16 18 - ND 16 
Kagaku, 1975, 24, 89. 

18 7. R. A. Chalmers and D. M. Dick, Anal. Chim. Acta, 

ND: not detected. 
1964, 31, 520. 

8. V. A. Nazarenko, G. V. Flyantikova and N. V. Lebe- 
deva, Zavodsk. Lab., 1957, 23, 891. 

Application to water analysis 

9. H. Goto and Y. Kakita, Nippon Kagaku Zasshi, 1956, 
71, 739. 

10. K. Salto, S. Ikeda and M. Saito, Bull. Chem. Sot. 
Japan, 1960, 33, 884. 

The results of the selective determination of 11. H. Bode and F. Neumann, Z. Anal. Chem., 1960, 175 

arsenic(II1) and arsenic(V) in various types of water 
1. 

are presented in Table 3 together with those of the 
12. P. F. Wyatt, Analyst, 1955, 80, 368. 

recovery test run on the samples. All the samples used 
13. C. L. Luke and M. E. Campbell, Anal. Chem., 1953, 

25, 1588. 
were acidified with hydrochloric acid to cu. pH 1 im- 14. C. E. Mulfold, At. Absorption Newsletter, 1966, 5, 88. 

mediately after sampling. According to the method 15. M. Colapietro, A. Domenicano, L. Scaramuzza and A. 

proposed here, ng/ml levels of arsenic(II1) and 
Vaciago, Chem. Commun.. 1968. 302. 

arsenic(V) in waste water or sea-water can be selec- 
16. For instance, S. T. Payne, Annlyst, 1952, 77, 278; K. 

Sugawara, M. Tanaka and S. Kanamori, Bull. Chem. 
tively determined. 

^ _ .^__ __ .__ 
Sot. Japan, lY56, ZY, 610. 
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SHORT COMMUNICATIONS 

SPECTROPHOTOMETRIC DETERMINATION OF PYRROLE 

DERIVATIVES 

J. P. SHARMA*, V. K. S. SHUKLAt and A. K. DUBEY 
Chemical Laboratories, University of Allahabad, Allahabad-2, India 

(Received 28 January 1976, Accepted 1 July 1976) 

Omosi’ determined carbazole by a method based on nitro- 
sation. Matraka and Navratil’ determined carbazole 
polarographically. Furusawa et al.’ determined carbazole 
with xanthydrol in glacial acetic acid. Byrom and Turn- 
bull4 used p-dimethylaminobenzaldehyde in aqueous tri- 
fluoroacetic acid for determination of indole and its deriva- 
tives. Furusawa et al.’ determined carbazole with maleic 
anhydride in anthracene. Sawicki et a1.6 used p-nitroso- 
phenol in benzene for the spectrophotometric determina- 
tion of carbazole. In the present work a simple rapid ultra- 
violet procedure is described for the microgram determina- 
tion of indole, carbazole, indole-3-propionic acid and 
indole-3-butyric acid. It was observed that reaction of a 
few drops of concentrated sulphuric acid in presence of 
acetic anhydride with these pyrrole derivatives leads to the 
rapid formation of products ranging from yellow to violet 
in colour. 

Reagents 

EXPERIMENTAL. 

Stock solutions of the pyrrole derivatives were prepared 
by dissolving 10-15 mg of the compound (analytical grade) 
in acetic anhydride and making up to the mark in 50-ml 
standard flasks. 

Procedure 

A 2-ml aliquot of stock solution was transferred to a 
25-ml standard Bask, 1 or 2 drops of concentrated sul- 
phuric acid were added and the mixture was allowed to 
stand for about 5min, then gently shaken and made up 
to the mark with chloroform for indole or carbon tetra- 
chloride (except for indole). The absorbance was measured 
against a reagent blank at the appropriate wavelength. 

Calibration curves were prepared by treating various ali- 
quots of standard solutions as described. 

* Present address: Dr J. P. Sharma, Bumsides Research 
Laboratory, University of Illinois, Urbana, U.S.A. 

t Present address: Dr V. K. S. Shukla, Roskilde Uni- 
versitets-Center, Hus 161, P. Box 260, 4000 Roskilde, 
Denmark. 

Table 1. Absorption maxima of the reaction products 

Compound Colour 

Indole Violet 
Carbazole Blue 
Indole-3-propionic acid Violet 
Indole-3-butyric acid Light yellow 

I m.xl am 

350 
315 
290 
308 

RESULTS AND DlSCUSSlON 

Between 5 and 35 mg of indole, indole-3-propionic acid, 
indole-3-butyric acid and carbazole were determined with 
a general maximum deviation of 0.2pg. Beer’s law is 
obeyed up to 4Opg of each compound (in 25 ml of solu- 
tion). If acetic acid is used in place of acetic anhydride 
or water instead of chloroform or carbon tetrachloride for 
dilution the colours formed are less intense. Ethanol can- 
not be used as solvent because the sulphuric acid reacts 
with it. 

The absorbance of the blank is almost zero and the 
absorbance of the products is constant for at least 48 hr. 
The amount of sulphuric acid is not critical, but if dilute 
sulphuric acid is used, the colours obtained are less intense. 
The amount of acetic anhydride is also not crittcal. 

The principal virtues of this method are its reproducibi- 
lity, simplicity and speed. 

REFERENCES 

1. F. Omosi, Nippon Kagaku Zasshi, 1956, 77, 152. 
2. M. Matraka and F. Navratil, Chem. Prumysl, 1962, 12, 

309. 
3. M. Furusawa, Y. Sato, S. Yameda and T. Takeuchi, 

Bunseki Kagaku, 1970, 19, 573. 
4. P. Byrom and J. H. Turnbull, Talanfa, 1963, 10, 1217. 
5. M. Furusawa, T. Takeuchi, K. Sekido and H. Shimizu, 

Kogyo Kagaku Zasshi, 1963, 66, 1811. 
6. E. Sawicki, R. Hauser, W. T. Stanley, W. Elbert and 

T. F. Fox, Anal. Chem., 1961, 33, 1574. 

Summary-A simple, reliable and rapid method for the spectrophotometric determination of some 
pyrrole derivatives with concentrated sulphuric acid has been developed. The results show a maximum 
deviation of about 0.2 pg. 
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DETERMINATION OF AMINOCRESOL ISOMERS BY HIGH-SPEED 

LIQUID CHROMATOGRAPHY 
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Kyoto College of Pharmacy, Higashiyama-ku, Kyoto 607, Japan 
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The intramolecular migration of aromatic ring substituents 
(NIH shift), which occurs during hydroxylation by cyto- 
chrome P-450 mono-oxygenases had been observed usually 
from the NIH shift of deuterium, tritium or chloride.’ The 
NIH shift of an alkyl group has also been found to occur 
in liver microsomes.’ It may be considered that p-toluidine 
is a simple compound for a model substrate to observe 
the occurrence of methyl migration during hydroxylation. 

It is well known that aminophenols can be determined 
by calorimetric, spectrometric, isotopic or liquid-chroma- 
tography methods-’ 

The present paper describes simultaneous determination 
of aminocresol isomers by use of a commercially available 
high-speed liquid chromatograph. This method was 
applied to the aminocresols and p-aminophenol formed by 
the model system of cytochrome P-450, for evaluating the 
capability of the chemical model system to detect the NIH 
shift occurring during hydroxylation. 

EXPERIMENTAL 

High-speed liquid chromatography 

A Du Pont Model 840 liquid chromatograph equipped 
with an ultraviolet detector (254nm) was employed. The 
column was a Du Pont analytical column packed with 
Zipax SCX (1 m x 2.1 mm i.d.). The separation of amino- 
cresol isomers was achieved with HsPO,-KH,PO, buffer 
solution of various pH values as mobile phase, at 25” and 
a flow-rate of 0.64 ml/min. Samples of 10 pl were injected 
directly into the column through the septum. .’ 

Chemicals 

4-Hydroxy-m-toluidine [I], 3-hydroxy-p-toluidine [II], 
2-hydroxy-p-toluidine [III] and p-aminophenol, used as 
standards, were purified by sublimation before use. Hae- 
min chloride and all other reagents were of analytical- 
reagent grade. The acetone used for reaction and the ether 
and chloroform for extraction were redistilled. 

Reaction mixture 

The reaction mixture used as a model system contained 
the following reagents; cysteine 10-‘M, haemin chloride 
10e3M, p-toluidine lo-‘M, and sodium hydroxide. The 
reaction mixture was adjusted to 10 ml with acetone (800/,), 
and the pH to 4. The mixture was vigorously shaken in 
an air atmosphere, at 40”, and stopped after 2 hr by addi- 
tion of 0.5 ml of 2M hydrochloric acid. 

Separation of ammocresols from reaction mixture 

Aminocresols formed by the model system were 
extracted from the reaction mixture according to the separ- 
ation method developed by Brodie.’ 

After evaporation of the acetone in the reaction mixture, 
at reduced pressure and a temperature below 40”, the 
remaining aqueous solution was saturated with sodium 
chloride, the pH adjusted to 7.5 and the solution shaken 
with 25 ml of ether. The ether layer (20 ml) was shaken 

4 

PB 

(a)(b) (c) 

III 
I I I 
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Retention time (min. ) 

Fig. 1. Effect of pH of mobile phase on retentton time 
of aminocresol isomers and paminophenol. Eluent O.lM 
H,PO&.lM KH,P04; flow-rate 0.64 ml/min; column 
temperature 25” (a) pAminopheno1, (b) 4-hydroxy-m-tolui- 
dine [I], (c) 3-hydroxy-ptoluidine [II]. (d) 2-hydroxy-p- 

toluidine [III]. 

with 3 ml of 0.1 M hydrochlortc acid, and the acid phase 
(2 ml), after separation, was extracted with an equal volume 
of chloroform to remove the excess of p-toluidine and the 
remaining ether, and then analysed. 

RESULTS AND DISCUSSION 

Selection of mobile phase 

Aminocresol isomers and p-aminophenol were separated 
with mobile phases consisting of O.lM HsPO,-O.lM 
KH2P0., buffer solutions at pH 2.0, 2.5, 3.0, 3.5 and 4.0. 
In Fig. 1, it is seen that with, a mobile phase of high pH, 
the time needed for separation of the four compounds was 
reduced but the resolution was inadequate, whereas, with 
a low-pH buffer solution the resolution was satisfactory 
but the time for separation longer. Hence pH 3 was chosen 
as a suitable compromise. With various concentrations of 
phosphate buffer (0.02, 0.05, 0.1, 0.3 and 0.5M) as mobile 
phase, the four compounds were separated at pH 3. Figure 
2 shows that high concentrations give fast but poor separ- 
ation whereas low concentrations give good but slow sep- 
aration. Hence a O.lM buffer was chosen as eluent. 

In Fig. 3, a chromatographic separation of three amino- 
cresols and p-aminophenol is shown. The resolution values 
(R,) of the adjacent peaks, i.e., between the p-ammophenol 
peak and [I], between [I] and [II], and between [II] and 
[III], were 1.5. 4, and 5.4, respectively. As resolution in 
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I I I I 

10 20 30 40 

Retention time (min.) 

Fig. 2. Retention time of aminocresol isomers and 
p-aminophenol at various concentrations of mobile phase. 
Conditions are the same as those given for Fig. 1. (a) 

p-Ammophenol, (b) [I], (c) [II], (d) [III]. 

high-speed separation is adequate when R, is greater than 
unity,” the separation conditions for Fig. 3 were used for 
the determination of the four compounds. 

Determination of reaction products 
Figure 4 shows a typical chromatogram obtained from 

the reaction mixture. It was confirmed that p-toluidine was 
hydroxylated by the model system, the products being 
mainly [II, [II] and [III]; only a trace amount of p-amino- 
phenol was detected. The result agreed with that obtained 
by thin-layer chromatography (cellulose:silica gel G = 5:2; 
eluent butyl ether-ethyl acetate-acetic acid 50:50:5; detec- 
tion by iodine vapour; Rf values [I] 0.11, [II] 0.33, [III] 
0.41, p-toluidine 0.61). 

For determination of [I], [II] and [III], a known 
amount of standard sample dissolved in O.lM phosphate 
buffer (pH 7.5) was subjected to the procedure. In this 
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Fig, 3. Chromatogram for the separation of aminocresol 
isomers and p-aminophenol. Eluent O.lM H3P04- 
KH2P04 (pH 3); flow-rate 0.64 ml/min; column tempera- 
ture 25”. (a) Solvent front, (b) p-aminophenol, (c) [I], (d) 
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Fig. 4. Typical chromatogram of extracted reaction mix- 
ture. The reaction vessel contained, in a total volume of 
10ml (80% acetone), p-toluidine lo-‘M, haemin chloride 
10e3M and cysteine lo-‘M, and was incubated for 2 hr 
at pH 4 and 40” m air. Conditions are the same as those 
given for Fig. 3. (a) Solvent front, (b) p-aminophenol, (c) 
unknown peak, (d) [I], (e) [II], (f) [III], (g) p-toluidine. 

case a known amount of cysteine (65 mg) was added to 
the buffer solution in order to give the same conditions 
as for the reaction mixture. The amounts and peak-heights 
of [I], [II], [III] and p-aminophenol gave a straight line 
relationship over the range studied (@6OOpg). The recov- 
ery was >95%. The method gave accurate and reproduc- 
ible results. 

Table 1 shows typical results of the hydroxylation of 
p-toluidine by the haemin-cysteine model system, provid- 
ing positive evidence of methyl migration during hydroxyl- 
ation of p-toluidine. 

The method described is suitable for the simultaneous 
determination of aminocresol isomers in a sample. Further, 
it may be applied for the detection of aminocresols in bio- 
logical materials such as liver microsomal fractions, since 
aqueous samples can be analysed. 

Table 1. Methyl migration and hydroxylation of p-tol- 
uidine by haemin-cysteine model system 

p-Amino- 
cu CIU CIIII, phenol, 

PH !%I p9 /%? /%I 

4 51+4 26 280 + 31 trace 
6 48 + 7 trace 127 f 4 trace 
7 61 k4 trace 120 + 8 trace 

Conditions are the same as those given for Fig. 4. Values 
are mean f standard deviation of four experiments. 
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Summary-Ammocresol isomers (4-hydroxy-m-toluidine [I], 3-hydroxy-p-toluidine [II], 2-hydroxy-p- 
tolmdine [III]) and p-aminophenol have been separated and determined by a high-speed liquid chroma- 
tographic method. Since this method is applicable in aqueous media, it was used to investigate the 
suitability of a haemin-cysteine system as a model for the cytochrome P-450 mono-oxygenase system, 
by determination of the [I], [II], [III] and p-aminophenol formed. 

Tulnnru. Vol 23, pp R44-846 Pergamon Press, 1976 Prmted m Great Brmun 

EXTRACTION CHROMATOGRAPHY OF CHLORIDE COMPLEXES OF 

OSMIUti (III, IV AND VI) ON PAPER TREATED WITH 

TRIBUTYL PHOSPHATE AND AMBERLITE 

LA-l HYDROCHLORIDE 

S. PRZESZLAKOWSKI and A. FLIEGER 

Department of Inorganic Chemistry, Medical School. Lubhn. Poland 

(Received 20 April 1916. Accepted 30 June 1976) 

Osmium and ruthenium are usually separated from other 
platinum metals by oxidation to the volatile oxides 0~0, 
and RuO, and distillation. The absorption of osmium 
tetroxide in hydrochloric acid leads to the formation of 
various chloride complexes of osmium, depending on the 
concentration of the acid and on the temperature.“’ The 
literature on the chromatographic separation of osmium 
complexes is somewhat scanty. Apart from the papers des- 
cribing the separation of platinum metals, including osmi- 
um(IV)3m5 or osmmm(VIII).6 there are only a few works 
concerned with the separation of some osmium(W) or 
osmium(V1) halide complexes. Using paper chromatogra- 
phy, Rallo7 separated the complex amon OsIg- from 
mixed chloride-iodide complexes of osmium(IV) formed 
during reduction of 0~0, by alkali metal iodides in hydro- 
chloric acid media. Meter et ul. investigated the chromato- 
graphic behaviour of the complex anions OsCli-. OsB$ 
and OsO,Cl:-. developing the chromatograms with mix- 
tures of oxo-solvents with hydrochloric or hydrobromic 
acid’ or with aqueous solutions of hydrochloric acid and 
ammonium or alkali metal chloride.’ 

Extraction chromatography on paper treated with 
Amberlite LA-1 hydrochloride has been found to be useful 
in the separation of some platinum metals;” therefore the 
possibility of use of this chromatographic technique in sep- 
aration of the chloride complexes of osmium(lI1, IV and 
VI) and in separation of osmium from ruthenium was in- 
vestigated in the present work. 

EXPERIMENTAL 

Materials 

Amberlite LA-1 and tributyl phosphate (TBP) were used 
as the extractants without further purification. The samples 
were spotted as 19: solutions of (NH&OsCl, m 6M hy- 
drochloric acid and aqueous solutions of 0~0,. Solutions 
of the chloride complexes of osmium(V1) and osrmum(II1) 
were prepared by methods described m the literature.‘.‘.” 
The remaining reagents were of analytical grade. 

Procedure 

Benzene solutions (0.2M) of TBP or Amberlite LA-l 

Liquid-liquid extraction and extraction chromatography 
are closely correlated practically as well as theoretically.‘6 
The R, US. eluent hydrochloric acid concentration relation- 
ships for extraction chromatography are available only for 
the anion OsCli- on paper treated with tri-n-octylamine 
and Amberlite LA-2l’ and for the oxy-anion OsO:- on 
thin layers of cellulose treated with TBP.6 In view of the 
very high affinity of OsClg- for tri-n-octylamine hydro- 
chloride (RF = 0 even at high concentrations of hydro- 
chloric acid in the mobile phase), the chromatographic sys- 
tems Amberlite LA-l&HCI and TBP-HCI were chosen in 
our mvestigations. The results obtained for chloride com- 
plexes of osmmm are summarized in Table 1 (and pre- 
sented graphically in the form of RF LT. [HCI] relationships 
in Fig. 1). Table 1 also gives the chromatographic data hydrochloride were used as Impregnating solutions. I 

Amberhte LA-l was converted into the hydrochloride by 
shaking a 0.2M solution of it in benzene with an equal 
volume of 1M hydrochloric acid, separating the phases and 
filtering the organic phase through cellulose. The paper 
chromatography was performed in the manner described 
previously. ” Descending development over a distance of 
16 cm required from 2 hr 10 min to 3 hr, depending on the 
hydrochloric acid concentrations in the mobile phase. 
The complex anion OsClg- forms a well-defined yellow 
spot on the chromatograms, which reacts very slowly with 
thiourea, changing to rose. The spots of other chloride 
complexes of osmium and also those of ruthenium were 
identified by spraying the chromatograms with a saturated 
solution of ttuourea in 1M hydrochloric acid. 

RESULTS AND DISCUSSION 

The most promising extractants for the platinum metals 
appeared to be high molecular-weight amines or quatern- 
ary ammonium compounds and neutral organophosphorus 
compounds; some of them have been used in extraction 
of the chloride complexes of osmium. The complex anion 
OsCli- is strongly extracted by tertiary and secondary 
amines from hydrochloric acid12,13 as well as in a lesser 
degree by solutions of TBP in organic solvents.14 The 
extraction of the complex anion OsO,Cl:- from hydro- 
chloric acid by primary, secondary and tertiary amines was 
investigated by Bolshakov et al.” 
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’ Table 1. R, x 100 for chloride complexes of osmium and ruthenium as a function of the molarity of HCl in the 
eluent (paper impregnated with 0.2M solutions of Amberlite LA-l hydrochloride or tributyl phosphate in benzene) 

Amberlite LA-1 TBP 

Complex 
[HCl], M [HCl], M 

anion 1 2 4 6 8 10 1 2 4 6 8 10 

osc1: - 0 0 0 2 8 10 58 34 24 26 30 36 
osc1: - 3 4 6 11 17 21 24 16 12 8 14 20 
oso*c1: - 0 0 2 4 8 - 40 40 30 34 42 52 
oso: IO IO I2 I4 18 110 - - - 30 44 54 

II 3 II 4 II 6 II 12 II 17 II 20 
RuCl: - - 3G70 707 76 88 86 88 90 88 88 90 86 

RuCl; - 82t 8:T 8Ot 74 86 86 88 88 90 86 90 80 

* Double spots in the Amberlite LA-l system. 

for the chloride complexes of ruthemum(II1 and IV) which 
are formed during absorption of RuO.+ by hydrochloric 
acid. 

All chloride complexes of osmium are strongly retained 
on paper treated with Amberlite LA-l hydrochloride; 
nevertheless, OsClg- was found to have a higher affinity 
than OsClg- for the amine salt. The RF values of all the 
complexes of osmium investigated increase (decreasing 
extraction) with increasing concentration of hydrochloric 
acid in the eluent, in agreement with liquid-liquid extrac- 
tion data.11.‘z,14 The differences between the R, values 
of the complex anions OsCli- and OsOZCl:- are too low 
to permit their separation; nevertheless it is possible to sep- 
arate osmium(II1) from osmium(IV) or osmium(V1) com- 
plexes by development of the chromatograms with 8 or 
10M hydrochloric acid. Chloride complexes of ruthenium- 
(III) and in a lesser degree those of ruthenium(IV) form 
elongated spots in this chromatographic system at 
[HCI] < 6M. It is possible to achieve a good separation 
of osmium from ruthenium by development of the chroma- 
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Fig. 1. Chromatographic separations of products of reduc- 
tion of 0~0, in concentrated HCI, obtained on paper 
impregnated with 0.2M TBP in benzene and eluted with 
6M HCI: A-solution spotted immediately after dissolu- 
tion of 0~0, in cold concentrated HCl; E-the same, after 
5 min heating on the water-bath; C-the same, after 30 min 
heating; Dsolutlon obtained after evaporation of the 
solution of 0~0, in concentrated HCl almost to dryness 
on the water-bath and dissolution of the residue in 6M 

HCl. 

tograms with more concentrated hydrochloric acid. It 1s 
worthwhile mentioning the chromatographic behaviour of 
osmium tetroxide on paper treated with Amberlite LA-l 
hydrochloride-two rose spots were visible after develop- 
ment with 6-1OM hydrochloric acid and spraying with 
thiourea in hydrochloric acid, their RF values correspond- 
ing to OsClz- and OsO,Cl:-. It seems that 0~0, IS 
strongly bound by the amine salt and reduced during elu- 
tion with hydrochloric acid, in contrast to the TBP-HCl 
chromatographic system where osmium could not be iden- 
tified after development with dilute hydrochloric acid 
(< 6M) owmg to the high volatility of 0~0,. 

The chloride complexes of osmmm(II1, IV and VI) have 
distinctly different RF values in extraction chromatography 
on paper treated with TBP, increasing in the order 
OsClz- < OsCli- i OsO,Cl:-. The curves of R, LX. 
[HCl] show minima (maximal extraction) at 4M hydro- 
chloric acid for OsClg- and OsO,Cl:- and at 6M hydro- 
chloric acid for OsCli-. The maximal extraction of osmi- 
um(IV) in the system TBP-HCl was also reported by 
Meier et al.,“’ so our experiments confirm the analogies 
between extraction chromatography and liquid-liquid 
extraction. The chloride complexes of neither rutheniu- 
m(II1) nor rutheruum(IV) are retained on paper treated 
with TBP and they can be easily separated from the chlor- 
ide complexes of osmium. 

The different R, values of the various chloride com- 
plexes of osmium obtainable in the TBP-HCl system, com- 
bined with the colours of the zones (only OsClg- forms 
a yellow zone, the others are colourless) and the rapidity 
of the reaction with thiorea, can be useful in identification 
of the oxidation states of osmium and in investigations 
of the reduction mechanism of osmium tetroxlde in solu- 
tion. The behaviour on evaporation of osmium tetroxide 
dissolved in concentrated hydrochloric acid is also interest- 
ing from the viewpoint of the conditions of preparation 
of platinum metal samples for chromatographic analysis; 
therefore some chromatographic experiments were carried 
out on solutions of 0~0, in concentrated hydrochloric 
acid, heated for various periods of time on the water-bath 
(Fig. 1). 

The results obtained indicate that 0~0~ absorbed by 
the cold concentrated acid is reduced to OsO,Cl:- and 
OsCl~-. After heating of the solution a yellow spot of 
OsCli _ appears, the colour intensity of which increases 
with time of heating, whereas the intensities of colour of 
the spots corresponding to OsClz- and OsO,Cl:- (visible 
after spraying with thlourea in hydrochloric acid) decrease. 
After evaporation of the acidic solution to dryness and 
dissolution of the residue in 6M hydrochloric acid, only 
the yellow spot of OsCIi- is visible. It seems that 
0sO~Cl:-, one of the products of reduction of 0~0, by 
hydrochloric aad, oxidized the complex anion OsCli-, 
forming the most stable inert complex anion OsClz-. 
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The determination of traces of selenium in high-purity cop- 
per is of importance because of the effect of this element 
on the annealing properties. The methods of analysis in 
common use m the copper industry involve separation of 
the selenium from the dissolved copper by ion-exchange,’ 
co-precipitation with ferric hydroxide* or lanthanum hyd- 
roxide,’ or reduction by hypophosphorous acid and co- 
precipitation with arsenic.4 The separated selenium is 
determined either calorimetrically using 3,3’-diaminobenzi- 
dine’ or by atomic absorption. These procedures are slow 
and require skill and practice. Other techniques, such as 
gas chromatography6 or hydride generation’ appear im- 
practicable with copper as the parent material. 

A method has been devised involving co-precipitation 
of selenium, together with bismuth, antimony and tellur- 
ium, with ferric hydroxide and collection of the precipitate 
on a filter paper disc. Punched out portions of the dried 
disc are analysed by flameless atomic-absorption spectro- 
photometry (F.A.A.S.) Proficiency in the technique is soon 
acquired and results can be obtained within little more 
than an hour of sample receipt. 

Apparatus 

EXPERIMENTAL. 

A Varian Model AA-4 spectrophotometer with Model 
63 carbon rod atomizer and an Oxford Instruments 
3000-series chart-recorder were used 

Reagents 

Ferw nitrate solution, 2?Op,. 

Standard Bi. Sb and Te solutions for atomtc absorptton. 
B.D.H. solutions were used. 

Stock solution of selenium, 1000 ppm. Made by dissolving 
1 g of pure Se in 10ml of nitric acid and dtlutmg to 
1000 ml with distilled water. 

Whatman CFll cellulose powlder. 

Whatman 542 jilter paper discs, 21 mm diameter. 

Purijied copper solution. Five 20-g samples of cathode 
copper drillings are each dissolved in 80 ml of nitric acid 
in 600-ml beakers, 20 ml of ferric nitrate solution are added 
to each, the solutions are diluted with water to ca. 300 ml 
and the temperature is raised to 75-85”. Concentrated 
ammoma is added, with stirring. until the solutions become 
dark green, a level spatula-spoonful of Whatman’s CFll 
is added as filter aid and the solutions are brought to 
the boil. After half a minute of boiling the covered beakers 
are set aside overnight to allow the coagulated ferric hyd- 
roxide and occluded impurities to settle, after which the 
blue supernatant hquor is decanted through a 541 filter 
paper. The precipitation and filtration procedure are 
repeated twice with further additions of ferric nitrate, the 
five liquors combmed. acidified with 10 ml of concentrated 
nitric acid and made up to 2 litres with distilled water. 

Analytical-grade reagents were used whenever possible. 
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Summary-The complex anions OsClg-, OsO,Cl:- and OsCla- were separated by extraction chroma- 
tography on paper treated with tributyl phosphate and developed with hydrochloric acid. The chloride 
complexes of osmium and ruthenium can also be separated in the system TBP-HCI or Amberlite 
LA-l hydrochloride-HCl. 
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HIGH-PURITY COPPER BY FLAMELESS 

ATOMIC-ABSORPTION SPECTROPHOTOMETRY 
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(Received 5 April 1976. Accepted 1 May 1976) 

The determination of traces of selenium in high-purity cop- 
per is of importance because of the effect of this element 
on the annealing properties. The methods of analysis in 
common use m the copper industry involve separation of 
the selenium from the dissolved copper by ion-exchange,’ 
co-precipitation with ferric hydroxide* or lanthanum hyd- 
roxide,’ or reduction by hypophosphorous acid and co- 
precipitation with arsenic.4 The separated selenium is 
determined either calorimetrically using 3,3’-diaminobenzi- 
dine’ or by atomic absorption. These procedures are slow 
and require skill and practice. Other techniques, such as 
gas chromatography6 or hydride generation’ appear im- 
practicable with copper as the parent material. 

A method has been devised involving co-precipitation 
of selenium, together with bismuth, antimony and tellur- 
ium, with ferric hydroxide and collection of the precipitate 
on a filter paper disc. Punched out portions of the dried 
disc are analysed by flameless atomic-absorption spectro- 
photometry (F.A.A.S.) Proficiency in the technique is soon 
acquired and results can be obtained within little more 
than an hour of sample receipt. 

Apparatus 

EXPERIMENTAL. 

A Varian Model AA-4 spectrophotometer with Model 
63 carbon rod atomizer and an Oxford Instruments 
3000-series chart-recorder were used 

Reagents 

Ferw nitrate solution, 2?Op,. 

Standard Bi. Sb and Te solutions for atomtc absorptton. 
B.D.H. solutions were used. 

Stock solution of selenium, 1000 ppm. Made by dissolving 
1 g of pure Se in 10ml of nitric acid and dtlutmg to 
1000 ml with distilled water. 

Whatman CFll cellulose powlder. 

Whatman 542 jilter paper discs, 21 mm diameter. 

Purijied copper solution. Five 20-g samples of cathode 
copper drillings are each dissolved in 80 ml of nitric acid 
in 600-ml beakers, 20 ml of ferric nitrate solution are added 
to each, the solutions are diluted with water to ca. 300 ml 
and the temperature is raised to 75-85”. Concentrated 
ammoma is added, with stirring. until the solutions become 
dark green, a level spatula-spoonful of Whatman’s CFll 
is added as filter aid and the solutions are brought to 
the boil. After half a minute of boiling the covered beakers 
are set aside overnight to allow the coagulated ferric hyd- 
roxide and occluded impurities to settle, after which the 
blue supernatant hquor is decanted through a 541 filter 
paper. The precipitation and filtration procedure are 
repeated twice with further additions of ferric nitrate, the 
five liquors combmed. acidified with 10 ml of concentrated 
nitric acid and made up to 2 litres with distilled water. 

Analytical-grade reagents were used whenever possible. 
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Table 1. Operating conditions for spectrophotometer 

Element 

se 
Te 
Bi 
Sb 

Ashing Atomization 

Wavelength. Spectral band Voltage Voltage 
nm width, A setting set setting set 

196.1 9.9 7 12 7 3 
214.3 3.3 I 12 7 3 
223.1 1.7 I 12 5.5 3 
217.6 3.3 7 12 8 3 

Procedures 

Standards. To 20-ml portions of the purified copper solu- 
tion in 150-ml beakers are added 0, 1, 2, 4 or 6 ml of 
a freshly prepared solution containing 0.5 ppm Se and Sb 
and 0.25 ppm, Bi and Te, followed by 1 ml of ferric nitrate 
solution and water to make up to 80ml. The solutions 
are brought almost to boiling point, concentrated 
ammonia solution is added carefully until they turn green, 
0.01 g of Whatman CFll is added and the ferric hydroxide 
is coagulated by boiling for half a minute. After settling 
for 15 min the sediments are collected on 542 discs in 
Gooch crucibles by filtration under suction. To ensure an 
even deposit on the disc most of the supernatant liquor 
is decanted through the filter, the suction is removed, and 
the residue is swirled and poured quickly into the crucible. 
Gentle vibration is applied throughout, by such means as 
holding the rotating shaft of a stirrer motor against the 
crucible. After the precipitate has settled in the crucible 
the suction is re-applied and the disc finally washed care- 
fully with 1 ml of water from a pipette. The discs are dried 
at loo” before their analysis. 

Samples. One-gram samples are dissolved in 5 ml of con- 
centrated nitric acid, 1 ml of ferric nitrate solution is added 
to each and the same procedure followed as for the stan- 
dards. 

Instrument operation. The appropriate monochromator 
wavelengths, spectral band-widths and instrument settings 
are shown in Table 1. 

A graphite cup is used as furnace in the atomizer work 
head and oxygen-free nitrogen as the inert gas. After decon- 
tamination of the cup by preliminary atomization cycles 
5/64-in. (2-mm) samples punched from the filter disc are 
dropped into it and subjected to the appropriate ashing 
and atomization cycles. The absorbance% are recorded at 
a chart-speed of 2 cm/min and recorder sensitrvity of 2 mV 
full-scale deflection. For highest accuracy, duplicate pre- 
cipitate discs should be prepared and a number of replicate 
samples atomized, interspersed among standards. 

RESULTS AND DISCUSSION 

Results 

Past experience had shown that although ferric hydrox- 
ide reproducibly collected selenium and many other impur- 
ities from copper solutions at a pH of 2.5-3.0, only about 
90% was collected in one precipitation. The treatment of 
the standards in the same way as the samples obviated 
the need for more than one precipitation. For example, 
when three 0.5-pg amounts of selenium were precipitated 
and six samples from across the diameter of each disc were 
analysed, the relative standard deviations ranged from 
about 7 to lo”/,. 

Figure 1 represents a typical series of recorder traces 
for 0, 0.25, 0.5 1.0 and 1.5 pg selenium standards. A large 
smoke signal occurs during ashing as the cellulose pyro- 
lyses. A dull red heat (ashing voltage setting 7) is required 
for complete ashing but no loss of any of the four elements 
occurs. The blank atomization peak IS higher for selenium 

0.25 

Ih 
Time 

Fig. 1. Recorder traces for selenium (number of pg is 
shown above each peak). 

than for the other elements. Use of the hydrogen con- 
tinuum lamp showed that this was caused by background 
absorption. 

Comparison of results obtained for selenium in high- 
purity copper by this method, by the conventional colori- 
metric method and by mass spectrometry show good 
agreement (Table 2). 

A sample of electrolytic copper from the European Bur- 
eau of Standards was also analysed, and gave a mean of 
0.12 ppm Se, standard deviation 0.04 ppm (duplicate preci- 
pitations, 4 analyses on each), compared with a range of 
quoted figures of 0.140.46ppm Se. mean 0.22ppm (9 
laboratories, 4 techniques). 

Typical absorbance curves for the Bi. Sb and Te stan- 
dards are shown in Fig. 2. 

No samples with well-established tellurium content were 
available and there was only one. namely the European 

Table 2. Comparison of Se results (ppm) obtained by pro- 
posed method with those obtained by colorrmetry and 

mass spectrometry 

Proposed Mass 
Sample method Colorimetry spectrometry 

Rod 1 0.40 0.35 
Rod 2 0.95 0.8 
Rod 3 0.75 0.8 
Rod 4 2.2 2.0 
Cathode 1 0.50 0.6 
Cathode 2 0.40 0.3 
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Table 3. Comparison of Bi results (ppm) obtained by proposed method by other 
methods 

Sample 
Proposed 
method Other methods 

BICC standard 1 
BICC standard 2 
European bureau 

of standards copper 

0.45 
0.90 

0.12 

0.42 (powder arc spectrography) 
0.8 (powder arc spectrography) 

Mean 0.2 ppm 
(range 0.046-0.53 ppm, 9 
laboratories, 4 techniques) 

Bureau of Standards sample, with quoted antimony figures 
[mean content 0.6 ppm with a range of 0.2-1.42 ppm (11) 
laboratories, 6 techniques)]. The result obtained by the pro- 
posed procedure was 0.56 ppm (s.d. 0.04 ppm, 2 precipi- 
tations, 4 atomizations on each). Three samples were avail- 
able for comparison of bismuth content and the results 
are given in Table 3. 

The sensitivity of the method and non-linearity of the 
curves (illustrated by Fig. 2) show the method to be most 
suitable for impurity levels below about 1 ppm. The upper 
limit can be extended by using a 0.5-g sample, no signifi- 
cant difference having been observed in the results 
obtained for impurities precipitated from l-g and 0.5-g 
copper samples. With less than 0.5 g of copper in solution 
the ferric hydroxide precipitate tends to be too flocculent 
to spread evenly over the filter disc. A method of extending 
the upper limit which is often preferable is to use a less 
sensitive spectral line such as the 203.9 nm line for 
selenium. . 

The satisfactory agreement with the calorimetric method 
for selenium when the 203.9-nm line is used is exemulified 
by the results for two samples, 4.6 and 12ppm 6y the 
present method, 4.8 and 12.2 ppm by calorimetry. 

Interferences 
The most hkely impurities to interfere with any of the 

four elements are those co-precipitated with ferric hydrox- 
ide, namely, the other three elements and As, Sn, Pb. These 
are unlikely to be present at a level of more than 20ppm 
in high-purity copper and no interference was observed 
at this level. During the precipitation stage small amounts 

ASb 

Fig. 2. Calibration curves for Sb, Te and Bi at 217.6, 214.3 
and 223.1 nm respectively. 

of copper hydroxide may also precipitate, indicated by a 
cloudiness of the supernatant liquor. The presence of this 
amount of copper on the filter disc does not interfere with 
the determination. 

Discussion 
The use of F.A.A.S. for direct determination of selenium 

in solutions of high-purity copper is impracticable because 
of both the high detection limits and the masking of the 
selenium absorption peak by large non-atomic absorption 
peaks. The same problem occurs to a lesser extent with 
the other three elements. Reduction of the selenium in 
solution to the metal and co-precipitation with arsenic is 
slow and the F.A.A.S. part of the procedure erratic. 
Although concentration by co-precipitation with lan- 
thanum hydroxide has been used successfully for the deter- 
mination of larger amounts of impurities the technique was 
found to be unsuccessful with F.A.A.S. owing to the occur- 
rence of a large lanthanum peak during atomization. 

Co-precipitation with ferric hydroxide is difficult on the 
large scale but quite simple from solutions of 1 g of copper. 
Precipitation at a pH of approx. 3 rather than from 
ammoniacal solution gives a residue which spreads more 
uniformly over the filter disc. The amounts of ferric nitrate 
solution and Whatman CFll spe;ci,fied are the optimum 
for the production of a readily filterable solution and an 
even, coherent deposit on the filter. 

The method has been in &tine use for a year and has 
resulted iq considerable savings of time and effort. 
Attempts to determine arsenic by this procedure have 
proved unsuccessful owing to high extraneous peaks dur- 
ing atomization and erratic response for the arsenic. A 
modified technique is being developed, with promising 
results. 
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Summary-Se, Te. Bi and Sb are co-precipitated with ferric hydroxide from a solution of 1 g of the 
copper. The precipitate is collected on a filter disc and punched samples are taken for flameless atomic- 
absorption analysis. Less than 0.5 ppm of the four elements can be rapidly determined. 
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The useful range of analytical calibration curves in flame 
atomic-absorption spectroscopy (AAS), assuming normal 
instrumental alignment, is limited to an upper analyte solu- 
tion concentration of 10-100 ppm. Some extension may be 
obtained by use of less strongly absorbing atomic lines, 
such as the 2614 A line for lead. In some instances, useful 
extensions may be achieved by use of non-resonance lines. 
Thus Thompson’ has described the determination of 
calcium at concentrations up to 15OOppm by use of the 
germanium 4226.57 A line. Similarly Dagnall et al.* have 
examined the fluorescence of bismuth at 2061.2 A excited 
by the 2061.63 A line from an iodine electrodeless dis- 
charge lamp. Norris and West’ have tabulated a number 
of potential spectral interferences in AAS which in prin- 
ciple could be used in an analogous manner. 

In these techniques, the spectrometer requires some 
adjustment specific to the individual element considered, 
before the high concentration section of the calibration 
curve can be obtained. In addition, suitable low-sensitivity 
lines are available for only a limited number of elements, 
and even m these cases the range extension available is 
governed by the spectroscopic parameters of the system, 
rather than being subject to operator control. 

The present work describes a generally applicable tech- 
nique by which an extended range calibration curve may 
be obtained by using the Zeeman affect. Single beam AAS 
measurements are made on the c-components of the Zee- 
man multiplet. The u-components are displaced into the 
wings of an analyte absorption profile to an extent gov- 
erned by the magnitude of the applied magnetic field, as 
in the measurement of line profiles by Zeeman scanning.4-6 
Thus the upper limit of the calibration curve may be 
extended simply by increasing the magnetic field strength, 
without moving the spectrometer off the optimum reson- 
ance line for the particular element considered. Since the 
a-components may be selected electronically, the extension 
of range thus obtained may be controlled readily with 
either manual or automated instrumentation. 

EXPERIMIQNTAL 

The elements chosen for examination were Ca, Cd and 
Cu, the 4227,2288 and 3248 A lines being used. At the mag- 
netic field strengths available, these lines show respectively 
a normal Zeeman triplet, a normal triplet with hyperfine 
structure, and an anomalous multiplet. The spectrometer 
used was that described in a previous communication.’ 
The instrument was set up and operated as previously de- 
scribed, except that the amplifier was balanced to pass only 
signals generated by the r~ optical channel. All instrumen- 
tal parameters (lamp-current, monochromator slit-width, 
photomultiplier voltage, etc.) were optimized for each ele- 
ment to give the best zero-field sensitivity, and were left 
unaltered as the field strength was increased. The spectral 
sources used were modifications of an earlier design.’ All 
anode electrodes were cut from 0.01-m zirconium sheet 
(Alpha Products); copper and cadmium electrodes were 
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prepared from copper foil and cadmium-coated copper foil 
as described previously.’ The calcium electrode was pre- 
pared by immersing l-mm* mesh stainless-steel gauze in 
fused calcium chloride and filing the cooled salt coating 
flush with the original mesh surface. During operation, suf- 
ficient metal was thus exposed to permit formation of a 
stable plasma, while volatilization of the deposited calcium 
chloride provided the required source of calcium atoms 
in the vapour phase. This technique is convenient for pre- 
paring cathodes for chemically reactive elements, and gives 
an operational lifetime comparable to that of the metallic 
cathodes used previously (the calcium lamp used here is 
still operable after some 0.5 ampere-hours). However the 
intensity was found to be only about 1% of that of a com- 
mercial source for a given power dissipation. 

To assemble each lamp, platinum wire was attached to 
the base of each electrode. Electrodes were separated by 
l-mm thick horseshoe-shaped insulators (Fig. 1) which 
were cut from l/2” diameter silica discs. The whole assem- 
bly was mounted in a preformed Pyrex glass case (Fig. I), 
with copper shims inserted behind the anode to hold the 
assembly in place. Silica capillary insulators were pushed 
over the platinum wires and the wires sealed into the case. 
A silica window was attached to the front of the lamp 
with epoxy resin cement. The lamps were conditioned and 
sodium deposited as described previous1y.s 

This procedure extends lamp shelf-life almost indefi- 
nitely. In addition it improves lamp intensity because of 
reduced quenching within the plasma through the use of 
silica Insulators. 

I-F 2 

4 

9 
9 

5 

6 

Fig. 1. Lamp assembly: I-Pyrex lamp casing, 2sodium, 
3-side-arm for evacuation, &tapered regions, 5%-quartz 
window, &platinum wire connectors, ‘I-quartz horse 

shoe insulator, g-zirconium anode, 9%-cathode. 
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Fig 2. Calibration curves for calcmm: o zero field, 0 Fig. 4. Calibration curves for copper: o zero field, 0 
6.6 kG, A 15 kG. 6.6kG. A 16kG. 

RESULTS AND DISCUSSION 

Figures 2-4 show the calibration curves obtained for 
calcium, cadmium and copper at field strengths from 0 
to 16 kG. The extension obtained for cadmium is less 
than that for calcium or copper. This arises from the larger 
line-width observed for cadmium, this being due to iso- 
topic hyperfine structure.’ An analogous effect has been 
observed during Zeeman background-correction measure- 
ments on mercury.” 

All the calibration curves obtained here show some 
departures from linearity and this arises from the following 
causes. De Galan and Samaey have shown that non-linear 
calibration curves are inherent whenever the monochroma- 
tor bandpass covers more than one source-line.*’ This is 
true in the present case, since all the cr-components of the 
Zeeman multiplet, including hyperfine structure, are trans- 
mitted when the present techniques are used. It should, 
however, be pointed out that this defect is not inherent 
m the method. since 0 + and D _ components are separable, 
given parallel optical and magnetic axes4 rather than the 
mutually perpendicular orientation used for the present 
study. 

With the present onentation, minimum curvature can 
be expected for singlet transitions without hyperfine struc- 

Fig. 3. Calibration curves for cadmium: o zero field, 0 
6.6 kG, A 16 kG. 

10 

u) 

s 

0 1000 
cone , ppm 

ture (i.e.. a single atomic line at v0 giving a normal Zeeman 
triplet with two u-components spaced symmetrically about 
vO). Even in this situation, however, linear plots will not 
be attained with atmospheric absorption cells, because of 
the asymmetry m the analyte absorption profile, caused 
by pressure broadening. 

CONCLUSIONS 

The technique is of potential value in extending the 
working range of atomic-absorption spectroscopy. The 
method is of value for instruments employing the Zeeman 
effect for background correction, since such instruments 
can generate ambiguous data owing to the maxima 
observed in their calibration curves.’ The present tech- 
nique thus offers a means whereby such ambiguity may 
be removed by utilizing signals which are automatically 
available to any spectrometer of this type. 
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Summary-An application of the Zeeman effect is described by which calibration curves applicable 
to high analyte concentrations may be obtained. The procedure uses single-beam measurements on 
the displaced u-components of the Zeeman multiplet, and thus permits controlled desensltizatlon of 
an atomic-absorption signal to be obtained, simply by increasing the magnetic field strength, while 
leaving the monochromator permanently set on the optimum analytlcal line for the element considered 
Calibration curves for Ca, Cd and Cu are given for applied field strengths from 0 to 16 kG. 
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As a continuation of our studies on I-substituted-4,4,6-tri- 
methyl-lH,4H-2-pyrimidinethiols as analytical reagents,’ 
the applications of the l-amino- (I), 1-anilino- (II) and 
1-(2’,4’-dinitroanilino)- (III) derivatives have been investi- 
gated. Of the metals belonging to the iron and platinum 
groups, only Pd(I1) and Os(VII1) react instantly with the 
present compounds to form coloured complexes, at room 
temperature. The complexes are extractable into non-polar 
solvents and may be used for the spectrophotometric deter- 
mination of the two metals. 

Reagents 
EXPERIMENTAL 

Standard solutions of Pd(I1) and Os(VII1) were prepared 
by dissolving appropriate amounts of anhydrous PdCl, in 
l.OM hydrochloric acid and 0~0~ in l.OM sodium hydrox- 
ide. 

The thiols (I) and (II) were prepared by the method of 
Mathes2 and melted at 209-210” and 170-171” respect- 
ively. To synthesize (III), 2,4_dinitrophenylhydrazine 
(3.96 g; 0.02 mole) and 2-methyl-2-isothiocyanato-4-penta- 
none (3.14 g; 0.02 mole) were taken in 50 ml of ethanol, 
3 or 4 drops of cont. sulphuric acid were added and the 
mixture was refluxed for 5 hr on a steam-bath. The solvent 
was removed under reduced pressure and the residue 
washed with water. After 2 or 3 crystallizations from acetic 
acid, the m.p. was 223-224”. Calculated: C, 46.29%; H. 
4.45%; N, 20.77%; found C, 45.9%; H, 5.0%; N, 20.5%. 

H,C CH, (11 R=H 

(II) R=C,e,Hb 

H3C r I N;SH ttU) R=C6Ha(N02& 

NHR 

Standard solutions (O.OlM) of the ligands were prepared 
by dissolving appropriate amounts of (I) in dimethylsul- 
phoxide (DMSO) and (II) and (III) in chloroform. 

The pH of the solutions were adjusted with acetate 
buffers and dilute sodium hydroxide solution and hydro- 

chloric acid. All other reagents used were of analytical 
grade. Demineralized water was used throughout. 

RESULTS 

The solutions of (I) and (II) are colourless and do not 
absorb significantly in the visible region. However, (III), 
being light yellow in colour, absorbs in this region and 
consequently a reagent blank was used in the complexation 
study. When a few drops of any of these reagents were 
added to either Pd(I1) or Os(VII1) solution, two distinct 
coloured complexes appeared, depending upon the pH of 
the solution. It was established by the method of con- 
tinuous variations that the metal to ligand ratio was 1:2. 
Except for the complexes of (I), the complexes were com- 
pletely extractable into chloroform, carbon tetrachloride, 
benzene or n-butanol, and suitable for extractive deter- 
minations. Thiol (I) is insoluble in common organic sol- 
vents, so it was studied in 60% DMSO medium. The other 
complexes were investigated in chloroform in which their 
absorbance was maximum and constant. The character- 
istics of Pd and OS complexes of (I), Pd complexes of (II) 
and (III) and OS complexes of (II) and (III) are summarized 
in Tables 1, 2 and 3 respectively. The Os-complex, formed 
in acidic medium, showed a slight shift in I,., towards 
shorter wavelength with time. The maximum shift was 
attained after 1 hr at room temperature or heating for 
5 min on a steam-bath. Because of the poor solubility of 
(I) and its complexes in common organic solvents (except 
DMSO), comparative lack of selectivity and low sensitivity 
(cJ: Tables l-3). (II) and (III) are far better reagents for 
spectrophotometric determination of Pd(I1) and Os(VII1). 

Procedure 

Adjust the acidity or pH of a Pd(I1) or Os(VII1) solution 
(Table 2 or 3) add 10ml of 0.02M (II) or (III) (in chloro- 
form) and shake for 20 min. Allow to settle and remove 
the organic layer. For the determination of OS, keep the 
extract for 1 hr or heat it for 5 min on a steam-bath, if 

Table 1. Characteristics of Pd(I1) and OS complexes with thiol (I) 

Charactensttc 
Palladmm(I1) complex Osmium complex 

Yellow Red Red GFXtl 

i,, nnl 

6,. IO”1 mole-‘.cm-’ 
Reagent ratm for full colour development 
Medium for maximum atxwrbance 

StabMy I” the solvent, hr 

Beer’s law upper hmit. ppm 
Accurate range of determmatwxt. ppnr 
Sandell sens,trv,ty. ,q,i n? 
Standard de\xation* (from 8 samples) 

365 
40 
25 

0.014 75M HC1 
HCIO,. HNO, or H,SO, 

I2 
24 

5-20 
0 027 
00065 

480 
1.2 
IO 

pH4.565 

I2 
86 

l&75 
0090 
00085 

52&530 615 
40 2.0 
20 35 

0 5-l 5M HCI, pH80-90 
HCIO,, HNO, or H,SOd 

24 I2 
40 76 

IO-35 15-58 
0048 0095 
0x089 0.OL?f~8 

* Of the absorbance for 18.4 ppm of palladium and 19.0 ppm of osmium. 
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Table 2. Characteristics of Pd(II)-complexes with the thiols (II) and (III) 

Charactenstlc 
Palladmm(I1) complex wtth (II) Palladium complex wth (HI) 
Yellow Red Yellow GW” 

I “m ma.l 
c,.,. lO’I.mole~ cm“ 
Reagent ratlo for full colour development 
Medium for maxmwn absorbance 

Stahdlty I” the solvent, hr 
Beer’s law hmlt. upper ppm 
Accurate r.~ng~‘ of determmation ppm 

Sandell , n,’ sm\,,~\,,> ,,q 

Standard dc\xttmn’ (1~” 8 samples) 

370 
72 
30 

O.Ol-LOM HCI. 
HCIO,. HNO’ or H’S04 

5-6 
15 

4-14 

0015 
0.0048 

490 
20 
10 

pH 5 (Lt.0 

5d 
48 

l&40 

0.054 
O.CQ67 

44&450 
9.0 
50 

0 I-l.ON HCI. 
HCIO., HNO, or H’SO, 

34 
12 

3-11 

0.012 
00035 

670 
26 
30 

pH 2 8-6 3 

3-4 
44 

lo-39 
0.041 
0.0052 

* Of the absorbance for 10.7 ppm of palladium. 

Table 3. Characteristics of OS-complexes with the thiols (II) and (III) 

Charactermtlc 
Osm~um(VIIIl complex wth (II) Osmium complex wth (III) 
Red Green Red Blue 

1 “ml, run 
Emax, IO’1 mole-’ cm-’ 

Reagent ratlo for full colour development 
Medmm for maxmwm absorbance 

Stabdtty m the solvent, hi- 
Beer’s law upper hmlt, ppm 

Accurate range of determmatlon, ppm 
Sandell se”sttwlty. pg/cm’ 
Standard devtatlon’ (from 8 samplesl 

52(t530 
144 
I5 

0 8-l 8M HCI, 
HCIO,. HNO, or H’SO, 

24 
I4 

3-13 
0.013 
oOc69 

675 
8.0 
25 

pHBO_95 

12 
23 

5-20 
0.024 
00058 

48&49c 
5.6 
60 

0 5-ISM HCI, 

HCIO,. HNO’ or H’SO, 

I2 
38 

9-32 
0.034 
0 0076 

610 
4.0 
80 

pH85-95 

5-6 
42 

l&39 
0048 
00064 

* Of the absorbance for 11.6 ppm of osmium. 

IO” yellow 

Pd 

Table 4. Tolerance limits (ppm) 

Thlol(Il) Thtol (III) 

OS Pd OS 

red red green YCZIIOW Pm” red blue 

F_ 104 104 IO’ IO’ lo* 10” IO’ 500 
I- 2M) loo 4ca 2lxl 200 50 200 50 
NO; 500 500 50 50 400 4lnl 50 20 
scti- 2 x IO’ IO0 loo 100 10’ I50 Int Int. 
s,o:- IO 10 50 50 10 IO Int Int 
oxalate 5 x 10’ 5 x IO’ 2 x IO’ 2 x IO’ 2 x IO’ 2 x IO’ 2 x IO’ IO’ 
tartrate 5 x 10’ 5 x IO’ 200 200 2 x IO’ 2 x 10’ IO0 50 
EDTA 3 x IO’ 3 x IO’ IO’ IO’ 2 x 10’ 2 x IO’ IO’ 200 
PO!-. BO!- 5 x 10’ 5 x IO’ 2 x IO’ 2 x IO’ 2 x IO’ 2 x IO’ 2 x IO’ IO’ _ _ 
c,trate 5 x 10’ 2 x IO’ IO’ IO’ 15 x IO’ I5 x IO’ IO’ 10’ 

CU” 4 x IO’ 3 x IO’ 4 x IO’ 4 x IO’ 4 x IO’ 2 x IO’ 2 x IO’ 2 x IO’ 
Hg’+ 3 x 10’ 803 3 x IO’ 800 2 x 10’ 2w IO’ MO 

S”’ * 2 x IO’ IO’ IO’ 5w) 2 x IO’ IO’ IO’ 200 
V’+ 3 x IO’ 2 x 10’ 2 x IO’ 2 x 10’ 2 x IO’ 2 x IO’ IO’ 500 
Mll’f 5 x IO’ 5 x IO’ 5 x IO’ 5 x IO’ 5 * IO’ 5 x IO’ 2 x IO’ IO’ 
Fe’ + 5 x IO’ 3 x 10’ 5x IO’ 2 x IO’ 2 x IO’ IO’ 2 x IO’ IO’ 
c;i*, N,‘i 5 x IO’ 2 x IO’ 5 x IO’ 2 x 10’ 2 x IO’ IO’ 2 x 10’ IO’ 

Ru’+. Rh’+ 2 x 10’ IO’ 2 Y IO’ IO’ IO’ IO’ IO’ 10’ 

Pd’ + Int IO _ _ Int IO 

OS’+ Int. Int _ - Int Int. _ _ 

11’ + 5 x IO’ 2 x IO’ IO’ IO’ 2 x 10’ 2 x IO’ IO’ IO’ 

Pf’ + 5 x IO’ 2 x IO’ 2 x IO’ 2 x IO’ 2 I IO’ 2 x 10’ 2 x IO’ 2 x 10’ 

Int. = interference. 

extracted from acidic solution. Make up to volume, 
measure its absorbance at I,,, of the complex against a 
solvent blank [or reagent blank in case of the (III)] and 
calculate the amount of the metal from a calibration graph. 

Diverse ions 

The effect of a large number of diverse ions on the deter- 
mination of 10.7ppm of Pd and 11.6ppm of OS with (II) 
and (III) was investigated. Up to 104ppm of Cl-, Br-, 
NO;, CIO;, CH,COO-. SO:-, Ca*+ Ba’+, Sr*+, Zn’+, 
Cd’+. A13+ gave no interference. nor hid 5 x 103ppm of 

Pb’+, in any of the complexation reactions. Silver inter- 
fered when present at the 1Oppm level, and cyanide and 
thiourea must be absent. The other tolerance limits are 
mcorporated in Table 4. It is evident that the determina- 
tions can be accomplished in the presence of large amounts 
of many species, including all the other metals of the iron 
and platinum groups. 
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Summary-l-Amino-, 1-anilino- and 1-(2’,4’-dinitroanilino)- 4,4,6-trimethyl-lH,4H-2-pyrimidinethiols 
react with Pd(I1) and Os(VIII), forming coloured complexes extractable into non-polar organic solvents. 
The optimum conditions for the complexation have been established. Beer’s law is obeyed and by 
an extractive spectrophotometric procedure, microgram quantities of the two metals are determined 
in the presence of large amounts of diverse ions, including all the other metals of the iron and platinum 
groups. 
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Transplutonic elements are only slightly sorbed on anion- 
exchangers from hydrochloric or nitric acid media, but the 
presence of alcohol in the media enhances the anion- 
exchange of these elements, especially in nitric and sul- 
phuric acid media. Von Haidvogel et al.’ showed this en- 
hancement in thin-layer chromatography; the sorption of 
transplutonic elements increased with increasing alcohol 
content and the binding with the ion-exchanger was 
stronger in nitric acid medium than in sulphuric acid 
medium. Guseva et aZ.Z*3 separated americium from cur- 
ium, both at relatively high level, in a nitric acid-methanol 
medium, observing that the greater the atomic number, 
the stronger the sorption. 

In the present work a method has been developed for 
determining americium and curium in environmental 
samples, on the basis of the difference between the sorption 
characteristics of these elements on anion-exchangers in 
an acid-methanol system and those of plutonium, 
polonium, thorium, etc. The method also permits us to 
perform sequential determination of plutonium, when 
necessary. The radiochemical separation of americium 
from curium is not generally required, since modern 
a-spectrometry resolves the major a-peak of 241Am 
(5.49 MeV) from those of 242Cm (6.10 MeV) and 244Cm 
(5.80 MeV), which possibly co-exist with 241Am in environ- 
mental samples. 

EXPERIMENTAL 

Reagents 

Nitric acid-methanol mixtures: 1 M HNO,-90% 
CH,OH solution (10M nitric acid-methanol) (1:9 v/v) and 
0.5M HNO,-70% CH30H solution (5M nitric acid- 
water-methanol, 1: 2 : 7 v/v). 

First anion-exchange resin column: Dowex 1 (X8, 
100-200 mesh), bore 1 cm, volume 10ml. 

Second anion-exchange resin column: Dowex 1 (X2, 
5&100 mesh), bore 1 cm, volume 20 ml. 

Cation-exchanrze resin column: Dowex 50 (X8. 200-400 
mesh), bore 16 volume 5 ml. 

. 

Americium-243 solution in 1M nitric acid (5dpm/ml): 
chemical yield monitor for 241Am. 

Plutonium-236 or plutonium-242 solution in 1M nitric 

acid (5dpm/ml): chemical yield monitor for *38Pu and 
239.240pu, 

Sample pretreatment 

Biological or sediment samples are dried at 105-llO”, 
weighed and placed in a porcelain crucible to which the 
chemical yield monitors, a few dpm each of 243Am and 
zs6Pu or 242Pu, are normally added. After drying again, 
the samples are ashed at 500” overnight. The ash obtained 
is leached with a mixture of concentrated nitric and hydro- 
chloric acids and a few ml of 30% hydrogen peroxide. 

Water samples are acidified, and iron carrier (50mg of 
Fe3+) is added. 

The actinides are co-precipitated with ferric hydroxide 
by adding ammonia The precipitate is centrifuged and dis- 
solved in %12M hydrochloric acid. After the addition of 
a few drops of 30% hydrogen peroxide, the solution is 
heated and kept at 80” for 20 min. The acidity of the solu- 
tion is finally adjusted to 9M in hydrochloric acid. 

Ion-exchange 

After cooling the solution is passed through the first 
column of Dowex 1 and then through the Dowex 50 
column, which is directly connected to the first column, 
at a flow-rate of 2 ml/min. Iron(II1) is sorbed on the Dowex 
1 column with plutonium(IV) as well as any uranium and 
polonium. Thorium is sorbed on the Dowex 50 column. 
Tervalent actinides, americium and curium, on the other 
hand, pass through both columns. The columns are washed 
with 50 ml of 9M hydrochloric acid. then the effluent and 
washings are combined and evaporated to dryness. The 
residue is dissolved in 1M HN03-900/0 CH,OH solution 
(50-100 ml). 

In order to obtain further purification of americium and 
curium the solution is passed through the second Dowex 
1 column at a flow-rate of 2ml/min. Americium and cur- 
ium are sorbed on the column with other impurities, such 
as remaining plutonium, polonium, thorium etc. The 
column is washed with 60ml of 1M HNO&O”/, CH,OH 
mixture. The tervalent actinides are then eluted with i.SM 
HNOs-70% CHJOH mixture (70 ml). 

When the plutonium determination is requued, plu- 
tonium can be eluted from the hrst Dowex 1 column with 
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Americium-243 solution in 1M nitric acid (5dpm/ml): 
chemical yield monitor for 241Am. 
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weighed and placed in a porcelain crucible to which the 
chemical yield monitors, a few dpm each of 243Am and 
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the samples are ashed at 500” overnight. The ash obtained 
is leached with a mixture of concentrated nitric and hydro- 
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at a flow-rate of 2 ml/min. Iron(II1) is sorbed on the Dowex 
1 column with plutonium(IV) as well as any uranium and 
polonium. Thorium is sorbed on the Dowex 50 column. 
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curium the solution is passed through the second Dowex 
1 column at a flow-rate of 2ml/min. Americium and cur- 
ium are sorbed on the column with other impurities, such 
as remaining plutonium, polonium, thorium etc. The 
column is washed with 60ml of 1M HNO&O”/, CH,OH 
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1.2M hydrochloric acid after washing with 7.2M nitric acid 
and determined by the procedure described by Talvitie.4 

Electra-deposition 

The eluate which contains americium and curium is eva- 
porated to dryness and the residue is dissolved with 0.8 ml 
of cont. sulphuric acid. The solution is diluted with dis- 
tilled water and adjusted to pH 2 with ammonia, the final 
volume being about 10 ml. The electro-deposition of ameri- 
cium and curium from this solution onto a stainless-steel 
disc is performed at a current of 1.2 A for 1 hr, with a 
disposable polyethylene vial as electrolysis cell. A similar 
procedure for the electrodeposition of plutonium has 
already been described.5 

Alpha-spectrometry 

In the present work, the a-spectrometry for americium 
and curium was carried out by using a silicon surface-bar- 
rier detector having a sensitive area of 300 mm*. The reso- 
lution of a-spectra was 3540 keV for the 241Am peak 
(5.49 MeV) in terms of the full width at half maximum. 
The least detectable activity was 0.01 pCi for a lOOO-min 
count under these conditions. 

RESULTS AND DISCUSSION 

The key to precise determinations of americium in en- 
vironmental samples is to obtain good decontamination 
from naturally-occurring a-emitters, such as “‘PO 
(a-energy, 5.30 MeV) and zzsTb (5.42 MeV) as well as from 
the artificial fall-out radionuclides such as 238Pu 
(5.49 MeV). Their a-energies would interfere with the 
a-spectrometry of 241Am (5.49 MeV) or of the yield moni- 
tor 243Am (5.28 MeV). For curium determinations separ- 
ation from 236Pu (5.76 MeV) is essential when 236Pu has 
been used as the yield monitor for plutonium, as its a-peak 
overlaps that of 244Cm (5.80 MeV). 
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Fig. 1. Alpha-spectrum of IAEA intercalibration sample 
AG-I-1 (seaweed, 1 g dry, 18 dpm 243Am added). Counting 

time: 3800 min. 



SHORT COMMUNlCATlONS 855 

The decontammatton of polonium by the present pro- 
cedure was verified by analysmg samples which were 
known to contain relatively high levels of *i’Po, without 
adding any yield monitor. The decontamination factor for 
*i”Po is estimated to be of the order of 10’. 

However, since it was also observed that ‘rOPb is 
strongly sorbed on the anion-exchange resin from the nitric 
acid-methanol medium it is possible that a small fraction 
of the ‘tOPb may be carried over to the americium fraction 
and interfere with the a-spectrometry of 243Am, when the 
content of “‘Pb in the samples is exceptionally high. The 
interference comes from the build-up of ‘l”Po through 
p-decay of *l”Pb (half-life: 19.4 y) with an equilibrium time 
of approximately 6 months. This difficulty can be over- 
come by using clean 242Cm or 244Cm as the yield monitor 
for americium measurements, since it has been experimen- 
tally proved that there is practically no difference between 
the chemical yields of americtum and curium in the present 
procedure. 

The decontamination of 228Th was tested either by spik- 
ing known amounts of 230Th (cc-energy, 4.69 MeV) or by 
verifying absence of the 224Ra-peak (5.68 MeV) which 
should be built up during two weeks from the separation 
if the thorium decontamination has been incomplete. These 
tests indicated that the procedures decontaminate ‘*sTh 
by a factor of at least 104. 

The absence of the 239*240Pu-peak (5.16 MeV) in the 
cc-spectra obtained through the present procedure con- 
firmed sufficient decontamination of 239.240Pu as well as 
of 238Pu. The activity of 239,z40Pu is l&20 times that 
of 23sPu in normal environmental samples. 

To illustrate the decontamination from the interfermg 
radionuclides mentioned above, an a-spectrogram 
obtained for the IAEA intercalibration sample, AC&I-l 
(seaweed) by the present procedure is given in-Fig. 1. The 
cc-peaks of 243Am, 241Am and 244Cm are seen to be clean. 

If the plutonium and thorium were not preseparated 
through the first anion-exchange, about 10% of the plu- 
tonium and thorium would follow americium in the 0.5M 
HNO,-70% CH,OH eluate. Plutonium and thorium are 
also strongly sorbed on Dowex 1 from 1M HN03-90% 
CH,OH, but partially eluted wtth 0.5M HNO,-70% 
CH,OH. Polonium is also sorbed, but not eluted under 
these conditions. 

Since *“Ani often contains some 244Cm as an impurity, 
a serious error may be introduced into curium determina- 
tion when the curium concentrations are low and 243Am 
is used as the yield monitor for Z4tAm. This difficulty can 
be avoided by repeating the procedure without adding any 
yield monitor. In this case, the previously determined 
*41Am concentration of the sample is used to measure the 
yield since, as has been mentioned, the chemical yield of 
241Am is practically identical to that of 242Cm or 244Cm. 

The method described above was applied to several 
IAEA reference samples, such as AG-I-l (seaweed), SD-B-l 
(marine sediment) and SW-I-3 (seawater), for which the 
probable concentrations are already known for 238Pu and 
239*240Pu as well as *41Am.6 The results of these analyses 
are given in Table 1. The recovery of americium in these 
analyses varied between 30 and 95%. Nevertheless, the 
results presented in Table 1 are in good agreement with 
the given probable concentrations, showing the usefulness 
of the present method for the determination of americium 
and curium in environmental samples. 

A major part of 241Am in the environment today results 
from the decay of 241Pu (half-life 13.6~. B-emitter) de- 
posited as radioactive fall-out or from ~nu’clear installa- 
tions.’ The method presented here is being used for study- 
ing the environmental behaviour of americium and curium 
isotopes originating from various sources. 
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Zinc metal is avallable in different degrees of purity, from 
the so-called “five nines zinc” (99.999 + % Zn) to the grade 
with more than 1.6% of impurities. Among the main lm- 
purities in commercial zinc are iron, copper and lead, but 
many others (arsenic, antimony, tin, cadmium, germanium, 
indium, thallium, manganese and gallium) influence the 
mechanical, electrical and anticorrosion properties of zinc 
metal.lm4 Some trace elements (lo-‘-lo-“% of iron. 
manganese, copper, nickel and cobalt) may also change 
the luminescence properties of zinc sulphide.‘-s The trace 
element composition also mdicates the origin of the zinc 
ore. 

Destructive and non-destructive activation analysis are 
both suitable for the determination of trace elements in 
high-purity materials but because the activity of 69mZn and 
of @%u interferes in the determination of short-lived iso- 
topes and the activity of 65Zn interferes in the determina- 
tion of long-lived isotopes, non-destructive analysis using 
high-resolution spectrometry is impracticable. Thus des- 
tructive methods for Cu, Ni, Co, Fe, Mn,617.9 for Hg, U, 
Yb,“’ for MO, Re,” for Te, Se. As, Sb” and for Co, Cd, 
Fe, Inl3 in electrolytic zinc sulphate solutions, and for Co, 
Ag.“’ for 13 trace elements,15 for Ge,16 for Cu, Fe, Co, 
Ni9 and for 27 trace elements I7 in zinc metal, have been 
reported. Experience in analysis of standard reference 
materials shows that chemical separations are essential for 
the majority of elements in the very low concentration 
range. The aim of the present work was to extend the 
applicabihty of methods for pure chemical reagents,“.” 
biological materials.‘“~2’ glasses I’- *4 and calcium car- 
bonatez4 to materials requiring a separation of gram quan- 
tities of the active matrix before the determination of mic- 
rogram and submicrogram quantities of trace elements. 

* presented in part at the IVth International Sym- 
posium: “Reinststoffe in Wissenschaft und Technik”. 
Dresden, October 1975. 

Separations with very high decontamination factors are 
essential. 

The present paper gives an account of the destructive 
determination of the trace elements indium, manganese, 
arsenic and antimony in different samples of pure zinc 
metal, by solvent extraction techmques. The various 
samples analysed included the NBS standard Zn 683. for 
which results for these four elements have not previously 
been published.2s 

EXPERIMENTAL 

Irradiation 

For the determination of mdium and manganese, the 
samples (0.2-l.Og) and standards, sealed in plastic tubes, 
were irradiated for 3040min in the Institute’s reactor 
TRIGA MK.11 at a neutron-flux of 4 x lOI n.cm-2.sec-‘, 
the pneumatic transfer system being used. 

In the determination of arsenic and antimony, the 
samples, sealed in plastic tubes, were irradiated together 
with the standard for 18-20 hr at a neutron-flux of ap- 
proximately 2 x 10” n.cm-2.sec-1. 

Nuclear data 
The most important nuclear data for the elements deter- 

mined are given in Table 1.26 

Apparatus 

Quantitative determinations of individual elements were 
based on activity measurements of the separated radionuc- 
lides at the y-ray energies indicated in italics in Table 1. 
They were counted in a 3 x 3 in. well-type (NaI(TI) detector 
connected to a 250-channel analyser. 

Reagents and solutions 

Apart from mineral acids and hydrogen peroxide used 
in the dissolution of samples, the following reagents were 

Table 1. Relevant nuclear characteristics of arsenic. indium, manganese, antimony and zinc” 

Stable 
isotope 

75As 
‘IsIn 
55Mn 
“‘Sb 
12%b 
64Zn 

66Zn 
67Zn 
68Zn 

Abundance. 
0 ‘” 

100 
95.7 
100 
57.3 
42.7 
48.9 

27.8 
4.1 

186 

Reaction 

75As(n,g)76As 
1 1 ‘In(n,y )’ ’ 6mIn 
55Mn(n,y)56Mn 
121Sb(n,y)‘22Sb 
‘23Sb(n.y)‘24Sb 
64Zn(n,y)b5Zn 
64Zn(n,p)64Cu 
66Zn(n,p)6hCu 
b7Zn(n,p)6’Cu 
hsZn(n,y)69mZn 
bsZn(n.p)6sCu 

Cross section, 
barn 

4.3 
65 

13.3 
6.2 
4.3 
0.78 

0.09 

Half-life 

26.4 hr 
54 min 
2.58 hr 
2.70 d 
60.3 d 
244 d 
12.7 hr 
5.1 min 
61.9 hr 
13.9 hr 
30 set 

y-Ray energy, 
Mel/ 

0.56. 0.66 
0.42, 0.82. 1.10. I .29 
0.85, 1.81. 2.11 
0.56, 0.69 
0.60. 0.65, 1.69 
1.12 
0.51, 1.34 
1.04 
0.09, 0.18 
0.44 
1.08, 1.26 
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required. For the determination of indium and manganese: 
solutions of ammonium citrate (400/,), potassium cyanide 
(5%) sodium diethyldithiocarbamate (lx), Cresol Red 
(0.1X. lanthanum nitrate in O.lM nitric acid (La = 
10 mg/ml), and ammonia, concentrated hydrobromic acid, 
carbon tetrachloride and alcohol. For the determination 
of arsenic and antimony: 5M and 0.5M potassium iodide, 
toluene and alcohol. 

Standards were prepared from spectroscopically pure re- 
agents (metallic indium, potassium permanganate, arsenic 
trioxide and antimony trioxide) and contained 0.1% w/w 
of the elements determined. The solutions were O.lM with 
respect to nitric acid (hydrochloric acid for antimony) and 
after appropriate dilution, were used as carriers or stan- 
dards 

Dissolution of samples 

After irradiation, but before their dissolution, the surface 
contamination of the samples (except in the case of zinc 
dust) was removed by etching them in nitric acid (1 + 1) 
followed by washing in doubly distilled water and then 
96% alcohol. After washing, the samples were dried, 
weighed and dropped into a Kjeldahl flask together with 
carriers (50 pg of indium, 250 pg of manganese, 508 pg of 
arsenic, 1 mg of antimony, 1 mg of copper and 10 mg of 
lanthanum) and heated in a mixture of nitric and sulphuric 
acids until SO, fumes appeared. 

Determination of indium and manganese 

After dissolution of the samples, a few ml of concen- 
trated hydrobromic acid were added to the Kjeldahl flask 
and heating continued (to remove volatile bromides) until 
SO3 fumes appeared. The solution was cooled and quanti- 
tatively transferred to a centrifuge tube. An excess of 
ammonia was added until the precipitate of zinc hydroxide 
was completely dissolved. To the ammoniacal solution a 
few ml of 32% hydrogen peroxide were added to precipi- 
tate manganese together with lanthanum and indium hyd- 
roxides. After 10 min heating on a water-bath, the solution 
was discarded, the remaining precipitate washed with a 
mixture of 1M ammonia and a few drops of hydrogen 
peroxide and centrifuged again. 

The hydroxides were dissolved in 6M hydrochloric acid 
(5 ml) and quantitatively transferred to a separatory funnel. 
After addition of 5 ml of sodium diethyldithiocarbamate 
solution, indium and manganese were extracted as the 
diethyldithiocarbamates at pH 8-9 (Cresol Red) into 
10 ml of carbon tetrachloride in the presence of ammonium 
citrate (5 ml) and potassium cyanide solutions (5 ml). 
Manganese was isolated from indium by the selective strip- 
ping of the organic phase with a 1: 1 mixture of 4M hydro- 
chloric acid and sodium diethyldithiocarbamate solution, 
which holds back indium in the organic phase. 

After separation of manganese, the organic phase was 
mineralized with a mixture of sulphuric and nitric acid, 
cooled and transferred to a 5-ml counting vial. The activity 
of the 1.29-MeV “6mIn peak was measured and compared 
with the activity of the standard. The chemical yields, 
which were better than 98”%, were determined by re-irra- 
diation. The aqueous phase containing manganese was 
mineralized in the same way and transferred to a counting 
vial. The activity of the 0.85-MeV 56Mn peak was 
measured and compared with that of the standard. The 
chemical yield was determined spectrophotometrically by 
the periodate method and was about 90%. 

Determination of arsenic and antimony 

After dissolution of the samples, the solution was trans- 
ferred to a separatory funnel and diluted to a volume of 
18 ml in which 13.4 ml of free 9M sulphuric acid were pres- 
ent. Then 2ml of 0.5M of potassium iodide and exactly 
15 ml of toluene were added and the mixture was shaken 
for 3min. The aqueous phase was discarded and the 

organic phase washed with 1Oml of 6M sulphuric 
acid/O.O5M potassium iodide. Antimony was stripped from 
the organic phase with two 5-ml portions of 6M hydro- 
chloric acid/0.5M potassium iodide, being shaken for 2 min 
each time. The stripping solutions were collected in a lo-ml 
countina vial and the activitv of the 0.56-MeV 122Sb oeak 
was measured and compared with that of the standard. 

The activity of arsenic was measured in two ways, 
depending on the quantity in the sample. At high levels 
of arsenic, an aliquot of the organic phase (after separation 
of antimony) was transferred directly to the counting vial; 
at low levels the arsenic from the whole of the organic 
phase was stripped into dilute mineral acid. In both cases 
the activity of-the isolated 76As was measured in a count- 
ing vial at 0.56 MeV and cornoared with that of the stan- 
d&d. The yields for arsenic and antimony were shown by 
tracer experiments to be quantitative. 

RESULTS AND DISCUSSION 

Owing to the high activity of the matrix and the pres- 
ence of copper isotopes arising from (n,p) parasite reac- 
tions, nondestructive activation analysis for determination 
of trace elements in different samples of zinc metal and 
its compounds is usually impracticable. For separation of 
gram quantities of zinc matrix from microgram and sub- 
microgram quantities of short-lived or long-lived isotopes, 
one-step separation methods usually fail. With a combina- 
tion of two or more separation procedures or by repeated 
application of a single but very selective separation pro- 
cedure, the decontamination factors required for such 
a separation can be obtained. 

Since the larger quantities of zinc interfere with the 
extraction and determination of indium and manganese, 
even in the presence of larger quantities of potassium 
cyanide, both elements were (before extraction with sodium 
diethyldithiocarbamate) quantitatively co-precipitated with 
lanthanum hydroxide in the presence of excess of 
ammonia. Tracer experiments with s6Mn and iihmIn con- 
firmed that co-precipitation was quantitative. The quanti- 
ties of indium and manganese carriers suitable for diethyl- 
dithiocarbamate extraction and yield determination are 
small enough to make their co-precipitation on lanthanum 
hydroxide desirable. This isolation of indium and manga- 
nese is convenient, since most of the matrix and those ele- 
ments soluble in excess of ammonia are removed, e.g., cop- 
per, which arises from the reactions 64Zn(n,p)64Cu and 
67Zn(n,p)6”Cu. The y-spectra obtained by this method are 
clean and identical with the y-spectra of the standards, 
for both elements. 

In samples which had more than 1OOppm of cadmium, 
m addition to the peaks of 1’6mIn there was a peak due 
to the 0.34MeV ” s”In activity (ti ,z = 4.5 hr). This arises 
as a daughter of “‘Cd after the il’Vd(n,y) reaction. Smce 
the y-energy of l’smIn is lower than the energies of the 
riGmIn isotopes, the presence of iismIn does not interfere 
with the evaluation of indium in the samples. 

Determination of arsenic and antimony in different 
samples of zinc metals is based upon the extraction of 
the tri-iodides of both elements into toluene. From the 
extraction curves” it can be seen that both elements are 
quantitatively extracted into the organic phase from 6M 
sulphuric acid/O.O5M potassium iodide. The high degree 
of extraction permits washing of the organic phase without 
appreciable loss of arsenic and antimony and so increases 
the degree of decontamination. The basis for the separation 
of the elements from the organic phase is the difference 
in the extraction coefficients of their iodides (for arsenic 
-600, for antimony -0.05) from 6M hydrochloric 
acid/0.5M potassium iodide solution into toluene.2z 

For samples with a high concentration of antimony 
compared with arsenic, traces of antimony in the organic 
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Table 2. Results for indium, manganese, arsenic and antimony in different 
samples of zinc metal (rig/g))) 

In Mn As Sb 
Sample n A o n A a n A D n A o* 

zn 
Malinckrodt 3 0.68 - 3 370 - 6 5.5 0.7 4 154 14 
Zn-SRM 683 
NBS 7 0.93 0.09 7 56 4 7 2.5 0.3 6 506 17 
Zn-pulvis 
Kemika 4 8310 315 5 4650 240 5 410 11 5 175 6 

Zn-grobes Pulver 
Riedel de Haen 8 10 1 4 3790 440 3 26 _ 5 48 5 

* n is the number of determinations, A the average value and 0 the standard 
deviation 

phase must be stripped a second time with 6M hydro- 
chloric acid/0.5M potassium iodide. Similarly, for samples 
with a very high arsenic-antimony ratio, the antimony 
stripped from the organic phase should be washed with 
toluene to remove traces of arsenic. 

The procedure is simple, fast and quantitative. The two 
elements are cleanly separated fro-m-zinc (the 0.44-MeV 
peak from 69mZn was not observed). In the analvsis of 
imc samples for arsenic and antimdny it is es&&l to 
dissolve them in the presence of nitric acid, or low results 
may be obtained by the loss of the volatile hydrides. 

The results for indium, manganese, arsenic and anti- 
mony are summarized in Table 2. We have been unable 
to check the accuracy of our results directly on zinc refer- 
ence samples, since these are not available. From the high 
chemical yields, the clean y-spectra and the good reprodu- 
cibility of the results it is concluded that the values for 
indium, manganese, arsenic and antimony are close to the 
true values. 

CONCLUSION 

The solvent extraction method described is superior to 
earlier methods, involving precipitation, distillation or ion- 
exchange separations and has the advantages of simplicity 
and speed. The radiochemical purity of the separated frac- 
tions allows determinations to be made at the nanogram 
level. 

Acknowledgement-We thank the NBS Washington for 
support under Grant No. NBS-G(107) and the Boris Kid- 
riE Foundation, Ljubljana under Contract No. 106/353-75. 

REFERENCES 

I. M. Kolthoff and P. J. Elving, Treatue on Analytical 
Chemistry, Part II, Vol. 3, p. 95. Interscience, New 
York, 1961. 
Kirk and Othmer, Encyclopedia of Chemical Tech- 
nology, 2nd Ed., Vol. 22, Interscience, New York, 1970. 
C. J. Smithels, Metals Reference Book, Vols. I and II, 
Butterworths, London, 1955. 

4. 

. 5. 
6. 
7. 
8. 

9. 

10. 

11. 
12. 
13. 

14. 
15. 

16. 

17. 

18. 

19. 

20. 
21. 

22. 

23. 

24. 

25. 

26. 

27. 

Metals Handbook, 8th Ed., Vol. I, American Society 
for Metals, Metals Park, Ohio, 1967. 
I. Broser and K. H. Franke, Z. Physik, 1963, 172, 520. 
G. Pfrepper and H. Koch, Mikrochim. Acta, 1966, 481. 
Idem, ibid., 1966, 488. 
C. Persiani and J. F. Cosgrove, EIectrochem. Technol., 
1968, 6, 205. 
I. R. Bellobono, Rend. 1st. Lombard0 Scl. Lettere, A. 
1970, 104, 918. 
R. Dams and J. Hoste, Anal. Chim. Acta, 1967, 39, 
423. 
Idem, ibid., 1968, 41, 197. 
Idem. ibid., 1968, 41, 205. 
J. L. Liessens, R. Dams and J. Hoste, ibid., 1969, 45, 
213. 
R. Machiroux and F. Mousty, ibid., 1968, 42, 371. 
G. Lanfranco and A. Bianchini, Chim. Ind. (Milan), 
1968, 50, 332. 
R. Machiroux and F. Mousty, Anal. Chim. Acta, 1969, 
48, 219. 
F. Mousty and F. Girardi, J. Radioanal. Chem., 1974, 
22, 29. 
L. Kosta and V. Ravnik, Radiochem. Radioanal. Let- 
ters, 1971, 7, 295. 
V. Ravnik and L. Kosla, Vestn. Sloven. Kern. Drustva, 
1972. 19, 13. 
A. R. Byrne, Anal. Chim. Acta, 1972, 59, 91. 
V. Ravnik, M. Dermelj and L. Kosta, J. Radioanal. 
Chem., 1974, 20, 443. 
A. R. Byrne and A. Vakselj, Croat. Chem. Acta, 1974, 
46, 225. 
A. R. Byrne and V. Ravnik, Radiochem. Radioanal. Let- 
ters. 1974, 20, 127. 
V. Ravnik, M. DermelJ and L. Kosta, Mikrochlm. Acta. 
1976, 1, 153. 
Catalog of NBS Standard Reference Materials, NBS 
Special Publication No. 260, 1975-76 Ed., Washington, 
June, 1975. 
W. Seelman-Eggebert, G. Piennig and H. Miinzel, 
Chart of the Nuclides, 4th Ed., Institut fir Radioche- 
mie, Karlsruhe, 1974. 
A. R. Byrne and D. Gorenc. Anal. Chim. Acta, 1972, 
59, 81. 

Summary-Destructive activation determination of the trace elements indium, manganese, arsenic and 
antimony in different samples of pure zinc metal by solvent extraction techniques is described. Deter- 
mination of indium and manganese is based on the quantitative co-precipitation of both elements 
with lanthanum hydroxide, followed by their extraction with sodium diethyldithiocarbamate in the 
presence of potassium cyanide and their subsequent separation by selective stripping. The quantitative 
determination of arsenic and antimony is based on the extraction of their iodides from sulphuric 
acid solution with toluene. 
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Some of the most useful methods employed in silicate 
analysis for major elements are flame photometry, colori- 
metry, and atomic-absorption spectrophotometry (AAS); 
all of them require prior dissolution of the sample. Much 
has been written about silicate rock decomposition, but 
in the authors’ opinion most of the methods described 
present serious inconveniences for work in a routine labor- 
atory where instrumental techniques are employed. The 
method applied has to fulfil certain requirements dictated 
by the nature of the work. Geochemistry laboratories are 
usuallv concerned with determination of SiO,. TiO,, 
Al,O;. total iron as Fe,O,, MgO, CaO, Na,O, K,O and 
P,O,. At present, all these except phosphorus and titanium 
oxides can be determined advantageously by AAS. Phos- 
phorus cannot be determined directly by AAS, and the 
sensitivity for titanium is low. Calorimetric methods are 
preferred in both cases and so it is important not to intro- 
duce into the matrix components which interfere with the 
calorimetric and AAS determinations. 

A very important aspect of AAS and the other tech- 
niques mentioned, and one that is directly connected with 
sample decomposition is the use of standards. For some 
elements many authors have successfully used standard 
solutions prepared from pure salts, but the results for ele- 
ments such as silicon and aluminium are not very good. 
The use of artificial standards may produce poor results 
because of the differences in bulk composition and in 
physical properties between natural samples and artificial 
standard matrices. Thus it is highly desirable to use the 
various standard rocks with a well-established composi- 
tion, but doing so demands that the solutions prepared 
from them have certain qualities, one being good stability 
so that they can be used for more than one set of samples, 
saving both time and material. Another requirement is that 
the level of dissolved solids in the matrix must be low 
in order to facilitate accurate determinations. It is also 
preferable to be able to use the same standard solution 
for all the determinations. 

The present paper reports a rapid and versatile method 
for decomposition of silicate rocks, to give a solution 
which contains all the elements of the rock but only a 
low total amount of solids. The master solution can be 
treated in various ways to stabilize it with respect to 
various components and it is possible to determine all the 
major elements by atomic absorption and/or calorimetry. 
The most important methods described for silicate rock 
decomposition have been investigated and their useful 
aspects put together and in some cases improved to obtain 
the final procedure. 

EXPERIMENTAL 

Reagents 

All chemicals used were analytical reagent grade. 
Flux. A 1: 1 mixture of boric acid and lithium carbonate. 
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EDTA solution. Prepared by dissolving 2 g of the acid 
in 250 ml of distilled water containing 10 ml of concen- 
trated ammonia solution and diluting to 1 litre. Stored 
in a plastic bottle. 

Ffuoboric acid solution. This contains 30 g of boric acid 
and 30 ml of 45% hydrofluortc acid per litre. 

Potassium and barium nitrate buffer solutions. These con- 
tain 10,OCKl ppm of potassium and barium respectively. 

RESULTS AND DISCUSSION 

Classical schemes 

These usually involve separate attack on two samples, 
which we consider a serious inconvenience for economic 
and rapid work. 

Methods designed for atomic-absorption analysis 

There is a great variety of published methods but we 
will consider only those established on the basis of a single 
attack and further determination of all the major elements 
in the solution obtained. The methods are essentially vari- 
ants of two themes. 

Pressure vessel decomposition.1-5 Hydrofluoric acid is 
used alone or together with other acids in a hermetically 
sealed bomb. The fluorides are then stabilized with alcohol, 
aluminium chloride, or more often boric acid. The last 
produces good results but has two main inconveniences: 
(i) some resistant minerals such as zircon, tourmaline, 
cassiterite, titanium oxides and in some cases polymor- 
phous alumina are not completely decomposed; (ii) the 
fluoride anions produced cause the mconveniences dis- 
cussed below. 

Lithium metaborate fusion. 6-1o This flux has been shown 
to be one of the most effective in silicate rock decomposi- 
tion, giving complete fusion of most silicate rock minerals. 
On the other hand we have found that a mixture of lithium 
carbonate and boric acid gives faster decomposition of 
minerals such as zircon concentrates. The product can be 
dissolved in hydrofluoric, nitric, hydrochloric acid and so 
on. The most-important variants- are the following. 

(a) Nitric acid.6-8 In this case the stabilitv of silicon ~ 
and aluminium species m the solution is somewhat ques- 
tionable. We have found that polymerization begins after 
about 8 hr, as shown in Fig. 1, which refers to a solution 
prepared from a typical granodiorite. The apparent con- 
centration of silicon in solution has been found to be the 
same after 20 hr. irrespective of the silica content of the 
original rock (from 50 to 96%). An equilibrium between 
the silica precipitated and the solution seems to be estab- 
lished after this time. In spite of these mconveniences the 
method has the advantages of simplicity and rapidity (it 
takes about 15 min to dissolve the fusion product). the 
matrix is very suitable for flame and calorimetric deter- 
minations because nitrate does not produce interferences, 
and the amount of solids in solution is low. 
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Fig. 1. Stability of signal for silicon and aluminium in a 
granodiorite rock. The same sample solution was measured 
at different times, and always compared with a fresh 

sample solution. 

(b) Hydrofluoric acid. The fluorides can be stabilized with 
boric acid’ or by direct dissolution with fluoboric acid.“’ 
The matrix is the same in both cases. The advantage of 
this method is that the solutions can be stored for a long 
time, but this is outweighed by several disadvantages. The 
high concentration of boron depresses the alummium AAS 
signal by about 30”/, and increases the background by a 
factor of about ten, perhaps by formation of refractory 
compounds in the flame. The presence of fluoride interferes 
with the calorimetric determination of titanium, and in 
AAS if the amount of fluoride is high there is attack on 
any titanium parts of the instrument exposed to the 
sample. The amount of dissolved solids is also excessive, 
about 3.5:/, in Saavedra’s method” and 2.2 or 1.37” re- 
spectively for the two solutions obtained by Abbey’s 
method,’ as we have found by evaporation of the solvent 
from different samples. In our experience, no atomizer can 
work satisfactory with solutions which contain more than 
17, of solids. These problems also arise with the solution 
obtained by the pressure vessel method. 

(c) Complexing reagents.” This method is very promis- 
mg although it has not been employed to determine the 
total range of major elements. So far it has been mainly 
applied for determining alkali and alkaline earth metals. 
In our experience it is difficult to obtain clear solutions 
and the amount of solids in the matrix is also excessive. 

Interferences 

Some interference problems have been discussed above, 
and we will summarize some others here. 

Chemrcal interferences. These can be classified mto two 
groups. 

(a) Inter-element effects. The most important are those 
produced by alummium, silicate and sulphate m conjunc- 
tion with calcium and magnesium. They can be overcome 
by using protecting agents, generally chelating agents such 
as EDTAr’ or releasing agents such as lanthanum, barium 
and strontium. In our experience barium is superior to 
strontium, Fig. 2, because of its lower ionization potential 
and its ability to form stronger Al-O-metal complexes. 

(b) Components introduced by chemical reagents. The 
most important is that produced by fluoborate anions, de- 
scribed above. 

Ionization inferferences. These are important not only 
for alkali metals in an acetylene/air flame but also for alka- 
line earth metals, aluminium and silicon in an acetylene/ 
nitrous oxide flame. The signals for aluminium and silicon 
decrease by about 20 and 57; respectively. We find potas- 
sium effective in suppressing these interferences. 

The combined method 

There is no doubt that the advantageous aspects of the 
different methods can be combined in a single procedure. 
We have taken Ingamell’s method as a basis. In our 
opinion it is the most suitable, apart from the stability 
of the solutions. 

We have found that if a small amount of EDTA is added 
before dilution to final volume, the apparent content of 
most ions except those derived from silica remains con- 
stant for several months. The apparent content of silica 
starts to change after 30 hr but less than in the absence 
of EDTA and the solution can be kept stable for months 
if some fluoborate is also added (Fig. 3), irrespective of 
the nature of the rock sample. 

The nitrate_EDTA system produces no interelement in- 
terferences and the ionization interferences are suppressed 
by addition of barium for determination of alkali and alka- 
line earth metals, and of potassium for determmatron of 
silicon and aluminium. 

Procedure 

Weight 0.2000 g of the finely powdered sample into a 
gold or platinum crucible. Add 1.0 g of the 1: 1 LrCO,/ 
HsBO, mixture and heat in a furnace at 950’ for 15 min. 
Remove the crucible from the furnace, rotate the melt over 
the wall m the usual way and return the crucible to the 
furnace for 5 mm. Swirl the melt and cool the crucible 
quickly by putting it into a flat container with deminera- 
lized water m it, simultaneously adding a small amount 
of water to the crucible. Wash the outside of the crucible 
with demineralized water, place a small Teflon-covered 
magnetic bar in the crucible and put this into a lOO-ml 
beaker. Add 5 ml of concentrated nitric acid to the crucible 
and set the beaker on a magnetic stirrer. Stir, with heating 
at 70-80”, until all the fusion cake has disintegrated. 
Transfer the solution to a 200-ml flask, add 20 ml of EDTA 

100 , 

00 

Fig. 2. Releasing effect of barmm and strontium on the calcium signal. The effect on magnesium 
is similar. 
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o 10001 Solution (C)for Ca, Mg, Fe, Na, K, Ti,13 P.14 Transfer 
In c a S-ml ahouot to a SO-ml volumetrtc flask. add 5 ml of 

-A-‘-L_---___ the barium buffer and make up to volume with deminera- 
lized water. 
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up to volume with demineral~ water. This solution is 
better than (A] for manganese determination. 
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Summary-A rapid method for sample decomposition of silicate rocks and further accurate determina- 
tion of major elements by atomic-absorption spectrometry is described. The solutions obtained were 
stabilized so that the measurements were comparable with those made on standard rocks solutions. 
Interferences were. avoided. The most important methods of silicate rock decom~sition were applied, 
and the useful characteristics from each were combined, and in some cases improved, to obtain the 
final procedure. 
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NON-DESTRUCTIVE RADIOCHEMICAL METHOD FOR 
DETERMINING CARBON CONCE~RATIONS 

IN THIN SHEET 3% %-Fe ALLOY 

W. M. SWIFT and K. W. GUARDIPEE 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235, U.S.A. 

(Received 24 Feb~ar~~ 1976. Accepted 22 April 1976) 

The carbon concentration in cold-rolled silicon-iron steel 
is typically above 200 ppm before decarburization. Carbon 
removal is necessary because of the undesirable magnetic 
losses imparted to fully processed (110) [OOI] 3% B-Fe by 
impurities such as carbon. Hence accurate analytical 
methods are required to determine the effectiveness of 
decarburization annealing. 

Classical methods for determining carbon involve 

are subject to a variety of systematic errors which render 
them inaccurate. In principle, these sources of error can 
be overcome by combustion of large samples; however, 
such combustions are often incomplete. These methods are 
destructive analytical procedures. 

Commercial carbon analysers are available which are 
designed to eliminate some of the sources of error inherent 
in classical procedures. In this laboratory, the Leco carbon 

sample combustion in dry air or oxygen and measurement analyser, which also uses a destructive method, is used 
of the liberated COz gmvimetrically or titrimetrically. For 
samples with low carbon levels (<60ppm) these methods 

for routine carbon determinations. The CO* generated 
from combustion of the sample in pure oxygen is measured 
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Summary-A rapid method for sample decomposition of silicate rocks and further accurate determina- 
tion of major elements by atomic-absorption spectrometry is described. The solutions obtained were 
stabilized so that the measurements were comparable with those made on standard rocks solutions. 
Interferences were. avoided. The most important methods of silicate rock decom~sition were applied, 
and the useful characteristics from each were combined, and in some cases improved, to obtain the 
final procedure. 
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(Received 24 Feb~ar~~ 1976. Accepted 22 April 1976) 

The carbon concentration in cold-rolled silicon-iron steel 
is typically above 200 ppm before decarburization. Carbon 
removal is necessary because of the undesirable magnetic 
losses imparted to fully processed (110) [OOI] 3% B-Fe by 
impurities such as carbon. Hence accurate analytical 
methods are required to determine the effectiveness of 
decarburization annealing. 

Classical methods for determining carbon involve 

are subject to a variety of systematic errors which render 
them inaccurate. In principle, these sources of error can 
be overcome by combustion of large samples; however, 
such combustions are often incomplete. These methods are 
destructive analytical procedures. 

Commercial carbon analysers are available which are 
designed to eliminate some of the sources of error inherent 
in classical procedures. In this laboratory, the Leco carbon 

sample combustion in dry air or oxygen and measurement analyser, which also uses a destructive method, is used 
of the liberated COz gmvimetrically or titrimetrically. For 
samples with low carbon levels (<60ppm) these methods 

for routine carbon determinations. The CO* generated 
from combustion of the sample in pure oxygen is measured 
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by thermal conductivity after separation on a gas-solid 
chromatographic column. The method is more sensitive 
and faster than classical procedures, but is limited to 
carbon concentrations above the 60ppm level.’ 

Radiochemical techniques are often applicable where 
conventional wet methods fail. In this laboratory, Gold- 
man’ developed a sensitive radiochemical procedure for 
measuring sulphur concentrations as low as 1 ppm by dop- 
ing 3% silicon-iron with 35S, a weak j-particle emitter. 
This material was used as a standard for measuring the 
accuracy of the Kriege-Wolfe method for accurate sulphur 
determination at the I-ppm level.3 Carbon-14 emits 
P-radiation comparable in energy to ‘?I /&radiation.“ but 
has a much longer half-life (5700 years for i4C, 87 days 
for 3sS). Therefore, it seemed feasible to develop a radio- 
chemical procedure for determining carbon in 3% sihcon- 
iron by using i4C as a tracer element. This paper describes 
a radiochemical procedure for measuring carbon concen- 
trations by counting the /?-radiation emanating from disks 
of i4C-doped 3% silicon-iron. This technique is non- 
destructive and permits rapid analysis before and after 
annealing. 

EXPERIMENTAL 

Sample preparation 

Ingots of 3% %-Fe doped with i4C were melted as 
follows. First, prepurified iron was vacuum-melted by in- 
duction heating. Second, additions of silicon, manganese 
and sulphur were made. The silicon reacts with oxygen, 
thus moderating any subsequent carbon-oxygen reactions 
which could produce a low recovery of i4C. Third, helium 
was admitted to the vacuum system to a pressure of - 200 
mmHg and the melt was cooled until a light crust appeared 
on its surface. The i4C and the balance of the carbon 
(as Fe,C) were added. To ensure that the i4C dissolved 
after the Fe,C, the i4C powder (- 6 mCi) was sealed in an 
iron capsule. Fourth, the melt temperature was increased 
to complete the mixing and dissolution of the carbon, and 
the melt was poured mto a slab-like mould. The total mass 
of the alloy was about 2.5 kg. The composition was 
3.20% Si. O.O8”,/,Mn, 0.010% C, 0.025% S, <O.OOl”,; 0, 
< 0.00 I % N, balance Fe. 

The ingot was processed to a final gauge of 0.30mm 
m the followmg manner: (1) hot-rolled in argon at 1050 
from an initial thickness of 25 mm to a thickness of 
1.9 mm; (2) pickled to remove surface oxide; (3) cold-rolled 
to 0.63 mm; (4) annealed in helium at 800” for _ 10 min; 
(5) cold-rolled to final gauge of 0.30 mm. 

Carbon removal 

Carbon was removed from samples of the 0.30-mm thick 
sheet by isothermal annealing in dry hydrogen (dew point 
-60”). Under these conditions carbon is removed as meth- 
ane. Samples were in the form of circular disks 25.4mm 
in diameter. Before annealing, samples were chemically 
polished with a 1:l v/v mixture of phosphoric acid and 
30% hydrogen peroxide solution. The polishing procedure 
removed a layer of material approximately 0.025 mm thick 
from each surface, and rendered these surfaces clean and 
free from surface oxides and imperfections. The isothermal 
annealing procedure involved the following steps: (1) the 
sample was mounted upright in a slot cut in a small 
stainless-steel annealing boat; (2) the boat was placed in 
the heating zone of an Inconel tube furnace and held at 
the required temperature for a predetermined time; (3) the 
boat was quickly withdrawn mto a water-cooled chamber. 
Because of the small combined mass of the boat and 
sample (5 10 g), rapid heating (at _ 30”/sec) to isothermal 
soak temperatures between 800” and looo” was achieved. 

Radiochemical method 

The radiochemical technique for carbon analysis is 
based on the supposition that the carbon is uniformly dis- 
persed through the sheet thickness. Thus, low energy 
P-particles emitted from a thin surface layer can be corre- 
lated with the bulk carbon content. A 25.4mm diameter 
disk of 14C-doped 3% Si-Fe was placed in a circular 
groove in a brass block. The block was firmly seated in 
the sliding tray of the entrance port of a “castle” containing 
a Geiger-Miiller (GM) end-window tube. Sliding the tray 
inward placed the sample in close proximity to the window 
of the GM tube. Thus, the counting geometry was con- 
stant. The GM tube was designed to operate at 1500 V 
and was equipped with a thin mica window 907; efficient 
in passing P-radiation. The dead-time was 2OOnsec. and 
since the surface activity was always less than 20,OOOcpm, 
no correction was necessary. The surface activity of the 
14C-doped dtsks was counted with a Tracer Lab Super- 
scaler coupled to the output of the GM tube. The activity 
of both surfaces of a disk was measured, and the average 
value used to correlate 14C activity with carbon concen- 
tration. Fixed-time counting was used. For samples with 
surface activities > lOOOcpm, a 3-min count was made 
for each surface of the disk. Longer counting times. e.g., 
lOmin, were employed for surface activities i 1OOOcpm. 
In all cases, the background activtty (- 20-30 cpm) was 
subtracted from the measured activity. 

L I 
412 -0,cl -0.08 -0.w a.04 -a02 0 OM 0.M 006 008 010 012 

Omnte from Centre of Sheet Thickness. mm 

Fig. 1. Vanation of i4C activity as a function of sheet thickness. 
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RESULTS AND DISCUSSION 120 / , , , , , , , , 

Disk samples of cold-rolled 0.30~mm thick sheet had i4C 
surface activities of about lO,ooO cpm which was equivalent 
to only about 1% of the total 14C added during the melting 
operation. In other words, the measured radiation was 
associated with fi-particles emanating from a surface layer 
only 1.5 0 thick. Consequently, it was necessary to estab- 
lish that the i4C surface activity was independent of sheet 
thickness and total carbon concentration, which is tanta- 
mount to testing for the existence of carbon gradients 
between the two surfaces. Testing for uniformity of “C 
concentration as a function of sheet thickness and total 
carbon concentration was done for four samples having 
“‘C surface activities ranging between - 180 (- 1.5 ppm 
C) and 9600 cpm (- 87 ppm C). How the carbon concen- 
trations given in parentheses were obtained will become 
apparent shortly. The i4C surface activity of each surface 
of these samples was measured at each thickness before 
thinning to the next thickness. The results are summarized 
in Fig. 1. These data show that the i4C surface activity 
as a function of sheet thickness was within f 28 of ci, 
where a* is the estimate of the 14C surface activity and 
2 is the estimate of the standard deviation from the mean. 
The value for a^ was obtained by averaging the i4C surface 
activities based on measurements at various thicknesses, 
while 2 was estimated to be&? which is a well-known rela- 
tionship for radioactive decay processes4 The data in Fig. 
1 are equivalent to accepting at a confidence level of 95% 
the hypothesis that 14C is uniformly distributed through 
the sheet thickness. 

Carbon Concentration by 14C Methad / ~prn, 
Fig. 2. Relationship between results of carbon measure- 

ment by the i4C and Leco combustion methods. 

Table 1 lists the carbon concentrations of twelve samples 
of 14C-doped 3’%Si-Fe having carbon concentrations 
>6Oppm (according to the Leco method), and the corre- 
sponding i4C surface activities. It was assumed that carbon 
measured by the Leco method was sufficiently precise for 
carbon concentrations >60 ppm.’ These data were used 
to calibrate the i4C method. It is seen in Table 1 that 
1 ppm of carbon corresponds to IlOcpm, compared to a 
background count of - 30 cpm. Thus, the limit of detection 
is about 1 ppm or slightly less, and in principle, could 
be lowered still further by using more 14C in the melting 
procedure. Carbon concentrations determined by the Leco 
method and the i4C method are shown in Fig. 2 for carbon 
concentrations ranging from 1.5 to 1lOppm. The agree- 
ment is excellent in the range 2GllOppm. The linear cor- 
relation coefficient, p, in this range is +0.96 (23 variates). 
For carbon concentrations below 20 ppm (i4C method) the 
agreement is poorer, with a p of +0.54 (11 variates) in 
the range 1.5-20 ppm. 

1 2 5 LO m 

Annealing Time Iminutes) 

Fig. 3. Carbon removal from 3% %-Fe at 950°C measured 
by the non-destructive 14C method. 

The 14C radiochemical method described in this work 
was used to study carbon removal in 3% Si-Fe, as a func- 
tion of annealing time, temperature and atmosphere. 

Figure 3 shows the results obtained at 950” in a dry hydro- 
gen annealing atmosphere (dew point -60”) and a wet 
hydrogen atmosphere (dew point + 20”). These data clearly 
show that carbon removal in dry hydrogen, which pro- 
ceeds by the methane reaction, is substantially slower than 
carbon removal in wet hydrogen, which presumably pro- 
ceeds by the formation of CO. 

Table 1. Calibration data for the i4C carbon determination method 

Carbon by 14C surface 
Leco method, radioactivity, 

ppm cpm 
Ratio 14C/C*, 

cpmlppm 

60 6200 103 
64 7oOcl 109 
74 8200 111 
85 9500 112 
85 9900 116 
91 10500 115 
95 10500 111 
97 10200 105 

101 11100 110 
101 11300 112 
102 11200 110 
110 12100 110 

*Mean = 110 cpm/ppm, 95% confidence interval: 110 f 3.6 
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ralunro, Vol 23. 7,~ 8644866 Persamon Press 1976 Prmled I” Great Bntam 

A STUDY ON THE THEORY OF ACTION OF REVERSIBLE 
REDOX INDICATORS 
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In the traditional treatment for a two-colour indicator it becomes discernible to the eye, and that this minimum 
was generally assumed that each of the two colours masks concentration is the same as the minimum concentration 
the other such that the first visible change in colour occurs which would be defined for a one-colour indicator. 
only when 10% of the indicator has changed from one Unsymmetrical stoichiometries occur only rarely, and 
form to the other, and the last visible change occurs when their mathematical treatment is involved and tirne- 
90% has changed. Thus, it could be said that 10% in one consuming, so the treatment here has been confined to 
form is effectively invisible m the presence of 90”/‘, in the the symmetrical case with nind = 1. Also, the depth of the 
other form. solution of which the colour is viewed has been assumed 

In more recent treatments such as Bishop’s,’ this idea to be constant and equal to 1 cm. However, the theory 
has been amended to read instead “when colour 1 has is readily modified for higher values of n and for greater 
ten times the intensity of colour 2 the indicator appears depth of solution. 
to be completely of colour 1. Thus, when l ,.[Ind,] = 
10eIed[Indred] the indicator appears to the eye to be com- 
pletely oxidized, and when lOe,[Ind,,] = e,,JIndJ the 
indicator appears to be completely reduced.” Another 
recent treatment* questions the validity of this 1O:l ratio, 
and instead uses a variable ratio. These treatments, how- 
ever, ignore the colour-sensitivity of the eye, and describe 
the situation in which the eye is replaced by a spectro- 
photometer. We shall use the term “theoretical” in connec- 
tion with them, but will use the same approach. 

Eb 

E tranl 

Treatments of one-colour indicators have generally been 
quite different: the usual assumption is that the coloured 
form is not visible until a certain finite concentration is 
present, and that this critical concentration depends on 
the molar absorptivity of the species, on the depth of solu- 
tion through which the colour is viewed, and on the mini- 
mum absorbance that the individual is able to detect at 
the particular wavelength. If this is true for the one colour 
of a one-colour indicator, then it must also hold for the 
two colours of a two-colour indicator, although if the 
colours are strong or if the concentration is high, it may 
not be observable. However, if the colours are weak or 
the concentration is low, it may be that one form is not 
observable in the presence of the other, irrespective of the 
fraction present, because the absorbance of that form is 
less than the minimum detectable. It may even happen 
that the colour of one form disappears before the colour 
of the other form becomes visible. 

E low 

E hlgh 

A,, A:: 

m. m’ 

The present treatment develops this idea by postulating 
that a certain minimum concentratron of an indicator 
species, in addition to the “theoretical” fraction in the 
“invisible” form, must be present before the species 

SYMBOLS USED 

the conditional potential, or indicator constant, 
for the indicator. 
the transition potential-the potential at the 
point where the two colours have equal inten- 
sity. 
the potential at the point where the second form 
of the indicator first becomes visible. 
the potential at the point where the first form 
of the indicator finally becomes invisible. 
the critical absorbance-the minimum absorb- 
antes of the oxidized and reduced forms of the 
indicator that the individual is able to detect 
at the wavelength of maximum absorption. 
the concentrations of the oxidrzed and reduced 
forms of the indicator, in the absence of the 
other form, corresponding to the critical absor- 
bance. 
molar concentration of the indicator, added in 
reduced form. 
fraction of indicator oxidized. 
critical ratio of the absorbances of the two indi- 
cator forms (traditionally, N = 10). 
molar absorptivity of the oxidized form of the 
indicator at its absorption maximum. 
molar absorptivity of the reduced form of the 
indicator at its absorption maximum. 
Fred/& 
k/N. 
l/Nk. 
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Fred/& 
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THEORY 

At the point where the colour of the oxidized form just 
becomes visible (the point corresponding to EiJ, we can 
regard the absorbance of the oxidized form as composed 
of two parts, one imperceptible to the eye against the back- 
ground of the reduced form, and the other the critical 
absorbance. Setting the imperceptible part equal to the 
background gives : 

%xGX = u/wcE,,.3w - 41 + 4 (1) 
= wwE,,dC# - 41 + cxm 6-d 

Substituting k = E~~&,,~ and transposing gives 

m = C,x - (l/N)[kC,(l - x)] (3) 

and further substitution of k’ = k/N gives 

m = C,[x(l + k’) - k’] (4) 

The potential at this point is given by: 

E,,, = Eb + 0.059 log & 
( 1 

(5) 

Substitution in this expression for x from equation (4) gives, 
on simplification: 

Elow = EL + O.OSPlog~;~‘;)] (6) 

At the point where the colour of the reduced form just 
disappears (the point corresponding to Ehigb)r similar 
reasoning gives: 

‘&C,(l - x) = (I/N)&C,x + A; 

= ( l/N)ea,, C, x + Eled m’ 

(7) 

(8) 

and substituting k” = l/(Nk) = e,,/Ne,,,, gives: 

m’ = C,[l - x(1 + Y)] 

The potential at this point is given by: 

(9) 

E high = E* + O*O59 log & 
( > 

and substitution for x from equation (9) gives 

(10) 

Ehigh = & + o.os910g[(~+-;~~J 

The transition interval, AE, is given by 

(11) 

AE = Ehlgi, - E,,, 

= o’05910g 
1 

(C, - m’)(C, - m) 1 (m’ + k”C,)(m + k’,-) (12) 

and the transition potential is given by 

E trans = 
&w + &zh 

2 

0.059 (C, 

= Eb + 2 log [ 

- m’)(m + k’C,) 

(m’ f k”C,)(C, - m) 1 (13) 

Let us now see how these equations can be simplified 
when applied to specific situations. 

(a) A one-colour indicator with colourless reduced form: 

G,d = 0, so k = 0 = k’, 

and equation (6) reduces to 

E low = Eb + 0.059 log & 
[ 1 (14) 

I 

Ehigh and &am are irrelevant because the eye is incapable 
of judging when the corresponding colour intensities have 
been reached. 

(b) A one-colour indicator with a colourless oxidized 
form: 

%, = 0, k = co and k” = 0, 

TAL. 23-I 1/12-H 

so equation (11) reduces to 

C, - m’ 
Ehigh = Eb + 0.059 log m’ 

[ 1 (15) 

4, and Etrsns are irrelevant in this case. 
(c)A “normal” two-colour indicator (with both colours 

reasonably intense) m and m’ $ C, and equation (6) 
reduces to 

Elaw = EL + 0.059 log 5 r’ 1 
= Eb + 0.059 log k 

= Eb + 0.059 log(E,.d/NE,,) 

and equation (11) reduces to 

(16) 

E high = EL + 0.0591og & 
[ 1 I 

= EL + 0.059 log(N$,&oX) 

Equation (12) reduces to 

(17) 

AE = 0.059 log k& 
[ 1 

N i;k 
= 0.059 log k . 1 [ 1 
= 0.118logN (18) 

For N = IO, this becomes AE = 1 I8 mV. 

E trans =E;+y]ogk2 

= Eb + 0.059 log(E,&J. (19) 

(d) For a two-colour indicator with coloured forms of 
equal absorptivity, l red = E,, , and k = 1. Hence equation (6) 
becomes 

E low = & + o.05910g~*] (20) 

and equation (11) becomes 

E high = Eb + 0.059 log[ms] (21) 

and if the wlours are reasonably intense, m and m’ < C,, 
they become 

E low = fib + 0.059 log(l/N) (22) 

E h,gh = EL + 0.059 log N (23) 

and again AE = 0.118 log N. 
These simplified forms of the equations are in agreement 

with the equations derived for the same situations by other 
authors. However, the real test of this new treatment is 
its ability to deal with a situation which cannot be ade- 
quately treated by other theories, A suitable case is the 
indicator ferroin, which is sometimes considered as a one- 
colour indicator3 and sometimes as a two-colour indicator. 
This arises because the two forms have strikingly different 
absorptivities (E,~: car = 2O:l). Its conditional potential in 
1M sulphuric acid is ~MJV,“*~ and the point normally 
taken as the end-point corresponds to a potential of 
1.12-1.14 V.4*5 

In practical titrations with ferroin, the point normally 
taken as the end-point is the point where the pink wlour 
of the reduced form just disappears, and this corresponds 
to Ehigh as defined above, and NOT to E,,,,,. 

When the equation derived for two-&our indicators by 
Bishop’ is applied to ferroin, the value found for Eh,@, 
is 1.2OV, which obviously disagrees with the experimental 

Applying the present treatment, and taking 
m = 4.5 x 10-‘M and m’ = 2.0 x 10v6M, the following 
results are obtained: 
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(1) with 2 ml of 0.025M indicator per 100 ml of titration 
solution (i.e., C, = 5 x 10e4M) 

Ehish = 1.18V 
- 1.08 V 

(Z)E$h-0.2 ml of 0.025M indicator per 100 ml of titration 
solution (i.e., C, = 5 x 10m5M) 

Ehish = 1.14v 
E,, = 1.15v 

(3) with 0.1 ml of 0.025M indicator per lOOm1 of titration 
solution (i.e., C, = 2.5 x lo-‘M) 

Ehish = 1.12V 
- undefined 

(n:k”;h,t m and m’ are experimental parameters which 
must be determined by the individual analyst). 

These figures show that, at the sort of ferroin concen- 
trations normally used (i.e., 5 x lO-5 M and 2.5 x lo-‘M) 
the predictions for Ehigh are in good agreement with experi- 
ment. The Elow values are also of interest: at ferroin con- 
centration 5 x lo-‘M, Ehish is lower than E,,, and this 
agrees with the experimental evidence, since at this concen- 
tration, the pink colour of the reduced form disappears, 
leaving a colourless solution, and the blue colour does not 
become visible until more titrant has been added. At the 
lower concentration of 2.5 x lo- ‘M, the blue colour never 
becomes visible, which is in accord with the undefined 
nature of E,,. 

At the very much higher concentration of 5 x 10m4M, 
ferroin does indeed behave very much as an “ordinary” 
two-colour indicator, because both the colours are now 
quite intense. For this solution, therefore, the values found 

from the present treatment are in reasonable agreement 
with values calculated from Bishop’s equation. 

AE for a two-colour indicator is a function of N, and 
it is easy to see that increasing N to 15 would increase 
AE by 0.021 V, and decreasing N to 5 would decrease AE 
by 0.035 K relative to the value for N = 10. Values of N 
in the range 8-12 would give AE values within the range 
A&= i,,) f 0.01. 

The treatment can be extended to acid-base indicators 
by writing equations analogous to (1) and (7). but such 
a critical treatment is less important, because of the avail- 
ability of a large number of indicators, covering the entire 
pH range. However, it is obvious that one-colour indi- 
cators are superior for obtaining an end-point at a desired 
potential, or pH, because the value of El, (or pH,,) is 
concentration-dependent and so adjustable over a narrow 
range. 
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amount. The approach is applied to ferroin and shown to explain the colour changes observed for 
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Pyrazole and its derivatives form complex compounds with 
many transition metals, including Ag, Au, Pd. Pt, Rh and 
Ir.’ When a pyrazole ring is introduced into polymeric 
molecules, the latter also acquire the ability to interact 
with these elements. 

We have synthesized chelate sorbents containing pyra- 
zole groups as substituent by aminating chloromethylated 
styrene-divinylbenzene copolymers with 3(5hmethylpyra- 
zole. The structure of the cbelate group of the sorbents 
may be depicted as 

(Cl-t,) H 

-c- 

\c=CH 

/ ’ 

I - 

Sorbents with such groups possess selectivity with respect 
to noble metals in the presence of Cu, Fe, Co, Ni, etc. 
This is caused by the fact that the introduction of the 

aromatic system (polystyrene) into 3(5)-methylpyrazole as 
an N-substituent leads to a decrease in the reactivity of 
the pyrazole ligand.’ The sorption of Fe, Cu and other 
elements becomes slight. whereas noble metals, which exhi- 
bit typical b-group behaviour, Interact with the pyrazole 
groups of the sorbent. This difference allows such sorbents 
to be used for selective concentration of noble metals dur- 
ing the analysis of various materials. 

In the present paper the synthesis of the sorbents is de- 
scribed, and their sorption capacity and selectivity for 
noble metals. 

EXPERIMENTAL 

Synthesis of the sorbents 

3(5)-Methylpyrazol (98%, b.p. 2045”, 90 ml) is added to 
30 g of a chloromethylated styrenedivinylbenzene macro- 
porous copolymer and kept for 3 hr for swelling. Then the 
mixture is heated to 6@70” and kept at this temperature 
for 8 hr, with careful stirrmg. The polymer is filtered off, 
washed wtth water and dried in air. 
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scribed, and their sorption capacity and selectivity for 
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3(5)-Methylpyrazol (98%, b.p. 2045”, 90 ml) is added to 
30 g of a chloromethylated styrenedivinylbenzene macro- 
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for 8 hr, with careful stirrmg. The polymer is filtered off, 
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Table 1. Characteristics of sorbents based on 3(5)-methylpyrazole 

Initial 
copolymer* 

DVB, % Cl, % 
Sorbent 

NT % 

Sorption, mg/g 
Degree of 
chlorine Ag(I) 

substitutiont Au(III), 
% PH _ 7 1M HNO, 1M HCI 

8 23 11.6 65 177 164 170 
12 17 8.2 63 116 142 182 
20 16 6.5 51 92 102 160 
40 11 4.1 47 45 53 116 
60 9 3.9 55 - 50 95 

* Size of granules for all sorbents is 0.2550.5 mm, except for 60% DVB ( < 0.25 mm). 
t Calculated according to nitrogen content. 

I I I I I I 
2 3 4 5 6 

[HCtI, M 
Fig. 1. Sorption of microgram amounts of noble metals 
from hydrochloric solutions. Solution volume 10 ml; 50 mg 
of sorbent (8% DVB); time of contact 2 hr; temperature 

* 1cW. 

Sorption 

The sorption was studied under static conditions at 
room temperature and at loo”. The volume of solution 
was 10 ml, and the sorption time 2 hr. Standard solutions 
of the chloro-complexes were used: [Au(III)] = 1.02 
mg/ml; [Pd(II)], [Pt(IV)] and [Rh(III)] = lOpg/ml; 
[Ir(IV)] = 0.002-lOpg/ml. A 0.2M solution of silver nitrate 
was also used. The degree of sorption was estimated from 
the amount of metal found in the sorbent (after mineraliza- 
tion with acid). Silver was determined by titration, Au, 
Pd. Pt and Rh spectrophotometrically, and Ir radiometri- 
tally. 

IMel 9 mg/ml 

Fig. 2. Sorption of microgram amounts of noble metals 
in the presence of Cu (---) and Fe(II1) (---) in 1 M HCl. 
Solution volume lCk20ml; 50mg of sorbent (8% DVB); 

time of contact 2 hr; temperature m 100”. 

50 100 150 

[Mel, mg/ml 

Fig. 3. Sorption of milligram amounts of Ag and Au in 
the presence of Cu (--) and Fe(II1) (---) in 1M HCl. 
Solution volume 1&20ml; 50mg of sorbent (8% DVB); 

time of contact 2 hr; temperature 20”. 

RESULTS AND DISCUSSION 

The sorbents synthesized were based on styrenedivinyl- 
benzene macroporous copolymers with different divinyl- 
benzene(DVB) contents. The characteristics of the sorbents 
are given in Table 1. 

As seen from the Table, the sorption properties are best 
for sorbents based on styrene copolymers with 8 and 12% 
DVB. The static capacity for the 8% DVB is 263mg/g 
for Ag in 0.5M nitric acid and 66Omg/g for Au in 1M 
hydrochloric acid. 

Sorption of the noble metals depends on the solution 
acidity and the concentration of other elements (Figs. l-3). 
Microgram amounts of Pd, Rh and Ir are completely 
sorbed from solutions up to 3M in hydrochloric acid, and 
of Au and Pt from even more acid solutions. Sorption 
of Ag is maximal from 0.5M nitric acid. 

The study of the noble metal sorption in the presence 
of Al, Ca, Co, Ni, Cu and Fe has shown that the extent 
of sorption depends on the concentration of the non-noble 
elements; they do not interfere in concentration below 
SOmg/ml. Iron(II1) has the largest effect (Fig. 3). 

The selectivity for the noble metals is obviously due to 
the formation of Au, Pd. Pt, Rh and Ir co-ordination com- 
pounds with the functional analytical groups of sorbents. 
This may be confirmed by infrared spectroscopy. The 
appearance of absorption bands in the 20&4OOctr~’ 
region in the spectra of the sorbents saturated with the 
metals indicates complexing of the metals with the nitrogen 
atom of the pyrazole group of the sorbem The low degree 
of sorption of Cu, Co and other elements is apparently 
because their complexes with the chelate groups of the 
sorbent have low stability. 

This study has shown that these sorbents may be. recom- 
mended for selective group concentration of noble metals 
in analysis of various materials. These sorbents may also 
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be used for extraction of Au and Ag from solutions of 2. I. I. Grandbert and A. N. Kost, Dokl. Akad. Nauk 
salts of Cu, Fe and other elements (Fig. 3). SSSR, 1961. 141, 1087. 
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Summary-New chelating sorbents have been synthesized by aminating chloromethylated styrene- 
divinylbenzene macroporous copolymers with 3(5)-methylpyrazole. The sorption of noble metals from 
acid solutions and the selectivity has been studied. The sorbents are of interest for selective concen- 
tration and extraction of the noble metals. 
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For the determination of thioacetamrde (TAA), oxidi- 
metric,‘*’ complexometrtc3 and thiomercurimetric4 
methods have been developed. Among the instrumental 
methods, those based on the reaction of TAA with silver 
have been most widely used, including potentiometric,‘-s 
amperometric’ and coulometric” procedures. For the 
amperometric determination use has also been made of 
the reaction with copper(I).’ I 

Mercury(II), in aqueous acid solution, forms with TAA 
a number of variously coloured precipitates. When boiled 
with potassium hydroxide solution these precipitates 
become converted into HgS. r2,13 Precipitation of HgS by 
TAA in an alkaline solution is made the basis for deter- 
mmation of mercury.‘“” 

The purpose of this paper is to describe an accurate 
and relatively rapid gravimetric method for determining 
thtoacetamide and thioacetanilide at the concentrations 
conventionally employed in the quantitative precipitation 
of metallic sulphides. Thioacetanilide. a derivative of thioa- 
cetamide, can also be used for precipitating metallic sul- 
phides from homogeneous solution.” The method for 
determining thioacetamide and thioacetanilide consists in 
precipitating HgS from solutions of ammino mercury com- 
plexes. When ammonia is added to a mercury(I1) chloride 
or oxy-anion solution. mercury(H) ammine-chloride or a 
salt of Millon’s base precipitates. respectively. If, however, 
the solution contains a high concentration of ammonium 
salts, the precipitates either dissolve or do not form. This 
is achieved by adding enough nitric acid (15ml of cont. 
acid is usually enough) and ammonia (130 ml of cont. 
solution) to prevent precipitation of mercury compounds 
other than the sulphide. Depending on the conditions, 
diammino or tetra-ammino mercury complexes are 
formed.‘8-20 

These complexes have been utilized for separating iron 
from mercury21*22 and bismuth from mercury.22 Iron and 
bismuth are precipitated with ammonia, from a solution 
containing enough nitric add to avoid formation of a tran- 
sient precipitate of mercury compound. 

EXPERIMENTAL 

Reagents 

Thioacetamide and thioacetanilide, repeatedly crystal- 
lized from ethanol, were used. The thioacetamide was ana- 
lysed by Petri and Lipiec’s gravimetric method.’ 

Procedure 

Determination of thioacetamide. Concentrated nitric acrd 
15 ml, is added to V ml of O.lM (V = 0.2 x number of 
mg of thioacetamide taken or lOm1, whichever is the 
larger), then lOOm1 of water and finally at least 30ml of 
concentrated ammonia solution are added with stirring. 
The solution is heated to about 60” and the weighed 
sample of TAA dissolved in water is added to it. The solu- 
tion is heated to boiling point, kept boiling for 3-Smin, 
and set aside. After the resulting precipitate has settled 
(a few minutes), it is collected on a porosity 4 or 5 sintered- 
glass crucible, washed with water and then several times 
with methanol, and dried for 15 min at 110”. 

Determination of thioacetanilide. A weighed sample of 
thioacetanilide is dissolved in methanol and analysed as 
in the case of thioacetamide but with V = 0.1 x number 
of mg of thioacetanilide or 5 ml, whichever is the larger. 

Table 1. Results 

Compound Taken, mg Found. mq Error. % 

Thmacetamlde 250 25.1 
546 546 

104.0 1044 
150.2 1500 
203 8 203 8 

Thmaceiamhde 25 3 25.0 
50.6 500 

1002 LOO.6 
1513 1508 
201.6 202.4 

+04 
0.0 

+04 
-01 

00 
- 1.2 
-12 
+04 
-0.3 
+04 
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for determining thioacetamide and thioaceta@lide. Concentrated nitric acid is added to 0.1 M mercuric 
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solved in water) or thioacetanilide (dissolved in alcohol) is added, and the mixture is boiled. The method 
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For the determination of diffusion coefficients from 
measurements obtained in diffusion-controlled processes 
several methods have been used. Lingane and Loveridge’ 
used conventional polarography, with the IlkoviE equation 
corrected for spherical electrodes. Other techniques used 
include alternating current techniques,* double galvano- 
static pulse,3 impedance measurements4.5 and chrono- 
potentiometry.6 

Potentiostatic methods have been used for the deter- 
mination of the rates and mechanisms of very fast electrode 
reactions that cannot be studied by polarographic 
methods.’ The stationary mercury drop electrode has been 
used for this purpose, the electrode curvature being 
ignored; for this reason, electrolysis times of the order of 
pet-msec were used -and the equations for plane elec- 
trodes could be utilized. 

Shain and co-workers*-” derived the theoretical equa- 
tions for spherical diffusion conditions and used them for 
the determination of diffusion coefficients. There are no 
literature data on the diffusion coefficients of Tl(I) in 
sodium citrate-sodium hydroxide medium. For the diffu- 
sion coefficient of Tl in mercury, the value 0.99 x 10m5 
cm’/sec obtained by Cooper and Furman13 by the polaro- 
graphic method agrees with the value of 1.03 x lo-’ 
cm-‘fsec obtained by Wogau.14 We have determined both 
coefficients by application of the potentiostatic method. 

THEORY 

The general equation of the I-t curves for processes con- 
trolled by spherical diffusion, deduced by Stevens and 
Shain” for systems where D, # D,, and valid for potentials 
more cathodic and more anodic than the standard poten- 
tial of the system, 1s: 

i = nFAD,C: 
1 

(1 + yu)(xDot)“2 

1 

+ (1 - y’cr)ro - 

u(1 + y)‘ea”erfc@ ” 

i-0(1 - y%)(ya + I)2 I 
(1) 

where (r = Co/C, = exp[nF(E - E’)/RT]. Co and C, are 
concentrations of the oxidized and reduced forms at the 
electrode surface, D, and D, are the diffusion coefficients 
of the species, Cz is the bulk concentration of the oxi- 
dized form. 

and 

’ = ; 
oD, - D, 

&!z + D’,z) I 
Equation (1) can be reduced to simpler expressions for 

particular cases. Thus, for very cathodic potentials 0 -+ 0 
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Table 1. Diffusion coefficient of Tl(I) in sodium citrate-sodium hydroxide medium (unmodi- 
fied electrode) 

DO, lo-‘cm2/sec 

ro. mm 

0.432 
0.484 
0.523 
0.559 
0.599 
0.632 
0.658 
0.685 
0.708 

E -0.60 v 
T](I) = 2.58 x 10-3M 

intercept slope 

0.58 0.80 
0.33 0.81 
0.31 0.81 
0.44 0.81 

E -0.80 V 
Tl(1) = 2.58 x IO-‘M 

intercept slope 

0.44 0.66 
0.52 0.72 
0.56 0.74 
0.65 0.73 
0.64 0.72 
0.65 0.72 
0.70 0.72 
0.73 0.73 
0.73 0.73 

E -1.0 v 
Tl(1) = 1.80 x 10-3M 

intercept slope 

0.69 0.70 
0.63 0.71 
0.61 0.72 
0.58 0.77 
0.64 0.76 
0.69 0.75 
0.72 0.78 
0.74 0.76 

and equation (1) reduces to 

i = nFAD,C,* 
I 

For very short times or for very large radius the term 
l/r, is negligible and the equation is transformed into the 
corresponding expression for plane electrodes. 

Expression (1) can also be simplified when the term 
o = Co/C, is very large (workmg at potentials more anodlc 
than the standard potential. E,): 

1 1 
i = nFAD,C$ 

yo(~~(nl>~t)“~ -y2ar, I 
(3) 

At potentials near to E. it is necessary to utilize the com- 
plete equation (1). 

Calculation of Do 

By means of electrolysis at constant potential, working 
with a stationary mercury drop electrode, and usmg suffi- 
ciently cathodic potentials, the I-t curves are obtained. 
From these curves, the I vs. l/tl/’ plots are obtained, and 
are linear; from the slope, intercept and equation (2) it 
is possible to obtain Do. 

Calculation of D, from cathodic curves (indirect method) 

To calculate D, It is necessary to work at sufficiently 
anodic potentials. From the I us. l/t”’ plots straight lines 
are obtained of which the slopes (m) and intercepts (i,) 
are functions of ya and y’a respectively. 

nFADoCa nFAD,C; 
m- I - 

y&Do)* = ray% 

I- 
m(nD,)* ’ br0 

From these expressions it is possible to calculate y and 
D,, because Do is already known. 

Calculation of D, from anodic curves (direct method) 
D, can be calculated in a similar way to Do. It is necess- 

ary to obtain an amalgam of known concentration and 
record the I-t curves; from these curves the I us. l/t”’ 
graphs are plotted, and the D, value is calculated from 
the slope and the intercept. 

EXPERIMENTAL 

Reagents 

Supporting electrolyte solutions of l.OM sodium citrate 
and O.lM sodium hydroxide. Tl(1) solutions obtained from 

hallium acetate and gravimetrically standardized by the 
Bashilova method.” 

Apparatus 

A Beckman Electroscan-30 with a three-electrode system 
was used; saturated calomel reference electrode; platinum 
auxiliary electrode separated from the solution by a sin- 
tered glass disc and agar-agar saturated KC1 salt bridge; 
stationary hanging mercury drop working electrode. For 
more precise potential measurements a Metrohm E-510 
potentiometer was used. To minimize convection the ex- 
periments were carried out on an antivibration table. 

Procedure 

The thermostatically controlled cell is put on the anti- 
vibration table and nitrogen is passed through the solution 
for 20min to remove oxygen, then the solution is left for 
3 min with no gas flow. The potential is applied and the 
cathodic or anodic I-t curve is scanned for 25 set at 0.508 
cm/set. From these curves the I vs. l/t”’ diagrams are 
plotted. The slopes and intercepts are used to evaluate Do. 
The Tl(0) amalgam is made by electrolysis of ca. 10e3M 
Tl(1) solution at an applied potential of -0.80 V and then 
left long enough to become homogeneous. The amalga- 
mated metal is dissolved electrolytically at -0.2 V to give 
the I-t curves. The electrode radius is evaluated by weigh- 
ing 50 drops obtained under identical conditions. 

RESULTS AND DISCUSSION 

Determination of Do from cathodic curves 

Influence of the applied potential. Table 1 shows that 
when potentials of -0.6, -0.8 and - 1.0 V are used, the 
precision is poor and there is a great difference between 
the Do values obtained from the slope and the intercept 
of the I us. l/t”’ graphs, except for values obtained with 
a large electrode radius, and the results obtained at the 
more negative potentials are superior. Though the poor 
precision was also caused, as can be seen later on, by the 
form and size of the electrode, -0.60 V is not sufficiently 
cathodic for the simplified equation to be valid. 

Influence of convection. It was observed that convection 
had an effect when the time of electrolysis was very long 
or very short. With very long times, density gradients were 
produced in the cell, and vibrations causing current in- 
tensities higher than the theoretical. With very short times, 
higher current intensities than the theoretical were also 
obtained because the surface tension on the mercury drop 
changed, on application of the working potential; this 
effect caused the drop to fall if its radius was larger than 
0.071 cm. An electrode of radius between 0.05 and 0.07 
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Unmodified 
electrode 

Fig. 1. 

Modified 

electrode 

cm and electrolysis times between 5 and 25 set were there- 
fore used. 

Influence of the electrode size. It was observed, for elec- 
trode radius smaller than 0.05 cm, that the Dc values 
obtained from the intercept were smaller than those from 
the slope. This is probably due to the distortion of the 
limiting diffusion layer in the proximity of the capilary, 
causing smaller currents than the theoretical. The end of 
the capillary was therefore ground so that the orifice did 
not have a plane surface around it (Fig. 1). With thts modi- 
fied electrode agreemg values of Do were obtained by both 
methods over the radius range 0.05-0.07 cm (Table 2). 

Table 3. Diffusion coefficient of Tl(0) in mercury 
(indirect method, modified electrode, 

Tl(I) = 1.29 x 10-3M) 

rc = 0.599 mm rO = 0.632 mm 

E, ml/ Y D, Y D, 

-424 0.90 0.96 0.91 0.94 
-435 0.91 0.94 0.91 0.94 
-457 0.93 0.90 0.94 0.88 
-470 0.94 0.88 0.94 0.88 
-478 0.94 0.88 0.94 0.88 

Table 4. Diffusion coefficient of 
Tl(0) in mercury (direct method, 
Tl(1) = 1.29 x 10-3M, E -0.20 V 

vs. SCE) 

D,, 10-scm2/sec 

ro, mm intercept slope 

0.484 1.31 1.29 
0.523 1.24 1.19 
0.559 1.12 1.09 
0.599 0.99 0.99 
0.632 1.00 0.99 
0.658 0.98 0.98 
0.685 0.98 0.97 
0.708 0.96 0.98 

Determination of D, from cathodic curues 

The diffusion coefficient for the reduced form in the mer- 
cury can be calculated from the cathodic or the anodic 
curves. The advantage of the cathodic method is that a 
known concentration of amalgam is not necessary. On the 
other hand, the precision is poor, because the current 
values are low and the values of i, are calculated by extra- 
polation.” 

With the modified electrode, drop radius of 0.0599 and 
0.0632 cm and several potentials between -0.420 and 
-0.478 V, two series of experiments were carried out. 
From the results a value of 0.91 x 10m5 cm’/sec was 
obtained (Table 3). not too close to the value found by 
other authors.‘3p’4 

Direct determination of D, 
In this method an amalgam of known concentration is 

used. Under these conditions, with an electrode radius of 
0.0550.07 cm, a value of (0.98 f 0.01) x 10-s cm*/sec is 
obtained, in agreement with the values found by other 
authors.‘“,i4 For electrode radii co.05 cm (Table 4), the 
precision is poor and the values from the intercept are 
greater than those from the slope., because the distortion 
of the limiting diffusion layer is then not negligible; the 
errors are of different sign according to whether the pro- 
cess is controlled by divergent diffusion (the anodic pro- 
cess) or convergent diffusion (the cathodic process). 
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Various methods for the determination of metal chelate 
stability constants have been developed, and reviewed.’ 
The structure of metal chelate complexes in solution has 
been discussed on the basis of thermodynamic and spectro- 
scopic data.2 The chelate effect on the stability constant 
of the complex is of special interest. 

The temperature-dependence of the stabihty constant IS 
here studied at various pH values, and the pH-dependence 
of the entropy change of meta&EDTA complex formation 
is estimated and interpreted. 

EXPERIMENTAL 

The stability constants were determined by means of 
potentiometric measurements with a mercury electrode.3 
The concentrations of the mercury chelate, the metal ion 
and the metal chelate were 10e4. 10m3 and lo-‘M, respect- 
ively, and the metal ions studied were Ca’+, Mn’+, Ni*+ 
and Pb* +. All chemicals were purified by recrystallization. 
Sodium perchlorate solution (O.lM) was used as the sup- 
porting electrolyte, and the ionic strength was kept at 0.11. 
The solution pH was controlled in the range s-8 by adding 
perchloric acid. The method could not be applied outside 
this pH range because of the formation of HgHY - in the 
acid region and Hg(OH)Y3- m the alkaline region. The 
solution was deaerated with purified nitrogen before 
measurement. The temperatures were kept constant within 
* 0.05”. 

The conditional stability constant of this reaction is 
defined as 

where Kuu and c+ are the thermodynamic stability con- 
stant for the metal-EDTA complex and the side-reaction 
coefficient, respectively. av is giien by 

c(y = I + x[H]‘H&v. 

According to the Schmid and Reilley methods3 a com- 
bination of the Nernst equation for a mercury electrode 
with the equations for the stability constants of mercury- 
EDTA and metal-EDTA complexes gives the equation 

E = E;1” + Rv2F In [M] [HgY] K,,/[MY]I<nBv (4) 

where E;i”8 = 612 mV (us. SCE), and CM]. [HgY] and 
[MYI are the concentrations of metal ion, mercury-EDTA . A 

_ and metal-EDTA complexes, respectively. 
By substitution of equations (3) and (4) into (2). the con- 

ditional stability constant is given by 

K M’Y’ = CMYI~H,YICMI C&y1 

expC2F(E - E;10,)/RTl (5) 

RESULTS AND DISCUSSION 

The reaction between a bivalent metal ion and EDTA 
in acidic solution is represented by 

M2+ + 2 Y4- + I H’ = MY’- + H,Y’-4 

From (5), KMpv. is obtained as a simple function of the 
potential of the mercury electrode, provided that the con- 
centrations of the mercury-EDTA and metal-EDTA com- 
plexes, metal ion and hydrogen ion are kept constant, and 
hence, can be estimated from the experimental data and 

(1) the stability constant for the mercuryyEDTA complex. 
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this pH range because of the formation of HgHY - in the 
acid region and Hg(OH)Y3- m the alkaline region. The 
solution was deaerated with purified nitrogen before 
measurement. The temperatures were kept constant within 
* 0.05”. 

The conditional stability constant of this reaction is 
defined as 

where Kuu and c+ are the thermodynamic stability con- 
stant for the metal-EDTA complex and the side-reaction 
coefficient, respectively. av is giien by 

c(y = I + x[H]‘H&v. 

According to the Schmid and Reilley methods3 a com- 
bination of the Nernst equation for a mercury electrode 
with the equations for the stability constants of mercury- 
EDTA and metal-EDTA complexes gives the equation 

E = E;1” + Rv2F In [M] [HgY] K,,/[MY]I<nBv (4) 

where E;i”8 = 612 mV (us. SCE), and CM]. [HgY] and 
[MYI are the concentrations of metal ion, mercury-EDTA . A 

_ and metal-EDTA complexes, respectively. 
By substitution of equations (3) and (4) into (2). the con- 

ditional stability constant is given by 

K M’Y’ = CMYI~H,YICMI C&y1 

expC2F(E - E;10,)/RTl (5) 

RESULTS AND DISCUSSION 

The reaction between a bivalent metal ion and EDTA 
in acidic solution is represented by 

M2+ + 2 Y4- + I H’ = MY’- + H,Y’-4 

From (5), KMpv. is obtained as a simple function of the 
potential of the mercury electrode, provided that the con- 
centrations of the mercury-EDTA and metal-EDTA com- 
plexes, metal ion and hydrogen ion are kept constant, and 
hence, can be estimated from the experimental data and 

(1) the stability constant for the mercuryyEDTA complex. 
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Table 1. Entropy changes of EDTA complex formation 
at various pH values 

Cation 

Ni2+ 

Pb’+ 

Mn2+ 

Ca’ + 

PH As”, cal.mole-‘.deg-’ 

3.71 21.0 
4.40 33.4 
4.90 41.1 
5.51 49.4 

3.00 16.3 
4.81 17.3 
5.10 18.1 
5.47 18.9 

3.00 29.9 
3.66 34.1 
5.86 34.6 
6.36 34.8 

4.10 13.0 
4.87 13.4 
6.31 13.5 
7.36 15.4 

The standard free energy change for reaction (1) is 
related to the conditional stability constant by 

I&.,.. = exp(-AG’IRT) (6) 

From the temperature-dependence of I&v.. the entropy 
change of reaction (1) can be calculated. The values found 
for the entropy change in formation of the complexes stud- 
ied are shown in Table 1. The entropy changes for the 
Ca, Mn and Pb complex-formation reactions are practi- 
cally independent of the pH, whereas for Ni there is a 
large change in AS with pH. The absorption spectra of 
the metal-EDTA complexes were measured at various pH- 
values, and the absorbances at the wavelength of maximum 
absorption are plotted against pH for each metal in Fig. 
1. The absorbance of each metal complex decreases with 
pH. This decrease is ascribed to the side-reaction of EDTA 
with protons. However the drop in absorbance is much 
smaller for the Ni-EDTA complex, and this difference in 
behaviour must be related to the structure of this complex 
in solution. The Ni-EDTA complex should be octahedral, 
with two amino and four carboxylate groups co-ordinated 

06- 
8 

PH 
Fig. 1. The absorbance of the metal-EDTA complexes at 
,I,,, us pH. A: PbEDTA (0.1 mM), 242 nm; 0, Mn-EDTA 
(0.5mM). 210nm; A, Ca-EDTA (0.5mM), 210nm; 0. 

Ni-EDTA (10 mM), 985 nm. 

to the central metal ion. This configuration may be sensi- 
tive to pH, since with decreasing pH the carboxylate group 
is prevented by protons from co-ordination with the metal 
ion. which would result in the formation of mixed-ligand 
(EDTA, water) complexes of nickel. Such a situation 
should lead to a decrease in the entropy change. Consider- 
ation of the log K and AH values for the complexes sup- 
plies an indication of the explanation. For the Ni, Ca and 
Mn complexes AH is comparatively small (-7.6, -6.5, 
-4.6 kcal/mole respectively) but the much bigger entropy 
change makes the nickel complex much the strongest of 
the three, and thus much less susceptible to the side-reac- 
tions of EDTA with protons. The lead complex has about 
the same stability as the nickel complex, but the AH is 
much more negative (- 14.9 kcal/mole) and AS corre- 
spondingly less positive. 
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Summary-The entropy changes of Ca’+-, Mn’+-, Ni*+- and Pb*+-EDTA complex-formation reac- 
tions were measured at various pH-values. The entropy changes for the Ca. Mn and Pb complexes 
were practically independent of pH, but that of the Ni complex decreased considerably with pH. 
It is suggested that mixed-ligand (EDTA, water) complexes of Ni are formed at low pH. 
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Interest m solid-state chemistry is growmg.‘m5 Sohd-state 
reactions have much to offer to chemists concerned with 
synthesis, reaction mechanism or the chemistry of natural 
processes. Feig16 has shown some possibilities of using 
solid-state reactions in qualitative organic analysis. These 
include hydrolytic and ammonolytic cleavages, and dis- 
placement, condensation and redox reactions that occur 
when organic compounds are melted or sintered with suit- 
able reagents. p-Dimethylaminobenzaldehyde’ @-DAB) is 
a useful reagent in organic analysis. It gives coloured prod- 
ucts and also produces fluorescent’ compounds in solu- 
tion. We earlier proposed p-DAB in the presence of hydro- 
chloric acid for the specific detection of diphenylamine.’ 
The mechanism and kinetics of this reaction in the solid 
state were investigated later.” It was found to be a diffu- 
sion-controlled reaction; a coloured boundary is formed 
at the junction of the two reactants and the diffusing 
species is Ph,NH;CI-. 

It was therefore considered worthwhile to use the forma- 
tion of a coloured boundary for the detection of organic 
compounds in the solid state. For this purpose a new tech- 
nique for solid-state spot-tests, called capillary spot-tests, 
was devised. This technique is very simple and can be used 
for semiquantitative determinations as well. This report 
summarizes the results obtained. Diphenylamme was also 
semiquantitatively determined by this technique. 

EXPERIMENTAL 

Procedures 

Solid-stute detection. A well powdered and thoroughly 
mixed mixture of p-dimethylaminobenzaldehyde (p-DAB) 
and potassium hydrogen sulphate (PHS) in equimolar ratio 
was used as the reagent (A). A little of the solid was mixed 
in a micro test-tube with several mg of A. The colour de- 
veloped at room temperature (31”) as well as on heating 
was recorded. For heating, the tube was placed for a few 
set in a water-bath preheated to 100”. The limits of identifi- 
cation were determined by starting with known volumes 
of standard solutions of the compound concerned, evapor- 
ating to dryness at 100”. and mixing the solid residue with 
A. 

Detection in solution. A drop of ethanolic test solution 
was mixed with 1 or 2 drops of a 1% solution of A in 
50% aqueous ethanol. The colour developed at room tem- 
perature as well as in the hot solution was recorded. 

Sold-state detectlon tn caprllarres. A capillary (l-mm 
bore) was part-filled with A by continuous tapping and 
then the solid test material was added at the open end. 

The colour and fluorescence of the product at the junction 
were recorded. The limits of identification were determined 
by starting with various synthetic mixtures of the solid 
test materials with starch. 

Serniquantitatice determination. Capillaries contammg A 
and solid test material (various concentrations of diphenyl- 
amine) were kept at 50” in an oven for 5 hr, and the length 
of the coloured boundary formed at the junction was 
recorded. A plot of diphenylamine concentration vs. 
boundary length was linear but did not pass through the 
origin. The sensitivity is rather poor, 10% of diphenylamme 
giving a length of 1.0 mm, and 100% giving 3.5 mm. 

Visual calorimetry. Capillaries containing A and solid 
test material (O&10% diphenylamine) were kept at room 
temperature for 2 hr or at 50” in an oven for 15 min, and 
the colour intensmes were compared visually. Both pro- 
cedures are equally good but it is faster, of course, to use 
heating. The colour intensity is proportional to the concen- 
tration of diphenylamine. 

DISCUSSION 

The results in Table 1 indicate that the solid-state reac- 
tions are sufficiently sensitive, and can be used to distin- 
guish similar compounds by means of the colours obtained 
m the cold and on heating. 

It IS known” that many reactions which take place m 
solution are also observed in the reactions between the 
solids, particularly on trlturation, where there is a close con- 
tact between the reacting substances. It is also known that 
many reactions between solids take place on simple con- 
tact of the reacting substances. This means that many com- 
pounds can be distinguished by solid-state contact reac- 
tions in a capillary, cf: Table 2. 

Further, of the substances tested, only a&dine. p-tolui- 
dine and semicarbazide hydrochloride form products with 
reagent A which give fluorescence in the capillary, the 
colours being OY. Y and Y respectively and the limits 
of identification 5, 20 and 1OOpg. 

However, the method is not specific for detection of 
nitrogen compounds. For example, aliphatic amides do not 
react, nor do uracil, uric acid, ademne, glycine. phthali- 
nude, sarcosine, EDTA, thebaine, papaverine, purines. 
a-amino-aads and pyridine derivatives. On the other hand. 
some compounds -react although they do not contain 
nitrogen. e.g., Fleig” and van Urk13 found various such 
colour reaciions of p-DAB, and we found that santonm. 
resorcinol, phloroglucinol and hydroquinone react. 
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Table 1. Detection of various nitrogen compounds with reagent A 

Compound 

Solid-state reaction Solution reaction 
Colour Identification Colour Identification 

Hot Cold limit, pg Hot Cold limit, ~9 

Diphenylamine 
N-Phenyl-1-naphthylamine 
N-Phenyl-2naphthylamine 
a-Naphthylamine 
j?-Naphthylamine 
o-Tolidine 
pToluidine 
o-Phenylenediamine 
pphenylenediamine 
o-Nitrobenzoic acid 
m-Nitrobenzoic acid 
p-Nitrobenzoic acid 
o-Nitrophenol 
pNitropheno1 
o-Nitroaniline 
m-Nitroaniline 
L-roaniline 

Phenylurea 
N-Methylurea 
Thiourea 
Phenylthiourea 
Allylthiourea 
1.3-Dibutylthiourea 
sym-Di-o-tolylthiourea 
Benzamide 
Salicylamide 
Nicotinamide 
Nicotinic acid 
cc-Picolinic acid 
L-Proline 
Cystme 
Caffein 
Benzidine 
Acridine 
Diohenvlcarbazide 
Indolyll3-acetic acid 
Indoxyl acetate 
Indole 
m-Tryptophan 
8-Hydroxyquinoline 
Barbituric acid 
Thiobarbituric acid 

Y 
Y 
Y 
Y 
Y 
0 
Y 
Y 

RY 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 

RY 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 

R’fy ) 
Y 
Y 
Y 
B 
V 
Y 

&) 
LV(Pink) 

G 
G 

: 
G 
0 
G 
G 
G 
Y 
Y 
Y 

YG 
Y 
Y 
Y 
Y 

RY 
YG 
YG 
Y 

YG 
RY 
Y 
Y 
Y 
Y 

YG 
YG 
YG 
Y 
Y 
Y 

R(Y) 
Y 
Y 
B 
B 
V 
Y 

YG 
G(G) 

V(Pink) 

I 
0.2 
0.2 
1 

0.2 
OS 
l(4) 
2 

$0; 

20(15) 
300(2~ 
250(100) 

8 
4 
2 
10 
10 
10 
10 
10 
10 
15 
10 
50 

250 
5 x 103 

lo4 
5 x lo3 
5 x 103 

3 

O.df(50) 
10 
5 

50 
60 
20 
30 
125 

0.2(l) 
0.2(l) 

Y 
- 
Y 

Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
- 
- 

Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 

- 
Y Y 
- - 
- 

- 
- 
- 

PY PY 

Y(Y) Y(Y) 
Y Y 
- - 
Y(after 20 min) 

- 
- - 
Y Y 

Yt;) Y‘;Y) 
Pink(Pink) Pink(Pink) 

lo4 
- 
lo4 
2.5 
1 

2;2, 
2.5 
0.5 

lo4 (5 x 103) 
lo4 (5 x 103) 
lo4 (5 x 103) 

- 
- 

60 
40 
10 
103 

5 x lo3 
lo4 
lo3 
lo3 
- 
- 

2.5 x lo3 

- 
- 
- 
- 
- 
- 
- 

lo4 (5 x 103) 
15 

- 
- 
- 

0.5 x lo3 
0.25 x lo3 

1 (10) 
0.8(10) 

L-Glutamine, DL-serine, L-valine, L-tyrosine, DL-alanine, DL-methionine, m_-citrullin, taurine and glutamic acid 
all give yellow colours in the solid-state tests, and DL-aSpartiC acid and t,-leucine give yellow in the cold and yellow-green 
in the hot. 

L-Histidine monohydrochloride gives yellow in all four tests, and cystine gives yellow in the solid-state tests and 
pale yellow in the solution reactions. Y = yellow, 0 = orange, G = green, R = red, V = violet, B = brown, L = light, 
P = pale. 

Information in brackets refers to direct reaction with p-DAB. 
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Table 2. Contact reaction results in capillaries with re- 
agent A at 50°C 

Compound 

Diphenylamine 
p-Toluidine 
o-Tolidine 
a-Naphthylamine 
fi-Naphthylamine 
N-Phenyl-1-naphthylamme 
N-Phenyl-2-naphthylamine 
o-Phenylenediamme 
p-Phenylenechamine 
Indolyl-3-acetlc acid 
Indole 
DL-Tryptophan 
Benzidme 
o-Nltrobenzoic acid 
m-Nitrobenzolc acid 
p-Nitrobenzoic acid 
o-Nitrophenol 
p-Nitrophenol 

Colour for 
2% con- 10% con- 

centration centration 

*y-o o-o 
Y-0 Y-O 
Y-O o-o 

Y-DY O-0 
O-G G-G 
Y-O - 
Y-0 
Y-0 0-o 
O-R R-R 

V - 
V - 
V 

LR 
LG-LG 

Y-Y 
Y-Y 
Y-B 
Q-R 

*The first letter refers to the initial colour and the 
second to that after 48 hr. 

Acknowledgements-The authors thank Prof. W. Rahman 
for research facilities and C.S.I.R. (India) for financial as- 
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Separation of metal ions on the selective exchange resin 
Chelex 100 often requires the use of specially chosen com- 
plexing agents.‘-’ We have found triethylenetetramine 
(TETA) is a particularly useful complexing agent in this 
connection. The copper(I1) complex is particularly stable,’ 
which enables copper to be removed from the resin by 
elution with small quantities of TETA solution although 
the affinity of the resin for copper is high. In this paper 
the utility of TETA is illustrated by its application to the 
separation of Cu*+ from Ni’+ and of Pb2* from Cu’+. 
The problem of separation of these ions arises in the analy- 
~1s of some natural raw materials. Mineral acids have been 
used to separate alkaline earth metals from others on the 
basis of the differences in stability of the metals complexes 
with the iminodlacetate functional groups of Chelex 
*OO, 10-15 

Reagents 

EXPERIMENTAL 

Exchange resin. Chelex 100 (Blo-Rad Laboratories), 
10@200 mesh, with maximum exchange capacity 3.0 

mmole/g of the dry resin in Na+-form and 3.48 mmole/g 
of the resin in H+-form, and Dowex A-l, (Serva Entwick- 
lungslabor. Heidelberg), capacity 2.4 mmole/g. were used. 
The capacity was determined from the sorption of 
CU(NH,):+,‘~ and confirmed by elemental analysis 

Standard solutions. These were prepared by &solving 
enough of the appropriate nitrates for the concentrations 
of the metal ions to be: Ca2+ 24mg/ml. Mg2+ 24mg/ml, 
Cu2+ 1.2mg/ml, Nil+ 0.6mg/ml, Pb2+ l.Omg/ml. The 
solutions were then standardized complexometrically. 

The distribution coejjiclents 

The batch method16 was used. Weighed portions 
(0.2833 g) of Chelex 100 were placed in special vessels con- 
taining 0.085 mmole of Me’ + m 25 ml of solution in one 
series and 0.085 mmole of Me2+ and 0.85 mmole of TETA 
in 25 ml of solution in a second series. The pH was 
measured, then the solutions were shaken mechanically for 
12 hr. After equilibrium was reached the aqueous phase 
was analysed for Me*‘. Ca2+ and Mg’+ were titrated with 
EDTA or determined by atomic absorption. CuL+, Nil+ 
and Pb2+ were determined by atomic absorption. 
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Table 2. Contact reaction results in capillaries with re- 
agent A at 50°C 

Compound 

Diphenylamine 
p-Toluidine 
o-Tolidine 
a-Naphthylamine 
fi-Naphthylamine 
N-Phenyl-1-naphthylamme 
N-Phenyl-2-naphthylamine 
o-Phenylenediamme 
p-Phenylenechamine 
Indolyl-3-acetlc acid 
Indole 
DL-Tryptophan 
Benzidme 
o-Nltrobenzoic acid 
m-Nitrobenzolc acid 
p-Nitrobenzoic acid 
o-Nitrophenol 
p-Nitrophenol 

Colour for 
2% con- 10% con- 

centration centration 

*y-o o-o 
Y-0 Y-O 
Y-O o-o 

Y-DY O-0 
O-G G-G 
Y-O - 
Y-0 
Y-0 0-o 
O-R R-R 

V - 
V - 
V 

LR 
LG-LG 

Y-Y 
Y-Y 
Y-B 
Q-R 

*The first letter refers to the initial colour and the 
second to that after 48 hr. 
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Separation of metal ions on the selective exchange resin 
Chelex 100 often requires the use of specially chosen com- 
plexing agents.‘-’ We have found triethylenetetramine 
(TETA) is a particularly useful complexing agent in this 
connection. The copper(I1) complex is particularly stable,’ 
which enables copper to be removed from the resin by 
elution with small quantities of TETA solution although 
the affinity of the resin for copper is high. In this paper 
the utility of TETA is illustrated by its application to the 
separation of Cu*+ from Ni’+ and of Pb2* from Cu’+. 
The problem of separation of these ions arises in the analy- 
~1s of some natural raw materials. Mineral acids have been 
used to separate alkaline earth metals from others on the 
basis of the differences in stability of the metals complexes 
with the iminodlacetate functional groups of Chelex 
*OO, 10-15 

Reagents 

EXPERIMENTAL 

Exchange resin. Chelex 100 (Blo-Rad Laboratories), 
10@200 mesh, with maximum exchange capacity 3.0 

mmole/g of the dry resin in Na+-form and 3.48 mmole/g 
of the resin in H+-form, and Dowex A-l, (Serva Entwick- 
lungslabor. Heidelberg), capacity 2.4 mmole/g. were used. 
The capacity was determined from the sorption of 
CU(NH,):+,‘~ and confirmed by elemental analysis 

Standard solutions. These were prepared by &solving 
enough of the appropriate nitrates for the concentrations 
of the metal ions to be: Ca2+ 24mg/ml. Mg2+ 24mg/ml, 
Cu2+ 1.2mg/ml, Nil+ 0.6mg/ml, Pb2+ l.Omg/ml. The 
solutions were then standardized complexometrically. 

The distribution coejjiclents 

The batch method16 was used. Weighed portions 
(0.2833 g) of Chelex 100 were placed in special vessels con- 
taining 0.085 mmole of Me’ + m 25 ml of solution in one 
series and 0.085 mmole of Me2+ and 0.85 mmole of TETA 
in 25 ml of solution in a second series. The pH was 
measured, then the solutions were shaken mechanically for 
12 hr. After equilibrium was reached the aqueous phase 
was analysed for Me*‘. Ca2+ and Mg’+ were titrated with 
EDTA or determined by atomic absorption. CuL+, Nil+ 
and Pb2+ were determined by atomic absorption. 
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Table 1. Distribution coefficients and degrees of adsorption of Ca , ‘+ Cu2+ Ni2+, Pb*+ on Chelex 100, as a function , 
of pH 

Cal+ cu* + Ni*+ Pb* + 

Bound Bound Bound Bound 
to resin, to resin, to resin, to resin, 

PH Kd % PH & % PH Kd % pH Kd 0, 1’0 

1.6 0.16 0 1.85 4.0 x 10’ 82.1 1.6 14.6 6.3 2.0 2.43 x 10’ 49.3 
1.9 0.41 0.3 1.99 6.75 x lo* 86.8 2.6 8.8 x lo2 77.7 4.5 >6 x lo4 100 
2.8 33 21.3 2.35 7.45 x lo3 98.8 4.3 2.9 x lo4 99.1 7.0 >6 x 10’ 100 
4.5 6.84 x 98.3 3.0 3.0 x lo4 99.6 6.5 > lo5 100 3.0 99.0 x lo3 97.4 

103 
5.0 1.38 x 99.1 4.0 1.7 x lo5 100 8.3 >105 100 

lo4 

Kd was calculated from 

Kd = 
mmole of Me’+/g of resin 

mmole of Me’+/ml of solution 

Separation procedures 

Weighed portions (1.5 g) of Chelex 100, (Na+-form) for 
separation I, or of Dowex A-l (H+-form, 2.0-g) for separ- 
ation II, were placed in special flasks containing 25 ml of 
0.1 M sodium hydroxide and shaken mechanically for 
30min until the pH of the solution in equilibrium with 
the resin was 5. The slurry thus prepared was poured into 
a column (12mm bore), the bed being 13.5cm high. A 
lO-ml sample, containing 120 mg of Ca” +, 1.2 mg of Cu* + 
and 1.2mg of Ni2+. or 12Omg of Mg*+, 1.2mg of CU*+ 
and l.Omg of Pb*+, was placed on the top of the column 
and allowed to percolate at a fixed flow-rate of about 
2.5 ml/min. 

Separation I. Ca2+ was washed out from the column 
with 200 ml of 0.5 M potassium nitrate, pH 2.5, Cu2+ with 
lOOmI of 0.17 M TETA at pH 5.0, and Ni*+ with 200 ml 
of 0.17 M TETA at pH 9.0. 

Separation II. Mg’+ was eluted with lOOm1 of 0.5 M 
potassium nitrate, pH 2.5, Cu*+ with 1OOml of 0.17 M 
TETA at pH 5.0 and Pb*+ with 1OOml of 0.5 M nitric 
acid. 

The effluents from the column were collected in fractions 
either with an automatic fraction collector (at 2-min inter- 
vals), or in standard flasks, and analysed by titration or 
atomic absorption. 

RESULTS AND DISCUSSION 

Table 1 gives the distribution coefficients and degrees 
of adsorption of Chelex 100, as a function of pH. 

The distribution coefficients increase regularly with in- 
creasing pH. The affinity of the cations for the resin is 
Ca*+ < Ni*+ < Pb*+ < Cu*+.“’ Table 2 shows the cor- 
responding data when TETA is also present. 

The TETA greatly increases the selectivity of Chelex 100, 
and the variation in adsorption with pH indicates some 
possible separations. The remarkable increase in Kd at 
high pH may be due to formation of mixed complexes 
and is being further investigated. The best pH values for 
elution of Cu* * and Ni’+ were found to be 5.0 and 9.0 
respectively. In Table 3 the results of Ca2+, Cut+, Ni2+ 
separation on Chelex 100 are given. The elution curves 
are presented in Fig. 1. The fractions were analysed by 
atomic absorption. 

The elution of Cu*+ with TETA seems of practical inter- 
est because of difficulties recorded elsewhere.“’ This elu- 

Table 2. Distribution coefficients and adsorption of Cu , 2+ Ni*+ Pb2+ ions in % on Chelex 100 with TETA . 

cu2 + Ni*+ Pb2 + 

Bound to Bound to Bound to 
PH Kd resin, ‘~ PH Kd resin, % PH Kd resin, “/‘, 

1.7 4.20 x lo2 82.6 1.7 0.26 0.2 2.0 6.54 x lo* 73.2 
2.3 2.03 x lo3 95.8 4.25 2.77 x 10’ 96.9 4.0 5.89 x lo3 95.9 
3.45 1.73 x 103 95.1 7.5 51.3 36.7 6.9 1.61 x lo4 98.5 
3.97 1.73 x 10 61.5 9.0 6.4 6.7 8.7 7.94 x 103 96.9 
6.0 1.6 1.2 11.0 2.84 x lo3 97 10.6 9.31 x lo4 99.7 
9.0 1.3 1.2 

11.0 1.73 x 103 5.1 

Table 3. Separation of 120mg of Ca*‘, 1.2mg of Cu’+ 
and 1.2 mg of Ni2+ on Chelex 100 

Column Ca’ + cu*+ Ni*+ 

1 100 98 100 
2 99 97 94 
3 100 100 94 
4 100 100 100 
5 98 100 100 

Table 4. Separation of 120 mg of Mg2+, 1.2 mg of Cu2+ 
and l.Qmg of Pb2+ on Dowex A-l 

Column 
Recovery, 7; 

Mg2+ CL?+ Pb2’ 

1 99 100 103 
2 99.3 100 110 
3 98.6 104 104 
4 98.4 100 105 
5 100 102 103 
6 100 100 110 
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Fig. 1. Elution curves of Ca*+, Cu’+ and Ni’+ on Chelex 
100. Ca2+ solutions were IO-fold diluted for the 

determination. 

tion is quick and quantitative. There is a even a possibility 
of visual estimation of Cu ‘+ during the elution as the 
sharp sapphire-blue layer of Cu”-TETA complex moves 
along the column. Results for separation of Mg*+, Cu2+ 
and Pb’+ on Dowex A-l are given in Table 4. The elution 
curves are shown in Fig. 2. 

Possible applications include determination of heavy 
metal ions in fertilizers or water. 
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Summary-The distribution coefficients of Ca’+, Cu*+, Ni2+ and Pb’+ on Chelex 100 in the presence 
and absence of triethylenetetramine have been determined. Ca’+, Cu2+, Ni2+ and Mg’+. Cd+. Pb2+ 

mixtures have been separated on Chelex 100 and Dowex A-l respectively. 
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In geochemical analysis, it is often necessary to separate 
single elements (especially minor and trace elements) to 
avoid matrix interference in the subsequent quantitative 
determinations. Moreover, the development of analytical 
schemes to include as many major, minor and trace ele- 
ments as possible, is important if it is desired to use only 
one or two portions of sample. 

Generally speaking, especially in geochemistry, it is very 
important to develop standardized analytical methods 
which give selective separations and then quantitative 
determination of the elements in individual pure solutions. 

Separation schemes have been extensively investigated, 
and the results have been examined in detail by Strelow 
in a recent review.’ The same author and his collabora- 
tors* have described a scheme in which Fe(III), Al, Ti, 
Zr, V(V) and Mo(V1) are retained on an anion-exchanger 
in oxalic and hydrochloric acid media, and Na, K, Mn(II), 
Mg and Ca, which pass through the anion-exchange 
column, are retained on a cation-exchanger. The elements 
are then eluted selectively. Recently Strelow et al.’ have 
presented an accurate determination of Al, Fe(III), Ti, Ca, 
Mg, Mn(II), Na, K, V(V) and Zr in silicate rocks, based 
on separation on a single cation-exchange resin, employing 
different acid mixtures. Govindaraiu4 has proposed a 
method of silicate analysis based mainly on ion-exchange 
dissolution and emission spectrometry; Al, Fe(III), Mg, Ca, 
Mn(II), Ti, Ba, Co(II), Cr(II1). Cu, Ni, Sr and V(V) were 
&curately determined. Szlaurova et al.’ have proposed an 
analvtical scheme for fifteen radionuclides, Zr, Nb, Mo(VI), 
Sr, Ba, Y, Ce(III), SC, Cs, Eu, Mn(II), Cu, Co(II), Fe(III), 
Zn, employmg seven cation- and anion-exchangers. 

In a previous work6 we presented a method for separ- 
ation of eighteen cations Li, Na, K, Mg, Ca, Sr, Ba- Al, 
Ti. Mn(I1). Cu. Ni. Co(H). Fe(II1). Zn. Ha(H), SWIII) and 
Bi by means of cation-‘and anion-exchange resins: h&(11), 
Cu, Fe(III), Zn, Hg(II), Sb(II1) and Bi were absorbed after 
passage of the sample, dissolved in 7M hydrochloric acid 
in methanol, through a borosilicate glass tube filled with 
anion-exchange resin. The other ions were absorbed on 
a cation-exchanger before concentration of the sample. All 
the ions (0.1 meq of each) were then selectively eluted from 
the two columns with hydrochloric acid of concentration 
ranging from 0.05 to 12A4. 

In the present work we have examined the possibility 
of applying such a scheme to silicate materials, because 
of its simplicity and the large number of ions separated. 
We left Sb, Hg and Bi out of consideration because, 
although their separation is good, they are not easily deter- 

* This work is financially supported by the C.N.R. of 
Italy. 

mined owing to their extremely low concentration 
(< 1 ppm) in common silicate materials. 

In the original work,6 the eluted elements were deter- 
mined by complexometric titration (Mg, Sr and Ba), flame 
photometry (Li, Na and K) and calorimetry the rest. In 
the present application atomic-absorption spectrophoto- 
metry (AAS) was used for all the elements except titanium 
(determined colorimetricallv with Tiron’,‘), in order to 
achieve maximum speed of-analysis. 

The necessity for separation of these elements, even 
though AAS is widely (but mistakenly) regarded as highly 
selective, is confirmed by the following reports: barium 
suffers interference from calcium, aluminium and alkali 
metals’.” and so does strontium;“~i2 Ca, Mg, Al, Na, 
Fe, Ti, Li and K are highly active as interfering 
agents; i3-” Mn and Zn suffer from matrix interferenoel 
Although no comparable data are available for Cu and 
Ni, we think it best to separate these elements from the 
silicate matrix for their concentration from trace levels. 

EXPERIMENTAL 

Ion-exchange 

Dowex 50W X8 and Dowex 1 X8, both 20&400 mesh, 
were used. The cation-exchanger was converted into the 
H+ form with 3M hydrochloric acid and washed with 
demineralized water. The anion-exchanger was treated first 
with 12M hydrochloric acid, then with 4% sodium hydrox- 
ide solution, and converted into the Cl- form with 3M 
hydrochloric acid and washed with demineralized water. 
Borosilicate glass tubes (12-mm bore) were packed with 
lOO- and 180-mm beds of the anion- and cation-exchanger 
respectively. Elutions were effected at 380 mmHg over- 
pressure. An automatic fraction-collector was used. 

Method 
Weigh out 100 mg of finely powdered sample 

(120-mesh) in a PTFE dish. Moisten the powder with water 
to avoid spattering. Add lOm1 of 40% hydrofluoric acid 
and 10 ml of 70% perchloric acid, mixing with a platinum 
or PTFE rod. Allow to stand overnight in the fume-cup- 
board and then heat to dryness. Add 10 ml of hydrofluoric 
acid and 10 ml of perchloric acid and heat to dryness. Add 
5 ml of perchloric acid and heat to dryness. Add 50 ml 
of a 7M solution of hydrochloric acid in methanol. Pass 
the sample solution through the anion-exchanger, pre- 
treated with 20ml of the 7M hydrochloric acid in meth- 
anol, at a flow-rate of 2.5 f 0.3 ml/min. This column sorbs 
Mn(II), Co(II), Fe(III), Cu and Zn, which are later eluted 
as shown in Fig. 1. Wash the column with 30ml of 7M 
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SAMPLE: 100 mp. treated with HF-HCLO 4 and evaporated to dr ness, twice, and treated 
ond evaporated to dryness once with HCL04; token up in 7 K, HCL in CHaOH 

I 
dowex 1x6, Cl-form, pretreated with 20 ml of 7M HCl in CHxOH 

7 7M HCl in CH,OH 

Eluote 60 ml: Lit No. K. Mg, Ni, Ca, Sr, Al, Ti, Ba 
I 

COnc. to 1 ml, taken up in 0.3M HCl 
Resin: Mn,Cu.Co, Fe, Zn 

I 

Dowex SOW X8, H+ form 
I 

0.3$ HCL 

12 M ‘HCl 

I I 
Eluate l&Oml: Mn ,Cu Resin: Cb, Fe, Zn 

Eluate 2-K Mg Ni Co 
6M HC&CH,OH 10% 

Ti,Sr,hl:Bo’ ' ' 

I 
I 

Eluato 150 ml: Co 
1 

Resin : Fe, i!n 

0.3M HCL I 
1M HCl 

I I 
Eluote 200 ml: No Resin: K. Ti, Mg,Ni, 

Co, Sr. Al, 60 din. Zn Eluate 100 ml: Fe 

I * 
0.3d HCL 

0.05M HCL 

I I 
I 

Resin 
Eluate 350 ml: K Resin: Tkr,M i NbaCa, 

Eluote 250 ml: Zn 

II, 
regeneration 

0.3M HYL-0.5% H,OP 

1 

I I 
Eluote 700 ml:Ti Resin: $I,;;, Co, Sr, 

‘I 

O*6’i” HCL 

I I 
Eluote 3!50ml:Mg,Ni Resin: Ca, Sr, AL, Bo 

I 
1M HCl 

I I 
Eluote 350ml: Co Resin: Sr,, AI, Bo 

1M ‘HCl 

I 
Eluate 250ml: Sr 

Eluate !,,,,, 3M :I,,, Resini Bo 

I 
I 

Eluote IOOml: 60 Resin regeneration 

Fig. 1 

hydrochloric acid in methanol, evaporate the combined 
effluent to 1 ml, and add 50ml of 0.3M hydrochloric acid. 
Pass this sample through the cation-exchanger, which 
sorbs Li, Na, K, Mg, Ca, Sr, Ba, Ni, Al and Ti, which 
are then eluted as described in Fig. 1. The columns are 
finally regenerated by the treatment described for prep- 
aration of the exchange-resins. 

The ions are evaluated quantitatively by the methods 
given in Table 1. The calibration curves have been 
obtained by direct use of standard solutions of the element 
concerned. 

RESULTS AND CONCLUSION 

The scheme described earlier6 referred to mixtures con- 
taining the same number of equivalents of each ion present. 

To evaluate the effectiveness of the scheme in silicate 
analysis, we prepared a synthetic sample containing these 
ions in the ratios found in common geological samples 
(Table 1). 

Aliquots of this solution, containing the fifteen elements 
in the amounts corresponding to 1OOmg of a common 
silicate sample, were treated according to Fig. 1 and the 
elements were collected in lo-ml fractions to determine 
the elution curves. Quantitative analyses were done, in 
order to test the reproducibihty of the method. In the 
earlier scheme,6 Mn and Cu were further separated on 
a third column filled with Amberlite CG 400, Cl- form. 
These two elements show no interaction in AAS, so we 
prefer to determine them in the same solution instead of 
using the third column. The same applies to Mg and Ni. 



SHORT COMMUNICATIONS 881 

Table 1. Analytical methods used in the separation scheme and composition of synthetic 
standard 

Species Content Methods 
Wavelength 

nm Flame 

AU& 10.20 % 
ho3 6.76 % 
CaO 13.28 % 
MgG 13.80 % 
Na20 3.05 % 
K2O 1.40 % 
TiO, 2.60 % 
MnO 0.20 % 
Ba 1050 ppm 
co 50 ppm 
CU 70 ppm 
Li 9 ppm 
Ni 270 ppm 
Sr 1350 ppm 
Zn 160 ppm 

AAS La as releasing agent’ 
AAS La as releasing agent’ 
AAS Cs as ionization buffers 
AAS Cs as ionization buffers 
COL Tiron as complexing agent’ 
AAS La as releasing agent’ 
AAS K as ionization suppressor’ 
AASr4 
AAS14 
A44rs as ionization butfer14 

AAS La as releasing agent r4 
AAS La as releasing agent r4 

AAS K as ionization suppressors 309.3 
AAS 248.3 

422.7 
285.2 
589.0 
766.5 
580 
279.5 
553.6 
240.7 
324.8 
670.8 
232.0 
460.7 
213.9 

NA 

IX 
AA 
AA 
AA 

AA 
NA 
AA 

2 
AA 
NA 
AA 

Note. K and La were added because the ionization effect is independent of the separation. 
NA = nitrous oxide-acetylene flame; AA = air-acetylene flame. 

Table 2. Synthetic solution analytical data 

Species 

Final volume 
Taken, Found, after sepn., Concentration Dilution Relative concentration, 

mg mg ml ratio ratio ppm 

403 20.0 20.5 500 
Fe203 13.0 12.8 100 
CaO 27.0 27.1 350 
MgG 26.0 26.0 350 
Na20 6.0 5.8 200 
K2O 3.0 3.0 350 
Ti02 5.6 5.7 700 
MnO 0.40 0.35 150 
Ba 0.20 0.20 100 
co 0.01 0.01 150 
cu 0.01 0.01 150 
Li 0.002 0.002 200 
Ni 0.04 0.04 350 
Sr 0.20 0.18 250 
Zn 0.30 0.31 250 

2 
10 
10 
10 

10 

4 
10 - 
10 - 
8 - 

14 
10 

40 
65 

7.7 
7.4 

i.5 
0.8 
2.6 
8 
0.6 
0.6 
0.08 
1.6 
2 
1.2 

Note. Before AAS the solution is concentrated or diluted by the factors indicate in the columns headed concentration 
and dilution ratios. 

Table 3. Analysis of standard samples 

Samples 
A1203 

(a) tb) 

Major and minor components, % 
Fe203 CaO MgG Nat0 

(a) (b) (a) (b) (a) (b) (a) (b) ’ b~K’o@l (alTrGk (aJMno@) 

W-119 
G-2rq 
BCR-1r9 
UB-N” 

;$% 

GA19 
COG-lZ1 
Gzo* 
K20* 

15.08 15.00 11.11 11.09 10.88 10.96 6.55 6.62 2.15 2.15 0.70 0.64 1.09 1.07 0.20 0.17 
15.33 15.40 2.77 2.65 1.99 1.94 0.78 0.76 4.16 4.07 4.51 4.51 0.52 0.50 0.04 0.034 
13.68 13.61 13.49 13.40 7.00 6.92 3.30 3.46 3.30 3.27 1.70 1.70 2.24 2.20 0.18 0.18 
3.01 2.93 8.47 8.35 1.08 1.17 35.01 35.00 0.10 0.10 0.02 0.02 0.15 0.12 0.12 0.12 

17.40 17.52 9.60 9.67 7.10 7.07 4.51 4.46 2.89 2.99 1.80 1.73 1.10 1.10 0.25 0.21 
13.25 13.39 4.05 4.11 4.51 4.48 4.51 4.51 6.00 5.94 8.10 8.12 1.10 1.06 0.12 0.10 
14.39 14.50 2.88 2.83 2.45 2.45 1.00 0.95 3.60 3.55 4.10 4.03 0.05 0.04 0.20 0.20 
19.25 19.73 4.83 4.75 9.40 9.15 12.25 13.27 1.80 1.90 0.045 0.043 0.092 0.082 0.053 0.065 
21.20 21.13 2.10 2.01 2.01 0.55 0.53 0.82 0.82 0.28 0.29 2.55 2.53 0.90 0.87 0.01 
25.00 25.02 2.80 2.76 0.70 0.67 0.51 0.46 0.15 0.12 0.51 0.47 0.90 0.92 0.02 0.02 
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Table 3.---contd. 

Trace elements, ppm 
Ba co CU Li Ni Sr Zn 

Samples (a) (b) (a) (b) (a) (b) (a) (b) (a) (b) (a) (b) (a) (b) 

W-l19 172 160 55 47 115 110 20 14.5 85 76 180 190 95 86 
G-219 2100 1870 6 5.5 20 11.7 38 34.8 15 5.1 490 479 90 85 

;:;1:9 690 53 675 40 105 40 110 38 25 27 18.4 30 30 15 12.8 30 1860 25 2ooO 15.8 350 16 330 10 120 80 120 85 
;;$lY 970 377 1010 380 731 32 724 35 805 50 796 52 487 42 495 45 823 30 815 22 385 758 400 747 805 150 790 150 

GA19 795 850 8 5 20 14 105 100 12 7 321 305 88 75 

:gG-lZ1 765 138 - 759 50 26 - 53 22 51 18.2 46 460 2 470 1.8 465 30 411 24 180 80 166 72 - - - - 
K2O 155 147 20 - 7 5.4 285 275 30 22 25 19 - - 

(a) = Value found; (b) = recommended or mean value; * = Mediaeval pottery. 

Table 2 shows that the separation scheme provides 7. R. Basso and A. Mazzucotelli. Perrodico Mineral.. 1975. 
quantitative results. We have also analysed some interna- 
tional rock, mineral and ceramic standards (Table 3). The 8. 
results show good accuracy for major, minor and trace 
elements in the usual ranges found in silicate analyses. 9. 
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Summary-A scheme of ion-exchange separation of fifteen elements (major, minor and trace) determined 
mainly by atomic-absorption spectrophotometry (Ti by calorimetry) is applied to rock, mineral and 
ceramic analysis. Mn, Cu, Co, Fe and Zn are separated on an anion-exchanger and Li, Na, K, Mg, 
Ca, Sr, Ti, Al, Ni and Ba on a cation-exchanger. The method has been tested by analysis of a synthetic 
mixture of the fifteen ions in the ratios in common rock samples, and of various international standards 
(lOO-mg samples). 
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LETTER TO THE EDITOR 

Sir, 

Several years a@ I polntod out that soms l y6t.m ~80 needed to grsde dogrear of 

roleotivity and I suggested that the term Veleotirity Index” mi@d be used. I had 
diroueeed this at&tar at eome length with Dr. Betterid@, rho proposed a further sohems 

which provided oonaiderably more detailed lnforamtion. Se arranged to publleh our 

obeerocrtiona simultaneously.’ The Seleotivlty Index sac lnoluded in Dr. Betterid@’ 

system. 

Sow interest was shown at the tims* and later se submitted a further letter, owering 

the suggestiona and orltioieme which had been rai~ed.~ Sinoe that tim nothing further ha8 

been publlehed . 

Iater, vhen I as Chairmen of the Boemnolature Covuniseion of the Analytiosl Chemistry 

Division of IUPAC, I included this subject in our general prograsmm. A vorking party vae 

formed, but more urgent nmtterr had to take precedence and very little headway vae nmde. 

The projeot was eventually abandoned. I believe that little progress is likely to be made 

until more oplnionr have been collected and the objectives have been clarified. Bhe 
purpoee of thin letter is to attempt to rtlmukte further interest in this problem and to 

obtain noms written or verbal oontributione. Undoubtedly, this step ie essential before 

the topic Is suitable for Committee deliberation. 

I believe that there are several reason8 vhy little progreeo has been made. 

1. When I first made this proposal, I deliberately avoided giving detailed condition6 In 

the expectation that a dirouerion would be provoked rhlch would cwer all aspeotr. From 
the dlrcuesions I have since had rith the Commiseion’~ rorking groupn, it seem6 that it was 

thle lack of precise definition which has provided a rtumbllng block to further progreen. 

2. Xy pmpoee was to provide a simple meana of srpresaing by epbken vord the reaction 

behavlouc of a particular Ion. I rented a description that did not necessitate the use of 

a blackboard or pencil and paper to illustrate It. Dr. Betterldge’s idea was Intended for 

tabulation and thus vould ower much more ground. Unfortunately, although Dr. Betterldge’s 

echems inolrrded my Selectivity Index, the whole issue has beooms confused. Before Dr. 

Betterldge’e s&ems could be lmplemsnted it would be neoeaeary to agree on some form of my 

orinlnal propoeal as to vhat Is meant by Selectivity Index. 

3. I used the term “indere In its generalsenae. Beoause of the system recommended by 

Dr. Betteridge, which uses indices in a different manner , It would perhaps be better to use 

the term Selectivity Bumber. 

4. It aeeme that one of the main problems is whether the Selectivity Index should refer to 

the *natur.alW selectivity of a particular ion or the relectlvity under the moat favourable 

conditions, u., the optlel $8 in the presenoe of masking agents! euiteble oxidation 

state, etc. - 
‘Phi8 might be overooim by the use of tvo number8 , the one indioating the nor-1 

aeleotivity and the other the valw under the most favourable oonditione. ?or example, 
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suppose that reagent X gives a reaction with eix different ions under normal conditions. 

Under the most favourable conditiona only two ions give the reaction. Then the neleotivity 

numbers would be 612. Such an expression could provide all the information required 

oompletely verbally; it would aleo indioate the improvement in selectivity produced by the 

most favourable conditions. It is true that there are two selectivities, the “natural” 

(for want of a better term) and the most favourable aeleotivity. The latter could be 

called the “optimal” selectivity, but there may be better terms whioh could be ueed. Of 

oourse, a lot of complloationa aan be introduced, as I have discovered from the uany 

discussions. One popular question is “how to refer to the reaction of a trace of material 

in the presence of a large bulk of another”. If it la kept in mind that one is only 

attempting to give a general deaoription, then these epeoial oases aan be ignored. If an 

attempt is made to oover every epeoial ease, it would probably need a oomputer to analyae 

the systems. When one Imows approximately the reaotion behaviour in the preeenoe of 

moderate amount8 of other lone, it ie sufficient for the purpose I have in mind. For 

special oonditione one would need to look up the necessary referenoe books. be I have 

repeatedly emphaeiaed, I am only seeking an expreesion which can be given verbally and which 

oan convey an approximate idea of reaction behaviour. If a olaseifioation of this kind 

oould be devised, the way would then be clear for preparing the more detailed information 

provided by Dr. Betteridge’e system. 

Department of Chemistry 
University of Birmingham 

R. BEKWIEB 

P.O. Box 363, Birmingham, 15 

16 June 1976 
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PRELIMINARY COMMUNICATIONS 

THE ANALYTICAL POTENTIAL OF GAS-PHASE 

FOR THE DETERMINATION OF 

Malcolm S. Cresser* and 

MOLECULAR ABSORPTION SPECTROMETRY 

ANIONS IN SOLUTION 

Peter J. Isaacson 

Department of Soil Science, University of Aberdeen, Old Aberdeen, Scotland 

(Received 10 September 1976. Accepted 15 September 1976) 

We have recently demonstrated' that nitrogen may be determined by conversion into ammonia 

in solution and subsequent measurement of the absorption in the ultraviolet region by the 

ammonia gas displaced from the alkaline sample solutions by a current of air. The 

selectivity, sensitivity, and precision of the method were found to compare favourably 

with the corresponding parameters for possible alternative methods of analysis, and the 

method has been applied to the determination of nitrogen in soil and plant samples. 

Factors influencing the sensitivity of the method for the determination of armaonium-N have 

been investigated in detail,' using the standard absorption-tube cell from a Shandon- 

Southern A 3490 Arsenic/Selenium Detection Unit, and a hydrogen hollow-cathode lamp. 

Subsequent work has shown that the method may also be applied to the determination of 

nitrate, if the latter is first reduced to ammonia with titanous sulphate solution.' 

Because of the simplicity of these methods, the speed with which analyses may be 

completed, and the relative ease with which the methods could be fully automated, it 

seemed worthwhile to investigate the feasibility of determining other species by similar 

procedures. Sulphur dioxide, hydrogen sulphide, and the nitrogen dioxide-dinitrogen 

tetroxide system all absorb strongly in the analytically-useful (non-vacuum) region of 

the ultraviolet spectrum. These gases may be readily prepared at room temperature by 

the addition of dilute acid to solutions of sulphite, sulphide, and nitrite respectively. 

The absorption spectra obtained by adding 5-ml aliquots of 6M hydrochloric acid to 100 mg - 

portions of the sodium salts of these anions in lOO-ml volumetric flasks fitted with 

rubber septa are shown in Figs. 1 (S2- and SO:-) and 2 (NO;): 0.05 - 0.2-ml aliquots of 

the gas evolved were injected into the 10-n silica sample cell, which was also fitted 

with a rubber septum. All reactions and cell-filling operations were performed in a 

nitrogen atmosphere in a dry-box, so that spectra could be plotted down to 185 nm 

against an appropriate blank, with a Cary-Varian model 118 double-beam solution spectro- 
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Fig. 1. Absorption spectra of sulphur dioxide, hydrogen sulphide, 
and nitrogen dioxide 
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photometer purged with dry nitrogen. 

The results clearly indicate that gas-phase molecular absorption spectrometry (GPMAS) 

may be used for the sensitive determination of sulphide, sulphite and nitrite in solution, 

and that is is unnecessary to employ a nitrogen-purged monochromator. This has been con- 

firmed for nitrite, using identical apparatus to that employed for the determination of 

ammon\a,' but with 6M hydrochloric acid in place of the 40% sodium hydroxide solution used 

in the latter determination. The selectivity of the methods ultimately developed will 

depend upon the gas-generation system used. Thus, for example, the sensitivity of the 

nitrite determination deteriorates 100-fold if 6F sulphuric acid is employed in place of 

hydrochloric acid, and this could perhaps be used to improve the selectivity of the deter- 

mination of sulphide or sulphite by GPMAS. Alternatively, suitable scrubbing solutions 

or solid absorbents or thermal decomposition techniques may be necessary to improve 

selectivity. No detectable absorbance was found for relatively large amounts of hydrogen 

selenide or hydrogen telluride, when these were prepared by reduction of selenite and 

tellurite salts with sodium borohydride in acid solution , so that selenide and telluride 

should cause no spectral interference in the determination of sulphide. 

The absorption spectra of sulphur dioxide and hydrogen sulphide are relatively 

simple, and require no further comment here. The absorption spectrum obtained from the 

reaction between sodium nitrite and hydrochloric acid is more complex, however. The 

200 250 300 350 

wavelength (nm) 

Fig. 2. Absorption spectrum of the undried products 
of the reaction between sodium nitrite 

and hydrochloric acid 
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structure which appears on the most sensitive band centred at 195 nm for this system is 

no longer observed if the gas mixture is dried with calcium chloride. The absorption 

spectrum might be expected to correspond to that of a relatively complex mixture of NO, 

NOz, NnO+, N203 and HNOP,"-~ and possibly even NOCl.' The well-characterized part of 

the absorption spectrum of the N02-N201, system,' the lower spectrum in Fig. 1, is obser- 

vable only at considerably higher gas mixture concentrations, and is of less interest 

from the analyst's viewpoint, because of the poorer sensitivity. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
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‘ihER CHEb?OLUMINESZENZERSCREINUNGEN BE1 DER REAKTION ZWISCRW 

SUYID UWD HYPORALOGERIT IW W~SSRIGER tiSUWG 

Dieter Klockow und Jiirgen Teckentrup 

Chemieches laboratorium der UniversitPt Freiburg, Lehretuhl fiir Analytieche Chemie, 
D-89 Freiburg, AlbertstraSe 21, Bundesrepublik Deutschland 

(EingeRangen am 15. Sentember 1976. Angenommen am 5. Oktober 1976) 

Werden bei einer chemischen Reaktion Molekiile in elektronisch angeregten Zustanden gebildet, 

so iet ,die dabei oft auftretende Lumineszenz eine empfindlich memere physikalische Gr@e, 

mit deren Ailfe Illsn den Verlauf einer Reaktion verfolgen bzw. einzelne Reaktionspartner 

quantitstiv bestimmsn kann. l-4 Zum Zwecke der Sulfidbestimmung untersuchten wir deshalb 

die durch Sulfid katalysierte Reaktion zwischen Jod und Azid' auf eine eventuell durch 

Radikalraaktion auftretende Lumineszena. 

Wir fanden eine schwache Lumineszenz, deren Intensitst von der Jod- und der 

Sulfidkonzentration abhzngig w8r , ohne daE das Azid hierauf einen EinfluE ausgeiibt hiitte. 

Das bedeutet, da9 die Lumineszenz die Oxidation des Sulfids durch Jod, eine Nebenreaktion der 

Jod-Aeid - Reaktion, begleitet. 

Die Luminesednz trat nur im 8lkalischen Bereich auf (pR > 8.01, in welchem Jod bereits 

al8 Rypojodit vorliegt. Da das Jod als etarker Cuencher wirkte, durfte seine Konzentration 

nicht zu hoch sein. Eit SulfidlZaungen im 10 -% _ Bereich konnte sin Lumineseenzoptimum bei 

einer Jodkonzentration von 5 ' lo-%_beobaohtet werlen. 

lie weitere Untersuchungen zeigten, kznnen auSer Jod such Brom bzw. Chlor6 ala 

Oxidationsmittel dienen. Die Lichtausbeute wr sowohl bei Brom al8 such bei Chlor um den 

Faktor 5 gx%Ser als bei Jcd. Mit anderen Oxldationemitteln [Hexacyanoferrat(III), 

Wasaerstoffperoxid, Kaliumjodat] konnte keine Lumineezenz beobachtet werden. S8uerstoPf7 

hat keinen meflbaren EinfluS auf die Reaktion zwiachen Sulfid und Hypohalogenit, wie die 

Verwendung von I.Zsungen zeigte, welche vor und w&end der Kessung &tindlich mit Stick&off 

gesp'ilt wurden. 

Bei Anwendung hzherer Konzentrationen an Brom wurde ebenfalls ein Quencheffekt 

beobachtet. Die besten Lichtausbeuten erhielten wir im Bereich 1O'5 - 5 * 10-%Br2. 

Die pH-Abhgngigkeit der Reaktion (Abb. 1, Kurve'a) weist auf Hypobromit als aktives 

Oxidationsmittel hin. Im weiteren Verlauf der Untersuchungen wurde wegen der h'cheren 

Lichtausbeute und des geringeren Buenoheffektes nur Brom als Oxidationsmittel verwendet. 

Zur Photonenzghlung benutzten wir ein FXssigkeitsszintilktionsspektrometer 

(Intertechnique SL 30, E'Eihlung bei ausgeschalteter Koinzidenzstufe und ganz gezffneten 

Fenstern). Die Osungen wurden mittels einer Peristaltikpumpe durch ein Str'cimungssystem 

gefdrdert. In einer Misohzelle unmittelbar vor der i%hlkammer wurde coulometrisch Brom aus 

einer lo-%_K8liumbromidl&mg produziert (Dsung I) und dort eofort mit einer Pufferlzsung 

von geeignetem pR (I&ung II) vermiecht. Dieser Reagenelxsung wurde in der DurchfluSzelle, 

die in die Ihlkammer des Szintill8tlonsz~hlers eingesetzt war, da8 Sulfid in einer 10 -% 
Natriumbydroxidl%u?ig (Deung III) zudosiert. 

Eine Erhzhung der Lichtausbeute um den F8ktOr 2 - 10 k8nn duroh &sate von 

fluoreszierenden Substanzen erreicht nerden, die zwiachen 5OC und 65C nm absorbieren. ES 

erwiee sich dabei im pR-Bereioh 9-11 Kethylenblau 81s sehr g'imetig, da es mit keinem der 
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untereuchten Oxidationsmittel allein zu einer nenneneuerten Lumineezenz filhrte. lie Abb. 1, 

Kurve k zeigt, erbrachte die Verwendung von Methylenblau ala Sen8ibiliaatOr eine 

betrzchtliche Erhzhung der Lichtausbeute. 

Eine Ausaage ‘&ber die sngeregte Spezies, die bei dieser Reaktion enteteht, iet no& 

nicht miiglich. Zwar beobachtat man im S5intill8tionsz~hler mit aeiner sehr &inetigen 

Zihlgeometrie bei Zusatz von lethylenblau !%hlraten von 5 - lo4 - IO6 cpm, doch ergibt die 

hieraus vorgenommene Absch%zung der Lumineezenzausbeute , bezogen auf die eingeaetzte 

Sulfidmenge, Werte von nur IO 
-8 

- 10-10. Deshalb gelang es bisher nicht, mit einer 

Anordnung BUB Monochromator und PhotonenzshlgerXt ein Spektrum der prinitir emittierten, d,h. 

aua der Reaktion zwischen Hypobromit und Sulfid her<&renden, Strahlung zu erhalten. 

Lediglich bei Verwendung von Pethylenblau ale Sensibilieator war ein Signal im Bereioh der 

Fluoreszenzatrahlung dieses Farbstoffes zu beobachten.+ 

Abb. 1. PH.-Abhilngwke~t der Iiuaineoze,>r 

Im Rinblick auf eine analytische Anwendung der Resktion zur Sulfidbestimmung wurde die 

Abhgngigkeit der Lumineszenz von der Sulfidkonzentration unter folgenden Bedingungen 

ermitteltr 

osung I: 10-b Br2, coulometrische erzeugt in 10m3!& Kaliumbromidl%ung~ 

L%ung II: 5 l 10-k Kethylenblau in 10e3g Boratpuffer vom pH 9; 

I&ung III: Yatriumsulfid in 10m4g Watriumhydroxidl*c!aung; 

Pwnpgeschwindigkeit f& jede %aung: 2,2 ml/min. 

Es ergab sioh eine annzhernd lineare Eichkurve im Bereich 10B7 - 5 l IO-6pc_ Sulfid. 

Andere Reduktionemittel (Thiosulfat, Sulfit, athylmercaptan) &&en nicht durch eine 

Lumineszenz sondern durch Verbrauch an Oxidationsmittel. 

Gegenwgrtig wird versucht, das System zu einem empfindlichen Verfahren zur 

Sulfidbestimmung auezubauen. Hierbei steht da6 bislang nur unzureichend gel&te Problem der 

Erfassung von Schwefelwasserstoffspuren in der Atmosphlire unter Reinlufi- und “background”- 

Bedingungen im Vordergrund. 
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EDITORIAL 

For the last two years “card index summaries” of the papers in Talanta have been published in English, 
French and German as a separate part of each issue, the intention being to provide copies that could be 
cut out and pasted onto cards. This arrangement, however, is only of use to the first person having access 
to a copy and using it (always assuming that in the case of library copies the librarian has not mistaken 
the summaries for advertising matter and thrown them away). It therefore seems likely that demand for 
the service is low, and in view of its relatively high cost it is felt that readers would probably prefer to 
do without the card index summaries and have the savings used to stabilize the subscription rate, especially 
in these days of high inflation. This issue will therefore carry the last set of card index summaries. We 
shall, of course, continue to print summaries along with the papers themselves, and these will be in the 
same language as the paper, with an English translation for papers written in French or German. 

T:L. 23-11/12-A 
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OBITUARY 

PROFESSOR F. E. BEAMISH 

Frederick E. Beamish, FCIC, Professor Emeritus, University of Toronto, died on 8 April 1976 at Guelph, 

Ontario. It is impossible to catalogue adequately the accomplishments of a man of his stature. He was 
simply the world’s number one authority on the analytical chemistry of the noble metals, having to his 
credit over 150 publications in this field, including 3 books (one in press) and 20 critical review articles. 

Those who knew him only as a renowned scientist knew only a fraction of the man. Dr. Beamish was 
a loving husband and father and leaves his wife Dorothy and sons Dr. Dick and Dr. Bill Beamish. Perhaps 
first of all he was a teacher of chemistry and the research process and by example the purveyor of the 
best values in life. A dedicated gardener and naturalist, he treated the often miniscule problems of his students 
and his friends in the same delicate and loving way he worked with his favourite begonias and ferns. Beamish 
was a very religious man with an infectious sense of humour, these attributes often becoming the strength, 
during troubled times, of those with whom he had close associations. 

Dr. Fred Beamish was born in Hanover, Ontario in 1901. He completed his M.A. at McMaster in 1929. 
He was appointed lecturer at the University of Toronto in 1931, associate professor in 1935 and full professor 
in 1946. He was accorded the title of Professor Emeritus, University of Toronto, in 1969, but he never 

really retired, continuing his writings until in 1974 a serious illness terminated his work. 
Dr. Beamish was a tireless researcher, often spending 12 hours a day, 6 days a week at his desk and 

in the laboratory. He expected the same dedication and honesty of approach from his students. To have 
been a Beamish student was to have lived among the chosen few. Dr. Beamish left an indelible mark on 
those whom he taught, as is evidenced by the success of his students in government, industry and universities. 

Among his other accomplishments Dr. Beamish was the first chairman of the Analytical Chemistry Division 
of the CIC, Canadian representative on the Analytical Section of IUPAC and on the advisory or editorial 
boards of the journals Talanta, Analytical Letters and Analytical Chemistry. He received an honorary DSc. 
from McMaster University in 1962, won the Fisher Award for Analytical Chemistry in 1970 and was appointed 
Fellow of the Royal Society of Canada in 1958. 

Fred Beamish’s devotion to hard work, clean living and complete honesty is an example to all. In this 
respect, Fred lives on amongst that large group of people who knew him well. 
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(9 April 1976) 

A study oo the theory of action of reversible redox indiiators K. SRIRAMAM. (21 February 1976) 

Colour and precipitation reactions of heavier rare earth chlorophosphonazo III chelates TOMITSUGU TAKETATSU. (12 April 
1976) 

Accuracy of steel analysis by using spark-source mass-spectrometry with electrical detection: E. VAN HOYE, F. ADAMS 
and R. GIJBFZS. (12 April 1976) 
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Ion-exchange separation and atomic-absorption determination of fifteen major, minor and trace elements in silicates: 
AMBROGIO MAZZUCOTELLI, ROBERTO FRACHE, ARDUINO DAD~NE and FRANCA BAFFI. (9 January 1976) 

Extraction and spectrophotometric determination of nickel(D) with potassium butyl xanthate: PRAPHULLA K. PARIA and 
SANTOSH K. MAJUMDAR. (9 January 1976) 

Peroxydisulphate oxidations-V. Identification of some aromatic alcohols by thin-layer chromatography: S. P. SRIVASTAVA 
and R. G. SHARMA. (9 January 1976) 

Application of triethylenetetramine (TETA) to the separation of metal ions on selective exchange resin Chelex 100: 
KRYSTYNA BRAJTER ~~~‘JADWIGA GRABAREK. (13 Junuary 1976) 

Determination of uranium and impurities in Portuguese uranium concentrates: MARIA DE JESUS TAVARES, Jo;bo SEABRA 

E BARROS and FELISMINA MATOS. (13 January 1976) 

Remarques sur le microdosage du selenium dans les composes organiques: E. DEBAL, G. MADELMONT and S. PEYNOT. 
(28 November 1975) 

Electroreduction of molybdenum(W) at a prehydrogenated platinum electrode: P. ZANELLO, G. RASPI and A. CINQUANTINI. 

(15 January 1976) 

A study on the formation of Fe(H), Co(D), Ni(II), Cu(II), Zn(II), Ag(1) and Cd@) hexacyanocobaltates: ALESSANDRO 
DE ROBERTIS, ATHOS BELLOMO and D~MENICO DE MARCO. (15 January 1976) 

Analytical applications of complex formation in non-aqueous solutionsI. Complexes of bismuth(II1) with potassium 
diphenyldiselenophosphate in organic solvents: N. T. YATISIMIRSKAYA, ARAIN RAFEE and A. I. BUSEV. (15 January 1976) 

Application of zone melting technique to metal chelate systemsx. Zone refining of bis(acetylacetonato)beryllium(II), 
tris(acetylacetonato)aluminium(III) and bis(di-isovalerylmethanato)copper(II): ho YOSHIDA, HIROSHI KOBAYASHI and 
KEIHEI UENO. (27 January 1976) 

Application of zone melting technique to metal chehtte systems-XI. Refining of tetrakis(dipropiooylmethanato)zir- 
conium(IV) from hafnium and trace amounts of some other metals: ISAO YOSHIDA, HIROSHI KOBAYASHI and KEIHEI 
UENO. (27 January 1976) 

Spectropbotometric determination of pyrrole derivatives: J. P. SHARMA, A. K. DUBEY and V. K. S. SHIJKLA. (28 January 
1976) 

Dynamic surface tension measurements for the assessment of potable water quality: G. LOGLIO, U. TESEI, A. FICALBI 
and R. Cmr. (28 January 1976) 

The soluhility products of some slightly soluble lead salts and the potentiometric titration of molhydate, tungstate, perr- 
benate, and fluoride with lead ion-selective electrode: E. E. CHAO and K. L. CHENG. (23 January 1976) 

Detection of some nitrogen compounds and the semiquantitative determination of diphenylamine with pdimethylaminobenz- 
aldehyde by capillary solid-state spot tests: M. QURESHI, H. S. RATHORE and ALI MOHAMMED. (3 February 1976) 

Einfluss von verschiedenen Parametern und Messbedingungen auf die anfangliche Neigung von atomabsorptiometrischen 
Eichkurven: B. MAGYAR and G. WIDMER. (3 February 1976) 

Extraction behaviour and selective determination of arsenic(II1) and arsenic(V) with ammonium pyrrolidinedithiocarbamate, 
sodium diethyldithiocarbamate and dithizone by means of flameless atomic-absorption spectrophotometry with a carbon-tube 
atomizer: TOSHIHIKO KAMADA. (3 February 1976) 

The pH-dependence of entropy changes in metal-EDTA complex formation: KOTARO OGURA, Kryosr TAKAT~J and T~xAst 
YOSINO. (3 February 1976) 

Electrolysis at constant potential. Determination of diffusion coefficients of thallium by using a hanging mercury drop 
electrode: J. HERN~~NDEZ M~NDEZ and R. CARABV~S MARTINEZ. (11 February 1976) 

.i 
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EDITORIAL 

In this issue we present the first article in our new feature in which critical reviews are given of the development 
of particular types of instrument and of the equipment currently available. This first paper is on the mass 
filter, used in mass spectrometry. For the feature to become a success it is vital that we have the co-operation 
of our readers both in identifying the areas in which such reviews would be topical and useful, and in 
contributing to the feature. Anyone interested should write in the first instance to Dr. J. R. Majer, Chemistry 
Department, The University, P.O. Box 363, Birmingham 15, U.K., who will be responsible for this section, 
and who has written the first contribution to it. 

I AL. 23/3-_* 
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PAPERS RECEIVED 

Iron(D)-induced oxidation of hypopbosphite by peroxydiphosphate in acid medium: SURINDER KAP~~R and Y. K. GUPTA. 
(11 December 1975) 

The use of long chain alkylamines for precoocentration and determination of traces of molybdenum, tungsten and rhenium 
by atomic absorption spectroscopy-III. Tungsten in geological samples: C. H. KIM, P. W. ALEXANDER and L. E. SMYTHE. 
(15 December 1975) 

Gravimetric estimation of palladium with m-(mercaptoacetamido)phenol: GEETHA PARAMESWARAN. (15 December 1975) 

The application of ternary complexes to spectrotluorometric analysis: P. R. HADDAD. (18 December 1975) 

Studies on some metal hydrous oxide sols, using electrocapillary curves: WAHID U. MALIK, RAME~H BEMBI, AJAY K. 
JAIN and J. S. TYAGI. (22 December 1975) 

Interpretation of selectivity coefllcients of solid-state ion-selective electrodes by means of the diffusion layer model: ADAM 
HULANICKI and ANDRZEJ LEWENSTAM. (22 December 1975) 

Catalytic ion-exchange method for detection of microgram amount of amino-acids: SAIDUL ZAFAR QURESHI and IZZATLIL- 
LAH. (22 December 1975) 

Controlled-potential iodometric determination of iron after extraction with di-isopropyl ether: RONALD KARLS~~N and 
Lo GORTON. (23 December 1975) 

Dosage du cuiwe, plomb, cadmium, zinc dans l’eau de mer par redissolution anodique en utilisant un standard interne: 
PHIL~PPE GOUT. (23 December 1975) 

Determination of some trace impurities, indium, manganese, arsenic and antimony in different samples of zinc metal 
by neutron-activation analysis: M. DERMELJ, V. RAVNIK, L. KOSTA, A. R. BYRNE and A. VAKSELJ. (23 December 1975) 

A study of the simultaneous determination of lead and barium as chromates by amperometric titration: B. PIHLAR and 
L. KOSTA. (23 December 1975) 

Precipitation of zinc ammonium phosphate from homogeneous solution: G. SIVA REDDY and Y. KRISHNA REDDY. (24 
December 1975) 

A coulometric method for the assay of some easily oxidized organic substances with iodine as an oxidizing agent: L. 
E. EDHOLM. (29 December 1975) 

Determination of 14 trace elements in cobalt by instrumental proton activation analysis: V. KRIVAN. (31 December 1975) 

i 
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TALANTA ADVISORY BOARD 

The Editorial Board and Publishers of Talanta take pleasure in welcoming the following new members to the Advisory 
Board of the journal. 

J. K. FOREMAN 

H. V. MALMSTADT 

H. M. ORTNER 

They also wish to record their sincere thanks for the help given by 

D. M. W. ANDERSON 

F. E. BEAMISH 

H. B. MARK JR. 

who retire from the Advisory Board. 

Since graduating from London University Mr. Foreman’s career has been 
largely divided between the Windscale Works of the United Kingdom Atomic 
Energy Authority and the Laboratory of the Government Chemist in London; 
he has been Deputy Government Chemist since 1970. His principle analytical 
interests have been in the field of radiochemistry, physical methods of analysis, 
separation techniques and automation of analytical techniques for both labora- 
torv and chemical olant use. He is co-author of a recentlv nubfished book 

Professor Malmstadt was educated in chemistry at the University of Wisconsin 
and in electronics at Princeton and MIT during the war, when he was a Radar 
Officer in the U.S. Navy. He is now Professor at the University of Illinois 
and is kept busy by teaching, research, consultancy work, designing instruments, 
writing (8 books and over 120 research papers), lecturing throughout the world, 
and serving on numerous advisory boards. He has received several awards 
for his outstanding contributions to instrumentation and analvtical chemistrv. 

Dr. Ortner was trained at the home of microanalysis, Graz, and since 1970 
has worked at the chemical laboratory of Metallwerk Plansee, in Austria, and 
is now head of this laboratory. His work has ranged over a variety of topics, 
from clinical trace analysis to work on the refractory metals and their alloys. 
His current interests include X-ray fluorescence analysis, bulk and topochemical 
trace analysis of MO. W, Nb, Ta and their alloys, and gel chromatography, 
especially the behaviour of isopoly and heteropoly acids. For several years 
he was Secretary of the. Austrian Society for Microchemistry and Analytical 
Chemistry, and is now a member of several working groups dealing with stan- 

.dization of methods 

I 
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Synthesis and evaluation of some pyridyl-substituted pyrimidinea as copper-specific chromogenic reagents: A. A. S~HILT, 
J. F. WV and F. H. CASE. (13 November 1975) 

Concentration and separation of trace metals with an arsenic acid resin: J. S. FRITZ and E. M. MOYERS. (10 November 
1975) 

Zero-current bipotentiometric end-point indication with pretreated electrodes-IV. Use of pretreated silver electrodes: L. 
K$KEDY and M. SERBAN. (26 November 1975) 

A study on compounds of Cr(NCS)z- with TI(I) and Ag(I): ALES~ANDRO DE ROBERTIS, ATHOS BEL.L~MO and D~MENICO 
DE MARUX (26 November 1975) 

Use of Zeo-karb 226 and Dowex A-l in the analysis of high purity zinc and zinc-base alloys for Tl and In: S. GANAPATHY 
IYER, P. K. PADMANABHAN, L. D. NAIR and CH. VENKATESWARLU. (26 November 1975) 

Spectrophotometric determination of osmium with prochlorperazine maleate: H. SANKE GOWDA and P. G. RAMAPPA. 
(27 November 1975) 

Acid-base equilibria in ethylene glycol-III. Selection of titration conditions in ethylene glycol medium. and protolysis 
constants of alkaloids in ethylene glycol and its mixtures: P. ZIKOLOV, T. ZIKOLOVA and 0. BUDEVSKY. (27 November 
1975) 

Some comments on the progress of analytical chemistry 1910-1970: T. BRAUN. (28 November 1975) 

Synergic uranium extraction from phosphoric acid media with di(2-ethylhexyl)phosphoric acid and tri-n-octylphosphine 
oxide: FLORIN T. BUNLJS and VICTORIA C. D~MOCOS. (1 December 1975) 

Construction and analytical evaluation of a mercury(I)-sensitive extractive membrane electrode: G. E. BAI~LEXXJ and 
N. CIOCAN. (2 December 1975) 

Derivation of the sampling constant equation: C. 0. INGAMELLS. (3 December 1975) 

Physical studies on the compound of zirconium with tartrazine: A. P~C~REVICI PAPANDOPOL, D. TOWR, S. BADILE~CU 
and G. E. BAIULESCU. (8 December 1975) 

Fitting equatious to parabolic graphs: V. ROZENBLUM. (8 December 1975) 

Interference by hypophosphite. pyrophosphate and phosphate in cerimetry and its removal: SURINDER KApoo~ and Y. 
K. GUPTA. (9 December 1975) 

Redox reactions in non-aqueous media. Determination of organotrithiocarbonatea with iodine and iodine halides: BALBIR 
CHAND VERMA and SWATANTAR KUMAR. (9 December 1975) 

Polarographic behaviour of chromium(V1) at various pH values: I. M. ISSA, M. THARWAT, M. G. ALLAM and M. ISMAIL. 
(10 December 1975) 

Thin-layer cbromatographic separation of alkaline earth metals on microcrystalline cellulose: KOJI ISHIDA, FU~~KI ORW 
and TOMOSHIGE MORITA. (10 December 1975) 



PAPERS RECEIVED 

Mixed-ligand complexes of lead(H) with dicarboxylic acids: S. C. BAGHEL, K. K. CHOUDHARY and J. N. GAUR. (14 
April 1976) 

Extraction chromatography of chloride complexes of osmium(II1, IV and VI) on paper treated with tributyl phosphate 
and Amherlite LA-1 hydrochloride: S. PRZESZLAKOWSKI and A. FLIEGER. (20 Aprd 1976) 

The analysis of tungsten carbides by X-ray fluorescence spectrometry : K. KINSON, A. C. KNOI-~ and C. B. BELCHER 
(20 Aprrl 1976) 

A new electrochemical analyser for nitric oxide and nitrogen dioxide: J. M. SEDLAK and K. F. BLURTON. (20 April 
1976) 

Structural effects in partition chromatography of amino derivatives of acridine in ion-association systems with HDEHP: 
EDWARD SOCZEWI~~SKI and DANUTA RATAJEWICZ. (21 April 1976) 

A selective gravimetric method for simultaneous determinations of copper(H) and palladiumQ1) in presence of other ions 
with 3-(o-carboxyphenylkl-phenyltriazene N-oxide and application of the copper determination method to copper ore and 
alloys: S. C. SAHA, P. K. CHAKRABORTY and D. CHAKRABORTI. (21 April 1976) 

Dissociation and homoconjugation equilibria of some acids and bases in NJ-dimethylformamide: EZIO ROLETTO and 
ADRIANO VANNI. (22 April 1976) 

Determination of calcium in urine by titration with EDTA: BYRON KRATOCHVIL and PETER G. JEREMY. (22 April 1976) 

Analytical application of o-hydroxymercuribenzoic acid, dithiofluorescein and mercurated fluorescein : MIECZYSLAW 
WRONSKI. (22 April 1976) 

Thermodynamic examination of galvanic cell measurements: BJG~RN BERGTHORSSON. (26 Aprrl 1976) 

Spectrophotometric determination of titanium in ores with cyclopentanone-2-carboxyanilide : SANAT KUMAR MANDAL and 
JYOTIRMOY DAS. (27 April 1976) 

Equilibria of iron complex formation with Methylthymol Blue and Xylenol Orange: TAKASHI YOSHINO. (28 Apnl 
1976) 

Room temperature phosphorescence of several polyaromatic hydrocarbons: T. Vo DINH, E. LUE YEN and J. D. WINE- 
FORDNER. (3 May 1976) 

Determination of aspirin and alkali metal salts of salicylic acid in complex mixtures: L. SZEKERES and J. A. JOSEPH 
(4 May 1976) 

Titrimetric determination of ferrocyanide with zinc(H) sulphate solution, using heterocyclic azodyes as visual indicators: 
J. P. GUPTA, B. S. GARG and R. P. SINGH. (6 May 1976) 

Determination of certain hydrocarbons by photometric titration with permanganate in non-aqueous medium: CZESLAW 
WYGANOWSKI. (7 May 1976) 

Spectral and pH studies on some azo compounds: MAMWUH S MASOUD, T. M. SALEM and M. ELHENAWI. (11 May 
1976) 

Investigation of phase growth kinetics during interaction of silicon single crystals and molybdenum thin films : B. I. FOMIN, 
A. E. GERSHINSKII and E. I. CHEREPOV. (12 May 1976) 

Spectrophotometric determination of tellurium in concentrates and brasses by chloroform extraction of the tellurium(IV) 
hexabromideediantipyrylmethane complex after separations by iron collection and xanthate extraction : ELSIE M. DONALD- 
SON (13 May 1976) 

Characteristic of the specificity of analytical methods-I: Non-specificity coeflicients: LEON PSZONICKI (17 May 1976) 

Use of hydroxylamine hydrochloride in the complexometric determination of manganese in pyrolusite: B. P. CHATTERIEE 
and S. K. MUKHOPADHYAY. (18 May 1976) 

Kquipmgt stability in IR spectrometry : A statistical approach by serial correlation : CANDIN LITEANU and IOANA ILEANA 
PANOVICI. (18 Muy 1976) 

A compilation of nuclear data relevant to thermal-neutron activation analysis: T. D. MACMAHON. (21 May 1976) 

Evolution des solutions aqueuses de niobates alcalins : existence de hauts polymeres : ALINE GOIFFON and BERNARD SPINNER. 
(21 May 1976) 

Photometrische Bestimmung von Quecksilber(I1) im Nanogrammbereich mit Thio-Michlers-Keton : GERHARD ACKERMANN 
and HEINO RODER. (6 May 1976) 

Study of mixed chelates by solvent extraction: Mixed chelates of indium with /I-diketones in carbon tetrachloride and 
xylene media: M. SUDERSANAN and A K. SUNDARAM. (24 May 1976) 

Matrix problems in the determination of lithium by flameless atomic-absorption spectrometry and their solution: AMITAL 
KATZ and NURIT TAITEL. (25 May 1976) 

On the errors in acid-base determination by titration to preset pH values: AKE OLIN and Bo WALL~N. (26 May 1976) 

L’acide phosphomolibdyque reactif pour la determination spectrophotometrique de quelques derives de phenothiazine des 
produits pharmaceutiques: MARIA STAN, V. DORNEANU and GH. GHIMICESCU (27 May 1976) 
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2-Carboxy-2’-hydroxy-3’,5’-dimethylazobenz~~~sulphonic acid (CHDMAS) as a spectrophotometric reagent for the simul- 
taneous determination of nickel(D) and cobalt(D): B. K. DESHMUKH, V. M. PARATE and R. B. KHARAT. (27 Muy 1976) 

Microdetermination of thiourea and phenylurea with tervalent gold as oxidizing agent in alkaline medium: S. J. RAI, 
R P. CHAMOLI, G. C. MISHRA and P. C. GUPTA. (28 May 1976) 

A new analytical procedure for quantitative determination of A13+ in the presence of Fe3+ : MANSOUK AB~DINI. (28 
May 1976) 

Estimation of metbionine and its metal complexes by oxidation with chloramine-T and dicbloramine_T: N. M. M. GOWDA 
and D. S. MAHADEVAPPA. (3 June 1976) 

Determination of aminocresol isomers by high-speed liquid chromatography: H. SAKLJRAI and M. KITO. (3 June 1976) 

Luminescence characteristics of several classes of drugs affecting the central nervous system : L. A. GIFFORD, J. N. MILLER. 
J. W. BRIDGET and D. T. BURNS. (4 June 1976) 

Oxidations with ammonium hexanitratocerateQV) : Milligram determination of polycyclic hydrocarbons : Q. S. USMA~I, 
M. M. BEG and I. C. SHUKLA. (6 June 1976) 

A modified oxidative microcoulometric method for determination of stdphur in hydrocarbons containing large amounts 
of chlorine: ANDERS CEDERGREN. (6 June 1976) 
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Polarographic determiuatkm of titanium in presence of iron: maloaate complexes of titanium: J. P. SRWA~TAVA. (12 
Fehruar~ 1976) 

Semimicro determination of mercaptans with copper(D): SAMEER Bose, M. P. SAHMRABUDDHEY and KRISHNA K. VERMA. 
(I7 F&WQrj~ 1976) 

Study of thermal decomposition of analytical-gmde thio~ya~tohism~t~t~(~~~): ANDRZEJ CYG.&SKI. (17 February 1976) 

Determi~t~n of some organic thio-compounds by precipitation of mercuric stdphide from merewry amine complexes-i. 
Determi~t~n of thioaeetamide and ~Oa~etanRide: ANDRZEJ CYGA~SKI. (17 F&wry 1976) 

~-~n~oyI~~yd~xy~~marin as a complexing agent for the estimation of Th(fV), ti(Y5) and Ce(IV), and tkeir separation 
From one another and lanthatmm: DEYENDER SINGK and H. 3. SINGH, (18 Fehrwtry 1976) 

The use of chebting resin column for preconcentration‘of trace elements from sea-water in tkeir determination by neutron- 
activation analysis: CHUL LEE, NAK BAE KIM. IHN CHONG LEE and Kao SOWN CHUNG. (18 February 1976) 

A selective sorbent for concentrating nohle metals: G. V. MYAS~EIXIVA, I. I. ANTOKOLSKAYA, 0. P. SHVOEVA, L. I. 
BOLSHAKOVA and S. B. SAVVIN. (20 February 1976) 

Ion-selective electrodes in organic functional group analysis: Microdetermination of nitrates and nitramines, using the 
iodide electrode: SAAD S. M. HASSAN. (20 F&rum-y 1976) 

The e&t of low-temperature ashing on the structure and composition of mineral components: Y. MKXYTTE. D. L. 
MA~SART and J. PELS~C~~EKEKS (20 Fehrwry 1976) 

The gas ch~~t~ra~y of ternary complexes of ma~n~e(ll). iron(D), robalt(II) and niekel(I1) with hexafluoroaeetylace- 
tonate and di-n-~~ls~phoxide: Tno~~s P. O’BRIEN and JEROME W. ~‘LAUGHLIN. (l I Fehury 1976) 
Non-destructive radiochemical method for deter~ni~ carbon eoncemrations in thin sheet 3% Si-Fe: W M. SWIFT 
and K. W. GUARD~PEE (24 F&riturl 1976) 

Ein neues Reagenz vou Typos EDTA. Komplexsalze der d.~-~ja~~~pbenyl~t~n~~~~ure mit versebiedeuen MetaR- 
ionen: SONST. GH. MACAROVICI and EUGEN Curs (24 February 1976) 

Resorcinol-1.8~naphthaleiu and tetrahromoresorcinol-1.8~naphthaleiu as indicators in the neutralization of weak acids with 
a strong base: E. SINGW (26 Frhruary 1976) 

Fluorine-19 magnetic resonance. Thermodynamics of the reaction of o-alkylpbenols with hexafluoroacetone; FLOYD F. 
L. HO. (23 Fdwuary 1976) 

Application of differential electrolytic potentiometry to the titration of iodate ion with ferrous ion in different acid solutions: 
N B. MAZUMDAR. K. CHA~ERJEE and S. N. DAS. (1 March 1976) 

Application of secondary electron capture negative ion (SECNI) mass spectrometry to the anaIysis of metal-organic com- 
pounds: D~th’~s R. DAKTERNIEKS, IAN W. FRASER. JOHN L. GARNETT and IAN K. GREGOR. (1 March 1976) 

Ca~olumin~e~e~ew flame technique for trace analysis-1%. Determination of ng amounts of manganese: R. BELCHER, 
S. K~RFEL. and ALAN TOWNSHEW. tl March 1976) 

Rad~o~~rnjfal separation of selenium from hydr~hIo~~ or hydro~om~ acid into toiupne: S. LANDSBERGER and G. G. 
J. BooSWELL. (1 Mffr& 19%) 

Extractive separation of tuugsten as phosphotungstate: V. YATIR.UAU and SUDERSHAN DHAMIJA. (10 March 1976) 

Quadrivalent manganese as au oxidimetric reagent in sulphuric acid solutions: S. K. MANDAL and B. R SANT. (11 
March 1976) 

The determination of glycerol in water by flow-injection analysis--a novel way of measuring viscosity: D. BETTERIDGE 
and J. R~ZIEKA. (I? March lY76) 

Effects of auxiliary complex-forming agents on the rate of metallochromic indicator cokmr change-IV: Mechanism of 
the colour change of Xylenol Orange in copper(D)-EDTA titrations: N~ROKO WADA, TOMOSUKE ISHI~UK~ and GENIUCHI 
NAKAGAWA. (12 March 1976) 

Radiotracer studies on calcium ion-selective electrode membranes based on poly(vinyl chkwide) matrices: A. CRAGGS, 
G J %bIDy and J. D. R. THOMAS. (15 l%farfh f976) 

~timi~at~on of silicate rock decomposition and dete~i~~on of major elements by atorn~~~~~n s~t~p~tomet~: 
F. BEG BARRED0 and L. POLO t&z (15 MnrcA 1976) 

Iadirect determination of tluoride ion by EDTA hack-titration of l~nt~a~~rn; KUNIO MURASE, NAOSUKE SWIRAISHI, GENKI- 
WI NAKAGAWA and KA~KJN~~U KODAMA. (f6 March 1976) 

Behaviour of trace impurities during chemical dissolution af a metal: Platinum elements in aluminium and nickel: A 
A. SAMADI. R. GRYNSZPAN and M. FEWROFF. (16 March 1976) 

Determination of americium and curium by using ion-exchange in nitric acid-methanol medium for environmental analysis: 
E. HOLM and R. FUKAL (16 March 1976) 

Optimization of the conditions for emission-spectral determination of mercury by the use of an iron electrode cell: S. 
ALEXANDROV, Z. MILENOVA and V. SIMEONOV. (16 March 1976) 



ii PAPERS RECEIVED 

Dissociation of the ammonium ion in water-urea and water-tert.butyl alcohol mixtures: YVON POINTLID. HENRI GILLET 
and JEAN JUILLARD. (17 March 1976) 

Extraction studies of palladium with 4-S-benzyl-l-pchlorophenyl-lpheoyl-2,4-i~dithiobiuret : B. K. DESHMUKH and R. 
B KHARAT (17 March 1976) 

A critical investigation of some triphenylmethane dyes as redox indicators in the titration of antimony(II1) with cerium(IV) 
sulphate:G. GOPAL RAO and S. G. VISWANATH.( 17 March 1976) 
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PUBLICATIONS RECEIVED 

Flame Emission and Atomic Absorption Spectrometry, Vol. 3-Elements and Matrices: JOHN A. DEAN and THEODORE 
C. RAINS (Eds.). Dekker, New York, 1975. Pp. xii + 674. $49.50. 

At last the third and final part of this treatise has arrived, and it has been worth waiting for. Fourteen chapters 
by many well-known authorities selectively review the literature on the determination of some 80 elements, making 
comparisons between the emission, absorption and fluorescence modes when possible, and covering choice of wavelength, 
solvent, flame, and so on. Interferences and ways of dealing with them also receive due attention. A further eleven 
chapters cover specific applications where the methods have been found useful-analysis of biological fluids, food, 
petroleum products, glass, cement, metals (ferrous and non-ferrous) rocks, water, and air. Recent up-dating has ensured 
uniform coverage of the literature up to mid-1974. The volume is adequately indexed, and even without the first 
two volumes will prove a very useful reference work for most laboratories. 

Cbromatographic Analysis of the Environment: ROBERT L. GROB (Ed.). Dekker, 1975. Pp. x + 752. $49.50. 

This book is too long-the organization into sections dealing with air pollution, soils, water pollution, and waste, 
each divided into chapters on gas-, liquid-, paper-, and thin-layer chromatography has resulted in too much overlap 
and in the subject matter being too widely dispersed (e.g., pesticides are discussed in at least eight different places). 
It seems scarcely necessary to devote over 70 pages to the theory of chromatography when this is already covered 
in so many other texts. The law of propagation of errors is illustrated in an all too common way in the quotation 
“average error ranging from 0.6716 to 2,9190g/ml’-apparently neither editor nor the original writer has stopped 
to consider whether such figures are meaningful or not. But to be fair, one must admit that the volume represents 
a detailed review of a large section of the literature of analytical chemistry, albeit very much a western view. and 
with few references later than 1971. 

Power Sources, %Researcb and Development in Non-mechanical Electrical Power Sources: D. H. COLLINS (Ed.). Academic 
Press, London, 1975. Pp. xii + 740. 521.00; $54.00. 

The texts of 47 papers presented at the 9th International Symposium in Brighton, 1974, are presented in this volume. 
Most papers deal with aspects of electrochemical cells or the individual electrodes. Edited discussions of the papers 
are also included. The contents will be of interest to those involved in development work on electrochemical cells. 

Trace Element Analysis: VLADO VALKOV~C!. Taylor & Francis, London, 1975. Pp. x + 229. f7.00 

This nicely produced little book gives a succinct account of a very wide field indeed, ranging from theories of 
the origin of the elements to the latest methods for finding and determining minute traces of the elements and their 
compounds. There is a lot of compression, of course, and sometimes one feels that other source books might have 
been mentioned in the text, since some of those given are a little out of date, but the book has pace, and can be 
dipped into almost anywhere with profit to the reader. At the price it is a good buy. 

A Handbook of Organic Analysis, 5th Ed.: H. T. CLARKE, revised by B. HAYNES. Arnold, London, 1975. Pp. x + 291. 
f12.00, boards, or f4.95, paper. 

There are already so many undergraduate texts on organic analysis that one wonders whether this book can possibly 
hope to corner a share of the market. However, it has been nicely produced on good quality paper, and the price 
of the paperback edition is not much greater than those of other comparable texts. The usual topics-preliminary 
tests, examination for functional groups, separation of mixtures, preparation of derivatives, and determination of physical 
properties-are covered thoroughly but succinctly, although the language does sometimes give away the fact that the 
first edition of this book appeared in 1911. A small section on spectroscopic methods is included, but this is not 
really adequate for a chemistry degree course nowadays. Like most similar texts, this book includes a number of 
classified tables of organic compounds, but these tables are more extensive than usual, since they include a large 
number of structural formulae, and much detailed information about the particular reactions of each individual com- 
pound. Another unusual feature of this book is the inclusion of two chapters on quantitative organic analysis-one 
on elemental analysis and the other on functional group analysis. The choice of methods is generally satisfactory, 
although some may prefer not to ask a student to carry out a digestion with sulphuric-perchloric acid mixture. The 
procedures are sometimes discussed in too much detail, particularly when such details refer only to a particular model 
of the apparatus concerned. Inclusion of some references to the original literature would also be an improvement. 
However, these chapters offer a sound and thorough introduction to quantitative organic analysis, and it is to be 
hoped that future organic chemists who have used this book will have a much greater understanding of the intricacies 
and problems of organic microanalysis. 
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Chemical Analysis of Organometallic Compounds, Vol. 4: T. R. CROMPTON, Academic Press, London, 1975. Pp. x + 302, 
f9.40. 

Volume 4 of this series covers the elements phosphorus (244 pages), arsenic (23 pages), antimony (2 pages) and bismuth 
(2 pages), and also mentions that no references have been found to the analytical chemistry of organometallic compounds 
of vanadium, niobium, tantalum or palladium, although it is dithcult to see why palladium is included as a Group 
VA element. As m previous volumes, methods are given for determination of elements, functional groups, and the 
compounds themselves. Procedures are given in detail, so the methods can be used without reference to the original 
literature. The literature is covered only to 1970. 

Radioactivity and Atomic Theory: FREDERICK SODDY, edited with commentary by THADDEUS J. TRENN. Taylor & Francis, 
London, 1975. Pp. xvii + 518. f12.00. 

This volume consists of facsimiles of Soddy’s Annual Progress Reports on Radioactivity, over the period 19041920, 
together with an annotated review and a biographic sketch. It will be a handy acquisition for those libraries that 
do not possess the originals. 

Scandium: Its Occurrence, Physics, Chemistry, Metallurgy, Biology and Technology: C. T. HOROVITZ (editor), K. A. 
GSCHNEIDNER JR., G. A. MELSON, D. H. YOUNGBLOOD and H. H. SCHOCK. Academic Press. New York, 1975. Pp. 
xvi + 598. f16.00, $42.25. 

From eka-boron to 1974, all one might wish to know about scandium, nicely printed and reasonably priced 
for these days. The interdisciplinary approach gives several books for the price of one. 
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PAPERS RECEIVED 

Assay of p-aminobenzenesnlfonamides with chloramine-T: NORMAN M. TRIEFF. V. M. SADAGOPA RAMANUJAM and G. 
CAN~ELLI FORTI. (8 June 1976) 

Juglone and lawsone as acid-base indicators: KRISHNA C. JOSHI, P. SINGH and GIRRAJ SINGH. (8 July 1976) 

Calorimetric and volumetric determination of some penicillins with ammonium vanadate: E.-SEBAI A. IBRAHIM, Y. A. 
BELTAGY and M. M. ABE EL-KHALEK. (8 July 1976) 

Spectrophotometric studies on complex formation of niobium(V) with 7-pbenylazo-tl-hydroxyquinoline+suiphonic acid: 
A. SALAAM A’AZMI and G. C. SHIVAHARE. (13 July 1976) 

Determination of 30 elements in coal and fly-ash by thermal and epithermal neutron activation analysis: J. J. ROWE 
and E. STEINNES. (13 July 1976) 

Thermodynamic parameters and stability constants of Cu(II). Ni(II). Co(II), Zn(II). Pd(I1). Rh(II1) and Pt(IV) complexes 
with diaminoacetylurea: P. C. SRIVASTAVA, S. K. ADHYA and B. K. BANERJEE. (13 July 1976) 

Ultraviolet-absorption spectra of colourless molybdate complexes of phosphorus compounds-I. Formation of pentamolybdo- 
diphosphate complex and its absorption spectra: TOSHITAKA HORI. (13 July 1976) 

Ultraviolet absorption spectra of colourless molybdate complexes of phosphorus compounds-II. Formation of pentamolyb 
dodiphosphite complex and its absorption spectra: (13 July 1976) 

Chromazurol S ion-selective electrode for chelatometric titration: M. KATAOKA, M. SHIN and T. KAMBARA. (13 July 
1976) 

Organic phase species in the extraction of molybdenum(W) by Aliquat 336: A. S. VIEUX, N. RUTAGENGWA, L. BA~OLILA 
and C. MULENGA. (13 July 1976) 

An abbreviated fire-assay/atomic-absorption method for the determination of gold and silver in ores and concentrates: 
P. E. MOLOUGHNEY. (13 July 1976) 

Homogenitltskriterien fiir festkarperanalytiscbe Untersuchungen: KLAUS DANZER and LUDWIG K~~CHLER. (13 Julg 1976) 

Etude g l’aide d’une microsonde Qectronique de trouvailles arcb&logiques gauloises: C. TRICHB, G. FOUET and G. SAVES. 
(4 June 1976) 

Optimization of the synergic extraction of iron(I1) from water into cyclohexane with hexafluoroacetylacetone and tri-n-butyl 
phosphate: MICHAEL L H. TUROFF and STANLEY N. DEMING. (16 July 1976) 

Behaviour of lead@) in stripping voltammetry from a stationary, llat. thin-layer mercury electrode: A. E. CHAROLA 
and R. J. MANUELE. (8 July 1976) 

Letter to the editor: J. VERSIECK, F. BARBIER, J. HOSTE, R. CORNELIS and J. DE RUDDER. (16 July 1976) 

The rapid separation and determination of rare earth elements by the use of the ligand vapour gas-chromatograpbic 
method: TAITIRO FUJINAGA, TOORU KUWAMOTO and TAKASHI KIMOTO. (20 July 1976) 

Direct potentiometric determination of nitrate nitrogen and pH in soil suspensions: V. SIMEONOV, I. ASENOV and V. 
DIADOV. (20 July 1976) 

Formation constants of Pdzf. Ptzf, Rh3+, Fe3’ and Pt4+ chelates of biuret: P. C. SRIVASTAVA and B. K. BANERJEE. 
(23 July 1976) 

Quantitative ion-exchange separation of submicrogram amounts of Fe 3+ from phosphate medium: J. W. MITCHELL and 
V. GIBBS. (23 July 1976) 

Determination of calcium in cement by flame emission with strontium as an internal standard: I. VOINOVITCH, G. LEGRAND 
and J. LOUVRIER. (23 July 1976) 

Liquid-liquid extraction of Fe(III), Zr(IV) and U(W) with 1-pbenyl-3methyWcaproyl-pyrazolone-5: M. Y. MIRZA and 
E. C. OKAFOR. (28 July 1976) 

Tensammetric determination of microgram amounts of vanadium by catalytic oxidation of o-aminophenol: TSUYOSHI 
NOMURA and GENKICHI NAKAGAWA. (28 July 1976) 

Iodometric determination of peroxydisulphate, with copper@) as catalyst, at room temperature: RATAN SWAROOP. (28 
July 1976) 

Vanadium as an oxidizing agent-I. Titrimetric determination of As(III), with iodide as catalyst: RATAN SWAROOP. (28 
Julg 1976) 

A direct method of estimating cyanide ion in metal salts and complexes by means of chloramine-T, dichloramine-T 
and lead tetra-acetate: B. T. GOWDA and D. S. MAHADEVAPPA. (28 July 1976) 

Polarographic determination of some metal dietbyldithiocarbamates: R. CORDOVA, A. OLIVA and R. SCHREBLER. (19 August 
1976) 

Acetylacetone as chelating reagent, extracting solvent, and electrolysis medium. Polarographic determination of uranium(VI) 
and iron(III): TAITIRO FUJINAGA and HEUNG LARK LEE. (19 August 1976) 

Trace enrichment with activated carbon. Determination of trace metals in high-purity zinc and zinc@) nitrate: M. KIMURA. 

(19 August 1976) 
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The determination of lead and antimony in firearm discharge residues on hands by anodic stripping voltammetry: N. 
K. KONANUR and G. W. VAN LOON. (19 August 1976) 

Preparation and properties of N-arylhydroxamic acids containing a triple bond in the side-chain. Spectrophotometric deter- 
mination of vanadium(V) with N-phenylphenylpropiolohydroxamic acid: B. S. CHANDRAVANSHI and V. K. GUPTA. (20 
August 1976) 

Complexometric determination of copper, calcium and phosphate in Cu and Ca hydroxyapatite: PREMA N. PATEL and 
S. V. CHIRANJEEVI RAO. (20 August 1976) 

Contributions to the basic problems of complexometry-XXVI. Determination of calcium in the presence of large amounts 
of magnesium: RUDOLF P~IBIL and JIR~ ADAM. (23 August 1976) 

Determination of the chemical forms of trace metals in natural waters: T. M. FLORENCE and G. E. BATLEY. (23 August 
1976) 

The determination of orthophosphate after precipitation as Ag,P04, using a silver-sensitive electrode: E. J. DUFF and 
J. L. STUART. (23 August 1976) 

A new basis for the analysis of ion activity-coefficient data-I. The parabolic law: L. S. LEVITT and H. WIDING. (4 
August 1976) 

Use of a periodate-sensitive perchlorate ion-selective electrode in the kinetic ultramicrodetermination of manganese(I1) based 
on a catalytic effect on the periodate-acetylacetone reaction: C. E. EFSTATHIOU and T. P. HADJIIOANNOU. (23 August 
1976) 

Thermodynamics of the complexes of lead(II) with m-methoxybenzoate in aqueous medium and effect of non-aqueous 
solvents on the overall formation constants: S. C. BAGHEL, K. K. CHOUDHARY and J. N. GAUR. (23 August 1976) 

Studies on the polarographic reduction of the azomethine bond in coupled products of p-keto esters with aryldiazonium 
chlorides: WAHID U. MALIK, R. N. GOYAL and RAJEEV JAIN. (23 August 1976) 

Acid-base titrations by stepwise addition of equal volumes of titrant with special reference to automatic titrations-III. 
Presentation of a fully automatic titration apparatus and of results supporting the theories given in the preceding parts: 
LENNART PEHRSSON and FOLKE INGMAN (24 August 1976) 

Acid-base titrations by stepwise addition of equal volumes of titrant with special reference to automatic titration-IV. 
Photometric titration of an acid: LENNART PEHRS~~N and FOLKE INGMAN. (24 August 1976) 

The “intrinsic” solubility of insoluble salts: L. S. LEVITT. (2 August 1976) 

Calibration of a photographic emulsion for spectrographic analysis, using a desk programmable computer: BERNARD H. 
STRAUSS. (2 August 1976) 

Extractive spectrophotometric determination of uranium (UO:+) with Malachite Green: S. C. DUBE’I and M. N. 
NADKARNI. (24 August 1976) 

Oxidation of sulpbide minerals-l. Determination of ferrous and ferric iron in samples of pyrrhotite, pyrite and chalcopyrite: 
H. F. STEGER. (24 August 1976) 

Application of polyethylene glycol for “electrochemical masking” in DC-polarography: Z. LLJKASZEWSKI. (24 August 1976) 

Atomic-absorption spectropbotometric determination of traces of manganese with thenoyltrifluoroacetone: KANEHARU KATO. 
(24 August 1976) 

Spectrophotometric determination of arsenic in concentrates and copper-base alloys by the molybdenum blue method after 
separations by iron collection and xanthate extraction: ELSIE M. DONALDSON. (26 August 1976) 

Microscopic acid dissociation constants of 3,4dihydroxyphenylalanine (DOPA): T. ISHIMITSU, S. HIROSE and H. SAKURAI. 
(26 August 1976) 

Ultraviolet absorption spectra of colourless molybdate complexes of phosphorus compounds-III. Molybdate complexes 
of monosubstituted phosphorus compounds: TOSHITAKA HORI. (26 August 1976) 

Spurenanalyse in Wolfram: Eisen. Ein kritiscber Vergleich standardisierter Analysenverfahren: H. M. ORTNER and V. 
SCHERER. (26 August 1976) 

Polarographic behaviour of cadmium(D) in the presence of mixed ligands: P. D JADHAV. R. G. BIDKAR, D. G. DHULEY 
and R. A. BHOBE. (27 August 1976) 

Polarographic behaviour of transdecafluoroazobenzene: B. A. AKRAWI and Z. Y. AL-SAIGH. (27 August 1976) 

A new boron-specific resin derived from guar gum: RITA BHATNAGAR and N. K. MATHUR. (30 August 1976) 

Colour reactions of iron(II1) with salicylhydroxamic acid and its substituted derivatives: RATNAKAR G. DESHPANDE and 
D. V. JAHAGIRDAR. (2 September 1976) 

Selective determination of antimony(II1) and antimony(V) with ammonium pyrrolidinedithiocarbamate, sodium diethyldithio- 
carbamate and dithizone by atomic-absorption spectrometry with a carbon-tube atomizer: TOSHIHIKO KAMADA and YUROKU 
YAMAMOTO. (2 September 1976) 

High-precision gravimetric coulometry using the silver-perchloric acid coulometer: Titration of arsenious oxide with electro_ 
generated iodine: G. M. NEWTON. (30 August 1976) 

Separation and determination of lead@) by extraction with thiobenzoylacetone: M. V. R. MURTI and S. M. KHOPKAR. 
(7 September 1976) 

A method for following the kinetics of the reaction of aromatic amines with formaldehyde in acid medium: M. R. G. 
NAYAR and D. J. FRANCIS. (8 September 1976) 

Determination of thiol groups with odiacetoxyiodobenzoate: ASHUTOSH SRIVASTAVA and SAMEER BOSE. (8 September 1976) 

Aqueous acetic acid as a medium for the facile titration of iron@) in the presence of percbloric acid, with ferroin as 
redox indicator: G. GOPALA RAO and S. G. VISWANATH. (9 September 1976) 
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The analytical potential of gasphase molecular absorption spectrometry for the determination of anions in solution: 

MALCOLM S. CREEPER and PETER J. ISAACSON. (10 September 1976) 

Detection and measurement of volatile hydrocarbons at ambient concentrations in the atmosphere-a review: P. LEINSTER, 
R. PERRY and R. J. YOUNG. (10 September 1976) 

Literature interpolation-a possible source of error in flame atomic-absorption spectrometry: MALCOLM S. CRESSER. (10 
September 1976) 

Development and publication of new polarographic and related methods of analysis: LOUIS MEITES, BRUCE H. CAMPBELL 
and I%TR Z~MAN. (10 September 1976) 

The effect of trace quantities of cyanide on the extraction of copper diethyldithiocarbamate: E. 0. UMEH. (13 September 
1976) 

Ultraviolet absorption spectra of mercury-iodide complexes and the effect of low concentrations of cyanide: E. 0. UMEH 
and 0. 0. FADIYA. (13 September 1976) 

Characteristics of the specificity of analytical methods-IL Estimation and experimental verification of the non-specificity 
coefficients: LEON PSZONICKI and ANNA BIE~~KOWSKA. (13 September 1976) 

Simple and high-precision determination of lead in whole blood by APDCMIBK extraction and atomic absorption: SHOZO 
TODA. (14 September 1976) 

Synthesis of a new heterocyclic azo dye l+lepidylazo)-2-acenaphthylenol and spectrophotometric investigations of its 
metal chelates: ISHWAR SINGH, B. S. GARG and R. P. SINGH. (15 September 1976) 

Uber Chemolumineszenzerscheinungen bei der Reaktion zwischen Sulfid und Hypohalogenid in wassriger L&sung: DIETER 
KLOCKOW and J~RGEN TECKENTRUP. (15 September 1976) 

Aerosol deposition in furnace atomization: J. P. MATOUSEK. (17 September 1976) 
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Handbook of Enzyme Technology: A. WISEMAN, editor. Ellis Horwood, Chichester, 1975. pp. 275. $15.00. 

There have been considerable developments in the biochemistry of enzymes, stemming largely from fundamental 
studies on their large scale application in the food and pharmaceutical industries. Professor Wiseman, especially in 
his annual “Summer Schools” on fermentation, has done much to establish a bridge between academic and industrial 
research. This book is a further contribution to this liaison. In a short volume but with a high information density, 
it offers a particularly complete overall view of the problems posed by preparation and use of enzymes in all their 
forms. After a brief theoretical survey of the nature, mode of action, kinetics and analysis of enzymes, the book deals 
with culture of micro-organisms, sources, methods of extraction, and purification of enzymes, methods of fixing them 
on insoluble supports, methods of conferring new properties on enzymes, and finally a panoramic view of the applications 
of enzymes in industry and research. A very stimulating aspect of this last chapter is its suggestions of new applications. 
The balance between theory and practice is excellent throughout. The contributors’ personal experience is well illustrated 
by their justifiably severe criticism of manufacturers who supply insufficient information or use peculiar activity units. 
The chapter on transfer coefficients and scale-up problems in fermentation is admirably clear and concise. Other notable 
features are the fullness of the bibliography and the list of suppliers of equipment and enzymes. The only criticism 
is that though the book is nominally divided into two parts--theory and practice-both aspects occur in both halves, 
and the reader needs to go back and forth to find all the information on a particular point, but this is a minor 
drawback in an outstandingly useful book that fully justifies the name of handbook. 

ICP Information Newsletter: RAMON M. BARNES, editor. University of Massachusetts. $30.00 per annum (12 issues). 
$3.00 for individual issues. 

This new publication is intended to serve as a vehicle for information and opinions on use of inductively coupled 
plasma discharge sources in spectrochemical analysis. It includes contributed papers, abstracts, information about equip- 
ment commercially available, news of conferences, etc. Further information is obtainable from Dr. Barnes, Department 
of Chemistry, CRC Tower I, University of Massachusetts, Amherst, Massachusetts 01002. 

Chemical Information Systems: J. E. ASH and E. HYDE, Ellis Horwood, Chichester, 1975. pp. x + 309. f12.00. 

This book is an admirable introduction to a complex subject, and it should be read by anyone contemplating 
making use of modern information systems. The first chapters discuss in general terms the nature and development 
of chemical information systems, methods of organizing information for efficient retrieval by computer, and the cost-effec- 
tiveness and cost-benefits of these complex systems. Later chapters cover in some detail the methods which are used 
to represent chemical structures (mainly organic) in information systems, with particular reference to the Wiswesser 
Line-Formula Notation, the Dyson-IUPAC notation, and the use of connection tables. Two industrial systems (Hoechst’s 
GREMAS and I.C.I.‘s CROSSBOW) are discussed in some detail, to illustrate the wide range of techniques involved 
in a complete system. Methods of file-screening, and the problems of indexing chemical reactions are also discussed. 
The final chapter, Information Science in Relation to the Chemist’s Needs, discusses the needs and problems of inorganic, 
physical, organic, engineering and macromolecular chemistry: readers of Talanta will be disappointed that analytical 
chemistry is not mentioned. 

ii 
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Spectrophotometric Determination of Elements: ZYGMUNT MARCZENKO, Horwood, Chichester, 1976. Pp. xi + 643. f19.50. 

Ail of those associated with the translation and revision of this book from the Polish (1968) and Russian (1971) 
are to be congratulated. It is all that the analyst could desire for a one-volume manual and reference text on spectropho- 
tometry. The first hundred pages discuss the principles of the method, the principal organic reagents and procedures 
for preconcentration and separation. The rest of the book describes for each element two or three tested methods 
of determination and reviews suitable separation procedures and alternative methods of determination. The presentation 
is extremely clear. The judgements of alternative methods are both comprehensive and fair, whilst the accounts of 
the selective procedures are full of the practical details necessary for their application. The layout is similar to Sandell’s 
well known text, but this is a very individual work. Professor Marczenko has achieved the remarkable feat of extractmg 
the essence of 7000 references and distilling from them an invaluable, judicious and readable book, which should 
be within easy reach of all who use spectrophotometric methods. The publisher has co-operated by providmg a good 
typographical layout and binding which allows the book to be handled comfortably and to be laid open on the 
bench. 

Handbook of Organic Reagents in Inorganic Analysis: Z. HOLZBECHER, L. DIVIS, M. KRAL, L. !&HA and F. VL.@IL, 
Horwood, Chichester, 1976. Pp. 734. f19.50. 

Organic reagents play a very important part in inorganic analysis, as this monograph illustrates very comprehensively. 
The earlier chapters give a critical account of theoretical aspects of the structure and properties of organic reagents 
and their compounds with metals, covering such varied topics as the nature of the bonds in complexes, absorption 
spectra of reagents and their complexes, and methods of investigatmg structures of complexes. In the treatment of 
solution equilibria which follows, the topics discussed include thermodynamics and kinetics of complexation reactions, 
redox reacttons, partition and precipitation equilibria, and masking. Also included is an account of the applications 
of organic reagents in separations, distillation, extraction, chromatography, ion-exchange, spot tests, gravimetry, titri- 
metry, photometry, kinetic methods and ion-selective electrodes. This section of the book could well serve as a general 
text for students of analytical chemistry. The later chapters of the book describe practical applications of organic 
reagents. In chapter 5, for each element (or group of closely related elements) the most useful reagents are tabulated, 
with, for each, the method of use, the relevant conditions, and the range of apphcation. The final chapter is a selective 
compilation of currently-used organic reagents: in addition to the reagents for spectrophotometry, fluorimetry, gravimetry 
and spot tests which frequently appear in lists like this, it includes numerous examples of masking agents, buffers, 
indicators (acid-base, redox, metallochromic, adsorption), complexing titrants, extractants and ion-exchangers. The com- 
prehensive mdex and extensive cross-referencing between chapters and sections add greatly to the practical utility 
of this part of the book. 

iii 
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NOTICES 

XXth COLLOQUIUM SPECTROSCOPICUM INTERNATIONALE 
7th INTERNATIONAL CONFERENCE ON ATOMIC SPECTROSCOPY 

The XXth Colloquium Spectroscopicurn Internationale and the 7th International Conference on Atomic Spectroscopy 
will be held jointly at Prague, Czechoslovakia, from August 30, to September 7, 1977. 

The meeting will cover all branches of atomic and molecular spectroscopy. The official languages are English, French, 
German and Russian. 

All correspondence should be directed to: 

Secretariat XX.C.S.I. and 7. ICAS 
Technical University Prague 
16628 Prague, Suchbatarova 5 
Czechoslovakia 

INTERNATIONAL SYMPOSIUM ON MICROCHEMICAL 
TECHNIQUES 1977 

22-27 May 1977, Davos, Switzerland 

The topics covered by the Symposium will m&de new or optimized chemical and physical methods for qualitative 
and quantitative analysis of elements, organic and inorganic compounds, with reference either to very small samples 
(MICROANALYSIS) or to very low concent~tions (TRACE ANALYSIS), concentration profiles, microprobe and sur- 
face analysis, and microchemical preparations, and also the application of these techniques to chemistry, pharmacy, 
biochemistry, environmental studies, clinical chemistry, forensic science, archaeology, geology, geochemistry, cosmo- 
chemistry, materials science, etc. 

Information may be obtained from: 

Dr. Wolfgang Merz 
BASF Aktiengesellschaft 
Untersuchungslaboratorium, WHU 
D-6700 Ludwigshafen (BRD) 
Telefon 0621-608816 

FOURTH SAC CONFERENCE 1977 

The Fourth SAC Conference of the Analytical Division of the Chemical Society will be held in the University 
of Birmingham, England, 17-22 July 1977. Plenary lectures will be given by Professors R. Belcher, V. A. Fassel and 
Yu. A. Zolotov among others. The scientific programme will also contain invited lectures on topics of major current 
interest, contributed papers, and group discussion sessions. An extensive social programme is also planned. 

Further information can be obtained from The Secretary, Analytical Division, Chemical Society, Burlington House, 
London W.1. Intending delegates who wish to offer papers should contact the Secretary as soon as possible. Abstracts 
(about 200 words) must be submitted before 31 December 1976. 

ERRATUM 

In Fig. 4 (on p.236) in the paper by Takayoshi Yoshimori and Noriyuki Sakaguchi, rulunta, 1975, 22, 233, the 
numbers on the ordinate should be 25, 50, 75 and 100 ppm of water, not 50, 100, 150, 20. 
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PUBLICATIONS RECEIVED 

Operational Amplifiers in Cbemicai Ins~urn~~~n: ROBERT KALVODA. Horwood, Chichester, 1975. Pp. 178. E7.50. 

Too many chemists refuse to give even a moment’s thought to what goes on inside their many “black boxes”, while 
some who do are baffled rather than helped by textbooks on electronics. For such people this book is written-by 
the expert, himself a chemist, for other chemists. The treatment of circuit theory and the concept of the operational 
amplifier (OA) as a design element is thorough but also clear and readable, with numerical examples used frequently 
to illustrate the points being made. Some fifteen basic types of circuits built round OA’s are discussed in detail (such 
as followers, differentiator, integrator, log-converter, active filter, regulator etc.). The measurement and significance of 
the most important parameters of an OA are outlined in another chapter. A substantial section of the book is devoted 
to applications of OA’s in the basic circuits combined to form complete instruments, e.g., for measurement of temperature, 
potential, current, light intensity or absorbance, and in equipment for polarography and coulometry. This book can 
be strongly recommended both as interesting reading and as a working manual. 

Encyclopedia of Eiectrochemistry of tbe Elements, Vol. IV: ALLEN J. BARD (Ed.). Dekker, New York, i975. Pp. 488, 
879.50. 

As successive volumes of this series appear it becomes increasingly evident that it is likely to constitute the leading 
work of reference in the field of electrochemistry for many years to come. A firm editorial hand has ensured that 
all contributors work to the same format so that one quickly gets to know where to look for any specific piece 
of information. The group of authors in this volume is quite international (USA, UK, Poland, USSR) and the standard 
of the English is consistently high with the result that the reviewer could enjoy reading several chapters and comparing 
the chemistry of the elements dealt with. The elements in this volume are Au, F, PO, S, Sb, Se, Sn, Te and TI. 

Thermodynamics of Fluids: K. C. CHAO and R. A. GREENKORN. Dekker, New York, 1975. Pp. xi + 553. 829.75. 

The subtitle of this book “An Introduction to Equilibrium Theory” defines the scope of the treatment. The fundamen- 
tals of classical thermodynamics are summarized in the first chapter. This is followed by a development of the concepts 
of partition functions and the role of intermolecular forces. Chapter 3 deals with the thermodynamic properties of 
gases and gas mixtures and introduces the ideas of fugacity and energy functions. The text continues with the definition 
of ideal solutions and theory is then applied to real solutions. The book ends with a study of phase equilibria including 
chemical and vapor-liquid equilibria and adsorption. The book is written from the point of view of the process engineer 
and it includes at the end of each chapter useful lists of data, problems and references. 

Aldehyde~P~~me~ie Analysis, VoIs. 1 and 2: EUGENE SAWICKI and CAROLE R. SAWICKI. Academic Press, London, 
1975. Pp. xxviii -I- 283 and xiv + 344. ff0.50 and E10.80. 

These are the first two volumes of an exhaustive treatise on the analysis of aldehydes written by the acknowledged 
experts in the field. Each aldehyde is discussed in a separate chapter unless the treatment can be applied to a similar 
group of compounds. Each chapter gives the physical properties of the aldehyde or group of aldehydes and outlines 
the spectral characteristics. Details of suitable methods of assay are then provided together with a list of the relevant 
references. Each volume has a separate author and subject index. 
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PUBLICATIONS RECEIVED 

Handbook of Enzyme Technology: A. WISEMAN, editor. Ellis Horwood, Chichester, 1975. pp. 275. $15.00. 

There have been considerable developments in the biochemistry of enzymes, stemming largely from fundamental 
studies on their large scale application in the food and pharmaceutical industries. Professor Wiseman, especially in 
his annual “Summer Schools” on fermentation, has done much to establish a bridge between academic and industrial 
research. This book is a further contribution to this liaison. In a short volume but with a high information density, 
it offers a particularly complete overall view of the problems posed by preparation and use of enzymes in all their 
forms. After a brief theoretical survey of the nature, mode of action, kinetics and analysis of enzymes, the book deals 
with culture of micro-organisms, sources, methods of extraction, and purification of enzymes, methods of fixing them 
on insoluble supports, methods of conferring new properties on enzymes, and finally a panoramic view of the applications 
of enzymes in industry and research. A very stimulating aspect of this last chapter is its suggestions of new applications. 
The balance between theory and practice is excellent throughout. The contributors’ personal experience is well illustrated 
by their justifiably severe criticism of manufacturers who supply insufficient information or use peculiar activity units. 
The chapter on transfer coefficients and scale-up problems in fermentation is admirably clear and concise. Other notable 
features are the fullness of the bibliography and the list of suppliers of equipment and enzymes. The only criticism 
is that though the book is nominally divided into two parts-theory and practice-both aspects occur in both halves, 
and the reader needs to go back and forth to find all the information on a particular point, but this is a minor 
drawback in an outstandingly useful book that fully justifies the name of handbook. 

ICP Information Newsletter: RAMON M. BARNES, editor. University of Massachusetts. $30.00 per annum (12 issues). 
$3.00 for individual issues. 

This new publication is intended to serve as a vehicle for information and opinions on use of inductively coupled 
plasma discharge sources in spectrochemical analysis. It includes contributed papers, abstracts, information about equip- 
ment commercially available, news of conferences, etc. Further information is obtainable from Dr. Barnes, Department 
of Chemistry, GRC Tower I, University of Massachusetts, Amherst, Massachusetts 01002. 

Chemical Information Systems: J. E. ASH and E. HYDE, Ellis Horwood, Chichester, 1975. pp. x + 309. &12.00. 

This book is an admirable introduction to a complex subject, and it should be read by anyone contemplating 
making use of modern information systems. The first chapters discuss in general terms the nature and development 
of chemical information systems, methods of organizing information for efficient retrieval by computer, and the cost-effec- 
tiveness and cost-benefits of these complex systems. Later chapters cover in some detail the methods which are used 
to represent chemical structures (mainly organic) in information systems, with particular reference to the Wiswesser 
Line-Formula Notation, the Dyson-IUPAC notation, and the use of connection tables. Two industrial systems (Hoechst’s 
GREMAS and I.C.I.‘s CROSSBOW) are discussed in some detail, to illustrate the wide range of techniques involved 
in a complete system. Methods of file-screening, and the problems of indexing chemical reactions are also discussed. 
The final chapter, Information Science in Relation to the Chemist’s Needs, discusses the needs and problems of inorganic, 
physical, organic, engineering and macromolecular chemistry: readers of Talanta will be disappointed that analytical 
chemistry is not mentioned. 

. 
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PUBLICATIONS RECEIVED 

Gas and Liquid Chromatography Abstracts Cumulative Indexes 1%~1973: Compiled and edited by C. E. H. KNAPMAN, 
Applied Science Publishers Ltd.. Barking, 1976. Pp. 381. fl6.00. 

The dust-jacket of this book says that to obtain maximum benefit from the publication it is advisable to have 
the bound volumes of Gas and Liquid Chromatography Abstracts. The reader (unless an avid reader of telephone direc- 
tories as a hobby) is more likely to think that the book is of very little use at all unless the abstracts themselves 
are readily available. Except for the umlaut and accents on French names, no notice is taken of diacritical marks 
in spelling authors’ names. which seems somewhat impolite. The subject index is arranged in seven sections dealing 
with subjects such as apparatus and technique; sample type; applications and specialized separations. The sections 
are themselves subdivided into narrower categories, within which there is an alphabettcal listing of the subjects of 
the abstracts. The index is therefore arranged in a way that involves a two-step process for finding a particular bit 
of information. It would have been helpful if the running headlines had given the section numbers and/or names 
instead of the uninformative “Author Index” or “Subject Index”. One look at the page makes it obvious which is 
which! 

Principles and Practice of Analytical Chemistry: F. W. FIF~ELD and D. KEALEY, International Textbook Co., London, 
1976. Pp. vi + 378. f4.50 limp. f8.50 cased. 

According to the back cover. the purpose of this book is to provide the non-specialist with a broad understanding 
of the principles of modem analytical chemistry. To a large extent it succeeds in its aim especially when it is dealing 
with instrumental methods, but there are some surprising omissions and oversimplified statements, which may prove 
misleadmg. For example. the statement “When the reduction potentials of two species differ by 0.1 V or more, the 
resulting redox reaction will proceed rapidly and stoichiometrically so that it may be used as the basis for a titrimetric 
procedure”. Apart from the false logic caused by the English, there are at least two bits of wrong information in 
this statement. one of which is put right (by implication) on the following page. Older readers will deplore the use 
of the term “strong hydrochloric acid”, and the slavish devotion to SI units when the use of “M” instead of “mol 
dm- 3.3 would have saved a great deal of type, paper and reading strain. On the whole, in spite of the numerous 
blemishes, the book is a useful survey of the subject, though much the stronger on the instrumental side. It must 
be stressed, however. that the class of reader for whom the book is intended will not usually be well enough informed 
to identify and correct the errors. 

New Developments in Separation Methods edited by ELI GRUSHKA, Dekker, New York, 1976. Pp. viii + 246. 823.50. 

This is a selection of papers from Volumes 9 and 10 of Separation Science, covering some of the less widely known 
modern separation techniques and the newer applications of old ones. Topics covered include the logistics of separation, 
liquid membrane technique. clathrates. electrochemical methods, foam technique, and ultracentrifugation. 

Chelates in Analytical Chemistry, Volume 5: edited by H. A. FLASCHKA and A. J. BARNARD, JR., Dekker, New York, 
1976. Pp. xiii + 328. 936.50. 

With its two articles, one on polyaminocarboxylic acids as calorimetric reagents, the other on o-dihydroxy compounds 
as reagents. this volume brings the series to a close. The present volume keeps up the standards set and will be 
useful to all who are interested in the applications of chelation in analysis. 

Chemical Analysis, Second Edition: H. A. LA~NEN and W. E. HARRIS, McGraw-Hill, New York, 1975. Pp. xix + 611. 
f12.95. 

This book. like its predecessor. should be prescribed reading for anyone aspiring to call himself an Analytical Chemist. 
Once agam. the emphasis of the text IS on the “processes occurring in sampling, separation and measurement, emphasiz- 
ing the chemistry, rather than the physics, of analysis”, because “knowledge of chemical reactions is important, first 
because it is needed for direct application to classical methods, and second because it is essential in instrumental 
methods where chemtcal reactions are mvolved in operations preceding the use of an instrument m the final measure- 
ment.” The immediate overall impression of this new edition is that of greater maturity: the authors have been better 
able to stand back from the subject, enabling them to explain it better to the uninitiated. Desptte new chapters on 
chemical standards. ion-selective electrodes, liquid-liquid extraction, separations. and two on chromatography, the total 
number of chapters. and (surely by coincidence!) the number of pages remam the same as in the first edition. To 
make room for the new material. the section on precipitations has been reduced from eight chapters to four, and 
the section on redox reactions has been shortened by omittmg some of the less tmportant applications. Some chapters, 
such as those on equilibrium and activity and sampling, remain essentially unchanged but others, like those on complexa- 
tion equilibria. reaction rates, and statistics, have been almost completely rewritten Usually, rewritmg was necessary 
to allow mcorporation of new ideas and material, but with the statistrcs chapter, the content is largely unchanged 
but it IS presented in a much more comprehensible style. As before, many important references to the original literature 
are included: m this edition. the hterature is covered to the end of 1973. Undoubtedly, many previous devotees will 
find that their favourite topics have been omitted and will wash to retain their copies of the first edition-but they 
should definitely give high priority to the acquisition of the second edition as a “companion volume”. To those previously 
unacquamted with “Laitmen”. this book IS even more heartily recommended. 



iV PUBLICATIONS RECEIVED 

Inorgauic Chemistry: R. B. HESLOP and K. JONES. Elsevier, Amsterdam, 1976. Pp. viii + 830. Dfl. 49.00, 517.95. 

Tins is the successor to “Heslop and Robinson”, so well known that it was hardly ever referred to by its title. 
Like its predecessor, this is a welcome blend of traditional “descriptive” inorganic chemtstry with modern “theoretical+’ 
inorganic chemtstry, clearly set out and easily understood. It also manages to instd a good deal of common sense 
appraisal mto its treatment of current fashions and ideas, and utters appropriate wammg notes where confusion may 
arise in the mind of the unwary. Thus at a time when the use of equivalents is decried on the grounds that the 
term equivalent is not unequivocal, it ts pleasant to see a clear warning that the sacred ammal the “mole” needs 
exactly the same kind of qualification as the equivalent does (specification of what the quantity refers to). However. 
most good things have a flaw somewhere, and here tt takes a particularly unfortunate form namely the use of “p” 
as an operator to mean -log X in one context, and +log X in another, especrally as the latter use IS accompanied 
by the statement that it is frequently used for the particular purpose. The use of SI units m the shape of “kmol 
mW3” wdl stop most analysts dead in their tracks, and the amount of effort needed to translate SI umts info each 
other (not to mention writing them out) is sufficient condemnation of the “prohibition” of well known, umversally 
used, and readily understood units such as mole/We (M for short). The use of pm for units in dealing with atomic 
radii also comes as rather a shock to the older reader. About a fifth of the problems are analytical in nature, although 
analysis itself seems to manage to escape mention. The Index is comparatively poor. 

Advances in C~~~~y, Vol. 13: J. C. GIDDINGS E. GRUSHKA. R. A. KELLER and .I. CAZES (Eds.) Dekker. New 
York, 1975. Pp. 374. 528.50. 

Two more editors have been added to gave increased breadth to the subJect matter of the serves. Volume 13 is 
nevertheless, cast very much in the style of its predecessors. Some of the articles are very theoretical, but practicalities 
are discussed by Gouw and Jentoft (Supercritsal fluid chromatography), Algelt and Gouw (Chromatography of heavy 
petroleum fractions) and Leathard (Qualitative analysis by GC). All of these are interesting and of sufficient generahty 
to be read with pleasure and interest by the non-specialist. 

Ultra-violet and Viibie Spectroscopy, 3rd Edition: C. N. R. RAO, Butterworths, London, 1975. Pp. VII + 242. f4.90. 

Thus new editton of a standard work is updated by the inclusion of photoelectron spectroscopy. cncular dichroism 
and liquid crystals, and by a revision of all the chapters. A few references from 1972 are given but most are pre-1970. 
It remains a compact and useful compamon and source book to those engaged with ultraviolet-visible spectroscopy. 

Analisis por Activation Neutronica: Teorh, pmctica y aplicaciores: A. TRAWSI, J. E. N., Madrid. 1975. Pp. XVIII + 717. 
Pesetav 1500. 

It is a pleasure to handle agam a book which IS beautifully hnd out, has clear illustrations and tables, has an 
attractive cover and may be placed open on the table or bench without either crackmg or shutting It comprehensively 
surveys activation analysis up to ca. 1970. The text starts with neutrons and nuclear reactions and concludes with 
a revetw of industrial applications. In between lies all that is relevant to activation analysis and the basic tables 
of nuclear properties are included as appendices. It is certain to become a standard work. 



NOTICES 

SHORT SUMMER COURSE IN X-RAY SPECTROMETRY 

A two-week short course in modern X-ray spectrometry will be offered at the State University of New York at Albany 
from 7 to 18 June, 1976. The course will be instructional and will develop the basic theory and techniques starting 
from elementary principles. No previous knowledge or experience are required. The first week will cover basic principles 
and techniques and the second week will continue with further fundamentals and practical applications. Both weeks 
will illustrate and employ the wavelength-dispersive and energy-dispersive methods. Emphasis in the second week will 
be placed on advanced principles and techniques, absorption-enhancement corrections by several procedures including 
mathematical methods and computer automation of modern X-ray spectrometers. Equal time will be devoted to lectures 
and laboratory-problem solving sessions. Registration may be made for either week at a registration fee of $375.00 
or for the entire two-week session at a registration fee of $700.00, payable in advance. For further information and 
to register please communicate with: 

Professor Henry Chessin, 
State University of New York at Albany, 
Department of Physics, 
1400 Washington Avenue, 
Albany, New York 12222, 
U.S.A. 

SHORT SUMMER COURSE IN X-RAY POWDER DIFFRACTION 

A two-week short course in modern X-ray powder diffraction will be offered at the State University of New York 
at Albany from 21 June to 2 July, 1976. The course will be tutorial in nature and will develop the basic principles 
and practical applications starting from elementary considerations. No previous knowledge or experience are required. 
The first week will cover principles and practice of instrumentation, specimen preparation, identification of powder 
patterns including complex phase identification, practical considerations on the use of the several indices with emphasis 
on computer retrieval and computer-assisted identification. The second week will cover qualitative identification of 
powder patterns in greater depth, computer-assisted search for correct powder identification, quantitative analysis of 
polycrystalline mixtures of two or more phases, automated powder diffractometers and other topics in depth. Equal 
time will be devoted to lectures, laboratories and problem-solving sessions. A suitable amount of time will be set 
aside for discussion of individual problems. The registration fee is $375.00 for either week, or $700.00 for the entire 
two-week session, payable in advance. For further information and to register please communicate with: 

Professor Henry Chessin, 
State University of New York at Albany, 
Department of Physics, 
1400 Washington Avenue, 
Albany, New York 12222, 
U.S.A. 

TRACE ANALYSIS OF ENVIRONMENTAL MATERIALS 
TARC INTERNATIONAL SYMPOSIUM III 

The third of a continuing series of international conferences on analytical chemistry will be held from 4 to 6 August, 
1976 at Dalhousie University, Halifax, Nova Scotia. The conference is co-sponsored by the Chemical Institute of Canada 
and the Trace Analysis Research Centre at Dalhousie University. Papers on all aspects of trace analysis of environmental 
samples will be presented. Information on the conference may be obtained by writing to: 

Professor D. E. Ryan, 
Trace Analysis Research Centre, 
Dalhousie University, 
Halifax, Nova Scotia, B3H 451, Canada 
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NOTICES 

FOURIER TRANSFORM NMR SPECTROSCOPY 

University of East Anglia: 13-17 September 1976 
A Residential School of the Chemical Society’s Education and Training Board 

During the past five years advances in NMR have been particularly characterized by the utilization of Fourier transform 
methods. These have resulted in the merging of techniques associated with pulsed NMR and continuous wave NMR. 
Most chemical spectroscopists have been more familiar with the latter than with the former and there is, therefore, 
a need for a Residential School dealing with the relevant aspects of pulsed NMR and spin relaxation processes, leading 
to a full discussion of Fourier transform NMR techniques and applications. The subject matter will be taught at 
a level suitable for spectroscopists with a working knowledge of continuous wave ‘H NMR but with little or no 
previous knowledge of Fourier transform techniques or relaxation concepts. The aim is to provide a working knowledge 
of Fourier Transform NMR and its applications (for instance, in organic and inorganic structure determination, in 
biochemistry and polymer chemistry). 

For full details and application form please contact: 
Miss M. Virginia Auguste, 
The Chemical Society, 
Burlington House, 
Piccadilly, 
London WlV OBN. 
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ERRATA 

In the paper by P. R. Haddad, P. W. Alexander and L. E. Smythe, Talanta, 1975, 22. 61, the following corrections 
should be made. 

Page 62, 10 lines up from foot of page, for “10M sulphuric acid” read “10N sulphuric acid” 

Page 66, line 12 of text, for “1.8N sulphuric acid” read “1.6N sulphuric acid” 
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PUBLICATIONS RECEIVED 

The Determination of Sulphur-containing Groups, Vol. 2: M. R. F. ASHWORTH, Academic Press. London, 1976. Pp. 
xl + 288. f9.80. 

The subject of the second volume of this series is the analysis of compounds containing the --SH group. The 
large number of methods which have been described in the literature are collected together under general headings 
which identify the dominant feature of the method. Chapter 1 is concerned with the most important of the chemical 
methods, that is the oxidation of the thiol group and the chapter has some 54 subsections each dealing with a spectfic 
oxidant. Subsequent chapters describe other chemical methods such as the formation of mercaptides. addttion to double 
bonds, reactions with acyl or alkyl halides and reduction. There are also chapters dealing with physical methods, 
such as polarography or chromatography. The style of the book is that of a critical review, experimental details being 
kept to a minimum in order to permit coverage of the very wide field. The readers are referred to the original literature 
for precise information and each separate chapter is provided with its own bibliography. 

Detectors in Gas Chromatography: J&I SEV&K, Elsevier, Amsterdam, 1976. Pp. 192. S23.25. 

This book is the fourth volume in a serves devoted to various aspects of chromatography, entitled the Journal 
of Chromntogrnphy Library. It is surprising that so much effort and ingenuity has been expended in the destgn and 
development of gas chromatography detector systems that it is now possible to devote a whole book to their descriptton. 
Further, it is interesting to see that some detectors, which in then day had good performance and charactertsttcs, 
have now become obsolete and do not merit even a mention in the text. The thrust and argument of this present 
work is that the behaviour of the detector is all-important in determining the ultimate efficiency of the gas chromato- 
graphic analyser. The detectors considered are those based on thermal conductivity, ionization, electron-capture and 
solution properties or reactions. The characteristics of each system are outlined and special attention is paid to the 
effects of detector geometry and experimental conditions on the ultimate performance. As a result this book wtll be 
of considerable value, not only to those involved directly in research, but also to those using gas chromatography 
as a routine analytical tool and to those analysts who may contemplate its use in the future. 

Analytical application of Complex Equilibria: J. INCZ~DY, Ellis Horwood, Chichester. 1976. Pp. 415. f17.50. 

Chemical systems used routinely by the analyst have always been complex, and with the spread of organic reagents, 
instrumental methods and trace analysis, they have become even more complicated. It is possible to find the optimum 
conditions for any reaction by purely empirical means, but intelligent use of equilibrium constants make the selection 
more rapid and certain. Ringbom showed how the concept of the conditional constant enables complex equihbrta 
to be easrly handled. His approach illuminates the workings of many analytical systems. This is illustrated by this 
book which first reviews methods for measuring equilibrmm constants and then shows how Ringbom’s methods can 
be applied to gravimetry, titrimetry, polarography. spectrophotometry, solvent extraction and ion-exchange separattons. 
It is an eminently practical book with 82 worked examples, which show how calculattons can be made for many 
important systems. There is also a useful collection of constants for common analytical reagents. It is not bedside 
reading, but it is strongly recommended as a laboratory manual and a teaching aid, on account of the breadth of 
examples selected and the clarity of the presentation. 

Handbook of Analysis of Organic Solvents: V. SEDIVEC and J. FLEK, Ellis Horwood, Chichester, 1976 Pp. 455. f18.00. 

This is essentially a reference book of organic solvents contammg an incredible amount of informatton. There are 
tables of the important physical constants, the boiling points of 1662 azeotroprc mixtures, the densities and vapour 
pressures of many solvents, all in ascending order of magnitude. The common impurities for each solvent are noted 
and trade and trivial names given. Chemical tests for the solvents and some of the impurities are given. It is to 
be regretted that no account is taken of the common spectroscopic methods. The inclusion of spectra in dtscussion 
of the solvents and spectral data in the Tables would have improved the book. Nevertheless. it still remains a very 
valuable and convenient reference book for all users of organic solvents. 

Aldehydes-Photometric Analysis, Vol. 3: EUGENE SAWICKI and CAROLE R. SAWICKI, Academic Press. London, 1976. 
Pp. xiii + 341. f10.80. 

This book is a further volume in the series which provides a comprehensive treatise on the analysis of aldehydes 
by optical methods. It is the first of five volumes which are to be devoted to the analysis of aldehyde precursors. 
These substances are first converted into the appropriate aldehyde before determination by methods which have been 
described in earlier volumes in the series. Each aldehyde is dealt with in a separate chapter and where tt has more 
than one precursor these are described in order in the appropriate subsections. Very full experimental details are 
given and there is a very wide range of precursors covered, many of which are of biochemical or medical importance. 
Although the treatment is restricted to determinations by absorption or emission methods it is suggested that many 
of the isolations and conversions described could be followed by determinations using other physical techniques. There 
is a full list of references given at the end of each chapter and author and subject indexes are provided at the end 
of the book. 
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Nuklesre Analysenverfahren: T. BRAUN and E. BUJDOKI (Eds.), Akademial Klad6. Budapest, 1976. Pp. 269. f13.90. 

This is a collection of 27 papers presented at a Conference in Dresden from 12 to 16 May, 1975 and concerned 
with analytical methods based on the properties of nuclei. The papers are written in French, German and English 
and are provided with summaries in English. They are collected together under three separate headings and form 
part of Volume 28 of the Journal of Radioanalytical Chermstry. The first section deals with methods based on heavy 
particle bombardment and has papers on Rutherford back-scattering, ion generators and X-ray emission. The second 
section contains eleven papers dealing with aspects of radiochemical assay including substoichiometry and automation. 
The final section comprises nine papers which deal with activation analysis, including both gamma-ray and charged- 
particle methods. It should be noted that the items in the contents list entitled “Bibliography Section” and “Index 
to Volume 28” do not appear in the book. 

Biological Separations in Iodinated Density Gradient Media: D. RICKWOOD (Ed.), Information Retrieval Ltd., London, 
1976. Pp. 205. f5.50. 

This is a collection of research communications delivered at a colloquium recently held at the University of Glasgow 
(1975). It is therefore of direct interest to biologists currently using centrifugation technology. This collection of papers 
illustrates the wide range of biological problems which can be studied by employing ultracentrlfugation techniques 
involving iodinated density gradient media, particularly the non-ionic compound given the trivial name “Metrizamide”. 
For example, such gradients have been used to study nucleic acid-protein interactions, and to fractionate chromatin 
and other nucleoprotein complexes such as ribonucleoprotein particles and virus particles. Enzymes differmg only in 
buoyant density, because some of them have been synthesised from deuterated amino-acid precursors, can be separated 
without loss of biological activity. The successful separation of cultured mammalian cells has been achieved, and the 
potential of such gradients for separating subcellular components is considered. This book also provides an ideal 
introduction for research workers who are interested in, but as yet unfamiliar with, the special qualities of iodinated 
density gradient media. For example the first article deals with the physlcochemical properties of such media and 
discusses some of their advantages over the well-established media such as sucrose and caesmm salt solutions. 

Nitrogen Metabolism in Plants: LEONARD BEEVERS, Arnold, London, 1976. Pp. x + 333. f14.00 (Boards), f6.95 (Paper). 

This book in the Contemporary Biology series, though not of direct concern to analytical chemists, does contain 
a great deal of chemistry and could give researchers who are stuck for a problem some new ideas on fruitful areas 
for investigation. The author has undoubtedly succeeded in bringing together a very wide range of material from 
scattered sources and welding it into readable and useful form. 

Biochemical Fluorescence: Concepts, Vol. 2: RAYMOND F. CHEN and HAROLD EDELHOCH (Eds.). Dekker, New York, 
1976. Pp. xv + 536. SFr. 133.00. 

This 1s the second half of a book for biochemists on the principles and applications of fluorescence spectroscopy, 
with sixteen chapters on various applications, the first volume having contained seven chapters on the theoretical 
principles. The pages in this volume are numbered from 409 to 944, and the last 44 are the cumulative indexes for 
the two halves. This state of affairs is presumably due to the book’s being reproduced from typescript. and one wonders 
whether the publishers would not have been better advised to have it printed in a single volume selling at the price 
of this half. The object of the book is to show that it is not enough merely to collect spectroscopic data. and that 
interpretation 1s necessary if the techniques are to be of real use. The contributors were asked to indicate future 
trends m application and seem to have been quite good at gazing into the future. 
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