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Summary-A new method was developed for the simultaneous determination of arsenic. 
manganese, and selenium in biological material by thermal-neutron activation analysis. The 
use of s’mSe as indicator for selenium permitted a reduction of activation time to 1 hr for a 1 g 
sample, and the possibility of loss of volatile compounds during irradiation could be dismissed. 
No pretreatment of the sample is required, and the radiochemical separation scheme is based 
on simple chemical operations, completed in less than 3 hr. A systematic experimental 
investigation of the performance characteristics of the method was carried out, including studies 
of the accuracy of the results. The actual precision achieved in routine application of the method 
in the analvtical laboratorv was in nood agreement with the calculated nrecision. and the results 
are therefore well suited for statistiial evaluation of differences at the PpM level 
biological tissue. 

The possible development of abnormal trace element concentrations in 
undergoing regular peritoneal dialysis has been suggested as a factor 
of uraemic polyneuropathy.’ 

in samples of 

uraemic patients 
in the evolution 

The observation by Brune et al.’ that uraemic patients show elevated concentrations 
of arsenic in blood, focused attention on this element, and the unique metabolic 
antagonism between arsenic and selenium3 made the simultaneous determination of both 
these elements desirable. Manganese was included because the concentrations of manganese 
appear to be regulated by a homeostatic mechanism which does not depend on excretion 
through the kidneys.4 

Reliable measurement of possible deviations from normal levels of these elements in 
human tissue requires analytical techniques capable of determining concentrations at the 
ppM (parts per milliard) level with good precision and accuracy. 

Manganese can be determined in small biological samples with sufficient sensitivity by 
the catalytic oxidation of leucomalachite green with periodate,’ while selenium can be 
determined by fluorometry of the 2,3_diaminonaphthalene complex.6 For arsenic, 
calorimetric measurement of the reaction of arsine with silver diethyldithiocarbamate’ 
is satisfactory for larger samples only, while small samples require the use of neutron- 
activation analysis6 

Any of the three elements can be determined by neutron-activation analysis. Selenium 
may be determined instrumentally after intense irradiation and several weeks of decay, by 
the measurement of “Se with a Ge(Li)-detector,g or, in dialysed samples, by a very short 
irradiation followed by the measurement of 77mSe with a scintillation detector;” 
comparable sensitivity is achieved by p-counting of ” Se after rapid radiochemical 
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separation,’ ’ while the highest sensitivity and precision are reached by combining radio- 
chemical separation with the measurement of 75Se.‘z Attempts to utilize 79mSe13 or 
‘lmSe14 have so far been unsuccessful for achieving a satisfactory limit of detection. 
Neither arsenic nor manganese has been determined in biological samples with satis- 
factory precision by purely instrumental analysis, but only relatively simple radiochemical 
separations are needed before measurement of 76As’5 or 56Mn.‘6 

A combined determination of all three elements is possible with the automatic group- 
separation system developed by Samsahl,’ ’ but it requires the use of special apparatus 
not available in most laboratories. 

An analytical procedure employing standard laboratory equipment was therefore 
developed for the simultaneous determination of arsenic, manganese and selenium in 
biological material by neutron-activation analysis. 

EXPERIMENTAL 

Methods of analysis 

The absence of reagent blanks characteristic of activation analysis is limited to the post-irradiation 
treatment of the sample, and operations before irradiation should be restricted to the bare minimum 
necessary for sampling; radiochemical separation thus becomes necessary for all three elements. 

Irradiation. Intense reactor irradiation of biological samples leads to radiolysis of the sample material and 
is often accompanied by a temperature rise, both of which may result in volatilization of elements such as 
arsenic and selenium. Mild irradiation conditions are thus preferable together with irradiation times at the 
minimum needed for satisfactory sensitivity. 

The pneumatic tube system of the Danish reactor DR 2 offers a thermal-neutron flux density of 7 x 10” 
neutron/cm*/sec, and the energy absorption in biological tissue from the accompanying fast neutrons and 
y-irradiation is about 5 Mrad/hr, corresponding to a maximum decomposition loss of well below 0.59; per hr of 
irradiation. 

Experimental sensitivities reported by Yule ‘s show that, for an irradiation time of 1 hr. *‘“Se is the most 
sensitive indicator for selenium, apart from ““Se which leaves no time for chemical separation. Counting 
yields observed for 76As and s6Mn produce satisfactory sensitivities for arsenic and manganese as compared 
with selenium. 

It was found that satisfactory precision for all three elements in biological material could be achieved ‘with 
a I-hr irradiation in the pneumatic tube system and a sample size of about 1 g. The surface temperature 
of the sample during irradiation did not exceed 42”, and the total activity at the end of irradiation was less 
than 2 mCi. No special precautions were therefore called for in the transfer and handling of the irradiated 
sample. 

Radiochemical separation. Incorporation of separation procedures for manganese and selenium into an 
existing method for the separation of arsenic I5 led to a simple method for the combined separation of all 
three elements. 

Selenium was precipitated with ascorbic acid immediately after decomposition of the sample and before 
the cupferron scavenging. Manganese can be determined after the precipitation of arsenic with thioacetamide 
and the removal of sodium with hydrated antimony pentoxide.16 

Further purification of selenium by dissolution and extraction into methyl isobutyl ketone” proved 
necessary, whereas no separation of manganese was required. 

The separation procedure is shown schematically in Fig. 1; it is completed within 3 hr after the end of 
irradiation. 

Detection and measurement. Satisfactory sensitivity required counting in well-type NaI(TI) scintillation 
detectors for up to 80 min. and for s’“Se an additional counting period of the same length some hours 
later was needed to eliminate the influence of “Se and other long-lived activities. 

Counting times were small compared with the half-lives of 56Mn and ‘6As, but for ““Se the counting 
time exceeded one half-life, and a correction was necessary for decay during the counting period. 

Counting data from the multi-channel analysers were produced on punched paper tape and processed via a 
teletype terminal in a GE 265 time-sharing computer system. 

Peak areas were calculated from a smoothed spectrum generated by a five-point polynomial convolution 
of the counting data with the technique described by Savitzky and Golay. ” Peak boundaries for both sample 
and comparator were decided by the method of Yule.*’ except that the sign changes of the first derivative 
were determined from a third degree polynomial convolution of the smoothed sample spectrum. 
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Fig. 1. Radiochemical separation scheme for arsenic, manganese, and selenium. 

All samples and standards were counted for 1.0 ml of solutions in half-dram* polethylene vials, SO as to 
eliminate differences in counting geometry. 

Chemical yield. Determination of chemical yield by re-irradiation has several advantages over other 
methods of yield determination. No transfer from the counting vial takes place, and when identical indicators 
are used for both analysis and yield, differences in self-absorption between sample and standard are auto- 
matically compensated for. 

In addition. positional differences in neutron flux during the simultaneous irradiation of sample and 
comparator may be neutralized, and the influence of interfering elements may be reduced.” 

The yield of selenium was determined by re-irradiation for 10 set and counting under exactly the same 
conditions as in the analytical determination of ‘lmSe The arsenic yield was measured after 10 min 

re-irradiation in a y-ionization chamber for the determination of 76As.22 
The manganese yield was determined as the recovery of 54Mn tracer added to the manganese carrier, by 

counting the sample after the decay of 56Mn The practically identical y-energies of 0.84 MeV give the same 
compensation for differences in self-absorption as that achieved by re-irradiation. 

Apparatus 

Danish reactor DR 2 operating at 5 MW with pneumatic tube system extending into a thermal-neutron 
flux density of 7 x 10” n/cm’/sec. 

Nuclear Data multi-channel pulse height analysers with Harshaw 3 x 3 in. and 2 x 1: in. well-type Nal(TI) 
scintillation detectors. 

Vibron Electrometer connected to Solartron Digital Voltmeter with National Physical Laboratory ionization 
chamber. 

Reagents 
Sulphuric acid 97-98’6 
Nitric acid 1009; 
Hydrochloric acid 370% 
Methyl isobutyl ketone (MIBK) 
Thioacetamide 
Hydrated antimony pentoxide (HAP) 
Ascorbic acid 

* The U.S. dram. or 118 U.S. fluid ounce or about 3.7 ml. Not lo be confused with the Scottish dram! 
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Ammonium sulphate solution, 50X w/v 
Ammonium sulphide solution, 407; 
Tartaric acid solution, 1% w/v 
Potassium iodide soiution, 15q; w/v 
Cupferron. 69: w/v solution, prepared weekly 

Carriers 

Se-carrier, 10 mg/ml as Se(N) in aqueous solution 
As-carrier, 10 mg/ml as AsfIII) in 0.15M ammonia solution 
Mn-carrier, 10 mg/mi as Mn(II) in 4M nitric acid, plus s4Mn activity of 2 h&i/ml 
Cu-carrier, 10 mg/ml as Cu(I1) in aqueous solution 
Sb-carrier, 10 mg/ml as Sb(II1) in tM citric acid and 0.25M oxalic acid solution 
The carrier solutions are stable systems that can be stored in rubber-stoppered glass bottles for long 

periods of time. Accurately prepared carrier solutions, with concentrations verified by chemicai analysis, are 
used for the preparation of reference standards by dilution with redistilled water. 

Reference standards 

Se, 50 j.fg Se/ml 
As, 05 !~.a As/ml 
Mn, @2 ;g Mn/ml 
The reference solutions were stored in screw-cap polyethylene bottles, and the changes in concentration 

were found to be about 1% per month for Mn and significantly less for As and Se. 

Procedures 

Irradiation. Samples of about 1 g are weighed into half-dram polyvials* and stored in a deep freezer until 
activation. Reference standards of about 1.2 ml of Se, As, and Mn are transferred to half-dram polyvials. All 
polyvials are heat-sealed and placed in a polyethylene bag which is also heat-sealed. and subsequently 
transported in a ~lyethylene rabbit to the irradiation position, where neutron activation takes place for 1 hr. 

~eco~pos~fion. In a 50-ml beaker 2 ml of Cu-carrier, 0.1 ml of Sb-carrier, and 100 ,uI of Mn-carrier are 
dried at 110”. After cooling, 500 ~1 of Se-carrier and 100 ~1 of As-carrier are added, followed by 2.5 ml of cont. 
sulphuric acid. Identical volumes of Se-. As-, and Mn-carrier are transferred to separate half-dram polyviais 
and diluted to I.0 ml; the vials are heat-seaied and set aside for yield determination. The irradiated sample 
is transferred to the beaker, care being taken to moisten all sample material with the suiphuric acid carrier 
mixture. The beaker is placed on a hot-plate at 130.‘, and nitric acid is added dropwise to prevent charring 
while the plate temperature is slowly raised to 2.50”. After complete destruction of organic matter. heating is 
continued until fumes of sulphuric acid evolve. 

Separation ofseienium. After cooling, the solution is poured slowly into a JO-ml centrifuge tube containing 
5 mi of tartaric acid solution, and 10 ml of water are added. Selenium is precipitated by addition of 0,5 g of 
ascorbic acid, followed by stirring for at least 3 min. After centrifugation the supernatant liquid is transferred 
to another centrifuge tube for subsequent separation of arsenic. 

The selenium precipitate is washed twice with water and dissolved in 15 drops of nitric acid. Addition 
of 0.5 ml of MIBK is followed by up to 10 drops of water to bring about the separation of two layers. 
After c~ntrifugation the MIBK layer is discarded, 2.0 ml of hydrochloric acid and 1.1 ml of MIBK are added. 
and selenium is extracted by stirring for 1 min. After centrifugation the aqueous layer is discarded. and the 
MIBK phase is washed 3 times by stirring with three 2-ml portions of ammonium sulphate solution. Finally. 
the MIBK is transferred to a half-dram polyvial which is then heat-sealed. 

Counting ufseleniumdlm. A reference standard is made by transferring 1000 pi of the irradiated Se-standard 
to a half-dram polyvial. The selenium sampfe is counted for 80 min live time beginning 90 min after the end of 
irradiation in a 2 x ti in. well-type scintillation detector at a gain of 3.3 ketiichannel. The reference 
standard is then counted for 4 min under the same conditions. 

Both sample and standard are re-counted under identical conditions 2 hr later. 
Yield of selenium. The separated selenium sample and the Se-carrier sample set aside for yield determina- 

tion are irradiated together in the reactor for IO sec. About 3 hr after the end of Irradiation each sample is 
counted for 4 min under the same conditions as above. The chemical yields of selenium averaged 75”,. 

Culculofion of’resulf. Selenium is determined from the area of the IO3-keV peak in the difference spectrum 
between the first and the second counting, correction being made for deviations in decay and counting time 
between sample and reference. With decay corrections referring to the mid-point of the counting period, a factor 
of 0.96 must be applied to the results from the 80-min countings. The chemical yield is calculated in the same 
way from the direct spectra of the re-irradiated sample and carrier. 

The selenium content. corrected for chemical yield, is calculated in ng. 

* Olympic Plastics Corporation, Los Angeles. 
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Separation of arsenic. To the supernatant liquid from the selenium precipitation are added 4.0 ml of 
potassium iodide solution and 2.5 ml of cupferron solution with vigorous stirring. Stirring is continued for 
3 min, and after at least 1 hr the slurry is filtered on a dense filter.* About 100 mg of thioacetamide are added 
to the filtrate. and arsenic is precipitated as the sulphide by gentle heating on a water-bath. After centrifuga- 
tion the supernatant liquid is transferred to another centrifuge tube for subsequent separation of manganese. 

The precipitate is washed three times with water, dissolved in I.0 ml of ammonium sulphide solution. and 
finally transferred to a half-dram polyvial which is then heat-sealed. 

Counting of arsenic-76. A reference standard is made by transferring 1000 ~1 of the irradiated As-standard 
to a half-dram polyvial. 

The arsenic sample is counted for 80 min live time 24 hr after the end of irradiation in a 3 x 3 in. 
well-type scintillation detector at a gain of 6.7 kevichannel. The reference standard is counted for 8 min 
under the same conditions. 

Yield of arsenic. The separated arsenic sample and the As-carrier sample set aside for yield determination 
are irradiated together in the reactor for 10 min. About 24 hr after the end of irradiation the samples are 
measured in the NPL ionization chamber with a polarizing voltage of 90 V. the voltage drop across a 100 GR 
resistor being read 3 times with 20 set interval for each sample. The chemical yields of arsenic averaged 8592. 

Calculation of resulr. Arsenic is determined from the 559-keV peak areas of sample and reference. 
corrected for differences in decay and counting time. The chemical yield is determined directly as the ratio 
between the average ionization-chamber readings of the re-irradiated sample and carrier. 

The arsenic content, corrected for chemical yield, is calculated in nanograms. 
Separation of manganese. To the supernatant liquid from the arsenic sulphide precipitation is added 0.5 g of 

HAP, and the mixture is stirred for 5 min. After centrifugation I.0 ml is transferred to a half-dram polyvial, 
which is then closed. 

Counting of manganese-56. A reference standard is made by transferring 1000 nl of the irradiated Mn- 
standard to a half-dram polyvial. The manganese sample is counted for 40 min live time no later than 5 hr 
after the end of irradiation with a 3 x 3 in. scintillation detector at a gain of 6.7 kevichannel. The reference 
standard is counted for 4 min under the same conditions. 

Cortnting or manganese-54. The separated manganese sample and the Mn-54 carrier sample set aside for 
yield determination are counted not earlier than 24 hr after the end of irradiation, under the same conditions 
as above. 

Calculation qfresult. Manganese is determined from the area of the 847-keV peak in the difference spectrum 
between the first and the second counting of the sample corrected for deviations from the reference in decay 
and counting time. The chemical yield is calculated in the same way from the 835-keV peak of the sample 
and carrier and should always be close to 4%. 

The manganese content, corrected for chemical yield. is calculated in nanograms. 

ANALYTICAL EVALUATION 

Though neutron-activation analysis shares with other analytical methods a number of 
possible errors such as interference from other elements, an investigation of its 
performance-characteristicsZ3 must include parameters of its own, whereas others, such as 
range, may be excluded. 

A sharp distinction between random and non-random errors is not always relevant, 
because a proper design of analytical procedure permits cancellation of systematic errors 
so that their effect is randomized and may influence the precision, but not the accuracy, 
of the analytical results. 

In the present method re-irradiation yield-determinations of arsenic and selenium 
result in cancellation of errors from differences in self-absorption and irradiation position 
between sample and reference, and with optimum carrier composition’ ’ may even result 
in randomization of interference from other elements. 

The accuracy of the method also depends on complete exchange of activated nuclides 
with their respective carriers, and on the absence of a blank value. 

The precision of the analytical results is affected by counting statistics and by random 
variations in neutron fluence between sample and reference. 

* Schleicher and Schiill. type 602 eh 
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Interferences 
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Interference from other elements is expressed as the ratio between a quantity of a 
particular element and the corresponding error.of the analytical result. Interference in 
activation analysis is therefore the product of a separation factorz4 S and an effective 
value f of the interfering element irradiated and counted as a sample, and calculated by 
reference to a comparison standard of the element to be determined. 

The experimental determination of a separation factor is carried out in two steps: 
measurement of a decontamination factor D, followed by determination of chemical 
yield y, where Dy = l/S. 

The decontamination factor was determined by adding lo-100 PCi of a radioactive 
tracer of the highest possible specific activity of the interfering element to an unirradiated 
sample which was then processed according to the specified procedure. The ratio 
between the added activity and the activity of the separated sample is D. 

The chemical yields of arsenic and selenium were determined by re-irradiation, while a 
fixed yield of 4% was assumed for manganese. 

The effective value was determined by irradiating an aqueous sample of the interfering 
element for 1 hr along with reference standards. A known quantity m of the irradiated 
interfering element was transferred to a half-dram polyvial and diluted to 1.0 ml with 
water; this sample was counted along with a reference standard according to the specified 
counting procedure, and calculations were made to produce the apparent quantity of 
the element to be determined, m*. The effective value f is the ratio m*/m, and may be 
negative. 

The error arising from the interference can now be expressed as fS pg of As, Mn and Se 
per pg of interfering element present, or its reciprocal Dy/f expressing the concentration 
of interfering element not to be exceeded to keep the error in the determination of As, 
Mn and Se below 1 ppM. 

The choice of interfering elements selected for investigation was made on the basis of 
expected effective values > 0.01 or comparatively poor separation factors:Experimentally 
determined interferences for the elements arsenic, selenium and manganese are listed in 
Tables l-3. 

Table I. Experimentally determined interferences in arsenic analysis 

Interfering Radioactive Activity Mass Separation factor Effective value ppm of element 
element tracer pCi P(9 S I = I ppM of As 

CU 64CU 300 * 2.3 x lo-’ 0.29 150 
Br somBr 100 3 1.1 X 1o-3 0.09 10 
Sb ‘=Sb 1 * 5.3 X 1o-3 0.72 0.25 
w L 87W 20 0.1 7.2 x 1O-3 - 0.29 0.5 

* Irradiated carrier. 

Table 2. Experimentally determined interferences in manganese analysis 

Interfering Radioactive Activity Mass Separation factor Effective value ppm of element 
element tracer /lci PS S f =lppMofMn 

Na 14Na 
K 4*K 
Ga ‘%a 
Br somBr 

* Irradiated sample. 

* 1.0 X lo-* 1.6 x 1O-4 600 
* 1 0.2 X 10-S 500 

200 7 5.8 x 10-j 5.8 x lo-“ 300 
100 3 1.2 X 10-l 2.0 X 10-j 4 
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Table 3. Experimentally determined interferences in selenium analysis 
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Interfering Radioactive Activity Mass Separation factor Effective value ~p,n of element 

element tracer /lci p14 s .f = I ppM of Se 

Cl WI * 2.0 x lo-’ -0.01 5ooo 
Br *‘“‘Br 100 3 5.6 x 1O-4 -0.01 >40 
MO “MO 60 12 2.1 X 1o-3 0.05 800 
Ba 14’Ba 90 <@I 0.9 X lo-’ 0.16 >300 
DY ‘b5Dy 5000 5 3.7 X lo-’ 1200 2 
Au lssAU @7 OGOl 1.9 X 10-l -053 O-01 
Hg V-Ig 0.8 0.2 1.4 X lo-* 0.11 0.6 

* Irradiated sample. 

Carrier exchange 

Complete isotopic exchange between activated nuclides and carrier is usually brought 
about by quantitative oxidation or reduction to a common ionic species. Thus all forms 
of As are oxidized to As(V) during the nitric-sulphuric acid decomposition, and all Mn 
is reduced to Mn(I1) by the addition of ascorbic acid. However, Se(IV) is partly oxidized 
to Se(V1) by nitric acid, and Se(V1) is not reduced by ascorbic acid; the accuracy of 
the selenium analysis therefore depends on the complete exchange between Se(IV) and 
Se(V1). 

This was checked by adding O-5 @i of “Se as selenate(V1) to an unirradiated sample, 
which was then processed according to the specified procedure; the separated selenium 
sample was counted, and the chemical yield determined by re-irradiation. The recovery 
of ‘%e and the chemical yield agreed well within counting statistics, proving that 
complete exchange between Se(IV) and Se(V1) had taken place during sample 
decomposition. 

Blank 

The blank value was determined by analysis of redistilled water according to the 
specified procedure; while no arsenic or selenium could be detected, small quantities of 
Mn were invariably observed. 

The polyethylene vials used for irradiation contain about 20 ppM of Mn, and it was 
found that up to 10% of this could be released to the water during irradiation, thereby 
giving rise to a manganese blank. 

The limited contact between a tissue sample and the container wall makes a tissue 
blank lower than that of water, and the blank value is assumed to be <3 ppM. 

PRECISION AND ACCURACY 

Calculated precision 

Random variations in neutron fluence between samples and reference standards were 
determined by simultaneous irradiation of several standards, and the relative standard 
deviation of the neutron fluence was found to be 25%. 

The ratio between the IIuence experienced by sample and reference therefore has a 
standard deviation of 3.5%. which represents the limiting precision for single determinations 
of manganese. For arsenic and selenium, where a single determination requires 2 irradia- 
tions. the limiting precision corresponds to a standard deviation of 5%. 
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The precision expected from counting statistics is calculated from counting data on the 
assumption that the covariances between channels are zero,25 and its contribution is 
included in the calculated total standard deviation of a single determination. 

Measured precision 

Experimental determination of precision was made by repeated analysis of biological 

materials covering the range of interest. Observed and calculated weighted average 
standard deviations are given in Table 4 and they show satisfactory agreement. 

The calculated standard deviation of a single determination is therefore a reasonable 
estimate of the actual precision of the result. 

Table 4. Precision of analysis of biological samples 

Average standard 
Number of deviation. ppM 

Element Range, Detection limit 
determined results materials PPM experimental calculated PP!M 

As 30 II 4-20 0.6 0.5 1 
Mn 24 9 30-300 5 9 * 

Se 27 9 70-500 9 IO 20 

* Determined by the sodium content of the sample 

Limit of detection 

The a priori detection limit according to Currie,26 with errors of the first and the 
second kinds both equal to 5%, is 3.29 times the standard deviation of a blank. 

The detection limit is here based on the standard deviation from counting statistics 

only, using the lowest results among the samples analysed. The resulting limits are given 
in Table 4, but the ultimate limit of detection may be slightly lower. 

For manganese the limit of detection is determined by the concentration of sodium 
in the sample, but the ultimate detection limit is estimated at lo-20 ppM. 

Accuracy 

With a manganese blank of less than 3 ppM, all three elements have blank values well 
below the detection limit for actual samples, and no detectable bias in the results can be 
expected. Interferences from other elements at the levels expected in biological tissue are 

below the detection limit for all the elements investigated, and the significance of 
observed differences between analytical results can safely be tested on the basis of 
calculated standard deviations. 

In the absence of suitable reference material of biological tissue, dried plant material 
was chosen for analysis, and results for kale and orchard leaves are presented in Table 5. 
The concentrations of arsenic and manganese far exceed those encountered in biological 
tissue, and reduction of sample weight yields poor precision of selenium results. The 
agreement with published values for kale is entirely satisfactory, while the results for As 
in orchard leaves are not consistent with the preliminary value given by the National 
Bureau of Standards. 
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CONCLUSION 

Simultaneous determination of arsenic, manganese, and selenium at the ppM level in 
biological tissue can be carried out by neutron activation followed by radiochemical 
separation. No treatment of the sample material before activation is required, so con- 
tamination of the sample is avoided, and only moderate irradiation is employed so the 
loss of volatile elements is negligible. The radiochemical separation is based on simple 
chemical operations and requires no precise control; its robustness makes it a reliable 
routine method in the analytical laboratory. Conventional photo-peak integration was 
shown to yield accurate results with satisfactory precision for biological tissue. Good 
agreement between experimental 
amenable to statistical evaluation. 

and calculated precision makes the results directly 
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Zusammenfassung-Ein neues Verfahren zur gleichzeitigen Bestimmung von Arsen. Mangan und 
Selen in biologischem Material durch Aktivierungsanalyse mit thermischen Neutronen wurde 
entwickelt. Die Verwendung von s’mSe als Indikator fir Selen erlaubte eine Verminderung der 
Aktivierungszeit auf 1 hr fur eine 1 g-Probe; die Mdglichkeit des Verlustes fliichtiger 
Verbindungen wahrend der Bestrahlung konnte ausgeschaltet werden. Die Probe braucht nicht 
vorbehandelt zu werden;das radiochemische Abtrennungsschema beruht auf einfachen chemischen 
Operationen und ist in weniger als 3 hv beendet. Die Leistungsfiihigkeit der Methode wurde 
systematisch experimentell untersucht, darunter such die Richtigkeit der Ergebnisse. Die bei der 
routinemailligen Anwendung der Methode im analytischen Laboratorium erzielte tatsachliche 
Genauigkeit stimmte gut mit der berechneten Genauigkeit iiberein. Die Ergebnisse sind daher 
gut zur statistischen Auswertung von ppM-Unterschieden in biologischen Gewebsproben 
geeignet. 



Determination of arsenic, manganese, and selenium 

R~umE- -Une  nouvelle technique a ErE dgveloppEc pour la determination simultanee de 
rarsenic, ciu mangan6se et du s~lenium clans Ies materes biologiques par analyse d'activation 
neutron-lhermique. L'emploi du ~tmSe comme indicaleur de s61enium a permis une r~duction du 
temps d'activation fi 1 heure pour un Echantillon de lg, ¢t la possibilile d'une l~rte de produits 
volatis au cours de l'irradiation pouvait 6tre neglig6e_ Aucun pr~traitement de I'Echantillon 
n'~tait nEcessaire e~ la m~thode de separation radiochimique 6tail fond6¢ sur des op6rations 
chimiques simples, compl~|~es en moins de 3 heures. Une crude exl~rimentale syst6matiqu¢ des 
caract~ristiques de performance de !,a methode a ere men6¢, comprenant des 6tud~s dc la 
precision des r~sultats. La precision oblenu¢ au tours  de I'emploi normal de la m6thode ca 
laboratoir¢ etait en bon accord avec la precision calculee, et les resultats sont par cons6quen! 
valables pour l'6valuation statistiqu¢ de differences des niveaux de ppM clans les Echaatillons de 
tissu biologique. 

l l  
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SPECTROPHOTOMETRIC DETERMINATION OF 
VANADIUM WITH l,lO-PHENANTHROLINE 
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Central Chemical Laboratory, Geological Survey of India, Calcutta-13, India 

(Received 7 April 1972. Accepted 28 April 1972) 

Summary-A simple and sensitive spectrophotometric method for the determination of vanadium 
based upon the reaction of vanadate with l,lO-phenanthroline in the presence of sodium 
dithionite in ammoniacal solution is described. The absorbance of the complex measured at 
645 nm follows Beer’s law for solutions containing 30-400 pg of vanadium in 100 ml of 
solution. A IO-fold excess of molybdenum, tungsten, phosphorus or chromium does not interfere. 
The molar absorptivity is 8.0 x 10s 1 mole-’ cm- r. The complex is shown to be tris-IJO-phenan- 
throline vanadium(B). The method has been applied successfully to the determination of vanadium 
in bauxite. 

IJO-Phenanthroline (Phen) has been used in the determination of vanadium by oxidation 
of quadrivalent vanadium with ferric iron in the presence of Phen, the concentration of the 
resultant ferroin being determined spectrophotometrically.’ Vanadium in the quinque- 
and tervalent states forms precipitates with Phen,’ while quadrivalent vanadium form 
mono- and di-Phen complexes.3 The blue chelate formed between vanadium@) and 
Phen was observed by Schaefer and introduced as an indicator for use with strongly 
reducing titrants such as chromium(II).4 The molar absorptivity of the complex was 
found to be 8.0 x lo3 1 mole-’ cm-’ at 645 nm. A review article describes vanadium(II)- 
Phen as intensely blue-violet.5 A dark blue cationic tri-Phen vanadium(I1) complex has 
been obtained by controlled electrolytic reduction of vanadate in presence of Phen in an 
atmosphere of nitrogen.6 

Phen is used in the present work as a chromogenic reagent for direct spectro- 
photometric determination of vanadium(I1) obtained by reduction of vanadate with 
sodium dithionite in ammoniacal medium. Very good precision was obtained by using this 
method for determining vanadium in bauxites. 

EXPERIMENTAL 

Reagents 

Standard vanadium solution. Pure vanadium pentoxide (1.7858) previously ignited at 500”, was dissolved in a 
slight excess of sodium hydroxide and then excess of sulphuric acid was added and the solution diluted to 
1000 ml. Working standards were prepared by dilution of this solution. 

IJO-Phenanthroline monohydrate solution, 0.2%. 
Fluoroboric acid solution. Solid boric acid was added to concentrated hydrofluoric acid in a polythene 

beaker with stirring, until some boric acid remained undissolved. It was allowed to stand overnight and the 
supernatant liquid was filtered into a polythene bottle. 

Ammonium chloride solution, 20%. 
Sodium dithionite’solution, 20%. Solutions of dithionite must be freshly prepared. Except in the studies of the 

coloured complex. solid dithionite was used. 

13 
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Procedure 

AMAL KANTI BHADRA 

An aliquot of standard solution containing 0.1-0.2 mg of vanadium is transferred into a IO&ml beaker, 
followed by 2-3 ml of fluoroboric acid solution, 5 ml of ammonium chloride solution and 20 ml of Phen 
solution. The solution is diluted to 60 ml, heated to 80-90” and made distinctly ammoniacal. Five ml of 
dithionite solution are introduced into the solution, which is then cooled rapidly and transferred into a 
lOO-ml volumetric flask. The solution is diluted to volume, shaken and allowed to stand for one hour at room 
temperature. Then the absorbance is measured at 645 nm against a reagent blank. 

RESULTS 

Characteristics of rhe complex 

The absorbance spectra of the reagent blank and the vanadium(U)-Phen complex are 
shown in Fig. 1. The vanadium complex has a well-defined maximum at 645 nm, and 

0.25 

L 
400 

Wavelength, nm 
Fig. 1. Absorption spectra of vanadium(H)-Phen complex (1) and reagent blank (2) against water. 
Cv = 200 pg/lOO ml. 

Beer’s law is obeyed over the range of concentration 0.3-4 pg/ml. The molar absorptivity 
is 8.0 x lo3 1 mole-’ cm-‘, in agreement with Schaefer’s results.4 

The optimum pH range is 6.8-9-O. If the absorbance is measured within 3-4 hr, 
a pH up to 10.5 is permissible, but pH less than 65 should be avoided, because of the 
instability of dithionite. 

The recommended procedure was repeated with different amounts of reagent and it was 
found that a molar ratio of Phen to vanadium of at least 10 : 1 is required. Further 
excess of reagent has no effect. 

Various amounts of a freshly prepared solution of dithionite were added to test solutions 
with other conditions as detailed in the procedure. The minimum amount required for 
maximum colour development was 0.5 g, but 1.0-1.5 g of dithionite was found to be most 
suitable. Increasing the concentration of dithionite facilitates the formation of the coloured 
complex and the solution and colour of the complex become more stable. 

The effect of heating and time on the formation of the complex is very important. 
Formation of the vanadium(I1) complex is always slow at room temperature. A rapid and 
quantitative development of the colour was achieved by first heating the solution, followed 
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by reduction of vanadate with dithionite. The colour intensity is unaffected by small 
variations in the prescribed temperature but heating for a long period after addition of 
dithionite causes a reduction of colour. When the effect of time of heating was studied 
it was found that the absorbance decreased when heating was continued for more than 30 
min after addition of dithionite. Heating accelerates the decomposition of dithionite present 
in the solution and thus decreases the stability of the complex. If heating is omitted a 
2-hr standing period is required. 

The colour of the solution remains unchanged for about 24 hr in volumetric flasks, if 
direct contact with air is avoided. In direct contact with air, the colour of the complex 
starts fading within 3-4 hr after the reaction. A pinch of dithionite added to the solution 
after the reaction protects against colour fading for a prolonged period. 

Fluoroboric acid affects the formation of the vanadium complex at high concentrations. 
The colour intensity is also sensitive to the fluoroboric acid concentration. The colour 
of the complex formed in presence of comparatively large amounts of fluoroboric acid 
decreases more rapidly. It was found satisfactory to use 2-3 ml of fluoroboric acid 
solution in a total volume of 100 ml when no metallic cations other than vanadium were 
present. The effect of fluoroboric acid is more pronounced with decreasing concentration of 
vandium. A larger excess of dithionite somewhat decreases the effect of fluoroboric acid 
on the vanadium complex. Fluoroboric acid has been found not to change the nature of the 
vanadium(II)-Phen complex. In the absence of fluoroboric acid a much smaller amount of 
dithionite can reduce vanadate to vanadium(I1). 

Nature of the complex 

The empirical formula of the vanadium(I1) complex in solution was studied by the 
continuous variation method of Job,’ as modified by Vosburgh and Cooper’ and 
showed the complex to be [V(Phen)#+, in agreement with Fujita et aL6 (Fig. 2). 

Like ferroin, the vanadium(I1) complex is extractable as the fluoroborate into 1,2- 
dichloroethane and chloroform but fades rapidly on standing in the organic extract.” 
The coloured complex formed by reduction of vanadyl ion with sodium dithionite in 
presence of Phen has the same absorptivity. 

o”5s 

4 

0.2 0.4 0.6 0.6 I.0 

[VI/ [VI + [Phen] 

Fig. 2. Composition by Job’s method. 
V = Phen = 1 x 10e3M; I = 645 nm. 
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Interference studies 
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Solutions containing 100 pg of vanadium and varying concentrations of each ion to be 
tested were prepared. The vanadium was then determined by the recommended procedure 
except that the solutions were heated for 5-10 min after addition of dithionite. The 
limiting value of the concentration of foreign ions was taken as that which caused an 
error of not more than 2% in the absorbance. The results are summarized in Table 1. 

Iron interferes in the determination of vanadium; titanium reacts with the reagent to give 
a yellow colour. Common complexing anions, i.e., citrate, tartrate, oxalate, nitrilotriacetic 
acid, ethylenediaminetetra-acetic acid and 1,2-diaminocyclohexane-N,N,N’,N’-tetra-acetic 
acid completely inhibit the colour reaction; fluorides interfere seriously. A large excess 
of nitrate, chloride, sulphate or perchlorate does not interfere. 

Table 1. Effect of various ions on the V(H)-Phen system 

Ion Added as 
Amount of ion Absorbance at 

added, mg~lO0 ml 645 nm 

Amount of ion 
permissible, 
wig/l 00 ml 

Fe(III) 
*AI(III) 
*Ti(IV) 
Cr(VI) 
Mo(VI) 

W(VI) 
POh’_ 
tu( VI) 
CN- 
BF,- 

FeNH,(S0&.12H,O 
Al,(SO,),.lIH,O 
Ti02 

K&r@, 
MOO, 
Na,WO,.ZH,O 
NaH,PO, 
UO,(N0,),~6H,O 
KCN 
Prepared fluoroboric 

acid soln. 

0.05 
25.0 

0.10 
5.0 

10.0 
10.0 
50.0 

1.0 
0.10 

5 ml/100 ml 

o-159 
0.157 
0.156 
0.157 
0.156 
0.166 
0.156 
0.157 

forms turbidity 
0.156 
0.150 

0.05 
25 

0.1 
5 
5 

10 
50 

0 
0.1 

3 ml/l00 ml 

* 4-5 ml of the prepared Ruoroboric acid solution should be used when aluminium is present; 
50 mg of aluminium can be tolerated when aluminium is added after acidifying a solution of 
sodium aluminate obtained by fusing alumina with sodium carbonate. If aluminium or titanium is 
present, the solution must be gently heated for some time after addition of dithionite. because the 
reaction is slow. If the solution is very concentrated aluminium fluoroborate may precipitate before 
addition of dithionite and co-precipitate some vanadium causing low results. 

t Uranium formsan insoluble precipitate under the experimental conditions. The absorbance may be 
measured after filtering off the precipitate but the values for vanadium are then 4-6!/, low. 

Application of the method 

Determination of vanadium in bauxite. A 0.1-0.5-g sample was fused with 3-6 g of anhydrous sodium 
carbonate for 45-60 min in a platinum crucible. The fused mass was cooled and extracted with water, the 
extract was filtered, and the residue washed with hot l?/, sodium carbonate solution. The resulting solution 
was diluted to about 100 ml, acidified with nitric acid, and heated to boiling, and 5-15 ml of fluoroboric acid 
solution were added, depending on the amount of sample. The solution was then made distinctly ammoniacal 
and the insoluble silica and any other precipitate filtered off. The solution was heated to boiling after 
addition of 5 ml of ammonium chloride solution and 30 ml of Phen solution. Then 1 g of solid 
dithionite was introduced into the solution, which was then gently heated for 5-10 min. The solution turned 
blue. owing to formation of the vanadium complex, and was cooled and transferred into a 200-ml 
volumetric flask. A pinch of dithionite was added, the volume made up to the mark and the absorbance 
measured at 645 nm against a blank carried through the procedure. 

Calibration curves were obtained by using different amounts of a standardized solution of vanadium. 
without addition of Ruoroboric acid, or from standard vanadium solution added to a solution of sodium 
aluminate obtained by fusing suitable amounts of alumina with sodium carbonate and proceeding as described. 
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Determination ofoanadium in basalt. A 0.5-g sample was fused with sodium carbonate, and the cooled melt 
was leached with water, and acidified with nitric acid, as detailed above. The resulting solution was then 
evaporated to dryness, the residue baked for one hour, then leached with nitric acid, the insoluble residue 
filtered ofi and the calorimetric procedure applied, with gentle heating for 20-30 min instead of S-10 min 
after addition of dithionite, for complete formation of the complex. 

Some results for determination of vanadium are given in Tables 2 and 3. 

Table 2. Determination of vanadium in artificial mixtures 
containing 95% Al,O, and 5% SiO, 

V taken, w V found, w Sample taken, 9 Error, % 

450 451 0.2 +0.2 
350 352 0.2 + 0.6 

200 197 0.2 -1.5 

100 98 0.2 -20 

Table 3. Determination of vanadium in bauxites and basalt 

Material to 
be analysed Sample, 9 HBF, used, ml 

V found by 
standard 

methods, w 

V found by 
proposed 

method, H Error, % 

*Bauxite 
6 

12 
18 
24 
30 
70 
71 
21 

tBasalt 

0.20 5.0 1000 
0.20 5.0 1200 
0.20 5.0 1000 
0.20 5.0 1100 
0.20 5.0 1000 
0.20 5.0 900 
O-10 5.0 1900 
0.50 12.0 260 
0.50 12.0 384 

1010 
1215 
1010 
1100 
1020 
900 

1920 
270 
377 

+1.0 
+1,2 
+1.0 

0 
+ 2.0 

0 
+1.0 
+3.8 
- 2.0 

* Source: Madhya Pradesh. 
t Source: U.S. Geological Survey, BCR-1, Split 26, Position 7. 

Precision test 

A number of equal amounts of two bauxite samples containing between 1000 and 
2000 pg of vanadium were analysed by the procedure given. The results of 10 determina- 
tions gave a stahdard deviation of 1 pg of vanadium. 

DISCUSSION 

The fusion with sodium carbonate and leaching of the product with water is necessary 
to effect an initial separation of vanadium from iron and titanium. Because of the 
instability of dithionite the colour reaction cannot be applied in acidic solution, but 
aluminium interferes seriously by precipitation as hydroxide at higher pH values if no 
complexing agent is used. In strongly alkaline solution, aluminium inhibits the reaction 
completely. Common complexing agents also completely inhibit the colour reaction. This 
difficulty was circumvented by the use of fluoroboric acid which, like hydrofluoric acid, 
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forms stable complexes with a number of metal ions and has been put to analytical use in 
solvent extractions.‘.” In the recommended pH range, it is possible, with fluoroboric 
acid, to mask traces of iron. Metals which hydrolyse easily and do not form very stable 
complexes with Phen can be masked with fluoroboric acid. Fluoroboric acid apparently 
forms crystalline precipitates with aluminium in small volumes of solution, and low.values 
are obtained for vanadium present. This difficulty was overcome simply by dilution of the 
solution. The total volume of the solution before neutralization with ammonia should be 
between 100 and 150 ml. The amount of fluoroboric acid to be added depends on the 
amount of sample taken. 

Vanadium(H) reacts with Phen between pH 4 and 6 in triethanolamine-hydrochloric acid 
buffer, but at higher pH triethanolamine itself interferes. The coloured complex also 
forms in sodium or potassium hydroxide media. 

Enough Phen must be added to complex any interfering elements that can react with 
it, and to leave sufficient to react with vanadium. In view of the instability of the 
coloured complex, a pinch of dithionite is added to the volumetric flask before diluting 
to volume. The volumetric flasks should always be stoppered to avoid direct contact with 
air, in which the complex is less stable. In the applications of the method, addition of 
solid dithionite is preferred because of instability of its aqueous solution. The blue-violet 
colour which has been observed by some workers presumably results from a reaction of 
Phen with an excess of vanadium(I1) (see Fig. 2). 

The role of the ammonium chloride added to the solution before development of the 
colour is not very clear, but is probably that of a buffering agent. The addition is 
necessary. 

Slightly high results may be obtained when the sample absorbance is compared with a 
calibration curve obtained by using pure vanadium solutions in presence of fluoroboric 
acid, if the recommended procedure is not strictly followed. This troublesome feature is 
avoided by using a calibration curve obtained with standard vanadium solutions con- 
taining no fluoroboric acid, and the 1-hr standing period is then not necessary. 

The procedure is manipulatively simple and the concentrations of reagents are not 
critical above the specified values. The method, although lacking the sensitivity of some of 
the procedures previously described, is capable of determining vanadium in the usual 
concentrations met in ores and minerals. 

Acknowledgements-The author is much indebted to Dr. A. N. Chowdhury and Dr. S. Banerjee for many 
valuablediscussions during the course of this work. Thanks are due to the Director General. Geological Survey of 
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Determination of vanadium 

Zusammenfassung-Eine einfache und empfindliche spektrophotometrische Methode zur 
Bestimmung von Vanadium wird beschrieben, die auf der Reaktion von Vanadat mit l,lO- 
Phenanthrolin in Gegenwart von Natriumdithionit in ammoniakalischer L&ung beruht. Die bei 
645 nm gemessene Extinktion des Komplexes befolgt bei Ldsungen mit 3O&O pg Vanadium 
in 100 ml Ldsung das Beersche Gesetz Ein IO-father UberschuB von Molvbdan. Wolfram. 
Phosphor oder Chiom stijrt nicht. Der molare Extinktionskoeffizient betragt 8.0 i03 I mol- 1 cm- ‘1 
Es wird gezeigt, dal.3 der Komplex Tris-l,lO-phenantholin-vanadium(H) ist. Die Methode wurde 
mit Erfolg auf die Bestimmung von Vanadium in Bauxit angewandt. 

R&me--On d&it une mtthode spectrophotomttrique simple et sensible pour le dosage du 
vanadium, basee sur la reaction du vanadate avec la IJO-phtnanthroline en la presence de 
dithionite de sodium en solution ammoniacale. L’absorbance du complexe mesurie a 645 nm suit 
la loi de Beer pour des solutions contenant 30-400 pg de vanadium dans 100 ml de solution. 
Un exces 10 fois plus grand de molybdtne, tungstine, phosphore ou chrome ne gene pas. On 
a trouve que le coefficient dabsorption mol&culaire est de 8,0 x IO-’ I mole-’ cm-‘. On a montre 
que le complexe est le tris-l,lO-phenanthroline-vanadium(H). On a applique la methode avec 
succts au dosage du vanadium clans la bauxite. 
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USE OF THE TITANIUM(IV) CHELATE OF 
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Summary-Titanium(W) forms a 1 :l chelate with salicylic acid in 40% aqueous ethanolic 
solution. The chelate is extractable into chloroform. A selective extraction method for the 
estimation of titanium in the presence of a variety of commonly interfering species is described. 
The addition of pyridine is found to increase the sensitivity and selectivity and makes it 
unnecessary to use alcohol in the extraction. The extracted species is a pyridine adduct of the 
titanium-salicyhc acid chelate. 

The chemistry of the titanyl ion (Ti02+) in coexistence with iron(I1) and iron(II1) is of 
particular significance in studies of titaniferous materials such as ilmenite and rutile. The 
extensive literature on the analytical chemistry of titanium include procedures for its 
separation and determination by gravimetric, titrimetric, calorimetric and instrumental 
methods, such as precipitation with cupferron, tannin,’ cinnamic acid,2 and salicyl- 
hydroxamic acid,3 redox titration after reduction with the Jones reductor,4 formation of the 
complexes with hydrogen peroxide or sulphosalicylic acid,’ solvent extraction involving 
thiocyanate,‘j dibutyl hydrogen phosphate’ and molybdophosphate.’ 

However, the procedures hitherto described are not suitable in the presence of all metals, 
and considerable interference can occur, particularly in the presence of appreciable quan- 
tities of iron and vanadium. A serious criticism is that they cannot generally be directly 
applied to the determination of titanium in most titaniferous materials such as ilmenite. 

Sudarikov and Smirnovg have reported that in sulphate medium titanium(W) reacts 
with salicylic acid to yield fine biaxial crystals which give sodium and ammonium salts 
with compositions of MR(TiR,) . 3H20 and M(TiR;R) . 3H20 where R and R’ are singly 
and doubly charged salicylate ions respectively, and M is Na+ or NH:. However, no studies 
have been reported on the use of this reaction for analytical purposes. Ziegler and 
Glemser” have used sulphosalicylic acid for a calorimetric procedure for titanium, but 
report serious interference in the presence of Al, Mn, Ca, Mg and Fe. 

The addition of an acid solution of titanium(IV) to an aqueous ethanolic solution of 
salicylic acid gives immediately a yellow colour which is stable for over 72 hr. This solution is 
characterized by a broad absorption maxima around 360 nm. The Vosburgh and Cooper 
method” indicates the presence of only one absorbing species. The ratio of titanium to 
salicylic acid is found to be 1 : 1 by the Job” and slope-ratio13 methods. 

The titanium salicylate chelate is found to be extractable into chloroform in the 
presence of excess of the reagent. The molar absorptivity of the extracted species is 

21 
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5-9 x IO3 I-mole-‘cm-’ (extraction pH 2.3). The salicylate complex of iron(III), &,,, = 
530 nm and E,,, = 2.2 x 103 l~mole-icm-’ in aqueous ethanol, is not extractable into 
chlorofo~. No interference is caused by the presence of FefIII), Fe(H), Ca, Mg, Zn, 
Co(H), Mn(II), Ba, V(IV), Ni, and Al. Interference by F- and C,O:- is probably due to the 
formation of stable Ti(IV) complexes. Tolerance limits for various ions which commonly 
occur in conjunction with titanium, are shown in Table 1. 

Table 1. Tolerance limits for foreign ions in procedures (i) and (ii) 
(Titanium present = 7.6 ,ng) 

Tolerance, ppm 

IOIi Added as 
Procedure (i) 

(alcohol) 
Procedure (ii) 

(pyridine~ 

c2042- 
F- 
Mn(II) 
V(IV) 
Fe(II1) 
Ba(II) 
Mg(II1 
AI(II1) 
Ni( II) 
Ca(II) 

WI) 
Co(H) 
Zn(I1) 

potassium oxalate 0.2 50 
sodium fluoride 0.4 50 
sulphate 11 9000 
sulphate 13 40 
chloride 13 22 
chloride 30 zoo0 
sulphate 50 400 
sulphate 55 
sulphate 60 
chloride 80 
sulphate 110 
chloride 120 
sulphate 130 

The method is shown to be applicable to samples of ilmenite and the results show 
good recoveries and agree well with those obtained by classical gravimetric techniques. 
As oxalate was found to interfere, the fusion product of ilmenite with potassium bisulphate 
was extracted with sulphuric acid, instead of ammonium oxalate solution as in the tannin 
method’ for titanium in ilmenite. However, extensive dilution is required, even with a 
O-1-g sample of ilmenite, to obtain a concentration suitable for the procedure. Table 2 

Table 2. Estimation of titania in ilmenite 

TiO, found. “; 

Method of obtaining 
titanium in solution 

from complex 
in aqueous 

ethanol 

from CHCI, 
extract of 
complex, 

procedure (i) 

from CHCl, 
extract of 
complex, 

procedure (ii) 

from 
precipitation 
with tannin’ 

H,SO, extraction of 
fusion product of 
ilmenite with KHSO, 

6001 54.2 53.8 37.1 

Ammonium oxaiate 
extraction of fusion 
product of ilmenite 

IO.8 0.2 53.1 54.6 

* Apparently a result of interaction of Fe(II1) and Ti(lV), and being further investigated. 
Similar observations were reported for Fe(H) and Ti(iV) by J. Beukenkamp and K. D. Herrington, 
f. Am. C&n. SW. 1960, St, 3022. 
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shows the results obtained by both procedures. The procedure has also been satisfactorily 
applied to determination of the titanium and iron content of various samples from research 
on ferrotitanium alloys.‘4 

The advantages of the procedure over methods for titanium are shown in Table 3. 

Table 3. Methods for the estimation of titanium 

Methods Sensitivity 
Interferences and 

disadvantages PH 

Gravimetric methods 
Tannin-oxalate’ 
Cupferron’ 
5,7-Dibromo-oxinate’s 

Volumetric methods 
Jones reductor’ ’ 
Liquid zinc amalgami 
Jones reductor/silver’ reductor 

Colorometric methods 

Hydrogen peroxides 
Chromotropic acid’” 
Tironi6 
Sulphosalicylic acid” 
Diantipyrylmethane’8*‘g 
Thymolt * 

Solvent extraction methods 
Thiocyanate’ 
Dibutyl hydrogen phosphate’ 
Molybdophosphate* 
Thiocyanate-tri-n-octylphosphine oxide” 
Thenoyitrifluoroacetone” 
Cupferron” 
Present procedure (i) 
Present procedure (ii) 

0.1 g Ti02 
- 
up to 10 mg 

Ca 
Fe, V (use of H,S) 
Fe, V. Cu 

0~12-0~15 g Ti v, cu 
0.1-0.2 g Ti V, reducible ions 
up to 8 mg V, instability of Ti(II1) 

0.07 @g/cm2 (400 nm) 
OGO26 pg/cm* (400 nm) 
O-0036 gg/cm2 (410 nm) 
0+06 pg/cm* (445 nm) . 
0.1 pg/cm* (380 nm) 
090!9 pg/cm2 (440 nm) 

Co, Ni, Cu, Zn, Fe, Mn 
Fe, F-. V 
Fe, V, Al, Ca 
AI, Mn, Ca, Mg, Fe 
V, Fe 
V, F- 

no details reported 
no details reported 
no details reported 
O@OO12 pg/cm2(432 nm) 
(430 nm) 
- 
0*00082 pg/cm2 (380 nm) 
OWO65 pg/cmz (366 nm) 

no details available 
no details available 
no details available 
Nb, nitrate 
Co, Ni, Mn, V, Fe, Cu, F- 
V 
F- ; C,O;- 
- 

acidic 
acidic 
acidic 

acidic 
- 
- 

acidic 
4-6 
3-10 
3-5 

acidic 
- 

- 
- 
- 

acidic 
acidic 

6@ 
2-3 

3.5-4.5 

Although the low solubility of salicylic acid in water necessitated the use of an aqueous 
ethanolic medium, it was found that the presence of alcohol was also required for the 
chloroform extraction. In investigation of the role of the alcohol it was observed that the 
addition of even a small amount of pyridine enhanced the extraction of the titanium 
salicylic acid chelate into chloroform and that the alcohol was then not necessary. The 
use of pyridine was also found to increase the sensitivity (064 ngfcm’ at 366 nm) and 
selectivity and provided a higher pH range (3.8-4.5) for optimum absorbance 
(E = 7.3 x 10’ lmole-‘cm-’ at 366 nm in chloroform at a pH of extraction = 3-9). 
Absorption spectra of the titanium salicylic acid chelate in 40% aqueous ethanol and its 
chloroform extract in the presence of ethanol or pyridine are shown in Fig. 1. 

The “ pyridine” method with extraction at pH 3.9 was used to assess interference by 
other ions. There was a marked increase in the tolerances for these ions, compared with 
those for the “alcohol” procedure, especially for oxalate and fluoride, which are the 
commonly interfering ions in most determination of titanium (Table 1). 

Nature qf the extracted species 

Isolation of the complex and its analysis for titanium, salicylic acid and pyridine have 
shown that the extracted species contains these components in ratio 1 : 1 : n where n 
varies with the amount of pyridine used in preparation of the solid. 
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340 350 

Fig. 1. Absorption spectra. 

400 

Wavelength, nm 
450 

(a) Titanium-salicylic acid chelate (1.04 x 10-‘M) in 40% v/v aqueous ethanol. 
(b) Titanium-salicylic acid chelate (1.00 x IO-“M) extracted into CHCI, from 404; v/v aqueous 

ethanolic solution. 
(c) Pyridine adduct of titanium-salicylic acid chelate in CHCI, (2.97 x 10-5!M). 

The infrared spectrum obtained for this pure solid in KBr discs was compared with that 
of the ligand. The band at 830 cm- ’ was attributable to the Ti =O stretching frequency. 

Similar assignments for vTi = ,, have been reported for other titanyl complexes.23*24 The 
bands at 1590 cm- ’ and 595 cm-’ are due to unto-ordinated pyridine (co-ordinated 
pyridine gives higher frequencies). 

The deformation frequencies of the CH groups of the pyridine ring, at 990, 1030 and 
1145 cm-‘, reported by Sas et a1.25 in their studies on scandium-SCN--pyridine 
complexes, remain unaltered in the infrared spectrum of our compound, again showing 
the presence of unto-ordinated pyridine in the solid. The extracted species is therefore a 
pyridine adduct of the Ti(IV)-salicylic acid chelate. However, studiesz6 in these 
laboratories on a V02+-thiosalicylic acid-pyridine compound showed that these fre- 

quencies were shifted to 1015, 1042 and 1160 cm-’ respectively, which was taken as 

evidence for the existence of a V-pyridine co-ordinated bond via the nitrogen atom in the 
V02+-thiosalicylic acid-pyridine (1 : 2 : 1) ternary complex. 

EXPERIMENTAL 

Analytical-grade chemicals were used throughout. Solvents and pyridine were redistilled. 
Tirunium(lV) .solufions. Prepared from 99.69/, pure TiO, by fusion with potassium bisulphate and extraction 

with 5:‘:, sulphuric acid, standardized by the cupferron method and by the use of a Jones reductor. and diluted 
accordingly, or prepared from air-dried potassium titanyl oxalate. 

Buffers in 40”:, aqueous ethanol, the pH of which was determined from e.m.f. measurements with a 
quinhydrone electrode, were used to calibrate the pH meter for use with aqueous ethanolic solutions, 
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Recommended procedures 

(i) Extraction with chloroform in the presence of aqueous ethanol. An aliquot of Ti(IV) solution was placed 
in a separating funnel together with 25 ml of 40% aqueous ethanolic solution of salicylic acid (O.lM), the 
pH adjusted to the desired value (2.3) with ammonia solution and sulphuric acid, and the solution diluted to 35 ml 
with water. Then 5 ml of chloroform were added and the solution was equilibrated by shaking. The 
organic extract was withdrawn and centrifuged and its absorbance measured at 380 nm against a reagent blank 
in chloroform. 

(ii) Extraction with chloroform in the presence ojpyridine. To 4 ml of 1 M aqueous pyridine solution, 20 ml 
of sodium acetate-acetic acid buffer (PH 390) were added followed bv an aliquot of Ti(IV) solution 
(prepared from potassium titanyl oxalatdj and thesolution was diluted with water to 36 ml. Then 5 ml of O.lM 
salicylic acid in chloroform were added, the mixture was shaken, the organic phase was withdrawn and 
centrifuged, and the absorbance measured at 366 nm against a reagent blank in chloroform. 

Analysis of alloys and slag containing iron. aluminium and titanium 

Estimation qftitanium. A 0.1-g sample was fused with 5 g of potassium bisulphate and extracted with 50 ml of 
5% sulphuric acid and made up to 250 ml with Su/, sulphuric acid. A known volume of this solution was 
diluted to 100 ml in water. An aliquot of this diluted solution was then treated according to procedures(i) and (ii). 

Esrimution oJiron. An aliquot of the solution in 57; sulphuric acid, prepared as above, was boiled for a few 
minutes with l-2 ml of concentrated nitric acid to convert all the iron into Fe(lII), and the solution was made 
up to a known volume in water. An aliquot was treated by procedure (i) to determine titanium. The 
absorbance of the aqueous ethanolic phase after equilibration with chloroform was measured at 530 nm against 
a reagent blank, and the iron concentration obtained from a calibration curve. 

Table 4. Analysis of alloy and slag samples containing titanium 

Procedure Sample Titanium found, % Iron found, % 

i No. 1 53.3 6.1 
i No. 2 23.4 46.1 
ii No. I 52.1 
ii No. 2 22.9 

Solid Ti(lV)-salicylic acid-pyridine product 

A yellowish orange solid, m.p. 210-212”, was obtained by removal of solvent from a chloroform extract of a 
solution containing titanyl sulphate, pyridine and salicylic acid. The solid was purified by repeated extraction 
with diethyl ether containing increasing quantities of 60-80” petroleum ether to remove excess of salicylic acid. 
Analysis for the pyridine by Kjeldahl determination gave values for pyridine which varied with the 
concentration of pyridine used in preparation of the product. 
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ZusPmmenfassung-Titan(IV) bildet mit Salicyltiure in 40% w&ig-gthanolischer Liisung ein 
1 : I-Chelat. Das Chelat liil3t sich in Chloroform extrahieren. Es wird eine selektive Extraktion- 
smethode zur Bestimmung von Titan in Gegenwart einer grol3en Anzahl verschiedener sonst 
stiirender Spezies angegeben. Es zeigt sich, dal3 die Zugabe von Pyridin die Empfindlichkeit 
und Selektivitiit weiter verbessert und die Verwendung von Alkohol bei der Extraktion unniitig 
macht. Die extrahierte Spezies ist ein Pyridinaddukt des Chelats aus Titan und Salicylslure. 

R&sume-Le titane (IV) forme un chtlate 1 : 1 avec l’acide salicylique en solution hydro- 
ethanolique d 40%. Le chblate est extractible en chloroforme. On dkcrit une m’thode d’extraction 
selective pour l’estimation du titane en la pr&sence d’une varibtb d’esp&zes communement 
g&antes. On a trouvC que l’addition de pyridine accroit la sensibilitk et la selectivitt et rend 
inutile l’emploi d’alcool dans l’extraction. L’espke extraite est un composC d’addition de la 
pyridine avec le chtlate titane-acide salicylique. 
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Summary-Flow microcalorimetry has been applied to the determination of organophosphorus 
pesticides by inhibition of cholinesterase. One direct inhibitor (TEPP) and one latent inhibitor 
(parathion) were investigated. The former is determinable at concentrations of about 10m6M 
and the latter at about 10e4M. The inhibitory power of parathion is increased if methanol 
is used as solvent. 

In flow microcalorimetry measurement is made of the heat generated by a reacting 
solution flowing through a calorimeter chamber, or by a reaction between two flowing 
streams meeting within the chamber. The technique is particularly suited to the study of 
enzyme-catalysed systems. It has been shown theoretically’ and experimentally’ that for 
an enzyme reaction that is zero-order in substrate (i.e., [substrate] 4 K,, where K, is the 
Michaelis-Menten constant) the heat-output rate, dq/dt, will give a steady recorder 
deflection which is proportional to enzyme activity. Inhibitor concentrations may be 
determined from the degree to which they inhibit the enzyme4 and hence reduce 
heat-output rate.‘.z.s.6 This paper describes the application of flow microcalorimetry to the 
determination of organophosphorus pesticides via their inhibition of cholinesterase. 

Anticholinesterase compounds have been reviewed’.* and the inhibiting effect of 
organophosphorus materials discussed.*-” Dimefox has been determined by the 
microcalorimetric technique. I1 Current non-enzymic methods are non-selective, the 
methods yielding total phosphorus being the most extreme examples, particularly when 
materials of biological origin are investigated. The enzymic methods are more selective 
and at least as sensitive as the chemical methods. In the main, only organophosphorus 
materials are detected by systems based upon cholinesterase. Selectivity may be introduced 
by use of cholinesterase from different sources.12 

The flow microcalorimetric method is simple and reasonably rapid, the time for one 
experiment being about 35 min. and about 15 min for serial work. Other advantages are 
that the method of sample preparation is less important, the calorimeter will accept 
suspensions’ 3.14.1 ’ (e.g., soil, blood, algae) and optical purity is not required. 

27 
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EXPERIMENTAL 

Apparatus 

The LKB Flow Microcalorimeter was equipped‘*’ with a flow-through celf and operated at 25”. 

Materials 

Enzyme (horse serum cholinesterase) solutions were prepared in “tris” buffer [tris-2-amino-2-(hydroxymethyl)- 
1,3-dial] adjusted to pH 8. Substrate solutions, (O.lM acetylcholine chloride and 0+02&f butyryicholine iodide) 
were prepared in the same buffer solution. 

The enzyme solutions were stored at 0” before use. 
The pesticides investigated were TEPP (tetraethyl pyrophosphate) and parathion, 

General procedure. An instrumental base-line was established by pumping substrate solutions (e.g., 25 ml of 
@02M butyrylcholine iodide in “tris” buffer at pH 8) through the calorimeter. After exactly 5 min the 
appropriate enzyme solution was added rapidly, with vigorous stirring, to the remaining bulk of substrate 
solution. This reacting mixture (always zero-order kinetics with respect to substrate) then entered the calorimeter. 
The calorimetric response (arbitrary scale units) was the difference between the new scale-reading and the base- 
line value. 

After each series of experiments all vessels and lines were cleaned by pumping through 5% sodium hydroxide 
solutions, followed by detergent and finally distilled water. 

The grade of cholinesterase used was stated by the manufacturers to hydrolyse butyrylcholine three 
times as fast as it does acetylcholine. Hence acetylcholine chloride and butyrylcholine iodide were compared 
as substrates. At pH 8 and with O-4 ml of 05 mg/ml enzyme solution added as described to 0.02M 
butyrylcholine iodide solution a calorimetric response of 47 units was observed, whereas O.lM acetylcholine 
chloride produced a response of only 23. In all subsequent experiments butyrylcholine iodide was used as 
substrate. 

The conditions for optimal heat-output rate may not be those for optimum substrate turnover,’ because of the 
possible en~ncement from secondary reactions, e.g., protonation of buffer solutions occurring as a result of 
enzyme/substrate reaction. In the case of butyrylcholine iodide the reaction is butyrylcholine iodide 
+ enzyme + butyric acid + choline-enzyme complex. The butyric acid (pK 4,83) will react with the buffer 
solution (pH 8) and the enthalpy of neutralization will supplement the enzyme/substrate reaction enthalpy 
and give a larger calorimetric response. It was found that pH 8 gave the highest calorimetric response 
(pH 7.0-55, pH 8.0-70, pH 9@---65). In all substrate experiments “tris” buffer at pH 8 was used. The 
pH optimum for substrate turnover by cholinesterase lies in the range 16.17 70-7.4 although pH 8 has been 
reported *s for the system cholinesterase-TEPP. The relationship between enzyme activity and calorimetric 
response was found to be linear for 0.06-0.3 mg of enzyme added in 1 ml of buffer as described in 
General pfwedure. Engiehard et al. lg have shown that inorganic cations, especially sodium and bivalent cations, 
affect the ~u~Iibrium constants of the cholinesterase-substmte complex and the su~trate-inhibited complex 
by increasing the activity of the enzyme. The final recommendations were to use solutions of sodium 
and magnesium chlorides. Comparison of calorimetric response in solutions (25 ml of substrate. 1 ml of 
0.3 mg/ml enzyme) is given in Table 1. 

Table 1 

Added 
Calorimetric response 

(mean of three experiments) 

52 
1 ml OISM NaCl + 1 ml 002M MgClz 52 
1 ml 0.15M NaCl 42 
I ml 0,02M MgCI, 62 
i ml 0.1 M AICI, 41 
1 ml O.lM CoCI, 56 

Thereafter 1 ml of 0.02&f magnesium chloride was added to each aliquot of substrate before addition of 
enzyme. 

inhibition experiments. The duration of incubation of enzyme with pesticide affects the level of inhibition. 
incubation of enzyme solution alone for 5-120 min at 25” produced an increase in the calorimetric response 
from 52 to 72, but incubation of enzyme with pesticide decreased the response, the decrease becoming constant 
for incubation times longer than about 20 min (Fig. I). 
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Fig. 1. Relationship between calorimetric response and incubation time for inhibition reaction. 
0 Parathion in dioxan; A TEPP in dioxan. 

Procedure. Pesticide solutions were diluted to the required concentration in methanol or dioxan and 0.2 ml 
of solution was added to a sample tube containing 1 ml of 0.3 mg/ml enzyme solution and the mixture 
was incubated at 25” for 20 min. The general procedure was then followed. 

RESULTS AND DISCUSSION 

The results for the pesticide-inhibited runs are shown in Tables 2 and 3. Most results 
quoted are the average of three experiments. 

The mechanism of the inhibiting action of organophosphorus compounds has been 
discussed by O’Brien,’ 6 Stubbs,” and Wilson” and reveals two broad types of inhibitor, 
latent and direct. The latter, more potent, inhibitors require to be present in 10-5-10-9M 
concentration to cause 50% inhibition,” and the former in 10-1-10-4M concentration 
in uitro. The latent inhibitors are activated in uiuo to give direct inhibitors, e.g., parathion 

Table 2. Parathion as inhibitor 

[Parathion], 
10-4M Dioxan P* 

Response for parathion in 

Methanol P* Methanol/Br, water P* 

43.5 
34.5 
26-O 
17.4 
13.0 
8.69 
6.99 
5.20 
4.35 
2.60 
1.74 
0.87 
044 
0.0 

11 15.7 
11 15.7 
14 20.0 
19 27.2 
- 
32 45.7 

46 65.5 
- 

70 100 

- 
- 
11 
- 
- 
11 
14 
18 
30 
45 
70 

- 
- 
- 
- 
13 

15.7 14 
15 
18 

15.7 19 
20.0 27 
25.7 - 
42.8 43 
64.0 50 

100 70 

18.6 
20.0 
21.5 
25.7 
27.2 
38.5 

61.4 
71.5 

100 

* Percentage enzyme activity remaining after inhibition, calculated as 

p = Response for pesticide-inhibited experiment x 1oo 

Response for unhibited experiment 
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Table 3. TEPP as inhibitor 

Response for TEPP in 

[TEPP], 

10-6M Dioxan P* Methanol P* 

6.30 12 17.2 

4 16 14 20.0 4 57 

3.35 18 25.7 6 8.6 

2.50 22 31.5 10 14.3 

1.65 30 42.8 21 30.0 

0.84 39 55.8 35 50.0 

042 48 68.5 45 64.2 

0.0 70 100 70 100 

* Defined as in Table 2. 

is oxidized in oiuo to paraoxon, a direct inhibitor. This paper reports investigation of 
one latent and one direct inhibitor and of paraoxon obtained from parathion by 
oxidation with bromine water. 

Since the organophosphorus compounds used are hydrolysed by water, stock 
solutions were made in both dioxan and methanol. The volume of either solvent actually 
used in the inhibition experiments produced no effect upon the calorimetric response. 
Dioxan is inert as solvent towards both pesticides. However both the organophosphorus 
materials studied are ethoxy compounds and, in methanol, will undergo methanolysis. 
This results in a mixed ethoxy-methoxy compound, and, in the case of parathion this 
yields a more potent inhibitor and hence leads to a more sensitive determination of 
parathion (see Tables 2 and 4). 

Table 4 summarizes the analytical results obtained. 

Table 4. Summary of analytical results 

Pesticide Solvent 
Lowest determinable 
concentration, pg/ml Range. pg/ml 

parathion dioxan 50 50-800 
parathion methanol 5 5-100 
parathion/Br, water methanol 5 5-160 
TEPP dioxan 0.05 0.05-I 
TEPP methanol 0.02 0.02-1.2 

Selectivity was not investigated in this work but Guilbault” has shown that 
cholinesterases from different sources (e.g., quail, beetle, dog, etc) have a markedly 
different response to a variety of pesticides. However, selectivity may be introduced by 
the use of different solvent systems, since, in the cases reported here, TEPP shows little 
variation in its inhibitory powers in dioxan and methanol whereas parathion shows a 
tenfold increase in inhibitory action in methanol relative to dioxan. In dioxan there is a 
factor of lo3 in the sensitivity of the enzyme to the two pesticides. 

Conversion of the latent inhibitor parathion into the direct inhibitor paraoxon is 
achieved by oxidation with bromine water. 16.17 However, in the experiments reported 
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here there is only a small change in inhibitory power on oxidation of parathion in 
methanol solution. Methanolysis apparently confers direct and hence increased inhibitory 
powers on parathion. 

As an analytical technique the flow microcalorimetric method is relatively rapid and 
certainly simple in operation. The sensitivity is high especially for direct inhibitors. Its 
sensitivity and precision are comparable with extant methods.“.” Flow methods have 
many advantages2.22 and are simply automated-an advantage in modern analytical 
practice. 

REFERENCES 

1. A. E. Beezer and H. J. V. Tyrrell, Science Tools, 1972, 19, 13. 
2. P. Monk and I. Wads& Acta Chem. Stand., 1969, 23. 29. 
3. H. R. Mahler and E. R. Cordes. Biological Chemisrr!, p. 227. Harper, New York, 1969. 
4. M. Dixon and E. C. Webb, The Enz.vmes. 2nd Ed., Longmans. London, 1964. 
5. 1. Wads& Proc. Intern. Symposium Calor0nerr.v in Chemical and Biological Sciences, University of Surrey, 

1969. p. 53. 
6. K. Levin, ibid., p. 61. 
7. K. Kitz, Acta Anaesthiol. Stand., 1964, 8, 197. 
8. L. Douste-Blazy. Colloq. Nationaux Centre Nat. Rech. Sci., Paris, 333, 1965. 
9. G. G. Guilbault, Enzymatic Methods oJ Analysis, Pergamon, Oxford, 1970. 

10. Idem. Anal. Chem., 1970, 42, 334R. 
11. J. Konickova and I. Wads& Acta Chem. Stand., 1971, 25. 2360. 
12. G. Guilbault. Anal. Chem., 1970, 42. 1770. 
13. K. Levin. C/in. Chim. Acta. 32, 87. 
14. S. Delin, P. Monk and I. Wads& Science Took. 1969, 16, 22. 
15. A. E. Beezer, R. D. Newell, T. I. Steenson and H. J. V. Tyrrell, unpublished observations on yeast 

suspensions. 
16. R. D. O’Brien, Toxic Phosphorus Esters. Academic Press, New York, 1960. 
17. C. D. Stubbs. M.Sc. Dissertarion. University of London, 1971. 
18. W. N. Aldridge and A. N. Davidson. Biochem. J., 1952, 51, 62. 
19. N. Englehard. K. Prchai and M. Nenner, Anger. Chem. Intern. Ed., 1967, 6, 619. 
20. 1. B. Wilson, in Merabolic Inhibitors, ed. R. M. Hochster and J. H. Quastel, Vol. 2, Academic Press, 

New York. 1963. 
21. R. D. O’Brien. Insecticides. Action and Metabolism, Academic Press, New York, 1967. 
22. A. E. Beezer, Thermometric Analysis, in Bienniel Review qf Science, Chemical Analysis, ed. T. S. West, 

Medical and Technical Publishers, Oxford. in the press. 

Zusammenfassung-Die DurchfluB-Mikrokalorimetrie wurde auf die Bestimmung von phos- 
phorhaltigen organ&hen Pestiziden durch Inhibition von Cholinesterase angewandt. Ein direkter 
(TEPP) und ein latenter Inhibitor (Parathion) wurden untersucht. Ersterer ltiI3t sich bei 
Konzentrationen von etwa 10m6M, letzterer bei etwa 10e4M bestimmen. Die Inhibitorwirkung 
von Parathion (E 605) wird bei Verwendung von Methanol als Liisungsmittel gesteigert. 

RksumC-On a applique la microcalorim&rie d’icoulement au dosage des pesticides organo- 
phosphor& par inhibition de la cholinesttrase. On a ttudit un inhibiteur direct (TEPP) et un 
inhibiteur latent (parathion). Le premier est dosable B des concentrations d’environ 10e6M et 
le second i environ 10e4M. Le pouvoir inhibiteur pour le parathion est accru si l’on utilise 
le methanol comme solvant. 
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Summary-The pH and Hammett acidity dependences of the absorption and fluorescence 
spectra of cinchoninic acid (quinoline4carboxylic acid), cinchophen (2-phenylquinoline4 
carboxyhc acid) and their methyl esters, were studied. The predominant uncharged ground- 
state species derived from the free acids are zwitterions. Prototropic equilibria are too slow to 
compete with fluorescence for deactivation of the excited state at hydrogen ion concentrations 
represented by the pH scale. However, fluorescence shifts accompanying protonation indicate 
that the carboxyl group is more basic than the ring nitrogen atom in the excited state. In the 
Hammett acidity range the singly-charged cations of all the compounds studied undergo 
phototautomerism in the lowest excited singlet state. The rate of this process is acidity 
dependent. In very concentrated sulphuric acid solutions doubly-charged cations are formed in 
the excited state but not in the ground state. The intense emissions of these compounds in 
moderately concentrated sulphuric acid may be suitable for quantitative analysis if great care 
is taken to control solution acidity. 

There has been considerable study of the electronic spectra of aromatic acids and 
bases which are either monofunctional or bifunctional with one functional group having 
electron-withdrawing and the other having electron-donating properties. In monofunc- 
tional molecules electron-withdrawing groups such as -COOH and a heterocyclic 
nitrogen atom in six-membered rings are generally found to become more basic or less 
acidic in the lowest electronically excited n,n* states, resulting in red shifts upon 
protonation or blue shifts upon dissociation, of the fluorescence, phosphorescence and 
long-wavelength absorption spectral bands. Conversely, electron-donating groups such as 
-OH and -NH2 become more acidic or less basic in the lowest excited n,z* states, 
resulting in blue shifts upon protonation or red shifts upon dissociation, of the electronic 
spectra. r.’ In bifunctional molecules containing an electron-donating and an electron- 
withdrawing group, qualitatively similar results are observed. However, the spectral 
shifts tend to be exaggerated as a result of charge transfer from the electron-donating 
group to the electron-withdrawing group, upon excitation.3 This is the well-known 
auxochromic effect. Occasionally, the gain in acidity of an electron-donating group and 
the gain in basicity of an electron-withdrawing group, in the same electronically excited 
molecule, is so great that the order of ionization of the two groups is reversed with 
respect to the normal order observed in the ground state.*-’ For example, /?-methyl- 
umbelliferone in the ground electronic state exists in dilute acid solutions as a neutral, 
undissociated, phenolic lactone. However, in the lowest excited singlet state, the stable 

33 
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uncharged species derived from /?-methylumbelliferone is a zwitterion having the 
phenolic group dissociated and the carbonyl group protonated. The change in structure 
between ground and excited states of b-methylumbelliferone is termed phototautomerism 
because it involves a protonic isomerization subsequent to excitation. In ~-methylumbelli- 
ferone, where the electron-withdrawing and electron-donating groups are widely separated, 
phototautomerism is biprotonic since it must entail dissociation of the phenolic group 
and protonation of the carbonyl group. In molecules having the electron-withdrawing 
and electron-donating groups situated ortho to one another, however, phototautomerism 
may occur by proton transfer across an intramolecular hydrogen bond between the two 
groups, as for example, in salicylic acid. 4 This phenomenon is termed intramolecular 
phototautomerism. 

Notwithstanding the information that has been gathered on molecules having electron- 
donating and electron-withdrawing groups, little systematic study has been undertaken 
of excited-state protonation and fluorescence phenomena of bifunctional molecules in 
which both functional groups are electron-donating or electron-attracting. It would be 
particularly interesting to observe the competition between two groups showing similar 
electromeric effects. 

In this paper, we consider the acidity dependences of the absorption and fluorescence 
spectra of two pharmaceutically significant molecules, quinoline-4-carboxylic acid (cin- 
choninic acid) and its 2-phenyl derivative (cinchophen). Each of these molecules has two 
electron-attracting groups; the carboxylic acid group and the heterocyclic nitrogen atom. 
In order to simplify the characterization of the prototropic equilibria involved in this 
study, the methyl esters of these compounds were prepared and also subjected to 
fluorimetric analysis. 

EXPERIMENTAL 

Apparatus 

Absorption spectra were recorded with a Beckman DB-GT spectrophotometer. Fluorescence spectra were 
recorded with a Perkin-Elmer MPF-2A fluorescence spectrophotometer having monochromators which were 
calibrated against the xenon line-emission spectrum; the output was corrected for instrumental response by 
means of a Rhodamine B quantum counter. The pH measurements were made on an Orion Model 801 pH 
meter employing a Beckman silver-silver chloride-glass combination electrode. 

Reagents 

Quinoline-4-carboxylic acid and 2-phenylquinoline-4-carboxylic acid were obtained commercially and 
purified by repeated recrystallizations from 75% ethanol-water solutions. The methyl esters of both 
quinoline&aarboxylic acids were prepared according to the procedure of Elderfield and Siege1.s The melting 
points of the esters were in agreement with those reported in the literature.‘.“’ 

Analytical-reagent grade sulphuric acid was diluted with distilled demineralized water to prepare the 
solutions used to study the Hammett acidity region. The corrected Hammett acidity scale of Jorgenson and 
Hartter” was employed to calibrate the sulphuric acid solutions. Citrate and phosphate buffers and sodium 
hydroxide solutions in distilled demineralized water were used in work at higher pH values. 

Each sulohuric acid or butfer solution. in a IO-ml volumetric flask. was iniected with 100 ul of I x IO-jM 
stock solution of cinchophen or cinchoninic acid immediately before the 
minimize decomposition errors. 

RESULTS AND DISCUSSION 

Absorption spectra and ground state ionization phenomena 

The possible ionization phenomena of cinchoninic acid, 
dilute acid media, are represented in scheme 1. 

recording of spectra, in order to 

on going from alkaline to 
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Scheme 1 

ou. PH 
C 

For the methyl ester, which is essentially a non-dissociating model of the neutral 
molecule (N) the only possible ionization within this pH region is represented in scheme 2. 
Scheme 2 

0 OCH, 

(N) 

The long-wavelength absorption maxima as well as the fluorescence maxima of cinchoninic 
acid, cinchophen and their methyl esters at various acidities are presented in Table 1. 
In alkaline solutions cinchoninic acid demonstrates an absorption spectrum similar in 
appearance to that of quinoline ’ 2,1 3 but differing in that the ‘L, band of the 4-carboxylate 
group lies at a frequency some 1500 cm- ’ lower than that of unsubstituted quinoline 
(Fig. 1). In the methyl ester of cinchoninic acid the IL, band has shifted still further 
towards the red and overlaps the short-wavelength side of the ‘L, band (Fig. 1). In 
dilute acid solutions (pH 2.5) the absorption spectrum of cinchoninic acid is similar to 
that of the quinolinium cation. ‘2-l 3 At pH 0 the absorption spectrum of cinchoninic 
acid and its methyl ester appear essentially identical, and gaussian, and at lower fre- 
quencies than the absorption spectrum of cinchoninic acid at pH 2.5. The absorption 
spectrum of cinchoninic acid in alkaline solutions is assigned to the anion (A). The red 
shift of the IL, band of this species relative to that of quinoline is indicative of substitution 
in the 4-position of quinoline, which corresponds to an cr-position in naphthalene, the 
parent hydrocarbon from which quinoline may be thought to be derived. Because of the 
quinolinium-like appearance of the uncharged species derived from cinchonic acid 
(pH 2-5) and its lack of identity with the methyl ester, the protonation of the anion is 
believed to occur at the ring nitrogen atom, resulting in the zwitterion (Z). The 
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Table 1. Low frequency absorption (irJ and fluorescence (iir) maxima of 
cinchoninic acid, cinchophen and their methyl esters. Spectral maxima are 

reported in cm-’ x IO-‘, and E in I. mole-’ .crn-’ x 10es 

Cinchoninic acid pH 10-O 
pH 2.5 
PH 0 
HO -4.7 
Ho - 10-O 

Cinchoninic acid pH IO.0 
methyl ester PH 0 

Ho - S-8 
Ho - 10-O 

Cinchophen PH 10-O 
pH 2.5 
pH 0.0 
Ho - 3.4 
Ho - 10-o 

Cinchophen PH 10.0 
methyl ester pH 0.0 

Ho -4.7 
Ho -10-O 

3.46 4.96 3.17 3.68 2.56 
_* 3.17 6.66 2.53 
_* 3.10 5.94 ---t 
_* 3.10 5.94 2.11 
_* 3.07 5.94 1.89 

_* 3.16 2.28 2.39 
-* 3.09 3.40 --t 
_* 3.05 3.40 2.13 
_* 3.05 340 1.90 
_* 3.09 409 2.63 
_* 2.94 961 2.46 
_* 2.86 9.14 ---t 
_* 2.79 9.20 2.21 
_* 2.68 9.20 l-87 

_* 2596 3.12 2.42 
_* 2.81 9.14 --t 
_* 2.76 9.57 2.21 
_* 2.70 9.57 1.86 

l The IL, band is degenerate with the ‘L, band. 
t No fluorescence is observed at pH 0. 

A 4.0 

300 350 

Wavelength, nm 

Fig. 1. Absorption spectra of cinchoninic acid (A at pH 10.0, Z at pH 2.5) and its methyl 
ester (N at pH 10.0, C at pH 0). 
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Table 2. Protolytic ground (pK j and excited (pK,*) 
state dissociation constants determined by absorptio- 
metric and fluorimetric titrations, respectively, of cin- 
choninic acid, cinchophen and their methyl esters. pK, 
and pK x correspond to the equilibria between the 
zwitterions derived from the free acids and the respective 
anions and cations. pK, corresponds to the cation- 
neutral species equilibria of the methyl esters. pK& 
corresponds to the doubly-protonated-singly-protonated 
(at the carboxyl group) cation equilibria in the excited 

state. 

PKZA P&x P&N PG~ 

Cinchoninic acid 4.6 
Cinchoninic acid 

methyl ester 
Cinchophen 4.8 
Cinchophen 

methyl ester 

1.1 -6.3 

3.2 -7.1 
I.1 - 5.4 

2.8 -6.3 

dissociation constant for the interconversion between the anion and zwitterion was 
evaluated spectrophotometrically and found to be 4.6 (Table 2). In more concentrated 
acid solutions both the uncharged species and the methyl ester derived from cinchoninic 
acid were protonated. The identical absorption spectra obtained for the protonated 
species of each of these reactions indicates that the cation (C) is formed in each case. 
However, the pK, value for the interconversion between the cation and the uncharged 
species derived from cinchoninic acid is 1.1 while that for the interconversion between 
the cation and neutral species derived from the methyl ester is 3.2. This is further 
evidence that the uncharged species derived from cinchoninic acid does not correspond 
in its electronic structure to the neutral methyl ester [the model of the neutral species 
(N)] and that the assignment of the zwitterion structure to the former is correct. That 
the absorption spectra of both cations and the neutral methyl ester are unstructured 
and that the IL, bands have shifted towards the red to such a great extent in these 
species suggests that the neutral carboxylic acid group (or carbomethoxy group) is 
conjugated and coplanar with the aromatic ring in the. ground and Franck-Condon 
excited states and that the absorption spectra have considerable charge-transfer character. 

In concentrated sulphuric acid solutions the absorption spectra of both cinchoninic 
acid and its methyl ester demonstrate a small red shift with increasing sulphuric acid 
concentration. Although carboxylic acids derived from carbocyclic aromatic rings are 
known to protonate in the ground state at Hammett acidities near -8,‘* the changes in 
the absorption spectra of cinchoninic acid and its methyl ester were not sufficient to 
indicate that a prototropic reaction was occurring even in the most concentrated 
sulphuric acid solution (H, = - 10) used. This is likely due to the positive charge already 
residing on the singly protonated cations being delocalized onto the carboxyl groups, 
reducing their basicities. The small red shifts found when acid solutions are used are likely 
due to hydrogen bonding of the carbonyl oxygen atom and differences in the dielectric 
strength between water and sulphuric acid. 

Unlike cinchoninic acid, cinchophen does not show well-resolved vibrational structure 
in the absorption spectrum of its own anion (Fig. 2). Moreover, the ‘L, band of the 
cinchophen anion lies at lower frequencies than that of the cinchoninate anion and the 
‘L, band for the former is obscure. The spectrum of the neutral methyl ester of 
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A 

275 325 375 
Wavelength. nm 

Fig. 2. Absorption spectra of cinchophen (A at pH 10.0, Z at pH 2.5) and its methyl ester (N at 
pH 10.0, C at pH 0). 

cinchophen is similar to that of the anion of cinchophen but lies at lower frequencies. 
The two successive protonations of the anion derived from cinchophen result in successive 
red shifts of the low-frequency absorption band (which is probably a composite of the 
‘L, and ‘L, bands). The pK, values for interconversions between the anion and uncharged 
species and between the uncharged species and the cation are 4.8 and 1.1, respectively, 
while that for interconversion between the neutral species and cation derived from the 
methyl ester of cinchophen is 2.8. Because of the similarities between corresponding 
dissociation constants of cinchoninic acid and cinchophen and between the methyl esters 
of these compounds, it can be concluded that the prototropic species derived from 

cinchophen and present in any given pH region correspond exactly to those derived 
from cinchoninic acid (i.e., the zwitterion is the predominant uncharged ground-state 
species derived from cinchophen). The differences between the absorption spectra of the 
various prototropic species derived from cinchophen and cinchoninic acid are apparently 
due to the presence of the phenyl group in the 2-position. The great extent to which the 
phenyl group influences the absorption spectra of the prototropic species derived from 
cinchophen (which show substantial charge-transfer character relative to that of the 
corresponding species derived from cinchoninic acid) strongly suggests that in the ground 
and Franck-Condon excited states the phenyl group is coplanar and conjugated with 
the quinoline ring. 

The results in Table 1 show that in concentrated sulphuric acid the absorption 
spectra of cinchophen and its methyl ester shift towards the red with increasing acid 
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concentration to a considerably greater extent than do the absorption spectra of 
cinchoninic acid and its methyl ester. However, plots of absorbance VS. Hammett acidity 
at the absorption maxima of these compounds, at Ha = - 10 and at He = -0.7 yield 
very gradually sloping titration curves. Apparently the red shift is not due to a proto- 
tropic process but rather to a solvent effect. That this effect is more pronounced in 
cinchophen can be rationalized on the basis of the generally greater sensitivity of 
charge-transfer type spectra to the polarizing influence of solvent” and the greater 
degree of intramolecular charge transfer in the electronic transitions of the 2-phenyl 
derivative. 

Fi~oresce~~e spectra and excited state processes 

In alkaline solutions the anion derived from cinchoninic acid has a weak violet 
fluorescence. As the pH is lowered the fluorescence becomes blue with maximum at 
2.53 x lo4 cm- l. The conversion of the violet fluorescence into the blue fluorescence, with 
decreasing pH, occurs with the same titration characteristics as the absorption spectrum 
changes in the pH region 7-3. In alkaline solutions the methyl ester of cinchoninic acid 
fluoresces weakly with maximum at 2.39 x lo4 cm- i. Since the methyl ester is electronically 
similar to the neutral molecule (N) and fluoresces at a different frequency than does the 
protonation product of the anion, it can be concluded that the emission at 2.53 x lo4 cm-’ 
arises from the excited zwitterion (Z). The identity between the fluorimetric and absorptio- 
metric titrations for the interconversion between the anion and zwitterion indicates that 
the interconversion is static (Le., equilibrium does not occur during the lifetime of the 
excited state). That the fluorescences of the zwitterion and the methyl ester occur at 
lower frequencies than that of the anion indicates that both the carboxylate group and 
the ring nitrogen atom are more basic and have higher electron densities in the excited 
state than in the ground state. Because the methyl ester fluoresces at lower frequencies 
than the zwitterion, the carboxylate group is apparently more basic than the ring 
nitrogen atom’ and if prototropic equilibrium was attained during the lifetime of the 
excited state, phototautomerism of the zwitterion to the neutral species would probably 
occur. As the pH is lowered to near 0 the fluorescence of both cinchoninic acid and 
its methyl ester is quenched with ground-state titration characteristics. Apparently, the 
cations are non-fluorescent and prototropic equilibrium is not attained in the excited state 
even near pH 0. 

In sulphuric acid solutions (from No = -I to Ho = - 10) of cinchoninic acid and its 
methyl ester, an intense blue-green fluorescence appears at Ho = - 1, rises to a maximum 
near h10 = - 5 and is quenched sigmoidally with further increase in suiphuric acid con- 
centration (Fig. 3). At Ho = - 10 a weak yellow-green fluorescence is observed. These 
titration phenomena suggest that two prototropic processes are occurring in the lowest 
excited singlet state in the region from Ho = - 1 to Ho = - 10 since no ground-state 
prototropic processes were detected absorptiometrically in this region of acidity. That two 
protonations occur between Ho = - 1 and No = - 10 is somewhat perplexing since the 
excited singly-protonated cations of cinchoninic acid and its methyl ester are the species 
present at the lower end of the Hammett acidity region and only the carboxyl (or 
carbomethoxy) group is sufficiently basic in the excited state to become protonated. It 
was considered that protonation might also occur at a carbon atom in the aromatic 
ring but this would withdraw a pair of electrons and reduce the aromaticity of the 
a-electronic system, a process that should result in a substantial shift towards the blue 
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-10.0 -9.0 -8-O -7.0 -6.0 -5.0 -4.0 -3.0 -2.0 -1.0 0 I.0 

H0 

Fig. 3. Fluorimetric titrations in sulphuric acid media of A, cinchoninic acid, B, methyl- 
cinchoninate. 

or complete quenching of the fluorescence with increasing acidity. Since this was not 
observed this possibility was dismissed. An alternative explanation of the unusual 
fluorimetric titration behaviour of cinchoninic acid and its methyl ester is as follows. 
If the carboxyl group were more basic than the ring nitrogen atom of cinchoninic acid 
in the excited state, the singly-charged cation, protonated at the ring nitrogen atom, 
which is formed in the ground state, would be expected to phototautomerize biproto- 
nically to the cation protonated at the carboxyl group, during the lifetime of the excited 
state (Scheme 3). 
Scheme 3 

B /OH 
H”O\ ,OH 

This process would entail excitation of (C) to the lowest excited singlet state followed 
by protonation at the carboxyl group and very rapid dissociation from the ring nitrogen 
atom. Fluorescence would then occur from C’. Thermodynamically this process should 
be independent of solution acidity because there is no net gain or loss of protons. 
However, the short lifetime of C in the excited state, as evidenced by the lack of 
fluorescence from this species, precludes the rate-determining protonation at the carboxyl 
group in dilute acid before the cation returns to the ground state in a radiationless 
transfer. As the acidity of the medium is increased, protonation of the carboxyl group 
and hence phototautomerism of C to C’ becomes more probable so that the titration 
curve in the region from Ho = - 1 to Ho = -5 represents the kinetics rather than 
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the thermodynamics of the phototautomerism. The blue-green fluorescence in sulphuric 
acid is thus believed to originate from the singly-charged cation C’, protonated at the 
carboxyl group. At higher acidities protonation of the ring nitrogen atom of C’ becomes 
thermodynamically feasible so that the titration curve in the region from Ho = -5 to 
Ho = - 10 represents the conversion of C’ into the doubly-protonated cation in the excited 
state. Because the ring nitrogen atom is more basic in the excited state than in the ground 
state the fluorescence of the doubly-charged cation occurs at lower frequencies than that 
of the singly-charged cation. 

The fluorescences of cinchophen and its methyl ester and their acidity dependences are 
similar to those of cinchoninic acid and its methyl ester. That the fluorescences of the 
prototropic species derived from cinchophen and its methyl ester are very close to those 
of the corresponding species derived from cinchoninic acid and its methyl ester suggests 
that the 2-phenyl groups in the former molecules are not conjugated with the quinoline 
rings in the thermally relaxed excited states. Thus excitation of cinchophen appears to be 
followed by a rotation of the phenyl ring out of plane with the quinoline ring, a process 
which is probably precipitated by the transfer of charge from the homocyclic ring of 
quinoline into the heterocyclic ring, upon excitation, thereby repelling, n-electronic charge 
back into the phenyl group and destroying the conjugation of the phenyl group with 
the quinoline ring. 

The intense blue-green fluorescences of cinchoninic acid and cinchophen in sulphuric 
acid solutions appear to be the only emissions observed which are of sufficient intensity 
for sensitive quantitative analysis of these compounds. However, owing to the great 
sensitivities of the quantum yields of these fluorescences to acidity, great care must be 
exercised in controlling the Hammett acidities of standard and unknown solutions. 
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Zusammenfassung-Die Abhiingigkeit der Absorptions- und Fluoreszenzspektren von Cinchonin- 
slure (Chinolin&carbonSure). Atophan (2-Phenylchinolin4carbontiure) und ihrer Methylester 
vom pH bzw. der Hammett’schen Aciditltsfunktion wurde untersucht. Die im Grundzustand 
iiberwiegend vorliegenden ungeladenen Spezies, die sich von den freien SIuren ableiten, sind 
Zwitterionen. Prototrope Gleichgewichte sind zu langsam, urn bei Wasserstoffionenkonzentra- 
tionen, wie sie durch die pH-Skala dargestellt werden, bei der Desaktivierung des angeregten 
Zustandes mit der Fluoreszenz konkurrieren zu kiinnen. Mit der Protonierung einhergehende 
Fluoreszenzverschiebungen zeigen jedoch. daD im angeregten Zustand die Carboxylgruppe 
basischer ist als das Stickstoffatom im Ring. Im Bereich der Hammett’schen Acidititsfunktion 
machen die einfach geladenen Kationen aller untersuchten Verbindungen im niedrigsten 
angeregten Singlettzustand eine Phototautomerie durch. Die Geschwindigkeit dieses Vorgangs 
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hingt von der Aciditat ab. In sehr.konzentriert schwefelsauren Losungen werden im angeregten. 
jedoch nicht im Grundzustand zweifach geladene Kationen gebildet. Die intensiven Emissionen 
dieser Verbindungen in maBig konzentrierter Schwefeldure konnten zur quantitativen Analyse 
geeignet sein, wenn man die Aciditlt der Losung sehr sorgfaltig einstellt. 

RCumiLOn a btudie les relations entre le pH et I’aciditi de Hammett et les spectres 
d’absorption et de fluorescence de l’acide cinchoninique (acide quinoltine 4carboxylique). du 
cinchophene (acide 2-phtnylquinoliine 4-carboxylique) et de leurs esters mtthyliques. Les especes 
a Mat fondamental non chargees ddrivtes des acides libres qui predominent sont des 
zwitterions. Les equilibres prototropiques sont trop lents pour entrer en competition avec la 
fluorescence pour la d&activation de l’btat excite aux concentrations en ion hydrogene 
representees par l’echelle de pH. Toutefois, des changements de fluorescence accompagnant la 
protonation indiquent que le groupe carboxyle est plus basique que l’atome d’azote cyclique a 
l’ttat excite. Dans le domaine d’acidite de Hammett les cations a une seule charge de tous les 
composes etudits subissent un phototautomerisme a l’ttat singulet excite le plus bas. La vitesse 
de ce processus depend de I’aciditi. Dans des solutions tres concentries en acide sulfurique. il se 
forme des cations doublement charges a l’ttat excite mais non a l’etat fondamental. Les 
emissions intenses de ces composes en acide sulfurique modtrtment concentri peuvent convenir 
a l’analyse quantitative si l’aciditi de la solution est controlte avec grand soin. 
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Zusammenfassung-Die Aktivititsmessung 3sS-markierter Polythionateauf Pherogrammen erfolgt 
einmal nach Elution und ljberfiihrung in Ba3’S0, mit einem Geiger-Miiller-Endfensterzlhlrohr 
oder direkt auf dem Trggermaterial durch Fliissigszintillation. Beide MeDmethoden werden mit 
einander verglichen. Die ZIhlausbeute betrggigt fiir die BaSO,-Methode 0,25% und fir die der 
Fliissigszintillationsmethode 55%. Bei letzterer tritt jedoch eine Substanzabhlngigkeit der 
Zshlausbeute auf. 

Fiir die Untersuchung von Gemischen verschiedener Polythionate hat sich als Trenn- 
methode die Hochspannungspapierionophorese bew%hrt.le4 Die anschliel3ende Bestim- 
mung kann u.a. nach Abbau zu S,O:- coulometrisch vorgenommen werden.’ 

Durch den Einsatz 35S-markierter Ausgangsverbindungen lBI3t sich der Nachweis der 
einzelnen Zonen sehr empfindlich gestalten. Auljerdem sind die Zonen des Sulfits und 
des Sulfats noch leicht auf den Pherogrammen zu erkennen.‘-4 Auch die Bestimmung 
der Schwefelverbindungen kann dann iiber eine Messung der Aktivitgt erfolgen. Hierzu 
werden in der vorliegenden Arbeit zwei Wege eingeschlagen. 

ELUTION DER ZONEN UND BESTIMMUNG ALS Ba”‘S0, 

Die Lage der ionophoretisch getrennten Schwefelverbindungen auf dem Pherogramm 
ergibt sich aus der aufgenommenen AktivitPtsverteilungskurve. 

Die einzelnen Zonen werden ausgeschnitten und in ein Gemisch von 1 ml konz. Ammoniak. 1 ml 
Perhydrol und 25 ml 0,04M Natriumsulfat-LZisung gegeben. Der Zusatz an inaktivem Na,SO, dient zur 
Erzielung einer unendlichen Schichtdicke an Ba”SO,. Nach einer Stunde verkocht man das iiberschiissige 

H,O,. gibt 100 ml H,O hinzu und nimmt die Papierstiicke vorsichtig aus der Li%ung heraus. Ein 
anschlieaendes zweimaliges Eluieren mit je 30 ml warmen Wasser reicht zur vollst%ndigen Entfernung von 
eventuell am Papier adsorbiertem SOi- aus. Die vereinigten Eluate werden auf 150 ml eingedampft. Die 
FPllung erfolgt dann bei pH 2 durch tropfenweise Zugabe von 12 ml 0,l M BaCl,-Lasung in der Siedehitze. 

Bei 120 durchgefiihrten Elutionen schwanken die Auswaagen der einzelnen Proben 
nur zwischen 237 mg und 240 mg. Der Sollwert von 233 mg wird urn durchschnittlich 
6 mg iiberschritten. Dies ist durch die Verwendung des schwefelsgurehaltigen pH-3 
Grundelektrolyten bedingt. Die Substanzmenge der Schwefelverbindungen in den Zonen 
ist jeweils ~0.1 mg und beeinfluI3t die Auswaage nicht. 

Ftir die Messung miissen die BaSO,-Niederschlgge in Aluminiumschllchen iiberfiihrt 
werden, wobei vor allem auf eine iiber die gesamte FlPche gleichmlf3ige Schicht zu 
achten ist. AuDerdem darf die Oberflgche keine Risse oder Blasen aufweisen. Bewghrt 
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Glasrylinder 

Feder 

Gummidichtunq 

Zentrierring 

Aluminiumschdlchen 

Stempel 

1 

Schraube 

1 IOcm 

Abb. 1. Anordnung zur Sedimentation von Ba3%0,-Niederschligen. 

hat sich die Sedimentation aus einer Suspension sehr feiner Teilchen. Die hierzu 
entwickelte Anordnung zeigt Abb. 1. Sie besteht aus einem Glaszylinder, an den vier 
Glashaken angeschmolzen sind. Vier Federn pressen den unten plangeschliffenen 
Zylinder gegen den Zentrierring. Das vorher gewogene Aluminiumschalchen wird auf 
den Stempel im Ful3 der Anordnung gelegt und mit der Schraube gegen den 
Zentrierring gedriickt. Der Innendurchmesser der Bohrung im Zentrierring ist gleich dem 

mg /schdlchen 

Abb. 2. Nettoimpulsrate fiiir 35S in Abhiingigkeit von der Schichtdicke im SchPlchen bei konstanter 
spezifischer Aktivitiit. 
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Innendurchmesser des Aluminumschllchens. Eine Dichtung zwischen Glaszylinder und 
Zentrierring verhindert das Auslaufen der Losung. 

Das Bariumsulfat wird in einem Achatmiirser fein zerrieben und in Athanol 
aufgeschwemmt. Die Suspension giel3t man in den Glaszylinder und wartet, bis sich 
alles abgesetzt hat (ca 2 h). AnschlieBend wird der Alkohol vorsichtig mit einer IR-Lampe 
abgedampft. Urn Korrekturen fur Selbstabsorptionen und Rtickstreuung zu vermeiden, 
wird bei unendlicher Schichtdicke gemessen (Abb. 2). Sie liegt bei 100 mg BaSO,/Schalchen 
(= 163 mg/cm’). Die Geometrie der Zahlanordnung ist bei allen Messungen konstant. 
Korrekturen der Mefiergebnisse, bedingt durch die Totzeit des Geiger-Mtiller-Endfenster- 
dhlrohrs, entfallen wegen der verhlltnismabig kleinen Impulsraten. Dagegen erfordert 
die kurze Halbwertszeit des 35S bei Untersuchungen, die sich tiber einen llngeren 
Zeitraum erstrecken, eine Zerfallskorrektur der Mebergebnisse. 

AKTIVITATSMESSUNG DIREKT AUF DEM TRAGERMATERIAL DURCH 
FLUSSIGSZINTILLATION 

Die direkte Messung trockener Teile der Chromatogramm- bzw. Pherogrammstreifen 
in einem Szintillator ist eine seit lingerer Zeit bekannte und bequeme Methode zur 
Aktivitatsermittlung vor allem bei i4C-markierten Verbindungen.6-10 

Zur Messung der “%markierten Substanzen werden die getrockneten Pherogramme in 15 x 10 mm 
Stilcke geschnitten. Die Gesamtbreite der Pherogramme betrlgt in allen Fallen 30 mm. Jede einzelne Zone 
setzt sich aus lo-12 Papierstlcken zusammen. Die ausgeschnittenen Papierstiicke legt man horizontal auf 
den Boden der MeDglaser und setzt dann 7 ml der Szintillatorlosung zu. Bei diesem Volumen hat man ein 
Maximum der Zahlausbeute (Abb. 3). Die Szintillatorlosung enthllt auf 1000 ml Toluol 6.0 g PPO und 
0,Ol g POPOP. Eine merkliche Loslichkeit der 35S-markierten Substanzen im Szintillator ist nicht zu 
beobachten. 

68000 

67000 

65000 

64000 
E 

.e 
63000 

0 2 4 6 8 IO 12 14 16 18 20 

mL 

Abb. 3. Abhlngigkeit der Nettoimpulsrate von der Menge an Szintillator-Losung. 

Die Messungen selbst erfolgen im Tri-Carb-Spektrometer, Model1 3380 der Fa. Packard Instruments. Der 
automatische Probenwechsler hat ein Fassungsvermogen von 200 Glkern. Diese MeBglaser sind standardisiert 
und bestehen aus einem kaliumarmen Glas. Gemessen wird im fixierten ‘%-Kanal. Die im Grundelektrolyten 
enthaltenen Salze bewirken nur einen vernachllssigbar kleinen Verlust in der Zahlausbeute (Tab. 1). 
Fur diese Kontrollmessungen wird eine SO:-Standardlosung eingesetzt, deren radiochemische Konzentration 
10.8 &i/ml betrlgt. Die Zahlausbeute fir 3sS-markiertes SOi- ergibt sich dann bei Papier als Tragermaterial 
zu 559,. 
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Tabelle 1. Nettoimpulsrate in Abhlngigkeit des eingesetzten 
Grundelektrolyten 

Mittelwert aus je 
10 Messungen. 

ipm 

ohne Grundelektrolyt 65 597 
65 266 
65 626 
64 756 
65 841 
65 676 

x=65460 

Grundelektrolyt pH 7 
0,6M NaCH,C00/3,4. 10e3M CH,COOH 66 408 

66 567 
65 650 
64 748 
65 721 
65 869 

K = 65 827 

Grundelektrolyt pH 3 64 185 
0,lM H,SOJlM Glycin 65 282 

64 759 
64 382 
64 751 
65 329 

K = 64 781 

VERGLEICH DER BEIDEN AKTIVITATSMESSMETHODEN ANHAND 
EINES POLYTHIONATGEMISCHES 

Die eingesetzte Losung enthalt die Polythionate S,Oi-, S,Oi-, SsOi- und S,Oi- mit “S-markierten 
Sulfonsauregruppen gleicher spezifischer Aktivitlt. 

Die Konzentrationen betragen: IO,87 mg S,Oi-/ml, 10.12 mg S,Oi-/ml, 4.67 mg S,Oi-/ml und 
0,887 mg S,Oi-/ml. Fur den Vergleich werden jeweils zwolf Proben von 1,O; 2.0; 3.0; 4,0; 5.0 ~1 dieser 
Polythionatlosung mit der “Agla” Mikrometersyringe auf Ionophoresepapier aufgetragen und getrennt. Nach 
beendeter Ionophorese nimmt man die Aktivitltsverteilungskurven auf, urn die Lage der einzelnen Zonen 
auf den Pherogrammen festzulegen (Abb. 4). Danach werden die Meljproben nach den oben beschriebenen 
Vorschriften hergestellt. 

Abb. 4. Typisch Pherogram (Aktivitiitsverteilungkurve). 

Die Mel3zeiten nach Uberfuhrung in Ba’5S0, betragen zehnmai vier Minuten. die bei der Messung 
direkt auf dem Papier zehnmal eine Minute. Tabelle 2 zeigt die Abhingigkeit der Nettoimpulsrate von der 
Absolutmenge der Ionen nach Uberfiihrung in Ba’%O, und bei direkter Messung auf dem Trager. Die 
Mellpunkte sind Mittelwerte von jeweils sechs Proben. lmpulsrate ist in jedem Falle der aufgetragenen Menge 
direkt proportional. 
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Tabelle 2. Abhlngigkeit der Nettoimpulsrate von der aufgetragenen Menge 
der Polythionate 
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nach Ubetfiihrung 
in Ba35S0 4 bei direkter Messung 

Ion 

Standard- Standard- 

Menge, Zahlrate, abweichung, ZIhlrate, abweichung, 

w ipm W ipm ag 

s,o;- 50 2500 1.1 618ooo 0.5 

s,o; - 50 2100 038 517000 037 
s,w 20 750 0.4 180000 0.3 

s,o;- 5 165 O,2 39000 Cl 

DISKUSSION 

Die Messung der Aktivitat nach Elution und anschlie5ender fjberfiihrung der 
Schwefelverbindungen in BaSO, hat den Nachteil der schwierigen und zeitraubenden 
Merjprobenvorbereitung. Fiir die Elution, Oxydation zu SOi- und Sedimentation sind 
zwei Tage notwendig. Ein weiterer Nachteil ist die geringe Zahlausbeute, die bei etwa 
0,25x liegt. Dadurch sind Zonen geringerer Substanzkonzentration bei gegebener 
spezifischer Aktivitat nicht mehr me5bar. Die Absolutaktivitat einer gerade noch 
merjbaren Zone betragt 20000 Zerfalle/Minute. Der Vorteil dieser MeDmethode aber ist 
die Unabhlngigkeit der Me5ergebnisse von der chemischen Zusammensetzung der 
jeweiligen Schwefelverbindung. 

Wesentlich schneller und leichter ist die Messung der Aktivitat innerhalb der Zonen 
direkt auf dem Tragermaterial mittels der Fliissigszintillationsmethode. Die Zahlausbeute 
liegt bei Papier als Tragermaterial bei 55%. Diese Methode besitzt daher eine wesentlich 
gr65ere Empfindlichkeit. 

Vergleicht man aber die Ergebnisse, die fur die Polythionate mit den beiden 
Meljmethoden erhalten werden, so ergeben sich teilweise erhebliche Unterschiede. Bei 
der direkten Messung tritt eine Substanzabhangigkeit der Zlhlausbeute auf, wie sie such 
bei ’ 4C-markierten Verbindungen bekannt ist.6 Grund ist die unterschiedliche Absorption 
der von den Szintillatoren emittierten Photonen durch die einzelnen Polythionate. 
Dieser Zahlverlust mu5 bei der Auswertung beriicksichtigt werden (Tab. 3). 

Tabelle 3. Zahlausbeute bei der Fliissigszin- 
tillationsmessung 35S-markierter Verbin- 

dungen 

Zahlausbeute, 
35S-markierte Verbindung % 

E&o;- 55 
s,o;- 54 
s,o;- 53 
s,o;- 50 

Die mit beiden Meljmethoden erhaltenen Substanzmengen liegen im pg-Bereich. Die 
spezifische Aktivitat betragt etwa 1.10e2 mCi/mMol. Die Substanzmengen konnen ohne 
weiteres urn den Faktor 1000 verkleinert werden, wenn gleichzeitig die spezifische 
Aktivitat entsprechend erhbht wird. Die spezifischen Aktivitaten der kauthchen 
Schwefelverbindungen, die eingesetzt werden konnen, liegen bei 30-40 mCi/mMol. 
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Grundsatzlich lassen sich beide Methoden zur quantitativen Bestimmung markierter 
Schwefelverbindungen einsetzen. Bei uniformer Markierung aller Schwefelatome ist die 
Nettoimpulsrate dem Schwefelgehalt direkt proportional. Mit Eichkurven lassen sich die 
Absolutmengen einfach ermitteln. Bei genereller Markierung der Schwefelatome der 
Ausgangsverbindungen ist die Kenntnis des Reaktionsmechanismus notwendig. Aurjerdem 
diirfen keine Isotopenaustauschreaktionen auftreten. 

Das wesentliche dieser Kombination von Trennung und Aktivitatsmessung liegt aber 
nicht nur in der Moglichkeit Reaktionsgemische quantitativ zu untersuchen. Vielmehr 
konnen mit Hilfe genauer Aktivititsmessungen Reaktionsmechanismen aufgeklart und 
neue Verbindungen nachgewiesen werden. 
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Summary-The activity of 35S-labelled polythionates has been measured on electropherograms 
by elution followed by precipitation as Ba ‘sS04 and end-window GM-tube counting, and 
directly on the support material by liquid-scintillation counting. The results obtained by 
the two methods are presented and compared. The count-rate yield is only 0.25% for the first 
method, but 55% for the second, though this does suffer from a slight dependence on the nature 
of the ion present. 

Rbumie-On a mesurt l’activite de poiythionates marques au s5S sur des electrophtrogrammes, 
par tlution suivie de precipitation a I’itat Ba 35S0, et comptage par tube GM a fenetre. et 
directement sur le material-support par comptage par scintillation liquide. On presente et compare 
les rtsultats obtenus par les deux methodes. Le rendement de la cadence de comptage est de 
0.25% seulement pour la premiere mtthode, mais de 55% pour la seconde, quoique celle-ci ait 
I’inconvtnient de dipendre ltgtrement de la nature de l’ion present. 
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Summary-Manganese is quantitatively extracted into a benzene solution of trioctylmethyl- 
ammonium chloride from a solution at least 0.25M in potassium thiocyanate and at pH 
2.5-7. After stripping into dilute ammonia containing triethanolamine (TEA) and hydroxyl- 
amine hydrochloride, manganese is determined by EDTA titration. Calcium and magnesium 
are not extracted even in traces. Iron is co-extracted with manganese and is masked with TEA 
during the stripping. Aluminium also does not interfere. In the aqueous phase, after the 
extraction of manganese, calcium or magnesium can be determined by the usual EDTA 
titration. The method described permits highly selective individual determination of manganese 
and calcium and/or magnesium in all materials rich in manganese. 

In complexometric determination of manganese, calcium and magnesium in materials 
rich in manganese we encounter some difficulties caused by the relatively low stability 
constant of the Mn-EDTA complex (log KHnY = 13.6). This allows reliable determination 
of manganese in alkaline medium together with calcium and/or magnesium. Determination 
in slightly acidic medium (pH 5-6) for example with DCTA and Methylthymol Blue,’ 
or with EDTA and Calcein,’ can be used when very small amounts of calcium and 
magnesium are present. Masking of calcium with ammonium fluoride3T4 is limited to a 
maximum of 10 mg of calcium. On the other hand, manganese in trace amounts 
(3-4 mg/lOO ml) can be masked with triethanolamine (TEA) in strongly alkaline medium,’ 
and large amounts up to 80 mg by transforming this intense green Mn-TEA complex 
into the almost colourless manganese(II1) cyanide complex.6 

In the complete analysis of the mixtures of iron, aluminium, manganese, calcium and 
magnesium, the known separation methods for iron, aluminium and manganese are used. 
Manganese can be precipitated in alkaline medium with thioacetamide,’ or from small 
volumes with potassium chlorate’,’ or from acidic solution with ammonium persulphate.” 
In precipitation of manganese we have to allow for small losses of manganese in the 
filtration, or for some co-precipitation of calcium or magnesium. Separation of iron and 
aluminium with zinc oxide and then manganese with ammonium persulphate is time- 
consuming. I1 The extraction methods for manganese described in the literature12 are 
suitable mostly for small amounts of manganese and for its calorimetry, but not selective 
enough for its complexometric determination. Even the extraction of manganese together 
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with heavy metals by extraction as diethyldithiocarbamates into chloroform or ethyl 
acetate needs large amounts of reagent and solvents.‘3.‘4 

In continuation of our previous work on extraction of some metals as chlorides and 
iodides into a solution of trioctylmethylammonium chloride (TOMA)” we paid attention 
to the extraction of metals as thiocyanate complexes. We have found that manganese(H) 
is quantitatively extracted from slightly acidic potassium thiocyanate medium with a 
chloroform or benzene solution of TOMA, without any extraction of calcium and 
magnesium. After stripping of manganese into ammonia-triethanolamine solution 
manganese is determined complexometrically without any interference by iron and 
aluminium. In the aqueous phase after extraction of manganese, calcium and/or 
magnesium can be determined by the usual complexometric method. As far as is known, 
only one method for extraction of a manganese thiocyanate complex (with tributyl 
phosphate) has been described, by RbBycki and Lachowicz.16 Under the same conditions 
calcium and magnesium are also almost quantitatively extracted and therefore their 
method is not suitable for manganese-alkaline earths separation. 

EXPERIMENTAL 

Reagents 

Trioctylmethylammonium chloride solution, 5% in benzene. Prepared by dissolving 50 g of Aliquat 336-S 
(General Mills Chemical Inc., Kankakee, Illinois, U.S.A) in 1 litre of pure benzene. 

Other chemicals used were analytical reagent grade. 
EDTA solution, 0.05M. Standardized with 0.05M lead nitrate with Xylenol Orange as indicator. 
Solutions, 0,05M, of manganese sulphate, magnesium sulphate and ferric chloride were prepared from proper 

amounts of the compounds and checked complexometrically. 
A 0.05M solution of calcium chloride was prepared by dissolving calcium carbonate in sufficient hydro- 

chloric acid, and checked complexometrically. 
Indicators used were thymolphthalexone mixture with potassium nitrate 1 : 100 w/w and metalphthalein 

(cresolphthalexone), 0.1 g. and Naphthol Green B. 0.06 g, mixed with 15 g of potassium nitrate. 
Other reagents Include IOO;, solution of triethanolamine (TEA) in water. solid potassium thiocyanate. solid 

hydroxylamine hydrochloride, and ammonium chloride. 

Separation of manganese 

f$ecf C$ potassium thiocyanate concentration. In 150-ml separatory-funnels 5-ml portions of 0.05M man- 
ganese sulphate were mixed with 0.25. 0.50. 1.0, 2.0. or 3.5 g of potassium thiocyanate. and diluted to 40 ml 
with water (final concentrations of potassium thiocyanate were 0.065.0.13, 0.26. 0.52 and 0,917.u). The pH was 
adjusted to about 4 with a few drops of 1M sulphuric acid. Each solution was extracted twice with 10 ml 
of 5% TOMA in benzene with I min shaking, each pair of extracts being combined. The aqueous phases were 
washed with 5-10 ml of pure benzene and the washings added to the appropriate extract. The extracts 
were then stripped with a mixture of 12.5 ml of ammonia (1 + I), 12.5 ml of lo?,, triethanolamine solution 
and 0.5 g of hydroxylamine hydrochloride. The phases were separated and the organic phase washed with 
25 ml of water. The ammonia solution and washings were collected in a 300-ml tit&Ion Hask (for edch extract). 
diluted to 150-200 ml and after the addition of 0.2 g of ammonium chloride the manganese was determined 
with 0.051Gf EDTA. with thymolphthalexone as indicator (see Table 1). From these results it was found 
that at a ootassium thiocvanate concentration >0.25M the extraction of manganese is quantltatlve. Excess 
of thiocyanate does not influence the extraction. 

fnfluence of OH. In a small beaker 5 ml of 0.05M manganese solution were diluted to 35 ml with water 
and-1 g of io;assium thiocyanate was added. The pH was adjusted to various values with sulphuric acid 
(glass electrode). The solution was transferred quantitatively into a 150-ml separatory funnel. and manganese 
extracted and determined as above. With increasing pH the degree of extraction also increases. being 57”” 
at pH 0.43, 94”%, at pH I.2 and at least 99.94; between pH 2.5 and 7. 

Dilution and rime of extraction. Because during the extraction of manganese equilibration between the 
thiocyanate and chloride salts of TOMA also takes place, the mutual eflect of dilution (concentration of 
manganeseand thiocyanate) and timeofshaking was followed. Various volumes containing known concentrations 
of manganese and thiocyanate were extracted twice with IO ml of 5”: TOMA in benzene for I. 2. 5 or 10 m!n 
and manganese determined as above. The results are summarized in Table 2. 

From the table is evident that the minimum time of extraction (shaking) needed is indirectly proporttonal 
and manganese was determined as above. The results are summarized in Table 2. 

From the table it is evident that the minimum time of extraction (shaking) needed is indirectly proportional 



Separation of manganese as Mn(CNS)z- 51 

Table 1. Extraction of manganese. Influence of potassium 
thiocyanate concentration. Taken, 5 ml of OOSM Mn = 4.96 ml 

of O.OSM EDTA 

Consumption of 0.05M EDTA 

KSCNI40 ml. Molarity 

9 of KSCN 

0.25 0.06 
0.50 0.12 
1.00 0.25 
2.00 0.5 
3.00 0.9 

After 
Mn-stripping 

ml 

3.80 3.75 
4.88 4.90 
4.96 4.95 
4.95 4.94 
4.96 4.94 

In water 
phase, 

ml 

1.14 1.16 
0.07 0.04 
0.03 0.03 
0.03 0.03 
0.03 0.03 

Table 2. Dependence of time of shaking on molar concentration of manganese 
and thiocyanate. (5 ml of @05M Mn E 4.96 ml of 0.05M EDTA) 

Time of 
Volume, [ KSCN] extraction, Found, ml Extraction 

ml M mitt 0.05M EDTA “/‘, 

40 0.26 6.2 1 4.96 -100 
40 0.26 6.2 2 4.98 -100 
80 0.13 3.1 1 4.28 86 
80 0.26 3.1 1 4.94 -100 

120 0.08 2.1 1 3.02 64 
120 0.08 2.1 5 4.96 -100 
120 0.26 2.1 1 4.94 -100 
160 0.06 1.5 1 2.11 42 
160 006 1.5 10 4.97 -100 
160 0.06 1.5 1 4.95 -100 
200 0.05 1.2 1 1.14 23 
200 0.05 1.2 10 4.95 -100 
200 0.26 1.2 1 4.95 -100 

to the concentration of manganese and thiocyanate. For l-2 min of extraction the lowest concentration of 
potassium thiocyanate must be again 0.25M. At lower concentration-but sufficient for the formation of the 
Mn(CNS)z- complex-the time of extraction must be extended to up to 10 min. 

We should mention here that the work was also devoted to the determination of calcium and magnesium 
after the extraction of manganese. Preliminary experiments have shown that very high amounts of potassium 
thiocyanate in the aqueous phase after the manganese extraction (more than 2 g of KSCN) disturb the colour 
change of the indicators in the determination of calcium and magnesium even when the solution is diluted 
to 500 ml before the titration. It has been found that 1.5 g of potassium thiocyanate might be tolerated for such 
titrations. 

RESULTS AND DISCUSSION 

Extraction sf manganese with equilibrated TOMA 

A few attempts were made to extract manganese directly with TOMA containing thio- 
cyanate. TOMA (5”, solution in benzene, 20 ml) was equilibrated with 20 ml of 5M 
potassium thiocyanate by 20 min of shaking. The separated TOMA-SCN solution was 
divided into two portions which were used for the extraction of 5 ml of 0.05M manganese 
under the same conditions as above. It was found that the normal time of ex- 
traction is not sufficient for quantitative recovery of manganese. Further experiments 

have shown that every extraction must be carried out for at least 5 min. With larger amounts 
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of manganese we can expect that the time of extraction must be prolonged. For this 
reason we prefer the first method-extraction of manganese from solutions containing 
sufficient potassium thiocyanate. 

Capacity of the extraction 

A similar procedure was used for increasing amounts of manganese (10, 15, 20 ml of 
0*05M solution) with the addition of 1.5 g of potassium thiocyanate. After dilution to 
40-60 ml, the manganese was extracted and determined as above. Under these con- 
ditions about 32-35 mg of manganese can be quantitatively extracted. Using a lOO,/, solution 
of TOMA we were able to extract up to 110 mg of manganese with two 25-ml portions of 
TOMA. 

Influence of anions 

It has been found that the presence of various salts, such as 1 g of sodium sulphate, 
sodium chloride, potassium nitrate and ammonium fluoride, in 40 ml of the solution 
is without effect on the extraction. In the presence of 0.5 and 1.0 g of potassium iodide the 
recovery of the extraction of manganese was 97 and 90% respectively. 

Influence of cations 

Iron is co-extracted with manganese and stripped similarly. When triethanolamine with 
ammonia is used for stripping, iron is masked against EDTA and does not interfere. 
Cobalt, copper, zinc, etc., if present in the material analysed, accompany manganese 
through the whole procedure and can be masked with potassium cyanide. 

Determination of manganese in the presence of calcium and magnesium 

The same procedure was used (40 ml total aqueous volume, pH 4, 1 g of KSCN) for 
the determination of manganese, double extraction with 10 ml of 5% TOMA and stripping 
with ammonia as described under Separation of manganese). Similar results were obtained 
in the presence of lo-30 mg of iron. Some results are given in Table 3. 

Table 3. Determination of manganese in the presence of 
calcium and magnesium 

Taken 

O.OSM Mn, Calcium, 
ml w 

503* - 
5.03 20 
5.03 
5.03 40 
5.03 loo 

10a6t 40 

1oa6 loo 
10.06 20 
3.Old 40 
3.01, loo 

* 13.73 mg Mn. 
t 27.47 mg Mn. 
p 8.24 mg Mn. 

Found 

Magnesium, 0.05M EDTA 

w ml 

5.05; 5.03; 5.03 
5.04; 502 

6 503; 5.01 
12 5.04; 504 
30 5.03: 5.01 
12 lOa6; 10.03 
12 1045; IO.05 
30 10.04; 10.08 
12 3.01; 3.01 
30 3.03; 3.02 
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Deiermina~ia~ of manganese and al~line earths 

After the extraction of manganese, calcium and magnesium can be determined 
complexometrically in the aqueous phase. In some experiments we have observed that 
after the extraction of manganese from very large volumes containing accordingly large 
amounts of potassium thiocyanate (more than 1.5 g) the colour change was not too sharp 
even after dilution of the aqueous phase. For this reason, the original volume for man- 
ganese extraction must be limited to 40-60 ml confining about 1 g of potassium 
thiocyanate. After the double extraction of manganese as described above, the titration 
of calcium or magnesium, with thymolphthalexone or cresolphthalexone as an indicator 
(see Reagents), gave correct results with reasonably sharp end-points if the solution was 
diluted to 200 ml. A few results are given in Table 4. 

Table 4. Successive determination of manganese and calcium or magnesium 

0.05M Ca. 
ml 

Taken 

0.05M Mg, 
ml 

O*OSM Mn, 
ml 

0.05M Ca, 
ml 

Found 

0.05M Mg, 
ml 

O-05M Mn, 
ml 

3.01 - 5.03 2.95 
3-00 
3.02 

5.015 - 203 5.01 
5.02 
5.00 

- 3.06 5.03 - 
- 5-10 5.03 - 

- 5-04 
5.02 
5.02 

- 5.03 
504 
5.03 

3.07 - 
5.07 - 

Practical application 

The method has been applied to the analysis of one sample of sedimentary 
ore of carbonaceous-oxide composition, (Czech. standard No. l-02-001) 
1653% Mn, 12.32% CaO and 4.53% MgO. 

manganese 
containing 

Because the sample was very resistant to normal dissolution in acids, the following 
procedure was chosen. 

About 1 g of the sample was treated in a Teflon beaker with 10 ml of cont. hydrochloric acid and 
20 ml of hydrofluoric acid and evaporated nearly to dryness. Then 20 ml of aqua regia were added and evaporated 
on a sand-bath. During the evaporation 5 ml of 30% hydrogen peroxide were added, three times. To the wet 
residue 20 ml of hydrochloric acid were added and evaporated again to give a moist residue. The residue 
was dissolved in 50 ml of water, filtered into a HO-ml volumetric flask and after cooling, diluted to the 
mark. From this solution 10 mi were taken in a ISO-ml separatory-funnel and after the addition of 0.5 g 
of potassium thiocyanate were extracted twice for 2 min with 10 ml of 5% TOMA in benzene. The remaining 
water phase was washed with 5 ml of pure benzene, the washings being added to the combined 
extracts. The benzene solution was stripped with 25 ml of ammonia (1 + 1) containing 5% of triethanolamine 
and 0.5 g of hydroxylamine hydrochloride. This solution was transferred into a 2SO-ml titration flask, the 
organic layer was washed with water (and the washings added to the aqueous phase) and after dilution 
manganese was titrated with 0,05&f EDTA, with thymolphthaiexone as indicator. The aqueous phase after 
the extraction of manganese was transferred into a 30%ml titration flask, diluted to 200 ml and after the 
addition of 0.5 g of hydroxylamine hydrochloride and 10 ml of 10% TEA and ammonia solution the total 
Ca + Mg was titrated with 0.05M EDTA, with Cresolphthalexone-Naphthol Green B mixture as indicator. 

For the control another 10 ml of original solution were taken in a 300-m) titration flask, 05 g of hydroxyl- 
amine hydrochloride 10 ml of 107; TEA solution and 10-30 ml of ammonia solution were added and the sum of 
Mn + Ca + Mg was determined by EDTA titration, using thymolphthalexone as indicator. Some results are 
included in Table 5. 



54 R. PRIBIL and J. ADAM 

Table 5. Determination of manganese in manganese ores 

0.05M EDTA, ml 

Sample weight Manganese CaO + MgO Mn + CaO + MgO 
in 10 ml, 

mg Calculated Found Calculated Found Calculated Found 

96.5 5.85 640 
5.81* 5.82 6.39,: 6.42 12.19* 12.10 

5.83 640 
100.0 6.03* 6.06 6.63’ 6.63 

6.05 6.65 
6.05 6.61 

* Calculated from the declared values 16.53% Mn, 12.32% CaO, 4.530/, MgO. 

Acknowledgement-The authors consider it a pleasant duty to thank Mr. J. House, General Mills Chemical 
Inc., Minneapolis, U.S.A., for providing samples of Aliquat S-336. 
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ZusPmmenfassung-Mangan wird aus einer Liisung mit mindestens 0.25 M Kaliumthiocyanat 
und bei pH 2.5-7 quantitativ in eine BenzollGsung von Trioktylmethylammoniumchlorid 
(TOMA) extrahiert. Nach Riickextraktion in Triithanolamin (TEA) und Hydroxylaminhydro- 
chlorid enthaltenden verdiinnten Ammoniak wird Mangan durch EDTA-Titration bestimmt. 
Calcium und Magnesium werden nicht einmal in Spuren extrahiert. Eisen wird mit Mangan 
zusammen extrahiert und bei der Rtickextraktion mit TEA maskiert. Aluminium stiirt ebenfalls 
nicht. Nach der Extraktion von Mangan kannen Calcium oder Magnesium in der wlDrigen 
Phase mit der iiblichen EDTA-Titration bestimmt werden. Das beschriebene Verfahren erlaubt 
die hochselektive Einzelbestimmung von Mangan und Calcium und/oder Magnesium in allem 
manganreichen Material. 

R&me-Le mangantse est extrait quantitativement dans une solution benzenique de chlorure de 
trioctylmtthylammonium (TOMA) i partir d’une solution au moins 0.25 M en thiocyanate de 
potassium et B pH 2.5-7. Aprts riextraction en ammoniaque dilute contenant de la tri- 
tthanolamine (TEA) et du chlorhydrate d’hydroxylamine. on dose le mangankse par titrage d 
I’EDTA. Le calcium et le magntsium ne sont pas extraits. mZme B I’btat de traces. Le fer est 
coextrait avec le mangantse et est dissimuli par le TEA lors de la r&extraction. L’aluminium 
n’interfkre pas non plus. Dans la phase aqueuse, aprts l’extraction du mangantse. on peut doser le 
calcium ou le magnCsium par le.titrage habitue1 ri I’EDTA. La mCthode d&rite permet le dosage 
individuel hautement sClectif du manganese et du calcium etjou du magntsium dans tous les 
produits riches en manganese. 
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EXTRAKTION DER METALLIONEN Cr(III), Fe(III), 
Co(II), Ni(II), Cu(I1) UND Zn(I1) MIT GESCHMOLZENEM 

OXIN UND BESTIMMUNG DER EXTRAHIERTEN 
METALLE MIT HILFE VON Rt)NTGENFLUORESZENZ 

B. MAGYAR und F. I. LOBANOV 

Laboratorium fiir Anorganische Chemie, Eidg. Techn. Hochschule, Zurich, Schweiz 

(Eingegnngen am 20. Juni 1972. Angenommen am 16. August 1972) 

Zusammenfassung-Die Genauigkeit der Riintgenfluoreszenzanalyse bei der Bestimmung einiger 
Metalle in gepregten Pillen von Oxin wird diskutiert. Ein Verfahren zur Bestimmung kleiner 
Metallmengen in SiiBwasser und in organischem Material (Zucker) wird beschrieben, wobei das 
geschmolzene Oxin als Extraktionsmittel dient. 

Bei der quantitativen Bestimmung der Elemente mit Hilfe von Rtintgenfluoreszenz- 
Spektrometrie spielt die Homogenitat der Probe eine wichtige Rolle. Diese kann am 
einfachsten dadurch gewahrleistet werden, da13 man die Probe lost und die Fluoreszenz- 
intensitat des zu bestimmenden Elementes A an der Losung ausmi13t.1~2 Durch die 
Verdiinnung werden such die Matrixeffekte weitgehend eliminiert, d.h. die Beeinflussung 
der Fluoreszenzintensitat von A durch stdrende Begleitelemente wird vernachlassigbar 
klein. Dieselben Vorteile bietet such die tiberfiihrung des zu bestimmenden Elementes A 
in eine “feste Losung”, wie z.B. in Boraxglas.3 

Vollige Homogenitat kleinster Bereiche kann bei Mischungen aus kristallinen Kompo- 
nenten nur dann verwirklicht werden, wenn der zu ldsende Stoff mit dem “festen 
Liisungsmittel” (Wirtskristall) Mischkristalle bildet. Gewisse ungeladene Metallkomplexe 
l&en sich in geschmolzenem Komplexbildner, wie z.B. die Metalloxinate in Oxin. Es ist 
anzunehmen, daI.3 festes Oxin mit Oxinaten einerseits und verschiedene Oxinate andrerseits 
Mischkristalle bilden. Jedenfalls kann beim Abkiihlen von verdiinnten Llisungen der 
Metalloxinate in geschmolzenem Oxin keine Abscheidung von Oxinat-Kristallen beobach- 
tet werden. Man erhalt durch Abschrecken der Schmelze eine homogene Probe, welche 
sich nach dem Pulverisieren und Pressen fur die Messung der Fluoreszenzintensitaten 
gut eignet. In dieser Arbeit wird nun eine Kombination der Schmelze-Losung-Extraktion 
als Anreicherungsmethode und der Rontgenfluoreszenz-Spektrometrie als Analysen- 
methode beschrieben. wobei das 8-Hydroxychinolin (Oxin, HOX) sowohl als Extrak- 
tionsmittel wie such als Trager fur die extrahierten Metalle bei ihrer rtintgenspektrome- 
trischen Bestimmung dient. 

EXPERIMENTELLER TEIL 

Apparatives 

Die Fluoreszenzintensitaten wurden unter standardisierten Megbedingungen’ mit einem Vakuum-Spek- 
trometer (Philips PW 1540) ermittelt. Fur die Aufnahme der Spektren wurde zusatzlich ein automatischer 
lmpulshohenanalysator (Diskriminator Philips PZ 1370) verwendet, welcher das untere Schwellenpotential 
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entsprechend der reziproken Wellenlange automatisch einstellt. Die Fensterbreite des Diskriminators bleibt 
jedoch auf dem eingestellten Wert, welcher folgendermassen bestimmt wurde: man ermittelte die Halbwerts- 
breite der ~mpulsh~henverteilungskurve fur die mit dem betreffenden Detektor zu messende kiirzeste bzw. Hngste 
Wellenl~nge und beniitzte deren Summe als Fensterbreite. 

Probenpriisentation 

In der Rontgenspektrometrie werden iiblicherweise solche Proben ausgemessen, deren Oberfliiche groBer ist 
als der Querschnitt des primaren Strahlenkegels. Der Letztere betrug bei dem verwendeten Apparat cu. 3,5 cm* 
und bedingte die Ve~endung von grof3en Pillen mit einem Durchmesser ‘van 40 mm. Die benotigte 
Oxinmenge betrug mindestens 6 g, was eine groRe Menge des zu bestimmenden Elements erforderte. Fur viele 
Anwendungen sollte aber die absolute Nachweisgrenze moglichst tief gehalten werden. Darum wurden such 
Pillen mit einem Durchmesser van 13 mm auf ihre Anwendbarkeit gepriift. Der Primirstrahl wurde dabei 
ohne Blenden verwendet, so daf3 dessen Querschnitt an der Stelle der Probe griiBer war als die Probenoberflache. 
Die Pillen wurden mit Hilfe eines Einsatzes, welcher aus Plexiglas angefertigt wurde und in den k~uflichen 
Probenhalter pa&e, in richtiger Position gehalten. Aus 500 mg Oxin ergab sich beim Pressen (mit ca. 
100 kp/cm*) eine Pillendicke von ca. 2,3 mm, welche noch nicht als “unendliche” Schichtdicke betrachtet 
werden darf. 

Die Eindringtiefe der Primarstrablung betragt fiir reines Oxin 5.4 cm, wenn fiir eine Wellenllnge von 0.6 A 
(= AgK,-Lime), fiir eine IOOfache Abschw~chung und fur einen Winkel von 45” zwischen dem Lot des 

w 
rim&en 

Strahlenkegels und der Probenoberffiche gerechnet wird. Fur die Wellenlange 2.2s (Cri<,) bzw 1.4 (ZnK,) 
betragt die Austrittstiefe 0,17 bzw. 0,65 cm bei einem Winkel von 45” zwischen der Kollimatorachse und der 
Probenoberflache und bei 1OOfacher Abschwlchung. Die Proben sollten daher mdglichst die gleiche Dicke 
aufweisen. 

Es wurde in einem Rundkolben unter kochendem Wasser wlhrend einer Stunde 5 R Oxin und 5 ml der 
Losung des betreffenden Metallnitrates, dessen Konzentration durch komplexometrische Titration ermittelt 
wurde und 0,OlM betrug, erhitzt. Der Kolben wurde dabei mit einem Schliffaufsatz. der in einer laneen. 
dickwand~gen Kapillare endete, verschlossen und so tief ins Wasser getaucht. dall er mindestens 5 cm unter &em 
Wasserniveau lag. Auf diese Weise konnte der Verlust von Oxin durch Sublimation verhindert werden. Die 
Kapillare wurde elastisch befestigt, so da13 die DampfstiiBe im kochenden Wasser ein recht gutes Riihren 
bewirkten. Nach dem Klarwerden beider Phasen wurde das Wasser am Rotationseindampfer abgedampft. Der 
Kolbeninhalt wurde schlieglich durch nochmaliges Schmelzen und Schwenken homogenisiert, abgeschreckt und 
pulverisiert. Aus dieser “festen Stammldsung” wurden die Eichpillen verschiedener Konzentrationen durch 
Verdiinnen mit reinem Oxin hergestellt, wobei die Mischung durch Schmelzen und Erhitzen bei 98” homo- 
genisiert wurde. 

Zeitlicher I/erlaufder Extraktion 

Der Anfang der Extraktion wurde so festgelegt, daO man das Oxin (3 bzw. 11 g) und die waiarige Losung 
(100 ml) getrennt auf 98” (Tem~ratur des siedenden Wassers bei 720 mmHg) erhitzte und erst dann zusam- 
menbrachte. Das ExtraktionsgefaR (Zweihalsschlitfkolben) wurde wahrend der Extraktion moglichst tief in gut 
geriihrtes Paraffinol getaucht, welches bei 98” thermostatisch behalten wurde. Das Riihren der wHRrigen Phase 
mit einem “Vibromischer” wurde in gewissen Zeitabsmnden kurz unterbrochen, und der wal3rigen Phase eine 
Probeentnommen. in welcher die Konzentration des nicht extrahierten Metalls nach Ansauern ([HNO,] = OJM) 
atomabsorptiometri~h bestimmt wurde. Die Extraktion~us~ute p/,E. zu der Zeit der n-ten Probenahme 
wurde schlieBlich folgendermassen berechnet: 

In dieser Gleichung bedeuten: [A],,, die Molaritat des Elementes A in der waRrigen Phase bei der n-ten 
Probenahme. V,” das Anfangsvolumen der wiiBrigen Phase, II, das Volumen der n-ten Probe, [A],, bzw. V,, die 
Molaritat bzw. das Volumen der S~mml~sung, welche zur Herstellung der wi&igen Phase verwendet wurde. 

Ausfiihrung der Extruktion 

Es wird 10-20 ml der Probelosung, welche nicht mehr als 0,Ol mMole freie Siiure, Lauge oder Puffer- 
substanz enthalten soll, mit 1 g Oxin in einem Rundkolben mit der Kapillare 2-3 Stunden unter kochendem 
Wasser erhitzt. Nach dem Abkiihlen wird die waiarige Phase mit Hilfe eines Fiiterstabes abgesaugt. Man 
wascht 2-3 mal mit je 10 ml Wasser nach und trocknet die organische Phase am Rotationseindampfer. 
Das Oxin mit den extrahierten Metallen wird durch Schmelzen und Erhitzen bei ca. 100” homogenisiert. im 
Eiswasser abgeschreckt, pulverisiert und gepreBt. 
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Die Totalintensitlt IA am Maximum der K,-Linie vom Element A und das Verhiltnis 
VA dieser Intensitit zur Untergrundintensitit neben der Linie I, zeigten eine lineare 
Abhangigkeit von der Konzentration mA im untersuchten Konzentrationsbereich von 0,001 
bis 0,01 mMole/g (s. Abb. 1). In der VerdGnnungsreihe fiir Kupfer und Zink war die 

J 
2 4 6 8 10 

Abb. I.-AbhLngigkeit der Peak-IntensitHt I, bzw. des Intensitltsverh~ltnisses VA von der 
Konzentration m, 

Reproduzierbarkeit bei hiiherer Konzentration schlechter als im Bereich von (1-6) - lo- 3 
mMole/g. Die K,-Strahlung von Kupfer und Zink hat eine grol)e Austrittstiefe (s. Proben- 
p~~se~~a~~o~), und die mef3bare Fluoreszen~ntensi~t weist daher bei der oben beschrie- 
benen Probenpr&entation eine grof3e Abhgngigkeit von der Fllchenbelegung auf. Bei 
diesen Versuchen wurde die Probenmenge pro Pille nur auf ca. 4% konstant gehalten, 
was die grijBere Streuung bei h6heren Konzentrationen verursacht haben diirfte. Das 
IntensititsverhSiltnis V, hingt natiirlich weniger stark von der Pillendicke ab, lieI sich 
demzufolge etwas besser reproduzieren als die Totalintensitit I, und wurde zur Auswertung 
der Intensit~tsmessungen dfters herangezogen. Auswertungsverfahren, welche auf dem 
IntensitatsverhBltnis von Strahlungen vergleichbarer WellenlBnge basieren, sollten such 
gewisse langfristige Vergnderungen apparativer Faktoren und Absorptionseffekte weitge- 
hend kompensieren.4 

Urn die Reproduzierbarkeit der Metallbestimmung in festem Oxin zu ermitteln, wurden 
je 6 Eichpillen fiir jedes Metal1 ausgemessen, wobei sich der Kon~ntrationsbereich von 
0,001 bis 0,Ol mMoIe/g fiir Eisen, Kobalt und Nickel bzw. von 0,001 bis 0,004 mMole/g 
fi.ir Zink und Kupfer erstreckte. Die folgenden Eichgeraden wurden durch lineare Regres- 
sion ermittelt: 

IJIv = V, = VA0 + kA. mA (1) 

I, = IA0 -i- K, * mA (2) 
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Tabeile 1. Bewertung der Konzentrationsbestitnmung nach Gleichung (1) 

GroEe fiir A: Fe CO Ni CU Zn 

1 

: 
4 
S 
6 
7 
8 
9 

10 
11 
12 
13 

(2% (Grad) 
W% Grad) 
kA (g/mMoW 
S(k,f (g/mMoie) 
VA0 
S(V*O) z 
v - 
GL) - 
lo3 mAX (mMole/g) 

s(m& (%) 
E(m*M),t#r (%) 
lo3 mNO (mMole/g) 

NG,, (pg) 

s7,4s 
56,OO 

636,l I 
3-94 
I.1992 
0.0433 
4,406 
o,ot22 
5,042 
I,64 
1,62 
0.272 

7.6 

52.74 48,6 1 44.96 41.74 
S1,OO 47.50 46,70 40,70 

S JO,75 290,07 375,15 376.63 
9,54 3,42 2.17 5.06 
49909 0,9642 I,3366 0.9767 
0,1084 0,0212 0,0085 0,0194 
4,006 2,498 2.670 2.284 
0,0306 0.0111 o,OQ37 0.0084 
5.283 5.287 3,554 3.47 1 
4.37 1.69 1.47 3.00 
1.28 1.23 1.89 1.21 
0.755 0.325 0,121 0,243 

221 9.5 3.8 7.6 

(Oxin-Pillen: Durchmesser = 13 mm, Gewicht = 430 mg (24%) Messhedingungen’ : Ag-Rohre. 
SO kV, 20 mA, LiF-Kristall, Zeitvorwahl = 100 S., ohne Diskriminator.) 

In der Tabelle 1 wurden zusammengestellt: der (26),-Wert am Maximum der K,-Linie 
des betreffenden Metalls fur den verwendeten LiF-Kristall, die ausgewahlte Unter- 
grundstelle (28),, die Neigung k, der Gerade (1) mit ihrer Standardabweichung S(k,), 
der Ordinatenabschnitt I’,,” mit seiner Standardabweichung S(V,“), das mittlere Intensi- 
tltsverhaltnis T/AM mit seiner Standardabweichung S(I/AM) und die mittlere Konzentration 
mAM. I”’ und IA0 kijnnen natiirlich such direkt bestimmt werden, da sie mit V, und I, 
fur eine A-freie Pille identisch sind. Die direkt bestimmten Werte stimmten im allgemeinen 
innerhalb der Fehlergrenzen mit den Ordinatenabschnitten iiberein. 

Die Daten der Zeilen 3-9 in Tabelle 1 wurden fur die Abschatzung des Fehlers bei 
der Konzentrationsbestimmung nach Gleichung (1) verwendet. Eine unbekannte Konzen- 
tration mA kann aus Gleichung (1) in Kenntnis von VA0 und k, berechnet werden. Sie ist 
natiirlich mit einem gewissen Fehler behaftet, da einerseits V, nicht fehlerfrei gemessen 
werden kann und andrerseits such der Eichung, d.h. dem V,‘- und dem k,-Wert ein 
gewisser Fehler anhaftet. Nach dem Fehlerfortpflanzungsgesetz betragt die Standardab- 
weichung von der mittleren Konzentration mAM: 

S(m,,) = ; S2( VA&$) + S2( V*O) + 
A i 

s*(v&2 + v*y ] If2 
Die relative Standardabweichung &(mA&+) der mittieren Konzentration inAM wurde nun 

berechnet und in der 10. Zeile der Tabelle 1 angegeben. Sie betragt im Durchschnitt fur 
alle Metalle 2,4% und ist nicht wesentlich hoher als der totale statistische Zahlfehler. 

Urn den Letzteren mit Hilfe der Gleichung (3) abzuschltzen, miissen fur S( V&, S( VA”) 
und S(k,) die theoretischen Werte eingesetzt werden. Die Standardabweichung einer 
bestimmten Intensitlt I betrHgt theoretisch (I/T)1’2, wobei T die Zdhldauer bedeutet. 
Beriicksichtigt man noch die Fehlerfortpflanzung, so erhalt man fur den statistischen 
Zahlfehler der Konzentrationsbestimmung nach Gleichung (I): 
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Diese Gleichung ist fiir die Zeitvorwahl-MeDtechnik abgeleitet worden und I,” bezeichnet 
darin die Untergrundintensitlt fiir die reine Oxinpille. Der relative statistische Fehler 

100 . ~hat)staJ~AM wurde nun fur eine MeDzeit von 100 S. berechnet und in der 11. 
Zeile der Tabelle 1 angegeben. Fur alle ffinf Metalle betrug das Verhaltnis des totalen 
Fehlers s(mAM) zu dem statistischen Zahlfehler s(mA,&,, im Durchschnitt 1,8, welches 
gewtihnlich such bei der Analyse von Losungen gefunden wird und somit auf eine gute 
Homogenitat der Proben hindeutet. Der Totalfehler diirfte sich daher hauptdchlich 
aus dem statistischen Zahlfehler und aus Fehlern, welche durch kurzfristige Apparate- 
schwankungen verursacht werden, zusammensetzen. 

Ersetzt man in Gleichung (3) I’,, durch V,“ und S(V,,) durch S(I/,“), so erhalt man 
Gleichung (5). welche zur Abschitzung der Nachweisgrenze dient: 

“5; N, [2 . S( v,g + 2 . ifA02 . S2(kA)/kA2]1’2 mA, NG = ___ 

t(%, N) ist ein statistischer Faktor’ und hangt von der gewiinschten Sicherheit sowie 
von der Zahl der MeDpunkte ab, welche fur die Ermittlung von S(I/A’) und S(kJ beniitzt 
wurden. Die Nachweisgrenze wurde nun fur 95’kige statistische Sicherheit berechnet, und 
in der 12. Zeile der Tabelle 1 angegeben. Multipliziert man diese Werte mit dem 
Gewicht einer Pille (0,5 g) und mit dem Atomgewicht des betreffenden Metalls, so 
erhalt man die absolute Nachweisgrenze. Diese ist in der letzten Zeile der Tabelle 1 
angegeben und betragt fur die 5 Metalle im Durchschnitt 10 pg. 

Die statistische Priifung des Auswertungsverfahrens nach Gleichung (2) fiihrte zu 
ahnlichen Resultaten, welche daher nicht weiter diskutiert werden. In der Tabelle 2 sind 
lediglich die Fluoreszenzintensititen fur kilogrammolare “feste Losungen” im Oxin den 
molaren Fluoreszenzintensitaten wal3riger Liisungen gegeniibergestellt. Ein Vergleich 
beider GrliDen ist zulassig, weil sie mit dem gleichen Spektrometer unter standardisierten 
Megbedingungen’ ermittelt wurden. 

Tabelle 2. Fluoreszenzintensitlt von kilogrammolaren Liisungen 
einiger Metalle in festem Oxin und im Wasser (K, in s-‘.kg.mol-‘) 

Cr Fe Co Ni Cu Zn 

10-s K, (Oxin, 13)* 0,608 1,83 2,47 3,34 4,84 6.46 
10e5 K, (Oxin, 40) 1,29 3.55 4,74 6,ll 8.58 11,6 
lo-’ K, (HzO, 32) 0.794 3,16 5,89 4.78 8,92 12,9 

* (Die Zahlen in der Klammer geben den Durchmesser der Probe in 
mm an. Der Durchmesser des prim&en Strahlenkegels betrug an der 
Probenoberfliche cc. 20 mm) 

Die K,-Werte fur ein bestimmtes Metal1 A sind ungefiihr gleich in Wasser und in Oxin, 
wenn die Probenoberfliche grtil3er als der Querschnitt des primaren Strahlenkegels ist. 
Theoretisch ist dies fur homogene Losungen mit ungefahr gleichen Massenabsorptionsko- 
effizienten zu erwarten. Der zweifache Verlust an Empfindlichkeit wird bei der Verwendung 
von kleinen anstelle der groljen Pillen durch die zwdlfmal kleinere Probenmenge mehr als 
aufgewogen. 
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Extraktion der Metallionen mit geschmolzenem Oxin 

Die Extraktion von Metallionen kann entweder mit einer Losung des Oxins in einem 
mit Wasser nicht mischbaren Losungsmittel (gewohnlich Chloroform) bei Zimmer- 
temperatur oder mit geschmolzenem Oxin bei 80-100” ausgefiihrt werden.* Bei der 
“normalen” Extraktion kann die gemeinsame Phasengrenze vie1 grol3er gehalten werden 
als bei der “Schmelzextraktion”, was eine grol3ere Transportgeschwindigkeit zwischen 
den beiden Phasen ermoglicht. Die erstgenannte Technik wird daher meistens vorgezogen, 
wenn die Bildungsgeschwindigkeit des extrahierbaren Komplexes groD ist. Erfolgt die 
Bildung des Oxinates sehr langsam (z.B. fur Cr(OX),), so ist die Schmelzextraktion 
wegen der hoheren Temperatur und wegen der grol3en Oxinkonzentration in der 
wliDrigen Phase die bessere Methode. 

Nach Urnland* liegt die Verteilung des Metalls zwischen der whl3rigen Losung und 
dem geschmolzenen Oxin-ausser bei Alkalimetallen-stets weit auf der Seite der Oxinphase, 
wodurch das Oxin zu einem universellen Extraktionsmittel fur die meisten Metalle 
wird. Die Schmelzextraktion wurde bereits erfolgreich angewandt in Kombination mit 
Spektrophotometrie’** und Spektroskopie.6 Die Anwendung der Schmelzextraktion in 

&it (Min.) 

60 120 la0 240 

Abb. 2.-Zeitlicher Ablauf der Extraktion von Cr(III) und Zn(I1) mit geschmolzenem Oxin bei 
98” c. 

Anfangliche Zusammensetzung der wlgrigen Phase: [ZnX-] = [CrX] = 1.10-4M. [Na, HX] = 
2.10-‘M, wobei X3- das Anion der Nitrilotriessigsaure, welche zur Verhinderung des Ausfalls von 
Zn(OX),, 2HrO diente, bedeutet. 
A: V/V, = 11, wagrige Phase mit “Vibromischer” geriihrt 
8: V/V, = 53, wagrige Phase mit “Vibromischer” geriihrt 
C: V/V, = 53, nicht geriihrt 
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Verbindung mit Riintgenfluoreszenz-Spektrometrie als MeDmethode sollte die selektive 
und genaue Bestimmung der meisten Metalle ermaglichen. 

Damit die Extraktion geniigend schnell erfolgt und die ~xtraktion~us~ute m~glichst 
hoch ist, sollte das Volumenverh%ltnis V/V, der wtii3rigen zu der organischen Phase 
nicht zu grol3 sein (V/V, < 50). Den EinfluD von V/L’, auf die Geschwindigkeit der 
Extraktion von Cr(II1) und ZnfII) zeigt Abb. 2, in welcher die Extraktionsausbeute (%E) in 
Abh~ngigkeit der Extraktions~uer aufgetragen ist. Bekanntlich verhalten sich diese 
Metalle kinetisch sehr verschieden. Wihrend das Zn(I1) rasche Ligandaustauschreaktionen 
eingeht, bildet das Cr(II1) robuste Komplexe. Dementsprechend ist die Bildungsgesch- 
windigkeit von 0(0X), fiir die Extraktionsgeschwindigkeit sogar bei 98” maDgebend, 
was dadurch gezeigt wird, da13 in beiden Versuchen A (V/V, = 11) und B (V/V, = 53) 
zum Erreichen eines konstanten Extraktionsgrades ungefghr die gleiche Zeit beniitigt wird. 
Da sich das Zinkoxinat praktisch momentan bildet, ktinnen die Kurven A (Zn) und 
B (Zn) zur Beurteilung des Einflusses von V/V, auf die Schnelligkeit der Extraktion 
dienen. Eine konstante Extraktionsausbeute wird bei dem grtif3eren Volumenverh~ltnis 
V/V, offensichtlich langsamer erreicht, was mit der Verkleinerung der Transportgesch- 
windigkeit iiber die Phasengrenze mit zunehmendem V/V, zu erklaren ist. In beiden 
Versuchen A und B wurde die wiiDrige Phase mit einem “Vibromischer” so stark 
geriihrt, da13 sich die Phasen noch nicht vermischten. Ein zu starkes Riihren, welches die 
Verteilung des geschmolzenen Oxins in der wal3rigen Phase bewirkt htitte, wurde 
vermieden, damit ein eindeutiger Zusammenhang zwischen dem VolumenverhBltnis und 
der GriiBe der gemein~men Phasengrenze, welche die ~~hwindigkeit der Extraktion 
hauptsachlich bestimmt, bestehen bleibt. 

Beim Versuch C wurde auf das Rfihren verzichtet, was eine sehr langsame Einstellung 
des Gleichgewichtes bewirkte. Zudem zeigten Zn(I1) und Cr(III) eindeutig verschiedenes 
Verhalten. Die Extraktion von Cr(III) setzte nach einer gewissen “Induktions~~ode” ein, 
welche verstreichen mu& damit die Konzentration des Oxins in der wgl3rigen Phase 
geniigend ansteigt. 

Bestimmung der Metallionen in SI$? wusser. Da das Volumenvertiltnis V/V, miiglichst 
klein sein mu& klinnen die Metallionen aus solchen wgl3rigen Proben, deren Abdampfriick- 
stand relativ klein ist, gut angereichert werden. Diese Proben kdnnen entweder ohne Ausfall 
von festen Stoffen vorkonzentriert werden, oder der Riickstand kann in einer kleinen Menge 
eines Ldsungsmittels gel&t werden. Zink und Eisen konnten z.B. in Ziircher Trinkwasser 
bei einer 550fachen Anreicherung bestimmt werden (s. Abb. 3). Diese bestand hier aus 
der iOOfachen Vorkonzentrterung im Ro~tionseindampfer und aus der 55fachen 
Anreicherung bei der Extraktion. 

Bestimmung der Metalle in organischem Material. Die Spurenelemente werden aus der 
Asche mit Sgure herausgel(ist, und die Metallionen aus der neutralisierten L&sung mit 
geschmol~nem Oxin extrahiert. Wie die Abb. 4 zeigt, liefem 128 g Kristallzucker 
(gew6hnliche Handelsware) durch Veraschen und Extraktion mit 1 g Oxin eine Pille 
mit gut mel3baren Fluoreszenzintensitten fiir die K,-Linien der Elemente Eisen, Kupfer 
und Zink 

Der Eidg. Stiftung zur Ferderung Schweizerischer Volkswirtschaft durch wissenschaftliche Forschung danken 
wir fiir finanzielle Unterstiitzung. 
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I 

400 

200 

55 50 45 40 

Abb. 3.-Spektren von Oxinpillen. 
(A) Pille aus der Oxinphase, in welcher Metallspuren aus Ziircher Leitungswasser 550fach 

angereichert wurden. (Die Intensitiiten entsprechen 0,05 mg Fe bzw. 0.72 mg Zn pro Liter 
Wasser). 

(B) Eichpille mit je 0,002 mMole Metal1 pro g Schmelze. 
(C) Reines Oxin. 

55 50 45 40 

Abb. 4.-(A) Spekrum einer Oxinphase. in welcher Metallspuren aus 128 g Kristallzucker 
angereichert wurden. 
Die Intensitlten entsprechen den folgenden Metallgehaiten in Zucker (ppm): 
Fe (1.24). Cu (0.40) Zn (0.18). 

(B) Spektrum des zur Extraktion verwendeten Oxins. 
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Summary-The accuracy of the determination by X-ray fluorescence spectrometry of a number 
of metals in pressed tablets of oxine has been investigated. A procedure is described which has 
been used for the determination of trace metals in fresh water and in sugar, in which molten 
oxine is used as the extractant. 

R&sum&-On a e&die la precision de la d~terminatjon par spectrometrie de fluorescence aux 
rayons X dun certain nombre de mttaux dam des pastifles comprimtes d’oxine. On d&it 
une technique qui a ete utihsee pour le dosage de mttaux a f&tat de traces dans l’eau deuce 
et dans le sucre. dans laquelle I’oxine fondue est utilisee comme agent d’extraction. 
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Summary-When a large excess of the oxidant is used in the ~ron(II~hloramine-T reaction 
at pH 2.56-5.6 the amount of oxidant consumed is well above the stoichiometric amount required 
to oxidize iron(H) to iron( This has been attributed to the formation and subsequent 
behaviour of free radicals during the reaction. The formation of free radicals has been experimentally 
demonstrated. They apparently dimerize to give products of the type R-NCI-NCI-R 
(R = CH,C,H,SO,), which are further oxidized by chloramine-T. The dimerized species liberate 
iodine very slowly from acidified potassium iodide. This explanation satisfactorily accounts for the 
observed extent and rate of destruction of excess of chloramine~T in presence of small amounts 
of Fe(H) or bromide at pH 2.65470. The storage of chloramine-T in metal containers might 
cause extensive destruction of the oxidant by a similar free radical mechanism and should be 
avoided. 

Chloramine-T ~CH~C~H~S~~NClNa.3H~~~ is generally used as an oxidizing agent in 
strongly acid’ medium but recently its utility in alkaline’ and weakly acid3 media has 
been reported. This oxidant is of particular interest for the study of reaction mechanisms 
as it furnishes different types ofoxidants such as monochloramine-T (CH&,H,SO,NHCl), 
dichloramine-T fCH&,H,S02NCl,) and the anion (CH3C6H4S02NCI-), depending on 
the pH of the medium; chlorine4 is also produced in strongly acid medium in presence 
of large amount of chloride ions. It is reported5 that monochloramine-T disproportionates 
according to equation (1) fairly rapidly in the pH range 2-65-56 and fastest at pH 4-7. 

2CH,C,H,S02NHCl - CH3C,H4S02NC12 + CH3C,H,S02NH2 (1) 

During this disproportionation, a minor side-reaction leads to slight but significant 
destruction of chloramine-T by combination of the CH3C,H,S02NCl free radicals4 

Earlier work on the oxidation of iron(I1) with chloramine-T has been concerned only 
with determination of iron(I1). Poethke and Wolf6 reported that iron(I1) can be determined 
by adding excess of chloramine-T in presence of loo/, hydrochloric acid, then reducing 
the surplus chloramine-T with excess of arsenite, the excess being back-titrated with 
chloramine-T, with p-ethoxychrysoidine or Brilliant Carmoisine as indicator. Bishop 
and Jennings’ confirmed this. The oxidation of iron~I1) by chloramine-T is of trivial 
analytical interest, as far better methods are already available. We undertook a study of 
the oxidation with a view to finding whether the results would help in explaining the 
rapid deterioration of chloramine-T stored in metal containers. Interesting results were 
obtained in the oxidation of iron(I1) with chloramine-T in the pH range 2-65-4.7 and are 
mechanistically and analytically significant. 

65 
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EXPERIMENTAL 
Reag~~rs 

Ferrous sulphate solutions, O.OSM and O.IJW, were standardized with dichromate. Ferrous ammonium sulphate 
could not be used as the ammonium ion’ would react with chloramine-T. producing chlorine as one of the 
products. which would interfere in the Fe(II)-chloramine-T reaction. 

Chloramine-T solution. 0.05&f. was standardized iodometrically. 
Sodium thiosulphate solution, 0,05&f, was standardized against dichromate. 
Stock buffer solutions were prepared from acetic acid and sodium acetate for the pH range 7,65-4.7 and 

from potassium hydrogen phthalate for pH 4.0. 
Analyti~l-grade reagents or reagents of known purity were used. 

Procedure 

To 20 ml of 005M ferrous sulphate 20 ml of 2N hydrochloric or sulphuric acid or a buffer in the pH range 
2.65-5.6 were added and the reaction mixture was diluted to 80 ml in a stoppered iodine-flask. To this. lOO-WI”,, 
excess of chloramine-T solution was added and the contents were let stand for a definite time. Then 5 g of 
potassium fluoride were added to complex ferric iron, followed by 15 ml of 10% potassium iodide solution and 
if necessary 20 ml of 2N sulphuric acid. and the iodine liberated was titrated with thiosulphate. with 
starch as indicator. Similar experiments were done without the ferrous sulphate. The difference in the titration 
values of blank and test gives the amount of chloramine-T used. In some cases excess of chioramine-T was 
taken in the conical flask, the pH was adjusted and iron(H) solution was added from the burette. 

The free radical nature of the iron(chloramine-T reaction at pH 4.7 was demonstrated as follows. To 
20 ml ofO.OSM chloramine-T solution, 40 ml of distilled water and 20 ml of acetic acid-acetate buffer (pH 4.7) were 
added and the solution was deaerated for 1 hour by bubbling pure nitrogen gas through it. Then 5 ml of O.lM 
ferrous sulphate solutton and 1 ml of methyl methacrylate monomer (deaerated for 1 hr) were added, and the 
Aask was stopped and set aside in the dark for I hr. The mixture was then diluted to 400 mi to dissolve the 
dichloramine-T. It was found that there was a fairly large amount of polymer (25% yield) formed as a white 
gummy substance floating on the water surface. A blank experiment without ferrous sulphate gave only 
traces of polymer. 

RESULTS AND DISCUSSION 

In 0.2N sulphuric acid or hydrochIori~ acid media, the amount of chloramine-T used 
was equal to the stoichiometric requirement for the oxidation of iron(I1) to iron(II1) (Table 
1). No complications arose in these media. This is in agreement with earlier reports. 

Table 1. Oxidation of ferrous sulphate with chloramine-T in strongly acid medium 
at 2%30°C. 

(Chloramine-T added. 2.181 meq. Acid, 20 ml of 1N. Total volume 100 ml) 

Order of adding FeSO, taken, Standing time, CAT consumed. 
reagents mm&e min ,ntY$ 

CAT-H$O,-Fe(H) 0.9268 5 0.9234 
0.8124 5 0.8 120 
0.65 30 0.6520 
0.9268 3: 0.9240 
0.8124 30 0.8 120 
0.6530 30 0.6522 

Fe(H)-H,SO,-CAT 0.9268 5 0.9245 
0.6530 5 0.6521 
0.9268 30 0.9250 
0.6530 30 0.6520 

CAT-HCI-Fe(H) O-9268 5 0.9250 
0.6530 5 0.6520 
0.9268 30 O-9250 
0.6530 30 0652 1 

Fe(II)-HCI-CAT 0.9268 5 0.925 1 
0.6530 5 0.6520 
0.9268 30 0.9250 
0.6530 30 0.6520 
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However. the behaviour of excess of chloramine-T towards iron(U) in the pH range 
2.65-4.7 (Table 2) had unusual features: (i) the amount of chloramine-T consumed 
far exceeded that required for oxidation of iron(I1) to iron(II1); (ii) this consumption 
of chloramine-T increased with the duration of keeping of the mixture of iron(I1) and 
chloramine-T; (iii) this consumption ofchloramine-T was greatest at pH 4.7 and particularly 
when the iron(I1) was added to the chloramine-T solution. It is significant that iron(I1) was 
completely oxidized within a minute after addition of excess of chloramine-T in all the 
media tested. This was demonstrated by mixing the reagents and within a minute adding 
excess of arsenite to destroy any remaining chloramine-T, acidifying the mixture with 
20 ml of 4N sulphuric acid, and titrating any iron(I1) with vanadate, using diphenylamine 
as indicator. None was found. 

It was also found that ferric iron and p-toluenesulphonamide have no influence on the 
stability or the extra consumption of chloramine-T in the iron(II)chloramine-T reaction 
at pH 4.7 (Table 3). The large consumption of chloramine-T in the iron(I1) reaction 
at pH 2.65-4.7 is not dependent on the nature of the buffer (Table 2). Chloramine-B 
(C,H,SO,NClNa) behaved similarly to chloramine-T (Table 4) indicating that the methyl 
group in chloramine-T is not the cause of the overconsumption. However, increasing the 
ionic strength of the medium at pH 4.7 reduced the overconsumption of oxidant (Table 5). 
It is generally accepted that formation of free radicals is suppressed in media of high 
ionic strength. Hence we tested for the formation offree radicals. These observations showed 

Table 2. Oxidation of ferrous sulphate with chloramine-T in the pH range 264.7 at 25-30°C 
(acetate buffer). 

Order of mixing FeSO, taken, CAT added, Standing time, CAT consumed, 
reagents mmole meq min me9 

CAT-Buffer(pH 2.65)-Fe(II) 

Fe(II)-Buffer(pH 2.65)-CAT 

CAT-Buffer(pH 4,7)-Fe(H) 

0.9268 
0.6530 
0.4820 
0.9268 
04820 

0.9268 
0.6530 
0.4820 
0.9268 
0.4820 

0.9263 
0.9550 
0.9550; 

2.181 5 
2.181 5 
2.181 5 
2.181 30 
2.181 30 

2,181 5 
2,181 5 
2.181 5 
2.181 
2.181 

2,181 
3.764 30 
1.882 30 

30 
30 

1.203 
1.302 
1.420 
1.651 
1.802 

1.213 
1.450 
1,560 
1.664 
1.812 

1.807 
2.918 
1.757 

0.9550 1.412 30 1.267 
0.2390 1.882 30 1.167 
0.2390’ 3.764 30 1.305 
0.9550* 2.010 30 2005 
0,2390* 1.882 30 1.172 
0.9268 2.181 30 2.124 

Fe(H)-BulTer(pH 4.7)-CAT 0.9268 2.181 5 1.736 
0.2390 1.882 5 1 QO5 
0.9268 2.181 30 2.013 
0.2390 1.882 30 1.100 
0.9268 2.181 30 2.115 
0.2390; 1.882 30 I.102 

* Potassium hydrogen phthalate buffer (pH 4.0). 
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Table 3. Oxidation of ferrous sulphate with Chloramine-T at pH 4.7 in presence of ferric sulphate* 
and p-toluenesulphonamide* at 25-30°C. 

Order of adding 
reagents 

CAT-Buffer(pH 4.7)- 
Fe(III)-Fe(H) 

Fe(II)-Buffer(pH 4.7)- 
Fe(III)-CAT 

CAT-Buffer(pH 4.7)- 
Fe(II1) 
CAT-Buffer(pH 4.7)- 
p-toluenesulphonamide- 
Fe( II) 

CAT-Buffer(pH 4.7)- 
p-toluenesulphonamide 

FeSO, taken, CAT added, Standing time, CAT consumed. 
mmole me9 min me9 

0.9268 2.181 5 I.808 
0.9550 3.764 5 2.620 
0.2390 1.882 5 0.902 
0.9268 2,181 30 2.124 
0.9550 3.764 30 2.918 
0.2390 1.882 30 1.168 
0.9268 2.181 5 1.740 
0.2390 1.882 5 1.005 
0.9268 2.181 30 2,015 
0.2390 1.882 30 1.105 

- 2.181 5 2.178t 
- 2.181 30 2.160t 

0.9268 2.181 5 1,808 
0.9550 3.764 5 2,620 
02390 1.882 5 0.902 
0.9268 2.181 30 2,120 
0.9550 3.764 30 2.916 
0.2390 1.882 30 1.165 

- 2.181 30 2.160t 
- 3.764 30 3,734t 

* Ferric sulphate used, 20 ml of 0.05M solution; p-toluenesulphonamide used, 1 g. 
t CAT found. Small difference is due to the intrinsic instability“ of aqueous Chloramine-T. 

Table 4. Oxidation of ferrous sulphate with Chloramine-B in different media and ionic 
strength at 25-30°C (Chloramine-B added, 1.986 meq; acid, 20 ml of O.lN; buffer added, 

20 ml; NaCl or NaClO, added, 20 ml of 5M solution). 

Order of adding 
reagents 

FeSO, taken, 
mmole 

Standing time, 
min 

CAB consumed, 
me9 

CAB-H,SO,-Fe(I1) 

CAB-HCl-Fe(I1) 

CAB-ButTer(pH 4.7)-Fe(I1) 

Fe(II)-BuKer(pH 4.7)-CAB 

CAB-ButIer(pH 4.7)- 
NaCl-Fe(H) 

CAB-Buffer(pH 4,7)- 
NaClO,-Fe(Il) 

1,133 
0.567 
0.878 
1.133 
0.567 
0.878 
1.133 
0.878 
1.133 
0.878 
1.133 
0.878 
1.133 
0.878 
1,133 
0,878 
1,133 
0.878 
1.133 
1.133 
1,133 
1,133 

5 

: 
30 
30 
30 
5 
5 

30 
30 

5 
5 

30 
30 
5 
5 

30 
30 

5 
30 

5 
30 

1.129 
0.568 
0.876 
1.134 
0.565 
0.878 
1.130 
0.878 
1.130 
0.876 
1,445 
1.274 
1.924 
1.969 
1,408 
1,321 
1,918 
1.934 
1.185 
1.380 
I.180 
1.362 
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Table 5. Oxidation of ferrous sulphate with Chloramine-T at pH 4.7’ in high ionic strength medium 
at 25-30°C. 

Total volume = 100 ml. 

Order of adding FeSO, taken, 
reagents mm& 

CAT added, 
meq 

Standing time, 
min 

CAT consumed, 
me9 

CAT-Buffer(pH 4.7)- 0.9550 2.023 5 1.129 
NaClO,-Fe(II) 0.2390 1.882 5 0.7531 

0.9550 2.023 30 1.127 
0.2390 1.882 30 0.7832 

Fe(H)-BulTer(pH 4.7)- 0.9550 2.023 5 0.8692 
NaCIO,-CAT 0.2390 1.882 5 06410 

0.9550 2.023 30 @8962 
0.2390 1.882 30 0.6520 

CAT-Buffer(pH 4.7)-NaClO, - 1.882 30 1.822tg 
- 1.882 30 1.821Q 

CAT-BulTer(pH 4.7)- 0.9550 2.351 5 1.232 
NaCI-Fe(I1) 0.2390 1.882 5 0.7940 

0.9550 2.351 30 1.432 
0.2390 1.882 30 0.8242 

Fe@)-BufTer(pH 4.7)- 0.9550 2.351 5 0.7423 
NaCl-CAT 0.2390 1.882 5 0.6914 

0.9550 2.351 30 1.372 
0.2390 1.882 30 0.7508 

CAT-Buffer(pH 4.7)-NaCl - 1.882 30 1.820t§ 
- 1.882 30 1.821t§ 

* Acetic acid-acetate buffer pH 4.7 used, 20 ml. 
t Sodium perchlorate and sodium chloride used, 20 ml of 5M solution. 
g CAT found. Small difference is due to instability of Chloramine-T. 

that the overconsumption ofchloramine-T is due to the reaction between chloramine-T and 
the initial products (other than p-toluenesulphonamide) formed during the oxidation of 
iron(I1). 

In strongly acid medium, the species present initially in large concentrations in aqueous 
chloramine-T solution is monochloramine-T5 which would undergo disproportionation 
slowly. Since no extra consumption of chloramine-T was found when O*lN hydrochloric 
or sulphuric acid media were used, it was inferred that no side-reaction would take place 
during oxidation of iron(I1) by monochloramine-T. In the pH range 2.6547, the 
disproportionation of monochloramine-T is very fast, giving rise to dichloramine-T. 
In these pH ranges, dichloramine-T is the dominant species in the oxidation of the 
iron(I1). 

We therefore propose the following explanation for the overconsumption of the oxidant. 
Dichloramine-T oxidizes iron(I1) and gives rise to free radicals 

RNCl, + Fe(I1) - RNCl + FeCl’ + 

and if the free radical RNCl were slower than RNCl, to react with iron(I1) then 
dimerization of the free radical occurs: 

2RNCl - R-N-N-R 

I I 
Cl Cl 

(where R = CH3C6H,S02) 
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The dimer has very poor oxidation properties towards potassium iodide or iron(I1) 

and moreover can further be oxidized by chloramine-T, which accounts for the 
continued consumption of chloramine-T after complete oxidation of iron(I1) at pH 4.7. 

Attempts were made to characterize the nature of the products, other than p-toluene- 
sulphonamide, formed during the iron(II)-chloramine-T reaction at pH 4.7, by taking large 
amounts of iron(I1) and chloramine-T. Under these conditions, a yellowish white solid was 
precipitated. This was separated and dried over phosphorus pentoxide. The solid 
appeared to be a mixture of substances. Its infrared spectrum revealed bands mostly 
characteristic of p-toluenesulphonamide, but the solid was found to liberate iodine 
from acidified potassium iodide solution (though very slowly) and it also contained chlorine. 
There was gradual loss of chlorine content and the weak oxidizing action, on keeping for 
several days. These observations lead us to assume that the solid consisted, in addition to 
p-toluenesulphonomide, of products of the kind R-NCl-NCl-R, which would be expected to 
be unstable, to behave as a weak oxidizing agent towards iodine and to be capable of 
further reaction with chloramine-T. 

Similar results have been found by us when small amounts of bromide are used as 
reducing agent instead of iron( 

Chloramine-T packed in metal containers has invariably been found to deteriorate very 
rapidly in its purity and oxidative value. We ascribe this to extensive destruction of the 
oxidant by free radical formation and dimerization initiated by oxidation of small 
amounts of metal by the oxidant. This has to be particularly borne in mind during the 
packing of solid chloramine-T. We would recommend the use of glass or polythene 
containers for this purpose. The possibility of destruction of chloramine-T by these side- 
reactions when it is used as an analytical agent in back-titration procedures at pH 
2-65-4.7 should be checked during development of the method. These side-reactions will 
not occur if the free radical RNCI reacts at least as fast as RNCl, with the oxidizable 
substrates instead of dimerizing. 
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Zusammenfassung-Verwendet man einen grol3en tiberschul.3 des Oxidationsmittels bei der Reak- 
tion zwischen Eisen(II) und Chloramin-T bei pH 2.56-5.6, dann ist der Verbrauch an Oxidation- 
smittel erheblich hoher, als der fur die Oxidation von Eisen(II) zu Eisen(II1) benotigten stochio- 
metrischen Menge entspricht. Dies wurde mit der Bildung und mit Folgeprozessen freier Radikale 
wahrend der Reaktion begrilndet. Die Bildung freier Radikale wurde experimentell nachgewiesen. 
Sie dimerisieren offenbar zu Produkten vom Typ R-NCI-NCI-R (R = CH3C6H4S02), die von 
Chloramin-T weiter oxidiert werden. Die dimeren Spezies setzen aus angesauertem Kaliumjodid 
sehr langsam Jod frei. Diese Erkllrung berilcksichtigt die beobachtete Zersetzung von iiber- 
schiissigem Chloramin-T in Gegenwart kleiner Mengen von Eisen(I1) oder Bromid bei pH 2.65-4.70 
nach AusmaB und Geschwindigkeit in befriedigender Weise. Die Autbewahrung von Chloramin-T 
in Metallbehaltern konnte iiber einen lhnlichen Radikalmechanismus das Oxidationsmittel in 
erheblichem Ausmal3 zersetzen und sollte daher vermieden werden. 

ResumiLLorsqu’un grand exces de l’oxydant est utilise dans la reaction fer (II)-chloramine-T a 
pH 2.56-5.6. la quantite d’oxydant consommee est bien au-dessus de la quantite stoechiometrique 
necessaire pour oxyder le fer (II) en fer (III). Ceci a tti attribut a la formation et au 



I ron(l I )-chloramine-T reaction 

comportement ulterieur de radicaux libres durant la r~,action. La formation de radicaux libres a 
et6 demontree experimentalement, lls se dim6risent apparemment pour donner des produits du 
type R--NC1--NCI--R (R=CH3C6H4SO2), qui sont plus profondement oxyd6s par la 
chloramine-T. L'espece dim6risee lib6re tr6s lentement riode d'une solution acidifiee d'iodure de 
potassium. Cette explication rend compte de maniere satisfaisante de la grandeur et de la 
vitesse de destruction observ6es de l'exc6s de chloramine-T en pr6sence de petites quantit6s de 
Fe (II) ou de bromure h pH 2,65-4,70. Le stockage de la chloramine-T dans des r6cipients 
metalliques pourrait causer une forte destruction de I'oxydant par un mecanisme de radical libre 
semblable et devrait 6tre evite. 
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Summary-The infrared procedure for the determination of nitrogen in raw nitrocellulose has 
been improved. In the original method 031-0.32 g of sample was dissolved in 45 ml of tetra- 
hydrofuran, the solution was weighed, and the infrared peak at 69 nrn was measured. The 
calibration curve was prepared by plotting absorbance against mg of nitrogen per g of solution. 
The method has the disadvantage that the height of the peak is affected by the sample weight. 
In the improved method the error due to the sample weight is eliminated by using 0.3000 g of 
sample and diluting to 50 ml in a volumetric flask. The calibration curve is prepared by 
plotting absorbance against % nitrogen. The method was extended to the semimicro scale by 
using a 30G-mg sample and diluting to 5 ml in a volumetric flask. The method has been applied 
on the macro and semimicro scales to the direct determination of nitrogen in nitrocellulose after a 
methylene chloride extraction. The amounts of graphite and inorganic salts found in nitrocellulose- 
base propellants do not interfere, but a correction must be made to refer the results to 0.3000 g of 
nitrocellulose for the macro method or 3DO mg of nitrocellulose for the semimicro method. The 
same calibration curve is used for all procedures. 

Levitsky and Norwitz’ proposed an infrared procedure for the determination of nitrogen 
in nitrocellulose. In this procedure 031-0.32 g of sample was dissolved in 35 ml of tetra- 
hydrofuran in a glass-stoppered Erlenmeyer flask by allowing to stand overnight, the 
solution was weighed, and the peak at 6.0 pm was measured. The calibration curve was 
prepared by carrying samples of nitrocellulose of known nitrogen content through the 
procedure and plotting absorbance us. mg of nitrogen per g of solution. 

A “round-robin” group under the chairmanship of Dr. Eugene Burns of Space 
Technology Laboratories evaluated the procedure and found that it was satisfactory.’ 
Dr. Burns showed that the accuracy could be improved somewhat by preparing a calibra- 
tion curve each day. However, the procedure is not as accurate as the nitrometer method and 
is designed for rapid control work. 

In this procedure there is an error caused by the fact that the calibration curve varies 
with the sample weight (it is for this reason that 0.31-0.32 g of sample was specified). 
Clarkson and Robertson3 stated that this error could be eliminated by correcting all 
sample weights to a fixed concentration (0408 g of nitrocellulose per g of solution). Some 
difficulties have been encountered at times with the method of approach suggested by 
Clarkson and Robertson; therefore, an investigation was undertaken to develop a more 
direct method for eliminating the error caused by the sample weight. 

Another aspect of the present investigation was to extend the range of the infrared 
method for the determination of nitrogen in nitrocellulose to the semimicro scale, since 
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there is need for such a method. Eking and McElroy4 have described a semimicro method 
for the determination of nitrogen in nitroceIlulose by a nitrometer; however. a special 
apparatus is required. Gardon and Leopold’ have described a micro spectrophotometric 
method for the determination of nitrogen in nitrocellulose, using phenoldisulphonic acid. 
but the conditions for the development of the colour are critical. Roberts6 described a 
s~ctrophotometric method for the determination of nitrogen in nitrocelluIose, using 
diphenylamine; the method is applicable to the micro or semimicro range but is only semi- 
quantitative. 

The final aspect of the present paper involved the application of the infrared technique 
to the direct determination, both on a macro and semimicro scale, of nitrogen in 
nitrocellulose contained in propellants. The methods that have been previously proposed 
for the determination of nitrogen in nitrocellulose contained in propellants are troublesome. 
If the propellant does not contain a significant amount of inorganic material, the deter- 
mination can be performed by subjecting the propellant to extraction with methylene 
chloride, ethyl ether, or 70% acetic acid, drying the residue (nitrocellulose), and determining 
the nitrogen in a weighed portion by titration7q8 or by use of the nitrometer.’ If the 
propellants contain a significant amount of inorganic materials, as is usually the case, 
the method is subject to an error caused by the fact that these inorganic materials 
are not extracted by the methylene chloride and are included in the weighed sample of 
nitrocellulose. For a sample containing 1340% nitrogen and lGO% of total inorganic 
material, the error would be -O-13% total nitrogen. This error can be reduced but not 
eliminated by dissolution of the nitrocelluiose in acetone and precipitation with water.’ 

EXPERIMENTAL 

Reagents 

Tetruhydrofiran. Store in a constant-temperature room. Keep covered at all times and dispense from a 
covered container. 

Preparation ofcaiibrution curoe 

Air-dry 3 or 4 standard samples of nitrocellulose (with nitrogen content accuratefy determined by the 
nitrometer method’), then dry them in a vacuum oven (at 20-50 mm Hg pressure) at 65” for 4 hr and cool in a 
desiccator. Weigh 0.3000 g of the samples into tared 30-ml beakers. Add 35 ml of tetrahydrofuran and im- 
mediately cover tightly with aluminium foil which is held in place by rubber bands. Carry along a blank 
determination. Allow to stand overnight without stirring, in the room (constant temperature) containing the 
infrared instrument. 

After the overnight standing period, stir with a small stirring rod, wash down and remove the stirring rod, 
transfer to a 50-ml volumetric flask with tetrahydrofuran, dilute to the mark with tetrahydrofuran. stopper. 
and shake. Work with only one sample at a time from point of stirring to the dilution in the volumetric Bask. 
Rinse and fill a 0.2-mm sodium chloride cefl with the solution. using a i-ml syringe. Obtain the spectrum from 
5.80 to 6.05 pm (17241653 cm-‘) at a speed of 25 cm-’ per minute. The gain, response, and resoiution 
settings should be normal. Suppression setting should be zero. 

Observe I,$ and I (see Fig. 1) and calculate the absorbance from absorbance = log (1dJI). Deduct the blank. 
Plot absorbance against % nitrogen in the nitrocellulose. The calibration curve should be checked ocasionally 
and should be redrawn if a new lot of tetrahydrofuran is used. 

Procedures 

Determination of nitrogen in raw nitrocellulose 

Macro method. Dissolve O-3000 g of sample in tetrahydrofuran and measure the intensity of the peak at 6.0 pm 
as described in the preparation of the calibration curve. CaIcuIate the nitrogen content by referring to the 
calibration curve. 

Srmimicro mrrhocl. Proceed as for the macro method but weigh a 300-mg sample in a tared C-ml beaker 
(preferably on a semimicro balance), dissolve it in 3 ml of tetrahydrofuran, and dilute to 5 ml in a volumetric 
flask. Calculate the nitrogen content by referring to the calibration curve. 
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Fig. 1. Spectrum of nitrocellulose in tetrahydrofuran from 5.80 to 6.05 pm. 

Determination ofnirrogen in nitrocellulose contained in propellants 

Macro method. Extract 05-S g of sample of the propellant with methylene chloride in the usual manner, 
using a Soxhlet extractor.’ Transfer the residue from the thimble to a weighing dish and dry by heating 
in a vacuum oven (20-50 mm Hg) at 65 for 2 hr. Calculate the weight of the residue that will contain 
0.3000 g of nitrocellulose (NC) as follows. 

Weight of residue (g) that will contain 0.3000 g of NC = & 

where A = total per cent of graphite plus inorganic salts (carbonates, nitrates, and sulphates) in the propellant. 

Weigh this calculated amount of the residue into a 30-ml beaker, dissolve in tetrahydrofuran, and proceed as 
described in the macro method for raw nitrocellulose. 

Semimicro method. Extract approximately 0.1 g of sample with methylene chloride in the usual manner. using a 
Soxhlet extractor.T and dry the residue. Calculate the weight of residue that will contain 30.0 mg of nitro- 
cellulose. as follows. 

Weight of residue (mg) that will contain 30.0 mg of NC = ?!! 
100-A 

where A = total per cent of graphite plus inorganic salts (carbonates, nitrates, and sulphates) in the propellant. 

Weigh the calculated amount of residue in a tared S-ml beaker. add 3 ml of tetrahydrofuran, and proceed as 
described in the semimicro method for raw nitrocellulose. 

DISCUSSION AND RESULTS 

The sample-weight effect in the original method is eliminated by dissolving 0.3000 g of 
sample in the tetrahydrofuran in a beaker and diluting to 50 ml in a volumetric flask. The 
weighing of an exact amount of nitrocellulose is readily performed since the material is 
\;er! flufl‘!.. 

The accurancy of the original method’ has been further improved by carrying a blank 
for the tetrahydrofuran through the entire process. This compensates for the small amount 
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of water in the tetrahydrofuran, which shows some absorption at 6.0 pm. The amount of 
water in commercial tetrahydrofuran is about O-02%.” 

As before,’ it is recommended that transmittance paper rather than absorbance paper be 
used for recording the peak. The reason for this is that in the region of 207; transmittance, 
the transmittance paper can be read more accurately than absorbance paper. 

As previously stated, the calibration curve in the original method was prepared by 
plotting absorbance us. mg of nitrogen per g of solution.’ Analogously, the calibration curve 
could be prepared in the present method by plotting absorbance IX mg of nitrogen per ml 
ofsolution. However, since a constant weight of sample is used, the calibration curve can be 
prepared by merely plotting absorbance us. per cent of nitrogen in the nitrocellulose. 

For the sake of information, an investigation was made to ascertain the extent to which 
the sample weight affected the calibration curve obtained by plotting absorbance cs. mg 
of nitrogen per ml of solution. For this investigation, curves were plotted for 0.3000 g and 
0.2900 g of sample per 50 ml (Fig. 2). It is seen that the weight of sample has a 
significant effect. The cause of this phenomenon is uncertain. 

In establishing the method for nitrogen in nitrocellulose contained in propellants it was 
first necessary to ascertain whether the results obtained for nitrogen were additive when 
samples of nitrocellulose of different nitrogen content were mixed together. This is 
important because nitrocelluloses of different nitrogen content are often blended together 
to obtain a composite nitrocellulose of required nitrogen content. 

To investigate this problem, O-1500 g of a sample that contained 12.61% nitrogen was 
mixed with @I500 g of a sample that contained 13.47% nitrogen. The results obtained 
for nitrogen were 13-01, 13.09, and 13.09% with an average result of 13.06%. The latter 
result does not differ significantly from the theoretical result (13.04%) so it can be concluded 
that the nitrogen content is additive. 

The question of interference from the inorganic materials found in propellents, namely 
graphite, calcium carbonate, barium carbonate, sodium nitrate, potassium nitrate, sodium 

0.60 - 

0.56 - 

046- 

0.74 O-76 0.76 0.60 

mg of nitrogen /ml of solution 

Fig. 2. EfTect of amount of nitrocellulose on curve obtained by plotting absorbance cs. mg 01 
nitrogen per ml of solution 

A. 0.2900 g of nitrocellulose. 
B. 0.3000 g of nitrocellulose. 
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sulphate, and potassium sulphate, was also considered. Experiments were carried out in 
which 09033 g of each of these substances (equivalent to 14Xl~0 on a O-3000 g 
sample) was suspended in 50 ml of tetrahydrofuran and the absorbance measured at 
6-O pm. In no case was the absorbance different from the absorbance obtained with 
tetrahydrofuran. 

Aside from the question of the interference by increased absorbance, the problem arose 
as to how to correct for the weight of the inorganic substances so as to obtain a 
sample that would contain O-3000 g or 30-O mg of nitrocellulose. This problem was 
solved by using the equations indicated in the procedure. 

It was found that the same calibration curve could be used for all methods. 
The results obtained for nitrogen in raw nitrocellulose by the macro and semimicro 

infrared methods on four samples for which nitrogen content had been established by 
the nitrometer method are shown in Table I. The macro and semimicro infrared results 
check with the nitrometer results and each other quite well. The average standard 

Table 1. Results for nitrogen in raw nitrocellulose by infrared, using macro and semimicro 
methods 

Nitrogen by infrared, % 

Sample Nitrogen by nitrometer, % Macro method Semimicro method 

1 1258 

Ave. 
Std. devn. 

13.47 

Ave. 
Std. devn. 

12.61 

Ave. 
Std. devn. 

13.16 

Ave. 
Std. devn. 

12-63 
1261 
12.57 
12.59 
12.55 
12.63 
1263 
1260 
0.032 

1340 
13.51 
13.49 
13.43 
13.41 
1348 
13.52 
1346 
0049 

12.55 
12.56 
1268 
1266 
12.65 
1265 
12.56 
12.62 
0‘056 

13.15 
13.17 
13.18 
13.15 
13.15 
13.16 
13.16 
0.012 

13.43 
1350 
13.54 
13.52 

13.50 
OG48 

12.57 
12.57 
1264 
12-62 

1260 
0036 

13.10 
13.16 
13.23 
13.17 

13.17 
O-054 
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Table 2. Results for nitrogen in nitrocellulose contained in propellants, by macro and semimicro 
infrared methods 

Nitrogen by infrared, % 

IMR-4903t 

HPC-I $j 

IMR-4895* 13.10-13.20 13.15 13.15 
13.13 13.14 
13.11 13.13 
13.18 13.09 

Ave. 13.14 13-13 
Std. dev. 0.030 0.026 

13.10- 13.20 13.07 
13.03 
13.07 
13.03 

Ave. 13.05 
Std. dev. 0.023 

13.15-13.25 13.25 13.21 
13.22 13.18 
13.20 13.14 
13.24 13.22 

Ave. 13.23 13.19 
Std. dev. 0.022 0.03 1 

13.15-13.25 13.09 13.20 
13.15 13.19 
13.15 13.20 
13.17 13.18 

Ave. 13.14 13.19 
Std. dev. 0035 0.010 

HPC-14: 

Sample Specification requirement, % Macro method Semimicro method 

* Contains 0.26% graphite and 0.48% potassium sulphate. 
t Contains 04O”/, graphite and @59x potassium sulphate. 
4 Contains 0.29% graphite and 0.70% potassium sulphate. 
$ Contains 0.28% graphite and 0.74% potassium sulphate. 

deviation of the macro infrared method was 0.037% and that of the semimicro method 
was 0.046%. The average standard deviation of the original method was 0.093%.’ 

The results obtained for nitrogen in nitrocellulose contained in propellants by the 
macro and semimicro infrared methods are shown in Table 2. There is no accurate method 
that can be used as a basis of comparison. The macro and semimicro infrared methods 
check with each other well. The average standard deviation of the macro method was 
0.028% while that of the semimicro method was 0.022%. The results for both the 
semimicro methods are within the specification requirements for nitrogen in nitrocellulose 
contained in propellants. 

This work was conducted under an Army Materials Testing Technology Project (AMS Code 4931.0M.6350). 
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Zusammenfassung-Das Infrarotverfahren zur Bestimmung von StickstotI in roher Nitrocellulose 
wurde verbessert. Ursprilnglich wurden 0.21-0.32 g Probe in 45 ml Tetrahydrofuran gel% die 
Losung gewogen und die Infrarotbande bei 6.0 @cm gemessen. Die Eichkurve wurde hergestellt 
durch Auftragen der Extinktion gegen mg Stickstog pro g Losung. Das Verfahren hat den 
Nachteil. dal3 die Peakhiihe vom Probengewicht abhlngt. Bei der verbesserten Methode wird 
der auf dem Gewicht der Probe beruhende Fehler vermieden, indem 0.3000 g Probe verwendet 
werden und in einem MeI3kolbe.n auf 50 ml verdiinnt wird. Die Eichkurve wird hergestellt 
durch Auftragen der Extinktion gegen % Stickstoff. Das Verfahren wurde durch Verwendung 
einer 30.0 mg-Probe und Verdiinnen im MeBkolben auf 5 ml auf den HalbmikromaBstab 
ausgedehnt. Das Verfahren wurde im Makro- und Halbmikromagstab auf die direkte Bestimmung 
von Stickstoff in Nitrocellulose nach einer Extraktion mit Methylenchlorid angewandt. Die 
Mengen an Graphit und anorganischen Salzen, die man in Treibmitteln auf Nitrocellulosebasis 
findet. storen nicht. Eine Korrektur mu13 angebracht werden, urn die Ergebnisse auf 0.3000 g 
Nitrocellulose fiir die Makromethode oder auf 30.0 mg Nitrocellulose fiir die Halbmikromethode 
LU beziehen. Man verwendet fur alle Verfahren die selbe Eichkurve. 

Rbume-On a amehort la technique infra-rouge pour le dosage de l’azote dans la nitrocellulose 
brute. Dans la mithode originale, on dissolvait 0,31-0,32 g d’echantillon dans 45 ml de 
tttrahydrofuran. pesait la solution. et mesurait le pit infra-rouge a 6,0 pm. La courbe 
d’balonnage ttait prtparee en tracant l’absorbance par rapport au nombre de mg d’azote par g de 
solution. Le desavantage de la methode est que la hautur du pit est affect&e par le poids 
d’echantillon. Dans la methode am&o& l’erreur due au poids d’ehantillon est Climinee en 
utilisant 0,300O g d’echantillon et en diluant a 50 ml dans une fiole jaugee La courbe 
d’etalonnage est preparte en tracant l’absorbance par rapport au % d’azote. La mtthode a 
eti &endue a I’itchelle semi-micro en utilisant un echantillon de 30.0 mg et en diluant a 5 ml dans une 
fiole jaugee On a applique la methode aux &chelles macro et semi-micro au dosage direct de 
I’azote dans la nitrocellulose apres une extraction au chlorure de methyl&e. Les quantite de 
graphite et de sels miniraux trouvees dans les agents de propulsion a base de nitrocellulose 
n’interferent pas, mais il faut effectuer une correction pour rapporter les r&hats a 0,300O g 
de nitrocellulose pour la macromtthode ou 30,O mg de nitrocellulose pour la semi-micromethode. 
La m&me courbe d’ttalonnage est utilisee pour toutes les techniques. 
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HYDROGEN PEROXIDE FORMATION UPON 
OXIDATION OF OXALIC ACID IN 

PRESENCE AND ABSENCE OF OXYGEN AND OF 
MANGANESE(II)-III 

IRON(II1) AND COPPER(I1) AS RETARDERS* 

I. M. KOLTHOFF, E. J. MEEHAN and MASARU KIMURA~ 
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Summary-The formation of considerable amounts of hydrogen peroxide upon the slow addition 
of various oxidizing agents to oxalic acid in dilute sulphuric acid in the presence of oxygen and 
Mn(II) is greatly retarded in the presence of Fe(III) or Cu(I1). With hydrogen peroxide as 
oxidizing agent and a trace of Fe(I1) there is considerable decomposition of peroxide, under 
a nitrogen atmosphere, after a few hours at 25” in light (from a tungsten lamp), and less 
decomposition in the dark. This decomposition is decreased by Mn(I1) and also when the original 
mixture contains Fe(II1). With oxygen as the oxidizing agent Fe(I1) is about 100 times as 
effective an inhibitor of peroxide formation as Fe(II1). With all oxidizing agents used, Cu(I1) is 
some 6-10 times more effective as a retarder than Fe(II1). The inhibition is accounted for by the 
reaction Fe(II1) [or Cu(II)] + CO,- + Fe(I1) [or Cu(I)] + CO,. 

Considerable amounts of hydrogen peroxide are formed upon the slow addition of various 
oxidizing agents to oxalic acid in dilute sulphuric acid in the presence of oxygen and Mn(I1). 
The oxidizing agents include Mn(VII), Cr(VI), Ce(IV), and the complex Co(II1) oxalate,’ 
as well as oxygen itself.’ The initial step appears to be oxidation of Mn(I1) to the 
complex Mn(III)Ox, where Ox denotes oxalate. This is followed by reactions (l)-(3): 

Mn(III)Ox - Mn(I1) + CO, + CO,- (measurable rate) (I) 

*co,- + 0, - *o,co, - (very fast) (2) 

*O,CO,- + Mn(I1) + H&O, - Mn(III)Ox + CO, + H,O, (fast) (3) 

Reactions (l)-(3) constitute the chain reaction 

0, + H&O, - 2C0, + H,O, 

The radical which is formed in reaction (1) may be either CO,- or C,O,-. An 
approximate theoretical calculation3 indicates that the latter radical is the more stable, 
but the two forms do not appear to be distinguishable on the basis of kinetic or 
spectroscopic evidence.4 Following the consensus of previous workers we write C02- in 
this paper. Also, in this paper. in which all the experiments reported were carried out in 
O.lM sulphuric acid media, no account is taken of the various protonated or dissociated 

* This investigation was carried out under a grant from the National Science Foundation. 
+ Present address: Department of Applied Chemistry, Yamagata University, Yonezawa-shi, Japan. 
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forms of radicals such as .HCOI, .02-, and so forth. Many such equilibrium constants are 
known.5 

According to Anderson and Hart6 and many subsequent workers, the radical *HCO, 
(Le., protonated COz-), which is formed in the radiolysis of formic acid. reacts with 
oxygen according to reaction (2~): 

.HCO, + 0, - .HO, + CO, (2a) 

Since .HOz presumably oxidizes Mn(I1) to Mn(III)Ox, the net result in this case is also 
an induced formation of hydrogen peroxide. 

In a study of the oxidation of aqueous solutions of formic acid by X-rays in the 
presence of Fe3’ and/or Cu’+, it was shown’ that reactions (4~) and (4b) occur with the 
formate radical : 

Fe3+ + CO,- - Fe’+ + CO, (4a) 

cl?+ + co,- - cu+ + co, (46) 

Quite generally with this and other organic radicals, Baxendale and co-workers have 
found that Cu2+ is more reactive than Fe3+, and specifically with the formate radical in 

O.lN sulphuric acid the rate constant for Cu 2+ is about 6 times as large as that for 
Fe3+. Therefore both Fe3+ and Cu2+ may be expected to retard the formation of 

hydrogen peroxide, the latter more strongly. On the other hand, under our experimental 
conditions some Fe(II1) is present as oxalate complexes, denoted as Fe(III)Ox. These 
complexes undergo a photochemical decomposition which has been studied intensively 

(see ref. 4, which gives the earlier literature): 

Fe(III)Ox + hv - Fe(I1) + CO, + CO,- (5) 

The occurrence of reaction (5) would be expected to promote the formation of hydrogen 

peroxide. The effects of Fe(W), Fe(I1) and Cu(I1) on hydrogen peroxide formation on 
oxidation of oxalic acid in the light and dark are the subject of the present paper. 

EXPERIMENTAL 

All chemi~4s were of C. P. quality. The arrangement used for experiment5 in light (tungsten lamp) and 
the methods used for determination of the sum of pcloxide and oxalic acid have already been described.‘-’ 
For the determination of hydrogen peroxide in the presence of oxalic acid and Fe(IIl) or Cu(lI). the reaction 
mixture was made 0.3M in potassium oxalate and the pH was adjusted to 5.5 by addition of sulphuric acid. 
The mixture was then made O.OlM in ammonium molybdate. an excess of potassium iodide was added. and the 
liberated iodine was titrated with thiosulphate, the end-point being detected either with starch or ampero- 
metrically. In the buffered medium (pH 5.5) neither iron(II1) nor copper(H) reacts with iodide. In some instances 
hydrogen peroxide formed was also determined polarographically. The results agreed with those found iodo- 
metrically. 

RESULTS 

The effects of Fe(III) and Cu(I1) upon formation of peroxide in the dark are shown in 
Table 1. In all these experiments it was found that (expressed in equivalents) peroxide 
formed = oxalic acid disappeared - Mn(VI1) added. As expected. Cu(I1) is a more powerful 

retarder than Fe(II1). Under the conditions of Table 1. O.OlM Co(II) had no effect. 
The four-hour experiments of Table 1 were repeated with Fe(I1) instead of Fe(II1). 

When the equivalent amount of Fe(lI) W;LS equal to or o Oreater than the amour?! !. 1 i- 

Mn(VI1) added, no hydrogen peroxide was formed. No induced oxidation by o‘.; ,:L: 
occurs as long as there is Fc(l1) present. After this 11~1s been oxidized bq Xln(:.‘- i L- : 
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Table 1. Fe(III) and Cu(l1) as retarders, 1 equivalent-percent of potassium per- 
manganate as oxidant. Solution OGlM in oxalic acid, O.lM in H,SO,, O.lM 

in MnSO,. Saturated with oxygen at 25”. dark conditions 
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H,O, formed. lo-“A4 

Time of addition 
of KMnO,. hr 

Fe(III). 10-3M Cu(II), lO_“M 

0 0.2 0.5 2.0 10.1 0.1 I.0 

0.08 6 6 @l 1-7 0.3 
0.5 9 
1 17 12 5 0.1 3.5 1 .o 
2 25 0.5t 
4 29 23t 18t 6t 0.2t 6.6 1.4 
4* 44 17.5t 0.9t 8.5 

* With 5 eq. “/b of KMnO, instead of 1%. 
t Trace of Fe(I1) was detected with l,lO-phenanthroline. 

Fe(II1) formed acts as if it had been added initially. The same was found true when an 
amount of Mn(VI1) equivalent to the Fe(I1) present was added rapidly to the well-stirred 
reaction mixture. Evidently no oxalic acid reacts with Mn(VI1) until all Fe(I1) has been 
oxidized. [It is also possible that the oxidation of Fe(I1) is by Mn(III)Ox rather than by 
Mn(VII), but the net result is the same, that is, the prevention of reaction (l).] 

Previously’ it was found that the decomposition of hydrogen peroxide in dilute 
sulphuric acid at 25. was either negligible or very slow in the absence and presence of 
oxalic acid and of Mn(II), both in the dark and in light. Even at 75” the decomposition 
did not exceed 47; in 3 hr. The addition of a trace of Fe(I1) has in some cases a 
pronounced accelerating effect (Table 2). In the absence of oxalic acid, Mn(I1) increases 
the decomposition. In the presence of oxalic acid and Fe(H) the amount of oxalic acid 

Table 2. Effect of lo-“M Fe(H) on decomposition of hydrogen 
peroxide. Suitition 2.1 x IO-“M in H,Oz and O.lM in H?SO,. 

In nitrogen atmosphere. 

H,O, disappearing. “/;, 

In 1 br In 3 hr 
Temp.. [MnSO,]. 

C M 
P-WfJ. - 

light dark light 

25 0 0 0 - 
0.01 21 8 4: 
0.1 5* 41 100 

0.01 0 11 6 12 
OTOl 3 38 

0.1 0 35 
0.1 33 

75 0 0 45t 73 75 
0.0 I 85 87 
0.1 100s 100 100 

0.0 1 0 ss g5 
0. I 0 100 100 
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that disappeared was equimolar with the amount of peroxide that disappeared. Therefore 
the Fe(II)-peroxide couple under the specified conditions induces the oxidation of oxalic 
acid. From Table 2 it is clear that Mn(I1) retards this induced oxidation at 2.5’. At 75”, 
however, there is a substantial decomposition of peroxide which is promoted by Mn(I1) 
and is about the same in the dark as in the, light. 

Eflecr ofFe(rZ1). In a mixture which was 10e4M in Fe(II1) and 2-5 x lo- 3M in hydrogen 
peroxide no decomposition occurred in 4 hr in the dark, either in nitrogen or oxygen, 
in the absence or presence of Mn(I1). In light the results were very different (Table 3). 

Table 3. Effect of Fe(II1) on decomposition of hydrogen peroxide in light 
2.1 x lo- 3M H,O,, O.lM H,SO,. 

H,O, disappearing, “A 
Temp., Time, DWW, WdWJ, 
'C hr M 

[W$l. 
M N, atmosphere 0, atmosphere 

25 24 0 0.1 0 20 14 
48 0 0.1 0 36 28 
24 1o-4 0.1 0 70 45 
48 1O-4 0.1 0 100 84 
48 1O-4 0 0 0 0 

3 lo-& 0 0.01 30 5 
3 lO-4 0 0.1 100 5 
3 1O-4 0.1 0 36 20 
3 1o-4 0.1 0.01 28 
3 1O-4 0.1 0.1 20 

75 0.5 1o-4 0 0 25 24 
0.5 lO-4 0 0.1 62 8 
1 IO_‘+ 0 0 45 46 
1 1O-4 0 0.1 100 15 
3 1o-4 0 0 76 50 
3 1O-4 0.01 0.1 51 

In the absence of oxalic acid and Mn(I1) there was negligible decomposition at 2.5” even 
after 48 hr, whether in a nitrogen or an oxygen atmosphere. In the presence of oxalic 
acid and Fe(II1) complete decomposition occurred in 3 hr at 25” in the absence of 
Mn(I1); the addition of Mn(I1) decreased the decomposition. 

Oxygen as oxidant. From Table 4 it appears that the slow oxidation of oxalic acid by 
oxygen in the presence of Mn(I1) is retarded by traces of Fe(I1) and Fe(III), the former 

Table 4. Elects of Fe(U) and Fe(II1) upon peroxide formation in the 
dark, 25°C. Solution 0,OlM in HZC20,, O.lM in H,SO, and O.lM 

in Mn(I1). Closed system, initially air-saturated. 

Time, [WII)I. HZOz formed, [Fe(III)l, H,Oz formed. 
hr LO-'M 10-4M 10-JM 10-JM 

72 0 10 0 10 
I 6.5 0.5 4.7 
5 0 2 0 

120 0 26 0 26 
1 17 0.5 12 
5 0 2 1.4 

216 0 44 0 44 
I 36 0.5 34 
5 16 2 9 

50 0 10 0.6 
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being about lOO-fold as effective a retarder as the latter. Table 5 compares Fe(II), Fe(III), 
and Cu(I1) in oxidation by oxygen at 65”. Again, Fe(I1) is a much stronger retarder than 
Fe(III), and Cu(I1) also is stronger than Fe(II1). 

Table 5. Effects of Fe(U), Fe(III), and Cu(II) upon peroxide formation in the dark, 65”C, 
4-hr reaction. Composition as in Table 4. Closed system, initially oxygen-saturated. 

H,O, formed, tWII)l, H202 formed, [~~~~I~ H,O, formed, 
10-4M 10-3M 10-4M 10-4M 

0 31 0 31 0 31 
6 1.8 1 20 0.4 13 

0.5 10 0 4 3 
0 10 2 

DISCUSSION 

The retarding effect of Fe(II1) and Cu(I1) on formation of peroxide upon addition of 
Mn(VII), Table 1, is accounted for by the competition of reaction (4) with (2). The 
Fe(I1) or Cu(1) formed in reaction (4) is oxidized at once by the slowly-added Mn(VI1). 
As already mentioned, the results of Baxendale and Smithies’ indicate that the rate 
constant of (4b) may be about six times that of (4~). In agreement with this expectation, 
by graphical interpolation of the data in Table 1, Cu(I1) is found to be 5-10 times as 
effective a retarder as Fe(II1) at the same concentration. 

The results of Table 3 can be interpreted in the following way. The Haber-Weiss 
mechanism for the reaction between hydrogen peroxide and Fe(II), as modified by 
Baxendale and colleagues,8 involves the reactions: 

Fe2+ + H 0 2 2 - Fe3+ + OH- + -OH (6) 

.OH + H20, - *HO, +H,O (7) 

*HO2 + Fe3+ - Fe2++H++02 (8) 

Fe2+ + -OH - Fe3+ + OH- (9) 

Under our conditions (Table 2) there is hardly any decomposition in the absence of 
oxalic acid in the presence of 10e4M Fe(I1) after 3 hr in the dark at 25”, but there is a 
noticeable decomposition in the light, which is accelerated by Mn(I1). The effect of light is 
accounted for by reaction (10): 

Fe(II1) + H,O, -t hv - Fe2+ + H+ + *HO2 (slow) (IO) 

In addition to (6) reactions (11) and (12) occur in the presence of Mn(I1): 

MnfII) + -OH - Mn(III) + OH- (11) 

Mn(I1) + H202 - Mn(II1) + OH- + -OH (12) 

At 75”, however, there is little if any difference in the results in light and in the dark, 
and the decomposition of peroxide is pronounced after 3 hr. Even with only 10-‘M Fe(I1) 
there is noticeable decomposition. Also at 75” Mn(I1) promotes the decomposition. 
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In the presence of oxalic acid (Table 2) the decomposition of peroxide is enhanced in 
the dark and more so in the light. The initiating reaction appears to be (13): 

Fe’+ + H202 + H2Cz0, - Fe(III)Ox + HC + H,O + ‘OH 

followed by (14) and (15) which constitute a chain: 

(13) 

.OH + H2C204 - H,O + H+ + CO2 + .CO; (14) 

.CO; + H202 - CO2 + OH- + .OH (15) 

In light there is an additional contribution from reaction (5). Mn(I1) decreases the de- 
composition of peroxide in the presence of oxalic acid, both in the dark and in light, because 
of reaction (16), 

.OH + Mn(I1) + H&,0, - Mn(III)Ox + H,O + H+ (16) 

followed by (1) (2) and (3) which regenerate peroxide, to compensate for its destruction 
in (7) and (8). 

In a mixture containing initially Fe(II1) and hydrogen peroxide (Table 3), no decompo- 
sition of peroxide occurred at 25” after 3 hr in nitrogen, but there was considerable 
decomposition in the additional presence ofO.OlM oxalic acid and complete decomposition 
with O.lM oxalic acid. The decomposition in nitrogen and in light, accompanied by an 
equimolar disappearance of oxalic acid, is accounted for by reactions (5) (15) (14), and 
(9). The retarding effect of Mn(I1) is the same as explained above. 

It is especially interesting (Table 3) that oxygen in light almost completely prevents the 
induced oxidation of oxalic acid in the absence of Mn(I1) (e.g., after 3 hr at 25”, 100% in 
nitrogen, 5% in oxygen). Apparently the CO; formed in reaction (5) reacts very rapidly 
with oxygen (reacti.on 2) followed by reaction (17) 

.02CO; + Fe(II1) - Fe2++C02+0, (17) 

and reaction (6). 
Finally, with oxygen as oxidizing agent (Tables 4 and 5) Fe(I1) is about 100 times as 

effective an inhibitor of peroxide formation as Fe(II1). Considering the results at 65’, the 
initiating reaction appears to be 

0, + Mn(I1) + H2C20, - Mn(III)Ox + .H02 + HC (slow) (18) 

The Mn(III)Ox thus formed reacts rapidly with Fe2+ and hence reaction (1) does not occur. 
The relatively much weaker inhibiting effects of Cu(I1) and Fe(II1) are explained (as in 
respect to Table 1) by reactions (4b) and (4a). 

The inhibiting effect of Fe(III) and Cu(I1) has been made use of in the time-honoured 
method of determination of active oxygen in manganese dioxide by digestion with an 
excess of oxalic acid in about 4N sulphuric acid and titration of the remaining oxalic 
acid. The method gives high results, but the error can be largely eliminated9 when 
iron(II1) or copper(I1) are present during the digestion. From the results in this and the 
preceding papers, it is evident that the error arises from an induced oxidation of oxalic 
acid by oxygen, in the presence of Mn(II) formed during the digestion, to hydrogen 
peroxide, which in turn decomposes before the titration with permanganate. It is also 
evident that the presence of Cu(I1) or Fe(II1) should largely prevent this error, as has been 
found experimentally. 



Hydrogen peroxide formation--III 87 

REFERENCES 

1. I. M. Kolthoff. E. J. Meehan and M. Kimura, J. Phys. Gem., 1971, 75, 3343. 
2. Idem, Talanta, 1972, 19, 1179. 
3. Z. Simon, Rec. Roumoine Chim., 1964, 14, 705. 
4. Ci. D. Cooper and B. A. deGraK, J. Phys. Chem., 1971, 75, 2897. 
5. J. H. Baxendale, in Pulse Radiolysis, ed. M. Ebert, J. P. Keene, A. J. Swallow, and J. H. Baxendale, 

Academic Press, New York, 1975; J. K. Thomas, in Aduances in Radiation Chemistry, Vol. 1, ed. M. Burton 
and J. L. Magee, Wiley-Interscience, New York, 1969. 

6. A. R. Andersen and E. J. Hart, Radiation Res., 1961, 14, 689. 
7. J. H. Baxendale and D. Smithies, Z. Physik. Gem., 1956, 7, 242. 
8. W. G. Barb, J. H. Baxendale. P. George, and K. R. Hargreave, Trans. Faraday Sot., 1951.47,462, 591 
9. D. S. Freeman and W. G. Chapman, Analyst. 1971,%, 865. 

Zusammenfassung-Die Bildung erheblicher Mengen Wasserstoffperoxid bei der langsamen 
Zugabe verschiedener Oxidationsmittel zu Oxalslure in verdiinnter Schwefelslure in Gegenwart 
von Sauerstoff und Mangan(I1) wird in Gegenwart von Fe(III) oder Cu(I1) stark verlangsamt. 
Mit Wasserstogperoxid als Oxidationsmittel und einer Spur Fe(I1) zerfallt unter Stickstogatmos- 
phiire nach ein paar Stunden bei 25” im Licht (von einer Wolframlampe) eine betrachtliche Menge 
Peroxid, im Dunkeln weniger. Die Zersetzung wird von Mn(I1) verlangsamt, ebenso, wenn die 
Ausgangsmischung Fe(II1) enthllt. Mit Sauerstoff als Oxidationsmittel inhibiert Fe(H) die 
Peroxidbildung etwa lOO-ma1 effektiver als Fe(II1). Bei allen verwendeten Oxidationsmitteln ist 
Cu(I1) als Verlangsamer 6-lO-ma1 wirksamer als Fe(II1). Man kann die Inhibitonvirkung 
durch die Reaktion Fe(II1) [oder Cu(II)] + CO; + Fe(I1) [oder Cu(I)] + CO, erkllren. 

R&m&-La formation de quantites considtrables d’eau oxygen&e par l’addition lente de divers 
agents d’oxydation a l’acide oxalique en acide sulfurique dilut en la presence d’oxygine et de 
Mn(I1) est fortement retard&e en la presence de Fe(III) ou Cu(I1). Avec l’eau oxygen&e comme 
agent oxydant et une trace de Fe(H), il y a une decomposition considerable de peroxyde. sous une 
atmosphere d’azote, aprts quelques heures a 25’ a la lumiere (dune lampe au tungstine), et une 
moindre decomposition a l’obscuritt. La decomposition est diminuee par Mn(I1) et aussi lorsque le 
melange initial contient Fe(II1). Avec l’oxygene comme agent oxydant, Fe(H) est un inhibiteur 
de formation de peroxyde environ 100 fois plus efficace que Fe(II1). Avec tous les agents d’oxydation 
utilists, Cu(I1) est quelques 6-10 fois plus efficace comme retardateur que Fe(II1). L’inhibition est 
expliquee par la reaction Fe(II1) [ou Cu(II)] + CO; + Fe(I1) [ou Cu(I)] + CO,. 
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Snm~ry-A detailed exposition is given of the use of ~~garjthrn~c diagrams and Gran plots to 
construct titration curves and to determ~~e accurately the equivalence point in ~te~tjometr~c 
compfexometric titrations. 

Gran-curves are being used more frequently for the evaiuation of the results of potentio- 
metric titrations. In acid-base titrations, no special problems arise when Gran-functions are 
used, but with compgexometric titrations it is sometimes difficuIt to decide whether Gran- 
curves can be used. In some cases only one part of the titration curves can be utilized 
in the evaluation, but logarithmic diagrams are often valuable for handling these problems. 
Two different questions are of particular interest: 
(a) how can a titration curve be constructed when the concentrations and the stability 

constants are known and 
(bf how can the equivalence volume be caliculated when an unknown sampie is being 

titrated ? 

TITRATiON CURVES 

fohansson and ~~nnine~l have shown that Iogarithmi~ diagrams are a convenient 
means of surveying the conditions of a complexometric titration. First, consider a 
titmtion of the type M + Y = MY, the equilibrium equation being [MY) = ~~~~M]rY~. 
Ail quantities may be conditional.* A logarithmic diagram for a camplexometric equilib- 
rium is constructed in the following way. In a diagram with pY along the horizontal 
axis and log C (C denoting co~~ent~tion~ along the vertical axis, a system point 

(log &dYr log C,) is marked (point S in Fig. 1). C, denotes the ~on~nt~tion of the metal 
ion at the start of the tit~tion. From this point, four lines are drawn, two parallel to the 
pY-axis, the other two having slopes -f- 1 and - 1 respectively. The lines are connected in 
pairs according to the figure. 

The point of intersection between the curved parts lies 0.3 (= log 2) logarithmic units 
below the system point. Finally, a line with slope - 1 is drawn with the origin as the starting 
point. The three graphs in Fig. 1 represent the species M, MY and Y, and show the 
~oga~thm of the ~n~entratio~ of each of these species at a certain value of pY. The 
diagram then is fully analogous to an acid-base diagram, with the exception that no line 
representing QH- is needed. A comprehensive survey of logarithmic diagrams has been 
made by Sif16n.J During the titration, the total concentration of Y increases, i.e., pY 
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Fig. 1. Logarithmic diagram of log C as a function of pY. The total concentration is 
t0-2M and Log K,, is 8.0. 

Table 1. Values of pM corresponding to different values of 
the titration ratio a, the number of moles of titrant added 
per mole of metal ion, for the calculation of titration curves 

a PM u PM 

0 -tog c* 1.01 iog I(,, - 2GQ 
0.I -log cu +-PO5 l-02 log K,, - 1.70 
0.2 -1og c, +@lo 1.03 log KMY - 132 
0.3 -log CM +0.15 1.04 log KHY - 1.40 
0.4 - log C, S-o.22 1 ,os log KMY - 1.30 

0.5 - log c, +0,30 1.06 log K,, - 1.22 
06 -log C, f 040 1.07 log K,, - I.15 
0.7 - log c, f 0.52 1.08 log KMY - t.to 
0.8 - log CM co.70 I .09 log KYY - 1.05 
0.9 -log CM + IGQ I.10 log K,, - 1GI 

0.91 -log C, +1.05 1.20 log K,, -0.70 
0.92 -log CM f 1.10 1.30 log K,, -0.52 
0.93 -log CM + 1.15 1.40 log K,, -0.40 
0.94 - iog CM + 1.22 1.50 fog K,, -0.30 
0.95 -log CM + 1.30 t 40 log K “Ify - 0.22 

0.95 -log c, f 1.40 1.70 log KMY -0.15 
097 -log C, f 1.52 1 %O log K,, -0.10 
&9X -log c, + 1.70 I.90 log K,, -0.05 
0.99 - log CM +2.00 ?oo log KFnv -0.00 
IGO [log K,, - log C&2 2-00 log Is,, 

Dilution was disregarded when the values of Table I 
were calculated, but if il is desired to take it into account. 
the term lo&r c I) where r is the ratio of the molarities of 
tk titrand and the titrant. should be added to p&f. 
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decreases and hence the vertical line representing the system movesfiom right to left in the 
diagram. 

The diagram in Fig. 1 was constructed assuming the original concentration of M to be 
10e2M and the stability constant of MY to be lo*. 

From the diagram it can be seen for instance that pM = 2 at the start of the titration 
(no addition of Y). At the point where half the metal has been titrated (i.e. [M] = [MY], 
point no. 1) the pM value is 2.3. At the equivalence point (point no. 2), the conditions 
should be the same as in a lo- 2M solution of MY in water. Part of the MY is then 
dissociated into M and Y, the concentrations of these species being equal. It can also 
directly be seen that the larger the value of the stability constant of the complex, the 
smaller is [Ml. The diagram shows that at the equivalence point, pM = 5 [i.e., (8 + 2)/2]. 
At point no. 3, where [MY] and [Y] are equal, the amount of Y added is, all told, double 
the amount of M, and pM = log K. 

Hence when the titration begins, pM = -log CM and when twice the amount of titrant 
required to reach the equivalence point has been added, pM = log KMY. The values of 
pM between these extreme values are easily calculated but can also be taken from 
Table 1. 

It is, however, easy to read more points from logarithmic diagrams and not only 
equivalence points, half-titration points etc. It is possible to introduce a scale a (the 
degree of titration) in the diagram and read the pM values directly. The following 
table gives values of pY corresponding to values of a. 

Table 2. Values of pY corresponding to different values of 
the titration ratio a 

a PY a PY 

0.01 log Km +2M) 099 log K, -2.00 
0.10 log Kuv +@95 1.00 (log KMY - log w2 
025 log K, +0.48 1.01 2.00 - log cI( 
0.50 log K..v 1.10 1.00 - log C” 
0.75 loe K, -0.48 1.50 0.30 - log c, 
0.90 log K, -0.95 2.W - log cII 

See also Fig. 2 which illustrates the titration of a metal ion with a complexing agent Y 
to form a complex MY with stability constant equal to 10’. 

Titrations where pM cannot be measured 

Indirect electrodes. It is not always possible to follow the course of a titration with an 
electrode having a potential that is directly proportional to [Ml. Frequently, an indicator 
electrode is used, that consists of Hg2+/Hg or Ag+/Ag and requires addition of HgY or 
AgY to the titrated solution before the start of the titration. The titration curves that are 
obtained in such titrations can have different shapes. The problem has been treated by 
various authors.4-1 3 In this case, logarithmic diagrams provide a convenient guide to 
the appearance of the titration curves. 

The following assumptions are made. A metal ion M with total concentration Ch( is 
titrated with a complexing agent Y. An indicator ion is added in the form of AY. The 
total concentration of A is denoted by C,. The (conditional) stability constants are 
K,, and K,, , respectively. 
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Logarithmic diagram for the titration of a metal ion M with a complexing 
KhlY = 10s; C, = O.OlM. A scale for a = C,/C, is introduced in the diagram. 

agent Y. 

It is possible to distinguish three cases. 

1. KAY = KMY 

This case is demonstrated in Figs. 3 and 4. When the solutions are mixed before the 
titration (a = 0), the reaction M + AY = MY + A takes place. This means that [A] and 
[MY] are then equal, corresponding to point no. 1 in Fig. 3. It is also clear from this 
diagram that the graph representing M is parallel to the graph representing A over its 
entire course. In a logarithmic diagram, this means that pA - pM is constant, which implies 
that [A] = constant x [Ml. It is easy to construct a conventional titration curve with the 
aid of the logarithmic diagram and the scale for a = &/CM. Figure 4 shows the 
titration curve pA = f(a). The figure also contains a scale showing the variations of pM 
as a function of a. 

PY 
2 4 6 8 10 12 

Fig. 3. Logarithmic diagram of log C as a function of pY. C, is 10m3M and C, is 10-6M. 
Log K,, = log K,, = 8. 
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Fig. 4. Titration curve of pM and pA as a function of the degree of titration a. This curve is 
constructed from the logarithmic diagram in Fig. 3. Kyv = Ku*. 

Of course, it is a rare coincidence when K,, and KMY happen to be equal in a titration. 
However, considering that we are dealing with conditional constants, it is clearly 
possible to adjust the conditions so as to make the values of the constants equal. As 
an example, let us take titration of zinc ion with EDTA using an Hg2+/Hg electrode at 
pH = 4-5. The acetate complexes of the zinc and mercuric ions differ considerably in their 
stabilities and KZnPY’ and K,,,, can be adjusted to equal magnitude by proper choice 
of the concentration of acetate ion. It is also possible to adjust the magnitude of KuLPy’ by 
varying the concentration of chloride ion. 

Figure 5 illustrates how such a titration is treated. At the start (a = 0), [MY] = [A], 

PY 
2 4 6 8 10 12 

Fig. 5. Logarithmic diagram of log C as a function of pY. C, is lo-“M and C, is lo-“M; 
log K,, = 9 and log K,, = 7. 



94 A. JOHANSSON 

1 
a 

2 

Fig. 6. Titration curve of pM and pA as a function of the degree of titration a. This curve is 
constructed from the logarithmic diagram in Fig. 5. K,, is greater than KAY. 

i.e., pA = 6. When [M] = [MY], i.e., a = O-5, (on a line parallel to the C-axis and 
through point no. 2), pA still equals 6. At the equivalence point, point no. 3, where 
[M] = [Y] (strictly [Y] = [M] + [A]), pA = 7. After the equivalence point, the lines 
representing A and M run parallel and pA and pM differ by a constant amount, in this 
case 1-O. Along an ordinate drawn through point no. 4 (u = 2), pA is found to be 10 
and pM = 9. 

Figure 6 is a titration curve in which pA is plotted as a function of Q. The equivalence 
volume may be calculated in the same way as if pM were measured. However, only values 
recorded after the equivalence point has been passed can be used in the calculation of the 
equivalence volume. 

Figure 7 is a graph of log C us. pY. By the reasoning used above, we arrive at the 
following values, which can be read from the diagram. 

a : 0 , 0.1, O-25, 0.5, 0.75, 0.9, 1 .o, 1.5, 2.0 
pA: 6.1, 7.5, 8.1, 8.5, 9.0, 9.5, 11.0, 13.2, 13.5 

The curves in Fig. 8 plot pA and pM as a function of IX The courses of the pA and 
pM curves are parallel from a point slightly before the equivalence point. Only data after 
the equivalence point can be used to calculate the equivalence volume. 

Io~-se~e~~~ve electrodes. Even though an electrode fully specific for the ionic species which 
is to be determined is not always available, it is often possible to use an ion-selective 
electrode to follow the course of a potentiometric titration. There are several types of 
both anion and cation electrodes available. As there are at present no good electrodes that 
respond to EDTA activity, we shall discuss only cation, i.e., metal ion, electrodes. 

The responses of all cation electrodes are influenced by other ionic species present 
in the solution titrated. The potential of the electrode is determined not only by the 
activity of the ion to be determined but also by the activities of the other ions present. 
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Fig. 7. Logarithmic diagram of log C as a function of pY. The figure is based 
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upon the 
following values: log IcAy = 105, log KMY = 8. CM = 10W3M and CA = 10e6M. 

It is therefore customary to include an appropriate correction factor in the Nernst equation 
and according to Eisenmanr4 write 

E, = EC0 + f$ ln([M”+] + c Ki[MF]n’zi) 
1 

where [Mi], zi and Ki are the concentrations, charges and selectivity coefficients of the 
interfering ionic species. If, for the sake of simplicity, we assume that n = Zi and that the 
effects of the interfering species can be expressed by a single term, we may write 

EC = EC0 + $ lOg([M"+] + Ki{MP+]) (4 

where Q = (RT In 10)/F. 
A value of the selectivity coefficient Ki less than unity means that the electrode is more 

sensitive to changes in the concentration of M than to changes in the concentrations of Mi , 

and, vice t‘ersu if K, > 1. If Ki is large in value, the concentration of M, must be 
low, in order that its influence will not be too great. During a titration the concentration 
of M decreases, whereas the concentration of the interfering ion remains constant. The inter- 
ference of the latter ion may thus finally be so great that the electrode is no longer able to 
follow the changes in the concentration of M. The result is the same as if the concentration 
of M were larger than it actually is. It is possible to deduce readily from a logarithmic 
diagram how great the influence of an interfering ion will be (Fig. 9). 

IfKiEMi] = lo- 3, the apparent concentration of M is 10% too high even at the beginning 
of the titration. If Ki[Mi] = lo- 5, [M] and Ki[Mi] will be equal at the equivalence point and 
hence [M] will be apparently twice the true value. Values of [M] at values of a = C,/C, 
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Fig. 8. Titration curve of pM and pA as functions of the degree of titration a. This curve is 
constructed from the logarithmic diagram in Fig. 7. KAY is greater than KMY 

greater than O-9 should not be included when calculating the equivalence volume. The 
interference will then be at most 1%. 

The forms of titration curves in different cases can be easily deduced from logarithmic 
diagrams. Values of pM read from Fig. 9 are plotted in Fig. 10 against a = CY/C, for the 
case where Ki[Mi] is equal to lo- ‘. 

CALCULATION OF EQUIVALENCE VOLUMES 

The reverse problem, calculation of the equivalence volume from a number of 
corresponding volume-pM (or e.m.f.) values or from a titration curve can be solved in an 
analogous manner to that employed by Johansson14 for acid-base titrations. 

PY 
2 4 6 8 10 12 

Fig. 9. Logarithmic diagram for the titration of a metal ion M with a compiexing agent Y in the 
presence of an interfering metal ion Mi when K, (Mi) has the values 10e3, 10-s and 10m6. 

K MY = IO" and C, = O.OlM. 
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Fig. 10. Titration of a 10-2M metal ion (M) in solution containing an interfering metal ion Mi 
with a complexing agent Y when K,+,v is 10’ and Ki. (M,) is lo-‘. 

V, ml of a C,’ molar metal ion solution are titrated with I/ ml of a Cyo molar 
solution of a complexing agent Y. Only a 1 : 1 complex with stability constant K,,,v is 
assumed to be formed by the metal ion and the complexing agent. 

The following equations are valid. 

M+Y : MY (3) 

CM = [MY] + [M] (4) 

Cy = [MY] + [Y] (5) 

K MY = wl/(MPI) (6) 
CM = v, . CMO/( v, + V) (7) 
cy = v. CyO/(Vo + V) (8) 

v.c O e Y O= v,.c M (9) 

V, denotes the equivalence volume, the volume of titrant added up to the equivalence 
point. CM and Cy are the total concentrations of the metal ion and the complexing agent 
when V ml of the titrant have been added. By combining equation (8) with equations (4) 
(5) (7) and (9) we obtain 

L’. Cyo = V, . C,o - (I/b + V)([M] - [Y]) (10) 

[Y] is negligible in comparison 
then assumes the form 

with [M] before the equivalence point. Equation (10) 

V, - v = (@$) [M] (11) 
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Thus iffi( V) = (vO + I/)[M] is plotted against V ml, a straight line is obtained, which 
intersects the i/-axis at V = Y,. 

After the equivalence point, [Y] dominates in equation (10). By combination of equations 
(4) and (6) with (7), we get 

(12) 

[M] in the parentheses in equation (12) is negligible. By substituting equation (12) for 
[Y] in equation (lo), we obtain 

(13) 

A straight line will result when J-~(V) = l/EM] is plotted as a function of V. The point 
of intersection of the straight line with the v-axis is the equivalence volume V, and the 
slope is V. - CMo/KMy C,‘. (Note that l&M] is not multiplied by (V, + V) as is the 
conventional Gran procedure.) Equations (11) and (13) are consequently suitable for 
determining equivalence volumes either graphically or with a computer. The data obtained 
before and after the equivalence point should be kept apart. It is, however, possible to 
combine equations (10) and (12) to give 

O fvot-VI v~Cyo=VoCMo-(Vo+V)[M]+~-~~l -K 

MY MY 

which, in turn yields 

V_,=(V,+V)[Ml_ v 
e 

CYO 1 + KMY[M] 

(14) 

(15) 

Equation (15) makes it possible to use all the titration data simultaneously. However, 
knowledge of an approximate value of the stability constant KMY is required. 

In equations (11) and (13) it is necessary that values of [M] be known. These can be 
calculated in the usual way by using the Nernst equation. 

EC= E,O + ‘2 + ln[M] (16) 

where Eco = EM0 + E,, + 5 In yM + junction potentials. Eon0 is the normal potential, Erd 

the potential of the reference electrode and yu the activity coefficient of the ion M”+. 
E,’ is hence a conditional quantity that remains constant only as long as the 

junction potentials and the activity coefficient remain constant. Therefore it is important 
that the ionic strength should be constant during the titration. 

According to equation (16) 

[M] = loWc-k")~iQ (17) 

where Q = (RT In 10)/F. 
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We consequently arrive at the conclusion that when calculating the equivalence volume 
it is suitable to plot before the equivalence point 

f, (l’) = (V, + V)[M] = (V, + V) . IOfEr- +'wQ (18) 

as a function of I/, and after the equivalence point 

f2(fi) = II[M] = I()@-Ec’A’Q (19) 

as a function of V, both plots giving straight lines that intersect the V-axis at the equivalence 
point. 

When an indicator ion, A, is used, [M] in these equations can be replaced by [A], 
on the condition that [A] = const.[M]. Equations (18) and (19) then remain unchanged. 

Ordinarily it is only possible to use data obtained after the equivalence point. 
Even when ion-selective electrodes are used in potentiometric titrations, it sometimes 

happens that only part of the titration curve can be used for purposes of evaluation, 
(usually the first part). In all these cases, logarithmic diagrams provide the answer to the 
question as to which part of the titration curve should be used. 

As an illustration to the usefulness of the method, an example will be treated in detail. 
A solution prepared by mixing 5 ml of 0*05M copper sulphate, SO ml of O.lM sodium acetate-acetic 

acid buffer of pH 4.6 and 45 ml of water, was titrated with OQ5M EDTA. Mercuric ion, added in the form of its 
compiex with EDTA, (HgY), was used as indicator ion. This solution can be prepared by dissolving 
mercuric oxide in 0.01&f EDTA. HgY should be added to give a relatively high concentration, eg., 1% 
of the concentration of the copper ion. In this way, the signal will be more stable and less sensitive to 
external interference. In the case in question, 0.25 ml of 0%+4 HgY was added. As indicator electrode, an 
amalgamated silver rod was used, and the reference electrode was an Orion model 90-02 double-junction 
reference electrode. 

The following stability constant values are valid for the reactions that determine the shape of the titration 
curve: 

[HY] = 10’0’3[H][Y] 

[Hay] = 10’6’6[H]z[Y] 

[CUY] = Ior*.“[cu][Y] 

[CUNY] = 103’0[H][C~Y] 

[Cu(GH)Y] = 102”[OH][CuY] 

[CuAc] = lO”‘[Cu][Ac] 

[CuAca] = 10*~‘[Cu][A~]~ 

[CuAc,] = lO”‘[Cu][Ac]” 

[CuAc,] = 102~q[Cu][A~]4 

[CuOH] = 106’0[Cu][OH] 

[Hay] = 10’9.3[H]3[Y] 

[HIY] = lO*“*[HJ*[Y] 

[HgY] = 10Z”*[Hg][Y] 

[HgHY] = 103”[H][HgY] 

[Hg(OH)Y] = lO”*[OH][HgY] 

[ Hg AC] = lO“‘fHg][ Ac] 

[HgAc,] = lOs’*[Hg][Ac]a 

[HgOH] = 10’“‘3[Hg][OH] 

[Hg{OH)J = 102’~‘[Hg][OH]2 

Using Ringbom’s procedure, the following conditional constants are calculated. 

log KC”., = 11 (f and log K,,.v. = 8.7 

Figure 11 shows a plot of EuI as a function of the volume of added titrant as recorded with a Metrohm 
Potentiograph Model E 336 A. As can be seen from the figure, the potential jump is asymmetrical. 
Therefore, it is difficult to determine the location of the equivalence point in the usual way by differentiation 
of the curve. It is, however, easy to determine the equivalence volume by plotting ldHg] as a function of 
the added volume of titrant. 

The following data were obtained in a similar titration where the e.m.f. values were measured with an 
Orion Model 801 digital voltmeter. The temperature was 22’. Values of 1fiHgj were calculated from 
equation (19) in the form 

tfiHg] = l,)‘E”-E”29,28 
(20) 
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Fig. 11. Experimental curve of E (mV) vs. V (ml) from a titration of 100 ml of OG025M 
copper sulphate with 0.0% EDTA. 0.25 ml of O.OlM HgY is added (pH = 4.6). An 

arbitrary zero-point is chosen for the mV-scale. 

E”, which includes the normal potential, the potential of the reference electrode, the activity factors and 
junction potentials, may be unknown, in which case an arbitrary value may be inserted in its place. When 
this is done, the calculation does not yield l/[Hg], but a constant divided by [Hg]. In the example given, go 
was taken to be 200 mV. 

V, ml E, mV (200 - E)/29.28 constant/[Hg] 

5.0 295.0 0 
5.5 159.7 1.376 2.38 
6.0 148.8 1.748 5.60 
6.5 142.9 l-950 8.91 
7.0 138.9 2.087 12.22 
7.5 135.9 2.189 15.45 
8.0 133.5 2.271 18.66 
8.5 131.5 2.339 21.83 
9.0 129.8 2.398 25.01 

A plot of constant/[Hg] against V gives a straight line which intersects the V-axis to give the equivalence 
volume V. = 5.1 I ml; the theoretical value is V. = 5.12 ml. 

The shape of the titration curve agrees well with that of a curve constructed from a logarithmic diagram 
(Fig. 12). At the start of the titration, pHg is constant and equals 4.6. This means that pHg = 10.3 since 
log aHI = 5.7. 

Just before the equivalence point, pHg’ begins to increase and at the equivalence 
point, pHg’ = 6-S (or pHg = 12.5). After the equivalence point (point 1, where [Y’] = 
[Hg’] + [Cu’]), the lines plotting pHg’ and pCu’ run parallel. 
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Fig. 12. Logarithmic diagram for the titration of copper ion with EDTA in the presence of 

mercuric ion (the indicator ion). Kc,.,. = IO”“; Kns,v. = 108’; CC” = 10-2’6h4; CHI = 10-4’6M. 

The pHg’ of the solution increases by 2.2 units from the start of the titration to the 
equivalence point. This is equivalent to 64 mV. The potential jump during the titration 
until twice the equivalence volume of titrant has been added is 6.2 x 29.3 mV = 181.7 mV 
(at a = 2, pHg’ = 10.8 and consequently ApHg = 1@8 - 4.6 = 6.2). The experimentally 
found value was 183 mV. 

A calculation of a similar titration curve with the aid of a computer and the Haltafall 
program (by Sillin et ~1.‘~) is described by Dyrssen et ~1.” 
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Zusammenfassung-Die Verwendung von logarithm&hen Diagrammen und Gran-Kurven zur 
Konstruktion von Titrierburven und zur genauen Bestimmung des Aquivalenzpunktes bei 
potentiometrischen komplexometrischen Titrationen wird ausfuhrlich geschildert. 

J&um&Gn donne un expose dttaille de I’emploi de diagrammeslogarithmiques et de traces de 
Gran pour construire les courbes de titrages et pour determiner avec precision le point 
d’tquivalence dans les titrages complexomttriques potentiomttriques. 



Talonlo, Vol. 20, pp. 103 to 113. Pcrgamon Press. 1973. Printed in Great Br~tatn 

PREPARATION AND INFRARED SPECTRA OF 
PALLADIUM DERIVATIVES OF SOME 
OR~ANOPHOSPHORUS INSECTICIDES 

T. F. BIDLEMAN and R. W. FREI 

Trace Analysis Research Centre, Department of Chemistry, 
Dalhousie University, Halifax, Nova Scotia, Canada 

(Received 1 May 1972. Accepted 1 August 1972) 

Summary-The preparation of palladium complexes of phosphorodithioate (Guthion, Ethyl 
Guthion, Imidan, and Cidial) and phosphoro~ioate (Fenthion) insecticides is described. The 
Pd : pesticide ratios in the derivatives are cu. 1 : 1 for the phosphorodithioates and 2 : 1 in the 
case of Fenthion. The infrared spectra of the derivatives are compared with those of the parent 
insecticides. Palladium complexation of phosphorodithioates results in a lowering of the P-S 
frequencies by 60-75 cm-’ and also produces changes in the P-G-C region. Milligram 
quantities of Thimet, Trithion, and Cidial on thin-layer chromatograms were reacted in situ 
with sodium tctrachloropalladate(I1). The infrared spectra of the compounds recovered from the 
plate depended greatly on the Pd : pesticide ratio on the spot, and the analytical significance of 
these results is discussed. 

Palladium(I1) chloride has been widely employed as a qualitative detection reagent for 
organophosphorus insecticides on thin-layer chromatograms since its initial use by Baumler 
and Rippstein’ in 1961. The reagent is somewhat selective in that it does not react with 
organophosphates which contain no sulphur.’ Blinn3s4 has studied the separation of 
Thimet and its metabolites by thin-layer chromatography (TLC) and has described the use 
of palladium(I1) chloride as a detection reagent before removal of the compounds from the 
plate and identification by infrared spectroscopy. Recently it was shown that the 
sensitivity of palladium detection methods can be markedly increased by combining 
palladium(I1) chloride with a fluorescent metallochromic indicator such as Calcein or 
Calcein Blue; the resulting sprays have been used for q~nti~tive in situ fluo~metry of 
nanogram quantities of phosphorodithioate insecticides5 

Despite the widespread use of palladium-containing spray reagents, no studies have been 
made of the interaction between ~lladium and the insecticides nor have the complexes 
been prepared other than as spots on TLC plates. Since the effect of palladium complexation 
on the infrared spectra of these pesticides is of analytical importance, this work was carried 
out in order to compare the spectra of the derivatives with those of the parent com- 
pounds. 

EXPERIMENTAL 

Reagenrs 
Pa~~adj~m. Sodium tetrachloro~lladat~I1) and 5% ~l~dium(II) chloride solution in hydrochloric acid were 

used as sources of palladium. 
Pesticides (295% purify). These were obtained from the manufacturers listed by Kenaga and Allison.6 
All other chemicals were analytical reagent quality. 

103 



104 T. F. BIDLEMAN and R. W. FREI 

Apparatus 

Infrared spectrometers. Perkin-Elmer models 237B and 521. Samples were run in chloroform or as KBr discs. 

Thernwgravimetry 

A Fisher Differential Thermalyzer equipped with a Model 120 TGA Accessory and a Cahn Electrobalance 
was used. 

Preparation and analysis of palladium derivatives of pesticides 

Pesticides (05-2 g) were dissolved in the minimum volume of ethanol-water (3 : l-5 : 1, v/v) and a sub- 
stoichiometric quantity of palladium as sodium tetrachloropalladate(I1) or palladium(H) chloride was added as 
a solution in the same solvent. The derivatives of Guthion, Ethyl Guthion, Imidan and Cidial were formed 
immediately as fine yellow-orange precipitates which were washed with ethanol, air-dried overnight at room 
temperature, and finally vacuum-dried at 80” over phosphorus pentoxide. The Fenthion product was an oil 
which solidified after cooling for several hours in an ice-salt mixture. The solid was finely ground, washed 
with ethanol, and dried as above; m.p. 117-120”. All these derivatives were formed in good yield (85-103%). 
Attempts to prepare palladium derivatives of Thimet and Trithion resulted in oil formation and the 
complexes of these two pesticides were not studied further except as recovered from TLC plates. No 
suitable recrystallization solvent could be found for the derivatives, but samples of Pd-Guthion and Pd-Cidial 
were “recrystallized” by dissolving the solids in chloroform and reprecipitating by adding carbon tetrachloride 
or petroleum ether respectively. The palladium analyses of products so obtained were no different from those of the 
original solids. Pd-Guthion, Pd-Ethyl Guthion, and Pd-Imidan were soluble in chloroform and insoluble in 
water, alcohols, acetone, carbon tetrachloride and hydrocarbon solvents. Pd-Cidial and Pd-Fenthion were 
soluble in carbon tetrachloride, acetone, and toluene as well as in chloroform. 

The palladium derivatives were checked for the presence of free pesticides by thin-layer chromatography. A 
chloroform solution of the complex was spotted along with suitable standards of the pesticide on a 
0.25-mm silica gel N TLC plate. The plate was developed in 3 : 1 hexane-acetone; the complex remained 
at the origin while the free pesticide migrated (R, = 0.3-0.5). The developed chromatogram was sprayed with 
palladium-Calcein reagents and the quantity of free pesticide was determined by in situ fluorimetry. 

Palladium was determined gravimetrically as the iodide’ after wet oxidation of the organic matter with a 
nitric-sulphuric acid mixture. 

Recovery of pesticides and palladium derivatives from TLC plates 

Pesticides (l-3 mg) in chloroform were spotted onto acetone-washed TLC plates (0.5 mm, 1 : 1 silica gels 
N and G). Sodium tetrachloropalladate(I1) in ethanol-water was spotted on top of the pesticides and the 
plates were allowed to stand overnight to ensure complete reaction. 3 ’ The spots were scraped from the 
plate and the compounds were extracted and incorporated into 200-mg KBr discs by Blinn’s procedure.) 

RESULTS AND DISCUSSION 

General observations 

When solutions of the phosphorodithioate pesticides (Table 1) and sodium tetra- 
chloropalladate(II), each having a pH of 3.5-5, are mixed the product precipitates and 
the pH of the supernatant liquid falls to 2 1.5, indicating the release of protons during the 
reaction. This pH change was not observed in the case of Fenthion, a phosphorothioate 
insecticide (Table 1). Qualitative tests for chloride after sodium decomposition of the 
complexes were positive for Pd-Fenthion but negative for the Pd-phosphorodithioate 
derivatives. The chloride contents of Pd-Guthion and Pd-Imidan as determined by 
X-ray fluorescence were 0.7 and 0.2% respectively. Less than 0.5% of free pesticide was 
found in the palladium derivatives of the phosphorodithioate insecticides by TLC; the 
Fenthion complex decomposed during chromatography. 

Pd-Fenthion was the only complex to have a distinct melting point. The other solids 
turned brown and finally black without melting on heating in air to above ca. 140”. 
Samples of Pd-Guthion, Pd-Ethyl Guthion, and Pd-Imidan which have been air-dried at 
room temperature undergo small weight losses when heated in air (Fig. 1). These losses 
occur within 15 min of heating at 80-90”, after which the weight remains constant 
over at least a 12-hr period, and are ascribed to loss of solvent which was not removed 
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Table 1. Pesticides used in this study 

Pesticide Chemical name Structure 

Guthion 

Ethyl Guthion 

Imidan 

O,O-dimethyl-S-4-oxo-1,2,3- 
benzotriazin-3-(4H)-ylmethyl 
phosphor~ithi~te 

O,Odiethyl-S4-0x0-1,2,3- 
~nzotria~n-3~4~~ylmethyl 
phosphorodithioate 

O,O-dimethyl-S-phthaiimidomethyl 
phosphorodithioate 

Cidiai ethyl mercaptophenylacetate 
O,O-dimethyl phosphorodithioate 

Trithion 

Thimet 

Fenthion 

S-[(p~hlorophenylthio)methyl] 
O,O-diethyt phosphorodjthioate 

O,Odiethyl-S-(ethylthio)methyl 
phosphor~ithioate 

O,Odimethyl-0~4-methylthio). 
m-tolyl) phosphorothioate 

0 
II 

(CH30),P- S-_CH-C-OCZH, 

f 
(CzH50)2P-S -CH2- S 

S 

(C,H,0)2~-S-CH,-S-C2H, 

S 

(CH>O),!-0 

by air-drying the derivatives at room temperature. However, the infrared spectra of 
these phosphorodithioate derivatives show broad bands in the 3300-3600 cm-’ region 
(Figs. 2, 3, and 5 respectively) even for samples which have been vacuum-dried at 80” for 
up to 18 hr, suggesting that these products also contain firmly bound solvent (or 
possibly hydroxyl groups) which is not easily removed. 

The palladium content of the derivatives was reproducible and independent of the 
Pd : pesticide ratio in the reaction mixture as long as an excess of pesticide was used 
(Table 2). Mixtures containing excess of palladium produced dark brown precipitates with 
varying palladium contents. These products were not studied further. The palladium 
analyses indicate a Pd : pesticide stoichiometry of ca. 1 : 1 for the phosphorodithioate 
pesticides and 2 : 1 in the case of Fenthion. If this is generally true for phosphorothioates 
it would help explain why these pesticides are less sensitive to fluorigenic palladium-Calcein 
sprays.’ The agreement of the other elemental analyses (Table 3) with the theoretical is 
only fair, however, and therefore little can be said at this time about the mechanism of the 
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Fig. I. TGA of Pd-Guthion and Pd-Imidan, 10-14-mg samples. 
- -  Pd-Guthion, heating rate 23°/hr 
. . . . . .  Pd-Imidan, heating rate 10°/hr 
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Fig. 2. Infrared spectra of Guthion (A) and its palladium derivative (B), KBr discs. 
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Fig. 3. infrared spectra of Ethyl Guthion (A) and its palladium derivative (IS), KBr discs. 
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Fig. 4. Infrared spectra of Cidial (A) and its palladium derivative (B), KBr discs. 
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Fig. 5. Infrared spectra of lmidan (A) and its palladium derivative (E), KBr discs. 

Table 2. Palladium analysis of derivatives 

Pesticide 

Pd. theoretical. 9; 
Pd : pesticide in Pd found, 
reaction mixture range, :I! Pd( pest) Pd(pest), Pd(pest)(HL% Pd(pest),Cl, 

Guthion 0.5eo.7 1 (4)* 23.1-23.3 25.1 14.4 23-3 
Ethyl Guthion 0.12-0.70(2) 22.2-22.5 236 13.4 21.8 
Imidan 0.66 (1) 23.5 25 1 14.4 23.2 
Cidial 0.30-0.57 (2) 22.2-22.7 24.9 14.2 23.0 
Fenthion 0.10-0.47 (3) 13.2-13.8 27.7 16.1 14.5 

* Number of preparations. 

Table 3. Analysis of palladium-pesticide derivatives 

Calculated 1 “/ * 0 Found, “/, 

Compound C H N S C H N S 

Pd-Guthion 28.4 2.9 9.9 15.1 29.8 2.8 11.3 15.4 
Pd-Ethyl Guthion 31.9 3.6 9.3 33-2 3.0 Il.6 
Pd-Imidan 31.2 2.9 3.3 15.1 32.8 2.8 3.7 13.9 

* For 1 : 1 stoichiometry 
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pesticide interaction. Although the Fenthion derivative may be a simple adduct of 
palladium chloride, this is certainly not true for the phosphorodithioate complexes since 
they contain only traces of chloride. Furthermore the release of protons during the reaction 
indicates an interaction more complex than adduct formation. 

Neutral organophosphorus esters have been shown to react with metal chlorides and 
bromides in relatively anhydrous systems by a dealkylation mechanism.* The cor- 
responding metal derivatives (possibly polymeric’) are halide-free and alkyl halides are 
released during the reaction. Such interactions have been recently reviewedlO and are 
common for phosphates, phosphonates, and their thiophosphoryl analogues. Pists- 
chimuka’l synthesized several metal complexes of phosphorodithioate esters almost 60 
years ago. but little work has since been done on these compounds. Further work will be 
required to determine whether a dealkylation mechanism is operative in the present system. 
If so, it does not necessarily occur via the release of alkyl halides since the reactions take 
place even if palladium(I1) nitrate is used instead of palladium(I1) chioride. 

Infrared spectra 

The spectra of the pesticides and their palladium derivatives are compared in Figs. 2-9. 
Pesticides containing carbonyl groups show strong C-O bands in the 1600-1800 cm-’ 
region. Measurements in chloroform (Cidial and Guthion) indicate approximately equal 
carbonyl intensities for the free pesticide and its palladium derivative. 

Considerable controversy exists concerning the P-S vibration. Chittenden and 
Thomas’ 2 have collected data on many compounds and have assigned two bands which 
appear to be connected with this group. For compounds having the general structure 
(RO)(R’O)(R”S)P=S (R-groups alkyl) the band I and band II frequency limits are 
790-833 cm- * and 645-663 cm-’ respectively. For (RO)(R’O~(R“O)P=S the ranges are 
800-844 cm-’ and 602-662 cm-‘. It is not known which frequency corresponds to the 
true P=S band. Some authors13.14 assign band II to vbs, but Bellamy’5 has reviewed 
the subject and has cautiously suggested that the evidence favours band I as the P=S 
stretching frequency. The relative intensities of the bands are reportedI to vary con- 
siderably with the substituent groups on the phosphorus. From published spectra of 
organophosphorus insecticides ‘u’ band II is generally strong in phosphorodithioates 
and less intense in phosphorothioates. 

Palladium complexation of phosphorodithioate pesticides produces significant changes 
in the P=S bands. Band I appears to be lowered in frequency by 60-75 cm-’ and 
reduced in intensity. The band I intensity of the phosphorodithioates studied is greater 
for the (CH,O),(RS)P=S pesticides than those having (C2H,0)2(RS)P=S structures 
(c_f: Guthion and Ethyl Guthion, Figs. 2 and 3), and the changes in this frequency are 
therefore more noticeable for the former group of pesticides. The far-infrared spectra of 
Pd-Imidan (Fig. 7), Pd-Guthion, and Pd-Ethyl Guthion indicate that band II is also 
lowered in frequency by 60-75 cm-’ and is thus shifted out of the sodium chloride region 
covered by most infrared instruments. These shifts are larger than the reportedI 
AT,=, = 47 cm-’ for the triphenylphosphine sulphide adduct of palladium chloride. 
Palladium complexation also produces changes in the P-O-C region (995-1050 cm- ‘) 
which must remain unexplained until more is known about the mechanism of derivative 
formation. 

According to Blinn3 the use of palladium(I1) chloride as a detection reagent for Thimet 
on TLC plates does not interfere with the infrared spectrum of the recovered pesticide. 
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Fig. 6. Infrared spectra of Fenthion (A) and its palladium derivative (B), KBr discs. 
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Fig. 7. Far-infrared spectra of (A) Imidan and (B) Pd-lmidan. 
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Fig. 8. Effect of varying quantities of palladium on the infrared spectra of Thimet spots recovered 
from TLC plates 

(A) blank, extract of unspotted silica gel, (B-E) mole ratio of Pd : Thimet = @O, @5, 1.0, and 1.5 
respectively. 

In our work Thimet, Trithion, and Cidial spots on TLC plates were reacted with 
O-1.5 times the equivalent molar quantity of sodium tetrachloropalladate(I1). The infrared 
spectra of the compounds recovered from the Thimet and Trithion plates are shown in 
Figs. 8 and 9; similar results were obtained with Cidial. The spectra show differences 
which depend on the ratio of palladium to pesticide on the spot; in particular, the 
P=S peak at 625-660 cm-’ shows a decrease in intensity due to the palladium- 
pesticide reaction. This frequency is of analytical importance since it has been recommended 
that the oxidation of phosphorodithioate pesticides be followed by its disappearance.16 

CONCLUSION 

Although palladium(I1) chloride is useful for locating organophosphorus pesticides on 
TLC plates before their identification by infrared spectroscopy, it should be realized that 
the spectra of the complexes differ from those of the parent compounds. Indiscriminate 
use of the reagent could lead to interpretative errors, particularly when microgram 
quantities of the pesticide are involved. Palladium derivatives of phosphorodithioate 
esters represent a new group of metal-organophosphorus complexes and a further study 
of the mechanism of this interaction in aqueous systems would be interesting. 
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Fig. 9. Effect of varying quantities of palladium on the infrared spectra of Trithion spots 
recovered from TLC plates. 

(A) blank, 12 pmole of Na,PdCl, extracted from silica gel. (B-E) mole ratio of 
Pd : Trithion = 0.0, 0.5, 1.0, and I.5 respectively. 
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Zusammenfassung-Die Herstellung der Palladiumkomplexe von Insektiziden vom Dithiopbos- 
phordureestertyp (Gusathion. Gusathion A, lmidan und Cidial) und vom Thiophosphor- 
saureestertyp (Baytex) wird beschrieben. Die Verhlltnisse Pd:Pestizid in den Derivaten sind 
etwa 1 : 1 fiir die Dithiophosphorsaureester und 2: 1 bei Baytex. Die lnfrarotspektren der 
Derivate werden mit denen des zugrunde liegenden Insektizids verglichen. Die Komplexbildung 
der Dithiophosphors~ureester mit Palladium bewirkt eine Erniedrigung der P-S-Frequenzen urn 
60-75 cm-’ und ruft such Versnderungen im P-0-C-Bereich hervor. Milligrammengen Thimet, 
Trithion und Cidial wurden auf Diinnschichtchromatogrammen in situ mit Natriumtetra- 
chloropalladat(I1) umgesetzt. Die Infrarotspektren der von der Platte abgelosten Verbindungen 
hangen stark vom Verhahnis Pd : Pestizid im Fleck ab. Die analytiscbe Bedeutung dieser 
Ergebnisse wird diskutiert. 

R&arm&-On dtcrit la preparation de complexes palladies d’insecticides phosphorodithioates 
(Guthion, Ethyl Guthion, Imidan et Cidial) et phosphorothioate (Fenthion). Les rapports 
Pd : pesticide dans les derives sont &environ 1 : 1 pout les phosphorodithioates et 2 : 1 dans le 
cas du Fenthion. On compare les spectres infra-rouges des derives a ceux de l’insecticide 
apparent& La complexation au palladium des phosphorodithioat~ a pour resultat un abaissement 
des friquences P=S de 60-75 cm-’ et prod&t aussi des changements dans la region P-O-C. 
On a fait riiagir in situ des quantitts de l’ordre du milligramme de Thimet, Trithion et 
Cidial sur chromatogrammes en couche mince avec le tetrachloropalladate de sodium (II). Les 
spectres infra-rouges des composes r&pi& de la plaque dependent grandement du rapport 
Pd : pesticide sur la tache, et l’on discute de la signification analytique de ces rtsuhats. 
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Summary-A new method has been developed for the isolation of methylmercury from biological 
tissue. It is based on the volatilization of methylmercury cyanide formed in the reaction of 
methylmercury in the tissue with hydrocyanic acid released in the interaction of potassium 
hexacyanoferrate(I1) with sulphuric acid at elevated temperature. The methylmercury cyanide 
released is captured on cysteine paper in a microdiffusion cell. The isolated methylmercury is 
set free with hydrochloric acid, extracted into benzene and determined by gas chromatography. 
A special closed micro-extractor is used for the final extraction into benzene for samples containing 
the lowest levels of metbylmercu~. The method can be used for a wide range of sampIes and 
concentrations (including background levels). The simplicity of the method makes it suitable for 
routine application. 

The method at present used in most laboratories for the isolation of methylmer~ury was 
originally devised by Gage’ and later modified and developed into a gas-chromatographic 
procedure by Westoo. 2-3*4 For most biological tissues the extraction has to be carried 
out in two stages; the original homogenized tissue is first acidified and extracted with 
a relatively large volume of the solvent, followed by stripping of methylmercury from the 
benzene phase into an aqueous solution of cysteine and re-extraction, after acidification, 
into a smaller volume of organic solvent. A few ~1 of this solution are then injected into 
the gas-chromatographic column for quantitative evaluation with an electron-capture 
detector. In the literature, an emission spectrometric detector using helium plasma has 
also been described.’ 

The early stages of this extraction and purification procedure require relatively large 
amounts of sample as well as large volumes of solvents, ~rticularly if the expected 
concentration of methylmercury is in the ppM range (parts per milliard). 

Sumino6 substituted glutathione for cysteine in the purification stage and Newsome’ 
hydrobromic acid for hydrochloric acid. Methylmercury bromide (as does the iodide or 
cyanide) shows the same gas~hromatographic behaviour as the chloride. These modi- 
fications did not solve the essential problems associated with this method. 

Two main difficulties which may arise during the separation of methylmercury are the 
following: the formation of emulsions which are very persistent with certain types of 
samples, and volatility of methylmercury, which may result in losses during repeated 
equilibrations unless great care is taken in all stages involving extractions and transfers. 

115 
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Obviously the organic extracts cannot be concentrated by evaporation of the solvent. 
Other less volatile organomercurials do not present difficulties in extraction separations 
as they can be concentrated by evaporation of the solvent. 

In the present work the formation and volatility of methylmercury cyanide have been 
successfully exploited for its selective isolation from biological tissue. This approach is a 
continuation of our philosophy of utilizing the volatility of mercury and its compounds 
in its determination, e.g., by selective trapping in a neutron-activation method.’ 

Preliminary work on the separation of methylmercury by use of the volatilization 
principle was based on the distribution of methylmercury chloride between the acidified 
tissue and toluene, kept separately in the two compartments of a diffusion ce11.9 Later 
it was modified by the much more selective and efficient isolations of methylmercury 
cyanide and its binding on paper impregnated with cysteine. 

Sulphuric acid of appropriate concentration releases hydrocyanic acid from potassium 
hexacyanoferrate(I1) at elevated temperatures according to the reaction 

2K,[Fe(CN)J + 3HzS0, = 6 HCN + 3K,SO, + K,Fe[Fe(CN),] 

Too high a concentration of sulphuric acid as well as higher temperatures favour the 
production of carbon monoxide and have to be avoided. 

In the presence of biological tissue containing methylmercury, hydrocyanic acid reacts 
to give volatile methylmercury cyanide. Sulphuric acid provides not only the necessary 
hydrogen ions for setting free hydrocyanic acid but also reduces the amount of water 
vapour, thus preventing the decomposition of cysteine and helping further in the homo- 
genization of the sample. 

Depending upon the amount of methylmercury in the sample, the cysteine paper is 
extracted with hydrochloric acid either in a test-tube or in a specially designed micro- 
extractor described later. 

EXPERIMENTAL 

The various parameters, including the temperature. time of diffusion and optimum amounts of hexa- 
cyanoferrate, sulphuric acid and cysteine, were investigated systematically. Cysteine was applied on filter paper 
as a buffered solution. 

Reagents 

Potassium hexacyunojkrrote(ll), saturated solution. 
Sulphuric acid. (1 + 1). 
Hydrochloric acid, 12M and SM. 
Benzene, p.a. 
Cysteine solution. For the analysis of muscle tissue this was prepared by dissolving 20 mg of cysteine 

hydrochloride in I ml of 5% sodium pyrophosphate solution. For other tissues, particularly liver, kidney and 
blood, a 342 pyrophosphate solution containing potassium citrate (400/) or sodium acetate trihydrate (IO”;) 
must be used. 

Methylmercury dicyandiamide, stock solution. 

Apparatus 

Gas chromatograph, Pye Series 104. 
Electron-capture detector, 6’Ni radioactive source. 
Column. l/4 in. x 5 ft. 
Solid support. Diatomite “C,” AW. 100-120 mesh. 
Liquid phuse. Phenyldiethanolamine succinate. (trade names PDEAS or HIEFF-1OB) 4”; or poly- 

ethyleneglycol succinate (PEGS), 5%. 
Standard glass Conway dishes with thick plate-glass covers. or. for amounts of sample over I g, the 

diffusion cell shown in Fig. I. 
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Support for 

,/ paper 

Fig. 1. Diffusion cell for the isolation of methylmercury from larger samples (> 1 g) of biologica! 
tissue. 

Centrifuge tubes. 5-ml with ground-glass stoppers. 
Micro-extractors (see below). 
Filter paper, Schleicher and Schiill. No. 5893. 

Chromarograph!~ conditions 

Column temperature 170’. 
Injector temperature 200”. 
Detector temperature 200’. 
Carrier gas N,. flow-rate 100 ml/min. 
Voltage adjusted according to the amount of methylmercury measured. 

Method 

For methylmercury concentrations higher than 30 rig/g the procedure is as follows. Homogenized tissue in 
quantities up to I g is placed in the inner compartment of the Conway cell. A saturated solution of 
potassium hexacyanoferrate(I1) is added (@25 ml) and the contents mixed. A ring of filter paper to fit 
the outer compartment is placed in the cell, the paper ring having previously been impregnated with 0.1 ml 
of cysteine reagent and dried. Finally 0.5 ml of sulphuric acid is added to the tissue. After mixing of the 
reaction mixture. the cell is closed with a circular plate-glass cover. 

The amount of sulphuric acid and potassium hexacyanoferrate(I1) IS increased for samples over 1 g and a 
special diffusion cell. as shown in Fig. 1. is substituted for the Conway cell. 

The glass cover is fixed on the cell with a rubber sleeve. The reaction between cysteine and methylmercury is 
rapid. so there is no need to seal the cell hermetically. Care must be taken. however, that cells are kept in darkness 
and that the filter paper is processed immediately after it has been taken out of the cell. 

The cell is placed in the thermostat at 75’ for 14 hr. After this time the cell is cooled, and the filter 
paper ring is removed with tweezers, dropped into a 5-ml centrifuge tube and completely moistened with 
0.25 ml of 5M hydrochloric acid. Following the addition of 1 ml of benzene, the tube is closed with a ground- 
glass stopper and shaken for 10 min. The filter paper is removed and the sample centrifuged. Aliquots of 5 ~1 
of benzene phase are injected into the gas chromatographic column. 

The overall performance of the isolation of methylmercury was tested by using different standard solutions. 
A stock solution was prepared from a 1.5”; solution of a commercial preparation of “Panogen” (methyl- 
mercury dicyandiamide) by diluting it with water to give a concentration of 6 pg of methylmercury per ml. 
Aliquots of this solution (0.1 ml) were acidified with an equal volume of 5M hydrochloric acid and extracted with 
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10 ml of benzene. After centrifuging, the organic phase was removed and further diluted with the solvent to give 
a set of solutions for the calibration curve, covering the range between 0.1 and 2 ng for 5 ~1 of the solution 
injected into the gas chromatograph. 

Micromethod 

For the determination of methylmercury in organic material a further increase in sensitivity appeared to be 
possible by a modification of the extraction procedure. 

Since a significant increase in the quantity of sample is not practicable, only a reduction in the amount of 
solvent could come into consideration. In the method above, the volume of solvent (1 ml) is two hundred times 
the amount actually needed for a determination. In practice it can be reduced by a factor of at least ten (to 0.1 ml). 
For this reason, a micro-extractor was designed. At the same time, a reduction of the surface of the cysteine paper 
was required. Evaporation of methylmercurychloride should be prevented during the extraction, and therefore the 
extraction should proceed essentially in a closed system. 

The present version of a micro-extractor is shown in Fig. 2. Volatilization and binding of methylmercury is 
carried out in Conway cells as described above. Octagonal filter papers (Fig. 3) of somewhat smaller dimensions 
(3 mm width) are used and the volume of cysteine solution is reduced to 0.07 ml. After the end of the reaction, the 

Rsscrvo1r (0.2 ml 1 
‘, 

-1, 
-\ 

Ground qlasr stopper 

I 

F,ltsr popcr plug \ 
Cop!llary tubing 2mm bore \ ‘1 

Filter paper 

bound methyl mercury 

Fig. 2. Micro-extractor. 

filter paper is cut into 16 sections as indicated by the dotted lines in Fig. 3. The strips of paper are combined 
in a bundle and pushed into the wider end B of the capillary extractor. A minimum amount (0.075 ml) of 
concentrated hydrochloric acid is introduced with a pipette (Fig. 2) directly on to the paper, and the extractor 
is assembled. Through the opening at A, 0.15 ml of benzene is introduced in such a way as to form a column 
occupying the whole diameter of the capillary. Immediately after, a l-ml syringe with glass piston is 
attached to the capillary (polyethylene tubing is recommended but rubber should not be used) and the solvent 
column is driven forwards and backwards through the paper bundle for 4 min. The paper should not be 
packed too tightly, in order to provide for thorough contact during the passage of the solvent. Finally the 
solvent is pushed through the vertical capillary section into the conical reservoir. Normally there is no 
need to dry the benzene phase; exceptionally, if this phase is turbid, a small plug of filter paper previously held 
in hydrochloric acid vapour is plugged into the upper part of the capillary just ahead of the outlet to the 
reservoir. During extraction the reservoir is closed with the ground-glass stopper. Aliquots of the collected 
solvent are then withdrawn into a microsyringe for gas-chromatographic determination of the extracted methyl- 
mercury; 5 ~1 of the solvent are normally used. It is important to clean the diffusion cell, in particular the outer 
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I \ 

Fig. 3. Octagonal filter paper, impregnated with cysteine buffer, to fit the diffusion cell. Before 
the extraction paper is cut into sixteen strips along the dotted lines. 

compartment, very thoroughly. The micro-extractor is rinsed after use with demineralized water, methanol and 
benzene. It is recommended that the diffusion procedure and the opening of the diffusion cells be carried out 
in a well-ventilated laboratory, owing to the presence of some hydrocyanic acid. 

DISCUSSION 

Preliminary experiments and investigation showed that yields of methylmercury in the 
procedures above could be influenced by the binding of methylmercury cyanide on the 
cysteine paper being incomplete because of (u) decomposition of cysteine, (b) the limit 
capacity of the cysteine buffer, and (c) unsuitable conditions during the diffusion. 

(a) According to Warburg’ ’ and Sakuma,’ ’ cysteine is readily oxidized in the presence 
of traces of metals such as iron, manganese, copper etc. WarburgZ2 found that the 
oxidation by iron and manganese is prevented by the addition of pyrophosphate. 
Therefore pyrophosphate is added as one of the components of all buffers used. The 
stability is further improved by carrying out the diffusion in darkness and by using a 
concentration of sulphuric acid large enough to keep the vapour pressure of water low. 
As a consequence the filter paper remains dry during the diffusion period. 

fb) The capacity of the cysteine buffer could be exceeded, in particular when samples 
contain higher concentrations of halides. This becomes noticeable when two different 
aliquots of the same sample are taken for analysis; the results with the larger aliquots are 
lower. Therefore a combined buffer, as described under reagents, is used when analysing 
larger samples (up to 1 g) of liver, blood, brain etc. However, in the analysis of fresh-water 
fish muscle sodium pyrophosphate alone is sufficient even when samples as large as 2 g 
are taken. If the inner compartment is covered with an additional filter paper disc 
impregnated with lead acetate, volatile compounds, including thio~om~unds, are 
removed without affecting the recovery of methylmercury; the lead salt also acts as a 
buffering component for hydrochloric or hydrobromic acids. The yield remains high and 
constant. 

(c) At lower temperatures impractically long diffusion periods would be required; higher 
temperatures on the other hand enhance the oxidation of cysteine and possibly of 
hydrocyanic acid. Yields were highest at a temperature of 75”. It is also essential that the 
ground-glass joints of the micro-extractor fit perfectly in order to prevent the escape of 
volatile methylmercury during the extraction. 

The recovery of methylmercury could be lowered as a result of incomplete extraction from 
the cysteine paper. 
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Experiments with labelled methylmercury (203H g) have shown that the extraction 
depends on the amount of available cysteine. When 10% cysteine solution was used 
(0.10 ml in the macro or 0.07 ml in the micro version) recoveries from a single 
extraction with benzene were between 50 and 70%. When the concentration of cysteine 
was varied between 1 and 3%, the same volume being used. the yield was constantly 
over 90% in both the micro and macro procedures. 

WestGo has shown that from the equilibria between methylmercury chloride 
(CH,HgCl) and cysteine-bound methylmercury (CH,HgSR) it follows that their ratio is 
higher at higher concentrations of hydrogen and chloride ions and low concentrations of 
cysteine (RSH) : 

[CHJkCll = [Cl-IW+lK 
P-W&SRI PSHI 

where K combines the equilibrium constants for the dissociation of methylmercury chloride. 
cysteine, and methylmercury-cysteine complex. 

The overall reproducibility as a function of the amount of sample taken was determined 
by analysing fish muscle containing three different concentrations of methylmercury. The 
samples were prepared by homogenizing 50 g of fish muscle (a young trout) obtained from 
a fish-breeding station to avoid the high levels of methylmercury usually found in 
samples from natural environments. A larger number of aliquots was taken for checking 
the performance of the micro method than in the method normally used. The concentration 
of methylmercury in the original sample, 39 rig/g,, was such as to enable comparative results 
to be obtained for the macro as well as the micro method. These results are shown in 
Fig. 4. To check the performance of the method at higher levels, “Panogen” stock 
solution was added to two aliquots of this sample in amounts to give 85 rig/g and 
285 rig/g respectively. The yields were also satisfactory, with no dependence on sample 
weight. 

Also analysed were samples of human blood, and organs collected from an autopsy. 
In the range investigated, recoveries do not depend on the quantity taken for analysis. It 
is clear, however, that when very small amounts of sample are used there is a wider 

0:5 IO l-5 20 

Amount of sample, 9 

Fig. 4. Recovery of methylmercury from biological tissue as a function of the amount of sample. 
A Micromethod, 0 Macromethod. Dotted line indicates the expected value based on precise 

determination of total Hg and on the assumption that it is all in the methyl form. 
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spread of results. The relative standard deviations were 5 and 7% respectively for the 
macro and micro method. 

The other two types of sample (liver and blood) appear to contain volatile substances 
which reduce the recoveries if sodium pyrophosphate alone is used as the buffer for 
cysteine. This is probably due to the low buffering capacity. However, if the internal 
compartment containing the sample is covered with filter paper previously impregnated 
with a concentrated solution of lead acetate and dried, quantitative recoveries are 
obtained with pyrophosphate as well as with all other buffers tested. The amounts of 
sample used in these experiments were from 530 to 866 mg and were again without 
influence on the recovery of methylmercury. 

Concentrations of inorganic mercury in amounts up to 20 ppm have no effect on the 
results obtained for methylmercury in blood and in liver samples. In the presence of 
milligram quantities of mercury(I1) chloride, however, methylmercury appears to form in 
liver and blood and results are accordingly much above the actual content of CH,Hg+. 
This was not the case when mercury(U) chloride or cyanide was added to fish muscle. 

RESULTS 

The method has been successfully applied to a wide variety of plant, autopsy and 
animal samples with concentrations of methylmercury varying between 1 rig/g and 

a few pglg. 
As an illustration, results are presented in Table 1, giving methylmercury to total 

mercury ratios (calculated as Hg), in muscle and liver respectively, for three groups of 
trout caught at different sampling points along the river Idrijca which is contaminated 
with depleted mercury-ore sediments. Results indicate that although the total mercury 

Table 1. Total and methylmercury concentrations in rg/g in fish muscle and liver from the River Idrijca 
at Idrija, Stopnik and Most na SoEi (April-June 1971) 

Muscle Liver 
Sample 

Sampling (fish) Age, Total Ratio Total Ratio 
point No. weight,g years CH,Hg’ Hg+ [CH,Hg+]/[Hg] CH,Hg* Hg [CH&+l/IHgl 

1 0.16 4.9 
2 - 0.52 2.6 

A 3 0.70 2.7 
4 - - 0.73 2.9 
5 0.29 6.5 
6 240 4 0.90 0.99 
7 196 4 0.43 0.59 
8 270 5 0.51 0.66 

B 9 124 - 1.08 1.24 
10 120 3 0.92 1.12 
11 120 3 0.76 0.87 
12 520 4 0.60 0.52 
13 ,500 4 0.64 0.66 
14 210 3 0.43 o-39 

C 15 275 4 0.26 0.30 
16 165 3 0.45 @51 
17 95 2 0.33 0.35 

0.03 @6 77.4 
0.20 1.9 28.7 
0.25 0.8 49.2 
0.25 1.7 46.2 
0.045 0.6 118.8 
0.91 1.63 10.0 
0.72 0.93 16.4 
0.77 1.12 11.9 
0.87 2.35 31.3 
0.82 1.84 15.8 
0.87 I.91 19.2 
1-13 1.16 5.13 
0.97 0.59 5.55 
1.10 044 2.73 
0.86 0.28 3.41 
0.88 1.07 6.18 
0.93 - 2.36 

0.01 
0.07 
0.02 
0.04 
0005 
0.16 
0.06 
OQ9 
@08 
0.12 
0.09 
0.23 
0.11 
0.16 
008 
0.17 

- 

Sampling point A: (Marof) at source of inorganic mercury contamination. 
Sampling point B: (Stopnik) 20 km downstream from the source. 
Sampling point C: (Most na SoEi) 35 km downstream from the source. 
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content decreases with distance downstream its proportion in the methyl form increases. 
The equilibria possibly involved in interpreting these results are not yet fully understood; 
nevertheless, they clearly show the methylation of inorganic mercury in this aquatic 
system as well as its longer biological half-life in fish. 

Table 2 shows the concentrations of methylmercury in a selection of samples, including 
the hair of persons from varying occupations. 

Table 2. Methylmercury and total mercury concentrations in human 
hair and some aquatic organisms 

Sample CHsHg+(nt&) Hg total &3/s) 

Hair (1) (chemical technician) 175 0.504 
Hair (2) (dentist) 210 2.11 
Hair (3) (maie) 61 0.159 
Hair (4) (female) 140 0.357 
Hair (5) (female) 120 0.177 
Beard 80 o-514 
Algae (dry weight) 44 25.0 
Trichoptera 27 10% 
Epbemeroptera 107 13.7 

The chromatograms obtained by foilowing this method are in general very clear 
and do not present any probiems in the evaluation of results. An exception is hair, where 
numerous other peaks are occasionally observed. Overlapping can occur when some other 
liquid phases are used, but using phenyldiethanolamine succinate in the column results 
in very good resolution and provides for satisfactory evaluation of the methylmercury 
peaks. Up to twenty determinations were made by one technician daily during this investi- 
gation with one column and the simple inexpensive apparatus described above. It is 
clear that the scale of operation could easily be expanded to allow large number of 
serial analyses on a routine basis. 
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Zusammenfassung--Ein neues Verfahren zur lsolierung yon Methylquecksilber aus biologischem 
Gewebe wurde ausgearbeitet. Es beruht auf der Verfliichtigung von Methylquecksilbercyanid, 
das sich im Gewebe aus Methylquecksilber und Blaus~iure bildet, die ihrerseits durch die 
Reaktion yon Kaliumhexacyanoferrat(II) mit Schwefels~iure bei erh6hter Temperatur freigesetzt 
wird. Das ausgetriebene Methylquecksilbercyanid wird in einer Mikrodiffusionszelle auf 
Cysteinpapier aufgefangen. Das isolierte Methylquecksilber wird mit Salzs~iure freigesetzt, in 
Benzol extrahiert und gaschromatographisch bestimmt. Bei Proben, die geringsten Mengen 
an Metbylquecksilber enthaiten, wird fiir die abschlieBende Extraktion in Benzol ein besonderer 
geschlossener Mikro-Extraktor verwendet. Das Verfahren kann for viele verschiedenartige 
Proben und fiir weite Konzentrationsbereiche (einschlieBlich des Untergrundes) verwendet 
werden. Die Einfachheit tier Methode macht sie fiir die routinem~iBige Anwendung geeignet. 

Resnm/~--On a 61abor~ une nouvelle methode pour l'isolement du m6thylmercure de tissus 
biologiques. Elle est bas~e sur la volatilisation du cyanure de m,~thylmercure form~ dans la 
r~ction du methylmercure dans le tissu avec I'acide cyanhydrique d~gag6 dans l'interaetion de 
l'hexacyanoferrate(II) de potassium avec l'acide sulfurique ~i temperature ~lev6e. Le cyanure de 
m6thylmercure d6gag6 est fix~ sur un papier ~i la cyst6ine dans une cellule de microdiffusion. Le 
m6thylmercure isol6 est lib~r~ par l'acide chlorhydrique, extrait en benz6ne et dos~ par chromato- 
graphie en phase gazeuse. On utilise un microextracteur clos sp~ial pour l'extraction finale en 
benzene pour les 6chantillons ayant les plus faibles teneurs en methyimercure. On peut utiliser la 
m6thode pour un large 6ventail d'echantiilons et de concentrations (y compris les teneurs de 
base). La simplicit~ de la m6thode la rend convenable pour l'application de routine. 
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SHORT COMMUNICATIONS 

IDENTIFICATION DE SUBMICROQUANTITES D’IONS IODURE 

(ReCtr Ie 17fP~rier 1972. Accept6 ie 5 juin 1972) 

La reaction iode-amidon, mise souvent a profit pour l’identification de faibles quantitts diode, de l’ordre de 
0.1 pg, n’est plus utilisable pour la recherche de traces. 

Selon nos essais, l’ion iodure, oxydi par le chlore en IO,- fournit, par action d’iodure de potassium en 
milieu acide, un anion Is- revtle par le nitron avec Iequel il forme un triiodure colore. 

l_ =I, -+ 
X20 

Iox- -+ I,- 
t&iron 

- Ntl, 

En pratique, stir du papier pour chromatographie (Whatman 3 convient bien) on depose a l’aide dun 
tube capillaire en verre (fig. 1) 0,Ol ml de solution Ctudike par fractions de 0,002 ml et, B 2 cm du premier 
depot, on depose de meme de l’eau bidistillke. Le papier est alors place dans les vapeurs de chlore, audessus 
d’eau saturte de chlore par exemple puis &he a l’air chaud. A l’emplacement des deux depots, on 
depose g l’aide dun capillaire 0,003 ml de solution preparee extemporantment a 20 pour cent d’iodure de 
potassium. Apres s&zhage a temperature ordinaire et a I’abri de la lumiire, on depose 0,004 ml de solution 
0.2N d’acide sulfurique. II apparait, si la r&action est positive. un anneau jaune a brun. Apres 3 a 4 min, un 
anneau semblable apparait dans le temoin, dir a l’oxydation a l’air du reactit 

Fig. 1. 

La reaction permet a la limite de dkceler 0,Ol ng diode a Mat d’iodure soit une concentration de 
1/64~107. 

La presence des ions Cl-, Br-, SOb2-, POh3- et CO,‘- n’apporte pas de gine. La reaction n’est pas 
applicable en presence d’oxydants tels les ions ferriques. Ceuxci peuvent etre elimines au prkalable par 
precipitation a T&at d’hydroxydes. 

Chaire de Chimie Analytique N. GANTCHEV 
Universiri “ Paissi ~iljn~Tskiey” D. ATHANASSOVA 
Rue V. Markoc, 7. Plo~di~, 3ulguria V. E~~GDANOVA 

Resume--Une stillireaction, fond&e sur la formation de triiodure de nitron (NtI,) colort en 
jaune brun permet de dtceler 0,Ol pg de I- (l/64.10’). 

Summary-A spot-test, based on the formation of yellow-brown nitron tri-iodide permits detection 
of 0.01 ng of iodide (limit of dilution 1 in 64 x 10’). 

Zusammenfassung-Eine Tiipfelprobe, die auf der Bildung von gelbbraunem Nitron-Trijodid 
beruht, erlaubt den Nachweis von 0.01 ng Jodid (Verdtlnnungsgrenze 1 in 64. 106). 
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ATOMABSORPTIONSSPEKTRALPHOTOMETRISCHE 
BESTIMMUNG VON ZINK IN GALLIUMARSENID UND 

GALLIUMALUMINIUMARSENID 

(Eingegangen am 3. Mai 1972, Angenommen am 6. Juni 1972) 

ZUR KONTROLLE des Gehaltes von Zinkverunreinigungen und zur Ermittlung von Zinkdotierungskonzentrationen 
in A’uB”-Materialien wurde von uns eine atomabsorptionsspektralphotometrische Bestimmungsmethode 
ausgearbeitet. 

Die Atomabsorptionsspektralphotometrie ist-wie zahlreiche Veriiffentlichungen zeigen’~2-auf Grund ihrer 
Selektivitiit und Emofindlichkeit fiir die Suurenbestimmuna von Zink aut aeeianet. Bei der Erarbeituna des 
Bestimmungsverfahrens wurde beriicksichiigt, da8 die zu &tersuchend& Materialien ein Gewicht van nur 
einigen Milligramm haben. Diese Bedingung erfordert eine spezielle Arbeitsmethode, die kein Anreicherungs- 
verfahren bendtigt und trotzdem eine hohe Empfindlichkeit besitzt.3 

EXPERIMENTELLER TEIL 

Apparatioes 

Verwendet wurde ein Eigenbau-Atomabsorptionsspektralphotometer, welches aus folgenden Teilen bestand: 
Spiegelmonochromator SPM 1 mit Quarzprisma (VEB C. Zeiss, Jena) 
Sekundlrelektronenvervielfacher M 12 FQS 52 A (VEB C. Zeiss, Jena) 
Kompensationsbandschreiber Gr Br (VEB C. Zeiss, Jena) 
Hochspannungsversorgungsgerat fur SEV (PGH Statron, Fiirstenwalde) 
Vorkammerringspaitzerstauber (Eigenbau) 
gekiihlter Schlitzbrenner (1 = 120 mm) (Eigenbau) 
Hohlkathodenlampe (Kathodenmaterial: Messing; Neondruck 4 mm Hg-Same) (Eigenbau) 

Als optimale Bedingungen ergaben sich fur die Zinkbestimmung: Wellenliinge 213.8 nm, Lampenstrom 5 mA, 
Spaltbreite 100 urn, Acetylen: 44 I./h, Luft: 3 at, 56 I./h. Zusatzluft: 170 I./h, Losungsverbrauch: 2 ml/min. 

Da nur geringe Probemengen vorhanden waren, wurden der Ringspaltzerstluber und die Gaszusam- 
mensetzung unter dem Gesichtspunkt eines miiglichst geringen Losungsmittelverbrauchs optimiert. Der 
Strahlendurchgang durch die Flamme lag 6 mm oberhalb der Brenneroberfllche. 

Reagenzien 

Standard-Zinkliisung: 1 g Zink(II)-sulfat pa. pro Liter 
Standard-Galliumlisung: 2,5 g Gallium (99,999x) pro 100 ml 
Standard-Arsenkkung: 3.5 g Arsentrioxid pa pro 100 ml 
Salzsiiure pA 
Salpetersiibe pA 

Bestimmungswrschr@ 

Das zu untersuchende Galliumarsenid bzw. Galliumaluminiumarsenid (co. S-20 mg) wurde mit einem 
Gemisch aus konzentrierter Salz- und Salpetersiiure (1 : 1) aufgeliist. Nach vorsichtigem Eindampfen des 
Sauregemisches wurde der Riickstand sofort in 1 ml 1M Salzsiiure aufgenommen. Diese Losung wurde direkt 
zerstlubt. Die gemessenen Extinktionen wurden mit Hilfe einer Eichkurve in Konzentrationen umgerechnet. 
Zur Erhiihung der Genauigkeit empfiehlt es sich, den arithmetischen Mittelwert von 3 Extinktionsmessungen 
fur die Konzentrationsbestimmung zu verwenden. 

ERGEBNISSE 

Siiureeinfh@ 

Die Eichkurve einer Zinksulfatlosung in IM Salzs&tre verlief etwas steiler als die der wal3rigen Losung 
ohne Sauregehalt. Dieser Effekt tindet seine Erkllrung darin, daB durch die Anwesenheit der Salzsaure die 
Hydrolyse der Zinksalze in der Flamme zuriickgedrangt wird und aul3erdem das in der Flamme 
entstehende Zinkchlorid leichter und vollstlndiger verdampft als Zinksulfat bzw. Zinkoxid. Die Anderung der 
Salzsdurekonzentration zwischen 0.5 und 1,SM hatte keinen EinfluD. 
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EinjZup des Arsenat( V)-ions und des Aluminium(lIl)-ions 

Arsenat(V)- und Aluminiumionen (Aluminiumkonzentration: 0,2 bis 2 mg/ml) beeinflussen die Zinkabsorp- 
tion nicht. 

Einjlu/l des Gullium(lll)-ions 

Galliumkonzentrationen zwischen 2,5 und 10 mg/ml rufen eine Blindabsorption in Abhlngigkeit von der 
Galliumkonzentration von 0,Ol bis 0,016 Extinktionseinheiten hervor und verursachen somit eine Parallel- 
verschiebung der Eichkurve. 

Die Lbsungen, die in 1 ml 1M Salzsaure zwischen 5 und 20 mg unterschiedlich zusammengesetzter 
Matrixsubstanz enthielten, beeinfluDten ebenfalls die Zinkabsorptionswerte. Es ergaben sich ParalleIver- 
schiebungen der Eichkurven in Abhiingigkeit der in den Losungen enthaltenen Galliumkonzentration. Die 
GrBl3e der Verschiebung entsprach der Blindabsorption der zinkfreien Galliumliisung (s. Tabelle 1). 

Tabelle 1. Abhangigkeit der Absorption bei 
213,8 nm von der Matrixsubstanz 

Zink Zusatz in 1M HCl, 
Konzentration, ppm ppm Extinktion 

0 0 0 
0 5000 GaAs 0,Ol 
0 10000 GaAs 0,013 
0 20000 GaAs 0,015 
0,8 0 0,089 
038 5000 GaAs 0,101 
078 10000 GaAs 0,104 
078 20000 GaAs 0,107 

Aufirellung einer Eichkurve und Genauigkeit des Verfahrens 

Zur Aufstellung einer Eichkurve wurden Lijsungen hergestellt, die in 1 ml 10 mg Galliumaluminiumarsenid-bzw. 
Galliumarsenid und unterschiedliche Konzentrationen Zink enthielten. Es wurden jeweils 10 Liisungen eines 
Zinkkonzentrationswertes untersucht. Die Eichkurve wurde durch Ausgleichsrechnung ermittelt. 

Die Nachweisgrenze fur das Verfahren wurde zu 0,l pg/ml nach folgenden Kriterien bestimmt: 
Blindabsorption plus 3 x Standardabweichung der Blindabsorption. Die Eichkurve ist bis zu einerzinkkon- 
zentration von 3 pgg/mI linear und kriimmt sich bei hoheren Zinkkonzentrationen zur Abszisse. Die 

Tabelle 2. Zinkbestimmung in Galliumarsenid und Galliumaluminiumarsenid 

Matrix 
ms/mI 

Zink 
gegeben, 

ppm 

Extinktion 
arithmetisches 

Mittel 
aus 3 Messungen 

Zink 
gefunden, Abweichung 

ppm % 

5 GaAs 072 
5 GaAs ‘396 
5 GaAs 1.0 
5 GaAs 330 

10 GaAs OJ 
10 GaAs 034 
10 GaAs 098 
10 GaAs 290 
20 GaAs 032 
20 GaAs 096 
20 GaAs LO 
20 GaAs 3.0 

5 Gao.9 Alo.,As 0.2 
5 Gas.9 A~o.~As LO 

20 Ga,,, Alo.,As 034 
20 Ga,,, Al,.,As 230 

0,035 0,18 -10 
0,086 0,59 - 1,8 
0,136 LOO 0 
0,377 2Q5 - 0,7 
0,026 0,lO 0 
0,064 0,42 +5 
0,113 0,80 0 
0,262 2,Ol + 0.5 
0,041 0,23 +15 
0,087 060 0 
0,141 1,03 +3 
0,384 3,03 + 1 
0,036 0,19 -5 
0,134 0,97 -3 
0,066 0,43 + I.5 
0,263 2,02 + l,o 
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Gesamtstandardabweichung betriigt 5.4 x IO-’ Extinktionseinheiten. Das entspricht einem durchschnittlichen 
Variationskoeffizient von 45%. Der Variationskoehizient an der Nachweisgrenze wurde zu 27% bestimmt. 

Die Eichkurve ist verwendbar fur die Bestimmung von Zink in Galhumarsenid und Galliumaluminiumarsenid. 
Die Matrixsubstanz darf in Konzentrationen zwischen 5 und 20 mg/ml in 1M Salzsiiure vorliegen. Der 
MatrixeinfluB liegt dann innerhalb der gefundenen Standardabweichung. Die mit Hilfe der Eichkurve erzielten 
Ergebnisse sind in Tabelle 2 dargestellt. 

DISKUSSION 

Als Resultat aller durchgefuhrten Untersuchungen ergab sich, dal3 die extremen Uberschiisse an Matrix- 
elementen (Gewichtsverh’dltnisse zwischen 1 zu 5000 und 1 zu 200 000 fur Zink zu Matrix) die Bestimmung 
nur unwesentlich beeinflussen. 

Zur Klrirung der Ursache des geringen’ Einflusses Gallium enthaltender Losungen wurde iiberpruft, ob es 
sich urn Verunreinigungen des benutzten Gallium durch Zink handelt. Zu diesem Zweck iiberpriiften wir die 
Absorption bei Anwendung einer kontinuierlichen Lichtquelle (Deuteriumlampe). Das Ergebnis ist in Tabelle 3 
dargestellt. 

Tabelle 3. Absorption des Lichtes einer 
kontinuierlichen Lichtquelle durch die 

Flamme 

GaAs, 

mglml 219 nm 246 nm 213,8 nm 

25 0,012 0,013 0,015 
20 0,013 0,012 0,013 
15 0,010 0,007 

Vergleicht man die Werte der Tabellen 1 und 3 miteinander, so stellt man fest, daD der grogere Teil der 
Blindabsorption unspezifisch ist und somit durch Lichtstreuung und molekulare Absorption hervorgerufen 
wird. Die Ursache kann die Bildung von festen Galliumoxid-Teilchen in der Flamme sein, die wegen ihrer 
GrdBe und ihres hohen Siedepunktes (gr(iBer als 2ooo”) nicht vollstlndig verdampfen. 

Sektion Chemie 
Karl-Marx-Universitiit 
DDR 701 Leipzig 
liebigstraje 18 

K. DITTRICH 

W. ZEPPAN 

LITERATUR 

1. W. T. Elwell und J. A. F. Gidley, Atomic Absorption Spectrophotometry, S. 129-131. Pergamon, Oxford. 1966. 
2. J. Ramirez-Mufioz, Atomic Absorption Spectroscopy. Elsevier, Amsterdam, 1968. 
3. N. P. Ivanov und G. V. Kozyreva, Vestn. Mosk. Univ. Ser. II, Khim., 1967. 22. 102. 

Zasammenfaasung-Es wird eine atomabsorptionsspektralphotometrische Bestimmung von 
Zink in Galliumarsenid und Galliumaluminiumarsenid beschrieben. Die Methode ist anwendbar 
Fir Zinkmengen zwischen 0,l und 3 pg in 5-20 mg Matrix Der Variationskoeffizient betdgt 
4,5x. Der Einflug der Matrixsubstanz auf die Absorption wird beschrieben und diskutiert. 

Summary-The determination by atomic-absorptton spectroscopy of zinc in gallium arsenide 
and gallium aluminium arsenide is described. In 5-20 mg of sample, 0.1-3 pg of zinc can be 
determined. The coefficient of variation is 4.5%. The influence of the matrix is described and 
discussed. 

Resume-On dbcrit le dosage par spectroscopic d’absorption atomique du zinc dans I’arseniure 
de gallium et I’arsiniure de gallium et d’aluminium. On peut determiner O,l-3 pg de zinc dans 
5-20 mg d’echantillon. Le coefficient de variation est de 4.5%. On decrit I’influence de la matrice 
et en discute. 
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SPECTROPHOTOMETRIC DETERMINATION OF OSMIUM WITH 
ZR-ACID IN THE PRESENCE OF OTHER PLATINUM METALS 

(Received 30th December 1971. Accepted 1 June 1972) 

Most chromogenjc reagents for osmium are subject to interference from other platinum meta1s.t-3 The 
present paper describes the apphcation of 2-amino-8-naphthoL3,&disutphonic acid (ZR-acid; ANDS), which 
has already been used for the determination of iron4 and vanadium ‘, for the sensitive and reasonably selective 
spectrophotometric determination of osmium in the presence of platinum metals. 

EXPERIMENTAL 

Reagents 

ANDS. A stock solution was prepared by dissotving the requisite amount in 1 litre of water. 
~s~ju~ tetroxide. One gram was dissolved in a small amount of dilute potassium hydroxide solution and 

diluted with water to give an alkali concentration of 0@4M and an osmium concentration of O+KMM. 
The solution was stored under refrigeration. 

Other metal ions. Similar amounts of RuCI,, RhCIs, IrCI,, H,PtCl, and PdCI, were dissolved directly 
with water. The metal contents were determined by the usual methods. 

Recommended procedure 

The sample containing 2-8 gg of osmium is placed in a 2%ml volumetric flask and 10 ml of the stock 
sohttion of ANDS are added. The pH of the mixed solution is adjusted to 11-5 by adding a suitable amount of 
dilute alkali and diluted to the mark with alkali (also at pH 11.5). The solution is heated for 30 min 
on a water-bath at 90”, and cooled under running water, then the absorbance is measured at 530 nm at 
room temperature against a distilled water blank. The reagent does not absorb at this wavelength. The 
osmium content is then read from a standard calibration curve. 

The order of addition of the reactants is not significant. 

RESULTS AND DlSCUSSlON 

Optimum conditions for reaction 

Several samples containing the requisite amounts of osmium were treated by this procedure and the 
absorbance measured. The standard deviation of readings was OQO2, and the readings remained constant 
for at least 24 hr. 

A green complex is formed between pH 2.5 and 8.0 and a red complex between pH 11.0 and 12.0, but since 
the green complex is stable for only 2 hr. the red complex was used. 

Colour formation at room temperature is very slow; full intensity takes 24 hr to develop. The rate of 
colour formation increases when the solution is heated on a water-bath at 90”, heating for 30 min being 
sufficient for maximum colour development. The colour intensity then remains fairly constant even if the solution 
is kept at 90’ for 2 hr. 

The absorbance, for a given amount of osmium, attains a constant value when the molar ratio of reagent to 
metal is 20 : 1. 

Optical cansrants and nature of complex 
Beer’s law is obeyed over the range 15-10 pg of osmium. The molar absorptivity is 1.11 x IO4 

I.mole-‘.cm-’ and the sensitivity of the reaction is 0.2 @g/cm’. The optimum range for accurate spectro- 
photometric determination is 2-8 ppm. 

When the solution of the complex was passed through Amberbte IRA-400 ion-exchange resin, the complex 
was completely adsorbed. with the formation of a red band, thus establishing the anionic nature of the 
complex. 
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The absorption spectra of the system containing osmium and ANDS in different stoichiometric ratios show 
maximum absorbance at 530 nm. The intensity of the colour increases with time but &,,, remains unchanged, 
ANDS does not absorb at this wavelength. 

Interferences 

Ions which result in a deviation of less than 2% in the determination of 0.2 pg of osmium when 
present in concentrations of at most 2 x 10-*M are AI(III), Cr(III), Be(II), Cu(II), Li(I), As(III), Sb(III), 
Cr(VI), Ag(I), Te(IV), Se(IV), Zn(II), W(VI), Ni(II),, Mg(II), Mo(VI), La(III), Sc(III), Y(III), Ga(III), In(II1). 
Ru(III), Rh(III), Pd(II), Ir(II1) and Pt(IV), and 10 mg of RuCl, can be tolerated. 

Cations which interfere are Fe(III), Th(IV), Zr(IV), Co(I1) and V(V). The common anions Cl-. Br-, I- 
and No,- do not interfere; oxalate and tartrate interfere. 
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Summary-Osmium(VII1) produces two coloured species with I,,, 680 nm (green) and 530 nm 
(red) with excess of 2-amino-&naphthol-3,6_disulphonic acid in aqueous solution. The green 
complex is stable between pH 2.5 and 80 and the red complex between pH 11.0 and 12.0. 
The effects of temperature and time, reagent concentration, optimum conditions for the spectro- 
photometric determination of trace amounts of osmium, and other variables, have been studied 
at pH 11.5. At this pH, other platinum metals do not interfere. The sensitivity of the colour 
reaction is 0.2 pg/cm’ and the system conforms to Beer’s law over a concentration range of 
1.5-10 pg of osmium. 

Zwammenfassung-Osmium(VII1) bildet mit einem Uberschug von 2-Amino-8-naphthol-3,6- 
disulfonslure in wlBriger Losung zwei farbige Spezies mit I,,, 680 nm (grim) und 530 nm (rot). 
Der grime Komplex ist zwischen pH 2.5 und 8.0, der rote zwischen pH 11.0 und 12.0 stabil. 
Der Einflul3 von Temperatur, Zeit, Reagenskonzentration, optimalen Bedingungen zur spektro- 
photometrischen Bestimmung von Osmiumspuren und anderen Variablen wurde bei pH Il.5 
untersucht. Bei diesem pH storen andere Platinmetalle nicht. Die Empfindlichkeit der Farbreaktion 
betragt 0.2 pg/cm’; das System gehorcht dem Beerschen Gesetz bei 1.5-1Opg Osmium. 

R&rme--L’osmium(VII1) produit deux especes colorees de A,,, 680 nm (vert) et 530 nm 
(rouge) avec un exces d’acide 2-amino I-naphtol 3,6-disulfonique en solution aqueuse. Le 
complexe vert est stable entre pH 2,5 et 8.0 et le complexe rouge entre pH 11.0 et 12,0. Les 
influences de la temperature et du temps, la concentration du rhctif, les conditions optimales 
pour le dosage spectrophotomttrique de traces d’osmium, et d’autres variables, ont ctt 
ttudiees a pH 11.5. A ce pH, les autres metaux de la mine du platine n’interferent pas. La 
sensibiliti de la reaction coloree est de 0.2 pg/cm’ et le systeme suit la loi de Beer dans le 
domaine de concentrations, 1,5-10 pg d’osmium. 



SHORT COMMUNICATIONS 131 

TnLnr~, Vol. 20, pp. 131 to 132. Pergamon Press. 1973. Pnnced in Char Brian. 

RAPID CHELOMETRIC DETERMINATION OF LEAD IN 
LUBRICATING OILS VIA MERCAPTOACETATE EXTRACTION 

(Received 7 .Iune 1972. Accepted 16 Augusf 1972) 

In high-pressure lubricating oil, lead naphthenate is often added as an additive, and the lead content must 
be determined to ascertain the amount of additive present. Both the standard methods given by Institute 
of Petroleum’ and ASTM* describe the gravimetric method where lead naphtheMte is converted into lead 
sulphate by the “wet ash method” and weighed as such. The method recommended by ASTM has been 
further modified by dissolution of lead sulphate and electro-disposition of the lead.3 The latter method has 
been recommended for the estimation of lead in lubricating greases. These methods are lengthy and tedious, 
requiring lo-12 hr and hence do not appear suitable for routine analysis. 

Methods have been described in which the lead content of such oils is obtained in aqueous solution by acid 
hydrolysis, and then titrated with EDTA*.’ with Eriochrome Black T as indicator. The lead has also been ex- 
tracted by refluxing the oil with glacial acetic acid and benzene, whereby the lead naphthenate is converted into 
lead acetate, and then precipitated as lead chromate with potassium chromate, an iodometric finish being 
used.6,7 These methods also require l-14 hour. Spectrographic methods are also in use for the determination 
of metallic constituents in oils. 

A method has now been developed in which lead mercaptoacetate is extracted into aqueous medium by 
using thioglycollic acid and nitric acid and the lead is finally titrated with EDTA. 

EXPERIMENTAL 

Procedure 

Weigh 5 g of the sample, prepared as in the IP method, into a Xl-ml beaker, and dissolve the oil in 
15-20 ml of pure benzene and quantitatively transfer the solution into a 2%ml glass-stoppered separating 
funnel. Add 10 ml of 10% thioglycollic acid solution (freshly prepared) and 5 ml of 5% dilute nitric acid and 
shake the mixture vigorously for 1 min and allow the layers to separate. Wash the sides of the separating- 
funnel with distilled water and collect the aqueous extract in a SOO-ml conical flask. Repeat the extraction 2 or 3 
times. To check that extraction is complete, repeat the process, collect the washings in a separate conical 
flask, and neutralize the solution with dilute ammonia. If a white precipitate of lead mer~ptoace~te does 
not appear, the extraction may be taken as complete. To the main solution containing the lead extract, add 
dilute ammonia solution (1 + 1) dropwise until a voluminous white precipitate of lead mercaptoacetate is formed 

Table L-Determination of lead 

Sample By ASTM method2 By this method 

1 0.76 0.78 
0.76 

2 1.12 1.13 
1.14 

3 1.14 1.11 
I.12 

4 1.10 1.08 
1.08 

5 0.92 0.94 
0.92 
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and just redissolves in the ammonia. Add 2 drops of ammonia in excess. Add 10 ml of 10% formaldehyde 
solution and dilute to 100-150 ml with distilled water. Add 30-40 ml of acetate buffer, pH 5 (prepared 
by mixing 154 of ammonium acetate and 60 ml of glacial acetic acid in 1 litre of distilled water) and 
5 or 6 drops of Xylenol Orange indicator (0.576 aqueous solution). Titrate slowly with 0.025M EDTA. 

RESULTS AND DISCUSSION 

Typical results are shown in Table 1 and compared with those obtained by the ASTM method. In the 
present method zinc and similar bivalent metal ions interfere but are not present except as trace impurities. 
If necessary they could be masked with l,lO-phenanthroline.’ The acetate buffer will cause a negative error of 
about lo/, at the lead concentration used,’ but this error could be eliminated by buffering with hexamine. 

Acknowledgements-Thanks are due to Dr. B. R. Deoras, Chief Metallurgist, for his interest and encouragement 
and also to Sri B. P. Sinha for carrying out some analysis by the chromate method. Our thanks are also due to 
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Summary-A rapid complexometric method for the estimation of lead in lubricating oil has been 
developed. The lead naphthenate present in the oil is extracted with a mixture of dilute 
thioglycollic acid and nitric acid. The aqueous extract containing lead mercaptoacetate is 
titrated with EDTA at pH 5 with Xylenol Orange as indicator. The lead content can be 
determined within 15-20 min. 

Zusammenfassung-Ein rasches komplexometrisches Verfahren zur Bestimmung von Blei in 
Schmierol wurde entwickelt. Das im 61 vorliegende Bleinaphthenat wird mit einem Gemisch 
von verdiinnter ThioglykolsBure und Salpeterslure extrahiert. Der Bleimercaptoacetat enthaltende 
w&ige Extrakt wird bei pH 5 mit Xylenolorange als Indikator mit EDTA titriert. Der 
Bleigehalt kann in 15-20 min bestimmt werden. 

R&sum&On a tlabort une mithode complexomitrique rapide pour le dosage du plomb dans les 
huiles de graissage. Le naphttnate de plomb prisent dans l’huile est extrait par un mtlange 
d’acide thioglycolique et d’acide nitrique dilut. On titre l’extrait aqueux contenant le 
mercaptoacCtate de plomb par I’EDTA h pH 5 avec I’Orangt Xyltnol comme indicateur. La 
teneur en plomb peut ctre dbterminCe en 15-20 mn. 
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POTENTIOMETRIC DETERMINATION OF STEPWISE STABILITY 
CONSTANTS OF VANADIUM, MOLYBDENUM AND TUNGSTEN 

CHELATES FORMED WITH ASPARAGINE AND GLUTAMINE 

(Received 20 June 1972. Accepted 1 August 1972) 

The metal chelates of asparagine have been studied earlier by various workers,‘-s but chelates formed with 
glutamine have not been investigated so extensively. In earlier publications from this laboratory, the stability 
constants of some aspartate and glutamate chelates6 have been reported. Their formation was studied potentio- 
metrically by Irving and Rossotti’s’ method. This paper gives the results of a similar study of some chelates 
of vanadium. molybdenum and tungsten formed with asparagine and glutamine. 

RESULTS AND DISCUSSION 

The protonation constants are log K2” 8.70, log K,” 2.16 for asparagine and log Ki” 8.91, log Ks” 2.21 for 
glutamine. 

The formation curves (ii vs. pL) show that Ti approaches a value of 3 for the asparagine and glutamine 
chelates of V(IV), Mo(VI) and W(VI). 

Analysis of the formation curves for the V(IV) chelates show that K, and K2 are very similar, and K, 
quite different. Since log K1 - log Kt is ~0.5, in these cases. K, and K, cannot be separately computed; 
instead log K, KZ values were obtained from Albert’s equation’ 

logK,.K,=logii-log(2-E)-2log[L] 

Further since K,/K, - 103, K, may be regarded as independent of K, and K,, and its value was computed 
by the average-value method in the range 2 < E < 3. 

Table 1, Stability constants of vanadium(IV), molybdenum(V1) and tungsten(V1) chelates formed with asparagine 
and glutamine (Temp. 2S”C, O.lM NaCIO, medium). 

pH range 
for ii Asparagine Glutamine 

Metal calcula- 
ion tions Method log K, log Kz Iog K, log K, log Kz log K, 

V(IV) 3.2-8.0 Interpolation at half-n 7.50 7.10 4.00 740 7.00 4.00 
values 
Albert’s equation log K, K2 - log K, K, - 

14.50 14.45 
Average-value - - 4.04 - - 4.07 

Mo(V1) 2.7-8.5 Innreylation at half-n 8.20 7.18 3.45 800 6.80 3.35 

Successive 8.06 7.23 3.45 7.90 6.93 3.35 
approximation 

W(VI) 4-8.5 Interpolation at half-ii 
values 
Successive 
approximation 

6.00 500 3.30 5.90 4.35 3.20 

5.84 5.11 3.30 5.76 509 3.20 
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For Mo(V1) chelates, K,/K, _ 10 and K,,/K, _ 103’s, whereas for W(VI) chelates K,/K, - 10 and 

KzlK3 _ 10”‘. Therefore in these cases estimated stability constants were obtained by interpolation at half-ii 
values and these were further refined by successive approximation. 
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Summary-The metal chelates of V(IV), Mo(VI) and W(VI) formed with asparagine and glutamine 
have been studied potentiometrically. Stepwise stability constants in O,iM sodium perchlorate 
at 25°C are reported as follows. 
Asparagine chelates-log K,KZ 14.50 and log K, 4.04 for V, log K, 8.06, log K, 7.29 and 
log K, 3.45 for MO, and log K, 5.84, log K2 5.11 and log K, 3.30 for W. 
Glutamine chelates-log K,K, 14.45, and log K, 4.07 for V, log K, 7.90, log Kz 6.93, and 
log K, 3.35 for MO. and log K, 5.76, log K2 5.09 and log K, 3.20 for W. 

Zasammenfassung-Die Chelate von V(IV), Mo(VI) und W(VI) mit Asparagin und Glutamin 
wurden potentiometrisch untersucht. Es werden folgende stufenweise Stabilitltskonstanten in 
O.lM Natriumperchlorat bei 25°C mitgeteilt: 
Mit Asparagin. log K,K, 14.50, log K, 404 fur V, log K, 8.06, log K, 7.29, log K, 3.45 fir MO, 
log K, 5.84, log K, 5.11, log K, 3.30 fur W. 
Mit Glutamin. log K,K, 14.45, log K, 4.07 fur V, log K, 790, log K, 6.93, log K, 3.35 
fur MO, log K, 5.76, log K, 5.09. log K, 3.20 fur W. 

RkumP-On a etudie potentiometriquement les chelates metalliques de V (IV), MO (VI) et 
W (VI) form& avec l’asparagine et la glutamine. Les constantes de stabilitt etagees en 
perchlorate de sodium 0,l M a 25°C sont rapportees comme suit: 
Chdlates de Pasparagine-log K,K2 14.50 et log K, 4,04 pour V, log K, 8,06, log Kz 7.29 et 
log K, 3,45 pour MO, et log K, 5.84, log K2 5,ll et log K, 3,30 pour W. 
ChPlates de la glutamine-log K,K, 14.45, et log K3 4,07 pour V, log K, 7,90, log Kz 6,93 
et log K, 3.35 pour MO, et log K, 5,76, log K2 5,09 et log K, 3,20 pour W. 
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ANNOTATION 

THE ACID STABILITY CONSTANTS OF ALIZARIN FLUORINE BLUE 

(Received 21 May 1972. Accepted 6 June 1972) 

During the past decade since its introduction by Belcher et al., ’ Alizarin Fluorine Blue (alizarin complexan, 
3-aminomethylalizarin-N,Naiacetic acid) has attracted considerable interest from analytical chemists. The 
reagent provided the analyst with the first positive colour reaction for fluoride ion and has been widely 
used for the photometric determination of fluoride. 2.3.4 Most work has been done on the ternary complexes 
formed by the reagent with the rare earth ions and fluoride ion and has been aimed at an improvement of 
the analytical method. Apart from dissociation constants of the acid and some conditional constants of the 
ternary complexes, very little is known about the equilibrium data for the reagent and its complexes. In this 
paper, the stability constants of the protonated species will be discussed and in a forthcoming paper further 
equilibrium data will be presented. 

H 
/ \ 

0 0 

Alizarin Fluorine Blue 

An attempt to determine the dissociation constants of alizarin complexan was made by Laird and 
Leonard.’ Quite recently, the dissociation constants have also been determined by Mori et 01.,~ whose results 
differ appreciably from those of Laird and Leonard. Neither of the published sets of constants can explain 
the absorption spectra of the reagent, however, as will be clear from the following discussion. 

Table 1 lists the values of the stability constants for alizarin complexan and two compounds that can be 
considered the parent compounds of the reagent, iminodiacetic acid (IMDA) and sodium alizarin sulphonate 
(ARS). The values of both Laird and Leonard, and Mori et al. are given for alizarin complexan. The 
absorption spectra that were recorded by Leonard and West’ are shown in Fig. 1. (These were found to agree 
with spectra recorded in connection with the present work). 

A glance at the spectra shows that the rise in absorbance at 590 nm for an increase in pH from 12.4 to 
13.0 is about 55;/,. If it is assumed that the increase is due to the dissociation of HL into L and H, the 
value predicted from the stability constant of Laird and Leonard is only 4.5%. Therefore, the possibility that 
the value of the stability constant is too low cannot be excluded. 

Moreover, if the values of Laird and Leonard were correct, the colour transition at pH = 5.5 that is-visible 
in the spectra would arise from the dissociation of HIL into H and H,L. It is, however, reasonable to assume 
that the colour transitions are associated with changes in the resonance structure of the anthraquinone ring 
system. In other words, a greater colour effect should follow when one of the phenol groups loses a proton than 
when one of the carboxyl group hydrogen atoms-or the proton of the imino group-in the side-chain 
dissociates. 

Log Ki,L = 7.55 (Ringborn’s’ notation is used in this paper) would thus imply that the acidity of one of the 
carboxyl groups would decrease by as much as five logarithmic units as compared to iminodiacetic acid. 
Reference to Schwarzenbach et al. lo shows that the order of dissociation of the protons to be expected is as 
follows. 
1. The remaining carboxyl group proton (one is transferred to the imino nitrogen atom during dissolution of 

the acid). 
2. The phenolic proton in position 2. 
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Fig. 1. pH-absorption curves for alizarin complexan (9.63 pg/ml) (from ref. 7 by courtesy of the 
copyright holders). 

Table 1 

log K 

Reaction 
Alizarin complexan IMDA ARS 

Ref. 5 Ref. 6 Ref. 8 Ref. 8 

H+L=HL KiL 11.19 9.5 11.0 

H + HL = H2L K;,, 10.43 10.5 2.3 5.5 

H + H,L = H,L K;,,_ 7.55 6.7 1.8 

H + H,L = H,L K& 4.89 3.7 

(L denotes the ligand. For convenience, the signs ofcharge are omitted, 
The constants were determined at an ionic strength p = 0.1.) 

3. The proton at the imino group. 
4. The remaining phenolic proton in position 1. 
in comparison with alizarin and methyliminodiacetic acid, the acidity of the first two steps can be 
expected to increase, whereas the acidity of the last two steps should decrease. 

The spectra recorded by Mori et al. display a transition back from red to yellow at pH = 8. The 
yellow colour is said to be stable in the pH range 8-9. Such a change is, however, highly unlikely and some 
experiments carried out at this laboratory show that the reason must be the use of boric acid as a buffer 
substance in this pH region. In fact, the colour of the solution will remain yellow throughout the entire pH 
range up to pH = 12 provided that enough boric acid has been added. It is probable that alizarin complexan 
is complexed by boric acid (cJ the complexation between boric acid and mannitol!). Since the same buffer 
was used in the electrophoretic experiments, the results should be regarded with caution. 

These observations made it clear that further work was justified in order to bring clarity into the apparent 
confusion. In the following, the results of a potentiometric and spectrophotometric study of the acid stability 
constants of alizarin complexan will be given. 

Reagents 
EXPERIMENTAL 

Alizarin complexan was purified by suspending 1 g in 50 ml of O.IM sodium hydroxide, filtering the 
solution and extracting any alizarin with five successive portions of methylene dichloride. The acid was then 
reprecipitated by dropwise addition of hydrochloric acid whilst stirring the solution, which was kept in an 
ice-bath. The orange precipitate was collected on a glass filter crucible, washed with ice-water and dried in a 
vacuum desiccator over solid potassium hydroxide. The purity was checked by alkalimetric titration and by 
photometric titration with aluminium ion at pH = 4. Two different makes proved to have identical properties. 

Hydrochloric acid solution was prepared according to Foulk and Hollingsworth.” 
Sodium hydroxide solution was prepared according to Sillin” and standardized against potassium hydrogen 

iodate and against the hydrochloric acid solution. 
All other reagents were of analytical grade. Redistilled water was used throughout the experiments. 
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Procedure 

A weighed sample of the acid was dissolved in a known amount of sodium hydroxide solution, sufficient to 
neutralize three of the protons. The test solution was maintained at 25 + 0.1” by suspending the titration vessel in 
an oil-filled thermostatically-controlled bath. Additions of titrant were made with pneumatically operated 
pipettes made by AGA, Lidit@, Sweden. The potentials were measured with a Beckman No. 39301 glass 
electrode against an Orion No. 90-02-00 double junction reference electrode and read with a digital voltmeter 
manufacture by Systemteknik {Type S t016 H), Lidingii, Sweden. The outer sleeve of the reference 
electrode was filled with the ionic medium. Potassium chloride was used to maintain the ionic strength of the 
solution at 0.1 or 0.5. 

The junction potentials were determined in separate experiments as functions of the acidity and taken into 
consideration when ~Iculating pH from the measured potential. 

The photometric results were handled by a variant of a method described by Sacconir3 that is to be described 
later.14 The results obtained by potentiometric titration were analysed by using the Etitr version of Sillin’s 
computer program Letagropvrid.r5 

The total concentmtion of ahzarin complexan ranged from lo-‘M to 10V4M during the photomet~ 
measurements and from 10e3M to 10m2M in the potentiometric titrations. 

RESULTS AND DISCUSSION 

The sets of stability constants that give the best fit to the results have been collected in Table 2. It can be 
seen that the magnitudes of the constants agree well with the ones that can be predicted from the paper by 
Schwarzenbach er cl.” mentioned earlier. The reaction H,L + HsL = H,L, was introduced to account for a 
systematic deviation of the data that was observed when only the first four reactions were assumed to take 
place. The deviation was reproducible irrespective of any attempts to purify the reagent. By the introduction 
of the species H ,L,, the error square sum decreased considerably, indicating a substantially better fit to the data. 

Considering the reaction between alizarin complexan and boric acid, a reaction between HzL and H,L 
(containing two hydroxy groups!) does not seem unlikely. 

A simiiar increase in the values of K” nJL was also observed when photometric results obtained at increasing 
pH values were used for the calculation of the stability constant. The change was much smaller than for the 

Table 2. Stability constants of the reactions of ahzarin 
complexan with protons. 

log K +- 3a 

Reaction Ionic strength = 0.1 0.5 

H+L-+HL 11.98 & @03 12.10 + 0.03 
H+HL-H,L 10-07 -+ 0.03 9.81 f 003 
H+H,L+H,L 5.54 rf: 0.05 5.47 f M)5 
H + H,L-+H,L 240 & 0.05 254 + 0.07 
H+H,L+H,L 
H,L + H2L + H5L, 2.2 rf 0.2 2.2 + o-2 

PH 

Fig. 2. Distribution diagram showing the proportion of alizarin compiexan present in each 
ionized form at different pH values. Total concentration of alizarin complexan, C, = O.OlM. 
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potentiometrically obtained results, which is to be expected if it is due to formation of the H3LZ species. the 
overall concentration of the reagent being much less in the photometric experiments. 

Owing to the uncertainty of glass electrode measurements at high alkalinity, the value of Ki,_ given in 
Table 2 was determined photometrically. The potentiometric measurements gave a lower value, log KiL = 11% 
at ionic strength 0.5. The difference between the potentiometrically and the photometrically determined values 
of K[,,, was much smaller, the latter being 1O’.56 at 0.1 ionic strength. 

If the Debye-Hiickel theory is used to account for the effects of the medium, it can be shown that the 
agreement between the values determined in the different media is very good. 

A distribution diagram, showing the proportion of the different ionized forms of alizarin complexan 
present, as a function of pH, is given in Fig. 2. 
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Summary-Two recent attempts to determine the dissociation constants of 3-aminomethylaliz- 
arin-NJ-diacetic acid are discussed and the results compared with values that can be predicted 
from earlier work on iminodiacetic acid derivatives and from the absorption spectra of the 
reagent at different pH values. Results of a potentiometric and spectrophotometric study to 
determine the stability constants of the various protonated species of the reagent in aqueous 
solution at ionic strengths 0.1 and 0.5 (potassium chloride) are: log KE, = 12.1, log KEZL = 9.81, 
log K&L = 5.47, log F& = 2.54, and log K$b, = 2.2 at ionic strength @5. 

Zusammenfassung-Zwei neue Versuche, die Dissoziationskonstanten von 3-Aminomethylalizarin- 
N,N-diessigtiure zu bestimmen, werden diskutiert und die Ergebnisse mit Werten verglichen, 
die aus friiheren Arbeiten iiber Iminodiessigtiurederivate und aus den Absorptionsspektren des 
Reagens bei verschiedenen pH-Werten vorhergesagt werden kdnnen. Eine potentiometrische und 
eine spektrophotometrische Untersuchung der StabilitLtskonstanten der verschiedenen proto- 
nierten Spezies des Reagens in w%il)riger Liisung bei den Ionenstirken, @l und 0.5 (Kalium- 
chlorid) ergaben log K,,” = 12.1, log Ki,,_ = 9.81, log Ki,L = 5.47. log KiAL = 2.54 sowie 
log Ki,‘k, = 2.2 bei der IonenstPrke 0.5. 

RCumk-Les deux derniers essais pour d6terminer les constantes de dissociation du 3- 
aminomtthylalizarine-N, N-acide diacitique sont disc&es et les r6sultats sont compares aux 
valeurs prtvues selon les travaux precedents sur les d&iv& de I’acide iminodiacetique et des 
spectres d’absorption du rkactif B diverses valeurs de pH. Les r&ultats d’une btude potentio- 
mttrique et spectrophotomCtrique pour la dttermination des constantes de stabilitC des divers 
sp&cim&es protonis du rhctif en solution aqueuse i des soliditts ioniques de 0,l et de 0,5 
(chlorure de potassium) sont: log KE, = 12.1, log KGZL = 9.81, log KE,, = 5.47, log kz,, = 2.54, 
et log K!:k = 2,2 ri une soliditt ionique de OS. 
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Summary-A review of recent uses of liquid ion-exchangers in inorganic analysis is presented. 

Since the publication’ in Tulantu in 1964 of the review paper “Recent uses of liquid ion 
exchangers in inorganic analysis” interest has continued to be shown in this type of reagent. 
Liquid ion-exchange is a special case of solvent extraction, in that it involves selective 
transfer of solute between two immiscible phases, the distinction being that whereas solvent 
extraction involves the formation of a neutral species, whether a chelate, an ion-pair or a 
non-dissociating compound, liquid ion-exchange refers only to formation of ion-pairs, 
with special reference to exchange of one ion for another between the aqueous and the 
organic phase. The degree of transfer, or ion-exchange extraction obtained, is directly 
proportional to the concentration of the exchanger in the solvent, and distribution co- 
efficients may be obtained similarly to those employed in solvent extraction. Changes in 
selectivity and in the values for the distribution coefficients of the liquid exchangers are 
related to changes in pH, temperature, salt concentration, charge on the ions involved, the 
presence of complexing and competing ions and the organic solvent employed. The 
behaviour of analogous functional groups in liquid and in resin ion-exchange is similar 
and it is possible to predict the likely course of a liquid ion-exchange extraction by 
reference to the literature on ion-exchange resins. 

Coleman, Blake and Brown’ gave a list of liquid ion-exchange materials in Tuluntu 
in 1962 but ten years later only a few of the materials which they mentioned have been 
widely used. A useful introduction to the properties and uses of liquid exchangers can 
be found in the paper by Kunin and Winger3 published in the same year, and a brief 
outline was given in the review of 1964 previously cited.’ The latter paper covered the 
more important published work up to the middle of 1964 with particular reference to 
the use of liquid exchangers in the analysis of inorganic materials other than those 
involving the transuranic elements. The present review covers the period from then 
until 1972. 

LIQUID ANION-EXCHANGERS 

Liquid anion-exchangers are based on high molecular weight primary, secondary and 
tertiary amines, and quaternary ammonium salts. The high molecular weight ensures very 

* For reprints of this Review see Publisher’s announcement near the end of this issue 
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low solubility in aqueous solutions and high solubility in most water-immiscible organic 
solvents. Solvents such as aliphatic and aromatic hydrocarbons, chlorinated hydrocarbons. 
high molecular weight alcohols and petroleum distillates are suitable, and amme con- 
centrations of 2-20x are usually employed. While the capacity for the extraction of all 
anions, present in the form of free acid, increases directly with increase in concentration 
of the exchanger in the organic phase, a different degree of extraction is exhibited for 
different anions. When simple anions are involved in formation of a complex amon 
containing a metal ion, addition of lithium salts of these simple anions will enhance 
the degree of extraction of the metal ions from solutions having the same total con- 
centration of simple anion (i.e., as lithium salt or free acid), as illustrated in Table 1. 

Table 1. Temperature dependence of partltlon 
coefficient in the extraction of cobalt from 
hydrochlortc actd soluttons by O.lMTOA m 

benzene4 
(Reprinted by permtsston of the copyrlght 

holders) 

Temp., 
“C 

Partition coefficient 

8M HCl 0.2M HCl + 7.8M LICI 

20 16.2 31.2 
30 11.0 30.5 
40 8.21 29.9 
50 6.00 29.0 

Changing the solvent in which the exchanger is dissolved may affect the degree of 
extraction for the free acid with the same concentration of exchanger. This effect can 
be utilized to impart selectivity for the separation of ions, particularly when the ionic 
charges differ. A list of the most commonly used anion-exchangers is given in the 
appendix to this paper. 

Attention is drawn here to the hazards associated with the use of amines, especially 
in the undiluted state. It is important that adequate ventilation is provided to prevent 
any vapours from being inhaled. Precautions should be taken to prevent contact with 
the eyes or prolonged contact with the skin. 

SEPARATIONS WITH ANION -EXCHANGERS 

The two most widely employed liquid anion-exchangers, judging from the published 
literature, are tri-n-octylamine (TOA) and tri-iso-octylamine (TIOA). 

Sato4 studied the extraction of uranium(V1) and cobalt(I1) from hydrochloric acid 
media, with O*lM TOA solution in benzene. Lithium chloride was shown to be an effective 
salting-out agent in both instances, while increase in temperature reduced the partition 
coefficient. Table 1 illustrates these two important aspects of liquid ion-exchange very 
clearly. 

In a further paper5 Sato reported on the extraction of uranium(V1) and cobalt(I1) 
from hydrochloric acid media with a series of cyclohexyl and benzylalkylamines. As 
expected, the tertiary amines were more effective extractants than the secondary amines, 
with benzene or chloroform as solvent. The efficiency of the extractions increased 
with the chain length of the alkyl group and decreased when the alkyl cham was 
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branched. The presence of a benzyl group helped to promote extraction efficiency, and 
again substitutmg lithium chloride for the equivalent hydrogen chloride improved the 
extraction. 

Hodara and Balouka6 employed TOA to extract and separate uranium(VI) from 
uranium(IV). They used xylene as the solvent and the uranium was present in a mixture 
of hydrochloric and phosphoric acids. The phosphate complexes the uranium(IV) and 
prevents its extraction. 

Platinum(IV) and tm(I1) in hydrochloric acid form an orange complex, which may be 
extracted by a wide range of liquid anion-exchangers into solvents such as benzene and 
chloroform, and used for the spectrophotometric determination of platinum.’ Comparison 
of the absorption spectra of the Pt-Sn complex in the aqueous and organic phases 
indicated the presence of the same absorption species in each medium. Irrespective of the 
amine used the complex showed an absorption maximum at 400 nm. Procedures were 
described for the determination of platinum in the presence of palladium and rhodium, 
both of which could interfere. Osmium, iridium and ruthenium probably form complexes 
but no evidence of extraction was found. Other ions causing no interference were 
Mo(VI), Co(II), Ni, Fe(III), SO:-, NO;, ClO;. TOA as a 0*2M solution in benzene 
pre-equilibrated with 3M hydrochloric acid appears to be the best amine to use. 

Khattak and Magee also examined the formation of the rhodium(III)-tin(I1) complex’ 
and its extraction into TOA/benzene before its spectrophotometric determination. The 
Rh(II1) and Sn(I1) reaction was carried out in hot 7-l 1.6M hydrochloric acid. Extraction 
with 0*2M TOA in benzene from such highly acidic solutions separates rhodium from 
the two other metals, platinum and palladium, which form similar complexes. The 
yellow Rh-Sn complex showed an absorption maximum at 415 nm, suitable for spectro- 
photometric measurement in the range O-8 ppm. No interference was encountered from 
OS, Ru, In, Co(II), Ni, Fe(III), SO:-, NO;, ClO;. A third paper9 described a similar 
method for the determination of palladium. The extraction of chloro- and bromo-complexes 
of Ru(II1) by a chloroform solution of mono-, di- or tributylamine was examined by 
Meier et al.” 

The extraction of Pt(IV) and Rh(II1) by TOA hydrochloride was reported by Gindin 
and Ivanova.” Extractions with 0.05M exchanger in toluene showed decreasing extraction 
with increasing hydrochloric acid concentration. Separation of the two metals was found 
to be feasible and suitable procedures were described. 

Work on the extraction of platinum-metal nitrites by TOA in toluene was reported by 
Khan and Morris.” Nitrito-comp lexes of platinum metals are formed when hot neutral or 
feebly acidic solutions of the chlorocomplexes are treated with excess of sodium nitrite. 
With 0*12M TOA hydrochloride in toluene as extractant and at pH 7 the distribution 
ratios for the platinum metals were Pt 27.8, Pd 15.6, Ru 11.8, Rh 0.0048, Ir 0.0059. The 
separation of the-first three platinum-metals from the last two could obviously be done 
under the stated conditions. Quantitative back-extraction of platinum, palladium and 
rhodium was achieved with 1*5M perchloric acid. 

The extraction of osmium complexes from hydrochloric or hydrobromic acid has been 
examined by Meier et al. l3 It was found that both short- and long-chain amines were 
suitable extractants. TOA gave over 99.8% extraction. The choice of organic solvent 
exerted a decisive influence on the degree of extraction obtained. 

Gold has been quantitatively determined by employing 1% trioctylmethylammonium 
chloride in di-isobutyl ketone as extractant. Groenewald14 used this extraction for gold 
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in ore samples after treating them with aqua regiu. If the pH of the solution was O-4 then 
the relative chloride content was increased to 0.5M by addition of sodium chloride. If the 
pH was 4-10 then cyanide was added to give a concentration of lo-‘M and sodium 
chloride to a concentration of 0.1M. The presence of the sodium chloride facilitated 
clarification of the phases after mixing. More than 99.5% of the gold(II1) was readily 
extracted, and measured in the organic phase by atomic absorption. A similar paper by 
Madigan” describes the extraction of gold as Au(CN); by bis-( 1-isobutyl-3,5-dimethyl- 
hexyl)amine in kerosene. The gold is back-extracted with O*lM potassium cyanide or 
sodium carbonate. 

McClellan and Bensoni extracted iron from 2M and cobalt from 7.7M hydrochloric 
acid with 5% TOA in carbon tetrachloride. Two extracttons were necessary to extract 
98% of each metal. The metals were back-extracted for spectrophotometric determination 
in the aqueous phase. 

Using methyldioctylamine, MDOA, in chloroform, Bullock and Tuck” examined the 
extraction of the anionic mercuric compounds formed with sulphate, selenate and oxalate. 
The 0*4M chloroform solution of MDOA was first equilibrated with the appropriate 
dilute acid solution and then the mercury compounds were extracted, their initial con- 
centration being approximately lo- 3M. Extraction of the sulphato-complex decreased 
rapidly with increasing sulphuric acid concentration; use of sodium sulphate in place 
of some of the sulphuric acid effected only a minor improvement. A similar trend was 
shown by the extraction from selenic acid. However, extraction from oxalic acid solutions 
increased rapidly with increase in oxalate concentrations above 0*2M. 

Studies of the extraction of niobium and tantalum oxalatocomplexes by TOA, TDA 
(tri-n-decylamine) and TDDA (tri-n-dodecylamine) in carbon tetrachloride were made by 
Djordjevic et al. ‘* All three exchangers behaved the same. For quantitative extraction in 
one pass with 3% exchanger solution from 0.2M oxalate solution, for both metals the 
sulphuric acid concentration needs to be below 0.5M. A similar paper by Abdel-Gawad 
et aLi9 reported the extraction of niobium from oxalic, citric and acetic acid solutions. 

Sate and Watanabe2’ examined the extraction of zirconium by tricaprylethylammonium 
chloride (“Aliquat-336”) in benzene from hydrochloric acid. Extraction increased rapidly 
with hydrochloric acid concentration above 6M. A study of the effect of the organic 
solvent showed that benzene was not particularly suitable for the extraction of Zr, and 
that chlorobenzene, dichlorobenzene or mtrobenzene were much superior. A later paper 
by the same authors2’ examined the use of a number of high molecular weight amines 
for extraction of zirconium from hydrochloric acid media. 

Alimarin et ~1.~~ separated niobium(V) from titanium(IV) with a 02M solution of 
TOA in carbon tetrachloride. A single extraction of niobium from 85M hydrochloric acid 
was about 97% complete. 

Ishibashi et ~1.~~ determined zirconium spectrophotometrically after extraction of the 
Zr-Alizarin Red S chelate into a toluene solution of TOA. The zirconium was first 
reacted with Alizarin Red S, then the solution was adjusted to pH 1 with hydrochloric 
acid, and allowed to stand for an hour. The zirconium complex was then extracted with 
01 M TOA in toluene, which had been previously equilibrated with 1 M chloroacetic acid. 
On shaking the organic layer with an acetate buffer at pH 4.1 a polymeric chelate was 
formed which had an absorption maximum at 538 nm. Molybdate and tungstate were 
the major interfering ions. 

A systematic study by Ivanov et al. 24 of the extraction of niobium from hydrochloric 
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acid media by amines dissolved in carbon tetrachloride or chloroform, showed that the 
amine salt, not the amine, was the extractant. Hydrochloric acid concentrations above 
7M were found to be necessary to form the extractable niobium species-NbOCl:-. 

By employing Aliquat-336 in xylene, Moore 25 formulated an improved method for the 
separation of actinide-lanthanide elements from plutonium waste solutions. These elements 
are readily extracted from relatively dilute aluminium nitrate-nitric acid solution by 
Aliquat-336 in the nitrate form. They are stripped with dilute mineral acids such as 
hydrochloric. 

In another paper, 26 Moore described the use of Aliquat-336 in the thiocyanate form 
to separate the actinide-lanthanide elements from each other. The tervalent actinides 
were preferentially extracted by a xylene solution of the exchanger, and the addition of 
dilute acids, such as sulphuric, markedly improved the separation factors obtained. 

Moore2’ has suggested that the actinide and lanthanide elements could be separated 
by extraction with anion-exchangers from solutions containing organic acids or EDTA. 
Most metal ions form amine-extractable anionic complexes with citric, oxalic and tartaric 
acids. Since these acids prevent hydrolysis of metal ions over a wide pH range there is no 
need to use acid solutions for extraction when they are present and this could widen the 
scope of extraction by amines. 

Factors affecting the efficiency of the extraction of gallium from thiocyanate solution 
by TOA were investigated by Mikheev et al. 2* The best conditions are pH about 2 and 
0.2~8OM thiocyanate. 

The extraction of gallium and indium from hydrochloric, hydrobromic and hydriodic 
acids by 1% “Adogen 364” in toluene was described by Sherif et ~1.~’ Gallium was 
100% extracted from 3-10M hydrochloric acid, but indium showed maximum extraction 
(SO”/O) from the 6M acid and much less from the 0-4M and 8-10M acid. Gallium 
extraction was maximum from hydrobromic acid >2M in concentration, but indium 
extraction did not start at acid concentrations < 3M and was maximum from > 5M 
acid. Indium was 100% extracted from hydriodic acid >05M, but gallium was not 
extracted at acid concentrations below 1.5M, 100’? extraction not being achieved unless 
the acid was >5M. 

Alian3’ used trilaurylamme (TLA) in xylene to extract protactinium, iron, mercury, 
silver, zinc, cobalt and selenium from hydrobromic or perchloric acid. It was found that 
increasmg the hydrobromic acid concentration increased the degree of extraction for all 
the metals except silver and mercury, while increasing the TLA concentration gave 
corresponding increases in extraction. Corresponding experiments for the perchloric acid 
media showed extraction of Pa, Fe(II1) and Se(IV) increasing and of Hg(I1) decreasing. 
No extraction occurred at all for Co and Zn and very little for Ag. 

The determmation of microgram amounts of vanadium can be very difficult because 
of its variable oxidation state. Patrovsky31 based a photometric method on reaction of 
vanadium(IV) to form a catechol complex in which co-ordinately bound water could 
be replaced with tributylamine (TBA). The new complex was extractable into chloroform 
and was suitable for spectrophotometric measurement at 595 nm. The colour was stable 
for at least 60 min and other elements such as Ti and MO which gave yellow 
complexes did not interfere with the measurement of the blue vanadium complex. 

A comprehensive study of the extraction of zinc and nickel with aromatic tertiary 
amines was presented in a paper by Gagliardi and Wieland.j2 Twenty-four amines 
were tried as 0.5% solutions in chloroform and extractions were made from 0.5-5N 
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hydrochloric, nitric and sulphuric acid media. Some effective extractants for zmc were 
discovered, but the nickel was partially or completely masked by most of the ammes. 

A 0*25M solution of TOA in xylene was found to be a suitable extractant for 
fluorosilicic acid, H,SiF,, from aqueous hydrofluoric acid media up to lM.33 Over 
99.5% extraction was achieved and separation was complete from other elements which 
did not form anionic fluoro-complexes under the conditions employed. Niobium and 
tantalum were also extracted but could be separated by prior extraction from solution 
of higher hydrofluoric acid concentration; the solutions could then be diluted to 1M 
acidity and the H2SiFs extracted. 

Concentrations of cadmium down to 10 ppm were determined by Vasyutmskii et al 35 
with 2% TBA in dichlorethane by extraction from a solution about 0*4M in hydrobromic 
acid. A dithizone solution in dichloroethane was added to the organic phase which was 
then washed with sodium hydroxide/sodium potassium tartrate solution, and filtered. 
The absorbance of the Cd-complex with dithizone in the organic phase was measured 
at 529 nm. No interference was encountered from Ni, Co, Cr, Cu, Zn, Mg, Fe, Mn and Al. 

Using TOA to extract iron(II1) citrate complexes into chloroform, Pyatmtskii and 
Tabenskaya 35 found extraction maximal at pH l&2*6. A citric acid concentration of 
0*02-0*8M in the aqueous phase gave conditions suitable for extraction by a 0.03M TOA 
solution. It was observed that alkali metal chlorides and nitrates inhibited the 
extraction and would completely suppress it if present above a concentration of 0.025M. 

Angelova and Diocheva36 extracted rhenium and molybdenum with dialkylbenzyl- 
methylammonium salts, employing a mixed organic reagent consisting of 69% kerosene, 
30% xylene, 7% isopentanol and 1% of the substituted ammonium salt. For Re(VI1) a 
substituted ammonium chloride gave the best extraction but the Mo(V1) extraction was 
unaffected by the nature of the anion m the extractant. The two metals could be separated 
by using an aqueous solution at around pH 10, the distribution coefficient for Re(VI1) then 
being 1000 times that for Mo(V1). 

Shimizu3’ found suitable conditions for the extraction of scandium, thorium, 
zirconium and uranium from OelM sulphuric acid-O*OlM ammomum sulphate medium 
with a 10% solution of “Amberlite LA-2” in xylene. No extraction was found for 
Al, Cd, Co, Cu, Ga, Hg, Mn, Ni, Y and the rare-earth metals, but Fe(III), In, and 
V(IV) showed partial extraction. Scandium and thorium could be back-extracted into the 
aqueous phase with IM sulphuric acid. Zirconium and uranium(V1) could be back- 
extracted with 5M hydrochloric acid and 10% sodium carbonate solution respectively. 

Marchenko and Voronina3* extracted antimony(V) quantitatively from 7-10M hydro- 
chloric acid with 2% TBA solution in chloroform, and separated it from chromium. The 
antimony was back-extracted with sodium potassium tartrate in aqueous ammonia 
solution. 

Shevchuck and Shripnik39 extracted aluminium as AIF:- from an aqueous phase at 
pH 4-6 with O.lM dodecylamine solution in chloroform. 

Hofer40 employed 10% Amberlite LA-2 solution in chloroform for separating traces 
of tin in nickel by extraction from 6M hydrochloric acid. 

It was shown by Yagnyatinskaya and Nazarenko 41 that a TBA solution in chloroform 
would extract niobium from hydrochloric acid solution containing excess of catechol, 
extraction being maximal at pH 4.5 or at l-5-3M acid concentration. The yellow Nb 
complex showed maximum absorption around 330-360 nm. Of many ions examined 
only Ti and oxalate were found to have any effect on the extraction. A procedure for 
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the determination of small amounts of niobium in ores was described. Preliminary separa- 
tion of thorium and uranium from each other and from interfering substances is often 
required before their determination. It was indicated by Cospito and Rigah*’ that the two 
well-known extraction systems-uranium from sulphuric acid by tertiary amines and 
thorium from nitrate media by quaternary ammonium salts-could be combined to 
achieve these separations. The uranium was first extracted by 3% TCA (tricaprylamine) in 
xylene from 0*05-0.2M sulphuric acid. The phases were separated and the uranium 
back-extracted with 05M sodium carbonate. The aqueous phase after uranium extraction 
was made 4M in nitric acid and the thorium extracted with 5% Aliquat 336 in xylene. 
The thorium was easily back-extracted with 3M hydrochloric acid. 

A study by Florence and Farrar43 of the extraction of nickel, manganese, chromium 
and thorium from mixed hydrochloric acid/lithium chloride solution, showed that high 
chloride but low free acid concentration greatly improved the degree of extraction. A 
further big improvement could be achieved if the extraction was made from methanolic 
lithium chloride rather than aqueous solutions. This was attributed to lower water 
activities in both phases when methanol was used as solvent. The authors suggested 
that elements such as aluminium and beryllium, which form only weak halide complexes, 
could be extracted by use of concentrated lithium halide solutions, selectivity being 
achieved by control of the halide concentration and free acidity. 

Intensely coloured complexes of Xylenol Orange with traces of certain metals may be 
extracted by anion-exchangers from solutions at pH O-3. This fact was utilized by Piibil 
and Vesely** who employed Aliquat-336 in chloroform for these extractions from mineral 
acid solutions. It was shown that it was possible to detect small amounts of gallium in 
indmm and vice versa, and titanium or zirconium in thorium. The authors considered 
that the reactions could be made the basis for suitable spectrophotometric procedures. 

Later Piibil and Adam*’ described a spectrophotometric method for the determination 
of molybdenum, employing mercaptoacetic acid. Sufficient 1M solution of the reagent 
was added to form complexes with all the molybdenum, iron, chromium and vanadium 
present, plus 0.5 ml in excess, the solution was neutralized, 5 ml of anhydrous acetic 
acid were added, and the molybdenum complex was extracted into 5% TOA in 
chloroform. The absorbance was measured at 370 nm and only the less common ions 
Bi, Hg and W interfered. 

Yotsuyangi et af.46 employed 4-(2-pyridylazo)resorcinol, PAR, as spectrophotometric 
reagent for Fe(II), Co, Ni and V(V). The complexes, formed in buffered neutral or 
weakly basic media in the presence of EDTA, were extracted with a chloroform solution 
of benzyldimethyltetradecylammonium chloride. For iron the solution was buffered to 
pH 10 with sodium borate and sodium hydroxide. The absorption was maximum at 
522 nm and the molar absorptivity (E) was 4.00 x lo* l.mole-‘.cm-‘. For cobalt the pH 
used was 8.3, (borate-phosphate buffer), A,,,,, was 520 nm and E 5.9 x lo*, for nickel, 
pH 9.3 (borate buffer), I,,, 505 nm and E 7.65 x lo*, and for vanadium, pH 6.8 
(phosphate buffer), &,a% 560 nm and E 4.30 x lo*. For the determination of cadmium in 
nuclear-grade Zircaloy-2, Ghersini and Mariottini*’ employed an ion-exchange extraction 
from hydrochloric acid solution with O.lM TOA in cyclohexane, previously equilibrated 
with hydrochloric acid. The cadmium was back-extracted with 2M sulphuric acid. 

Ko** used a 20% TOA solution in xylene to extract plutonium, to an extent >99%, 
and this allowed concentration of tantalum, titanium, tungsten and zirconium, present 
in low concentration. before their determmation spectrographically . 
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A recent paper by Ueno and Saito49 suggested that extractions could be made with 
anion-exchangers from solutions of various metal ions in ammonium carbonate or sulphate 
media. T~octylmethylammonium chloride (TOMA-Cl) was employed as exchanger as a 
10% solution in toluene. The metal ions were added as radiotracers to O*l-2M ammonium 
carbonate or sulphate solutions. In general, extraction was not critically dependent on 
ammonium sulphate concentration but did tend to decrease if the latter was > 1M. 
Extraction decreased as the ammonium carbonate concentration increased. 

SEPARATIONS WITH CATION-EXCHANGERS 

The major part of the work on liquid cation-exchange has involved di-(2_ethylhexyl)or- 
thophosphoric acid (HDEHP). 

Satoso employed this reagent in kerosene in concentrations 0905O.lM to extract 
zirconium from hydrochloric acid solutions. The distribution ratio ([Zr]_,@r],) decreased 
as the acidity of the aqueous layer increased up to 2M, and then increased steeply 
above this acidity. This variation was interpreted as follows: “at low aqueous acidity 
zirconium is extracted by a cation-exchange reaction in which hydrogen [sic: hydrogen 
ion is meant] is liberated, while at high aqueous acidity the extraction is by a solvatmg 
reaction similar to that shown by non-ionic reagents such as tributyl phosphate.” It was 
also shown that the partition coefficient for zirconium increased with temperature, which 
is contrary to the effect found for uranium(V1) and thorium(IV) but analogous to that 
for zirconium in nitric acid. 

Extraction of sodium and strontium by HDEHP was investigated by McDowell and 
Colemans with benzene as solvent and the metals present as nitrates of the radioisotopes 
8sSr and 24Na. With dilute solutions containing only sufficient Na+ or Sr’+ to satisfy 
25% or less of the available ion-exchange capacity of the HDEHP, the extractions could 
be expressed as 

Na+ f 2(HA)2 z== NaAe 3HA + H+ 

Sr’+ + 3(HA), Y SrAz - 4HA + 2H* 

With increasmg loading the simple salts corresponding to NaA and SrAz were formed, 
with increasing polymerization and water extraction according to the generalized overall 
reaction 

xNa+ + ; (HA)2 + zH,O v (NaA),zH20 + xH+ 

Separation of rare earths,” in particular praseodymium and neodymium, by means of 
HDEHP was examined by Goto and Smutz. The reagent was employed as a 1M solution 
in ‘“AMSCO 125-82” (American Mineral Spirit Co.); no indication was given of Just 
what this solvent is, which is unfortunate as it reduces the value of the work to other 
investigator. Perchlorate, chloride, nitrate and chloride/nitrate systems were investigated. 

The determination of radiostrontium from a mixed fission product matrix containing 
isotopes of cerium, praseodymum, caesium, ruthenium, rhodium, zirconium, niobium and 
yttrium was described by Johnson. 53 The rare earths and yttrium were preferentially 
extracted into l*SM HDEHP in toluene from dilute nitric acid media, before extraction 
of the strontium into isobutyl methyl ketone (IBMK) containing thenoyltrlfluoroacetone. 

For the separation and determination of thallium(III) Levin and Rodinas4 employed 
HDEHP. Extraction could be made from perchloric, hydrochloric or sulphuric acid media 
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contaimng bromine; back-extraction employing 70% ammonium acetate solution at pH 
about 7 separated thallium from any amount of Mg, Zn, Cd, Cu(II), Hg(II), Fe(IIIf, Ga, 
In, Al, Bi, As(V), Cr(V1) and Mn(VI1). The determination of thallium was completed 
by titration of the extract with EDTA, after heating to 90” and adjusting to pH 4, 
with Xylenol Orange as indicator. In a previous paper55 the recommendation was to 
back-extract the thallium into hydrochloric acid or sodium chloride solution. The EDTA 
titration was then carried out m an aqueous ammonia solution, ~n~ining chloroacetic 
acid, at pH 3-3.2. 

Usmg HDEHP in kerosene, Csovary et ~1.~~ extracted scandium from 1M perchloric 
acid solution. Extraction was quantitative in the presence of chloride, nitrate or sulphate 
ions but phosphate, fluoride or oxalate ions reduced the degree of extraction. 

The concentration of trace impurities by use of mixed cation-exchangers was described 
by Goryushina and Biryukova. ” From 05M nitric acid solution, a mixed exchanger 
system of 2-ethylhexyl dihydrogen phosphate and bis-(Zethylhexyl) hydrogen phosphate 
in carbon tetrachloride was shown to extract macro amounts of gallium, indium, 
thallium, bismuth or antimony. Impurities down to a level of O-01 ppm, such as Cr(III), 
Mn, Co(H), Ni, Cu(II), Zn, Cd, As, Se and Te, remained in the aqueous phase, permitting 
their concentration by a factor of 50 or more. 

A similar concentration process was outlined by Yudelevich et al.‘* for the analysis 
of high purity indium. The indium was extracted by M HDEHP in heptane from a 2M 
nitric acid solution of the alloy. Impu~ties were determined in the aqueous phase, 
recoveries being satisfactory except for bismuth and beryllium, when only 70-SOo/, was 
obtained. 

The extraction of macro amounts of indium with HDEHP in heptane from sulphuric 
or nitric acid solutions was described by Levin et ai.59 The indium was back-extracted 
into sulphuric or hydrochlo~c acid, excess of EDTA was added and the solution was 
back-titrated at pH 5 with zinc acetate, with Xylenol Orange as indicator. 

Photometric determination of molybdenum as thiocyanate, after separation as Mo(VI), 
has been suggested by Kletenick et al. 6o The extraction was made from 2M hydro- 
chloric or nitric acid solution with a benzene solution of HDEHP, the metal being 
back-extracted with 0-W hydrogen peroxide in 2M hydrochloric acid, before its reaction 
with the thiocyanate. 

An unusual type of extraction employing HDEHP was described by Kletenick and 
Bykhovskaya.61 They found that the fluoride ion could be extracted by HDEHP, 
previously reacted with metals such as zirconium, thallium, titanium and quadrivalent tin, 
in hexane, carbon tetrachloride or benzene. Extraction varied with the nature of the 
solvent and was greatest when the metal attached to the exchanger was quadrivalent. In 
mineral acid solution ZrHDEHP was the preferred extractant. The fluoride was back- 
extracted into the aqueous phase with TBP plus acetone and sodium hydroxide, before 
its determination by some surtable spectrophotometric method. 

Extraction of iron(II1) from hydrochloric acid solutions with HDEHP was described 
by Cerrai and Ghersini.62 The iron was extracted from acid chloride solution that had a 
final chloride content <3-8&f, an iron content between 0.04 and 6.0 llgiml, and was 
O*lM with respect to hydrochloric acid; an equal volume of 05M HDEHP in cyclo- 
hexane was used. An aliquot of the organic phase was transferred to a calibrated flask 
and the iron reduced with ascorbic acid in 95% ethanol. Bathophenanthroline and pyridine 
were added and the absorbance of the coloured solution was measured at 533 nm. Increasing 
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the volume ratio ofaqueous to orgamc phase up to 100 : 1 enabled extremely small amounts 
of iron to be determined with reasonable precision. 

Extraction of small amounts of zinc from perchloric acid media by ahphatic carboxylic 
acids was investigated by Schweitzer and Clifford.63 Zinc as radiotracer 65Zn was 
extracted from O*lM sodium perchlorate media adjusted to various pH values by the 
addition of sodium hydroxide or perchloric acid as appropriate. Solvents employed 
included benzene, chloroform and ~methyl-2-pen~none. 

Employing high molecular weight carboxylic acids, De and Roy6* made a systematic 
study of the extraction of transition metals. The carboxylic acids used were (1) 
“ Versatic-9 “, a mixture of highly branched saturated aliphatic acids containing nine 
carbon atoms, and (2) “SRS-lOO”, a 1 : 1 mixture of hrghly branched, predominantly 
tertiary, acids containing fifteen carbon atoms and neutral oil. These were employed m 
benzene solution and the metal ions Fe(III), Co(II), Ni, Mn(I1) and Cu(I1) were m 
sulphate media. Optimum pH values for quantitative extractions were established as: 
iron 3.15, cobalt 8.12, nickel 8.3, manganese 7.95 and copper 6-15 for SRS-100. With 
Versatic 9, the pH for nickel was 7.5, for manganese 7a5, and for the others virtually 
the same as with SRS-100. The effect of changing the organic solvent was tabulated and 
some separations of transition metals outlined. The order of extraction of metal ions with 
carboxylic acids is the order of the relative stabilities of the metal carboxylates so an 
exchange or displacement reaction is possible between metal carboxylates in the solvent 
and a more acidic metal in the aqueous phase. For example, this exchange could occur 
between metal pairs such as Fe(III)/Cu(II) or Fe(III)/Co(II) etc. if the aqueous phase is at 
optimum acidity for iron, pH 3.2. 

CHROMATOGRAPHIC USES OF LIQUID ION-EXCHANGERS 

Chromatographic separations employing both anion- and cation-exchangers have been 
widely reported. The materials used to support the exchangers include silica gel, 
kieselguhr, polyethylene, polyglycol, cellulose etc. 

A review of the uses of the liquid ion-exchangers TOA and HDEHP on inert supports 
was provided by Cerrai65 in 1964 and supplements the information given in the previously 
mentioned review.’ 

Chromatographic separations with anion-exchangers. Brinkman et a1.66 examined the use 
of primary, secondary and tertiary amines in thin-layer chromatography with silica gel as 
support. The three amines chosen were “Primene JM-T”, “Amberlite LA-l” and 
“Alamine-336” as representatives of each class and also as weakly, moderately and 
strongly absorbing anion-exchangers. Over fifty ions were examined, as the chlorides, in 
solutions containing from 2 to 12 mg/ml and eluted with hydrochlortc acid. For silver, 
lead and thallium the nitrates were employed. A complete description of the apparatus 
and a brief outline of the identification tests applied was given and RF values for each 
ion for the three amines and the silica gel without exchanger, at various hydrochloric acid 
concentrations, were presented graphically. To illustrate the practical uses of then 
experimental results the authors have given a number of useful separations which could 
be made, e.g., (1) for the four elements Ni, Co, Mn, Zn, encountered in the (NH&S 
group of the classical separation system; (2) Al, In, Ga: (3) As(III), Sb(III), Bi; (4) SeO$- 
from TeO: -. 

The same worker@’ investigated the nature of some of the anionic chloro-complexes 
of cations present in the organic phase for the same three amines and for the quaternary 
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ammonium salt Adogen 464, m reversed phase chromatography. The metals involved 
were copper(H), cobalt(I1). manganese~II), zinc and iron( Irrespective of the class of 
exchanger, the concentration of the chloride ion in the aqueous phase or the use of 
hydrochloric acid or lithium chloride as the source of Cl-, the sole metal-containing 
species in the organic phase were found to be CoCli-, CuCl:-, MnCl:- and FeCl;. 

Brinkman and de Vrie@’ have applied thin-layer chromatography to the separation of 
25 metal ions from sulphuric acid and sulphate salt systems, using silica gel impregnated 
with the same three amines, Primene JM-T, Amberlite LA-2, Alamine- and also with 
the quaternary ammonium salt Aliquat-336, each being equilibrated with sulphuric acid 
before being applied to the silica gel. The metal ions were applied as 2-10 mg/ml solutions 
of their sulphates, and the eluents sulphuric acid, lithium sulphate or ammonium 
sulphate were used in a range of concentrations. High RF values were recorded for 
those cations-13 out of the 25 tested-which do not form sulphato-complexes. With 
the remaining ions, increasing R, values were obtained as the sulphuric acid concentration 
was increased but the RF values decreased with increase in sulphate salt concentration, 
whether lithium or ammonium. This was taken to indicate a shift in the SOi- z$ HSO; 
equilibrium with the introduction of extra hydrogen or sulphate ions into the eluent. Few 
analytically useful separations could be formulated for cations which have low or medium 
RF values in sulphate media. 

Employing Amberlite LA-2 in the thiocyanate form, Graham and Carr69 extended the 
investigations of Brinkman et ai.” who used silica gel as the support media. Graham 
and Carr employed cellulose as support and examined 68 metal ions, using O-l-‘7*OM 
ammonium thiocyanate as eluent. Most of the metal ions either moved with the solvent 
front or were strongly complexed and remained at the point of application. Useful R, 
values were obtained for VO~II), Ni, Tl, Pb, Bi, Ag, Cu(II), Cd and MnfII), and these 
last five ions were studied further for the effects of the degree of impregnation of the 
stationary phase with the exchanger. ‘I Manganese(I1) ions migrated at all concentrations 
of ammonium thiocyanate from 0.1 to 7eOM; silver ions migrated at eluent concentrations 
>0.5M and moved with the solvent front with eluent > 5M. Copper(I1) ions migrated 
with [SCN-] > IM, and cadmium and bismuth ions at >2M thiocyanate, the R, values 
increasing regularly as the concentration of the thiocyanate increased. Increasing the 
exchanger loading of the cellulose caused a decrease in the R, values for the metals 
studied, with 4M ammonium thiocyanate as eluent. 

Graham et af.” reported on the use of thin-layer chro~tog~phy with Primene JM-T 
on cellulose, using hydrochloric acid eluents. By variation of the concentration of the 
impregnating amine over the range O*l-O-7M the R, values of some of the metal ions 
were changed significantly. A linear relationship was established between the logarithm of 
the concentration of the impregnant solution up to 05M and the RM values, The Rk( value 
is given by 

R M = log,, -!- - 1 
( 1 RF 

Separations which were shown to be possible in the primene JM-T hydrochlo~de~ydro- 
chloric acid systems included the following. 
1. Be, Mg and alkaline earths, in 8-9M acid. 
2. Zn and Fe(II1) from Ti(II), VO(II), Cr(III), Mn(II), Co(II), Ni, Cu(II), with Zn 

migrating with 1M acid (RF 0.56) and Fe stationary with acid >8M, the remaining 
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elements having RF values between 0.7 and 0.9 for 6-9M acid and RF values around 
1-O for acid c5M. 

3. Al, Ga, In and Tl, separated in the acid range 6-9M. 
4. Sn(II), Sn(IV) and Pb(II) separated over the whole acid range l-9M. 
5. Sb(II1) separated from Bi over the range l-9M. 

A similar dependence of R, and amine concentration was reported by Brinkman 
et ~1.‘~ who used various amines on silica gel and 7M hydrochloric acid as eluting 
agent. Typical results obtained are shown in Table 2 for Cu, Co, Bi and Zn with 

Table 2. Dependence. of R, values and migratton rate of eluent 
on molarity of amme HCI solutton (Amberlite LA-l was used 
as hqutd ton-exchanger and approx. 7M HCI as the elutmg 

agent)73 
(Reprmted by permisston of the copyright holders) 

RF vaiueat amme concentration shown 

Ion OJXM O.lOM 0.15M 0 25M 

cu 0.79 0.64 0.45 0.30 
co 0.76 0.62 046 0.23 
Bl 0.89 0.72 0.58 0.38 
Zn 0.32 0.17 0.11 0.02 

Length of run, mm 35 32 26 20 
Time, mm 10 10 10 20 

Amberlite LA-l. The authors considered that a 1 : 1 mixture of Amberlite LA-1 and 
TIOA could provide a useful mixture for separation of some metal chloro-complexes. 
Experiments showed that this was the case; the amine mixture gave RF values intermediate 
between those found for the separate components. The amines could be classified 
according to adsorption strength in hydrochloric acid media as follows. 

TIOA > Adogen 364 hl Adogen 368 m Alamine 336 m tetrahexylammonium 
N TNOA > Aliquat 336 N Adogen 464 > Hyamine 1622 > Amberlite LA-l 
‘5 Amberlite LA-2 > Hyamine 2389 > Primene JM-T 

Graham et cd.‘4 examined the quantitative determination of zinc after thin-layer 
chromatography on cellulose impregnated with Primene JM-T. 2-(Pyridylazo)-2napththol 
(PAN) was employed as chromogenic reagent to locate the zinc spots, with hydrochloric 
acid as eluent. The Joyce-Loebl “Chromoscan” recording and integrating densitometer 
with thin-layer attachment was employed in the reflectance mode and the spots scanned 
25 times, the mean of the integrator counts being taken. An error of about 5% was 
achieved at the l-pug level of zinc; the greatest source of error in the procedure was 
associated with the application of the PAN solution to the chromatographic layer. The 
spots themselves showed no significant fading after more than 30 min. The same 
authors” compared the results obtained by densitometric measurement with those from 
removal of the chromatographic spot and subsequent spectrophotometric measurement 
with PAN as chromogenic agent. The two methods gave similar degrees of accuracy but 
the densitometric method was very much quicker. 

Pierce and Henry 76 have used TIOA as an anion-exchanger in partition chromato- 
graphy. The exchanger was deposited on poly-(vinyl chloride/vinyl acetate) copolymer, 
available commerically as “CORVIC R51/83.” Distribution ratios were obtained for the 
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CORVIC/TIOA, by using batch extraction with 1 g of solid and 20 ml of aqueous 
phase, and the separations were made on columns 180 mm long x 6 mm diameter, 
radiotracers being used to follow the elution. Schemes for chromatographic separations 
were designed from the distribution ratios, at different hydrochloric acid concentrations, 
obtained in the batch extractions. Useful separations included (l), As, Ge and In, employing 
8-6M hydrochloric acid for As elution, 1*05M hydrochloric acid for Ge and water for In; 
(2) Mn, Co, Cu, Zn, employing 5.89M hydrochloric acid for Mn, 3Q9M hydrochloric acid 
for CO, 0*55M hydrochloric acid for Cu and water for Zn. 

Usmg columns of TOA on polytrifluorochloroethylene (“ KEL-F”) as inert support” 
Espotial and Marafuschi determined tungsten in stainless steel. Radioactive tracers were 
employed and the ions added to the column in hydrochloric acid solution. Chromium 
was easily eluted with 10M hydrochloric acid, then tungsten was eluted with 7M hydro- 
chloric acid + 1 M hydrofluoric acid. Cobalt moved down the column only very slowly while 
iron remained firmly held at the top. Although the method was intended for stainless-steel 
analysis no mention was made of the part played by nickel. 

Przeszlakowski’* employed various liquid anion-exchangers in the thiocyanate form to 
develop chromatograms of metal ions on paper impregnated with ammonium thiocyanate. 
Interesting changes in RF values occurred for silver, mercury(II), palladium, gallium, 
molybdenum(IV), antimony(III), titanium(IV), manganese(II), zinc, cadmium, bismuth, 
indium, iron(III), uranium(IV), and cobalt(I1) with changes in the concentration of 
ammonium thiocyanate on the paper, and changes in the solvent in which the exchangers 
were dissolved. 

In the system Aliquat-336-hydrochloric acid ” Stronski reported the separation of the 
radioisotopes “Cr, ‘*‘W, “MO, 54Mn, 6sZn, 6oCo, 5gFe, is2Ta, lE6Re, 234Th, 233Pa 
and 235U. A column of KEL-F was treated with 0*1&f Aliquat-336 and the ions success- 
fully eluted with various concentrations of hydrochloric acid. The same worker” reported 
on the separation of In, Cd, Sn, Te and Sb, using Amberlite LA-2 on silica gel and 
eluting with various concentrations of hydrochloric acid. 

Employing Aliquat-336 on a column of u Plaskon” (a trifluorochloroethylene polymer), 
Huffs1 studied the separation of americium, yttrium and the rare earths in the thiocyanate 
system. Gradient elution with ammonium thiocyanate from 2 to 0*3M achieved only partial 
separation of 1-mg quantities of rare earths on a 15-cm column, breakthrough of the 
next metal in the series occurring before the previous metal was completely eluted. 
Owing to this cross-contamination no clear-cut separations of rare-earth elements was 
possible. 

Ruthenium in aqueous nitric acid solutions forms a series of nitrosylruthenium com- 
pounds of general formula RuNO(N03),(OH),(H20), where x, y and z vary from 0 to 5, 
and the co-ordination number is 6. The relative concentration of the different species is 
affected by acid concentration, solution age and temperature. Hallaba et ~1.‘~ extracted 
these nitrato complexes, using various tertiary amines, and showed that extraction 
decreased with increasing nitric acid concentration and increased with amine concentration. 
High concentrations of aluminium and sodium nitrates did not greatly influence the 
degree of extraction obtained. The organic solvent employed had no significant effect 
on the extraction pattern for ruthenium but there were changes in the values of the 
distribution ratios. 

Leene et 01.‘~ described the preparation of trialkylamine oxide by the action of 
aqueous hydrogen peroxide on the tertiary amine Alamine 336-S. A 0.1 M solution of this 
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oxide in chloroform was equilibrated with 2M hydrochloric acid. The solution was mixed 
with silica gel and the slurry was coated onto microscope slides. With 0-I-11M hydro- 
chforicacid or O*l-9~5M lithium chloride in Oa5M hydrochlo~c acid as eluent, the RF values 
of thirty cations were determined. Comparison was made with the RF values obtained 
with trioctylarsine oxide prepared and used in a similar fashion. 

The separation of niobium and titanium in microgram amounts and in all ratios from 
1 : 100 to 100 : 1 was descrrbed by Alimarin et al. s4 The separation was made on a column 
of PTFE granules coated with 03M TOA, with various concentrations of hydrochloric 
acid as eluent. 

Chromatographic separations with cation-exchangers. The use of liquid cation-exchangers 
for chromatographic separations has been restricted almost entirely to di-(2-ethlhexyl)or- 
thophospho~c acid (HDEHP), Raaens’ used HDEHP in thin-layer chromatography on 
polytetrafluoroe~ylene (“Fluoroglide 200 TWO 218,” from Chemphst Inc., N.J., U.S.A.) 
Thinfilms of the PTFE were prepared and dried on “Mylar” polyester film (Kensington 
Scientific Corp., U.S.A.), then 1 ~1 of solution, containing the radiosotope under investiga- 
tion dissolved in nitric acid, was placed on the start and allowed to dry. Each 
chro~togram was developed with 5 ml of 0*5M HDEHP in IBMK, about 1 hr being 
required, and the films were dried. The chromatograms obtained were placed in contact 
with X-ray film for 2 or 3 days and the films then developed. The autoradiograms, 
produced for 31 metal ions, gave pictures which naturally were the reverse of the usual 
type of chromatogram, since those ions most strongly complexed by the exchanger 
moved with the solvent front while uncomplexed ions remained at the origin. Numerous 
separations were shown to be possible under the conditions selected. It is possible that 
still further useful separations could be evolved by use of an alternative solvent and 
slight changes in acidity of the layer of PTFE. 

Pierce and Flints6 employed HDEHP in conJunction with silica gel and granulated 
poly(viny1 chloride) (CORVIC D55/3, I.C.I. Ltd.) for thin-layer chromatography. Separa- 
tions of mixtures of rare earths, of strontium and yttrium, and of nickel, copper, silver, zinc 
and iron, were shown to be satisfactory with hydrochloric acid as eluent. A similar study 
by Herrmann” used HDEHP on silica gel, with 1M hydrochloric acid, to separate 
europium and gadolinium. 

The separation of fission products from uranium(VI) is a complex problem. Tomazic 
and Siekierski88 employed HDEHP on a support of kieselguhr (ratio 1 : 10) to achieve a 
useful degree of separation. Uranium reacts strongly with HDEHP even in highly acidic 
solutrons and was retained on a column of reagent and kieselguhr quite well when other 
metal ions were eluted with nitric acid. A sample was prepared in O*lM nitric acid con- 
taming caesium, strontium, barium, lanthanum, cerium(III), europium, terbium, yttrium, 
zirconium and a quantity of uranium equivalent to 50% of the ion capacity of the 
chromatographiccolumn.The caesium, strontium and barium were eluted with 0*5M nitric 
acid as one group, followed after a short break by lanthanium and cerium. When the 
concentration of acid was increased to SM, europium, lead and yttrium were eiuted. 
Finally the column was treated with concentrated hydrochloric acid, and the uranium 
was eluted and the zirconium remained on the column. 

Employing paper treated with HDEHP Cerrai and Ghersims9 exammed 67 cattons m 
the hydrochloric acid system. The chromatographic paper used was Whatman No. 1. 
(CRL/l type), spots with a volume of 0.05 ml were applied (containing approx. 1 x lo-’ 
equivalents of the cation concerned) and elutions made with hydrochloric acid at 
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concentrations between 1 x low4 and 10M. The results obtained showed good agreement 
with the literature on liquid~iquid extraction, the RF value of any ion being related to 
the extraction coefficient E, of the same ion in the analogous liquid~iquid system by the 
well-known relationship 

= log E, + log k 

where k IS a constant depending on the chromatographic conditions. A discussion of the 
behaviour of the 67 ions examined was included and separations which might be useful 
in analysis were suggested. 

Cerrai and Ghersinigo examined the separation of the alkali and alkaline earth metals, 
using Whatman paper No. 1, CRL/l type, treated with HDEHP. The metal ions were 
placed on the paper as chlorides and eluted with various concentrations of acetic acid from 
O-1 to 3M. A number of potential separations were found including Ca/Sr, Mg/Ba/Ca, 
Mg/Ca, NafCafSr, CsfSr, Cs/Ca/Sr. 

A comparison of the cation-exchangers HDEHP and H,EHP (2-ethylhexyldihydrogen 
phosphate) on Whatman No. 1 paper, for the separation of metal ions, was made by 
Lyle and Nair. ” When the chromatograms were developed with hydrochloric acid those 
employing H2EHP were found to be inferior to those employing HDEHP for similar 
metals such as lanthanides. Good separations were obtained with either ester for 
Fe(II1) and Co(II), and HDEHP-impregnated paper could be used to separate 
Au(II1) and Pt(IV). Table 3 shows how the separation factors for iron and cobalt were 
found to vary with the eluent concentration for the two exchangers. 

Table 3 RF values and separatton factors for ;ron(flI) and cobalt(II)p’ 
(Reprinted by permwon of the copyrlght holders) 

HDENP H,MEHP 

Sepn. sepn. 
&Fe) R&N factor &Fe) R&o) factor 

0 10 O-0 0.84 - - - - 
2.0 0.0 098 - 0.0 0.97 - 
4.0 011 090 8.2 008 0% 11 
6.0 064 0.90 1.4 @33 o-83 25 
80 0.03 0.87 29 0.67 0% 1.3 

Conditrons for the separation of calcium, strontium and barium on silica columns 
loaded to 13% with HDEHP, were reported by Jaskolska.q2 Up to O-3 mg of total metal 
ions was absorbed on the column and selective eluents were employed-barium was 
eluted with 05M sodium nitrate at pH 3.2, strontium with 05M sodium nitrate at pH 
2.0, then calcium with 0.5M sodium nitrate at pH 04, the pH being adjusted with 
nitric acid. 

An investigation by Mikhailichenko and Pimenovaq3 into the use of HDEHP on 
columns of silica gel for the separation of the rare-earth metals has been reported 
Radioactive tracers ls3Gd, 16’Tb, is9Dy, 166H~, 169Er, “‘Tm, and “Y were applied 
to the column m O*iM hydrochloric or nitric acid. Selective elution was attempted, 
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employing various concentrations of hydrochloric and nitric acids, but only the pairs 
Dy-Y and Tb-Y showed satisfactory separation, with 26M nitric acid at 40”. 

In two papers, Cerrai and Ghersini g4*gs demonstrated the separation of aluminium, 
gallium, indium, thallium, iron(III), nickel and cobalt(II), using paper impregnated with 
HDEHP. Changes of RF values with O*l-10M hydrochloric acid and different con- 
centrations of HDEHP showed some useful separations were possible. Combining their 
results with other published work g6*g7 the authors considered the following combinations 
of elements could be separated satisfactorily: Be/Fe/Al/Sr with 75M hydrochloric acid; 
Ti/Ga/FefI’l/U/Ba/Ca/Ni with 8M hydrochloric acid; Zr/Fe/YjIn/Ni with 2M hydro- 
chloric acid; Ti/FefI’l/U/Ba/Sr with 8M hydrochloric acid; Ga/Fe/Ba/Mn with 7M 
hydrochloric acid; Y/Ga with 15 or 7M hydrochloric acid. 

MISCELLANEOUS 

For the determination of gallium in the presence of aluminium, Levin and Balakirevag8 
used the mixed solvents H,EHP and TBP (tributyl phosphate). From a sulphuric or hydro- 
bromic acid solution, at pH 4-5, gallium and aluminium were extracted with 2N H,EHP (2- 
ethylhexyl dihydrogen phosphate) in heptane, any ferric iron present being previously re- 
duced with ascorbic acid. The extract was washed twice with perchloric acid then once with 
water. Aluminium was removed from the organic phase by mixing with an equal volume of 
TBP and washing with 7N sulphuric or hydrobromic acid. To recover the gallium the or- 
ganic phase was treated twice with 4N sulphuric acid. The determination of the gallium was 
completed by adding an excess of OalM EDTA, heating to 70”, neutralizing to Congo 
Red with ammonia solution, buffering to pH 5 with acetate buffer and titrating excess of 
EDTA with O*OlM zinc nitrate with Xylenol Orange as indicator. 

A similar technique using a mixed extractant was described by Watanabe.” The 
extractant was a mixture of both cation- and anion-exchangers in carbon tetrachloride. 
Various concentrations of HDEHP up to 15% with 05 or 5.0% Primene JM-T were 
employed. Thorium, iron(III), zinc, lanthanum, indium and cerium(II1) could be extracted 
from O*Ol-O*lN sulphuric acid media. The effects of changes in ligand and acid concentra- 
tion were given and an explanation of the results was proposed. 

Blasius and Finkenauer”’ described the preparation of an azo dye by coupling 
diazotized anthranilic acid and Cdodecylphenol. This dye was then employed as a liquid 
ion-exchanger, as its ammonium salt dissolved in carbon tetrachloride, chloroform 
benzene or trichlorobenzene, to extract cations. Separation coefficients for calcium, 
strontium, beryllium and aluminium were reported and a method given for the quantita- 
tive separation of strontium from concentrated alkali metal salt solution. 

The use of HDEHP as stationary phase in gas chromatography was outlined by 
Ilie et aI.“’ A solution of HDEHP in diethyl ether was used to treat silaned 
“Chromosorb W” (O-18-0.25 mm particle size), the product being stirred at room 
temperature until all the ether had evaporated, leaving a product containmg 15% of the 
exchanger. The Chromosorb was then made into columns (3 m x 6 mm) and used in the 
chromatographic study of various organic compounds vaporized at 150”. Hydrogen was 
used as carrier gas and the columns were operated at 70”, 90” and 110”. Satisfactory 
separations were achieved for benzene and cyclohexane, for Cl-C4 alcohols and C3 
and C, ketones, and also for various chlorinated derivatives of methane and ethane. 

For the determination of long-chain quaternary ammonium salts, Olcma and 
PalominoioZ suggested the use of Methyl Red. The complex of the quaternary ammonium 
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salt with Methyl Red in O*lM sodium carbonate was extractable into a 19 : 1 benzene- 
octanol mixture. The colour was developed either with aqueous ammonia-ethanol mixture 
followed by spectrophotometric measurement at 400 nm or with dilute hydrochloric acid- 
ethanol mixture, measurement then being at 510 nm. 

For the determination of iron(II1) by complexometric titration with EDTA, with 
thiocyanate as indicator, Fujimoto et .1.1°3 recommended the addition of an amine 
to improve the end-point. The ferric iron solution was buffered to pH. 2.8, a small 
quantity ofammonium thiocyanate solution was added, followed by 1 ml of 10% Amberlite 
LA-1 in carbon tetrachloride. The solution was then titrated slowly with 0.OlM EDTA, 
with vigorous shaking and heating to 60” near the end-point, which is indicated by a 
sharp change in colour from red to pale yellow. 

A use of liquid ion-exchangers which is of recent origin is in the preparation of ion- 
selective electrodes, such as those available from Corning, Orion or Beckman. For 
example, in the case of nitrate ions the Corning exchanger contains tridodecylhexadecyl- 
ammonium nitrate in n-octyl o-nitrophenyl ether as the liquid ion-exchanger. Employing 
this Corning exchanger, Davies et al. ’ O4 described the preparation of nitrate ion-exchange 
membranes. The exchanger (O-42 g) was added to a solution of 0.177 g of PVC in 6 ml of 
tetrahydrofuran. The solution was poured into a glass ring (33 mm i.d) resting on a glass 
plate and the organic solvent was allowed to evaporate to give a master membrane, 
which was then cut by means of a cork borer into discs of 6 mm diameter, suitable for 
inserting into the electrode. A similar nitrate-sensitive electrode was prepared by Coetzee 
and Freiser,’ OS employing a 10% solution of methyltrioctanoylammonium nitrate in 
decanol as exchanger. Moody et al. lo6 described the preparation of a calcium-selective 
electrode by incorporating a calcium liquid ion-exchanger in a membrane based on PVC 
and later reported that for a functional membrane a minimum of 20% PVC was found to 
be necessary. A recent publication by Moody and Thomas”’ devotes an entire chapter 
to the subject of liquid ion-exchanger electrodes and is a useful background for further 
work on this subject. 

THEORY ASSOCIATED WITH LIQUID ION-EXCHANGE 

It was noted in the 1964 review’ that two of the major obstacles to the advance of 
liquid ion-exchange techniques were the lack of knowledge of the basic principles in- 
volved and adequate means of assessing the relative “strengths” of the exchangers. Some 
eight years later the theory of liquid ion-exchange has advanced considerably, due to many 
workers. Probably the largest contribution has been made by the Department of Inorganic 
and Structural Chemistry at the University of Leeds, England. Workers under Professor 
H. M. N. H. Irving have published a number of papers covering extractions of particular 
ions from various media, or of various ions from particular media, with an excellent break- 
down of the factors involved. In a paper in 1965, Irving and Damodaranlo8 examined the 
determination of perchlorate in the presence of other halogen acids by means of a 
coloured liquid anion-exchanger. The coloured exchanger was a quaternary erdmannate 
obtained by shaking a solution of tetrahexylammonium iodide in 1 : 4 IBMK-xylene 
solution with an aqueous solution of Erdmann’s salt, [NH,]+[Co(NH,),(NO,),]-. The 
coloured liquid ion-exchanger had a molar absorbtivity of approximately lo4 l.mole- l. 
cm- *, and on equilibration with an aqueous solution containing perchlorate ions the 
coloured erdmannate ion was displaced and there was a corresponding decrease in the 
absorbance of the organic phase. Methods for the calculation of the equilibrium constant 
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for this reaction were outlined from the measurements of the absorbances of the 
aqueous and organic phases and the relevant molar absorbtivities. 

Two papers by Irving and NabiWog in 1968 examined the extraction of cupric and 
cuprous copper by a solution of quaternary n-hexylammonium chloride in ethylene 
dichloride. Increasing the concentration of chloride ions in the aqueous phase increased 
the degree of extraction of copper(H) but decreased that of copper(I). Irving and 
Damodaran”’ extracted silver from hydrochloric acid solutions, using tri-n-hexyl- 
ammonium and te~a-n-hexyla~onium chloride in 1,2~i~hloroethane. Silver was added 
as radioactive tracer, with a half-life of 274 days, and measurements of activity in aqueous 
and organic phases enabled conclusions to be drawn about the anionic complexes formed 
by silver in hydrochloric acid. As was the case with copper(I) the univalent ion Ag+ 
showed a decrease in extraction as the chloride concentration was increased. 

Conflicting results by other workers on the extraction of indium induced Irving and 
Damodaran’ l1 to examine the extraction of indium from aqueous solutions of halogen 
acids and thiocyanates. It was shown InI; was extracted in preference to InBr;, and 
InBr; in preference to InCI;. This is the reverse of the stability of these complex ions. 
The course of the extraction curve was found to be governed by the activity of the halide 
ions and it was noted that the plots for extraction from hydrochloric acid, lithium chloride 
and sodium chloride media could be superimposed. The nature of the ions present in 
both halogen acid and thiocyanate media was elucidated. 

Irving and Damodaran’ i2 noted the tendency for the tetracyano complexes of zinc 
[Zn(CN):-1, cadmium [Cd(CN)f-] an mercury [Hg(CNJ2-] to be extracted by tetra- d 
hexylammonium salts in IBMK. This was examined further for the extraction of 
mercury(II), when it was found that the anions Hg(CN)a- and Hg(CN); were extracted, 
the latter species probably being solvated. Further work by the same workers1i3 
covered the complex cyanides of gold, nickel, palladium, platinum, copper and iron. The 
extraction constants for these metals were discussed in terms of the size and stereochemistry 
of the complex anions. Desreux ‘I4 has examined the question of the association of water 
with long-chain alkylammonium salts such as TLA-HCI, TLMA-SCN (trilaurylmethyl- 
ammonium thiocyanate) and TLMA-Cl. The infrared and n.m.r. spectra were recorded for 
the carbon tetrachloride solvent before and after shaking with an aqueous phase, and 
Karl Fischer titration was used to obtain the water content of the solvent. The results show- 
ed that trilaurylmethylammonium thiocyanate was monohydrated in the organic solvent 
whereas the trilaurylmethylammonium chloride was present in the form of several 
polyhydrated species. 

The distribution of lithium chloride and lithium bromide between aqueous lithium 
chloride solutions and a benzene solution of Aliquat-336 was studied by Scibona et al.’ l5 
Thermodynamic relations were derived for lithium chloride distribution between the two 
phases, and a thermodynamic equation was derived for the dependence of the observed 
dist~bution coefficient of lithium bromide on activtty coefficients and con~entra~ons. 
Explanation was offered for the deviation of the observed distribution coefficient from a 
simple mass-action law. Using TOA, r16 Sato studied the distribution equilibria of nitric, 
hydrochloric, perchloric, sulphuric and phosphoric acids between aqueous solutions and 
benzene solutions of the exchanger. Infrared and partition results indicated that the ex- 
traction of the acids was governed by the formation of the monoamine salts of mono- 
basic acids and of the mono- di- (and trr-) amino salts of di- (and tri-) basic actds. 

The extraction of chromium(II1) from aqueous EDTA (H,Y) solutions with tetra-n- 
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hexylammonium chloride m dichloroethane was examined by Irving and Al Jarrah.’ ” 
Maximum extraction occurred at pH 4.7. Only the violet complex CrY(H,O)- was 
extracted as the ion-pair [NR,]+[CrY(H,O)]- ( w h ere R = n-hexyl) over the pH range 
3.6-6.0. The neutral species CrHY(H20) and the two anionic species CrY(OH)‘- and 
CrY(OH):- were not extractable. 

A very useful paper by Eubanks, i’s draws attention to limitations which must be 
imposed on the use of amines, owing to degradation reactions occurring. Available 
evidence indicated that the amines were frequently degraded by the process chemicals 
used. Amine reactions were initiated either photochemically or radiolytically and the 
reaction path usually involved initial reaction of a methylene hydrogen on the carbon 
atom a to the nitrogen. Tables included showed the radiolysis products for a number of 
amines and references were given for work which had been reported on air-oxidation 
of amines, their reactions with the organic solvents most commonly employed, and with 
reagents such as nitric and nitrous acids. 

PRESENT AND FUTURE PROSPECTS FOR LIQUID ION-EXCHANGE 

It is 24 years since Smith and Pagelrg introduced the technique of liquid ion-exchange. 
Very little work was done with this analytical technique, except in the field of the transuranic 
elements, until the early 1960’s, despite its obvious possible advantages. This may have 
been due to the revival of interest in solvent extraction, employing the readily available 
chelating agents, and the introduction of the synthetic-resin exchangers which took place 
around the same period. During the last ten years or so it has been realized that 
hquid ion-exchange has much to offer the analyst-providing as it does both the speed of 
separation associated with solvent extraction and the selectivity offered by ion-exchange 
under appropriate conditions. “Where does liquid ion exchange go from here?” is not an 
easy question to answer. That it will continue to be used increasingly for liquid/liquid 
extractions and for chromatographic separations is certain. Extractions with mixed ex- 
changers, such as two anion-exchangers73 or one cation- and one anion-exchanger,Q9 or a 
neutral co-reagent and an exchanger,98 may open up new possibilities. The use of these 
exchangers in gas chromatographylo could be a pointer to further applications. Certainly, 
the increasing use being made of the organic phase directly, without back-extraction, 
increases the attractiveness of liquid ion-exchange, and its incorporation as a separation 
stage in inorganic analysis will become commonplace. 

The recent introduction of ion-selective electrodes containing liquid ion-exchangers, or 
incorporating membranes prepared from exchangers evaporated onto inert supports such 
as PVC or Bakehte’ 04-“’ has opened up new fields of application, the likely limits of which 
cannot yet be seen. 

APPENDIX 

Commonly used amon-exchangers 

Adogen 364, a tri-n-alkylamme with 27 carbon atoms on average, consrsts prmcipally of octyl (60%) and 
decyl (33%) chams. It contams mmimally 95% tertrary amine In the yellow turbid ltqmd a waxy depostt may 
form on standmg. Average m.w 380 

Adogen 368, a pale yellow trt-n-alkylamme, of which the alkyl groups consist prmcrpally of octyl (40%) 
decyl (25%) and dodecyl (30%) chams, has a mmtmal ternary amme content of 95%. Average m w 430. 

Adogen 464, a methyltrt-n-alkylammomum chlortde wtth a yellow-brown colour, has a mmimal quaternary 
ammonmm salt content of 924b Average m.w 431. 
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Alattune-336, a pale yellow hqutd (” trtcaprylamme”) IS a tertiary amme with three straight-chain alkyl groups, 
mamly octyl and decyl. The number of carbon atoms totals 26-32 and the average m w. of the tertiary amme 
content (mm. 90x, typical 95%) IS 392. 

Aliquat-336, a yellow viscous liquid, obtamable as the chloride, IS a methyltrt-n-alkylammonlum salt 
(“methyltrrcaprylammonmm chloride”)) with 27-33 carbon atoms on average. The alkyl groups mamly constst 
of octyl and decyl chains, and the average m.w. IS 475 

Amberlrre LA-l. A fairly vtscous yellow liquid (viscosity at 25” IS 72 cp) IS an N-dodecenyltrtalkylmethyl- 
amine. The unsaturated amme contains 24-27 carbon atoms and has an average m.w. of 372. 

Amberlite LA-2, a yellow liquid with a viscosity of 18 cp at 25”, IS a saturated secondary amme, N- 
lauryltrtalkylmethylamme, wtth an average m.w of 374. 

Przmene JM-T IS a yellow primary trialkylmethylamme with 18-24 carbon atoms and an average m w of 
311. 

Tr~benrylamine, TBA, IS a white crystalline solid of m.w. 287 (>99% pure). 
7%zso-octylomine, TIOA, a nearly colourless liquid, has m.w. 353. It contams a mixture of dtmethylhexyl, 

methylheptyl, em. chams, pnncrpally 3,5-, 4.5., and 3,4&methylhexyl. 
Tri-n-octykrmme, TOA, is a colourless iiqmd of m.w 353. 

Commonly used cation-exchangers 

Di-(24hylhexyl) phosphoric acid (D2EHPA. DEHPA or HDEHP). A dialkylorthophosphortc acid, the ex- 
changer IS supphed as a commercial grade and needs purification before use m analysis The method des- 
cnbed m U.S.A. At. Energy Comm. Rept. ORNL 3548 (1964) IS recommended. The monoacrdtc liquid, after 
purificatton, has a sp gr. of 0.97 and m.w. 322. It is the hydrogen atom of the -OH group which 
undergoes exchange with an equtvalent catron. 

Dinonylnaphthalene sulphonic acid (DNS). This is a mixture of Isomers resulting from the sulphonatlon of 
dmonylnaphthalene, which ttself 1s prepared by controlled alkylatron of naphthalene with nonene, and IS 
usually supplied by the manufacturers as a 45-50x solutton m n-heptane. It IS the hydrogen atom of the 
-SO,H group which undergoes exchange, as wtth the sulphonated-resin exchangers. 

Versatlc 911. A mixture of saturated tertiary monocarboxylic acids of Cg, Cl0 and Cl1 chain length, 
manufactured from C&r 1 oletines. The structure of Versattc 911 may be represented by 

R, 

R+COOH 

R, 

and at least one of the R groups ts always methyl. The parttcular structure of the material drstmgurshes tt from 
the common straight-chain fatty acids of similar molecular weight. The average m.w. of the water-whtte 
Versatrc 911 IS 175, and the sp.gr. 0.92. The extraction of the metal ton proceeds m a manner analogous to the 
overall reaction for the catton-exchange resins: 

R-COOH + XC1 - RCOOX + HCI 

Excessive contact with the skm should be avoided. 
Naphthemc Acids N.A 180 and N.A 230 
These acids have the general formula 

H,c-C\H, 

,CH -(CHr),COOH 

H,C -CH, 

It ~111 be seen from this formula that they are saturated monocychc carboxyhc acids, the carbon rmg 
being almost mvartably five-membered. The two most common naphthemc acids are destgnated N.A 180 and 
N A. 230, these numbers representmg the actd value in terms of mg of KOH requtred to neutralize 1 g of the 
maternal. They are both clear, bright hqutds of sp.gr. 0.98 and contam 8-12% w/w of neutral 011. 

Naphthemc actds are not htghly toxrc, and provided any affected parts of the skm are washed well wtth 
soap and water, any sltght skm urttatton caused by exposure to these acrds IS not unduly dangerous. 

Some manufacturers of these ton exchangers are as follows, 
The Adogens Archer-Damels-Mtdland Co, 

Mmneapohs, 
Mmn. U S A 
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The Amberhtes and Primene JM-T 

Alamine and Ahquat 

The remamng anion-exchangers 
DI-(2-ethglhexyl) phosphorrc acid 

Dmonylnaphthalene sulphomc acid 

Or 

Versatic and Naphthemc acids 

1. 
2 
3. 
4 
5 
6 
7 
8 
9 

10 

11. 

12. 
13 

14 
15 
16 
17 
18 
19. 

20 
21 
22 
23 
24 

25 
26 
27 
28 
29 
30 
31 
32 
33 

Rohm and Haas Co, 
Philadelphia, 
Pa. U.S.A. 
General Mdls Inc., 
Kankakee, 
Ill. U.S.A 
Avadable from a number of the general supphers of laboratory cbermcals 
Avadable from a number of sources, mcludmg. 
Van Waters and Rogers Co. Inc., Seattle, Wash U.S.A 
Vlrgmla Carolina Chemical Corp., Richmond, U.S.A Union Carbide 
Chenucals Corp.. 270 Park Avenue, New York, N Y 10017, U.S.A. 
Koch-Light Laboratories Ltd., Colnbrook, Bucks., England 
R T Vanderbilt Co. Inc., 
230 Park Avenue, New York, 
NY. 10017, U.S.A. 
Kmg Organic Chemicals Inc., 
415 Lexington Ave., New York, 
N.Y. 10017, U.S.A 
Shell Co. Ltd., 
London, 
ENGLAND. 
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Summary--In acu%c medium selenosenncarbazlde undergoes oxidation by oxygen, dissolved tn 
water, m the presence of copper(H) as a catalyst The oxuzlation product exlnbits an activating 
effect The kinetics of the reactlon have been investigated and the kinetic equations deduced both 
for small and high concentrations of the oxldatlon product The constants involved m the kinetic 
equations deduced have been calculated. The proposed mechanism of the reaction agrees with the 
experimental results. The oxidation product 1s supposed to be the brs-selenosenucarbaziclmmm 
catIon The postulation of formation of this cation 1s based on the electronic structure and 
reactivity of selenosenncarbazrde. The reactIon can be used for copper determmatlon 

Crystalline selenosemicarbazide-copper(II) complexes have been reported.’ In the course of 
our study of the formation of such complexes in aqueous solutions, we have found that the 
yellow solution containing selenosemicarbazide-copper(II) in acidic medium is decolorized 
on standing. The decrease in the absorbance has been found to be due to disappearance 
of selenosemicarbazide (SSC). The reaction rate depends on the concentrations of copper, 
acid and oxygen, dissolved in water. The copper acts as a catalyst and the oxygen 
concentration decreases with time. The conclusion drawn 1s that SSC undergoes a catalytic 
oxidation by oxygen, dissolved in water, in the presence of copper(H). 

It has been found that other metal ions either do not catalyse this reaction at all or have 
much lower catalytic activities. Therefore this reaction can be used to develop a rather 
sensitive ,and selective kinetic method for copper determination. 

EXPERIMENTAL 

Reagents 

SSC was prepared by the method reported by Huls and Renson. ’ The punty was checked by means of the 
meltmg pomt 

Copper solutions were prepared from analytlcally pure cupnc nitrate and standardized electrolytically. 
Chermcally pure perchlorlc acid was used for the acu%c medium, because It has no absorption in the 

ultravlolet region. has little tendency for complexation or ton-association and does not oxichu SSC m the absence 
of cupric Ions or/and oxygen 

Procedure 

Absorbances were measured at 262 nm, the wavelength of maxlmum absorption by SSC m strongly 
acidic medium. and at 364 nm. near the absorption maxImum of the SSC-Cu(II) complex (350 nmj 

Reactlon rates were determmed by graphical dlfferentlatlon of the absorbance DS time curves 

163 
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RESULTS AND DISCUSSION 

Figure 1 shows a typical absorbance-time curve, which is similar to the curves of auto- 
catalytic reactions. Therefore we have reason to suppose that the reaction product activates 
the catalyst, and the following dependence is to be examined 

‘2 = f(Gsc 9 [H +I, [O,], Ccu , C&F, 

where C represents the total concentration of the species indicated by suffix, the equihbrmm 
concentrations are in square brackets, X is the oxidation product, and F is the activity 
factor. 

Fig. 1. The change of absorbance with time 

1262nm,I=lcm,C&=2x 10m4M, 

CC” = 1 x lo- 5M, C”C,O. = O&M. 

In order to find the reaction-rate dependence on the SSC concentration, curves similar 
to that given in Fig. 1 were obtained at constant initial concentrations of all reaction 
components except SSC, the initial concentration ofwhich was varied. All the curves appear 
identical, and this fact allows us to conclude that the rate is independent of C,,,. 
This statement is, however, valid only in the presence of an excess of SSC relative to copper. 
That is why all the calculations have been made with large C,,, : Cc, ratios. 

Similarly at constant concentration of all the reaction components except copper the 
absorbance-time curves were measured to find the reaction order with respect to Cc,. 
Constancy of [H+] and [O,] was achieved by using a large excess. The reaction rates 
were compared at equal AA values (AA = change in absorbance from the begmnmg of the 
reaction) to ensure constancy of C,. The reaction appeared to be first-order with 
respect to copper. 

To determine the reaction-rate dependence on the acidity and the concentration of X, 
we varied [H+] and plotted -dA/dt, which is proportional to the reaction rate d&/dt, 
against AA, which is similarly proportional to the reaction product concentration. The 
variation of the oxygen concentration in the course of reaction was neglected because 
this variation, as will be seen later, is insignificant. These plots, given in Fig. 2a show 
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c (b) 

56 

Fig. 2. Plot of the rate of absorbance change (a) and the logartthm of this rate (b) agamst the 
absorbance change from the beginning of the reactlon (AhA = A0 - A). 

1262nm,I=lcm,C&= 2 x 10_4M, c, = 1 x 10-5M, 

c Hc,o. = 0.32&4(l), OGM (2), @96&f (3), 1.28M (4) 

that the higher the AA values the more the deviation of these curves from a straight line. 
A plot of the logarithm of the rate against AA (Fig. 2b) gives a set of parallel straight 
lines, with some deviations due to errors arising from graphical ~fferentiation. It can 
therefore be accepted that the reaction rate depends exponentially on Cx . 

To find the dependence of the reaction rate on [H +], the rate of absorbance change was 
plotted against [H+] at various constant AA values. It is clear from Fig. 3 that this 
dependence is linear, and the reaction is first-order with respect to [H’]. Deviations at 
higher [II+] values may be attributed to salt effects and therefore related to the activity 
factor F. The kinetic equation may now be written as 

dcx - = K,([O,J) - [H+] + Cc, - exp(K2 Cx) - F 
dt 

This equation, however, appears to be valid only at not too high Cx values. Figure 4 
shows the absorbance change when C ssc and CcU are ten times the values used earlier. 
The curve assymptotically approaches the final value of A. Subsequent saturation of the 
solution with oxygen, by shaking it with air, leads to complete oxidation of SK. So the 
decrease in the reaction rate is due to the dissolved oxygen being used up. After the 
lapse of some time from the beginning of the reaction the curve exhibits no dependence 
on the reaction product concentration. Probably, when Cx becomes sufficiently high, 
the reaction step in which the oxidation product X participates no longer determines the 
reaction rate and the step in which the oxygen participates becomes mtedete~ining. 
Then the kinetic equation may be written as 

dC,__ 
dt 

- K . [H +] * [O,]” . Cc” * F 
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Fig. 3. Plot of the reaction rate against the hydrogen Ion concentration at constant values of 
AA = A,, - A. 

AA = O(l), 0 4 (2), 0.8 (3). 

The curve in Fig. 4 allows us to find the reaction order p with respect to the oxygen 
concentration. Let the total reaction equation be 

mSSC + q0, - nX (4) 

then the oxygen concentration at every instant of time is equal to 

P*l = P210 - f Gsc - Cssc) (5) 

A 12 - 

IO - 

OS - A, --_ _ -- ____----_----_-------- 

I I I 1 I I I , 1 

x) 40 60 00 loo 

t, ml” 

Fig. 4. The change of absorbance with time. 
I 262 nm, 1= 0.1 cm, CL = 2 x 10e3M, 

Cc. = 1 x 10_4M, CHCIO, = 16M 
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where [O,], and C& are initial concentrations. The reaction obviously stops when [O,] 
falls to zero and, hence, equation (5) leads to 

where C” indicates the final concentration. Equations (5) and (6) give 

By substituting this value in equation (3) we obtain 

dG 
dr = K . [H+] . 

0 
f P.(CSSC-C&)~*CC”~F 

Assuming [H +], Cc, and F to be constant and using absorbances instead of concentrations, 
we obtain 

dA 
- dt = const * (A - A,)P 

The plot of -dA/dt against (A - A,) is given in Fig. 5. At low values of {A - A,), 
corresponding to lower [O,] and higher Cx values, the plot shows a linear dependence. 
The higher [O,] and lower Cx values give deviation from the straight line. This may be due 
to the influence of the slower step in which the oxidation product participates. So the 
reaction is first-order with respect to oxygen concentration, and equations (2) and (3) can 
be rewritten as 

2 = K,[H’][O,JCc, - exp(K, C,) * F 

I , I , I * I ‘ j 

01 G-2 03 04 05 

A-A, 

Ftg 5 Plot of the reactton rate agamst the concentration of oxygen. 
1262nm,I=01cm,C&c=2xXO-3M, 

c CU = 1 x lO+M, C&o. = 1.6M. 

(8) 
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and 

dC, - 
dt 

- KdH+IPXcu~ F (9) 

Equation (8) holds good for low values of Cx and equation (9) for high values of C’, . 
The results enable us to determine the constants involved in equations (8) and (9). By 

using absorbances and assuming that m molecules of SSC yield n molecules of X, we obtain 
from (8) 

where sSsc and sx are the molar absorptivities of SSC and X respectively at the 
wavelength employed and 1 is the pathlength. The value of ne,/m can be easily found 
from the final absorbance of the reaction mixture: A 21 = n&x C&cl/m. At the wavelength 
262 nm E~C = 8-O x lo3 and n$‘/m = 0.8 x 1031. mole-‘. cm-‘. 

The oxygen concentration can be estimated from the solubility in water,3 approximately 
2.8 x 10-4M. 

The value of K, is now easily determined from the slope of the straight line 
corresponding to AA = 0 in Fig, 3 (assuming F = 1). By use of equation (10) an 
approximate value of K, m 830 n/m 12. molee2. min-’ is obtained. 

The value of K2 in equation (8) can be estimated from the slope of the straight 
lines in Fig. 26 (after changing to natural logarithms). The approximate value of K, is 
5.0 x lo3 m/n 1. mole-‘. 

The value of the constant K3 in (9) can be obtained by using Figs. 4 and 5. It can be 
seen from Fig. 4 that A, - A, = O-83. This corresponds to the SSC concentration 
decreasing by C& - C& = (A - A,)/(E~ - nedm)l - 1.15 x 10e3M. 

Dividing this quantity by the initial concentration of oxygen, [O,], N 2.8 x 10e4M, the 
number of SSC molecules oxidized by one oxygen molecule is obtained, viz. 4. Now 
according to (7) 

P21= %Gsc - G&L 

so (9) (using absorbances) transforms to 

- $ = ;. F. K, . [H+] . (A - A,). C,, . F 

Now from the straight part of the curve in Fig. 5 an approximate value of K3 
(corresponding to 1.6M perchloric acid) is obtamed: K, . F - 1.0 x lo3 n/m 12. mole-*. 
min- i. 

REACTION MECHANISM 

In order to establish the stoichiometry of the copper(I1) complex with SSC in solution 
the isomolar series method was used. The measurements were carried out m neutral 
medium (where the oxidation process does not take place) at 364 nm. Only the complex 
corresponding to the molar ratio Cu(I1) : SSC = 1 : 2 was observed. On account of this 
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and the composttion of the complex in the crystallme state,’ and by analogy wtth 
thiosemlcarbazide-cop~r(II) in solution4 we believe that the Cu(SSC)f + complex species 
exists in solution. By passage of the solution through a column containing a cation- 
exchange resin the complex was confirmed to be positively charged. 

The spectrum of the complex undergoes no change m strongly acidic medium, whtch 
shows that also under redox reaction condttions copper exists as the same species 
Cu(ssc); + * The absorbance m~surements at 364 nm during the course of the reaction 
mdicate that the concentration of the complex does not change up to the pomt of 
inflexion on the curve for change of the absorbance measured at 262 nm. This means 
that the complexation equilibrium does not shift during the course of the reaction (till 
there is an excess of SSC), and this is possible on14 If the copper is almost completely 
used m complex formation. 

It has been menttoned earlier that the reaction rate IS independent of the SSC 
concentration and is proportional to the total concentration of copper. In view of these 
conclusions tt may be said that it is only the Cu(SSC)$” complex species which is 
responsible for the reactton, and the free SSC molecules do not participate directly in the 
redox reaction. 

So far as the SSC oxidation product is concerned, it has been shown in the previous 
section that one oxygen molecule is used for oxidation of 4 SSC molecules. In other 
words every SSC molecule loses only one electron. The SSC molecule which has lost 
one electron has an unpaired electron left. The boundary electron density distribution 
corresponding to the highest occupied molecular orbital of the SSC molecule now repre- 
sents the electron spm density distribution on an SSC molecule which has lost one 
electron (Fig 6). The diagram shows that the spm denstty is almost completely concentrated 
on the selemum atom. This must lead to a high probability for linking of two such 
molecules together through the selenium atoms, resulting in the formation of the 
bis-selenosemtcarbazidnuum cation (BSSC, I) 

A similar cation 1s also formed during the oxidation of selenourea by hydrogen peroxide 
in acidic medmm.5 

Figure 6 also gives the charge distribution in an SSC molecule which has lost one 
electron. It can be proposed that m BSSC the charge distribution should be almost the same. 
The dtagram demonstrates that the positive charge is mainly concentrated on the carbon 
and selenium atoms, but not on the nitrogen atoms as might have been thought. The 
same thing should hold true for the cation resulting from selenourea oxidation.’ 

The BSSC formation must be accompanied by disappearance of the SSC absorption 
band. related to the negative charge-transfer from selenium to carbon and the loosening 
of the P=Se bond, which 1s observed during the course of the reaction. 

Thus we believe that BSSC is the SSC oxidatton product. Then the catalytic effect of 
copper becomes clear. First, the cupric ion serves as a matrix on which two properly 
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Fig. 6. The diagram of electron sprn density dlstrlbutlon (upper figures) and effective charge 
dlstrrbutmn (lower figures) m an SSC molecule whtch has lost one electron. The calculations were 

carried out by Hoffmann’s method 

arranged adjacent SSC molecules (in a rather stable square planar complex with SSC 
ligands, which seem to be in a c&arrangement, II), get a chance to lose two electrons 
simultaneously (each SSC ligand losing an electron) and to link together through the 
selenium atoms. Secondly, the copper, complexes of which are often able to co-ordinate 
molecular oxygen, serves as medium for electron-transfer from SSC to oxygen. It is obvious 
that the need for the metal ion to serve in the two capacities makes the reaction rather 
selective with respect to copper as a catalyst. 

II 

Takmg into account the arguments above we can advance a mechanism for the SSC 
oxidation. First, complex formation is achieved and the corresponding equilibrium 
obtained very rapidly: 

cu2+ + 2ssc = Cu(SSC)i + (11) 
The next step seems to be the formation of the activated complex by an oxygen molecule 

and hydrogen ion adding to Cu(SSC):+ : 

Cu(SSC);+ + 0, + H+ Z CU(SSC),(O,H)~ + (12) 

Such a suggestion is favoured by the kinetic data given in the previous section. The 
activated complex is unstable and easily decomposes into BSSC and a peroxide complex 
Cu(O,H)+ : 

Cu(SSC),(O,H)‘+ - BSSC’+ + Cu(O,H)+ (13) 

After this the activation effect of the oxidation product is imtiated. It is difficult to say 
anything precise about this activation mechanism. However, it can be supposed that the 
reaction product together with the first activated complex CU(SSC),(O,H)~+ yields m a 
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few steps someadditional superactivated complexes. Each of them easily decomposes in the 
same manner as in reaction (13): 

CU(SSC)~(O~H)~+ + BSSC’+ G 
CU(SSC)~(O,H)~+, BSSC2+ + BSSC’+ z=== 
. * . . 

CU(SSC)~(O,H)~ +, BSSC2 + 
CU(SSC)~(O,H)~ *, 2BSSC2 + (14) 

Cu(0,I-I) + ZBSSC’+ 
Cu(O,H)+ + 3BSSC2+ (IV 

CU~SSC~~~O~H)~ +, BSSC*+ - 
CU(SSC)~(O~H)~+, 2BSSC2+ - 
. . . . 

The number of steps in (14) is difficult to define. However, taking into account that the 
plots of the reaction rate against C, , given in Fig. 2u, deviate from straight lines towards 
higher rates with increase m C, , it can be stated that the number of steps in (14) IS more 
than one. 

The peroxide ion Cu(O,H)+ can dissociate into the (O,H)- anion which afterwards 
forms a hydrogen peroxide molecule. In this case it is assumed that hydrogen peroxide 
subsequently oxidizes two additional SSC molecules. Hydrogen peroxide has been found 
to oxidize SSC rather rapidly even in the absence of copper ions. If such an assumption is 
accepted, then this reaction step will not affect the reaction rate, because it succeeds 
reactions (13) and (14) and is not rate-determining. 

However, it is more likely that the Cu(O,H)+ ion co-ordinates two SSC molecules 

Cu(O,H)+ + H+ + 2SSC G=== Cu(SSC),(H20J2 + (16) 

yielding a new activated complex which subsequently decomposes: 

CU(SSC)~(H~O~)~+ - BSSC2+ + Cu2+ + 20H- (I7a) 

CU(SSC)~(H~O,)~ + + H+ I__, BSSC’+ + Cu2+ + OH- f H,O (17b) 

CU(SSC)~(H~O~)~+ + 2H+ - BSSC2+ + Cu2+ + 2H20 (l7c) 

Then the copper ions evolved participate in reaction (11) and the whole cycle is 
repeated. It will be seen that the type of the kinetic equation is independent of the type of 
reaction (17) because the reactions (13) and (17) are irreversible. 

To deduce the kinetic equation correspondmg to the proposed reaction mechanism, 
we empioyed a graph method. 6 The constancy of the Cu(SSC)$+ concentration 
enabled us to use the approximation of stationary concentrations. Figure 7 represents 

X 
\I1 cuL,QHl. 2x 23X 

Fig 7 Mechamsm of the catalytic oxidation of SSC 

L = SSC, X = BSSC2 + 
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graphically the sequence of reactions (1 l)-( 12)-( 13)-( 14)-( 15)-( 16)-( 17a)-( 11) with only 
two steps in (14). 

The total reaction rate IS given by Mason’s equation! 

dG 
-= 

dr 
1, Wl) . V, . c 

1, det(i) ‘” (18) 

where det(i) is the determinant of the rth apex and v is the rate of reaction-product 
formation in the ith apex. 

Under the conditions of our investigation, assoon as practically all the copper exists as 
the Cu(SSC)i+ complex species, we can neglect all the determinants in the denommator of 
equation (18) except det{Cu(SSC)I+} and obtain a simpler equation 

dCx 
dt= 

1, det(i) + L( 

det{Cu(SSC)i+j * cc’. (19) 

After calculating all the determinants from Fig. 7 and putting them in Eq. (19) and after 
some transformattons we obtain finally 

G 2k[H+][O,]Cc,(A + B . C, + D * C,‘) -= 
dr E + F * C, + D . C,’ (20) 

where 

A=a,(l +a2+aJ+aza,) 

B = b,a,(l + Us) + a,b,a, 

D = b,b,u, 

E=1+u,+u2+u3+a,u~+u,u~+u2u,+u,u2u, 

F = b,a2(l + us) + b2uJ(1 + a,) 

and k, a, fi and y are the rate constants, indicated in Fig. 7. 
Let us analyse equation (20) at low and high values of the reaction product con- 

centration Cx. It is evident that at small Cx values the terms containing Cx in the 
denominator of (20) can be neglected. Then the equation reduces to 

dC, 2kA 

dr 
- E. [H+][O,]C,, 1 + ; C, + ; C,‘) (21) 

If we suppose that the magnitude of the constant D approaches B2/2A, then the 
expression in parentheses in (21) represents the first three terms of the expansion of 
exp(K . C,), where K = B/A. Then good agreement with the empirical equation (8) is 
achieved. 

At higher values of Cx the term containing the highest power of Cx, D . Cy2, 
predominates both in the numerator and in the denominator of (20). Therefore, in this 
boundary case equation (20) reduces to 

dCx __ = 2k[H+][O,]C,, 
dr (22) 

which corresponds perfectly to the empirical kinetic equation (9). 
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Thus the proposed reaction mechanism leads to good agreement with experiment. 
However, this mechanism has certain shortcomings. In some steps it requires the interaction 
of several highly-charged species. This must lead to a strong dependence of the reaction 
rate on the ionic strength of the solution, but the results we have obtained indicate that 
the activity factor F is rather constant over a wide range of ionic strengths (from 
-0.3 to h 1.0) and seems to be near unity. Only when the ionic strength exceeds unity 
does F begin to decrease rapidly, resulting in a negattve salt effect. 

In order to bring these facts into agreement with the proposed mechanism it can be 
supposed that some of the (positively) charged species take part m the reactton as neutral 
ion-association complexes with the perchlorate anions present, so that in each step not 
more than one charged species participates simultaneously. From recent publications it is 
seen that there is a reasonable probability that such complexes exist. 

The kinetic method for copper determination will be described separately. 
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Zusanunenfassung-Selenosemzcarbawd erleidet m saurem Medium m Gegenwart von Kupfer(I1) 
als Katalysator Oxzdatzon durch zm Wasser gelosten Sauerstoff. Das Oxzdatzonsprodukt xezgt 
emen aktzvzerenden Effekt Dze Kmetik der Reaktion wurde untersucht, fur kleme und groBe 
Konzentrationen des Oxzdationsprodukts wurden kmetzsche Glezchungen abgeleitet. Dze Kon- 
stanten m den abgelezteten kmetzschen Gleichungen wurden berechnet. Der vorgeschlagene 
Reaktionsmechanzsmus stzmmt mzt den experimentellen Ergebnissen i&rem. Es wzrd vermutet, da13 
das Reaktzonsprodukt das Bzs-selenosemzcarbazidmzum-Katzon 1st. Dze Armahme der Bzldung 
dzeses Katzons beruht auf der elektronzschen Struktur und Reaktzvztat von Selenosemzcarbaxid Dze 
Reaktzon kann zur Kupferbestimmung verwendet werden. 

Resume-En mzlzeu aczde, le seltnosemzcarbaxzde subzt I’oxydatzon par I’oxyg&ne dzssous dans 
I’eau, en la presence de cuzvre (II) comme catalyseur Le produit d’oxydatzon prtsente un effet 
actzvateur On a ttudze la cmetzque de la riactzon et dMuzt les equations cinetzques pour les 
concentratzons aussz bzen faibles qu’ilevbs du produzt d’oxydatzon On a calcule les constantes 
zmplzqubs dans les @zatzons cmttzques dCduites Le michanzsme propose pour la reaction est en 
accord avec les rbultats exptrzmentaux. On suppose que le produzt d’oxydation est le cation 
bzs-stltnosemicarbazzdmium L’hypothise de formatzon de ce catzon at bask sur la structure 
Bectronzque et la rQctzvztC du seltnosemrcarbazide On peut utzliser la reaction pour le 
dosage du cuzvre 



SPECTROPHOTOMETRIC PROCEDURE USING 
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Summary-A spectrophotometrtc procedure usmg Rhodamme B IS grven for the determmatron of 
antimony m mmerahzed rocks after tts separatton as stibme A study of the Rhodamme B 
reaction pomts to the Importance of the order of additton of reagents m enhancmg sensttivity 
and Increasing the stabthty of the system The tolerance of some 26 elements IS established for 
the overall procedure Although the hmtt of determmatton is approximately 0.5 ppm Sb m a 
02-g sample, the procedure IS Intended prtmartly for screenmg samples contammg more than 
1 ppm Sb. In pure soluttons 0 1 pg of anttmony can be determmed wtth a relative standard 
deviation of 257:. For >0.2 pg of antimony a relative standard devtatton of 15% or less can be 
expected 

Geochemical studies of the antimony content of rocks require accurate and reasonably 
rapid methods for the determination of antimony at the submicrogram level. Although 
neutron-activation methods are sufficiently sensitive,‘.’ they require expensive instrumenta- 
tion. Emission spectrographrc procedures require preconcentration to attam the required 
sensitivrty and to ensure representative sampling. 3*4 Atomic-absorption spectrophoto- 
metric procedures have been applied to the determination of antimony but at present 
are not sensitive enough for most rock samples.5-8 Higher sensitivity may be obtained 
for antimony by atomrc-fluorescence9 and atomic-absorption methods using high- 
temperature flameless volatilization techniques.” However, these methods are not as yet 
du-ectly applicable to geological materials. 

Optical spectrophotometric procedures for the determination of antimony involving 
Rhodamine B have been widely investigated11-21 and found to have considerable 
sensitivity but to suffer interference from gold, gallium, silver and thallium and from iron 
when present m moderate amounts. However, the procedures have been of limited use at the 
submicrogram level owing to lack of precision. Triphenylmethane dyes offer rather better 
sensitivrty but are subject to more interferences.22 

Thus paper mvestrgates the conditions that will permit the rapid and reasonably precise 
determination of submicrogram quantities of antimony in rocks. These conditions include 
the sample decomposition, the stibine generation, its absorption into mercuric chloride, the 
antimony oxidatron and the benzene extraction of a Rhodamine B chloroantimonate. 
The variation in the absorbance of the Rhodamine B-chloroantrmonate product with 
the order of reagent addition is shown. This method is applied to the deterrninatron of 
antimony in two standard rock samples prevtously analysed by radiochemical techniques. 

* Publication authortzed by the Director, U S Geologtcal Survey 
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EXPERIMENTAL 

Tartam acid solution, 10%’ w/c 
Zmc shot (low in anttmon; content) 
Cadmium sulphare solutton, 55; w/u 
Mercunc chlortde-hydrochiorz aeld solution, Mercury chloride 09& w/t’ m 6M hydrochloric acrd 
Crrrc sulphate solufron~ @2M. Ekssolve 1@6 g of tetrasulphatocerz acid, H,Ce(SO,),, m 80 ml of water. 

add 5-56 ml of sufphurrc acid ft f I) and dtltlte to fW3 ml. 

R~od~l~e B solutron, 0.2% W/V 
Rhodamme B-hydroxylatmne hydrochiortde solutron A @ 1”; w/a Rhodamme B and l”, w,v hydrovylamme 

hydrochlot?de solution. Prepare dally 
Standard antrmony solutmn, 100 &ml Dissolve 0.274 g of potassmm antlmonyl tartrate henuhydrate m 

1 htre of 2 5% v/v sutphur~c actd. Prepare other standards by appropriate chlutlon Dtlute solutions should 
not be used If more than a week old 

Apparatus 

Hydride generator. An arsme generator, described by the Comnuttee on Analytical Reagents.‘3 has been 
modified as shown m Fig. 1 The absorber of the arsme generator has been replaced with a dehvery tube. 
t4 cm long, which IS bent at right angles so that It leads dzectly mto a &I-ml separatory funnel 

Fig 1. Hydride generator a, 12.5-ml generator flask, b, standard taper (24/4O), c, scrubber. 
tl, ball socket Jomt (12/3), e, dehvery tube, J 60-ml separatory funnel 

Pro&edure 

Fuse i-5 g of potassmm pyrosutphate rn a quartz or Vycor cruclbie unttl the moisture ts removed Add 
0200 g of sample and fuse for lo-15 mms Add 14 ml of water and I ml of tartarlc dcld soluhon to the 
crucible and drssolve the melt by heatmg on a steam-bath Transfer the resultmg solutton to the hydride 
generator flask Wash the crucible with approximately 4 ml of water followed by 40 ml of sulphurrc acrd 
(1 + t)= Transfer the was~mgs to the generator Rask and add f ml of cadrmum sulphate solutron Cover. and 
brmg the resuttmg solution to a botl Cool the flask to 20-25 

Add 15 g of zmc shot to the generator tIask and qmckly connect the scrubber/dehvery-tube assembly 
to the generator and Insert the delivery tube mto the separatory funnel contammg 20 ml of the mercuric 
chloride-hydrochloric acid solutron After 2 hr, remove the dehvery tube from the separatory funnel and 
discard the contents of the generator flask Add 10.0 ml of benzene to the separatory funnel. followed by 
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0 5 ml of cenum(IV) solution. and chake for I mm Add 10 ml of the Rhodamme B-hydroxylamme 

hydrochloride solution and shake for 1 mm After the phases have separated. dram and dlxard the aqueous 
layer Wash the benzene phase by shakmg wtth 10 ml of 4M hydrochlorl~ aced for 1 mm and discard the 
aqueous phase Repeat the washmg 

Dram the orgamc phase mto a small glass beaker and transfer it mto a IS-ml centrifuge tube. holdmg 

back the aqueous droplets m the beaker Centrifuge for 2 mm and then measure the absorbance at 550 nm 

L’S benzene, usmg 5-cm cells If the absorbance IS greater than @6. use l-cm cells 
Prepare two standard curves. one for 0-1ct pg and the other for I-10 pg of antnnony. Generate 

stlbme from flasks ~ontainjng 1 5 g of potassmm pyrosuiphate. collect 1t m mercurtc ehlorlde solution and 
then proceed as for samples 

DISCUSSION 

Conditions for the ~ene~~tlon and collection of stibme 

In prehminary work on the separation of antimony by the generation of stibme, 
amalgamated zinc was reacted with 9M hydrochloric acid according to the recommenda- 
tions of Zaikovsky. 24 This system was abandoned in favour of the simpler system described 
by Dal Cortivo et al ” in which stibine IS formed by the reaction of a sulphurlc acid 
solution of cadium sulphate with 20-mesh zinc, these concentrations being approximately 
the same as those prescribed in this paper. The reaction between the acid and the 20-mesh 
zinc proved to be very rapid, especially if such elements as iron were present. Amalgama- 
tion of the 20-mesh zinc resulted m essentially no reaction with the acid solution. Substitu- 
tion of zinc shot proved to be very satisfactory. 

Also mvestlgated were the effects of varying the concentrations of the acid and the 
cadmium sulphate, the amount of the zinc, the temperature of the reaction medium, and 
the solution volume. With cadmium sulphate fixed at 100 and 500 mg in a 55-ml volume, 
the concentration of the sulphuric acid was increased from 3 to 8M, in mcrements of 
1 mole/l. The reactlon rate between the acid and the zinc shot decreased with increasing 
sulphuric acid concentration and was excessively slow with > 7M sulphuric acid. Slightly 
higher concentrations of sulphurlc acid were tolerated at the higher cadmium sulphate 
level. The recovery of 10 pg of antimony increased from 80?/, at 3M acid to approximately 
loon, between 5 and 7M acid. With 8M sulphuric acid recovery decreased to 207; owmg 
to the neghgible reaction during the reaction period of 1 hr. 

The concentration of the cadmium sulphate was varied from 0 to 1.5 g m a %-ml 
volume with httle change m antimony recoveries. With 6M sulphuric acid and 15 g of 
zinc shot, the recovery of 10 pg of antimony increased from 82% in the absence of 
cadmium sulphate to approximately 100% with 25 mg or more of cadmium sulphate. 

A 15-g amount of zmc shot was found to be sufficient for the reaction period with 
some margin of surplus. Ideally the amount of zinc that dissolves should be the same 
for all samples and standards. However, the presence of Co, Fe, Ge, Ni and Pt accelerates the 
reaction rate between the acid and the zmc, whereas Bi, Hg and Tl decrease the rate. 
For this reason the purity of the zinc is of extreme importance especially if submicrogram 
quantmes of antimony are to be determined. 

The effect of the temperature of the solution in the hydride generator flask on the 
recover) of 10 pg of antimony was investigated by both cooling and heating the 
solution either before the zinc addltlon or during some part of the reaction period. A 
greater tolerance for some metals. e.g.. iron, is obtained when the reactlon flask is cooled, 
whereas for others. e.g.. copper. heatmg of the reaction medium proves favourable. It is 

difficult to predict the best conditions for a given sample but. generally, for rock samples 
best results can be expected if the solution is at 20-25” before the addition of zinc, 
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Because of the variation in reaction rate from sample to sample. a 2-hr pertod for 
stibme generation is recommended. 

Increasing the volume of the acid solution did decrease the interference of certain 
elements but at the same time decreased the recovery of antimony, probably because 
of the correspondingly greater amount of stibine dissolved. 

Webster and Fairhall” found that 20 ml of 6% mercuric chloride solution in 6M 
hydrochlorrc actd effectively absorbed 100 ml of gas containing 200 ppm of stibme, at a 
flow-rate of approximately 4 l./min. Because the procedure presented in this paper is 
designed for antimony at levels not to exceed 10 pg in a 0.2-g sample, the concentration of 
the mercuric chloride may be decreased. Stibine corresponding to 30 pg of antimony was 
generated and passed into 20 ml of 6M hydrochloric acid containing 0, 50, 100,200.400 or 
600 mg of mercuric chloride. The antimony recovery was 0% in the absence of mercuric 
chloride and approximately 100’? in the presence of 50-600 mg of mercuric chloride. 
A lOO-mg mercuric chloride level was arbitrarily adopted. 

EfSect of the hydrochloric acid concentration on the oxidation and the benzene extt’action 

Antimony is oxidized to the quinquevalent state by cerium(IV) m 6M hydrochloric 
acid.” However, the benzene extraction of the Rhodamine B chloroantimonate at this 
acidity gave low antimony recoveries. Increasing the hydrochloric acid concentration to 
8M resulted in even lower recoveries. Neumann and Ramette26 found that hydrogen ion 
accelerates the hydrolysis of the hexachloroantimonate ton. Ramette and Sandell” report 
that in 6M hydrochloric acid at 25” the rate of hydrolysis of the hexachloroantimonate ion 
is about l%/min. As the hydrolysis product does not react with Rhodamme B tt is imperative 
to add the reagent soon after oxidation, and to time the interval if it is more than a 
fraction of a minute. These mvestigators found it advantageous to carry out the 
extraction at a lower acidity than 6M because the extraction is more complete and the rate 
of hydrolysis is less. Acidities below 3M hydrochloric acid are not recommended because 
benzene extracts a colourless lactone of the dye, which on standing is converted into a 
coloured species. 

Experiments have confirmed that good results are obtained by oxidizing antimony in 
6M hydrochloric acid and then diluting to 4M hydrochloric acid for the benzene 
extraction of the Rhodamine B chloroantimonate. 

Effect of the cerium (IV), hydroxylamine hydrochloride and Rhodamine B concentrations 

Initial experiments showed that increasing the amount of O.lM cerium(IV) from 0.5 to 
1.0 ml increased the sensitivity of the procedure. Additional oxidant resulted in no 
substantial increase in sensitivity and necessitated additional hydroxylamine hydro- 
chloride. The amounts of the hydroxylamme hydrochloride and of the Rhodamme B are not 
critical but they must be sufficient to destroy the excess of oxidant and to react with the 
antimony. A combination of 100 mg of hydroxylamine hydrochlortde and 10 mg of 
Rhodamine B is satisfactory. 

Variation of the absorption spectrum of Rhodamine B chloroantzmonate with order of reagent 
addition 

According to several authors, L1-14.16.18 the recommended order of reagent additton IS: 
cerium(IV), hydroxylamine hydrochloride for the destruction of excess of oxidant, 
Rhodamine B, and finally benzene as the extractant. The recommended wavelength for the 
absorbance measurements IS 565 nm. 
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Antimony was oxidized in 25 ml of 6M hydrochloric acid by 1 ml of O.lM 
cerium(IV), the excess of oxidant was destroyed with a few drops of 1% hydroxylamine 
hydrochloride solution, 5 ml of 0.2% Rhodamine B solution were added and the 
Rhodamine B chloroantimonate was extracted into 10 ml of benzene. A plot of the 
absorbance of the benzene phase (U.S. pure benzene) between 450 and 600 nm showed 
peaks at 565 and 520 nm, the 565 nm peak being the larger. The absorbance of the 
565 nm peak decreased by 15% m 1 hr. After 24 hr the peak at 565 nm had decreased 
by approximately 40% while the one at 520 nm had increased and was the greater of the 
two. 

With conditions that more nearly approximate those recommended in this paper, the 
variations of the spectra with the order of reagent addition, and also with the omission 
of hydroxylamine hydrochloride, were investigated further. In each case the amount of 
antimony was the same. The concentrations of hydrochloric acid, mercuric chloride, 
cerrum(IV), and wash solution were those used m the prescribed procedure. The amount 
of hydroxylamine hydrochloride, when used, was 0.5 ml of 1% solution (Figs. 2A and C), 
with the exception of the final case (Fig. 2F) in which the conditions were those 
recommended in this paper. One minute of shaking followed each reagent addition. 

Figure 2 shows the spectra which are obtained immediately after the benzene extraction 
(followed by its two washings). In Figs. 2A and C a second spectrum is shown which was 
obtained after 24 hr. For the other cases the spectra remained essentially unchanged. The 
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Ftg 2. Variatton of the absorptron spectrum of Rhodamme B chloroanttmonate with the order 
of reagent addttton. 
A. Ce(IV), NH, OH HCl, Rhodamine B, benzene 
E Ce(IV), Rhodamme. B, benzene 
C Ce(IV), benzene, NH,OH.HCI, Rhodamme B 
D Ce(IV), benzene, Rhodamme B 
E Benzene, Ce(IV), Rhodamme B 
F Benzene. Ce(IV). mtxed Rhodamme B-NH,OH.HCl solution (method of this report). 
- Immediate absorbance 
- - - - Absorbance after 24 hr 
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blanks m all cases were negligible m the 400-600 nm range and remamed so after 24 hr. 
Figure 2A illustrates the spectrum obtained after the conventional order of reagent addition 
(oxidant, reductant, dye, and extractant). Figure 28 is the spectrum obtained after the 
conventional order of reagent addition but with the hydroxylamine hydrochloride omitted. 
The conditions for Fig. 2C are similar to those for Fig. 2A except that benzene IS added 
after the oxidant and before the hydroxylamme hydrochloride. Figure ZD is for the same 
case as Fig. 2C, but with hydroxylamine hydrochloride omitted. For Fig. 2E the benzene 
was added before the oxidant and the hydroxylamine hydrochloride omitted. Most of the 
dye was destroyed, as indicated by the yellow rather than orange colour of the aqueous 
phase. The spectrum in Fig. 2F results from the conditions recommended m this paper. 

Ramette and Sandell” found that three dye cations are present which can combme with 
the chloroantimonate ion to form benzene-extractable products. Although the absorption 
maximum for none of these is given, the spectra in Fig. 2 suggest two unstable complexes 
and one of considerable stability with an absorption maximum at 550 nm. 

That the antimony was not extracted into the benzene as the hexachloroantimonate ton 
in the absence of Rhodamine B was ascertained by shaking the benzene phase wtth 
Rhodamine B solution after its isolation from the aqueous phase in which the antimony was 
oxidized. No rhodamine Bchloroantimonate colour was observed. 

The foregoing experiments testing the effect ofdifferent orders of reagent addition suggest 
that the simplest procedure is the one in which the timing is critical only after the single 
step of oxidation rather than after each reagent addition. However, best results are 
to be expected from use of the same procedure on all samples and standard solutions. 

Treatment of the benzene extract 

Most of the excess of the Rhodamine B can be stripped from the organic phase 
by twice shaking the organic phase with 10 ml of 4M hydrochloric acid. The benzene 
phase should be centrifuged after its washing. In earlier work, the benzene extract was 
filtered through paper to remove moisture but slight variations resulted. 

Recovery of lz5Sb 

A solution containing 2 pg of antimony was spiked with lz5Sb to give approximately 
10’ cpm and carried through the procedure. After adjustment of all fractions to a fixed 
volume, the activity of each fraction was measured and compared with a counting 
standard. The recovery of the antimony was 77%. Approxrmately 2% of the antimony 
remained in the generator flask and another 12% remained in the aqueous phase in the 
initial extraction. A total of about 5% was found in the two washings of the benzene 
phase. 

Tolerance of the procedure for various elements 

The investigation of certain elements as possible interferences was dictated by their 
reported interference in the stibine generation,‘2*27 in the Rhodamme B spectro- 
photometric procedure for antimony,’ “12 or their common occurrence in rocks. 

The tolerance for the elements was established by carrying the elements through the 
entire procedure. Dilute sulphuric acid solutions of most of the elements being 
investigated were evaporated to near dryness in Vycor crucibles, or the solids were taken 
directly as in the case of zinc sulphide and sodmm metasilicate, and fused with 
pyrosulphate both in the presence and absence of antimony. Table 1 gives the results of this 
investigation. 
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Al, Ca. Fe, Mg. S and Si are tolerated individually m maJor quantities; 10 mg 
or less of Cr, Mn, MO, Sn. Ti, V, W and Y and 1 mg or less of Au, Cu, and Ga 
caused negligible interference (Table 1). Approximately 500 pg of arsenic is tolerated. 
The catalytically active metals, Pt and Ni, are the most troublesome and tend to give 
reduced antimony recoveries with accelerated reaction rates between the acid and the zinc. 

Nickel, owing to its common occurrence and interference, may pose the greatest 
problem. For more refined work this element should be removed. 

Table 1 Tolerance of various elements m the overall procedure 

Element 
Amount of element 

added, w Sb added, H Sb found, yg 

A8 l,ooO 
100 
500 

1,000 
Al 200,000 

200,000 
As0111 100 

AU 

Bl 

Ca 

co 

Cr(III) 

CU 

Fe(M) 

Ga 

Ge 

100 
250 
250 
500 
500 

1,000 
1,000 
1,000* 
1,CQO* 
1,000* 
l#w 
1,000-f 
wOO§ 

20 
100 

l,OOO§ 
50,000: 
50,000: 

LOO0 
300 

1,000 
10,000 
10,000 
10.000 
1,000 
5,000 

10,000 
50,000 
50,ooo 
50@0 

100,000 
100,000 

1,000 
l,ooO 
Loo0 

50 
250 

1,000 

1.00 
1.00 
1.00 

none 
1.00 
none 
1xlO 

none 
1.00 
none 
1.00 

none 
100 
none 
1.00 

lO+lO 
none 
1.00 

none 
1.00 
l-00 
l-00 

none 
1+X) 

none 
1.00, 1.00 

1.00 
none 
1.00 

none 
1.00 
1.00 
l%l 

none 
1.00 
3-00 
none 

1.00; 1.00 
none 
1.00 

none 
l@O 
1.00 
1.00 

OQO 
0.86 
0.62 
044 
0.00 
0.98 
0.00 
1.02 
0.00 
1 14 
000 
088 

negattve 
020 
0.00 
1.08 
9.80 
WOO 
1.00 
0.00 
1.03 
090 
0.36 
0.00 
0.85 
0.00 

0.86; l+xl 
071 
0.00 
1 10 
O-00 
0.98 
0.86 
0.47 
0.03 
1.03 
2 13 
0.10 

0.82; 0 72 
000 
1.00 
0.00 
l-00 
0.91 
044 
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Table 1 Tolerance of various elements m the overall procedure 

Amount of element 
Element added, w Sb added, ~9 Sb found, pg 

Mg 

Mn(II) 

Mo(VI) 

NI 

Pt(IV) 

S= 

SI 

Sn 

TI 

Tl 

V(V) 

WVI) 

Y 

l.ooO 
100 
500 

1,000 
200,OOQ 
200,000 

10,000 
10,000 
10,000 
10,000 
WOO 

25 
50 

100 
200 
400 
600 
800 

WOO 
100 ^ 

1; 
100 

50,000 
50,000 

200,000 
200,000 

10,000 
10,000 
10,000 
10.000 
l.OOO§ 

10 
50 

1w 
l,OOO§ 
10,000 

10,000 
10,000 
10,000 
10,000 
10,000 

none 
100 
100 
loo 

none 
100 

none 
100 

none 
100 

none 
100 
100 
100 
100 
1GO 
1.00 
100 
100 

none 
100, loo 
lc0,lOO 

100 
none 
100 

none 
100 

none 
100 

none 
100 

none 
100 
IGO 
100 
100 

none 
100 

none 
100 

none 
100 

000 
103 
0 86 
0.67 
000 
105 
002 
097 
OJXl 
0.90 
O@O 
1.00 
0.86 
0.85 
0.73 
073 
0.52 
0.48 
0.47 
0.05 

108; 1 12 
082;094 

040 
O@O 
090 
0.00 
0.90 
0.00 
0.96 
0.15 
1 13 

negative 
100 
088 
073 
0 13 
000 
090 
000 
0.9 1 
oao 
0.85 

* 10 ml of 0.2M Ce(IV) used instead of 0.5 ml 
t Au IS reduced to the metalhc state durmg fusion. 
9: Reactton rate excesswely slow 
$ Large amount of CaSO, preclpltate. 

Interference of arsenic 

The procedure yields good antimony recoveries in the presence of approximately 05 mg 
of arsenic. Arsenic formed a golden brown precipitate in the hydrochloric acid solution 
of the mercuric chloride. The recovery of 1 pg ofantimony in the presence of 500 and 1000 pg 
of arsenic was 88 and 20%, respectively. Increasing the mercuric chloride concentration by a 
factor of three served only to give poorer antimony recovery. The work was repeated 
at the 1000~pg level of arsenic in the presence of 1 pg of antimony, but with double 
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the volume of cerium(IV) solution; the recovery of the antimony was 100% with none 
being found in the blank. Arsenic should be no problem in most rock samples, but should 
it exist m high concentration, addrtional oxidant is suggested. 

Sample decomposition 

Initial work on sample decomposition was conducted on W-l, a U.S. Geological Survey 
standard diabase rock. Alkaline fusion employing potassium hydroxide alone, potassium 
hydroxide followed by sodium peroxide, and a mixture of potassium and sodium carbonate, 
as well as the recommended potassium pyrosulphate, were tried. 

The antimony recoveries from samples of W-l spiked with varying amounts of antimony 
were essentially zero if the mixed carbonate fusion was used and low and erratic 
for the potassium hydroxide fusions both in the presence and absence of peroxide. These 
poor recoveries of antimony following the alkaline fusion were unexpected. Prescott and 
Johnson’s state that the antimonates of alkali metals are vapourized or decomposed when 
igmted in the presence of reducing agents and advise that sodium carbonate fusions be 
made in the presence of an oxidant. They add that some volatili~tion may occur since 
oxidation by fusion is not effected soon enough to prevent some loss of the lower valence 
compounds by volatilization. 

Ward and LakmzO found the pyrosulphate fusion of samples to be effective, preparatory 
to a Rhodamine B procedure for determining antimony in soils and rocks. Potassium 
pyrosulphate fusions were made on W-l directly and on W-i spiked with varying amounts 
of antimony. Good antimony recoveries were found and therefore all further work 
involved sample decomposition with this flux. Because the sample decompositions are 
incomplete, the antimony values represent only a lower limit. 

Standard curves 

A plot of the absorbance us. the concentration of the antimony conformed to Beer’s 
law from 1 to 10 pg of Sb. The sensitivity according to Sandell’s definition was 
O-0017 pg/cm’. Although a detailed examination of the curve at antimony levels below 
1 pg showed a non-linear relation the curve is usable for amounts of antimony ~0.1 pg. 
On six replicate determinations the absorbance of the blank in a 5cm cell was 
0037 & 04023. 

Test of the procedure 

The antimony content of standard rocks G-l and W-l was determined on 6 replicate 
samples of each rock directly and on samples spiked wtth I pg of antimony. The 

Table 2 Determmation of anttmony in a granrte, G-l, and a dlabase, W-l 

Sample 

Sb added to Sb found 
0.200 g sample, and standard 

P9 devlatton. py 

Sb, ppm 

Neutron 
This work actlvatlot? 

G-l 
G-l 
W-I 
W-l 

none 
l-00 

none 
1.00 

O-078 i 0.020 o-39 o-37 f 0 12* 
I@, + 0055 045 
0 228 + 0.026 1 14 i-12 i 0 18* 
1 19, f 0.035 097 

* MaxImum devlatlon of the mean 
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results given in Table 2 are in good agreement with values obtained by neutron 
activation. 

Acknowledgement-The author IS Indebted to Irvmg May for many valuable suggestlons and to L Paul 
Greenland for his assistance m the work with radiotracer antimony 
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Zusammenfassung-Zur Bestlmmung von Antlmon m erzfuhrenden Gestemen wlrd em spektro- 
photometrlsches Verfahren mlt Rhodamm B nach Abtrennung als Subm angegeben Eme 
Untersuchung der Reaktlon mtt Rhodamm B weist auf die Wlchtigkeit der Relhenfolge der 
Reagentienzugabe furdie Erhohung der Empfindhchkelt und der Stab&at des Systems hm Fur das 
Verfahren msgesamt wlrd die Anwesenheit von etwa 26 Elementen als tragbar nachgewlesen 
Obwohl the Nachweisgrenze etwa 0.5 ppm Sb m emer 02 g-Probe betragt, 1st das Verfahren 
prlmar fur die Auswahl von Proben mlt uber 1 ppm Sb gedacht In remen Losungen kann 
0.1 pg Antlmon nut emer relatlven Standardabwelchung von 25’; bestlmmt werden Fur 
>O 2 pg Antimon kann man eme relative Standardabwelchung von 15’; oder wemger erwarten 

R&me-On donne une technique spectrophotometrique utihsant la Rhodamme B pour le 
dosage de I’antlmome dans les roches rmnerahsees aprts sa stparatlon a i’etat de stlbme Une 
Etude de la r&action de la Rhodamme B montre I’lmportance de I’ordre d’addrtlon des 
rhctifs sur I’exaltatlon de senslblht& et I’accroissement de stablilt du systkme On etdbht la 
tolbrance de quelques 26 &ICments pour la technique globale Quolque la hmlte de dttermmatlon 
solt approxlmativement de 0,s ppm de Sb dans un &chantdlon de 0.2 g, la technique est 
prmclpalement destm&e a i’examen d’&hantlllons contenant plus de 1 p p m de Sb Dans des 
solutions pures. on peut doser 0.1 pg d’antlmome avec un &cart type relatlf de 25”” Pour 
>0,2 pg d’antlmome. on peut attendre un Cart type relatlf de IS”, ou moms 
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Summary-A method IS descrtbed for the tluorimetrlc determmatton of uramum in natural 
waters The hmlt of detectlon IS 0 3 ppM Ion-exchange IS used to preconcentrate the uranium 
by a factor of 22 and separate It from quenchmg Ions m the sample. The fluorescence IS 
measured m a medium that IS 1 35M m both sulphurtc and phosphorrc acids The uranyl 
Ions are excited by radiation of wavelength 280 nm and bandwidth 40 nm. The emitted signal 
1s scanned from 470 to 510 nm After spiking of the sample solution wtth a small volume of 
standard uramum solution, the fluorescence signal IS scanned agam and the uranium content of 
the sample calculated from the two readmgs The coefficient of variation IS 8.5% for determma- 
tlons of U m a synthetic water sample havmg a uranium content of 1.9 ppM Destruction of 
organic matter m the eluates gtves 0 1 ppM detectIon hmtt. 

In prospecting work. knowledge of the uranium content of natural waters is a valuable 
guide for selecting regions for detailed investigations. Canadian experience’*’ shows that 
the detection limit must be better than a few tenths of 1 ppM (parts per milliard). 
Any uranium content in excess of 1 ppM is regarded as an anomaly. As Scandinavia 
1s very rich in waters, the number of analyses required each season amounts to several 
thousands. A simple and rapid method of analysis is therefore needed. 

Of the methods in use to determine traces of uranium in water the most common is 
based upon measuring the fluorescence of the uranyl ion in alkali metal fluoride glass 
beads.3.4 Several drawbacks are associated with this method. The fusion requires strictly 
controlled conditions since the fluorescence yield of the glass beads is highly dependent 
on their composition, surface characteristics and several fusion parameters, e.g., time, 
temperature and oxidation-reduction conditions. It is often necessary to dilute the sample 
or to separate the uranium from the matrix m order to avoid quenching of the 
fluorescence by other elements in the sample. The fusion complicates the use of addition 
methods (spiking) for evaluating the uranium content of the sample. 

We have chosen a liquid medium for our method. There are the following advantages 
m using a liquid system: many samples may conveniently be handled simultaneously, the 
sample solution being analysed can be spiked directly, and effects of quenching ions 
are more readily studied. 

Some kind of preconcentratlon of the sample as well as separation of the uranium 
from strongly quenching components is necessary to obtain the required detection 
hmlt. Solvent extraction methods were abandoned because even traces of organic 

185 



186 A. DANIELSON, B RONNHOLM, L -E KJELLSTROM and F INCMA~ 

compounds quench the fluorescence of the many1 ion. Ion-exchange in mtric and hydro- 
chloric acid systems, though very useful in separating uranium from other ~ons,~ 1s 
unacceptable because of quenching. We chose amon-exchange m sulphuric acid medium6 
as being the best separation technique for our purpose. The fluorescence is measured m 
a solution containing both sulphuric and phosphoric acids. 

We shall first describe the concentration process -sorption, washing, elution-and the 
ap~ratus. The technique used in the measurement of ~uore~ence-matrix, spiking and 
measurement, will then be discussed in some detail and finally some results will be given. 

CONCENTRATION AND SEPARATION 

Anion-exchange techniques are capable of achieving value lying between 1 and 35.000 
for the distribution coefficient (i>) of the uranyl ion between a resin phase and an 
aqueous sohrtion containing sulphuric acid. ‘-to Prelimmary experiments indicated that 
small anion-exchange columns can be used for the separation. We chose to work wtth 
Dowex l-X8 resin, 100-200 mesh, sulphate form, 350 mg of resin being used to make 
a bed, 8 mm m dia and 8 mm m height. In order to establish the most favourable 
working conditions it was then necessary to optimize the sorption, washing and elutton 
steps. 

Sorption and washing 

A 200-ml volume of O*OlM suiphurtc acid containing 1600 fig of U was passed through 
the column at a flow-rate of 180 ml/hr. The column was then washed with O*OlM 
suiphuric acid at the same flow-rate, and successive portions of the effluent were analysed 
fluorimetrically for uranium. The sorption on the column 1s better than 99% even after 
the passage of 1.4 1. of influent. The D value obtained exceeds l-5 x 104. The sorptton 
of uranium is effective enough to permit the use of large volumes of washing solutron, 
but what will be the smallest volume required to satisfactorily remove the quenching Ions? 

To find the answer to this question, we used O*OlM sulphuric acid containing 10 ppm 
of Na”, IS’, Mg’+, Ca’+, 5 ppm of Fe3+, 1 ppm of A13+, 0.5 ppm of Mn2+, 27 ppm of 
Cl- and 7 ppm of NO;. This composition corresponds to higher ionic concentrations 
than are normally found m Swedish ground waters. Then 200 ml of the solution were 
passed through the ion-exchange column at the flow-rate used in the previous expertment 
and the column was washed with consecutive 20-ml portions of 001M sulphuric acid. 
The quenching of the fluorescence of a standard uranium solutton by each portion of 
effluent was then determined. Quenchers were present mainly in the first et&tent 
porttons, and the fluorescence yield reached a constant value after the passage of 100 ml 
of washing solutton. It is not possible to remove all quenching by washing. When pure 
resm was washed with O*OlM sulphuric acid similar constant fluorescence yields were 
obtained. These were found to depend on the type of resm, the temperature and the 
concentration of sulphurlc acid in the washmg solutron. The effect might be due to some 
orgamc maternal being dissoived from the resin by the acid. The constancy and repro- 
ducibility suggest that some kind of equilibrium IS mvolved. To allow for excepttonal 
concentrations of quenchmg ions we finally decoded upon using 120 ml of O*OlM 
sulphuric acid for washing. 

The mfluence of organic matter in the eluate can be completefy ehmmated by fummg to 
dryness with sulphuric acid and hydrogen peroxtde. 
Elutron 

Bunney et al.’ determined the distribution coefficient of the uranyf ion between 
Dowex 2-X8, 2~~ mesh, and 2M sulphurtc acid and found that the value was 
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Table 1. Efficiency of elutlon of uranmm by 2M sulphurrc actd. 

Uranium 
taken, 

Ft? 

54.4 

Cumulative uranmm 
Eluate portlon, Uranium recovery, recovery, 

ml % % 

0 - 15 441) 44.0 
1 5- 3.0 37.6 81.6 
30- 45 11.8 934 
4 5- 6.0 3.8 97 1 
co- 75 15 98.6 
7 5- 9.0 0.7 993 
9G-10 5 0.4 99.7 

10 5-120 0.3 100 

1.1 0 -15 502 502 
1 5-3.0 29.8 80.0 
3.0-4.5 11.1 91 1 
4.5-60 6.3 97.4 
6.0-7.5 2.6 100 
7.5-9.0 0 100 

approximately 1. Strelow and Bothma” obtained a D value of 2.9 for the same acid, 
using a Bio-Rad AGl-X8 resin. For Dowex l-X8 the same magnitude of D may be 
expected. Consequently a small volume of 2M sulphuric acid should suffice to elute the 
sorbed uranium. Preliminary experiments suggested to 5 ml/hour be a suitable flow- 
rate for elution. In order to study the elution parameters one ion-exchange column was 
loaded with 54.4 pg of U and another with 1.1 pg and the columns were washed in the 
manner described above. We eluted with 15-ml portions of 2M sulphuric acid at 5 ml/hr 
flow-rate. The uranium contents of the eluate portions (determined fluorimetrically) are 
presented in Table 1. It is seen that 6 ml of 2M sulphuric acid suffice for the elution 
of 97% of the added uranium. The estimated D value for uranyl ions between Dowex 
l-X8 and 2M sulphuric acid is about 5. Complete elution requiring another 4 ml of 
sulphuric acid will reduce the sensitivity by 30% because of the dilution. It is, however, 
necessary to wash out the remaining 3% of the uranium with 4 ml of 2M sulphuric acid 
before conditioning the column for reuse. 

We tried to elute at higher temperatures in order to reduce tailing but an increase in 
temperature resulted in increased quenching. We therefore decided to cool the columns 
with tap water. 

APPARATUS 

The great number of samples and the high error that could result from contamina- 
tion made it clear from the beginning that automation of the separation process was 
needed to mamtain reproducible conditions over long working periods. The arrangement 
is shown in Figs. 1 and 2 and consists of a peristaltic pump system for feeding sample 
and reagent solutions to ion-exchange columns in a rack. Each rack holds 15 columns. 
The total ion-exchange cycle, sorption-washing-elution-reconditioning, is completed in 
about 4 hr. With two operators and two racks, it is possible to handle two distilled 
water blanks, two synthetic test-water samples and 56 samples in one working day. With 
20 workmg days a month the capacity adds up to 1000 samples per month which is 
sufficient to meet current demand. 

Experience shows that the columns should be reloaded with fresh resin after lo-20 
exchange cycles. The reloading is facilitated by the ground-glass fittings separating the 
ion-exchange chamber from the rest of the column (Fig. 1). 
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Pipe jomt for 
eluent acid 

Pipe jomt for acldtfted 
water sample and 
warhmg ocld 

/Ion exchange rescn 

Water for temperature _ ..^..._^, 

k Graduated tube 

Fig. 1 Ion-exchange apparatus. 

The resin is purified by conventional techniques and the smallest particles are removed 
by decantation. The last steps of the purificatron are washing with 2M and 001M 
sulphuric acid and with distilled water. A batch sufficient for several months’ work is 
prepared at one time and stored in air-dry condition. 

A Perkin-Elmer Type MPF-2A fluorescence spectrophotometer-equipped with a xenon 
arc lamp, Osram XBO lSOW/l-was used for the measurements. 

Set of pump tubes for eluent acid 

xed connections 

15 influent 
4. Conditlonmg oud Set of pump tubes for _ 

I Waste 
2 Waste 

: 5&t: 

I. Acldtfted water 
sample 

2 Woshmg acid 

4. QMionlng 

Fig 2. Arrangement of the apparatus. The numbers refer to the different steps of the ton-exchange 
cycle 1 sorptron. 2 washmg, 3 elutlon, 4 conditlonmg. 
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MATRIX FOR THE MEASUREMENT OF FLUORESCENCE 

Phosphoric acid enhances the fluorescence of a solution containing uranyl ions.’ ‘*’ 2+* 3 
We decided therefore to add phosphoric acid to the eluate. Fairly concentrated phosphoric 
acid (4M) should be used in order to minimize dilution. Maximum fluorescence was 
found to occur when 3 ml of phosphoric acid were added to 6 ml of the eluate. The 
enhancement factor is then 2.5 as compared to m~surements on the original eluate. 
Small variations in these acid concentrations are of no importance for the fluorescence 
intensity. Sulphuric acid quenches the fluorescence in phosphoric acid, m this case by about 
15%. 

Shaking 

Variations in the fluorescence yield can be corrected for by spiking if the fluorescence 
yield is independent of the uranyl ion concentration. To test if that was true for our 
system, we determined the fluorescence signals of a series of sample solutions containing 
quenchers and compared them with signals from solutions containing the same amount 
of uranium but no quenchers. The quencher concentrations used exceed the upper limit 
expected to be found m sample solutions after the ion-exchange process. The results 
summarized in Table 2 show that the fluorescence yields remain reasonably constant 
throughout the uranium concentration range under test. It is thus possible to spike with 
a relatively large amount of uranium. 

In order to keep the fluorescence yield constant the stock spiking solution, fresh every 
month, has the same acid composition as the solution being measured. Its uranium 
concentration is adapted to the range of the uranium contents of the samples so that 
the two fluorescence signals of the solution are within the range of measurement. The 
spiking corresponds in our case to 7 ppM of U in a water sample. The volume and 
concentration of the spiking solution are chosen so as to give satisfactory precision without 
diluting the sample unduly. As a result of these considerations we add 0.3 ml of a standard 
solution containing 1500-2000 cL& of U per 1. to 3.0 ml of the measuring solution. 

The regularly decreasing peak heights obtained from successive test samples at fixed 
measuring parameters are a measure of the condition of the resin beds and indicate when 
the beds should be exchanged. 

Chouze of wavelengths and measurement 

The excitation spectrum of a uranium solution that is 1.3SM in both phosphoric 
and sulphuric acids shows that maximum intensity of the fluorescence occurs when the 
excitation wavelength is 280 nm. The maximum bandwidth of the instrument gives 
maximum signal to background ratio. 

The fluorescence emission spectrum of the solution displays peaks at 493, 516 and 
540 nm. The peak at 493 nm is the most intense and was chosen for use. The peak at 
516 nm is less sunable since it is sometimes disturbed. 

The background is determined by scanning the emission monochromator through the 
wavelength range 470-510 nm. This mode of working makes it easy to distinguish 
between true fluorescence signals and false ones originating from dust particles in the 
measurmg solutions or from electrical disturbances. Small irregularities in the spectrum 
may be smoothed out and not taken into account, as the intensity of the fluorescence 
signal is determined from the recorded spectrum. A high uranium content, above 0.1 ppm, 
in the original sample, gives a more complex spectrum which requires a background 
scanning through a wider wavelength range, riz. 460-540 nm. 
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The following formula gives the uranium content of the sample in ppM: 

where 
V, = volume of unspiked solution in the quartz cell (ml) 
V, = volume of added spiking solution (ml) 
V, = volume of influent sample (ml) 
V, = volume of eluate after phosphoric acid addttron (ml) 
h, = peak height of fluorescence signal above background (mm) 
h2 = peak height of fluorescence signal above background after spiking (mm) 
k = concentratxon of U (~g/l.) in spiking solution 

A small desk computer with programming facility is used to calculate the uranium 
content of the sample. 

Add 1 ml of 2hf sulphurtc actd to ZOO ml of sample, shake for 10 mm and filter through a 142 gm 
cellulose m&ate filter Pass the actdtfied sample through a condtttoned ton-exchange column at a rate of 
130 ml/hr Wash the column wtth 120 ml of O.OlM sulphurtc acid solutton at the same rate and elute the uranyl 
tons wtth 6 ml of 2M suiphurtc acid at a rate of 5 mlihr Add to this eluate 3.0 ml of 4M phosphoric actd 
and scan the Ruorescence stgnal of 3Q ml of thrs sointton through the range 470-510 nm. Add 0.3 ml of the 
sptktng solutton dtrectly to the sample solutton m the quartz cell and scan agatn through the same wavelength 
range Use the peak hetghts at 493 nm to calculate the urantum content of the sample 

To recondttton the column, elute wtth a further 4 ml of 2M sulphurlc actd and wash with 60 ml of @OlM 
sulphurtc actd Dtscard the restn after lo-20 cycles 

For samples contatnmg orgamc matter, fume the eluate overnight to dryness with 1 S ml of 30% hydrogen 
peroxtde m a perfectly clean teffon beaker (45 mm tn &a) Thts Ieaves a black statn. Make sure that no 
suiphurtc actd ts left tn the beaker Leach wtth fO ml of 08M phosphortc actd and OaIM sulphunc actd 
while the beaker IS sttll hot After leachtng (complete trt about 30 mm), add sufficient water to cover the 
bottom of the beaker and transfer to graduated tubes Make up to 6 ml and proceed with the measurement 
as before. the sptkmg solutton now being 1 33M tn phosphortc actd and 0*0167&f tn sulphurtc actd 

RESULTS 

Table 3 Analysts of a synthettc wafer sample conratntng I*87 ppM of urantum 

Volume of eluate + Calculated 
3Omlof4M H,PO,. Sample peak. Sptked peak. U cont., 

Sample No mf mm mm ?N 

1 93 7-4 26,O 1.93 
2 92 74 27.1 1.81 
3 93 82 302 1.81 
4 93 8.0 27 3 201 
5 94 73 27 8 17.5 
6 92 8’d 26 5 I.06 
7 93 28.9 1.92 
8 92 90 27 5 232 
9 90 68 25 0 1 76 

IO 90 82 27 2 202 
11 91 77 27 3 188 
1$ 
1; 92 9’ 67 73 27 25.6 3 f I 76 71 
14 9.0 66 23 2 187 
15 91 68 26 1 168 

Mean 187 
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Table 3 lists the results of 15 determinations of uramum m a synthetic water 

sample, a fresh ion-exchange column bemg used for each determination. The water 
sample contained 1.87 ppm of U, 10 ppm of Na+, K’, Ca’+, 5 ppm of A13+. Mg’+, 
2.5 ppm of Fe 3+, 0.5 ppm of Mn’+, Zn2+ and 41 ppm of Cl-. The coefficient of variation 
was 8.6%. In routme work, every 30th sample is a test water sample. The coefficient of 
variation of 140 samples run over a period of 14 weeks was 100,;. 

Several factors affect the limit of detection for a given enrichment factor. The most 
important are the fluorescence yield of the sample solution being tested, the quality and state 
of the optical parts and the light source and the reproducibility of the peak height 
determination. If the solution contains only uramum and no quenchers, the detectable 
signal corresponds to @l ppM of U, assuming that the smallest peak hetght that can be 
measured is 1 mm. The apparent uranium contents were less than 0.3 ppM in 97.5”: 
of the 281 blanks analysed over a period of 28 weeks. 

Samples very low m uranium or high in organic matter should be analysed according 
to the modified procedure given above, since quenching and increased background level 
otherwise combine to decrease sensitivity. The detection limit in routme work is then 
improved to 0.1 ppM for a 200 ml sample. 
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Zusammenfassung-Elne Vorschnft zur Ruortmetrtschen Bestlmmung von Uran m naturhchen 
Wassern wtrd angegeben. Dte Nachwelsgrenze betragt 0.3 ppM. Zur Voranremherung des Urans 
urn emen Faktor 22 und zur Abtrennung von fluoreszenzloschenden Ionen m der Probe wud em 
Ionenaustauschschrltt verwendet. Die Fluoresenz wtrd m emem Medmm, das Je 1 35 M Schwefel- 
saure und Phosphorsaure enthalt. gemessen Die Uranyhonen werden durch Strahlung der 
Wellenlange 280 nm mlt der Bandbrelte 40 nm angeregt Das emntlerte Signal wud von 470 
bts 510 nm aufgenommen Nach Zugabe emer klemen Menge Standard-Uranlosung zur 
Probenlosung wtrd das Fluoreszenzstgnal nochmals aufgenommen und der Urangehalt der 
Probe aus den belden Ablesungen berechnet Be.1 der Besttmmung von Uran m emer synthetlschen 
Wasserprobe mtt emem Urangehalt von 19 ppM betragt der Varlatlonskoeffizlent 8 5’“. 

Resume-On decrlt une mtthode pour le dosage Ruortmttrtque de l’uranmm dam les eaux 
naturelles La hmne de detectton est de 0.3 p p M On uuhse T&change d’lons pour preconcentrer 
l’urantum par un facteur 22 et le separer des ions mhlbtteurs dans l’echantlllon. On mesure la 
fluorescence dans un mtheu qm est 1.35 M tant en actde sulfurtque qu’en aclde phosphorlque. Les 
Ions uranyle sont excnb par la radtatlon de longueur d’onde 280 nm et largeur de bande 40 nm. 
Le slgnal Cmts est examme de 470 a 510 nm Aprts addttlon raptde a la solution d’echanttllon 
d’un petlt volume de solutton ctalon d’uraruum. le slgnal de fluorescence est exammt de nouveau 
et al teneur en uranmm de I’&chantlllon est calcul&e a partu des deux lectures Le coefficient de 
variation est de 8.5’?,, pour le dosage de I’U dam un bhantlllon synthctlque d’eau ayant une 
teneur en uramum de I,9 p p M. 



DETERMINATION OF THE OPTIMUM WORKING 
RANGE FROM A CALIBRATION CURVE FOR COLORI- 

METRIC ANALYSIS WITH AN “AUTOANALYZER” 

D. WHITEHEAD 

Sedrmentology Research Laboratory. Readmg Umverstty, Readmg, England 

(Recemed 28 February 1972 Reursed 18 July 1972 Accepted 8 September 1972) 

Summary-A study has been made of the types and dtstrtbutton of errors m determmmg the 
opttmum working range from a cahbratton curve for automated analysts Three error equattons 
are dertved for the fittmg of a hnear, quadrattc or cubic curve, mvolvmg a thorough statrsttcal 
analysts of the data The errors from a set of sihca and alumma standards, requtrmg a 
quadrattc and cubic fit respecttvely, compare favourably wtth rephcate analyses of standard 
rocks done on a previous occaston 

In the past, various authorslW4 have made a study of the optimum working range for 
non-differential spectrophotometric analysis. Calculations were based either on the well- 
known equation 

de 04343 dT 
-= 
c lo-*A 

when Beer’s law was obeyed, or on a Ringbom-Ayres plot when it was not. However, 
Gridgeman5 first pomted out the importance of the distribution of errors and the need to 
apply a statistical theory of errors, and Crawford6 showed the ways in which errors could 
vary with transmission. Erdey et al.’ proposed a method for error calculations which 
took into consideration the error due to fitting a straight-line curve. As all previous work 
in this field had been done with manual instruments, a rigorous statistical treatment of the 
type of errors involved was undertaken to find the optimum range for an “Auto- 
analyzer.” 

There are two Independent sources of error with the calibration curve technique, one 
associated with the instrument and the other with the fitted curve. The types of instrument 
errors from an automated system are different from those of a manual instrument. In an 
automated system the baseline and O%T (T = transmission) are obtained at the start of a 
run and not reset for each individual measurement, therefore the errors due to these two 
settings are considered to be zero; only when there IS an error m setting lOOa/, and 
O”b T is there a contribution to the overall error of T **9*10 Any slight random fluctuations m 
the baseline and zero settings contribute nothing to the error m T. The fitted curve was 
therefore made to pass through the origin. The present paper deals only with random 
errors, but systematic errors (such as drift) have to be taken into account when they 
occur. since they may greatly affect the accuracy. Baselme drift may result from two 
factors; first, adsorption on the flow-cell may result m a gradual upward drift; secondly, 
instrumental drift may cause either an upward or downward movement of the baseline. 

If adsorption is the prevalent or only factor to cause drift then this can be corrected 
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by subtracting the chart reading of the test solution (I,) from the baseline chart reading 
(I,). The change in baseline can usually be considered as constant over a given time- 
length of the chart record, which enables the slowly changing baseline to be distmguished 
from any baseline fluctuations (instrumental noise). If the drift IS purely instrumental then 
transmittance readings (ZJI,) will give an adequate correction. A simple case will 
illustrate why (IJI,,) should be measured and not (I, - I,) when instrument drift occurs. 
Let the initial readings for a given solution be I, = 100% and 1, = 30:4,; if drift occurs so 
that I,’ = 95% and IC’ = 28*5x, then, IJf, = ~~‘~~~’ because the solution will transmit the 
same fraction of light, but 1, - I, = 70 and I,’ - I,’ = 665. If adsorption IS the 
main cause of drift then for initial readings of I, = 100 and I, = 30, the new readings after 
drift would be I,’ = 95 and I,’ = 25, i.e., I, - I, = I,’ - I,’ = 70, but iJ1, # 10’/IC’. In the 
latter case, the instrument settings will have remained constant. 

The cause of drift can be found by setting the baseline with a reagent blank, carrying 
out a normal run, washing with distilled water or suitable solvents, and finally running 
the reagent blank again; if there is no instrument drift then the baseline should return 
to its original setting. Since automated analyses are more prone to adsorption effects than 
manual methods, paper calibrated in absorbance units should not be used in the chart- 
recorder when adsorption occurs as there is no easy correction for drift. Other systematic 
errors which cause deviations from Beer’s law can be compensated for by the construction 
of a calibration curve, but the error from dark-current drift can only be offset by frequent 
running of the standard solutions. Lastly, since a single continuous-flow cell is used, and 
left undisturbed during all runs, the errors due to variation in the path-length may be 
ignored. Even when adsorption on the flow-cell occurs this still applies, for although a 
high concentration of the test species on the flow-cell walls is enough to cause a significant 
absorbance (and hence drift), the width of a single layer of the spectes will cause an 
insigni~cant reduction in the flow-cell path-length. Therefore, the volume of solution 
passing through the cell can be considered to be constant throughout a run. 

The variation m repeated measurements’ ’ of either (Z,, - I,) or (IJZ,) is the sum of 
several independent errors6 which have so far not been considered since they cannot be 
analysed separately. However, the overall sum at a given concentration must be 
analysed to find out whether or not they are independent of the transmission value. 

In the present study, three error equations are derived for fitting linear, quadratic or 
cubic curves. 

DERIVATION OF THE RELATIVE ERROR EQUATIONS 

Case I. Error for a straight-linejit 

A straight line passing through the origin is described by the equation 

A = me 

where A = absorbance, c = concentration, m = the slope. 

The equation for propagation of errors is formed by expansion of the function 
c =f(A, m) m a Taylor series: 
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where S,, S, and S, are the standard deviations of the concentration, absorbance, and 
gradient respectively. 

Since the instrument responds to a change in transmittance (linear scale), the variance 
of A is dependent on the transmission variance (ST2) as follows. 

From Beer’s law 

A = -log T 

therefore 

s,2 = (O-4343&. lo*)2 

On substitution of (2) into (I), the relative error in c (100SJc) is given by 

(2) 

1~Sc 
c 11 0.4343 . lOA . s, 2 s 2112 - 

A I Iii 
+A 

m 

Case II. The error from a quadratkjt 

The equation to be fitted is of the type 

A = qc + tc2 (3) 

The propagation of errors equation is again obtained from the expansion of c = f (A, q, t) 
in a Taylor series, neglecting the second order powers being neglected since the errors 
are very small. However, since q and t are not independent (unless an orthogonal 
polynomial is fitted) the covariances of the polynomial coefficients cannot be neglected: 

and by substitution of (2) into (4) the relative error for a quadratic fit is given by 

1~Sc - 100 

i 
sq2 + cy + 2ccov(q, t) + 

o-4343 . ST lOA) 1’2 

C (4 + 2tc) c2 1 

Case 111. The error from a cubic jt 

The equation to be fitted is of the type 

A = qc -I- tc2 + rc3 

By a similar treatment to that for forming the quadratic equation error, the cubic equation 
error is given by: 

low _ 100 
p- 

c (q + 2tc + 3rc’) 

X 

I 
S,' + C2S, 2 + c4Sr4 + 2cCOV(q, t) + 2c2cov(q, r) + 2c3cov(r, t) 

+ (0.4343 . 1OA . q2 1’2 

C2 I 
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EXPERIMENTAL 

Apparatus 

A Techmcon “Autoanalyzer” with a chart-recorder fitted with transmlsslon paper was used. Transmlsslon 
paper was used m order to calculate the transmlsston vanance (ST’), although for routme analysis absorbance 
paper 1s used. The “Autoanalyzer” IS a twin-photocell instrument with a smgle hght-source, the two beams 
being balanced by a null-pomt potentiometer. 

Method 

Standard calibration solutions for +a and alumma were prepared from U S Bureau of Standards Sample 
No. 99 (Feldspar). Silica was determmed by the well-known molybdenum blue method,” using a colorlmeter 
fitting with 815-nm filters and silicon photocells. Alumma was determmed by a moddicatlon of the 
Erlochrome Cyanme R method developed by Hill,‘” using a colorlmeter with 535-nm filters and selenium 
photocells. 

Reagents were Introduced into the system and the pen-recorder set first at 1. = 99 and then at 09,T with 
the sample beam cut off from the sample photocell. A series of standards was then Introduced mto the 
system, the lowest concentration standard being tntroduced first. followed by successively higher concentrations 
The whole operation was repeated seven times. 

RESULTS AND DISCUSSION 

The fitted curve was determined from the average of three and two repetmons of the 
I,-I, measurements, for alumina and silica respectively, since each standard is run 
that number of times during a normal laboratory analysis. The first and last of the seven 
sets of standards were chosen for this, plus the fourth set in the case of alumma. The 
baseline was set at I, = 99 and not at I, = 100 in case baseline drift occurred. A 
correction was not made for the reduction in the scale-width (due to the I, = 99 baseline 
setting) since absolute values of ‘%T are not required when a calibration method is used. 
A least-squares fit was computed,14 and the inverse matrix calculated so that the standard 
errors of the polynomial coefficients and their covariances could be determmed. A test was 
carried out to find the best-fitting polynomial. I5 Once this had been determined the results 
were substituted into the appropriate error equation. 

The transmission variance is the sum total of several independent errors; these errors 
may be constant with T, proportional to T, and proportional to ,,6.6 After correction 

for the reduction m scale-width, the overall effect of these errors was assessed by calculatmg 
the variance of transmission at each concentration level and applying Cochrane’s testI 
for homogeneity of variance. If the test shows a non-homogeneity of variance, then the 
individual variances at each concentration level should be substituted into the appropriate 
error equation. In the case of silica and alumina the variance was found to be constant 
over the transmission range investigated. Therefore, these variances are estimates of the 
same variance and may be combined to yield an improved estimate of ST2 by use of the 
equation 

&2 = C?= 1 c:= 1(x,, - q2 

m(n - 1) 

where p = number of standards, n = number of measurements of each standard, 
x = (100 - %A)/lOO, %A being lOO(Z, - 1,)/I,, which corrects %A for the slight reduction 
in scale-width from the setting of I, = 99, and X = average value of x at each concen- 
tration level. 

The absorbance values calculated from the fitted curve (AC) were corrected for the 
reduction m scale-width and used to calculate the factor 1OA in the error equations. 
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Equatton of fitted curve: A = ONJ7644C - 0@OOO04Cz 

Concentratton of standards. 
W/ml 

9.9 
19.9 
29.9 
39,9 
49.9 
59.9 
69.9 
79 8 
89.8 
99.8 
G-l 

R-117 

A observed 

0.073 
0.149 
0 226 
0.300 
0.372 
0446 
0516 
0 588 
0658 
0.726 
0460 
0.490 

A calculated 

0075 
0.151 
0 225 
0 299 
0.372 
0444 
0515 
0 585 
0.654 
0.723 

Relative error, 
0* /, 

0 77 
0.51 
0.42 
037 
0 34 
0.32 
0.32 
0 33 
0 36 
040 
0.4l‘f 
0.39t 

* Calculated from the stattsttcs 
t Observed for replicate analysts. 

Table 2. Alumma determmation 

Equatton of fitted curve A = 0916883C + 0~O01942C2 - O-54(? 

Concentratron of standards, Relattve error, 
i+W A observed A calculated 0 * /, 

1.91 0038 0.039 4.12 
3 82 0.089 0.089 2.04 
7.64 0217 0.218 093 
9.56 0.294 0.29 1 0.80 

11.48 0.370 0.368 0.77 
1529 0.516 0 519 0.84 
19.1 I 0.656 0.655 1.14 
G-l 0540 0.917 

R-117 0.450 0.82t 

* Calculated from the stattsttcs 
t Observed for replicate analyses 

Table 1 shows the relative errors for silica, calculated from a quadratic fit and 
Table 2 that for alumina, calculated from a cubic fit. The relative errors at appropriate 
absorbance levels may be compared with the errors found for replicate” analysis of 
standards W-l ” and R-l 1 718 on a previous occasion (the total error of the standards will 
therefore include a sample preparation error). Only approximate absorbance readings 
are given for W-l and R-117 since they will vary slightly owing to variations in the 
reagent strengths and instrument settings on the two occasions. The transmission variance 
will also vary slightly from day to day. However, taking these factors into consideration, 
the errors compare favourably. 

Aclinoa,ledgemenr-The author wtshes to thank Mr. J E. Thomas for crtttctsm of an early verston of the 
manuscrrpt and Mr S A Mahk for assrstance m the use of the Autoanalyzer 
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Zusammenfasaung-Die Art und die Vertedung der Fehler wurde untersucht, &e helm Ernntteln 
des optlmalen Arbeltsbereichs fiir die automatisierte Analyse aus emer Elchkurve auftreten. Es 
werden drew Fehlergleichungen Wr die Anpassung emer, quadratischen oder kublschen Kurve 
abgeleltet; dabel wird eine emgehende statlstlsche Analyse der Daten vorgenommen Die Fehler 
beI emem Satz von Kleselsaure- und Alummmmoxldstandards, dte quadratische bzw kutusche 
Anpassung erfordern, brauchen emen Verglelch nut frliher an Standardgestemen ausgefdhrten 
wlederholten Analysen rucht zu scheuen 

R&urn&On a effect& une ttude des types et de la dlstrlbunon des erreurs lors de la 
dttermination du domaine de travail optlmal P partlr d’une courbe d’ttalonnage pour analyse 
automat&e. On a Ctabh trols tquatlons d’erreur pour l’adaptatlon d’une courbe lintaire, quadra- 
hque ou cublque, falsant mtervemr une analyse stanstlque pousste des don&es. Les erreurs d’un 
lot d’6talons de silice et d’alumme, n&eswtant une adaptation quadrahque et cutuque 
respectlvement, sont trbs comparables I des analyses r&p&es de roches &talons faites ri une 
occasion ant&ieure. 



Tolunru Vol 20 pp 199 210 Perpamon Pros 197.1 Prtnled m Great Bntan 

SPECTROPHOTOMETRIC DETERMINATION OF 
PLATINUM WITH o-PHENYLENEDIAMINE 

EDWARD D. GOLLA and GILBERT H. AYRE.S@ 

Department of Chemtstry, The Umverstty of Texas at Austm, Austm. Texas 78712, U.S.A 

(Remved 5 July 1972 Accepted 20 August 1972) 

Summary-Platmum(IV or II) reacts wtth o-phenylenedtamtne, at pH 6 5, to form hght blue 
solutions havmg maxlmum absorption at 703 nm The reactlon. slow at room temperature. ts 
complete m 3-4 mm at temperatures near 100’ Use of dtmethylformamlde m the solutton 
prevents prectpttatton of the reaction product The colour IS stable for at least 24 hr EfTects of 
heating temperature and time, pH, reagent concentration. and other variables have been studied 
The system conforms to Beer’s law over the concentratton range mvesttgated Optimum con- 
centration range for measurement tn IO-mm cells 1s 0 4-1.4 ppm of platinum, the molar absorptlvtty 
1~9.83 x 10’ 1 mole-’ mm- ’ Interference from foreign tons has been evaluated, and methods for 
removal or maskmg of interferences have been tested. In the colour-fortnmg reactton, plattnum(IV) 
IS reduced by the orgamc reagent to platmum(II), which IS then complexed wtth the reagent The 
metal hgand ratlo of 1 2 was mdlcated by solutton spectrophotometrlc measurements, and was 
confirmed on the sohd reactlon product by elemental analysts and by mass spectrometrtc 
examination 

Spectrophotometrlc methods for the noble metals have been evaluated critically by 
Beamish,’ who has also written an important reference work on the analytical chemistry 
of the noble metals.’ In reviewing the work up to early 1964, Beamish comments on the 
deficiency of methods for the more common of the noble metals, namely, gold and platinum. 
Smce that time a few additional spectrophotometric methods for platinum have been 
published. Chechneva and Podchlanova3 used 1,4-diphenylthlosemicarbazide with 
platinum(IV) to produce a green solution, followed by extraction of the product 
mto chloroform for measurement of absorbance at 710-750 nm; the molar absorptivity 
was about lo3 1. mole-‘. mm-‘. Senise and Petombo4 determined platinum by 
extractlon from acidic thlocyanate solution with ethyl acetate, after precipitation with 
triphenylisopropylphosphonlum ion. Absorbance of the extract was measured at 365 nm; 
the optimum range was 5-20 ppm of platinum, and the absorptivity about 5.6 x 10’ 1. 
mole-‘. mm- ‘. Hashmi and Rashid’ used a mixture of isonicotinic acid hydrazide and 
2.3,5-tnphenyltetrazomum chloride to generate formazan, which produced a pmk colour 
(absorption peak at 480 nm) with platinum(N) in the l-5 ppm range; other oxidizing 
agents also produced the colour. Johnson and Ayres6 used 3+diaminobenzoic acid, at 
pH 10-12, to give a blue-green solution (absorption maximum at 715 nm); optimum range 
was 0.35-1.20 ppm of platinum. absorptivity 1.1 x lo4 1. mole-‘. mm-‘, and Sandell 
sensltlvlty’ ON)17 pg/cm. El-Ghamry and Frei’ formed a red ternary complex with the 
hexa-ammineplatinum(IV) cation and the counter-ion 2,4,5,7-tetrabromofluorescein ethyl 
ester at pH 10: absorptivity at 555 nm was about 8 x lo3 1. mole- ‘. mm- ‘. 

Work in this laboratory has continued m a search for additional reagents for the 
platinum elements. m the hope of findmg methods that are more sensitive and/or 
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more selective than existmg methods. In testing several organic compounds as possible 
colour reagents for platinum, it was noted that platinum(IV) solutions treated with 
o-phenylenediamine (OPDA) became slightly fluorescent upon standing overmght 
Addition of dimethylformamide (DMF) to a mixture of platinum(W) and OPDA 
produced a light blue solution having a sharp, intense absorption peak at 703 nm; 
useful absorbance was produced by less than 1 ppm of platinum. This observation 
initiated the detailed investigation reported herem. In 1960, Sen Gupta’ reported the use 
of OPDA as a reagent for platinum(IV) in acetate buffer; the orange solutions were 
measured at 450 nm. Optimum range was 4-12 ppm of platinum: calculations from his 
data give an absorptivity of 1.1 x lo3 1. mole-‘. mm-’ and a sensitivity of 0.018 pg/cm 
(erroneously reported as 0.003 pg/cm). In the present work the solution conditions are 
radically different from those used by Sen Gupta, and the sensitivity 1s greater by about 
one order of magnitude. 

EXPERIMENTAL 

Apparatus 

Spectral scans were made with a Beckman Model DK-I Recording Spectrophotometer. eqmpped with a cell-well 
thermostat. Preclslon absorbance measurements at a fixed wavelength were made on a Beckman Model 
DU Quartz Spectrophotometer; matched cells of IO.0 mm optical path were used, and a fixed slitwidth of 0 08 mm 

Measurements of pH were made with a Beckman Century SS sohd-state pH meter having both standard 
and expanded scales, and a rmmature type calomel-glass electrode system 

Analytical weighmgs were made on either a Mettler Type HS or a Mettler Micro Type M5 balance, 
dependmg upon load and/or accuracy desired. Volumetric ware used for crmcal transfers and dllutlons was of 
Class A tolerance 

Reagents 

Standard platmum so&Ions. Much of the early work m thts study used a IO-pg/ml solution of platmum(II), 
prepared by dlssolvmg the reqmsite weight of pure K2 PtCI, m a small amount of concentrated hydrochloric acid. 
and dllutmg to known volume. A stock solution of platmum(IV) was prepared by dlssolvmg 0.49992 g of Grade 
No 1 platinum thermocouple wire (assay, 99.99 “/‘, mmimum purity) :n aqua regla. followed by repeated 
evaporations with hydrochlonc acid, and final ad&ion of 5 ml of concentrated hydrochloric acid and 
dilution to 5000 ml. The accuracy of this solution was checked by evaporation and hydrogen reduction of 
ahquots of the solution and welghmg of the residual platinum. Concentrations based on weight of platinum 
taken and platinum residue obtained agreed to better than I m 5000 The stock solution, 1000 mg/mI. or 
5 125 x lo-‘M, was diluted volumetncally for workmg standard solutions 

o-Phenylenedwmne The OPDA (Eastman Organic Chemicals No. 1700) was mltlally used as received. Later 
work showed that an unknown impurity was causmg low and variable results Use of a recrystalhzed 
reagent ehmmated this difficulty The reagent solution finally adopted contamed 35 mg of OPDA m 25 ml of 
DMF 

N,N-Dimethylformamrde Quite late m the mvestlgatlon It was dlscovered that the brand of DMF being 
used was the cause of many confusing results Change to a different source of DMF eliminated this 
source of error 

Buffers Phosphate buffer solutions were prepared so that a 2-ml portion (as used m the recommended 
procedure)contamed 2.75 mg ofpotassmm dlhydrogen phosphate,and sodium hydroxide in the amounts requisite 
to vary the pH over a wide range 

All other chemicals were ACS reagent grade 

Recommended procedure 

A sample contammg 4-14 pg of platmum(lV or II) m a volume of I ml IS taken m a IO-ml volumetric 
flask One ml of OPDA reagent solution (m DMF) IS added, and the pH IS adjusted to 6 5 by addltlon 
of 2 ml of KH2P0,-NaOH buffer. The flask contammg the reactants IS supported m a boiling water-bath 
for 4 mm, durmg which time the light blue colour develops DMF IS added to bring the solution volume 
to approximately IO ml. the flask IS removed from the bath and cooled to room temperature, and final 
ddJUStITIent to exactly 10 ml IS made with DMF Absorbance of the solution IS measured at 703 nm, against 
a water blank (a reagent blank has no measurable absorption at this wavelength) 
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RESULTS AND DISCUSSION 

C~Zi~r~tio~. range, se~sztzuit~~, and precision 

Data for the calibration curve are shown in Table 1; each absorbance is the average of 
three closely agreeing measurements. Constant values of A/ppm show that the system 
follows Beer’s law; the calibration curve is a straight line which extrapolates through 
the ongm. The optimum range for m~surement in IO-mm cells is 0.4-1.4 ppm. The 

Table 1 Cahbratton data 

Platmum, Absorbance, 
PPm A Alrpm 

0.400 
0500 0 252 0504 
0.600 0 303 0 505 
0700 
ONlO 
0.900 
1900 
1100 
1200 
1300 
1400 

0 202 

0 3.53 
0402 
0453 
0 503 
0554 
0604 
0 655 
0 705 

Average 

0 505 

0504 
0502 
0.503 
0 503 
0.504 
0 503 
0.504 
0504 
O-504 

Sandell sensitivity is O-002 pg/cm; the specific absorptivity is 0~0504 ppm-‘. mm-’ 
and the molar absorptivity is 9.83 x lo3 1. mole-‘. mm-‘. This method, and the method 
reported by Johnson and Ayres6 appear to be the most sensitive s~trophotometric 
methods for platinum thus far, both being about at the theoretical limit of molar 
absorptivity.” 

Precision of the method was evaluated by preparing and measuring 20 identical 
samples containing 1GO ppm of platinum (a concentration near the middle of the 
optimum range); the absorbance averaged 0503, with a standard deviation of OW2. 

Eflict of pH 

A series of solutions containing 1.00 ppm of platinum(IV) was prepared by the 
recommended procedure, except for varlatlon m the buffer added, The results are 
recorded in Table 2. Maxlmum absorbance (O%M) was reached at pH 6.5; the absorbance 
was wlthin experimental error over the range pH 6-O-6.7. 

Detxzlopment time, stahilrt~ 

The time required for full colour development depended upon concentration of platinum, 
concentration of OPDA, pH, and temperature. In samples containing 1.00 ppm of 
platinum. treated by the recommended procedure, absorbance increased very rapidly 
durmg the first mmute and reached full development in 3 min; additional heating up to 
LO min did not produce further change. A standard development time of 4 min was 
adopted to ensure full development of all samples. (Exception: cases of certain foreign 
ions requiring maskmg with EDTA). 

Five samples, each containing 1.00 ppm of platinum, were developed by the recom- 
mended procedure and the absorbance was read as soon as the solution was cooied 
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Table 2. Effect of pH 

PH Absorbance 

35 0 030 
4.0 0051 
45 0.131 
5.0 @365 
5-6 @474 
6.0 0501 
6.3 0 503 
6.5 0%4 
6.7 0.503 
7.5 0 485 
80 0462 
9,o 0.398 

10.0 0.305 

to room temperature (zero time reading). Readings were taken at I-hr intervals for the 
next 4 hr, and then at longer time intervals up to a total of 30 hr; all absorbances were 
within the range O-501-0-505. Samples that were retained for 4 days showed no change 
in absorbance. Therefore, no special precautions regarding stability need to be taken, 
except when rhodium interference is encountered; in that event, the absorbance should be 
measured promptly after the solution is cooled. 

Effect of temperature 

The colour developed very slowly at room temperature. As the temperature of the 
reaction mixture was increased up to about 90”, development was more rapid and the 
final absorbance (for a given amount of platinum) was greater. From 90” to lOO”, 
development rate still increased, but without increase in final absorbance. Therefore, 
to attain full development in the shortest time with the simplest equipment. a bath of 
boiling water was used. 

The effect of change in temperature on samples already prepared by the recommended 
procedure was tested by scanning lGO-ppm samples with the Beckman DK-I recording 
spectrophotometer, using the thermostatic cell holder adjusted to different temperatures 
in the range 27-81”. Temperature increase caused a decrease in absorbance of about 
O-002 per 1”. The change was reversible on decreasing the temperature, and was 
probably due to the volume change of the solution with change in temperature. 
Although the temperature coefficient of absorbance IS small, it IS prudent to make sure 
that all samples are at the same temperature before absorbance is measured. 

Purity and stability of reagent 

The solid reagent appeared to be stable under ordinary storage condrtions. A melting 
point test on the reagent as received cast some doubt on Its purity. A large amount 
of the solid OPDA, as received, was dissolved in hot DMF, and the solution was 
then cooled in an ice-bath. The recrystallized product was separated on a fritted glass 
funnel, washed with ice-cold water, then dried at 95”. Melting point determination 
indicated a high-purity OPDA. Use of the recrystaiIized reagent eliminated the lack of 
precision of results previously experienced with the origmai OPDA. 

Water solutions of OPDA were not stable for more than 2 hr at room temperature; 
the stability was mcreased somewhat by storage in an Ice-bath. Aqueous solutions of the 
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reagent were used in some of the early work because they gave more consistent 
results than solutions m DMF It was later found that the inconsistent results were 
caused by impure DMF. After a source of pure DMF was found, the OPDA reagent 
dissolved in DMF was used with excellent results. The reagent solutions in DMF were 
stable for at least 2 days; solutions kept longer than this began to show some yellow 
colour of oxidation products of OPDA (probably diaminophenazme). In practice, a fresh 
solution (35 mg of OPDA in 25 ml of pure DMF) was prepared at least every other 
day. 

Efl‘ect of reagent concentration 

A series of solutions of 140 ppm of platinum was prepared in which the mole ratio 
of OPDA to platinum was varied from 1 : 1 to 400 : 1. The absorbance reached a constant 
value at a mole ratio of about 150 : 1. The 1 ml of reagent solution specified in the 
recommended procedure is equivalent to a mole ratio of 180 : 1 at the maximum 
platinum concentration used in this study. 

Eflect of DMF concentration 

The product formed by reaction of platinum solution with OPDA at pH > 5 is not 
soluble in water, but is soluble in a few organic solvents, notably in DMF and in 
dimethylsulphoxide (DMSO). A series of solutions containing 1.00 ppm of platinum was 
prepared by the recommended procedure, up to the point of addition of DMF. The 
amount of DMF in the final solution was varied from 20 to 80% v/v. Below 40% v/v 
DMF the reaction product was only slightly soluble, and more oxidation of the OPDA 
occurred during colour development. Full colour development was attained at DMF 
concentrations of 70% and above, which still allowed for an appreciable amount of 
water from the origmal solutions. This amount of DMF gave the highest absorbances 
with good precision, and also improved the stability of the developed samples. Use 
of a much larger amount of DMF decreased the rate of colour development. 

Order of addition 

At the pH used in the development procedure, hydrolysis of the platinum solutions 
took place if the buffer was added before the OPDA. Hence, the order of addition must 
be platinum solution, OPDA reagent, then buffer. DMF should not be added until the 
reaction 1s complete, because it retards the reaction and affects the precision of results. 

EfSect of foreign ions 

These effects were studied by adding the ion in question to the platinum solution 
(140 ppm of platinum in the final solution), then developing by the usual procedure. 
Cations were added in the form of chlorides, nitrates, or sulphates, to a maximum of 
50 ppm; anions were added in the form of sodium or potassium salts, to a maximum 
of 500 ppm. The tolerance for a given ion is the maximum amount that can be present 
and produce an absorbance difference no greater than O-01 absorbance from that for the 
platinum alone. Table 3 gives the results. If serious interference was observed, an 
attempt was made to elimmate or mimmize it by use of masking agents (see next paragraph); 
the results are shown in the last column of Table 3. 
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Table 3 Summary of mterferenco stuches 

Removing or 

Foreign 
lOl? 

Pd(II) 
Ir(IV) 

~~~~~~ 
Ru(ff1) 
Au(II1) 
Fe(lII) 
M(H), Co(H) 
Pb(II) 

~~~~~ =@f 

sj$iI)) 
Q(W 
C#) 
NW2 
SOi- 
Bt”, I- 
NO;, c10; 
Acetate 
EDTA 
Citrate 
Tartrate 

Tolerance, pptn 

Orrgmtd Wzth maskmg Masking agent, comments 

0.2 8 200 ppm EDTA 
2 5 200 ppm EDTA 
I - Measure xmmedlatdy 
o-2 - 
0.3 2 200 ppm EDTA 
0,2 3 200 ppm I- 
5 - 

10 - > 50 ppm with filtermg 
i5 - > 50 ppm with filtermg 

>55 - 
20 - z SO ppm with filtermg 

I2 0.1 - 5 200 ppm EDTG 
0.3 6 200 ppm EDTA 
5 20 200 ppm EDTA 

tOO 
50 

>500 
>500 
1500 

200 Double the heatmg ttme 
300 
400 

minimizing interferences 

Elimination of interference from foreign ions can be accomplished by physical remova 
procedures, such as the following: distillation of ruthenium and/or osmium as thez 
volatile tetroxides; precipitation of palladium as its dimethylglyoximate from acid solution; 
precipitation of other platinum elements and most base metals as their hydrous oxides, 
at controlled PI-I, leaving platinum(IV) in solution. These methods are inconvenient and 
tim~onsumin~_ It IS simpler if a reagent or reagents can be found to mask the interference 
by forming complexes that are more stable than the platmum-OPDA complex of 
interest. For this purpose, ethylenediaminetetra-acetic acid (EDTA) or, more exactly, its 
disodium salt, IS a useful reagent, in that it forms complexes (of widely different 
stabilities, to be sure) with practically all metal ions. 

All ofthe other platinum elements, as well as gold, interfered at rather low concentrations. 
Addition of 200 ppm of EDTA was efl’ective in eliminating or decreasing much of this 
interference, although it was not effective against interference from osmium or rhodium. 
Rhodium could be tolerated up to 1 ppm if the absorbance for platmum was measured 
promptly after colour development. Osmium above O-2 ppm would require distillatzon 
removal. The good results m masking gold(IIf), palladium(II), iridium(IVf, copper( 
mercury(II), etc., were due to the fact that EDTA reacts rapidly with these ions, 
whereas it reacts quite slowly with platinum solutions.” When usmg this method, EDTA 
must be added to the sample just before starting the development; the sample and 
EDTA are heated together for 1 min, then the usual procedure is followed, except that 
the heating time is doubled, 

Interference from copper(I1) is of special interest, m that the amount of Interference 1s 
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almost Independent of the amount of copper(H) present, even down to very low 
concentrations. Copper(H) is known to catalyse an oxidation of OPDA,‘* which probably 
explains this effect. Addition of EDTA prevented the catalytic actron of copper( but 
the blue colour of the copper-EDTA complex still caused some interference in the 
platmum determination. Iron(II1) also oxidized OPDA, thus decreasing the concentration 
available for complexation of platinum. Addition of a larger amount of OPDA reagent 
decreased iron(II1) interference. 

Ions of several of the base metals (nickel, cobalt, manganese, lead, etc.) interfered by 
precipitation of then hydrous oxides in the nearlv neutral solution used m the procedure. 
This -kind of interference was best removed by simply filtering 
colour development procedure. 

the mixture after the 

STUDY OF REACTION AND PRODUCT 

Absorption spectra 

A solution of hexachloroplatinate(IV), PtClg-, has a weak absorption band at 460 nm, 
and strong absorption below 440 nm. Tetrachloroplatinate(II), PtClf-, of the same 
platinum concentration, has a moderately strong absorption band at 405 nm. Neither 
solution has sigmficant absorption in the 600-800 nm region. Likewise, the OPDA 
reagent has negligible absorption in the 600-800 nm region. Therefore, any unreacted 
components will not register in absorbance m~surements at 703 nm, the analytical 
wavelength of the present method. A freshly prepared solution of OPDA had a weak 
absorption centred at 430 nm; when the solution was aged at room temperature or by 
heating, the 430 nm absorption increased. Addition of iron(M) to the OPDA solution 
caused marked increase in the 430~nm absorption, and the solution assumed a pronounced 
yellow colour due to the oxidation product. 

woveiftngm. nm 

FIN 1 Spectral curves of platmum-OPDA complex and of OPDA reagent. A OPDA + 10 ppm 
of platmum(II), B. OPDA + 10 ppm of platmum(IV), C. OPDA after long heatmg m air, 

D OPDA oxldtzed with lron(III) 
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The absorption spectrum of a solution contaming 190 ppm of platmum(IV), developed 
by the recommended procedure and measured against a water blank, showed the mtense 
absorption at 703 nm characteristic of the platmum-OPDA compiex, and a weak 
absorption at 430 nm; see Fig. 1. An identical solutton prepared from platinum(I1) had an 
identical absorption curve, except that absorption around 430 nm was negligible. Further- 
more, increasing the amount of platinum(IV) caused corresponding mcrease in the intensity 
(absorbance) of the 430~nm peak, whereas varying the amount of platinum(I1) had no 
effect on the 430-nm absorbance, provided the heatmg time was not excessive. It is 
obvious, therefore, that absorption at 430 nm is due to oxidation product(s) of OPDA, 
and that the use of this reagent with platinum(IV) involves reduction of the latter to 
platinum(I1) and oxidation of the OPDA, followed by formation of the blue complex. A 
similar situation has been observed in this laboratory in the reaction of 3,4-diamlnobenzoic 
acid with platinum(IV).6 

Mole ratio study 

Attempts to apply this methodI gave little useful information, wrth solutions at the 
1 ppm level; a very large excess of OPDA was requrred to attain constant absorbance, 
and the great curvature of the 703~nm absorbance us. mole ratto OPDA/platmum plot 
precluded any meaningful extrapolation of the initial and the final portions of the plot. 
Application of the method in the converse sense, with OPDA held constant (at 1.00 x 
lO-4M) and platinum concentration varied, gave an absorbance vs. mole ratio platinum/ 
OPDA plot, the first part of which was linear and identical with the calibration curve 
of the analytical method. As the platinum/OPDA ratio approached 05 the plot assumed 
considerable curvature and with increasing ratio the absorbance reached a value high 
enough to establish that the complex could not have a ligand: metal ratio higher than 2 : 1. 

In an attempt to gain mformation concerning the redox reaction between platinum(IV) 
and OPDA, absorbance measurements at 430 nm (where the oxidation product of OPDA 
absorbs) were made on a series of soluttons in which the concentration of platinum(IV) 
was held constant at 4-l x 10eSM and the OPDA concentration was varied up to 10 times 
that of the platmum. Extrapolation of the linear portions of the plot intersected at 0.75 
mole of OPDA per mole of platinum(IV), corresponding to a stoichiometry of 3 OPDA 
to 4 platinum(IV). 

Application of this methodi4.’ 5 was done inittally with platinum(H), in order to avoid 
any complication introduced by oxidation of OPDA by platinum(IV). Figure 2, curves 
A and B, shows the plots for two different total concentrations of reactants. Extrapolatrons 
of the initial and final portions of the curves Intersect at 067 moIe-fraction of OPDA, 
corresponding to a reaction stoichiometry of 2 OPDA to 1 piatmum(I1). Curve C of Fig. 2 
is the continuous variations plot using platmum(IV) and the same total concentration 
of reactants as with platinum(I1) in curve A; the maximum absorbance attained 1s the 
same in the two cases, but with platinum(IV) the curve maximum occurs at 0.73 mole- 
fraction of OPDA. The marked change of slope at mole-fraction 0.3 is associated with the 
redox reaction between OPDA and platinum(IV). Based on the OPDA : Pt(IV) = 3 : 4 
stoichiometry in the redox reaction (mole-ratio from absorbance measurements at 430 nm) 
and the OPDA : Pt(I1) = 2 : 1 stoichiometry in the complexation reaction [continuous 
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0 

Mole fraction of .OPDA 

Fig 2 Contmuous varlatlons plots. A. OPDA + platmum(I1) = 4 1 x lo-‘M, B OPDA + 
platmum(II) = 6 2 x lo-‘M, C OPDA + platmum(IV) = 41 x lo-‘M 

variations measurements using platinum(I1) and 703 nm absorbances], the overall 
stoichiometry can be represented as follows: 

3 OPDA + 4 Pt(IV) + oxidation products + 4 Pt(I1) 
8 OPDA + 4 Pt(I1) + 4 Pt(OPDA), complex 

Total: 11 OPDA + 4 Pt(IV) + oxidation products + 4 Pt(OPDA), Mole-fraction of 
OPDA = 11/15 = 0.73, as in curve C of Fig. 2. 

The heavy curvature of the continuous variations plots indicates that the formation 
constant of the platinum(II)-OPDA complex is not very large. By calculation analogous 
to that given by Meites and Thomas16 the formation constant evaluated from Fig. 2, 
curve A, is 1.7 x lOlo, and from curve B it is 0.86 x lOlo, averaging 1.3 x 10”. 

Isolation and analysis of the product 

A 0.30-g sample of K,PtCl, was dissolved in a small amount of hydrochloric 
acid. then diluted to 200 ml with water. A concentrated solution of OPDA containmg 
10 g of the solid in 20 ml of DMF was added to the platmum solution and the 
pH was adjusted to nearly neutral with sodium hydroxide. The reaction mixture was 
heated on a boiling water-bath for 1 hr, durmg which the colour became dark blue 
and then purple After cooling m an ice-bath, the mixture was suction-filtered with a 
smtered glass funnel. The recovered solid was extracted with DMF and again filtered off, 
the filtrate being received in a clean flask. This solution was filtered through paper, and 
the filtrate was then centrifuged to ensure complete removal of any solid. To the DMF 
solution containing the reaction product, water was added until it constituted about 
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600,; by volume. The finely divided precipitate which formed was recovered by centrtfuga- 
non; tt was washed with acetone, redissolved m DMF, and reprecrpttated by addttlon of 
water. The product was again recovered by centrifugatlon, washed wrth acetone, and 
oven-dried at 95”. 

A small amount of the purified complex was dissolved m 70-30 DMF-water solutton. 
and the spectrum of the solution was recorded; it was identical with the spectrum 
produced by platinum samples developed by the recommended procedure, except that the 
small absorption at 430 nm observed m the latter case was totally absent. This fact 
further supports the conclusion that absorption at 430 nm was due to oxrdatton of the 
OPDA reagent, and not to the platmum-OPDA complex. 

A 0.601-mg sample of the purified complex was dissolved m 10 ml of DMF. 
Calculations based on the formula weight of the proposed complex (see next sectton) 
mdicated that diluting l-0 ml of this solution to a volume of 28.8 ml would give a 
solution containing 1.00 pg of platinum per ml, or 1.00 ppm. The dilutton was made 
with DMF and water to a final 707; v/v of DMF. The absorbance of this solution was 
exactly the same as that of a 1.00-ppm platinum solutton developed by the recommended 
procedure. 

The question arises as to the mode of formatton of the platmum(II)-OPDA complex. 
whether by simple co-ordinate covalent bonding from the nitrogen atoms of the --NH, 
groups, or by loss of one or both hydrogen atoms from one or more --NH* groups, 
forming anions associated with the platinum(I1) catton, or a combination of these 
processes. The possible formulae. the formula wetghts, and the carbon, hydrogen. and 
nitrogen contents are shown m Table 4. A portion of the purtfied product was analysed by 
Galbraith Laboratories, Knoxville, Tennessee; the analysis, included m Table 4, conforms 
most closely to formula 3, which may be represented thus: 

H H 

Mass spectrum of the product 

A sample of the purified reaction product was analysed on a low-resolutron mass 
spectrometer at 70 eV ionization potential. The largest peak appeared at a mass/charge 
ratio of 407; slightly smaller peaks appeared at rattos of 406 and 408, and a moderate 
peak at 410. The ratio of these peak heights is in excellent agreement wtth the 
relattve natural abundances of the most abundant isotopes of platmum. No particle of 
mass/charge ratio greater than 410 was found. Another series of peaks was found at m/e 
2035, 203, 204, and 205, of intensittes m the same ratio as the platmum isotope 
abundances, corresponding to the doubly-Ionized molecules. Table 5 shows that the only 
composrtion conforming to the observed mass numbers is Pt(C,H,N,H&. formula 
weight 407.35, which also agrees with the elemental chemtcai analysis. 

The double ionization of the intact complex is an indication of its considerable 
stability. A series of small peaks was observed at mass/charge values of 300, 301, and 302, 
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Table 4 Elemental composltlon of possible compounds 

Formula 
Possible rormula weight “0 c ?, H 1, N 

1 WQ-WAh 411 38 35.04 3.921 13.62 
2 Pt(C,H,NzH,)z 409 36 35 21 3447 1369 
3 Pt(C,H,N,H,), 407 35 35.38 2.913 1376 
4 Pt(C,H,N,H), 405 33 35 56 2.487 13 82 
5 Pt(C,H,Nz)z 403 31 3574 2000 1389 

Analysis found 356 3.0 137 

Table 5 Mass numbers of possible compounds 

Platinum To Natural Mass/charge of platmum complex with hgand 
isotope abundance @NzH& (4N,H,), @NzHz)z @N,H), @N& 

192 0 78 408 406 404 402 400 
194 32 8 410 408 406 404 402 
195 33 7 411 409 407 405 403 
196 254 412 410 408 406 404 
198 7 23 414 412 410 408 406 

these are probably fragments of the original complex that contain only one OPDA group 
associated with a platinum atom, for example, Pt(C6H,N2H2)+. This type of fragmentation 
is not unusual when compounds undergo ionization at 70 eV. 

CONCLUSION 

The results of this study indicate that m the reaction of platinum(H) with OPDA, 
each of two ligand molecules loses two hydrogen atoms to form the doubly charged 
anion of OPDA. which combines with platinum(I1) to form a highly coloured neutral 
complex which is quite stable and insoluble in most solvents except DMF and DMSO. 
A stmtlar nickel complex, which has been known for some time, has been characterized 
by mass spectrometry;’ ’ it 1s the same as that proposed here for the platinum complex 
[with nickel(I1) substituted for platinum(II)]. 
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Zusammenfasaung-Platm(IV) oder -(II) reagtert bet pH 6.5 mit o-Phenylendtamm zu hchtblauen 
Losungen mtt Absorpttonsmaximum bet 703 nm. Die bet Zimmertemperatur langsame Reaktion 
1st be.1 Temperaturen m der Nahe von 100” m 3-4 mm beendet. Dtmethylformamtd in der 
Losung verhindert das Ausfallen des Reaktionsprodukts. Dte Farbung 1st mmdestens 24 h lang 
stabtl. Der EmfluB der Erhitzungstemperatur und dauer, des pH, der Reagenskonzentratton und 
anderer Vartabler wurde untersucht. Das System folgt im untersuchten Konzentratronsberetch dem 
Beerschen Gesetz. Der optimale Konzentrattonsbereich zur Messung m 10 mm-Kuvetten 1st 
04-1.4 ppm Platm, der molare Extmktionskoeffiztent betragt 9.83 lo3 1 mol-’ mm-’ Die 
Storung durch Fremdtonen wurde erfaBt und Methoden zur Entfernung oder Maskterung der 
stdrenden Ionen gepruft. Bet der farbbtldenden Reaktion wtrd Platm(IV) durch das orgamsche 
Reagens zu Platin(I1) reduztert; dieses btldet dann einen Komplex mtt dem Reagens. Das 
Metal1 . Ltgand-Verhiiltnis 1: 2 wurde durch spektrophotometnsche Messungen m Losung nahege- 
legt und wurde am festen Reakttonsprodukt durch Elementaranalyse und massenspektrometrtsche 
Untersuchung nachgewiesen. 

R&sum&--Le platine (IV) ou (II) reagit avec l’o-phinyletrediamme a pH 6.5, pour donner des 
solutions bleu clan ayant un maximum d’absorption a 703 nm. La reaction, lente a temperature 
ambtante, est complete en 3-4 mn aux temperatures voismes de loo” L’emplot de dtmethylforma- 
mtde dans la solutton evite la precipttation du produn de reaction. La coloratton est stable pendant 
24 h au moms. On a ttudit les mfluences de la temperature et du temps de chauffage, du 
pH, de la concentration en rhctif et d’autres variables. Le systbme sutt la lot de Beer dans 
le domame de concentrattons Cudtt. Le domame de concentration optunal pour la mesure 
dans des cuves de 10 mm est de 0.4-1.4 p.p.m de platme; le coefficient d’absorptton mol&tlatre est 
9,83 x lo3 1. mole-’ mm-i On a ivalut l’interference d’ions &rangers, et l’on a essayt des 
mtthodes pour l’iltmmatton ou la disstmultatton d’mterferences. Dans la reactton de formatton 
de color&ton, le platme (IV) est r&but par le rhcttf organique en platme (II), qut est alors 
complext avec le rCcttf Le rapport metal. complexe de 1 . 2 a ett montre par des mesures 
spectrophotometrtques de la solutton, et a ttt confirm6 sur le product sohde de rhctton par 
analyse tltmentaire et par examen spectromttrtque de masse. 
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Summary-The lmear crystalhzatton of well-formed crystalhtes of calcmm sulphate dehydrate 
from supersaturated solutions has been studied by a microscoptc method at temperatures rangmg 
from 25” to 55” The acttvatton energy IS 16 + 1 5 k&/mole for the fast-growmg faces. Induction 
periods m the crystalhzation of calcium sulphate dehydrate have been determmed as a function of 
solution concentration at temperatures of 25” and 90” 

The precipitation of calcium sulphate is of considerable importance in processes involving 
the formation of scale on heat-transfer surfaces. A number of investigations have been made 
of the influence of additives on the crystallization and nucleation rate,rW4 but most of the 
previous work was concerned only with the concentration changes m the supersaturated 
solutions durmg the precipitation processes. A study of the seeded crystal growth of 
calcium sulphate dihydrate from supersaturated solution, by means of a sampling technique, 
has been published,5 and a reaction, second-order in relative supersaturation, has been 
found for the crystallization of this salt both in the presence and in the absence of 
additives6 The dissolution of calcium sulphate dihydrate into subsaturated solution has 
been followed by a potentiometric method and the diffusion of ions from the surface to 
the bulk of the solution has been found to be the rate-determining step for the dissolution 
process.’ 

In studies of the kinetics of crystal growth, in addition to following concentration 
changes in the supersaturated solution, observation of the growing crystals themselves is 
clearly of considerable importance. The present study is concerned with the linear 
crystallization rate of calcium sulphate dihydrate from supersaturated solution. The 
activation energy of the fast-growing faces has been determined by observing the rate of 
growth as a function of temperature. In addition, induction periods in the precipitation of 
calcium sulphate dihydrate have been investigated as a function of the degree of super- 
saturation, over a range of temperature. 

EXPERIMENTAL 

Lmear growrh experiments 

Reagent-grade chemtcals, grade-A volumetrtc glassware and triply distilled water were used throughout this 
work Suspensions of calctum sulphate dthydrate seed crystals were prepared as described previously 5 After 
the crystals had been washed several times, their morphology was Improved by allowmg them to grow 
agam rn 0.025M c&turn chloride/0025M sodium sulphate After one hour, the supernatant soluttons were 
decanted and the residual suspensions were washed several times wtth saturated calcium sulphate solutton 
until the crystals were free from sodium chloride The crystals prepared m thts way were well-formed and 
suitable for further study of the hnear crystalhzatton rate of spectfic faces m supersaturated soluttons 

Supersaturated solutions were prepared by the slow mixmg of soluttons contammg calcmm chloride and 
sodium sulphate About 7 ml of the solution were then Introduced mto a microcell of capacity 10 ml. which 
had a thin microscope shde as its base so that crystals could be observed mtcroscopically (Umtron Senes N 
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Mtcroscope). Water from a thermostat was ctrculated between the walls of the mtcrocell. After the soluttons 
had reached temperature eqttthbrtum, a small amount of seed suspension was put tnto the reactton cell. The 
extent of the reactton was followed by photographtng the growing crystal at vartous times The caictum 
concentratton of the solutton was checked before and after each experiment by tttrtmetrtc analysts wtth EDTA. 
the change of concentratton was usually only about l-3% The linear growth rate R was taken as the average 
length change of three or four crystals during each experiment. 

Inductron experrments 

Calcmm chloride soluttons were first brought to temperature equtitbrtum tn a 250-ml reactton vessel. and 
the required amounts of pre-equtlib~ted sodtum sulphate sohtttons of the same concentratton were qutckly 
added. The tnductton pertod was taken as the time interval between the mtxtng of the sohtttons and the 
appearance of the first white cloudy prectpttate of calcium sulphate. In order to compare results of expert- 
ments at different supersaturattons, additions of sodtum chlortde were made, where necessary. tn order to 
matntatn the sodium chloride concentratton tn the soluttons at a constant value 

RESULTS AND DISCUSSION 

The results of the linear crystallization experiments are summarized in Table 1, and the 
growth rate is plotted as a function of relative supersaturation in Fig. 1. In Fig. 2 R 1s 
plotted against the square of the relative supersaturation, and it is seen that, with the 
exception of an initial growth surge, equation (1) satisfactorily represents the experimental 
data : 

R = k,(Tca - T,,“)’ (1) 

Table 1 Ltnear c~s~Ilt~tton rates of the fastest 
growtng face of calctum sulphate dthydrate at 25°C 

Expt. 
No 

: 

3 
4 
;: 

: 
9 

10 

rc, x lo2 (Tc, - Tc,“) x lo2 R x 10’ 
M M mm/hr 

4.24 3-95 2 I.91 18 25 3.2 

3.75 1-74 16 
3.49 1.49 I.0 
3.37 3 11 1.39 1 1.5 0.6 0.9 

2 2-75 86 0.92 0.83 0.2 0.12 
2 56 0.66 0.09 
2 28 0.41 0.04 

In this equation, ki is the rate constant for linear growth, T,, represents the total calcium 
concentration of the supersaturated sob&ion, and Tea” is the solubility value at the 
particular ionic strength. An equation similar to (1) has been found to hold for the growth 
of seed crystals of calcium sulphate dihydrate in supersaturated solutions of the salt in 
which the rate of growth was expressed in terms of the change in concentration m the 
super~turated solutions with time.5 The results of the direct m~surements of the growing 
crystals are therefore consistent with the previous studies by a different method. The 
experimental results may be explained in terms of a screw dislocation model’ 9 or the 
surface adsorption model proposed by Davies,” since both models predict the same 
reaction-order kinetics for the growth of crystals of symmetrical charge-type electrolytes. 

The deviation of experimental results from the straight line of the second-order plot 
at higher supersaturation can be explained in terms of two-dimensional surface nucleation. 
Troost” in a study of crystallization of sodium triphosphate hexahydrate also proposed 
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(Tc,-T&l x10’, m 

Fig. 1 Plot of the fmear growth rate, R, as a functton of (Tc. - 7’&‘) for calcrum sulphate 
dehydrate The uncertamtles m R are represented as ordmate bars 

two mechanisms in determining the rate of growth of 001 faces. He assumed that at 
low degrees of supersaturation, the growth rate was controlled by the screw dislocation 
mechanism, while at higher degrees of supersaturation, the formation of two-dimensional 
nuclei was the rate-determining step. In Fig. 3, the growth of untreated seed crystals 
in the supersaturated solution is shown. It is interesting to note that if untreated seed 
crystals are put in the supersaturated solutions, the crystals grow more rapidly at 
xmperf~tions so that a rapid perfection of the crystal shape takes place in the initial 
crystallizing step. 

A series of experiments was made at a variety of temperatures ranging from 25” to 55” 
at a constant supersaturation. The results are summarized in Table 2 and the linear 
growth rate constant is plotted according to the Arrhenius equation in Fig. 4. The 

30.. 

0 IO 20 30 4.0 

(L - T,q, )2x104, m2 

Fig 2 Kmetlc plot of growth rate, R, agamst (Tti - Tc,“)2 
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Fig. 3. Crystallzatlon of untreated seed crystals of calcium sulphate dehydrate m 2 85 x lo- *M 
CaSO, solutions (a) at time zero; (6) after 20 min; (c) after 60 mm. 

T-lx I O3 

Fig 4 Arrhemus plots of log k, agamst T -’ for the linear growth rate of calclum sulphate 
dehydrate crystals 
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Table 2 Lmear crystalhzatlon rates of the fastest growmg face of 
c&mm sulphate dehydrate at various temperatures 

(Tc, 2.86 x lo-‘M) 

Temperature (Tc, - Tc,“) x lo4 R x 10’ k, x 1o-2 
‘C M mm/hr 1 mm mole-’ hr-’ 

55 0 82 23 28 
45 0 76 1.0 13 
35 0.81 045 0 55 
25 0.85 0.20 023 

activation energy obtained is 16 & 1.5 kcal/mole for the fast growing faces and this value 
is m satisfactory agreement with that obtained in previous studies.’ 

The induction period in the experiments is the time period between the mixing of 
solutions containing the lattice ions and the appearance of the first solid phase. The 
change of induction period with concentration of the supersaturated solutions for calcium 
sulphate dihydrate precipitation was studied at 25” and 90”. The results are shown in 
Table 3. The experimental results are satisfactorily treated by equation (2) 

K = C,(P-i)f (2) 

where K is a constant, p the number of ions in the critical nucleus, C, the concentra- 
tion of the supersaturated solution and t the induction period. Plots of log t us. log C, 
are given in Fig. 5. At a given initial concentration, the length of the induction period 
decreases appreciably with increase in temperature. If the nucleation rate is inversely 
proportional to the length of the induction period, the marked decrease of t with 
increasing temperature may indicate an appreciable activation energy for the nucleation 
of calcium sulphate dihydrate. 

The equation (2) was derived by Christiansen and Nielsen in a non-classical nucleation 
theory which has been applied in studies of many insoluble salts.i2-‘* In the present 

Table 3 InductIon pertods of calcium sulphate 
dehydrate at various concentrations, m 

0 5M sodium chloride medmm 

T 
ii 

25°C 
0.200 
0175 
0150 
0 125 
0100 
0.090 
0.080 
0.070 
0.060 

90°C 
0.100 
0.080 
0060 
0.050 
0.045 
0~040 

-log c, 

0700 
0 757 
0 824 
0903 
1000 
lQ46 
1.097 
1155 
1 222 

l.ooO 
1097 
1.222 
1.301 
1347 
1 398 

InductIon period, 
t, set 

7 
13 
25 
45 
75 

120 
250 
380 

1530 

1 
3 

17 
55 

100 
450 

log t 

085 
1.11 
140 
1.65 
1.88 
2.08 
240 
2 58 
3.18 

0 
048 
123 
1.74 
2.00 
2.65 
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Fig. 5 Plots of log t versus log C, for the mduction period experiments. 
v, at 25°C. 0. at 90°C 

study, the lines at 25” and 90” are almost parallel, with slopes of 46 and 4.9 respectively. 
The corresponding p value is therefore approximately 6, and m terms of the model 
proposed by Christiansen and Nielsen this may correspond to the number of ions m the 
critical nucleus. 
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Zusammenfassung-Dte hneare KrlstdhdtlOn wohlausgebildeter Calclumsulfat~Dlh~drat~ 
Krtstalhte aus ubersatttgten Losungen wurde bet Temperaturen von 25’ bts 55 mit emer mtkro- 
skoptschen Methode untersucht. Fur dte rasch wachsenden Knstallflachen betragt dte Akttvterungs- 
energie 16 + 1.5 kcal/mol. Induktionspertoden be1 der Krtstalhsatton von Calctumsulfat- 
Dihydrat wurden m Abhangtgkeit von der Konzentratton der Losung bet 25” und 90” bestimmt 

Resume-On a Ctudie Ia crtstalhsatton Imeatre de crystalhtes bien formes de sulfate de calctum 
dthydrati a parttr de soluttons sursaturees par une mtthode mtcroscopique a des temperatures allant 
de 25” B 55” L’tnergie d’acttvatton est de 16 zb 1.5 kcal/mole pour les faces a dtveloppement raptde 
On a determme les pertodes d’mduction dans la crtstalhsatton du sulfate de calcmm dehydrate en 
fonctton de la concentratton de la solution aux temperatures de 25’ et 9oi 
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SPECTROCHEMICAL DETERMINATION OF IMPURITIES 
IN TELLURIC ACID 

(Receroed 7 March 1972 Accepted 23 May 1972) 

The radtoactrve tsotope of iodme, 1311 IS produced m nuclear reactors by (n. y) reaction from tellurium In . 
order to improve the nuclear batance for production of i3’I, it IS important to have a tellurium target of high 
purtty Smce m our Instrtute tellurrc aad has been used as a target, rt was necessary to develop a sensttive 
method for checking rts purtty The spectrochemrcal method has been found to be the most promtsmg for this 
purpose because of tts srmphctty and accuracy Several papers have been pubbshed describing etther direct 
spectrographtc procedures’ 2 or mdtrect procedures3 4 mvolvmg preconcentration of the tmpurittes. 

Depending on the techmques used for preconcentratton, the known mdtrect methods belong to two groups 
m the first are the methods applying a prior phystcal concentratron through vacuum evaporation of the 
matrix and concentration of the ~mpurttles on a graphite matrtx, and m the second are the methods usmg a 
chemical preconcentratton by separation of the tmpurrttes wtth I-hydroxyqumolme and dtthrzone. 

When the direct methods are applied, a sensttivity of 10-4-10-3% 1s obtamed, while wtth a chemical 
preconcentration procedure, the senstttvtty IS improved to lo-‘% with 20-g samples. 

In the present work a direct method has been used for spectrographic analysts of the concentratton of 
tmpurittes m telluric acid targets 

Preparation of standards and samples 

EXPERIMENTAL 

The basic standards were prepared from Johnson and Matthey tellurtc acid, H,TeO, 2H,O, dried for 
24 hr at 160’ to remove the water and obtain metatellurtc acid, (HrTeO,), (x = l-lo), which was then 
mtxed with appropriate amounts of oxides of the elements to be measured The standards were then mixed 
wrth graphtte m 3 1 ratio (standard graphtte), wrth 12?, of a spectrochemtcal buffer (NaCl-KCI) and with 
0 17, of GeO, as internal standard 

The tellurtc acid samples are dried and mixed m the same manner as the standards Ignited tellurtc actd 
was used for trradiatton 

Sp~ctro~raphtc procedure 

Duplicate standards and samples were exctted m a 12-A d.c. arc. In order to mcrease the yreld of the sample 
entering the excttation zone. an NaCI-KCI buffer was added to the tellurtc actd sample It has been shown’,6 
that addmg alkali metal salts lowers the tomzation threshold and mcreases the senstttvity of determmatton of 
impurities 

The spectrograph used was a Jarrel-Ash type with a diffractron grating wtth 600 hnes/mm The mam 
spectrographic conditions are gwen tn Table 1 

Table 1 Apparatus and operatmg condttrons 

Spectrograph 
Wavelength regton 
Sht-wtdth 
Analyticai gap 
Excttatton source 
Electrodes 

Sample charge 
Preburn ttme 
Exposure 
Emulston. erc 

Jarrel-Ash with flat grating 
220-360 nm (first order) 
20 jim 
4mm 
Jarrel-Ash Varrsource, 12 A, d.c. arc. 
Counter-electrode (cathode)-graphtte rod, spectral grade, 3.1 mm diam., used as 

obtained 
Sample electrode (anode)-graphite. 63 mm dram , crater 5 mm deep, 4 5 mm internal 

diam 
70 mg 
none 
40 set 
Kodak SAl. developer D-19, 4 mm at 20’, using Jarrell-Ash photoprocessor. 
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The spectrograms were measured on a Jarrell-Ash microphotometer. The analytIca hnes and concentration 
ranges are hsted m Table 2 

Table 2 AnalytIcal hnes and concentration 
ranges of determmatlon 

Element Line, nm Concentration range, ppm 

Cd 228.8 
Be 234.8 
Sb 259.8 

Mg 279.5 
Mn 280.1 
Pb 283 3 
Sn 284 0 
Ga 294 3 
Cr 301 7 
Fe 302 0 

N1 305.0 
Pt 306.4 
BI 306.7 
Al 308.2 
In 325 6 
T1 334.9 
Zr 339 1 
Rh 339.6 
Pd 3404 
co 345.3 

l-20 
0 l-10 
4-100 
0.2- 10 
0.2- 10 
0 2-10 
04-40 
0.2-40 
0 4-20 
0 4-20 
04-20 
4-100 
04-20 
0 2-20 
0 2-20 
04-10 
l-100 
0.4-10 
04-10 
04-10 

The reproduclbdlty of the method, expressed as relative standard devlatlon. IS + 10-259, The recovery IS 
given m Table 3 

Table 3 Recovery 

Recovered 

Element Added, w pg 4; 

Be 2 18 90 
Fe 2 17 85 
Mg 2 19 95 
Mn 2 20 100 
Sn 2 21 105 
Cr 2 1 75 88 
Nl 2 24 120 
TI 2 2.3 115 
Pd 2 2 25 113 
In 2 1.78 89 
co 2 190 95 

Results of analyses of tellurlc acid performed by our method are shown m Table 4. The method proved to be 
convement for analysis of tellurlc acid because of rts slmphctty and speed 

Table 4 Spectrochemlcal analysts of tellurIc dcld 

Element Be Cd Mg Mn Pb Sn Cr NI Pt 
Concn., ~prn co1 cl 04 05 15 <04 I5 14 10 

Element BI Zr Pd In Rh Co Sb Te Al TI Ga 
Concn. pprn <0.4 I <0.4 0.6 I4 <04 4 2 5 08 06 
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Summary-An emission spectrographic method is described for determmation of 20 elements 
present as tmpurtties m telluric acid Samples are excited m a 12-A d.c arc wtth the use of NaCl- 
KC1 as a spectrographic buffer and germamum as internal standard. The limit of determination hes 
between lo-’ and 1O-2% The prectsion of the method calculated as relative standard deviatton 
IS 10-259; 

Zusammenfassung-Em emissionsspektrographisches Verfahren zur Bestimmung von 20 Elemen- 
ten, die als Verunremtgungen m Tellursaure vorhegen, wird beschrieben. Die Proben werden m 
emem 12 A-Gleichstrombogen mit NaCl-KC1 als spektrographischem Puffer und Germamum als 
mnerem Standard angeregt Die Grenze der Bestimmbarkeit hegt zwischen lo-’ und 10e2% 
Dte Genauigkeit der Methode, als relative Standardabweichung berechnet, 1st lO-25% 

Resume---On decrtt une methode spectrographtque &emission pour le dosage de 20 elements 
presents a l’itat d’impuretes dans l’acide tellurique Les Cchantillons sont excites dans un arc a 
courant contmu de 12 A en employant NaCl-KC1 comme tampon spectrographique et le germanmm 
comme etalon mterne La limite de dosage se sttue entre 10-s et 10m2% La prectsion de la 
mtthode. calculte en icart type relatd est de lo-257” 
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MICROANALYSIS OF SULPHIDE, SULPHITE, SULPHATE AND 
THIOSULPHATE BY THIN-LAYER CHROMATOGRAPHY 

AND RING-COLORIMETRY 

(Recerved 31 December 1971 Accepted 29 May 1972) 

For the micro-separation of inorganic sulphur compounds, paperres and ion-exchange6” chromatography 
have been most often used. with httle attention being given to thm-layer chromatography (TLCks-i2 and 
that only of a quahtattve nature 

Thts paper describes an efficient separation of S2-, SOa2-, SO,‘- and S10s2- on microcrystallme cellulose. 
and then subsequent determination by the Weisz ring-oven technique I3 The successful combmation of these 
two techniques by Johrr er al ‘4-19 has already been reported 

EXPERIMENTAL 

Apparatus 

Glass plates (200 x 50 x 3 mm) coated wtth a 0 2-mm thick layer of mtcrocrystallme cellulose without binder 
(Camag. DSF-0). kept overmght before use 

The mm+vacuum-collector devised by Levrtt*O was used for scoopmg out zones from the chromatograms 
Hamilton micro-syringe for spottmg the plates 

Reagents 

Analytical grade sodmm sulphtde. sulphtte. sulphate and thiosulphate were dtssolved m doubly dtstilled 
water to gave 1 mgml stoch soluttons of each 
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THIOSULPHATE BY THIN-LAYER CHROMATOGRAPHY 

AND RING-COLORIMETRY 

(Recerved 31 December 1971 Accepted 29 May 1972) 

For the micro-separation of inorganic sulphur compounds, paperres and ion-exchange6” chromatography 
have been most often used. with httle attention being given to thm-layer chromatography (TLCks-i2 and 
that only of a quahtattve nature 

Thts paper describes an efficient separation of S2-, SOa2-, SO,‘- and S10s2- on microcrystallme cellulose. 
and then subsequent determination by the Weisz ring-oven technique I3 The successful combmation of these 
two techniques by Johrr er al ‘4-19 has already been reported 

EXPERIMENTAL 

Apparatus 

Glass plates (200 x 50 x 3 mm) coated wtth a 0 2-mm thick layer of mtcrocrystallme cellulose without binder 
(Camag. DSF-0). kept overmght before use 

The mm+vacuum-collector devised by Levrtt*O was used for scoopmg out zones from the chromatograms 
Hamilton micro-syringe for spottmg the plates 

Reagents 

Analytical grade sodmm sulphtde. sulphtte. sulphate and thiosulphate were dtssolved m doubly dtstilled 
water to gave 1 mgml stoch soluttons of each 



Procedure 

For the quahtatlve analysis of the among drops of a 1 “/& aqueous zinc acetate soluuon were apphed 
along the base-line at Eve d&erent pomts on the cellulose-coated plate wtth the help of a pomted paper 
wrck. The plate was dried and then the test solutions of SOs2-, SO,‘-, S2Us2- and Sz- tons were 
apphed m that sequence at the first four pomts, and a mrxtum of the four was apphed at the fifth pomt. 
The volumes applred were m the range l-5 ,ul, The plate was developed by the ascendmg techmque 
m n-propanol-1M ammoma-acetone (30.20 : 2, v/v) for 30 mm at 28-30”. affordmg a clean separatton of the 
canstttuent anions. The plate was removed from the Jar and drred m a stream af cool an and the respective 
antontc spemes were located by spraymg with the reagents listed m Table 1 Durmg the spraymg with 
drfferent reagents, glass plates were used to mask those areas of the thm-Iayer plate whrch were not to be examrned 
The R, values were SOs2- > StOs2- > SU4r- z S2- No movement of Sr - tons were observed smce these were 
precrpttated as ZnS. 

Table I, Detectton of tons after TLC separatron 

IOIl 

!P- 

SO,“_ 

SzQs 
z- 

SQJ*- 

Spray reagent 

Aqueous 1% silver nitrate solutton 

Aqueous O-l% banum chfonde and 
aqueous 0.1% sodium rhodrzonate solutrons 

Aqueous 1% stlver mtrate solution 

Mrxture of equal volumes of aqueous 1% 
cobalt m&ate contammg a few drops of dtf. 
acetic acrd and saturated sodium azrde 
solution. 

Colour 

Brown black 

Yellow agamst a red 
background 

Brown black 

Yellow 

RF 

zero 

028 

051 

0 70 

Lrmrt of 
ldenttficatron, 

/19 

02 

10 

05 

0.5 

For the sem~q~ntl~tivedeterm~~tion ofamons, zxnc acetate sob&on was apphed at four different points along 
the base-line on the thm-layer plate, leaving suffictent space between the spots so that there was no sideways 
overlap of spots durmg the chromatography. The fifth spot used m the qualttatlve procedure was not 
needed smce only one vtsuahzmg agent, silver nitrate, was employed for both Sa- and S,0j2- tons 
(Table 1). 

Next, one drop of a known mtxture of St-, S&*-, StOas- and SO,‘- rons was apphed to each of the 
first three zmc acetate spots, and a known volume of the test sample to the fourth spot. The plate was developed 
as described earher The three developed regions ol the known anionic mixture were sprayed respectively wtth 
solutrons of silver n&ate (for S*- and S,Os’- ions), sodium rhodtzonate with barium chloride (for SO,‘- 
ions) and cobalt mtrate with sodium aztde (for SO,*- tons). Next, the regions correspondmg to SO,*-. 
SOa*- and S,O,*- Ions on the unsprayed test chromatogram were sucked out by means of a mmr-vacuum- 
collector. The plate was then developed wrth water for a few em &stance m order to remove all the unreacted 
zmc tons, taken out of the jar, dried tn a hot air stream. cooled, and fumed over bromme to oxldtze zmc 
sulphtde to sulphate, which was then also sucked out. The vacuum-collector was dismantled, the Inner tube 
contamrng one particular amonrc species plus cellulose powder was taken out, and the anions from this tube, 
which would serve as a mint-column, were leached out with water onto a Whatman No 41 filter paper 
(55 mm diameter) placed on the rmg oven heated at 100-t 10“ The anions were then brought into the rmg zone 
by washing wtth water The same process was repeated for the other anionic spectes. The mdlvrdual anion 
spectes were then treated with the chromogentc reagents lrsted m Table 2. 

For semiquantttatrve evaluattan, the mtensrttes of the coloured rings obtamed with the dtfferent amomc 
species were compared vrsually with those of standard rmgs prepared separately,’ and correspondmg to 
I-10 ~1 of standard solutton. Results of a few representatrve determmatrons are given m Table 2. 

The TLC separatton gives compact spots for SZ-, SO,*- and SO+‘- tons, and a shghtly blurred spot for 
S2032- tons. The function of applymg nnc acetate m the begmnmg IS to fix SL- eons as ZnS, though the 
rncluston of nnc acetate m the solvent system causes some tartrng due to S.‘- Ions A study of the results 
(Table 2) suggests that the errors he withm the permtssrble hmtts for semi-quantttatrve analysis Moreover. 
the combmation of the two techniques descrtbed offers the advantages of speed and srmphcity and at the same 
ttme requires only mexpensive apparatus 
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Table 2 Representative results of determmatlons 

Metal ion employed 
for the indirect Amon Anron 

Amon determmatlon of Developmg agents for Colour of taken, found, 
determmed anions the metal eon the rmg mglml mglml 

s*- Zmc Alcoholic 1% diethylamhne Red 4 10 43 
and aqueous 1% pottas- 2 25 23 
slum ferricyamde solution 100 0.95 

SO,Z_ Lead Aqueous O.lO,, so&urn rho- Blue violet 3 20 31 
dlzonate and fume over 2.75 2.9 
HCI 1.85 18 

SO,Z_ Lead (a) Fume over bromine Blue violet 245 25 
(b) Aqueous 0 1% sodium 3 30 32 

rhodizonate and fume 1 50 15 
over HCI 

s,0,*- - Aqueous 1% sdver mtrate Brown 3 50 34 
black 1 10 12 

260 27 

Acknowledgement-A grant received from the Council ofScrentdic and Industrial Research, New Delhi (India) and 
the gift of cellulose powder from CAMAG (Switzerland) are gratefully acknowledged 

Department of Chemlstrj A.C HANDA 
Untters~ry oj Delhi K N. JOHRI 
Delhr-7, India 

REFERENCES 

1 
2 
3 
4 
5 
6. 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

P A Trudmger, Australian J Bzol SC]., 1964, 17, 459. 
Idem. J Bacterrof , 1967, 93, 550. 
F H. Pollard, D J Jones and G. Nlckless. J Chromatog., 1964, 15, 393 
B Skarzynskl and T W. Szczepkowskl, Nature, 1959, 183, 1413 
M Okuzuml and K Imal, Hokko Kogaku Zasshl, 1965.43, 10 
A Oguchl, Bull. Chem Sot Japan, 1958, 31, 597, 600 
P. A Trudmger, Australtan J. Bjol. SCL, 1964, 17, 446 
F H Pollard, G. Nxkless and R B Glover, J Chromatog., 1964, 15, 533. 
H Seiler and H Erlenmeyer, He/c Chum Acta, 1964, 47, 264. 
F H Pollard, G NIckless, K Burton and J Hubbard, Mzcrochem., J., 1966, 10, 131. 
D P Kelly. J Chromatog., 1970, 51. 343 
M P Volynets and A N Ermakov. Lisp Khlm, 1970,39,934. 
H Weisr Macro Analps by the Rmg Oven Techmque, 2nd Ed, Pergamon, London, 1970. 
K N Johrl and H. C Mehra, Muzrochem J., 1970, 15, 642. 
Idem. Mtkrochlm Acra, 1970. 807 
K N Johrl. H C. Mehra and N K Kaushlk, Chromarographux, 1970,3, 347 
K N Johrl and H. C Mehra, Mlkrochrm. Acta. 1971, 317 
Idem. Chromatographla, 1971. 4, 80 
A C Handa and K N John. tbld., 1971. 4. 530 
M J Levitt. rbld. 1971. 4. 75 

Summary-Clean and rapId analytxal separations of microgram quantities of Sz-, SO,‘-, 
SO,‘- and S,O,‘- Ions have been accomphshed by ascendmg thin-layer chromatography on 
microcrystalhne cellulose with n-propanol-1 M ammoma-acetone (30 f 20 .2) as the solvent system 
The separated species have been determmed by rmg-colorimetry 

Zusammenfassung-Saubere und rasche analytxhe Trennungen von Mikrogrammengen S2-, 
SO:-, SO:- und S,O:- wurden durch aufstelgende Dunnschichtchromatographie an nukrokn- 
stallmer Cellulose mlt n-Propanol-1 M Ammomak-Aceton (30 20 : 2) als Lbsungsmlttel erzielt. 
Die getrennten Spezles wurden durch Rmg-Kolonmetrle bestimmt 
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R&sum&-On a rdahst des stparatlons analytiques nettes et rapldes de quantltts d’lons SL-. 
soa2-, so,z- et S,0a2- de l’ordre du mIcrogramme par chromatographle en couche 
mmce ascendante sur de la cellulose mlcrocrlstalhne avec le mtlange n-propanol-ammomaque 
lM-a&tone (30. 20 : 2) comme systbme solvant. Les esptces sipartes ont itC ditermmees par 
colonm6trie annulaire 
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SPECTROPHOTOMETRIC DETERMINATION OF STRYCHNINE 
AND METHYLATROPINE BY EXTRACTION WITH 

TETRABROMOPHENOLPHTHALEIN ETHYL ESTER 

(Received 5 Aprrl 1972. Accepted 15 May 1972) 

Some acid dyes,‘,’ such as Bromothymol Blue, ‘-’ Bromocresol Green6 or Bromophenol Blue’ * have been 
used for the spectrophotometraz determination of ammes, alkaloids or quaternary ammomum salts These 
dyes are dlbaslc acids, and have serious drawbacks because of their extreme sensltlvlty to change m 
acidity; an indeterminate number of 1 1 and 1 2 Ion-pairs are formed with resultant poor reproduclblhty 
and extreme pHdependence. 

Tetrabromophenolphthalem ethyl ester (TBPE), which has Just one acidic group, IS able to form only a 
1 1 Ion-pair complex, which 1s reproducibly extracted Various ammes, alkaloids and quaternary dmmomum 
salts have been extracted with TBPE at pH 7 5 mto 1,2-drchloroethane. The colour of the extracts fall into 
three categories: (I) blue (iomc form of TBPE) which 1s extracted m the presence of many quaternary ammomum 
salts and alkaloids such as spartem, (II) red which IS developed m the presence of alkaloids such as 
strychnme, physostigmme, qumldme and homatropme, a weak red colour 1s given by ammes such as 
a-naphthylamme and trlethanolamme; (in) yellow (molecular form of TBPE) wtnch IS the same colour as the 
reagent blank even m the presence of amhne, dlmethylamme, N,N’-dlmethylformamlde, ethylenedlammetetra- 
acetic acid, or mtrllotriacetlc acid. If the extraction IS performed from acidic solution, the colours of the 
extracts are all yellow even m cases (I) and (II). 

This paper deals with the determmatlon of methylatropme and strychnine as representatives of the 
quaternary ammomum salts and the alkaloids, and as widely used medlcmes (parasympatholytlcs etc) 
Hexamtrodlphenylamme has been used as a spectrophotometrlc reagent for alkaloids or quaternary 
ammomum salts,’ ‘O and tltrlmetrlc methods have also been investigated “-‘4 

EXPERIMENTAL 

Reagents 

Tetrabromophenolphthaleln ethyl ester (TBPE) pocassxm salt (m w 700 I) Welghed amounts were dissolved 
m ethyl alcohol. 

Standard strychnrne and methylarropme solutions. Weighed amounts of strychnine sulphate (dried at 105’) or 
N-methylatropme bromide (dned at 105’) were dissolved m water and diluted to known volume. 

Buffer solutrons, pH 8 and pH 9.5. Appropriate volumes of 04M potassium dlhydrogen phosphate, 0 06M 
sodium borate and 3M sodium hydroxide were mlxed 

All the chemicals were of reagent grade. and demmerahzed water was used 

Procedures 

Sfrychnme. Transfer 2-10 ml of strychnme solutron (20 x IO-‘M), 2 ml of TBPE solution (4 x lo-‘M), and 
5 ml of buffer solution (pH 8) into a 100-ml separatmg funnel, dilute to 25 ml with water and shake the 
solution for 2 mm with 10 ml of 1,2-dlchloroethane. After separation of the two layers, run off the extract 
mto a glass tube through a filter paper to remove any droplets of water Measure the absorbance of the 
extract at 560 nm, using a reagent blank or water ds a reference 
Methyhtroprne Transfer 2-10 ml of standard methylatropme solution (1 0 x IO-‘M), 2 ml of TBPE solution 
(2 x IO-‘M). and 5 ml of buffer solution (pH 9.5) into a IOO-ml separatmg-funnel Treat the mixture In the same 
manner as described for strychnme Measure the absorbance at 615 nm. 
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Absorptron spectra 

RESULTS AND DtSCUSSlON 

In the absence of methylatropme or strychnme a yellow compound IS extracted mto dtchloroethane, 
whtlst m then presence a blue (& 615 nm) or red (i.,,, 560 nm) one IS formed The change m colour may be 
attrtbuted to the formation of an ton-pan or addttton compound between the TBPE and the quaternary 
ammonmm catron or the alkalotd 

Eflct of wrzables 

pH Methylarropme or strychmne was extracted wtth TBPE from a sertes of aqueous soluttons buffered at 
various pH values The absorbance of the extract was constant when the pH of the aqueous phase lay wtthm 
the range 9 O-10 5 for methylatropme and 7.0-9.0 for strychmne Extreme pH-dependence was observed for the 
determmatlon of qumme or thlamme with Bromophenol Blue’ or Bromothymol Blue.’ hmilarly, constant 
absorbance many pH range could not be obtamed when Bromophenol Blue or Bromocresol Green was used as 
extractant for methylatropme or strychmne 

Reagent concentration It IS found that the concentratton of TPBE should be mamtamed at more than 
20-fold molar excess over methylatropme or 40-fold molar excess over strychnine to obtain a maxtmum and 
constant extraction Excess (2-10 ml) of the buffer solutron used m the procedure had no mfluence on the 
absorbance of the extracts. When the amount of the buffer solutron was less than 2 ml. separatron of the two 
layers was poor 

Solrentfor exrraccron The behavtour of vartous solvents m the extractton was studted Solvents were found 
to fall mto the followmg categorres 

(I) Those whrch enhance the extractton, e g., 1,2-dtchloroethane, chloroform 
(ri) Those whtch do not extract the coloured complex even m the presence of quaternary ammonmm salts 

or alkalords, e.g. carbon tetrachlonde, cyclohexane, n-hexane, toluene, monochlorobenzene 
fur) Those wtth which the blue TBPE IS extractable even without quaternary ammonium salts or alkalotds. 

ey., butyl acetate. ether, ethyl acetate. rsopentyl alcohol, mtrobenzene, methyl tsobutyl ketone 
Of these. 1.2-dtchloroethane was found to be most suttable for the extractton of the methyl- 

atropme or strychnme complexes 

Oriter tiarrableP Full colour development tooh about 1 mm of shakmg Contmued shaking up to 5 mm 
produced no further change m absorbance. The colour mtenstty of the dtchloroethane extracts remams constant 
for 1 hr 

Fluctuattons m room temperature (14 -22”) were wtthout measurable effect on the absorbance 
Cahbratton and precwon A hnear relatlonshlp was obzerved between the absorbance of the extract and the 

concentration of methylatropme (8.0 x lo-‘40 x 10V6M, molar absorptlvlty 190 x 10’ I~mole-‘~cm-l at 
615 nm) or strychnine (1.6 x 10e6-8.0 x 10w6M, molar absorpttvtty 8.0 x lo4 l.mole-‘cm-’ at 560 nm) m the 
unttal aqueous phase 

The reproduc~bllIty was estimated from the results for ten sample soluttons, each wtth a final methyl- 
atropme concentratton of 4.0 x 10e6M The mean absorbance was 0 761, standard devtatton @008 

Compostrron of the coloured species 

Contmuous vartattons plots (TBPE + methylatropme = 8 x 10e6MM, i, = 590, 615 and 630 nm; TBPE + 
strychnme = 5 x 10-5M. j. = 540. 560 and 600 nm) have a maxrmum at 05 mole-fractton of TBPE. 
mdtcatmg a 1 I TBPE-methyIatroptne or TBPE-strychnine ratto 

In order to mvestt8ate the state of the coloured spectes m drchloroethane, the electrical conductrvtty of the 
extracts was measured The results obtamed shows that the TBPE-methylatropme spectes IS m the tomzed 
state and the TBPE-strychnme spectes IS m the molecular state m dtchloroethane The extracted specres 
therefore. may be formulated as StrychnmeH(TBPE) and [Methylatropme]+[TBPE]- 

Etfecr of foretgn sl(bstance.~ and anafysts of pracrzcal sampies 

Potassmm nitrate. ammomum sulphate, magnesmm chlottde, calcrum chlorrde, acetates. citrates. sahcylates, 
glucose. lactose. o-cresol. phenol and amlme do not mterfere m the determmatron of methylatropme or 
strychnine when present at the level of 2 x 10e3M Alkalotds interfere. 

The method was apphed to a strychnme mJectron obtained from a drugstore The result was 2 57 x lo-“M 
strychnme by the proposed method. and 2 48 x 10e3M by the tttrlmetrrc method r4 

The proposed method has proved apphcable to the deter~nat~on of many quatemary ammonium salts and 
alkaloids such as spartem. qumme. physosttgmme, homatropme, and atropme 

*MASAHIRO TSUBOUCHI 
*TADAO SAKAI 

mtorl L ,111ers1t\ ~T~SHIKAZU WATAKE 
7iotrorr. Jnpm ~KAZUHITO KANAZAU’A 
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Summary-A new apphcatlon of monoactdic dyes IS reported for the determmatlon of strychnme 
and methylatropme The method IS based on solvent extraction mto 1,2-dichloroethane of the 
Ion-pir or addltlon compound formed between tetrabromophenolphthalem ethyl ester and 
quaternary ammomum salts or alkaloids. The absorbance of the extracts 1s linearly dependent on 
the concentration of strychnme or methylatropine mitlally present m the aqueous solution 

Zusammmfassung-Es wlrd uber eme neue Anwendung van Farbstoffen mit emer sauren 
Funktion zur Bestimmung von Strychnm und Methylatropm benchtet. Die Methode beruht auf 
der Extraktlon des Ionenpaars oder der Additionsverbmdung aus Tetrabromphenolphthaleln- 
gthylester und quartaren Ammomumsalzen oder Alkaloiden m 1,2-Dichlodthan. Die Extmktion 
der Extrakte hangt hnear von der Konzentration von ursprunghch m der wal3rigen Losung 
vorhegendem Strychnm oder Methylatropm ab. 

R&sum&On rapporte une nouvelle apphcatlon d’un colorant monoaclde au dosage de la 
strychnine et de la mbthylatropme La methode est basic sur I’extractlon par solvant en 
1,2-dichlor&thane de la paIre d’ions ou de compost d’addition form6 entre l’ester Bthyhque de la 
tttrabromoph&nolphtaltlne et les d’ammomums quaternalres ou les alcaloldes 11 y a relation 
linhlre entre l’absorptlon et la concentratton en strychnine ou en mCthylatropme mltialement 
prbsente dans la solution aqueuse 

Tolunru. Vol 20. pp 224-227 Pergamon Press 1973 Prmted m Great Bratam 

STUDY OF Cu(II)-HYDRAZINE-6-METHYLPICOLINALDEHYDE 
SYSTEM: A NEW “IN SITU” REACTION 

(Recewed 23 February 1972. Accepted 5 July 1972) 

The analytlcal apphcatlons of 6-methylplcolmaldehyde acme (6-Me-PAA) and hydrazone (6-Me-PAH) as 
photometric selective reagents for copper(I) have been reported. ’ * This paper reports primary and secondary 
“m wu” reactlons between (I) copper(I1) and 6-Me-PA and hydrazme. and (II) copper(I)-6-Me-PAA with 
hydrazme or hydroxylamme. These “m S~CU ” colour developments sometimes have practical advantages ’ 6 

EXPERIMENTAL 

Reuyents 

&Me-PA, 6-Me-PAA and 6-Me-PAH. Aqueous or ethanohc solutions of 6-Me-PA, hydrazme hydrate. 
hydroxylamme hydrochloride, 6-Me-PAA, and 6-Me-PAH were used. The synthesis of the latter reagents has 
been described previously ’ * 

Bugler FolutlonA Acetlc acid-so&urn acetate and boric acid-sodium hydroxide mixtures were used as 
appropriate. 

All the reagents used were analytical grade 
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General procedure 
The samples were prepared m SO-ml flasks wtth varymg amounts of copper, buffer solutton and reagents 

They were dtluted to volume wtth dtsttlled water, and then absorbances measured agamst blank solutions 
prepared m the same way but with no copper. If necessary, samples were heated m a water-bath before 
transfer to the volumetric flasks 

RESULTS AND DISCUSSION 

Reactton between Cu(ll). hydrazrne and &Me-PA 

Hemertch er al ’ have described the formation of a weak bidentate complex between Cu(l1) and 6-Me-PA at 
pH 4 wtth release of a proton. At the pH used m the present work, 8.6, thts reaction could not be 
detected Hydrazme reduces Cu(I1) to Cu(1). whtch prectpttates as oxtde in the absence of a complexmg medium 
If 6-Me-PA IS added, the precipitate disappears. and the solution becomes brtghtly coloured 

Several samples were prepared with 5.9 ppm of copper. 2.5 ml of 005h4 ethanohc solution of 6-Me-PA, 
vartable volumes of 005M aqueous solution of hydrazme hydrate and 10 ml of pH 8.6 buffer The 
mixtures were heated at 60” for 15 min. the higher temperature favounng the formation of Cu(I)-6-Me-PAA. 

The formation of the copper(I) complexes IS influenced by PH,‘.~ whtch for thts system should be between 
6 5 and 10 

When the molar ratio aldehyde . hydrazme is 2. 1, the azme IS formed (Table 1) Thts IS more soluble in 50% 
aqueous ethanol than m water 

The Cu(I)+Me-PAH complex IS formed when the molar ratio between aldehyde and hydraone is 1 1, 
Table 1. but 2 5 ml of 0.05M solutions of the reagents were used to obtam a shght excess The solutions 
of both complexes were stable for at least 8 hr and longer heatmg periods dtd not improve the stabihty 
If the reactton IS carrted out at room temperature, the senstttvtty IS lower and the amount of reagents reqmred 
is greater 

Reactron hetnrm 6-Me-PA and Cu(l)-6-Me-PAH complex 

Several samples were prepared with 5 ml of a neutralized 0 1” j0 solutton of 6-Me-PAH hydrochlortde, 
10 ml of pH 8 6 buffer, 10 ppm of Cu(I) and various volumes of 0 5M ethanohc solutton of 6-Me-PA On 
mtxmg there was an almost mstantaneous dtsappearance of the absorption maxtmum at 425 nm, due to the 
Cu(I)-hydrazone complex. and formatton of a maximum at 470-80 nm due to the Cu(I)-azine complex With 
0 5 ml of aldehyde solution. the transformatton took place m 30 mm. and with 1 ml 5 mm. Heating the 
samples was unnecessary 

Table 1. Primary “m srtu” formation of 
cuprous complexes 

Molar ratto 
6-Me-PAjhydrazme 

Absorbance 

480 nm 425 nm 

5.00 0.500 0.338 
2.00 0.520 0.325 
1.66 0510 0.360 
1.42 0490 0 380 
125 0450 0.430 
111 0.415 0507 
100 0 320 0.620 
083 0 240 0.630 

“In sttu” reactzons based on exchange of ;C=N- groups 

Tiansformatron oJ6-Me-PAA mto 6-Me-PAH m presence of copper When 1 ml of 0.25M hydrazme hydrate 
solution was added to 5 x 10e5M 6-Me-PAA at pH 8.6, the characteristic azme bands at 309 and 318 nm 
disappeared and a maxtmum at 293 nm and a shoulder at 260-5 nm, corresponding to 6-Me-PAH, were 
formed There are two isosbesttc pomts. at 299 and 226 nm To confirm these spectral data, 6-Me-PAH was 
Isolated m a crystallme state from the reaction mixture at greater concentration, and examined 

In the presence of copper. this transformatron IS detectable m the vtsible region A sample contaimng 10 ppm 
of copper. 5 ml of 0 lo, ethanohc solution of 6-Me-PAA, IO ml of pH 86 buffer and 5 ml of 046M 
hydrazme hydrate was prepared The absorption spectrum of the Cu(I)-azme complex gradually disappeared. as 
the maximum at 425 nm correspondmg to the Cu(I)-hydrazone complex was formed. There are two tsosbesttc 
pomts at 462 and 391 nm but the mIttal curve without hydrazme does not pass through them 
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The optimum condltlons are 2 ml of 1M hydrazme hydrate and 5 ml of 0 1:; 6-Me-PAA solution The 
solutions were stable for l-9 hr after their preparation. Prior heating of the samples does not improve their 
stability. The order of addition of the reagents has no Influence. 

??ansformarron of 6-Me-PAA mo 6-Me-PA0 in presence of copper 6-Methylplcolmaldehyde oxlme (6-Me- 
PAO) has been isolated by heating a suspension of 6-Me-PAA m a hydroxylarmne solution at pH 8.6 Its 
melting point, ultraviolet spectrum and reaction with the cuprous ion are the same as those of 6-Me-PA0 
prepared by the usual procedure ’ This transformation was checked spectroscopically m the same way as m the 
previous case, but now 1 ml of neutralized 0.25.U hydroxylamme hydrochloride was added instead of the 
hydrazine. The acme spectrum disappeared, and that of the oxime was formed (maxlma at 280-6 nm and 244 nm). 
with lsosbestic points at 293 and 224 nm. 

This transformation also takes place m the presence of copper under the same conditions as described above 
The band at 470-80 nm disappears, as a stronger band at 425 nm appears, due to the Cu(I)-oxlme complex 
There are two isosbestlc pomts at 454 and 391 nm. 

The variables which influence the reaction were studied and It was concluded that maxImum colour development 
takes place at room temperature, at pH 4 S-5.3 with 3 ml of 1M hydroxylamme hydrochloride and 
5 ml of 0.1% 6-Me-PAA solution. The solutions were stable for at least 48 hr. The order of addition of the 
reagents has no influence. 

DISCUSSION 

The copper(I) complexes of 6-methylpicohnaldehyde acme and hydrazone can easily be obtained by 
pnmary U m Situ” synthesis, from solutions of Cu(II), hydrazme hydrate and 6-methylplcolinaldehyde. accordmg 
to the proportion of the last 

The action of 6-Me-PA on the yellow solutions of the Cu(I)-hydrazone complex was also tested, these 
solutions are rapidly transformed into red solutions of the Cu(I)-azme complex. The aldehyde Interacts with the 
terminal amino group which does not participate m the formation of the complex, as its nitrogen atom IS not 
Included m the “cuprome” grouping of the molecule. The shift of I,,, from 425 to 470-80 nm IS 
probably due to the mcreay of conJugatlon m the system m the hgand on passing from hydrazone to azme 

The exchange between ,C=N- bonds has been reported. lo The formation of a new bond depends on the 

eqmhbrmm 

>c==N-R + H,N-R _ ~C=N--R’ + HzN-R 

which IS displaced by the excess of one of the reactants. The converSion of azmes mto hydrazones by the 
action of hydrazmes has been known for a long time. “J The reaction of an excess of hydroxylamme 
with 6-Me-PAA leads to the formation of two molecules of oxime m two stages. the formation of 
hydrazone and oxime, followed by the transformation of hydrazone mto another oxlme molecule, and a 
hydrazme molecule. Therefore a lesser amount of hydrazme than hydroxylamme IS required to carry out the 
respective transformations. This may also be the cause of the formation of oxlme being much slower than that 
of hydrazone, which takes place m a smgle step whereas the Cu(I)-oxime complex 1s produced more 
quickly than the corresponding Cu(I)-hydrazone. In all cases a 100 1 molar ratio of amme to 6-Me-PAA was 
used. 

In the diagram the two types of “m situ” reaction applied to the Cu(II)-hydrazme-6-methylplcolmaldehyde 
system, and the optical constants, are summarized: a thm lme IS used for the reactions based on the reactlon 

of aldehyde with diamme. and a thick line for those based on the exchange of , ‘C=N- bonds 

16-Ma-PA0 hvdrazlne(2 I) -(6-Me-PAAfazme) 1 

nm 



SHORT COMMUNlCATlONS 21 

The molar absorptlvrtles found m these photometrlc reactlons (E’ = primary, and 8” = secondary “WI situ” 
reactIons) are lower than those found with the previously synthesized reagents:’ ’ Go,,,,, = 4.19 x IO3 and 
shydrazone = 6.95 x IO3 l.mole-’ cm-‘. Furthermore, the apsorbtrvity value correspondmg to the transformations 
between complexes IS lower than that of the normal type 

In our numerous experiments with reagents prepared “zn situ“ It has always been observed that the 
apsorbtlvlties are lower than those obtamed with the previously synthesized reagent A satisfactory explanation 
of tlus fact has not yet been found A synthesis of the reagent m insufficient quantity does not seem possible, 
as the amounts of the components are determmed emplrlcally to yield an excess of reagent As the reactive 
components, m all the cases studied, are able to form less stable complexes with the Ions bemg studted, it can 
be supposed that the cation IS shared between the two complexes m proportIon to their stablhty, and so a 
small amount of Ion would be subtracted for the formation of the “m SICU” complex This IS confirmed 
consldermg that m the secondary “in SUU” reactlons. the absorptivity (8”) decreases relative to the primary 
“m situ” type (E’), smce the startmg complex IS stable and the cornpetItIon between hgands m this case IS 
greater 
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Summary-The Cu(II)-hydrauned-methylplcohnaldehyde system m solutlon IS studled. The 
“In SUU” reactions, based on the formatIon of a hgand by condensation of an amme and an 
aldehyde m the presence of the metal Ion, and the consequent formatlon of the coloured 
Cu(I)-azme and Cu(I)-hydrazone complexes are reported. A new mode of homogeneous colour 

development, based on the exchange of ’ ,C==N- groups m the hgand with the metal ion 
present, 1s also described The results are compared with those obtamed with the previously syn- 
theslzed reagents 

Zusammenfassung-Das System Kupfer(II)-Hydrazm-6-Methylplcohnaldehyd wud m Losung 
untersucht Es wlrd uber Reaktionen “m situ,” dre m der Bildung emes Liganden durch 
Kondensatlon emes Amms und emes Aldehyds m Gegenwart des Metallions bestehen, und die 
darauf folgende Bddung der farblgen Kupfer(I)-Azm- und Kupfer(I)-Hydrazonkomplexe berlchtet 
Auch erne neue Art der Farbentwlcklung m homogener Losung wud geschildert. die auf dem 

\ 
Austausch von C=N- Gruppen Irn Llganden rmt dem anwesenden Metalhon beruhen. Die 

Ergebmsse wer& mlt denen verghchen, die mlt frliher synthetlslerten Reagentlen erhalten 
wurden 

R&urn&-On etuche le syst6me Cu(II)-hydrazlne-6-m&hylplcohnaldthyde en solution On rapporte 
les reactlons “m szfu”. basCtes sur la formanon d’un coordmat par condensation d’une 
amme et d’un aldbhyde en la prisence de l’lon m6talhque. et la formatIon constcutlve des 
complexes color& Cu(I)-azme et Cu(I)-hydrazone On dicrlt aussl un nouveau mode de 

dCveloppement de coloration homogtne. base sur l’bchange de groupes JC=N- dans le 
coordmat avec I’lon mttalhque prCsent On compare les rtsultats avec ceux obtenus avec les 
reactIfs synthCtlsCs anttrleurement 
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STABILITY CONSTANTS OF SOME METAL DITHIZONATES 

(Recewed 20 March 1972. Accepted 21 August 1972) 

The mstabthty and poor solubihty of dithizone (diphenylthiocarbazone) m water makes the determmation of 
stab&y constants of its metal chelates difficult. For that reason, the values of the stabihty constants are almost 
unknown’ despite the excellence of dnhrzone as a chelatmg and extraction reagent 

We mvestigated that problem and found a satisfactory solution that is presented m this paper 

EXPERIMENTAL 

Apparatus 

All photometrrc measurements were made with the DU Beckman spectrophotometer, model 2400 (Fullerton, 
California). Quartz cells of l-cm pathlength were used throughout. An Orion model 801 pH-meter (A. H. 
Thomas Co., Philadelphia. Pa.), with combined glass and calomel electrode, was used for pH measurements 

Reagents 

Perchlorates of the metals (G. F Smith Co., Columbus, Ohio) were used as 1M) x lo-‘M aqueous stock 
solutions. Dithrzone (Fisher Certified Reagent, Fan Lawn, NJ ) was purified by Welcher’s method.’ Its 
quality waschecked by paper chromatography with methanol-water 10 1 on Chrom AR500 paper (Mallmckrodt 
Chem. Works, St. Louis, Missouri) and by elemental analysis. The product was chromatographically pure. 
R, = 0.87 It was analysed with the followmg results: C 611)x, H 4 8%, N 21 7%. S 12 4%; required for 
C,sH,,N,S: C 60.9%. H 4.7x, N 21.9%, S 12.5%. 

The 1.00 x 10e3M stock solution of dithizone was prepared by dissolution of 6.4 mg of dithizone m 25.00 ml 
of O.lM sodtum hydroxide and O+lM hydroxylamme hydrochloride. The solution was kept m the dark at 25” 
It was used during the next three hours, then a new solution was prepared. Solutions of O.lM glycme + Oa5M 
hydroxylamme hydrochloride + 0.095M sodium perchlorate and 0.1 M sodium hydroxide were used to adlust the 
pH to 5 55-10.02. 

Measuremenr 

The sequence of buffer, metal ion and dithrzone was adhered to during the preparation of all solutions 
measured. The ionic strength was kept at O.lN (sodium perchlorate), the temperature at 25 k 1” The 
absorbance of solutions was measured agamst a buffer-reagent blank (or buffer-metal blank when an excess 
of metal ion was being used). 

RESULTS AND DlSCUSSlON 

Stabkty of dithizone solutron 

Hydrazme, ascorbic acid, sodium sulphite and hydroxylamme hydrochloride were mvestigated as stabihzmg 
agents for aqueous soluttons of dtthtzone. The last-mentioned reagent exhibits the most convenient properties 
It sufficiently stabihzes the solution of dithizone and its masking and reducmg effects are neghgible for the 

Table 1 Stability of dithizone stock solution* 

Time 
mm 2 8 10 12 17 24 38 48 60 120 180 240 300 

At 1019 1019 1019 1019 1019 1.019 1.019 1019 1.019 1019 1018 1015 1009 0997 

Af 0.985 0.952 0.786 0.419 0 323 0.286 0.273 0.265 - - - - - - 

* Measured after dilution to 4.00 x 10e5M, at pH 6 50 and 470 nm 
t Stabilized solution. 
$ Unstabilized solution. 
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concentrations of metal ions used The ttme-dependence of absorbance of the stabihzed and unstabihzed 
soluttons of dnhtzone IS shown tn Table 1 It can be seen that the stabthty of the stabihzed solutron IS 
qmte satisfactory during the first three hours. 

Stabdtt~~ ofelectroneutral complexes 

Metal dlthazonates are soluble at concentrattons of 10-5-10-6Y at pH > 5 3 Preclpttatlon occurs below 
that value Investigatmg the composition of complexes formed m the range of pH 5 5-6 5 by means of the 
contmuous vartatton method. we found that electroneutral complexes of ML, are formed m all cases, where the 
value of n corresponds to the charge on the metal ton. The occurrence of a smgle complex of ML, was 
checked by the method of Coleman et aL3 employmg the equation 

AA,/AA2 = AE.,,JAE,,,~, = const (1) 

where AA,, AA2 and A+,), AsE,,s, are the efiecttve absorbances and molar absorpttvittes, respectively, 
measured at two different wavelengths We have 

and 

AA, = A, - A,,,, (2) 

where A, and A,,,, are the absorbances of the complexing and hgand (drthtxone) solutton, respecttvely; E.,~, and 
cr,_,, are the molar absorpttvtttes of the complex ML, and of the hgand. 

Plottmg the dependence AA, =f(AA,) for equatton (1) we obtamed straight lures crossing the pomt 
AA, = AA, = 0 throughout. 

Knowmg the value of n for each complex, we determmed 1t.s overall stabthty constant j?., employmg the 
method of stolchtometrtc dilutton 4 Accordmg to that method we have 

b. = Q(Y) x;,,/(Y, n”cu”) (4) 

where akl,v, and aL,u, are the side-reactton coefftclents of the metal wtth the hgand Y of a masking reagent 
(and buffer) and of the hgand L with hydrogen tons, respectively; c,,, IS the total concentratton of the metal and 

(x - 1).+* 

yn = 2”(1 - r)(x - ty 

Table 2 Stability constants of some metal dlthizonates* 

I Ass x lO-3 
Complex pH nm x log au(v) log 8. cm’/mmole u -log v log 81 

Ad- 8.21 400 1.170 1 76 6.98 k 0.15 
BlL, 560 630 1 300t 15.13: 32.11 f 022 
CdL, 6.50 560 l.Ollt 046 15.10 f 0.15 
CoL* 6 50 570 1.014 0.59 13.97 + 0 08 
CUL, 6 50 570 1.034 6 58 19.18 f 0.07 
FeL, 6 50 570 2.050 0 16 899 + 0.11 
HgL, 1002 530 1.005 25.254 40 3 + 0.8 
MnL, 6 50 400 1500 002 9.55 + 007 
NIL, 6 50 570 1.087 2 36 1417kO.05 
PbLz 650 560 I.017 092 14.16 + O-11 
PdLz 6.50 660 1012 7.68 21 78 k 0.08 
SnL, 5 55 640 1240 0.397 11.99 5 0 12 
ZnL, 6.50 590 1.025 1.01 13.96 k 0.08 

405 
- 

21.6 
24.1 
22.6 
16.5 
19.5 
10.6 
18.0 
21 5 
21 5 

8.8 
32.9 

- 
- 
9.77 

59 2 
280 # 
20.0 
49.0 
127 
24.9 
28.0 
52.8 
212 

5 52 

- - 
- - 

1.22 7.81 f 0 11 
2.06 7.52 + 0.09 
1.72 9 35 k 0 11 
1.57 4.78 + 0.15 
1.98 2064 & 0.16 
1.33 444 f O-09 
1.67 7.42 + 0.11 
1.86 7.31 f 009 
2.01 11.39 +o 11 
1.60 6.35 f 0 15 
0.91 6.93 + O-09 

* For determmatlon of j?. c,,, = 2M) x IO- 5M, glycme (cy = 0.08M) as maskmg reagent and a buffer 
were used for stolchlometric dllutlon; log zL,u, = 0 throughout c,., = 4GO x 10e4M, cr. = 403 x 10e5M 
and hexamme buffer of pH 6 20 were used for the determmatton of b1 The value of each stabihty 
constant IS an average of five determmatlons 

t CM = 500 X 10_6M 
: cv = O.OlM (EDTA) 
# CM = 125 x 10-2M. 
4 cl = 0.08M (DTPA). 
c cv = 0lOM (chloride) 
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where 

x = AA/(ZAA’) and f = (x/T) ‘(“+ ’ ) (6) 

AA and AA’ are the effective absorbances measured for C~ = cJn and ch(’ = c,‘/n respectlveiy (c,, = 2~~‘) 
Accordmg to the same method we have for the effective molar absorptlvrty 

A&, = AA(x - t&x(1 - t)] (7) 

and the value of E. IS calculated by means of equation (3) 
All results of this method are collected m Table 2. 

Stabrlity of complexes ML of hvalent ions 

The overall statnlity constants of those complexes can be determmed by employmg an excess of metal Ion 
Since the complexes of ML, are relatively stable, we may write m that case 

CL = WI + 2CML21= C&I& + V&-l) 
where ch( and cL are the total concentrations of the metal and hgand. respectively. and chl P cL The 
expresstons m the square brackets designate the actual concentrations of the correspondmg species. p1 and pz 
are the overall stability constants of the complexes ML and ML* respectively 

The effectrve absorbance of that sotutron will be 

where 

AA = AE,[ML] + As2[MLI] = c~[L](AE& + As,p,[L]) (9) 

and 

AA=A-A, (10) 

A&, = E, - .Q. AQ = E2 - cM (lt) 

A and A, are the absorbances of the complexmg and metal solutlons respecttvely, Ed, E* and Q, are the molar 
absorpttvtttes of the complexes of ML, ML, and metal solutlon respectively. The absorbance and molar absorp- 
tivlty of the ligand can be Ignored, owing to the small concentratton of the free lrgand 

Cornblning (8) and (9) by eiiminatton of [L] we obtain 

r = Z/3,, c1 r2/[/&‘(2k - l)c,,,] - (2k - 1) (12) 

where 

and 

r = 1 - 2AAJ(hzc,) (13) 

k = AE~/AE~ (14) 

Usmg cL’ = c J2, cMP = cM we obtam instead of (12) and (13) 

r’ = &cLr’Z,[~1Z(2k - l)chl] - (2k - I) (1% 

and 

r’ = 1 - 4AA’/(As2cL) (16) 

Combmmg (12) and (15) by ehmmatlon of k we get 

where 

2~~CJ(~,ZC~) = 1/[2(u - l)] 4 1/[2(u - I)]” = D (17) 

u = (r - r’) _ ’ - r’jr (18) 

In this manner we computed the normaltzed function of log v =I‘@). It is plotted m Fig 1 To obtain the 
values of log u with a precision of I IO-21 and to keep r - J 2 0.01, t( should be 2 105 and I 100 Assuming 
cdcL = 10 and u = 100 as iimltmg condttIons, we obtam log B, ‘//& I 1.59 

The case of AA = 2AA’ should be avolded It occurs with Improper selection of either the wavelength tf 
RAE, = AsZ [when the equattons (8) and (9) become Identical] or the ratlo c&, and pH so that only one 
complex (erther ML or MLZ) 1s formed 

Results of the determmatton of the stab&y constants of complexes ML are also collected m Table 2 
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123456 7 8 9 

uxb 

Fig 1 Dependence of log u = f(u) 1 b = 1, 2 . . b = 0 1 

Conclusions 

Employmg spectrophotometry as the method of measurement, the use of stoichiometric dtlution enables us 
to keep the concentration of dithmone at a mmimum level and to perform the determination of overall 
stab&y constants of metal dithizonates in aqueous solution by the method described. In spite of that 
approach, dithizonates of bismuth and cadmium exhibit a great tendency to precipitate, so then stability 
constants should be determined at a total metal concentration c,., = 5.00 x lo-‘M. 

Mercury(H) dtthrzonate 1s so stable that the use of diethylenetriammopenta-acetic acid was necessary to 
adJust its elIecttve stabihty constant Results m Table 2 Indicate that the use of a stronger masking reagent 
would be destrable, but we could not find a better one Mono- and difunctional ligands containing sulphur 
donor groups frequently form mixed complexes wtth dithizone.’ 
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Summary-The overall stabthty constants of electroneutral drthtzonates of btsmuth, cadmmm. 
cobalt(H), copper(H), tron(II), lead(II), manganese(II), mercury(H), mckel, palladmm(II), stlver. 
tm(I1) and zmc were determined by means of stotchtometrtc dtlution m aqueous solution 
stabtlized by hydroxylamme hydrochlortde, at pH 5 50-1002. Stabthty constants of complexes 
ML of btvalent metals were determmed under simtlar condittons but with an excess of metal 

Zuaammwfaaaung-Dte Gesamt-Stabthtatskonstanten der elektrtsch neutralen Dtthrzonate von 
Wismut, Cadmium, Kobalt(II), Kupfer(II), Eisen(II), Blet(II), Mangan(II), Queckstlber(I1). Nickel. 
Palladium(II), Silber, Zmn(I1) und Zmk wurden durch stochtometrtsche Verdunnung m durch 
Hydroxylamm stabthsterter wagrtger Losung bet pH 5 50-10.02 bestimmt. Unter ahnhchen 
Bedmgungen, ledoch mrt Metallhberschul3, wurden dte Stabthtatskonstanten der Komplexe ML 
zwetwertrger Metalle ermtttelt. 

RCumi+-On a determine les constantes de stabtlite globales des dtthtzonates tlectromquement 
neutres de btsmuth, cadmium, cobalt(II), cutvre(II), fer(II), plomb(II), manganbe(II), mercure(I1). 
nickel, palladtum(II), argent, etam(I1) et zmc au moyen de dtlutton stoechtomitrtque en 
solutton aqueuse stabilisee par le chlorhydrate d’hydroxylamme, a pH 5,X%10,02. Les constantes 
de stabrliti de complexes ML de mttaux divalents ont ett dttermmees dans des condtttons 
semblables mars avec un excb de metal. 

Talanta, Vol 20. pp 232-236 Pcrgamon Press, 1973 Prmted ,n Great Bntam 

ENTHALPIMETRY OF NON-AROMATIC ALKENES 

(Recemed 30 May 1972 Accepted 18 August 1972) 

Enthalptmetry IS the analyttcal techmque of determmmg the amount of a substance present m an unknown 
sample by ailowmg rt to react quantttattvely wtth some reagent and measuring the amount of heat produced 
or taken up by the reactton. At constant external pressure, the heat effect 1s equal to the enthalpy change, 
hence the name. Although thermodynamtcs tells us that the AH of reactton may be postttve. negattve or 
zero, the last IS practically never the. case and some heat effect 1s observed for vtrtually all reacttons 
Because of the ubtqmtous heat of reactton, enthalptmetry is an extremely general method. requtrmg only that 
the substance sought undergo a quantttattve reaction wtth some reagent. 

Although thermochemtstry IS a very old sctence, enthalptmetric analysts has attracted wade attentton only 
during the past decade.‘-* In this work, we have combmed the prmctple of enthalptmetry wtth the preferred 
method of olelin determmatton, that of hydrogenation. Recent work has brought olefin determmatton by 
hydrogenatton to a high level of senstttvtty and accuracy. Brown’ has been able to analyse samples containing 
as httle 3 pmole of olefin by means of in stru generation of hydrogen and catalyst. He reported an error of 
about 4% for thts minute amount. Curran and co-workers have reported determmatron of between 1 and 2 
pmole, usmg null-point pressurtmetry and volumetrtc addttton of sodtum borohydrtde to regenerate the hydrogen 
consumed lo More recently, they have determined less than 1 pmole wtth an error of about 69; by thetr 
techmque of substttutrng coulometrtc regeneration for the sodium borohydnde step ‘I 

The hydrogenatton reactton IS quantttattve and raped for most sample olefins.‘*.” hence we have used 
it as the basts of an enthalptmetrtc method for oletin determmatton. r4 The purpose of thts work was to 
modify the extstmg apparatus and procedure so as to take better advantage of the senstttvtty due to the 
large negattve AH of the hydrogenatton reaction We have been able to decrease the workmg range 
by more than an order of magmtude from our prevtous work, to about 2-20 gmole, wtthout sigmficant loss 
m accuracy Moreover, m another serves of expertments, we have decreased the amount of olefin taken to about 
0.6 firnole,-although at thts level the accuracy suffers 

EXPERIMENTAL 

Reagents 

All olefins were obtamed from Chemtcal Samples Co. and 
manufacturers Hexane was obtamed from Fischer Chemtcal Co 
5’; palladtum catalyst on powdered charcoal 

certified to be more than 999; pure by the 
and Matheson. Coleman and Bell supphed the 
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The hydrogenatton reactton IS quantttattve and raped for most sample olefins.‘*.” hence we have used 
it as the basts of an enthalptmetrtc method for oletin determmatton. r4 The purpose of thts work was to 
modify the extstmg apparatus and procedure so as to take better advantage of the senstttvtty due to the 
large negattve AH of the hydrogenatton reaction We have been able to decrease the workmg range 
by more than an order of magmtude from our prevtous work, to about 2-20 gmole, wtthout sigmficant loss 
m accuracy Moreover, m another serves of expertments, we have decreased the amount of olefin taken to about 
0.6 firnole,-although at thts level the accuracy suffers 

EXPERIMENTAL 

Reagents 

All olefins were obtamed from Chemtcal Samples Co. and 
manufacturers Hexane was obtamed from Fischer Chemtcal Co 
5’; palladtum catalyst on powdered charcoal 

certified to be more than 999; pure by the 
and Matheson. Coleman and Bell supphed the 
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Apparatus 

The electrtcal ctrcuttry.‘s essenttally a stmphfied version of what IS used m elementary physical-chemtcal 
laboratortes,t6 does not necessitate electrtcal cahbratton because all measurements are made relattve to a 
standard Thus the enthalpy change of an unknown IS always compared wtth that of a known material 
taken under the same condtttons and m the same calortmeter. causmg many errors to cancel out 
between the two measurements. 

The cell (calorrmeter) IS stmtlar to that prevtously describedI except that tt ts fitted with two rubber 
septa, one a soft septum. fashioned from a serum-bottle cap, and one much harder, fashioned from a # 1 rubber 
stopper The modified cell IS shown m Ftg 1 

The mtcrometer burette was of 0.25 ml capactty and had a hypodermtc needle cemented to the male portion 
of the Luer Joint as shown m Fig 1 

The ortgmal thermistor-thermistor well arrangement’& was replaced by a stamless-steel hqutd tmmerston 
probe of 1/8-m diameter designed for fast response ttme (time constant 2.5 sec. Cole-Parmer Inst Co, Model 
8436) The probe was inserted through a small hole drilled m the hard septum The apparatus for hydrogen 
InJectton. sttrrmg and msulatton of the calortmeter was as prevtously descrtbe.d.t4 

’ Magnet 

Frg 1. Modified hydrogen calorimeter 

Procedure 

Twenty-live ml of hexane and @6 g of 5% palladmm catalyst on charcoal were placed m the calorimeter along 
with a strrrmg magnet, the chamber was closed and the screw cap was sealed down wtth “Stlasttc 732” sealing 
compound (Dow Chemical Co) After 1/2-l hr setting ttme for the sealant, hydrogen was allowed to flow 
for -5 set through the tube which conveyed tt from the tank to the mlet needle so as to clear the tube 
of au The inlet needle was then thrust through the harder of the two septa as shown m Ftg. 1 and 
the hydrogen pressure wtthm the calorimeter was adptsted to 20 pstg by means of the tank valve The 
valve remained open throughout all subsequent steps, maintaining a constant pressure over the reaction 
mixture Wtth vigorous magnetic stirring. the catalyst was activated m about 5 mm wtth considerable evolutton 
of heat Residual an wtthm the calorimeter caused no interference wtth catalyst acttvatton or subsequent 
steps About 1’2 hr was allowed for the calorimeter to return to thermal equihbrmm (about 25”) wtth the 
surroundmgs. while hydrogen pressure remained constant and stirring was contmued at a constant rate of 
400-500 rpm. The method 1s not affected by small vartattons m ambient temperature or sttrrmg speed 
Thermal equthbrmm was indicated by a steady baseline recorded by the potentrometrrc recorder. showing 
that the Wheatstone bridge was m balance and that there was mmtmal heat leak to or from the calorimeter. 
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The mtcroburette was then filled wtth an approxtmateiy 20% soiutton. m hexane. of the oiefin to be 
mvesttgated. Its needle was thrust through the soft septum mto the reaction slurry and tt was clamped mto 
place, as shown m Fig. 1 Between 1 and-20 pi of oiehn soiutton were delivered mto the reactton slurry, 
causmg a wave m the ttme-tem~rat~e curve as shown m Ftg. 2. The ~tenttometer degectton was measured 
by extrapoiatmg the “fore” and “after” temperature&it curves to obtain the vetttcai hne shown m Ftg 2. m 
accordance wtth accepted practse. t’ After discard of the first few readings, further readmgs of potenttometer 
defiectton were tabulated as a function of the miected sample srze m ~1. 

Because of the very small temperature changes mvoived, i0-z-10-3K, thermistor reponse was assumed to be 
imear wtth temperature. For the same reason, the calonmeter was not always allowed to come to thermal 
equtiibrtum between 1nJ~ttons. but, ~rtlcu~rly wrth the smaller samples, successtve miecttons were made at a 
rate of about one per mnmte, the basehne being re-estabhshed by fine adjustments of the bridge or the zero 
control of the recording potenttometer. If, after a series of such measurements, tt was destred to re-establish 
thermal equtiibrmm, cold carbon dioxide gas was allowed to flow over the caiortmeter m accordance with a 
procedure prevrousiy descrIbedI untri the mtttai bridge and potenttometer settmgs were reproduced 

Note. If the mxcroburette IS equtpped with rubber seals, these are attacked by hexane, necessttatmg frequent 
replacement. 

Ftg. 2. Time-temperature curves for thermtstors encased m glass and steel 

RESULTS AND DISCUSSION 

Figure 2 shows that the new the~istor resulted m much steeper ttme-tem~rature curves, tndt~ttng, m the 
cases studted here, that thermistor response-trme was the controihng factor for then shape. Typmai ttme- 
temperature curves are shown m Ftg 2 for a thermrstor contamed m a glass well and the present 
thermtstor encased m thm stainless steel The new thermtstor IS also more senstttve than the prevtous one and 
shows a much more stable baseline than a thermtstor suspended dtrectiy m the reactton slurry Increased 
baseirne stabtiity IS observed because the rrgtd probe transmtts to the brrdge less background notse due to 
sttrrmg than does a fr~iy-sus~nd~ thermistor Decreased response ttme makes the extra~iatton process tn 
Ftg 2 more accurate, hence we were able to work at oieiin concentrations whtch averaged an order of 
magmtude lower than our prevtous work. I4 I8 Table 1 shows the results for several oiefins m quanttttes of 
I 39-37 5 umoie. Tabulated results of amount and correspondmg potenttometer deflectton were fitted by a 
standard least-squares techmque to obtam the “best” imear function sattsfymg the pomts and to obtam the 
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Table 1 Standard devtatton from hneartty for potenttometer deflection 
as a functton of alkene taken m amounts from 14 to 37.5 pmole 

Compound Amount, pmole Rephcates Rei std dev , To 

Cyclopentene 744-37 5 17 2.0 
2-Pentene 2,35-21 2 27 2.0 
Cyclohexene 1.98-15.8 26 14 
Heptene 139-f3.9 17 2.0 
Methylallylbenzene 161-28.9 22 2.4 
Hexene 1.53315 3 25 32 
Hexene 1.67-16 7 24 27 

/’ I I 
0 IO 20 

Hexene solution, ~1 

Ftg 3. Ultramicro dete~tnatlon of mtcromo~ar quantrttes of hexene m hexane- ~tenttometer 
deflection as a functton of amount taken 

standard devtatton, (7, from the function A stmple pubhshed programmel was used to achieve thts wtth 
rSt#D = 0 so that no pomts were drscarded, no matter what their devtatton 

~nsltxvtty and accuracy are comparable with those of Brown’s rest&s’ and those obtamed by Curran and 
co-workers ‘* ” Stmphctty and speed seem to be supertor to the best contemporary methods, so we decided 
to attempt further Increase tn senstttvtty 

The result was only partly successful. as ts shown m Ftg 3. Our method of mcreastng sensittvtty was one 
of almost trtvtal stmphcrty but one whtch rests on unassatlable thermodynamic grounds: we made the 
calorrmeter smaller so as to reduce Its heat capacrty The results m Fig. 3 were obtamed wrth a calorimeter of 
about 8-10 ml capacrty. all other detads of apparatus and procedure bemg unchang~ 

We were able to collect stgmficant results for amounts beiow 2 pmote and to extend the lower hmit of the 
method to about 06 Imole but at a stgntficant mcrease in the relattve standard devtatton, whtch rose to 96% 

CONCLUSION 

We have developed a method of quantttatrve analysts of oietins whtch IS comparable m accuracy and 
sensmvtty to the best of contemporary methods and seems to have the advantage m speed and simphctty Its 
prmctpal dtsadvantage IS one tt shares wtth all hydrogenation methods. that of non-speetficrty; wtth the exceptton 
of aromatic double bonds, the method does not, m general. differentiate between dtfferent olefimc Imkages 

Ac~noM~ledgenlenr-The authors wtsh to acknowledge the financtal asststance of the Natronal Institute of Health 
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Summary-A method of increased senstttvtty for hydrogen enthalptmetry of olefins m pmole 
quantities is reported. The method depends on a linear relattonship between the amount of alkene 
present and the heat given off on hydrogenatton at slightly more than 2 atm pressure over 
palladmm catalyst on charcoal. Least-squares analysts of the results shows that the measured 
heat effect is a linear functton of amount of alkene taken, with a relattve standard deviatton of 
l-3% for samples ranging m size from 1.4 to 37.5 pmole. Extension of the method to samples m 
submtcromolar quanttttes was only partially successful; m a sertes of measurements extending to a 
mmimum amount of 064 pmole, the relative standard devtation rose to 96%. 

Zusammenfassung-Ein Verfahren zur Wasserstoff-Enthalptmetrte von Olefinen m PMolmengen 
mit erhohter Empfindhchkett wird angegeben. Es beruht auf der lmearen Beztehung zwischen der 
anwesenden Alkenmenge und der be1 der Hydrterung abgegebenen Warmemenge, wenn die 
Hydrterung bet etwas uber 2 atm Druck uber emem Palladmmkatalysator auf Akttvkohle aus- 
aefuhrt wtrd. Die Analyse der Ergebmsse nach der Methode der klemsten Quadrate zeigt, da5 
die gemessene Warme linear vonher emgesetzten Alkenmenge abhangt; die relative Standard- 
abwetchune betrant l-3”/, bet Proben. die von 14 bts 37.5 ~Mol gro5 smd Die Ausdehnung des 
Verfahrensauf Proben unter emem ~Mol war nut teilwetse erfoigretch, m emer MeDrethe, dte 
such bts zu emer klemsten Menge von 064 yMo1 erstreckte, stteg dte relattve Standardabwetchung 
auf 9.6% an. 

R&urn&On rapporte une methode de senstbthtt accrue pour l’enthalpimetne d’hydrogene 
dolelines en quantttb de l’ordre de la pmole. La mtthode repose sur une relatton hnhtre entre 
la quantite d’alktne present et la chaleur degagee par hydrogenatton a une presston legerement 
superieure a 2 atm sur catalyseur au noir palladrt. L’analyse des rtsultats par la methode des 
momdres car& montre que l’elfet calortfique mesurd est une fonctton lm&re de la quantttt 
d’alkene, avec un Cart type relartf de l-3% pour des echantillons de dtmensions comprises entre 
I,4 et 37,s pmole. L’extension de la mtthode a des echanttllons en quantttes submicromolatres n’a 
et& que partiellement couronnee de succbs; dans une sene de mesures allant Jusqu’a une 
quanttte mmimale de 0,64 pmole, f&cart type relattf s’est clevi a 9,6:/, 
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SEPARATION OF LITHIUM FROM DEAD SEA BRINES 
BY GEL PERMEATION CHROMATOGRAPHY 

(Received 19 June 1972 Accepted 3 August 1972) 

Dead Sea brutes are concentrated soluttons of a mtxture of salts (3040% salts, specific gravtty ca 1.3). 
mamly hahdes of the alkahne and alkalme earth metals To date. their prmcrpal value ts as a source of 
potash and bromine, but there IS also constderable interest m the extractton of the rarer elements 
dtssolved m them. such as caesmm. rubidium, and hthmm 

Of these three elements hthtum IS present m relattvely high concentratrons-20 ppm m the water of the Sea 
and about 40 ppm m the so-called “end brine”, which IS a concentrated salt solutton obtamed after 
evaporation of the water m solar ponds and the subsequent crystalhzation of the potash. 

Of all separatron techniques available for such a concentrated salt solution, gel permeation chromatography 
seemed to the authors the most promrsmg In that method use 1s made of the differential mrgration of cations, 
the difference bemg most pronounced between the mtgrations of univalent and brvalent metal ions, especially 
on polyacrylamide gels. 

Studtes of the gel permeation chromatography of simple cations and anions were first camed out by 
Egan,’ who used polydextran and polyacrylamtde gels Ohasht 2-4 has mvestigated solute-gel utteractions and 
the Influence of elutmg agents on the chromatograms obtamed. In these works a certam degree of 
selectrvity was achieved This study examines the possrbihty of utihwng such separations to obtain 
hthuim-ennched fractions. 

The mam problems to which an answer was sought by the authors were 
(1) whether it is possible to separate hthmm chlonde from the other chlorides m the very concentrated 

soluttons available; 
(2) the determutation of the purity of the hthmm so obtained m the concentrated fractions, 
(3) whether some degree of preconcentratron can be achieved m addrtron to the separation. 

Matertals 

EXPERIMENTAL 

Polyacrylamlde gel, Blo-Gel P-2, molecular wetght exclusion hmrt about 2600. Bio-Rad Laboratories, Richmond, 
California. 

Blue Dextran 2000, average molecular weight 2 x lo6 Pharmacta Fme Chemicals, Sweden 

Separation procedure 

Dry Bra-Gel P-2 was immersed m distilled water and allowed to swell for 24 hr. The gel thus wetted was 
introduced mto a 2OO-cm long column of 3.5 cm mternal diameter. The bed length was 147 cm. Before 
use the column was rinsed for several hours with distrlled water 

The void volume, Fe, determined by measunng the elution volume of Blue Dextran 2000, was found to be 
400 ml The total volume V, was 1385 ml 

After mtroductton mto the column, at a flay-rate of 1 ml/min, the sample of Dead Sea water was allowed 
to soak completely mto the gel phase. For elutron, drstilled water was used. Ten-ml fractions were collected 
from the column, and each fraction was analysed for hthmm, sodium, potassium, calcium, and magnesium. 

Analytical methods 

Ltthrum Since the hthmm content of Dead Sea brines IS very low compared with that of the other salts, 
Its atomic-absorptron signal is ordmarily suppressed, but with the method of standard additions quantttatrve 
results can be achieved 

The measurements were made on a Perkm-Elmer Model 403 Atomic Absorptron Spectrophotometer wrth a 
hthtum hollow-cathode lamp at wavelength 335 nm. 

Potassium and sodrum These were measured by flame photometry, using the same instrument as for hthmm 
but at wavelength 589 nm for sodmm and 766 5 nm for potassium. 

Calcrunt and magneszum These were titrated m an ammonia buffer with a standard solutton of EDTA, wtth 
Ertochrome Black T as rndrcator 

Qualltatrce tests In order to follow the elution process, quahtatrve tests for chlonde were made throughout 
Thus the fraction m which the brme begins to emerge and the pomt at which rt IS completely eluted from the 
column can be estabhshed 



238 SHORT CDMMUNICATlONS 

Further quahtatlve tests, for magnesmm and calcmm, were carried out with carbonate m order to 
determme the fraction m which these elements first emerge from the column Fortunately. they do so after 
the IIthtum 

RESULTS AND DlSCUSSlON 

The great dtfficulty encountered m this separatton stems from the very high overall salt concentration and 
from the high vtscosity and den&y of both Dead Sea Water and the end brme Table 1 lists the average 
salt composltlons of these solutions 

Table 1. Salt composmon of Dead Sea water (D S W) and end brine (E.B) 

Sample 

Salt concentration, g/l 
SP. gr LI+ cone. Br- cone _I_____ .-- .- . 

at 17°C PPm SiI M&l, CaCIz NaCf KCI 

D SW. 1.22 18 48 155 463 1003 136 

E.B. 1.337 36 Il.2 348 108 69 38 

Both Dead Sea water and end brme were chromatographed on a column of Blo-Gel P-2, and the catmns 
were eluted with water. The chromatograms are shown m Ftgs. 1 and 2. In both cases the order of appearance 
m the effluent fractions was K”, Na+, LI+, Mg’*, &a”, thus confirmmg the iindmgs of Egan i The 
chromatograms &early mdicate that separation 1s feastble and that there are a number of fracttons which 
contam hzgh conce~~t~ons of hthtum chiortde. These fracttons also contam small amounts of NaCf and KCI, 
but no salts of either calcmm or magnesium. 

This IS slgmficant, as these latter two Ions are the ones that are present m the highest concentrations The 
fact that these two blvalent catIons emerge last from the column can be explamed by their stronger mteractlon 
with the negattveiy charged oxygen atom of the resonance form of the polyacryiarn~de gel 

P- 
CH,-C H 

\N/ 

A+ 

Indeed, the dlstnbutlon coefficrents-as shown m Table 2-are all smaller than umty, mdrcatmg that this 
mteractlon, though relatively weak, 1s yet stronger than with the umvalent cations. 

Table 2. Dzstnbutzon coefkents of Dead Sea brrnes 
on Bro-Gel P-2 

Sample K’ Na’ LI’ Mg”+ Ca’ + 
_--_-.- ~I____..~-__-~ 
DS.W 046 0 53 0 59 071 087 
___________-...-._ __ ---.__II- ------ 
E.B. 0.37 046 0.49 060 075 

Drstnbutton coefficxents (Kdvo,lJ& were calculated from the chromatogram by the formula developed by 
Laurent and Klltander * 

where Y, IS the eluted volume of the solute, V, the votd volume. and V, the total hqutd volume 
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L 
04 05 06 07 08 09 10 

VJVt Vt*l385, ml 

Ftg 1 Fra~t~onatlon of Dead Sea water on Bra-Gel P-2 Magnesium and c&mm peaks have not 
been drawn m because of then great height, but then locations have been mdtcated 

From a practical point of view It seems better to separate hthmm from the end brine, because there the 
concentmtlon of hthmm IS hrgher, and that of potassmm and sodmm lower, than m the natural L3ead Sea 
water Table 3 presents a comparatrve study of both solutrons as regards the degree of separatron and 
preconcentratton achreved wrth them 

The results shown m Table 3 mdtcate that the arms set m the mtroductron were achreved to a certain 
extent Of the 130 lo-ml fractrons collected there are four or five that are rich m hthmm and contam only 
small quantmes of potassmm and sodrum but no magnesmm or calcmm. A degree of preconcentratron was also 
achieved 

It seems preferable, as was stated before, to separate hthmm from the end brme, because of tts hrgher mrttal 
concentratron and the presence of lower quarttrues of sodtum potassium. On the other hand the vrscosity of the 
end brme IS higher than that of natural Dead Sea water and Its mrgratron through the column consequently 
slower 

V,/Vt Vtz1395, ml 

Fig 2 Fracttonatton of end brine on Bto-Gel P-2 Magnesmm and calcmm peaks have not been 
drawn m because of then great hetght. but then locatrons have been mdtcated 
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Table 3 Composttton of the hthmm-enrtched fracttons of Dead Sea water 

and end brme 

D.S W EB 

Imtlal LI+ cont. 18 ppm 
Lt+ cont. m enrlched fractions 49 ppm 

Lt+/Na’ m orlgmal solution 1 5550 
Lt+/Na’ m concentrated fractton 1 11 

38 ppm 
62 ppm 

1 181 
1 8 

Lt+/K+ m ortgmal solution 1 756 1 loo 
Ll+/K+ m concentrated fractions 1 10 1 3 

Lt+/Mg’+ m orlgmal solution 1.8611 1 9150 
Lt+/Mg’+ m concentrated fractions 1 1 no magnesmm present 

Li+/Ca’+ m ongmal solutton I 2572 1 2840 
Llf/Ca2 + m concentrated fractions 1:l no calcmm present 
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Summary-Fracttonatton of Dead Sea brmes by dlfferentlal rmgratlon through a polyacrylamlde 
gel IS shown to be feasible. Ltthtum-enrIched fractions obtamed m the process contam no calcmm 
or magnesmm and only small quantltles of sodtum and potassmm 

Zusammenfassung-Es wlrd gezelgt, daD Solen aus dem Toten Meer durch dtfferentlelle 
Wanderung durch em Polyacrylamldgel frakttomert werden konnen Durch dleses berfahren 
erhaltene, an Llthmm angereicherte Fraktlonen enthalten kem Calcmm oder Magnesmm und 
nur wemg Natrmm und Kahum 

R&me-II a ete montrk que le fractlonnement de saumures de la Mer Morte par mlgrauon 
dlff&enttelle d travers un gel de polyacrylamtde est possible Les fractions enrtchles en hthmm 
obtenues dans le processus ne contlennent pas de calcium ou de magntslum et seulement de 
petnes quantltis de sodium et potassmm. 
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SYNERGISTIC INFLUENCE OF Zn(I1) IN THE 
E~RA~ION-ATOMIC-ABSORPTION 

DETERMINATION OF TRACE CADMIUM IN WATERS 

(Recerued 3 Julr 1972 Accepted 18 Auqu.~ 1972) 

Solvent extractron IS well recogmzed as a powerful method For egectmg analyttcal separatrons, owmg to ns 
capabrhty of removmg the analyte from Interferences, as well as for the potenttal concentration of the 
analyte m the orgamc phase Both these effects are Important m determmmg trace elements m waters 
Schaller ef 01’ and Kuwata er al’ used methyl rsobutyl ketone to extract cadmtum from waters by usmg 
ammomum pyrrol~d~nedtth~ocarbamate and sodmm dIethyldith]ocarbamate respectrvely, Robinson et ~1.~ used 
the method of standard addnrons m the determmatron of cadmmm wrth 2-mercaptobenzothrazole and 
n-butyl acetate 

A more sensmve development of thus last extraction system IS described, whtch provtdes htgh 
prectston and almost total extractton of cadmium from natural waters. at the ng/ml level and below. 

EXPERIMENTAL 

Apparatus 

A model AA5 Vartan Techtron atomic-absorptton spectrophotometer (AAS) fitted wtth a Dl-30 dlgrtal 
mdrcator was used wrth a 100 x 0.5 mm AB5l burner and an ASL cadmmm hollow-cathode lamp. 

The opttmum workmg condrtrons were 
Wavelength 228 8 nm 
Lamp current 2mA 
SIG 020 mm 
Au 15 psig, flow-rate 9a L/mm 
Acetylene 10 pstg, flow-rate such that flame was Just non-lummous when butyl acetate was asptrated 
Scale expansion x 10 

Reagenrs 

Cadmwn standard solutmn Pure cadmmm (1000 mg) was dtssolved in a mmrmum excess of hydrochlonc 
acrd and the solutton diluted to 1 htre Drlute standards were prepared from this 

-7-iWercaproben~orilta=off (MBT) so&ton A i:: 
erther reagent. 

solutton m butyi acetate, punficatron was not requtred for 

Zrnc acetate drhrdrafe Reagent grade 
Bugler solutm. pH 10 Ammomum chlortde (7 g) and concentrated ammoma solutton (57 ml) drluted 

to 100 ml 

Estracttotz condzttons 

Several solvents were mvestrgated for the extractron besides butyl acetate (e.g. methyl tsobutyl ketone, 
ethyl acetate) but butyl acetate was considered to have optrmum balance between enhancement of the 
absorptton signal relatrve to aqueous solutions. solutron eqmlibrmm wrth water, and flame stablhty after 
extractton 

Maximum extractron efficiency was obtamed at above pH 9. so all aqueous solutrons for analysis were buffered 
at pH 10 

Prffcedurr 

Volumes of standard 001 Lcg,ml Cd solutton from 0 to 30 ml were dtluted to 250 ml m 50%ml separatmg- 
funnels with water drawn from the water supply mams whtch had prevrously been verified to contam an 
undetectable concentratton of cadmmm Thus served to provrde a matrtx for the extractions Four series of 
extracttons were undertaken 
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(,-l) To the 250-ml solutions were added 10 ml of buffer solutton. 0 1 g of zmc acetate and IO ml of MBT 
solution The mixtures were extracted vigorously for 2 mm. allowed to settle for 15 mm. and the orgamc layers 
were then separated and asplrated through the flame with the instrument set for maxImum sensitivity agarnst 
a zero reference of pure butyt acetate. 

(5) Procedure (A) was repeated but wlthout the addltton of the Zn(II). 
(C) Procedure (A) was repeated but with 5 ml of MBT solution added 
(D) Procedure (C) was repeated but without the addltlon of the Zn(I1) 

RESULTS AND DISCUSSION 

The effect of addltton of Zn{II) on the extraction of Cd(H) from waters IS Illustrated m Table 1 for 
10-m! add&ions of MBT soiutlon, and m Table 2 for 5-ml additions The effective zmc concentration. where 
Zn 1s added, IS 120 pg/ml 

Table 1. Effect of presence of 120 pg/ml Zn(I1) on Cd 
absorbance after extractlon by 10 ml of I”‘, MBT-BuOAc 

Cd, nglml 
Absorbance wlthout Absorbance with 

Zn(I1) Zn(I1) 

0.0 00016 0 0070 
0.4 0.0036 @0118 
0.6 0.0042 00142 
0.8 00051 00156 
1.0 0+0062 0.0188 
12 0 0076 00218 

Table 2. Effect of presence of 120 &ml Zn{U) on Cd 
absorbance after extraction by 5 ml of 1% MBT-BuOAc 

Absorbance without Absorbance wtth 
Cd. ng/ml Zn(I1) Zn(I1) 

00 00131 00149 
0.2 00174 0.0207 
@4 00194 0 0260 
06 00231 0 0323 
OS 0.0238 0.0389 

Phase equdtbrta 

Eqmhbrmm between the Cd-MIST complex m the orgamc phase and the unextracted Cd IS achieved 
relatively slowly, the extent of eqmhbratton being dependent on the vlgour and time period of the 
extractlon-this IS vtewed as being fatrly consistent with the low dtstrtbutgon coefficient. I). (as dtscussed by 
Brooks et &) of about 30. The effect of the presence of the large excess of Zn(II) IS to shift the 
equthbnum almost completely m favour of the orgamc phase, resultmg m an effective dlstributlon coefftclent m 
excess of 3000, so allowmg rapid, quantttatlve extractions at very low trace cadmtum levels 

Preclsron 

Comparison of the results m Tables 1 and 2 shows that It ts feasible to obtain an Increase m senslttvzty 
by usmg 5 ml of added MBT solution Instead of 10 ml, as would be expected, but for all practical purposes the 
higher volume would be more suitable as It ytelds a greater volume of solution to deal with As an 
mduzatlon of the preclslon that can be expected, a serves of identical solutions contammg 12 ng/ml Cd 
were treated according to procedure (A) and were found to have a standard devlatton of 001 ng/ml, so that 
the hmtt of determination would be 0.02 ng/ml 

The synergrstlc influence of Zn(I1) also becomes apparent m the increased stabdtty of the extracted Cd 
when compared with the extractlons without the Zn(I1) present. Although the latter solutions exhibited good 
stablhty for 3-4 weeks, the “synerglstlc” solutions had not degenerated after 5 weeks standmg at room 
temperature. 
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Interferences 

No mterferences due to the water matrix were present However. attention was grven to the effect of 
cyarude tons as thts IS often assocrated with Cd tn vartous waste waters. and has been found to be a posttrve 
mterference by Kuwata ef al ’ In the presence of a 600-fold excess of cyanide, the extraction of 20 ng/ml Cd 
was found to be enhanced, which 1s an effect attributed by Robmson et al 3 to the suppresston of Cd 
adsorptton on the walls of the glass vessels, but m the presence of a lOO,OOO-fold excess of cyanide thts 
quantity of Cd remams completely unextracted The synergtstrc procedure however, permits the complete 
extractton of the Cd m the presence of a l~,~-~o~d excess oI’ CN- The extractton efficiency IS Improved 
and thts IS posstbly also due to the lack of adsorptton effects 
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Summmy-A very stmple and raprd procedure IS described m whtch the addttton of a large 
amount of Zn(Il) to a water sample before extraction by 2-mercaptobenzothtazole mto n-butyi 
acetate brmgs about almost total extraction of Cd and allows determmatton of concentrations 
down to at least 0.02 ng/ml Hugh prectston IS achieved, and the interference of cyanide IS also 
overcome 

Zusammenfassung-Em sehr emfaches und rasches Verfahren wtrd angegeben, be] dem dte 
Zugabe enter groBen Menge von Zn(I1) zu emer Wasserprobe vor der Extraktton mtt 
2-Mercaptobenzthtazol m n-Butylacetat dte nahezu vollstandtge Extraktton von Cd bewtrkt Dtes 
erlaubt dre Besttmmung von Konzentrattonen bts herunter zu mmdestens 0.02 ng/ml Man 
errercht eme hohe Genautgkett. und dte Storung durch Cyamd wtrd ebenfalls ausgeschaltet. 

Rkume-On decrtt une techmque trts srmple et raptde dans laquelle I’addttton dune forte 
quanttti de Zn(II) a un ichanttllon d’eau avant extraction par le 2-mercaptobenzothtazle en 
acetate de n-butyle entraine une extraction presque totale du Cd et permet le dosage de 
concentrations descendant ~usqu’ii 0,02 ng/ml au moms Une haute precrston est attemte, et 
I’mterference du cyanure est aussr surmont&e 

APPLICATIONS INVOLVING THE IODIDE ION-X 
DETERMINATION OF COPPER AND ANALYSIS OF CATION 

MIXTURES AND ALLOYS 

(Recezred 5 Januarl 1972 Revised 9 June 1972 Accepted 17 August 1972) 

The present worh 1s an extenston to the appltcatton of potentrometrtc back-tttratton of excess of todtde wtth 
mercury(H). whrch was recently apphed to the determmatton of oxtdtzmg agents.’ srlver.’ or Ions reduced with 
todtde 3 In the classrcal todometrtc determination of copper error may arose from loss of todme, smce CuI 
adsorbs some of It.& leadmg to earher end-pomts even m presence of thtocyanate Copper determmattons based 
on EDTA tttratron often lack selectivity The most Important separatton methods for copper m more than 
microgram amounts mvolve electrolysis or prectpttatton wtth sulphtde or orgamc reagents The present method 
mvolvmg selecttve separation of copper(I) as the todtde IS suitable for amounts In the range 1-35 mg of copper, 
either alone or mtxed with other catrons 
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Reagents 
EXPERIMENTAL 

Soluttons of copper(H) (0 1-001&f), iodide (O.l-0.02M). mercury(H) (0 05-OOlM), and all metal IONS mvolved. 
were prepared from htgh purity chemicals and twice dtstilled water. and standardized by recommended 
procedures None of the soluttons contamed chloride ions 

Procedure for copper WI pure solution or m cation nuxtures 

To appropriate volumes of copper solutton (l-5 ml), m a lOO-ml beaker, add 15-20 mg of sodium 
sulphtte, 5M sulphunc acid (1 ml) and distilled water (5 ml), then add, with constant stirrmg, iodide solution 
(3-8 ml), coagulate the white precipitate of CuI by heating on a water-bath for 10-15 mm. whtch gives 
sufficient time for expulsion of any excess of sulphurous acid Filter off on a Whatman No 42 filter paper. 
wash thoroughly with water ttll the washmgs are free from todtde (usually five washes suffice) and titrate 
unreacted todtde m the filtrate and washmgs with Hg(I1) (delivered from a microburette wtth its tip immersed 
m the solution), usmg silver amalgam as the mdtcator electrode and saturated calomel as the reference 
electrode. 

Procedure for copper m alloys 

From knowledge of the expected amount of copper m the alloy prepare a 0.03-007&f copper solutron 
by dtssolution m nitric acid, digestion on a water-bath, separation of hydrous stanmc oxide and lead sulphate 
and dilution to volume; determine copper in a fraction (2-4 ml) by the procedure above. 

RESULTS AND DISCUSSION 

Tables 1 and 2 list results for copper alone, in presence of a variety of canons, and m alloys, mdicatmg 
the selectivtty and reliability of the method. 

With alloy No. 3 (copper taken, 7 47 mg) the results of copper determmation rn 9 parallel expertments were 
7.49, 7 48, 7.48; 7.45, 7 45, 744, 744, 746, and 7 43 mg; wtth alloy No. 4 (copper taken, 7 36 mg) the results were 
7 35, 7 35, 7.35, 7.32, 7.33, 7 34, 7.34, 7 37 and 7 37, showing respective standard deviations 0.021 and 
0.017 mg, the relative standard devtattons bemg @28 and 0.23%. 

In determining copper by the present method, CuI was separated to avoid the metathesis 2 CuI + Hg2+ = 
HgI, + 2 Cu+ which IS due to the lower solubthty of HgI, (8 8 x lo-’ mole/l. at 18”)2 than that of 
CuI (105 x 10e6 mole/l. from K,, = 1 1 x 10-‘2)5, as verified experimentally 

The method has the advantages that, (a) any oxidizmg agent or higher oxidation state cation such as 
Fe(III) wdl not interfere, m the presence of added sulphite, (b) it IS posstble to titrate iodide selectively 
m presence of large amounts of a variety of cations, wtth accurate and precise potenttometrtc end-pomt 
determmation, wtth equihbrtum potentials obtained mstantaneously, (c) the titrated species IS todtde which, 
unlike iodme, IS non-volattle, and (d) tt can be successfully apphed to the analysts of copper-contammg 
alloys and related matertals. 

Table 1 Determmatton of copper 

Cu. mg 
No. Error Potenttal break, 

Taken Found (* XJ mV/O 1 ml 

1 26.42 26.33 0 34 363 
2 21 14 2107 0 33 382 
3 1409 14.04 0.35 367 
4 12 72 12.78 0 50 410 
5 636 6 36 0.00 390 
6 2 54 2.53 0 39 285 
7 38.13 38.04 0 19 434 
8 28.18 2805 046 335 
9 9.54 9 52 020 328 

10 6.36 6 34 0.31 395 
11 3 18 3 17 031 388 

Nos. l-11 0099M I- + 005M Hg(I1) Also present 
No 7; 60 mg of Co; No. 8. 35 mg each of NI, Co and 
Mg; No 9 40 mg of Al + 35 mg of Fe(II1) + 40 mg 
of NI; No 10: 50 mg of Zn + 30 mg of Ni + 40 mg 
of Cd, No. 11 40 mg of Cd + 30 mg of Cr(II1) + 40 mg 
of NI 
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Table 2 Determmatton of copper m alloys 

245 

Alloy 
No Taken 

Cu. my 

Found 

9.18 9 12 100.0 994 
1 1377 13.86 1000 1007 

1836 1828 100.0 99.6 
464 463 47 2 47 1 

2 6.96 6.94 47.2 47 1 
9 28 9 33 47 2 47 5 
7 47 7.43 58 8 58 5 

3 1121 11.18 58 8 58 7 
14.95 14.96 58 8 58.8 
7.36 7.35 85 5 854 

4 1104 10.99 85-5 85 1 
14-72 1466 85 5 852 
7.18 721 74 3 74.6 

5 1077 1075 74 3 742 
14 36 1430 74.3 740 
7.98 7.95 95.0 947 

6 1196 11.92 95.0 94 7 
15.95 15.89 950 94.6 
892 8 88 82 8 82.5 

7 13.38 13.38 82.8 82.8 
1784 1777 82 8 82.5 
7.63 7.62 88 0 87 8 

8 11.45 11.42 88.0 87.7 
1526 15.23 88.0 878 

(a) Copper known by certified analysis (Chemtcal Department, Mimstry of Industry) (b) Copper 
found by the present method Nos. l-8 respecttvely. copper lOO%, cupromckel 51 l”/, Ni, 072% Fe 
and 0.050< Zn. 33.9% Zn, 1.62 Al, 1.03% Mn, lGl% NI, 0 71% Fe and 078% Pb, bronze 9.96% 
Sn, 1.869; Zn, 1 83y0 Pb, 0 24% Sb, Oil7% Fe, 004% NI, OG6% As, 0 43% P, 6 8% Sn, 4.2% Pb, 
4.6% Zn, 0.05’$, Fe, 0.02% Al, 0 07% P, 4.26% Nt, 0-x Fe, OGO7% Pb; 7.08% Pb, 7.48% Sn, 0.021% 
Fe. 0.0457/, P. 0 35% Nl, rest Zn; 10 24% Sn, 1.37% Pb, 0.39% Ni, 0.02% P, OGO2% Fe. 

Chemtstq Deparrment 
Carro Vniuerstt~ 
Cawo, V.A.R 

H KHALIFA 
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Summary-A rapid, accurate and htghly selecttve method has been developed for estimatron 
of copper. based on separatmg tt as the shghtly soluble copper(I) rodtde, and potentiometric 
back-tttration of unreacted iodtde, m the filtrate. wtth mercury(H) By tts atd bmary, ternary 
and quaternary mtxtures as well as a varrety of copper alloys have beensuccessfully analysed 
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Zusammenfassung-Elne rasche. genaue und hochselekttve Metkode zur Bestlmmung von Kupfer 
wurde entwtckelt. Ste beruht auf semer Abtrennung als nur schwach loshches Kupfer (I)-Jodtd 
und potenttometrl~her Rucktrtratton des mcht verbrauchten Jodrds tm F&rat mtt Queckstlber 
(II) Mtt threr Htlfe wurden brnare und quaternare Gemtsche sowte verschtedene Kupfer- 
legrerungen mit Erfolg analystert 

R&m&On a elabort une methode raptde. prectse et hautement selecttve pour le dosage du 

cutvre, bash sur sa stparatton sous forme d’todure de cutvre (I) faiblement soluble. et le tttrage 
~tentlom~trlque en retour de l’todure non reagr, dans le filtrat. par le mercure (II). A l’atde de 
cette techmque, on a analyse avec succb des melanges bmarres, ternatres et quaternatres amst 
qu’une van&i d’alliages de cutvre 

To/onto. Vol 20, pp 246-248 Pergamon Press, 1973 Prmted m Great Brtram 

NOUVELLE MICROMETHODE COLORIMl?TRIQUE DE DOSAGE 
DE L’ION I- DANS LES EAUX ET LES SUBSTANCES 

ORGANIQUES 

(Requ le 9 mai 1972 Acceptb fe 16 aoiit 1972) 

Parmt les methodes proposees pour le dosage de fatbles quantrtb d’todures les colonmetrles offrent un 
mterdt certam.‘-to En parttculier, Lange et Ward’.2 ont d&rtt une determmatton de I,, I- et IO; en 
presence l’un de l’autre uttlisant comme r&actif une solutton alcoohque do-tohdme et la formatton dune 
coloratron vert-bleu. La mithode est toutefors laborieuse et la coloratron obtenue mstable. Cest pourquot 
Johannessor? a retenu comme reacttf une solutton chlorhydrtque d’@tolidme, la coloration etant alors Jaune 

Selon nos essats, effect& dans le but de doser de faibles quantttes d’ton I- dans les products naturels, une 
mtcrocoiortmttrie peut itre rQhsb sur le prtnctpe dune oxydatton de I- en I, par l’eau oxygente. a 
pH 3,5-4,5 et dtveloppement dune coloratton bleue stable avec l’o-tohdme. 

PARTIE EXPERlMENTALE 

Solutton do-tohdme obtenue en dtssolvant 0.1 g do-tohdme darts 4 ml d’alcool ethyhque a 96x, aJoutant 
0,l g d’acrde sahcyhque, completant a 100 mf avec de l’eau ptns filtrant Le’rtactif dont le pH est comprts entre 
3,s et 45 est stable pendant plusteurs mots. L’o-tohdme peut itre purrfih st n&essatre par dtssolutton en actde 
chlorhydrtque ou sulfurtque dtlue, decoloratton par un charbon acttf et prempitatton par l’hydroxyde de sodmm 

Solutton aqueuse a 20% de carbonate de potassmm 
Eau oxygbnee concentree (30%). 
Solutton &talon d’todure de potasstum a 0.6541 pour 1000 (500 ng I-/ml) dont la dilutton fourmt les soluttons 

B 0,1-l gg I-/ml. 
Solutton de sulfamate ~ammonium obtenue en dtssolvant 20 g de sulfamate ~ammonIum dans 50 ml 

d’eau, aJoutant 10 ml de solution aqueuse a 5% d’acide sulfamtque et completant a 100 ml avec de i’eau 
Solutron tampon pH = 4,5-4,6 contenant 10 g de phosphate dtsodtque, 2 ml d’actde phosphortque a 83’” 

(d = 1.70 g/ml) dam IO0 ml. 

Mode opkatowe 

Dans le cas des eaux potables, des elRuents (non chlores) ou des eaux mmirales (Cventuallement prtvees 
d’hydrogtne sulfuri par barbotage dun courant de CO2 aprb acldifi~tlon) SO-100 ml sont alcahmsis dans 
une capsule de nickel par la solution a 20% de carbonate de potassrum puts Cvaporb au bam-mane 
JUSqU’g stccttt SI le restdu n’est pas parfaitement blanc, 11 convtent de le calcmer au four tlectrique a 
500-550” 

Pour les products orgamques. ahmentatres ou btologrques. la prose d’essai. l-5 g, (1 ml dans le cas du sang 
ou de l’urme) est dessechee, linement dtvts&e PUIS addttronnee de 2 ml de solutron a 20”; de carbonate de 
potassmm. Apris homog~n~~~tIon, pms desstccation au barn-mane on pro&de a la calcmatton a 500-550” 
Jusqu’a cendres prattquement blanches 

Dans tous les cas, le rbtdu de calcmatton est repros par trots fats avec 3 ml d’alcool a 96’; puts apres 
filtratton les solutrons sont Cvaporees en etuve a 80” Jusqu’a stcctte SI la teneur en NaCl est importante. 11 
convtent de repeter I’extractton alcooltque 
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500-550” 
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Tableau 1 

I- Prk1s1on lntervalle de confiance. 
aJouti. jq recherchke I E+Szf 

0.2 95% 2.57 0,028 f 4,3 lO-3 
0,4 957; 2,57 0,061 * 3.0 1o-3 
0.6 950,: 2.57 0.090 * 4,0 lo- 3 
0.8 95y0 2.51 0,121 + 5,0 lo-3 
1.0 95% 2,57 0,150 * 3.3 1o-3 
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DISCUSSION 
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toutefols. thrnmk par le carbonate de potassium ou complex& par la solution de tampon phosphate et l’ion 
nitrite est thrnmC par le mtlange sulfamate-sulfarmque 11s n’apportent de ce fait pas de gine dans le dosage 
des lodures 

La mtthode a ttk apphquke g divers prodmts agro-ahmentalres et les rbultats sent rtums dans le tableau 2 

Tableau 2 Vknficatlon de la mtthode pour les products agro-ahmentalres 
rkoltb de chffkrentes rkgions 

Nature de 
l’kchantdlon 

Subst I- I- I- 
peske, contenu dans aJoutt, trouvt. DilGrence 

9 I’kpreuve, pg (a) w (b) w (b - a) 

carottes (S) 
carottes (V) 
carottes (A) 
carottes (R) 
haricots 
harlcots 
mats (H) 
mals (H) 
mais (R) 
thou (R) 
blk (R) 
olgnon (R) 

1,6095 1.74 
l,oooo O# 
l,OOOO 0.20 
1.0000 0.60 
5,122O 0.50 
5.0000 0.46 
5.0000 0.60 
5.0000 0.60 
5.OOoO 0.87 
l,oooo 0.37 
5,OOOO 0.60 
2.0000 1.01 

0.60 2,27 1,67 
060 LOO 0340 
0,60 0.80 0.20 
0.80 1,33 0,53 
0,80 1,33 0.53 
0,50 0,93 0.43 
0.20 0.86 0766 
0.40 l,W 0.60 
0,80 1,65 0,85 
0.60 0,97 0.37 
1.00 1.50 0,50 
1.00 2.00 l,OO 
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Resume--Un microdosage de l’ton I- dans Ies eaux et les produtts orgamques est fondt sur son 
oxydatton par l’eau oxygen&e en lode, qut dtveloppe avec l’o-tohdme a pH 3.554,5 une coloratton 
bleue. Sa senstbthte est de 0,02 fig I-/ml 

Summary-A mtcrodetermmatton of Iodide m waters and organic materials IS based on oxtdation 
with hydrogen peroxide to todme which gtves a blue colour with o-tohdme at pH 3 5-4 5 The 
sensitivity IS 0 02 pg/ml. 

Zusammenfassung-Elne Mikroermtttlung von Jodid m Wasser und m orgamschen Stoffen 
grdndet such auf Oxydierung mtt Wasserstoffperoxtd zu Jod, was eme blaue Farbung mtt 
o-Tohdm bet pH 3,5-4,5 ergtbt. Dte Genautgkett 1st 0,02 fig/ml. 
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ACENAPHTHENEQUINONE MONOXIME(AQM) AS A SELECTIVE 
REAGENT FOR THE SPECTROPHOTOMETRIC DETERMINATION 

OF PLATINUM(IV) BY SOLVENT EXTRACTION 

(Recewed 31 December 1971. Accepted 31 May 1972) 

Reviews of method&j for the colortmetric determmatton of platmum show that there IS a real need for a 
reagent which can be used to determine platmum, parttcularly m the presence of other platmum metals. 
cobalt, nrckel and copper 

Acenaphthenequmone monoxtme. which has already been used for the spectrophotometric determmatton of 
ruthenmm,s osmtum,6 rhodium’ and cobalt” was examined to see If it satisfies this need. 

EXPERIMENTAL 

Reagents 

Standard platmum solution was prepared by dtssolvmg 1 g of grade I platinum thermocouple wue 
(99.99”; pure) in hot aqua regra The resultant solutton was evaporated almost to dryness. 4 small amount of 
hydrochloric acid was added and the solutton was again evaporated to dryness. The treatment was repeated 
three or four times m order to destroy any mtroso complexes After the final evaporatton. 5 ml of 
hydrochlortc acid were added and the solutton was made up to 500 ml with doubly dtstilled water More 
dilute solutions were prepared, as needed, by dilution of the stock solutton Two standard platmum 
soluttons prepared by exactly the same procedure were found to give the same spectrophotometnc readings 

Acenaphthenequmone monoxtme (AQM) O.lM solution in ethanol 
Chloroform, reagent grade, was used after distillatton 
Buffer soluttons with pH values ranging up to 5.0 were prepared by mixmg 0.5M acetic acid and 

0 5M sodtum acetate m different proportions 

Procedure 

The pH ofa solutton contammg 19.5-156.0 pg of platinum and 2 ml of 1 x IO’- M reagent solution is adJusted 
to between pH 1 9 and 3 2 with acetic acid-sodium acetate buffer (5 ml) and dtluted to 10 ml with doubly 
dtstdled water (The acid present m the platmum solution accounts for the low pH values) The contents 
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are heated for 2 hr on a bodmg water-bath, then cooled to room temperature, and 10 ml of chloroform 
are added The contents are equihbrated by shakmg for 5 mm and then left for 1 mm to allow the two 
phases to separate. The organic phase IS separated and centnfuged to remove water droplets, and the 
absorbance IS measured against the corresponding reagent blank prepared under identical conditions From 
the absorbance, the amount of platmum IS deduced from the calibration curve. 

RESULTS AND DISCUSSION 

Optvnum condulons 

The rate of reaction of platmum(IV) with AQM IS slow at room temperature, but It increases at loo”, the 
absorbance of the chloroform extracts becoming constant after about 2 hr 

The absorbance remains constant over the pH range 1.0-3.2, so a buffer solution of pH 2 5 k 0.1 was 
adopted for the working procedure. 

At pH 2.5 an eightfold molar excess of the reagent IS sufficient for full colour development However, a 
tenfold molar excess of the reagent was generally employed 

Optical constants and composltlon of the complex 

The absorption spectra are shown m Fig 1. All measurements were made at 390 nm The extraction 
procedure was followed and the absorbance of the orgamc phase was measured Beer’s law was obeyed up 
to 23.4 ppm of platinum. The accurate range for determination of platinum, as evaluated from a Rmgbom 
plot, 1s 1.95-156 ppm of plabnum, and the sensitivity of the reaction at 390 nm IS Oa21 pg/cm’ for 
log lo/l = @Ol. The colour IS stable for at least 24 hr. 

Eight determinations on a solution of 11 7 ppm of platinum resulted in a mean absorbance of 0.566 
with an average relative deviation of L-0.2%. The method of contmuous variahons’.” and the mole-ratio 
method’ ’ were employed to establish the stoicluometry of the complex Both complexes showed the ‘existence 
of 1 .2 (Pt. AQM) complex 

Efiect of dwerse tons 

The effect of foreign ions on the determination of platinum was studied by adding known amounts of 
foreign ions to samples containing 15.6 ppm of platinum and extracting the complex mto chloroform by the 
working procedure Interference from large amounts of ruthenium(III), osmmm(VIII), rho&um(III) and 
Iridmm(III) ions was sufficient to warrant their removal, but they could be tolerated at the IO-ppm level 
Tartrate and citrate have been successfully used as masking agents for some metals, Since they themselves 
are tolerated even in large amounts Oxalate has also been used as a masking agent but since oxalate interferes, 
a relatively small excess was used Results of the study of diverse Ions are shown m Table 1. 

Deternunatron of platmum m presence of palladium 

The reaction between platmum and acenaphthenequmone monoxlme takes place at elevated temperatures 
while palladium is completely precipitated at room temperature. Based on thrs behavlour of the two metals, 

Fig 1 Absorption spectra of platmum-AQM complex 
Platinum, 1 x 10m4M, reagent, 15 x 10m4M 

A Reagent L’S chloroform B Platmum-AQM complex us. reagent 
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Table 1. Determination of platmum m presence of foreign ions 
Amount of Pt = 15 60 ppm; p&I = 2a 

Absorbance in absence of foreign ions = 0~752 

Farergn ran 

Amount Amount 
of of 

foreign foreign 
ion Devta non 1OIl Deviation 

added, added, m 
@J= Absorbance abso~a~e Foreign ton ppm Absorbance absorbance 

Sulphate 
Cttrate 
Tartrate 
Nitrate 
Phosphate 
Pyrophosphate 
Perchlorate 
Nitrate 
Borate 
Ffuonde 
Thiocyanate 
Oxalate 
Bromate 
Zinc(H) 
CadmmmfII) 
NickeHII) 
CobaIt(f1) 
Magn~Ium~II) I80 

0.752 omo Strontmm(I1) 
0.752 0000 Barmm(I1) 
0.752 OdOO Calcium(I1) 
0.752 Qouo CopperfII) 
0,752 om ~ran~~rn~VT) 
0.751 -0001 Iron(II1) 
0.752 0000 Silver(I) 
a752 OQOO Ruthenmm(III)t 
@7S4 +0*2 Rhodium(iII)t 
0.760 +0*008 Iridmm(III) 
0,765 +O@f3 Qsm~urn~V~~ 
076s i-o.013 GoId( III) 
0.740 -0*012 Vanadium(V) 
0.760 f0008 Molybdenum(V1) 
0.765 +0@013 Mercury(II)$ 
o-752 OaoO Chrom~um~III) 
Q752 OGOO Tho~~rn~I~~ 
0.752 O.000 Lead@] 

600 
600 
600 

60 
230 
tOO 
34 
10 
10 
IO 
IO 
30 
54 
20 
34 

z 
40 

0754 + 0.002 
0 754 +0002 
0.754 +0002 
0.758 + oM16 
O-752 oooo 
0.752 OGOO 
0.760 + OGG8 
0,753 +0001 
0.754 f 0.002 
0 754 to002 
0 754 +0*(x)2 
0.752 O@O 
0.752 0.000 
0.752 OGOO 
0.761 + 0*009 
0.752 0GOO 
O,fSO iOOO8 
0770 +O*OtS 

* Oxaiate used as maskmg agent 
t Citrate used as masking agent 
g Fluonde used as masking agent 

paRadium was extracted mto chloroform before heatmg. The remammg aqueous soIunon was heated for 2 hr 
and the piatmum complex was extracted into chloroform. The absorbance of the extracted complex was identxcal 
with that found m absence of palladmm. The results are recorded m Table 2. 

Compartson wed other methods’-4 

The ~n]trosodirnethy~anI~~n~lod~de method IS more sensitive but iess selective than a~naphtbeuequlnone 
monoxrme and zt requires more reagent and IS more sensttrve to the trme of heatm, change of pH and the 

amount of buffer. The AQM method IS less senstttve than those based on tm(I1) chlottde and o-phenylenedtamme, 
but tt is more selective. 

Acknowledgement-One of the authors (SKS) ts thankful to the Counctl of Scientific and Industrial Research 
(Indta) for the award of a fefiowship 

Table 2. ~te~inat~u of ptatmum m presence of palladium 
Absorbance m absence of palladium = 0 752 

Absorbance after 
Palladmm. ppm Piatmum, ppm separati5n 

100 IS6 0 752 
200 156 0.749 
30.0 15.6 0.751 
40.0 15.6 0 752 
50-O 15.6 o-7.5$ 
60% 156 0 752 
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Summary-Acenaphtheneqmnone monoxtme has been found to be a selecttve reagent for 
spectrophotometrrc determmatton of l-16 ppm of platmum m the pH range 1.90-3.20. With 
excess of the reagent, a 1 2 (metal : hgand) complex is formed with an absorptron maxtmum 
at 390 nm and molar absorptrvity of 9.0 x lo3 1 mole-‘cm- r. The effect of foreign ions has been 
mvestrgated and other platmum metals do not interfere if present in srmrlar amounts to the 
platinum 

Zusammeufassung-Es wurde gefunden, daD Acenaphthenchmonmonoxrm ein selektives Reagens 
zur spektrophotometnschen Bestrmmung von I-16 ppm Platm bet pH 190-3 20 1st Mit emem 
Reagensuberschug wrrd em 1 . Z(Metall:Ltgand)-Komplex mrt Absorpttonsmaximum bei 390 nm 
und emem molaren Extmktionskoeffiaenten von 9G x 10” 1 mol-’ cm-’ gebildet. Der EinfluD 
von Fremdtonen wurde untersucht. andere Platmmetalle storen mcht, wenn ste m ahnlichen 
Mengen wre Platm vorhegen 

R&urn&On a trouvt que la monoxrme de l’actnaphtbnequmone est un reactif selectif pour le 
dosage spectrophotomttrrque de 1-16 p.p.m de platme darts le domame de pH 1,90-3.20 Avec 
un excis de reacttf, il se forme un complexe 1 : 2 (metal : coordmat) avec un maxrmum 
d’absorptton a 390 nm et un coefficient d’absorptron molatre de 9,0 x 10’ 1 mole-’ cm-‘. On a 
budre l’mfluence d’rons &rangers et les autres metaux de la mme du platme ne g&-tent pas 
~‘11s sont presents en quantitb simtlaires au platme 
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TELLURATE AND PERIODATE SOLUTIONS AS MEDIA FOR PAPER 
ELECTROPHORESIS OF CARBOHYDRATES 

(Recemed 3 July 1972. Accepted 29 August 1972) 

Some years ago one of us1 described an exploratory study of the electrophoretrc behaviour of sugars and 
other polyhydroxy compounds m 0.05M tellurrc acid adJusted to pH 8-11 wrth sodium hydroxide. Although 
the compounds were found to migrate as anions, considerable elongation of spots was observed and the 
method was not recommended at that trme as an analytical techmque smce far better separations were 
obtamed by using other complex-forming electrolytes * The continumg interest m electrophoretic separanon 
of polyols, as shown by perrodrc reviews of the subJect, 3 4 has prompted us to re-examme the use of te!lurate 
solutrons m an attempt to find condrtrons under whrch they could be employed as satrsfactory complexmg 
medra Extensive studtes of the thermodynamrcs and kmetrcs of the polyol-tellurate reactron have been 
reported by Edwards and co-workers, who showed that a 1 . 1 amomc complex forms5 but at a rate which 
IS rather low compared to the very rapid reactton occurnng in borate solutrons, the most popular me&a for 
electrophoresrs of polyols Although the formation constant for the polyol-tellurate complex decreases with 
increase m temperature6 the reactton IS base-catalysed and its rate increases markedly with the temperature ’ 

In the absence of strong adsorption upon the support medium, an elongation of polyol spots dunng 
electrophoresls may be reasonably ascribed to mcompleteness of complexmg. Thus, the above-mentioned 
studies would suggest that a suttable modrficatton m pH, concentratron of tellurate, and temperature, might 
provide better condrttons for complex formation and lead to more ducrete spots. One of the obJects of the 
present work was to test this posstbrhty experrmentally 
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Reagensuberschug wrrd em 1 . Z(Metall:Ltgand)-Komplex mrt Absorpttonsmaximum bei 390 nm 
und emem molaren Extmktionskoeffiaenten von 9G x 10” 1 mol-’ cm-’ gebildet. Der EinfluD 
von Fremdtonen wurde untersucht. andere Platmmetalle storen mcht, wenn ste m ahnlichen 
Mengen wre Platm vorhegen 

R&urn&On a trouvt que la monoxrme de l’actnaphtbnequmone est un reactif selectif pour le 
dosage spectrophotomttrrque de 1-16 p.p.m de platme darts le domame de pH 1,90-3.20 Avec 
un excis de reacttf, il se forme un complexe 1 : 2 (metal : coordmat) avec un maxrmum 
d’absorptton a 390 nm et un coefficient d’absorptron molatre de 9,0 x 10’ 1 mole-’ cm-‘. On a 
budre l’mfluence d’rons &rangers et les autres metaux de la mme du platme ne g&-tent pas 
~‘11s sont presents en quantitb simtlaires au platme 
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TELLURATE AND PERIODATE SOLUTIONS AS MEDIA FOR PAPER 
ELECTROPHORESIS OF CARBOHYDRATES 

(Recemed 3 July 1972. Accepted 29 August 1972) 

Some years ago one of us1 described an exploratory study of the electrophoretrc behaviour of sugars and 
other polyhydroxy compounds m 0.05M tellurrc acid adJusted to pH 8-11 wrth sodium hydroxide. Although 
the compounds were found to migrate as anions, considerable elongation of spots was observed and the 
method was not recommended at that trme as an analytical techmque smce far better separations were 
obtamed by using other complex-forming electrolytes * The continumg interest m electrophoretic separanon 
of polyols, as shown by perrodrc reviews of the subJect, 3 4 has prompted us to re-examme the use of te!lurate 
solutrons m an attempt to find condrtrons under whrch they could be employed as satrsfactory complexmg 
medra Extensive studtes of the thermodynamrcs and kmetrcs of the polyol-tellurate reactron have been 
reported by Edwards and co-workers, who showed that a 1 . 1 amomc complex forms5 but at a rate which 
IS rather low compared to the very rapid reactton occurnng in borate solutrons, the most popular me&a for 
electrophoresrs of polyols Although the formation constant for the polyol-tellurate complex decreases with 
increase m temperature6 the reactton IS base-catalysed and its rate increases markedly with the temperature ’ 

In the absence of strong adsorption upon the support medium, an elongation of polyol spots dunng 
electrophoresls may be reasonably ascribed to mcompleteness of complexmg. Thus, the above-mentioned 
studies would suggest that a suttable modrficatton m pH, concentratron of tellurate, and temperature, might 
provide better condrttons for complex formation and lead to more ducrete spots. One of the obJects of the 
present work was to test this posstbrhty experrmentally 
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The extenston of our mvestigattons to perrodate soluttons was prompted by the report6 that the abthty of 
pertodate tons to bmd sample 1,2-dials such as propylene glycol ts greater than that of tellurate, whtch tn 
turn IS greater than that of borate. The use of pertodate for the oxtdatton of carbohydrates and other polyols 
IS now well established,’ and extensive studws of the mechanism of such reacttons have mdtcated that a 
necessary intermediate IS a pertodate-polyol amomc comptex,’ although the exact nature of the latter has not 
yet been ascertamed. The optrmum reaction condittons depend on the compound to be oxtdrzed but are known 
to requtre a pH in the range 2 5-50. In contrast, the formatton constant of the amomc complex Increases with 
pH, whtle at the same time the rate of decomposttton mto oxtdatton products decreases.” Maxtmum com- 
plexmg and minImurn oxtdatton appear to take place above pH 9 

EXPERIMENTAL 

Apparatus 

Shandon htgh-voltage electrophoresis instrument, model L.24. 

Procedure 

Before loadmg, the filter paper (Whatman No. 3 MM, 57 x 23 cm) was wetted wtth electrolyte and the 
excess was evenly blotted. The test compounds (1% aqueous solutions) were then apphed to the baselme by 
means of captllartes, the sample volumes being approxtmately 0.01 ml (100 jzg of carbohydrate) m pertodate 
soluttons, and about hvtce this quantity in teflurate sofuttons. Dunng efectrophorests the paper was cooled 
by water circuiatmg either from a tap or from a thermostatic bath. Although the apparatus can produce up 
to 10000 V, m practtce the reiattvely high conductances of the solutions restrtcted the work to IOOO-X00 V 
m order not to exceed the maximum permrsstble current (100 mA). Migrations towards the postttve electrode 
were expressed relattve to the movement of o-rtbose, with 2,3,4,6-tetra-0-methyl-D-glucose as a non- 
mtgratmg marker. The extent of migration was taken as the dtstance between the leadmg edges of the spots 
for the test com~und and the marker. 

Reagents 

The electrophoretic media were prepared by dissolving laboratory reagent grade tellurtc actd or sodtum 
metapertodate, NaIO,, in disttlled water and adjusting the pH with sohd sodium hydroxide. 

Ammomacal silver mtrate” was found to be a very sattsfactory detectmg reagent m pertodate sohtttons 
for all the compounds mvesttgated, but it IS dangerous to store this reagent. AR ethanol/~dtum hydroxide 
mtxture followed by sliver nitrate/acetone wtll do equahy well. Immedsately after spraying, each compound 
gave a clear white spot on a brown background, and tts posttron could be matked before the enttre paper 
became brown. Incubatton at 110” for about 5 mm produced black depostts of silver m the prevtously whtte 
posittons, and the paper was then “fixed” by washing m 10% sodium thtosulphate solution and then water. 
Stlver mtrate cannot be used m presence of tellurate, but good results were obtamed wtth an amlme 
phosphate sprayI atthough tt was necessary to locate the alcohols under an ultraviolet lamp 

RESULTS 

In a serves of prehmmary electrophorettc runs usmg tellurate soluttons, vartous combmatrons of the 
followmg condttions were used: concentratton of tellurtc actd O*OS-0.20M, pH P-11, temperature 25-60” 
Spots of sattsfactory compactness were obtamed at 25” by usmg 0+20&f tellurate at pH 10, and these condttrons 
were chosen for all subsequent mvesttgations. The htghest potenttal dtfference attamable was only 1000 V 
(about 17 V per cm of paper) smce the current rose from approxtmately 50 to 95 mA durmg each I-hr 
electrophorests pertod. The corresponding mtgratron of the reference compound, D-rtbose. was about 9 cm 
A temperature Increase tmproves the compactness of the spots to some extent, even tf the tellurate 
concentratton ts reduced to O.lOM. but the improvement was not constdered to be commensurate wtth the 
Increased expenmentaf difficulty Sodtum telfurate IS not very soluble, and tends to pr~tpltate out of the 
more concentrated soluttons after 24 hr. However, It IS eastly redissolved by heatmg. to give a usable but 
turbtd solutton. There IS some decomposttton of tellurate m the cathode compartment of the apparatus, a 
black deposit bemg obtamed. 

Pertodate soluttons were prepared m the concentratton range 0.03-007M. and m the pH range 6-13 The 
finally adopted condttrons were 0@7M pertodate at pH 11, the electrophorests bemg performed at the 
tem~rature of tap water (13-18”). A voltage of 200 V (approx. 35 V/cm) could be applied for 30 mm, during 
whtch ttme D-rtbose migrated about IO-12 cm and the current rose from 60 to nearly 100 mA After standing 
for 24 hr the pertodate soluttons depostt crystals whtch cannot be redissolved by heatmg. The relattve 
mobrhttes (MR) selected from closely concordant repetttions m tellurate and pertodate soluttons under the 
finally chosen condtttons are gtven m Table 1 
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Table 1 Relative mobditles (MRf in teiiurate (O-2M, pH 10. 25°C) and m periodate (O*O?M, pH ii, 
13-18°C) solutions. (Reference compound: D-rhse) 

Test 
compound 

Mil 
(teiiurate) 

MU 
(perrodate) Test compound (teii%te) 

MR 
(perlodate) 

D( -)Arabmose 
L( +)Arabmose 
D( -)Rtbose 
D( +)XyiOSe 

D( +)Gaiactose 
D( +)Giucose 
D( +)Mannose 
L( + )Rhamnose 
of -)Fructose 
L( -)Sorbose 

O-86 
0 86 
lQ0 
0.66 
090 
0.50 
IO0 
O-86 
0.92 
0.80 

1.01 
I.01 
I.00 
1.00 
1.00 
1%Xl 
1.01 
0.99 
1.01 
100 

Ceiiobiose 033 
Lactose 055 
Maltose o-41 
Sucrose 015 
Raffinose 046 
a-Methyl giucoslde 0.15 
&Methyl giucoside 013 
Pen~erythrltoi 0.15 
Mannitoi l-00 
Duicrtoi 1.00 
Sorbltoi O-93 
Inositoi 0.80 

0.65 
O-82 
o-73 
0.30 
O-62 
0.35 
037 
- 
1.02 
1.05 
1.05 
@96 

It IS known that perrodate soiutlons slowly decompose m the presence of itght, gjving lodate and ozone * 
Also, It has been reported’ that carbohydrates migrate m O.lM sodium hydroxide media In order to ensure 
that eiectrophoresls m periodate solutions was not due slmpiy to the basic nature of the soiutlon, or to the 
posslbie presence of lodate, runs were carried out with sodmm hydroxide and w7M sodium lodate solutions, 
both adjusted to pH ii However, nngration under these condmons was found to be neghgibie 

DISCUSSION 

The considerable stat&y of penodate complexes of most of the compounds stud& IS suggested by the 
fact that after moderate spraymg with ammoniacal sliver mtrate the perrodate-poiyoi white spots persist for 
about 30 set and the complex does not Immediately break down to give brown silver penodate. If the paper 
1s oversprayed and left m the oven for longer periods before fixmg, a diffuse region of slight biackemng 
appears beyond the leading edge of each spot. This sliver depoat was ascribed to oxldatlon products, which, 
bemg of lower molecular weight, would be expected to migrate faster Nevertheless, Judging from the low 
Intensity of such biackenmg, the extent of oxldatlon under the condlttons chosen for eiectrophoresls appears 
to be rather shght In spite of tins complication the components of a separated mixture can be quite easily 
located with the spray reagent on the basis of the transitory winte spots 

Eiectrophoretlc behaviour m teliurate soiutlons quahtatlveiy confirms previous reports6 that compiexmg 
between polyols and the teiiurate Ion IS weaker than that with the perIodate ton, as indicated by the much 
lower Concentrations of penodate necessary to obtam compact spots under condztions w&h are otherwrse 
wmziar for the two electrolytes 

These results appear to provide two addltionai eiectrophoretlc methods for the analysis of poiyois, which 
should be considered m cases where a satisfactory separation is not obtamed by use of the more conventtonal 
compiexmg media 

Chem~srr.~ Depurtme~t 
Unrrersu~ of Jordan 
Amman, Jordan 

BALMJR M. I. ALESOFIE 
w. J POPIEL 
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Summary-Electrophoretic separatrons of sugars and other polyhydroxy compounds may be 
performed m 0.2M tellurrc acid media adjusted to pH 10 wtth sodmm hydroxrde. and m 007M 
sodium metapertodate at pH 11. Oxtdation by periodate appears to be only slight under these 
condttrons. Migration rates of 21 compounds are reported relative to the movement of D-ribose 
In both electrolytes the compounds form amomc complexes. 

Zusammenfassung-Zucker und andere Polyhydroxyverbmdungen konnen m 0 2 M Tellursaure- 
medien, die rmt Natnumhydroxid auf pH 10 emgestellt smd, und m 0.07 M Natrmm- 
metaperlodat bei pH 11 elektrophoretisch getrennt werden Unter diesen Bedmgungen fallt 
dte Oxidation durch Perlodat offenbar nur germgfugig ms Gewtcht. Die Wanderungsgesch- 
wmdigkeiten von 21 Verbmdungen werden relativ zur Bewegung von D-Ribose angegeben In 
beiden Elektrolyten btlden die Verbmdungen amomsche Komplexe. 

R&urn&-On peut effectuer des separations tlectrophorettques de sucres et d’autres composes 
polyhydroxylbs en milieux acide tellurtque 0,2M alustts a pH 10 par la soude, et en meta- 
periodate de sodium 0,07&f a pH 11. L’oxydation par le periodate parait n’etre que leg&e dans 
ces conditions. On rapporte les vttesses de migration de 21 composts par rapport au mouvement 
du D-ribose Dans les deux electrolytes, les composes forment des complexes amomques 

Tohnrrr. Vol 20. pp 2542% Pergamon Press. 1973 Prmted m Great Bntam 

SULPHOLANE AS A SOLVENT FOR TITRATION OF 
BARBITURATES AND SULPHA DRUGS 

(Recewed 28 June 1972. Accepted September 1972) 

Sulpholane (tetramethylenesulphone, TMS) IS a dipolar aprottc solvent with a moderately high dielectrtc 
constant (44)’ It has been widely used as a titration mediumze6 and has been recommended for use as a 
differentiating solvent for acid-base tttratrons. s Because of tts high stabthty, perchlortc acid-sulpholane 
solution has been suggested for use as a tttrant.3 

Recent studies m these laboratories mvesttgated the titration of barbiturates and sulpha drugs m tetra- 
methylurea.’ The titratron of barbtturtc acid m sulpholane was shown to be feasible with various electrode 
systems.9 To continue our mvestigation of sulpholane as a medium for the analysts of weak acids, as well as 
to further expand our studies wrth barbiturates and sulpha drugs, this mvestigation was undertaken 

EXPERIMENTAL 

Apparatus 

An Orton Model 601 digrtal pH/mV meter equipped with an Orton Model 605 electrode switch and 
Orion Model 615 Dtgttal Volt-Ohmmeter Converter for scale expanston was the potential-measurmg device 
Sargent 30050-15~ glass mdtcator electrodes were used m conJunction with Sargent 30080-15~ tibre-type 
calomel reference electrodes. The saturated aqueous potassium chlonde soluttons were replaced with saturated 
potassium chlortde soluttons m ethanol. All electrodes were soaked for several days m sulpholane and used 
for only one tttration before resoakmg, to Improve the stabthty of the potential readmgs The tttrattons were 
performed with a lo-ml burette graduated m 002-ml Increments, and a 200-ml Berzehus beaker fitted wtth a 
stopper contammg the electrodes, burette tip, and a nitrogen purge-line. 

Reagents 

TMS was obtamed from Phillips Petroleum Company and vacuum dtsttlled from over sodium hydroxtde 
pellets as described earlier 9 Tetrabutylammomum hydroxide (Eastman, 25”’ ,,, solution m methanol) was diluted 
tenfold with TMS and standardized agamst benzotc acid Barbtturtc acid was Eastman reagent grade Barbital 
was Merck US P All other barbtturates and sulpha drugs were Eli Lilly U.S.P All drugs were drted rn racuo 
before use Because of the limited quanttttes. further purificatton was not attempted 

Procedure 

Between 20 and 50 mg of the acid were weighed mto the beaker and dissolved rn approximately 50 ml 
of TMS. The electrodes were allowed to stabilize for about 15 mm and tttrant added Readings were taken 
after the potenttal had stabthzed to &-0 1 mV (2-5 mm). It IS not really necessary to reach such a htgh 
level of stability, as + I mV was found to be adequate for recoveries as good as those hsted below The 
tttrattons may then be performed m IO-15 mm The draft observed was approxtmately 1 mV/hr 
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RESULTS AND DISCUSSION 

Table 1 lists the recoverres for the barbiturates and sulpha drugs studied 

Recoveries and precwon 

The only one of these drugs previously titrated m sulpholane IS barbtturic acid ’ No significant drfference 
was found between these results with the glass-calomel electrode system and those of the Pt-hydrogen or Ag/AgCl 
electrode systems. Overall, the recoveries are as good or better than those prevtously reported for 
tetramethylurea and dtmethylformamtde, whtle the precrsion IS m the same range’ * The prectsion and 
recovery are also stmtlar for other acids in TMS’ Two other sulpha drugs, sulphamethazme and sulpha- 
thiazole, were tried but the recovertes were high It ts suspected that apprectable acid tmpurrties were 
present m these matertals 

lndlcators 

No visual end-pomt determmattons were attempted. It has been shown that several of the most common 
mdicators used in non-aqueous tttrattons do not change colour m the vtcmny of the end-point m TMS medrum 6 

Actd strength 

Although no exact pK, values can be determined without further study, tt IS posstble to make 
approximatrons of acid strengths from the size of the break m the tttration curve near the end-pomt 
(see Ftg. 1) The order of relative acid strengths is barbtturic acid > phenobarbital _ sulpha drugs > amo- 
barbttal > barbital > secobarbrtal The respective changes m potentral are 550. 470. 470. 360. 240 and 210 mV 
The sulpha drugs are all levelled to the same acid strength, as was reported for tetramethylurea.’ The breaks are 
much larger however, and hence make the end-point more easily determined The break for barbrtunc acrd 
IS not as large as was reported prevtously: the difference IS probably because of the drffermg electrode responses 

As noted above, perchlortc acid m sulpholane has been recommended as a stable tttrant for non- 
aqueous trtrattons Tetrabutylammomum hydroxide m TMS as prepared above was found to retam tts tttre 

Table 1 Recovery of barbiturates and sulpha drugs 

Acid Taken, mmole Found, mmole Recovery, % 

Barbiturrc acrd 

Phenobarbital 

Amobarbrtal 

Barbital 

Secobarbital 

Sulphapyridme 

Sulphadiazme 

Sulphamerazme 

0.2828 02813 
0.1583 0 1585 
02464 0 2448 

01581 0.1593 
0.1312 0 1290 
0.0920 oGJ40 

01395 0.1383 
0.0860 0.0855 
0 1695 0.1693 

0.1766 0.1748 
0.1776 0.1787 
OX.)990 0.0987 

0 1005 
0 1467 
0 1456 

0.1438 
00805 
01008 

00987 
0.1108 
0.1864 

0 1002 
0 1453 
0 1453 

0 1430 
0.0808 
0 1002 

01002 
0.1118 
0 1864 

01040 0 1033 
0 1501 0 1484 
0 0744 0.0746 

99.6 f 0.3 

100.4 f 1.4 

99.5 + 0 3 

99 8 f 0.6 

99.5 * 0.3 

997kO.4 

1009+0.5 

996kO6 
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ml 

Ftg. 1 TitratIoncurves for A, barbttunc actd; B, phenobarbital; C, sulphapyndme, D, amobarbltal, 
E, barbital, F, secobarbttal. 

for at least two weeks. The combmatlon of tttrant stablhty, large potential changes at the end-pomt. ease 

of solvent purtficatlon, and good solubthty charactenstlcs m&ate TMS IS a solvent with high potential for 
Important practical applications. 
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Summary-Sulpholane (tetramethylenesulphone) has been used as the medium for non-aqueous 
potentlometnc tttration of barbiturates and sulpha drugs with tetrabutylammomum hydroxide 
Recovenes for 0 1-O 3 mmole of barbltunc acid, phenobarbttal, amobarbltal, barbital, seco- 
barbital, sulphapyndme, sulphadlazme and sulphamerazme were generally m the range 
99-101x. A glass-calomel electrode system was used: common acid-base mdlcators give no 
colour change m the medium used. 

Zusammenfassung-Sulfolan (Tetramethylensulfon) wurde als Medium fur die mchtwaBnge 
potentlometrlsche Tltratlon von Barblturaten und Sulfa-Arznelmltteln mtt Tetrabutylammomum- 
hydroxld verwendet. Die Ergebmsse lagen fur 0.1-03 mmol Barbltursaure, Phenobarbital, 
Amobarbital, Barbital. Secobarbltal, Sulfapyndin. Sulfadlazm und Sulfamerazm im allgememen 
bei 99-101x. Ein System mlt Glas- und Kalomelelektrode wurde verwendet. gebrauchhcke Saure- 
Basen-Indlkatoren geben tn dem verwendeten Medium kemen Farbumschlag 

R&urn&-On a utdisC le sulfolane (t&tram&hylenesulfone) comme miheu pour le titrage potentio- 
m6trlque en mdleu non aqueux de barbiturates et de mCdlcaments sulfamldts avec l’hydroxyde de 
t&rabutylammomum Les rtcupCratlons de 0.1-0.3 mmole d’aclde barbltunque, ph6nobarbltal. 
amobarbltal, barbital, secobarbltal. sulfapyndme, sulfadrdzme et sulfamirazme ont et6 gineralement 
dans le domame 99-lOI:<. On a utlhsb un systtme t-lectrodes de verre et calomel . les mdlcateurs 
aclde-base communs ne donnent pas de changement de coloration dans le mdieu utlhsC. 
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Summary-A review is made of the various factors, such as the mathematical basis, measure- 
ment instrumentation, reaction mechanism, synergistic effects, etc, affecting the accuracy and 
precision of kinetic-based analytical methods. Recommendations are made concerning the 
research involved in developing new methods and/or applications and concerning the manner 
of pr~ntat~on of the results for publication. 

Although the concept of using analytical methods based on kinetics or reaction rates goes 
back over fifty or sixty years to the early literature in biochemistry, radiochemistry and 
gas-phase diffusion,” and there has been extensive use of enzymatic and other catalytic 
reactions2 in analysis, especially in clinical applications, 3 it was not until 1951 in the work 
of Lee and KolthoE4 that the broad inherent possibilities and advantages of kinetic-based 
analytical methods with respect to conventional equilibrium methods in many chemical 
situations were pointed out clearly to chemists. This work stimulated considerable funda- 
mental development and special application research bySiggia,5-7 Reilley,8-‘o GuiIbault3*” 
and others,1*9*‘2-17 particularly in the area of in situ analysis of complex systems. There 
have been several books,1-3*18*19 monograph chapters9,13-‘5*20 and reviews11,‘6+21-23 
published during the last ten years which summarize the research efforts in this field. 

It is somewhat surprising in view of the potentialities of kinetic-based techniques and the 
considerable amount of fundamental method development published, that there has not, 
except for continued massive use in clinical assays, been any significant application of 
kinetic-based techniques to routine and/or practical analytical problems. However, there 
are two main reasons for this lack of application of kinetic techniques. First of all, almost 
all commercial instrumentation for chemical measurement is designed for steady-state or 
equilibrium measurement and does not perform satisfactorily when used for quantitative 
time-dependent measurement. Thus, analysts often found it necessary to modify or com- 
pletely build the instrumentation for analytical rate-based determinations. Secondly, it is 
felt that many of the fundamental method-development papers reported during the past 
ten years did not fully explain appIicability and limitations of the individual methods and, 
thus, it was not clear to other anaIytica1 chemists how they could modify or adapt these 
methods to their particular system or analysis problem. 

A very striking example of this occurred at a recent symposium on “reaction-rate methods 
of analysis.” After one talk on the principles of a particular method for the simultaneous 
in situ analysis of closely related mixtures, someone in the audience made the following 
comment: “I tried this method on mixtures of amines. The rate constants, ratio of rate 

257 



258 HARRY B. MARK,JR. 

constants and ratio of reactant concentrations were ideal according to the discussion in this 
talk. However, the analytical results were terrible. Why?” 

The first problem, instrumentation, has essentially been overcome. Now that inexpensive 
analogue and digital integrated circuitry and minicomputer systems are readily available, 
considerable research on the basic concepts of stable accurate instruments for kinetic 
measurement has been reported’5V20V24-32 and automated quantitative instruments are 
beginning to become available (or easily built). However, the general guidelines for 
carrying out research to develop kinetic-based analytical procedures and for reporting the 
data and results have never been given in one place. Thus, this paper will attempt to present 
recommendations concerning important points that should be covered and investigated 
during a research project in this area. 

MATHEMATICAL BASIS OF KINETIC METHODS OF ANALYSIS 

The past few years have seen the development of a very large number of methods for the 
calculation of the initial concentration(s) of the species of interest from reaction rate data. 
These methods involved, in general, the simple mathematical manipulation and rearrange- 
ment of the usual differential or integral forms of the classical reaction-rate equations to 
put them in a convenient form for the calculation of initial concentration(s) of the unknown 
reactant(s). With few exceptions most of these mathematical treatments or methods have 
been reported within the past 5-10 years. Such methods can be classified into two main 
categories: methods for a single species and methods for the simultaneous in situ analysis 
of mixtures. Within each of these two categories, the methods can be subdivided according 
to the kinetic order of the reactions employed: pseudo zero-order or initial-rate methods, 
first-order and pseudo first-order methods, and second-order techniques. The principles, 
mathematical treatments, applicability and limitations of these methods have been discussed 
in the book by Mark, Rechnitz and Greinke’ and the monograph chapters by Mark, Papa 
and Reilley,’ Blaedel and Hicks,13 Pardue,15 and Crouch.20 

Although these various methods are generally classified by most investigators as zero- 
order (initial reaction-rate), first-order, or second-order reaction-rate methods,‘~9320,23 the 
actual mechanisms for the chemical reactions employed in virtually all of these methods 
(except those involving radiochemical decay reactions’ and catalytic reactions”) are bi- 
molecular reactions of the type: 

A+R + P (1) 

[where A is the species of analytical interest, R is the added reagent, and P is the product 
(or products)] and the general differential rate expressions have the form: 

d[Al, 4R1, W’l, _-t=--= 
dt 

- = WAIJRI, - h,Pl, 
dt dt 

(where [A],, [RI,, and [Pjt represent the concentrations of these species at any time t). 
Thus, the nomenclature zero-, first- and second-order actually refers to the ex~rimental 
conditions under which the rate measurements are made and/or the relative concentrations 
of the reactants A and R. 

If the rate data are taken only during the initial l-2% completion of the total reaction, 
then the concentrations of A and R during this initial reaction period are virtually un- 
changed and equal to the initial concentrations [Alo and [RI0 respectively and the reverse 
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reaction can be ignored, as only a negligible amount of product is formed. Thus the dif- 
ferential rate expression (2) simplifies, under these initial rate conditions, to a pseudo zero- 
order form: 

N kr[A],[R], N Constant (3) 

[Note that only the rate of initial change of concentration of product(s) is followed experi- 
mentally, as the change in concentration of A or R is small and, therefore d[A]/dt or d[R]/dt 
cannot be measured accurately.] If the reaction (1) is run under such conditions that the 
initial concentration of one of the reactants (either A or R) is very large compared to the 
other, then either [A], or [RI, will remain virtually unchanged as the reaction proceeds to 
equilibrium and can be considered equal to its initial concentration. Also, the reverse 
reaction can usually be neglected as the large excess of one of the reactants drives the 
reaction to virtual completion. Under these conditions the reaction is a pseudo first-order 
reaction and the differential rate expression takes the form 

_y(or _!$I!)- ~JRlo[Al, (or kf[Alo[Rl,) (4) 

- WAI, (or 4 [RI,) (5) 

where k; = k,[R], (or kr[A],). If the rate of reaction (1) is measured during a significant 
degree of completion under conditions where [A], is of the same order of magnitude as 
[RI,, then the method is called a second-order method and the exact differential rate 
expression (2) must be employed in the data analysis. Note also that only when the reaction 
mechanism is virtually irreversible can the reverse reaction be ignored in equation (2). 
Also, for the special case [RI,, = [A], , a modified form of the calculation of initial concen- 
trations must be employed.33 

It is obvious from the discussion above that any complete research and/or report on a 
kinetic-based analytical procedure must carefully take into account the degree of approxi- 
mation made in the use of equation (2) with respect to the time period of data measurement 
and relative initial concentrations of reactants and, in some cases, the reversibility of the 
reaction(s). For example, care must be taken when using a pseudo first-order method when 
the initial concentrations of the unknown varies over several orders of magnitude. The 
error introduced in assuming the validity of the pseudo first-order approximation of 
equation (2) is a function of [A], . Although the reaction mechanism for enzyme and other 
catalysed reactions and, hence, the rate equations, seem somewhat more complex,‘,2*20 
similar assumptions, simplifications and therefore, restrictions in validity are made on the 
rate-measurement techniques employed in the analytical use of these systems.20934 

Within each of the zero-order, first-order and second-order classifications of reaction- 
rate methods there are a large variety of different methods of display and/or mathematical 
manipulation of the reaction-rate data or equations in order to calculate the initial con- 
centration(s) of the species being determined. The selection of the technique of calculation 
can have very significant effects on the accuracy of the analysis.‘*9~20*34*3S For example, 
Crouch20*34 has pointed out that the kinetic role of the determinand species in methods 
employing first-order and enzyme or other catalysed reactions has a strong effect on the 
choice of measurement of the reaction-rate data. It was shown that a fixed-time 
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approach’ *’ 3,’ ’ is superior for pseudo first-order reaction conditions and for the deter- 
mination of the substrate in any type of pseudo zero-order catalysed reactions. However, 
in the cases where the enzyme or other catalyst is to be determined (under pseudo zero- 
order conditions), the variable-time procedure’ *l 3*1 ’ yields better results. The choice of rate 
data reduction method in the simultaneous in situ analysis of mixtures is even more critical 
with respect to accuracy of the analyses. There have been numerous results in the litera- 
ture 1340899*12335S36 which have shown that both the relative and absolute values of the rate 
constants and the initial concentrations of the species to be determined dictate the choice 
of data treatment for the calculation of the initial concentrations. Furthermore, within the 
mathematical framework of each of these calculation procedures, there are generally 
optimum and/or limited times at which rate data should be taken in order to minimize the 
effects of random and absolute error in measurement.1*9~‘2*35 The choice of procedure and 
optimization of the measurement is very complex and no simple rules can be given here. 
However, very detailed discussions of this problem are available.1~9~‘2*35 Thus, any research 
on the development of new analytical methods should include a very comprehensive 
analysis of the choice of data measurement and reduction procedures. 

THE REACTION MECHANISM 

In most equilibrium-based analytical methods, the success or failure of a determination 
is not affected by the reaction mechanism provided that the reaction is either quantitative 
or the measured parameter at equilibrium is linearly proportional to initial concentration 
of the species of interest. This is not the case in reaction-rate methods. Any report of a new 
kinetic method should include, if possible, a complete study of the mechanism of the re- 
action(s) involved in the procedure (some reactions, such as catalytic reactions, are so 
complicated that complete elucidation of the mechanism would be impossible). It should 
also include a detailed study of the effects of typical sample matrix components, which can 
act as catalysts, induce side-reactions, alter the activity of the reactants, etc. The rates and 
rate constants for chemical reactions are very sensitive to low concentrations of “ spectator” 
species, etc, and hence. samples containing the same true initial composition of the species 
of interest but coming from different sources can very often give quite different apparent 
concentrations. Unless the experimenter is completely aware of the total reaction mechanism 
and all possible factors that can affect either the activation energy and the reaction path, 
erroneous analytical results could be obtained under certain circumstances which may not 
be detected. A detailed investigation of the simultaneous in situ analysis of binary amine 
mixtures illustrates this point.37. (It should be mentioned here that most systems will be 
less error-prone than the example given.) It was found that rate constants for the reaction 
of many individual organic amines with methyl iodide in acetone solvent had ideal dif- 
ferentiation and range of absolute values when the reactions were conducted under pseudo 
first-order conditions with respect to the methyl iodide. The data reduction method of 
Roberts and Regan38 and the simple and accurate data acquisition system employing a 
continuously recording conductivity instrument39.40 seemed to indicate that almost ideal 
analytical results would be attained. However, it was found, just as had been reported by 
the analyst who_commented at the symposium mentioned in the introduction to this paper, 
that most binary mixtures gave very poor results when analysed by this procedure. 

A careful examination of the reaction mechanism of the system revealed that there were 
numerous unexpected sources of error. First, it was found that the acetone used as a solvent 
underwent a Schiff-base type reaction with some primary amines at a rate comparable to 
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the methylation reaction of the method. This resulted in the variation of the composite rate 

constant, K*,37s38 during the course of the reaction of mixtures containing such primary 
amines, as shown in curve 1 of Fig. 1. As the calculation of initial concentration from K* by 
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Fig. I. Variation of K* for n-butylamine-tributylamine mixture (71.2% n-butylamine) as a 
function of time, for three different solvent systems3’ 

Curve l-100% acetone 
Curve 2-89 % acetone-l I %water 
Curve 3-70 % DMSO-30 % n-propyl alcohol 

(Reprinted by permission of the American Chemical Society) 

the method of Roberts and Regan3’ requires K* to remain constant over the total reaction 
time, serious errors are introduced by this side-reaction. As added water would suppress 
the Schiff-base reaction, acetone-water mixtures were then used as the solvent systems. 
While this improved the results obtained for several amine mixtures, those containing high 
molecular weight amines still gave poor results. For example, K* is not constant over the 
whole reaction for n-butylamine-tributylamine mixtures, as shown in curve 2 of Fig. 1. 
In this case the addition of water results in the formation of small suspended micelles of 
amine in the solution, which alters the reaction rates. Thus, it was necessary to go to a less 
basic solvent system, DMSO-n-propyl alcohol. which had no significant tendency to react 
with primary amines41 and in which most amines are soluble.37 Curve 3 of Fig. 1 shows 
that K* for the n-butylamine-tributylamine mixture is then constant and, thus, accurate 
initial concentrations are obtained.37 

However, certain amine mixtures, generally those containing methylamime, still gave poor 
analyses. It was found that such mixtures were slightly hygroscopic and samples often con- 
tained traces of water. This trace water acted as a catalyst in the methylation reaction. 
Thus, the rate constants obtained from the reactions of standard dry amine solutions and 
used in the calculation of initial concentrations of unknown mixtures containing traces of 
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water were not valid for the unknown mixture reactions. The addition of water to the solvent 
system (10 % or more) was found to swamp out these variations of rate constants in unknown 
amine mixtures. Recall, however, that the addition of water can result in solubility compli- 
cations for some amines. This investigation also revealed that a synergistic effect, probably 
caused by changes in the activity of the amines by the build-up of product, resulted in 
variation of K* during the reaction when the amine mixture concentration was high. Other 
sources of error arose from the reaction of the reagent methyl iodide with the DMSO solvent 
system on storage, and loss of measurement sensitivity when conducting impurities were 
present in the unknown.37 

The point here is that no simple general reaction procedure for this method can be given 
that is universally applicable to all types of amine mixtures. This is probably true in general 
for any procedure for a kinetic-based method. Thus, in reporting a new method, it is 
necessary to have investigated the chemistry of the reactions employed so that other 
analysts trying to use the method for their samples can anticipate possible sources of errors 
resulting from the chemical nature and/or composition of their samples. 

INSTRUMENTATION FACTORS 

Of course, the accuracy and precision of the instrumental and/or experimental measure- 
ment is equally important to both kinetic-based and equilibrium analytical methods and 
should be discussed in any publication concerning these methods. However, there are a few 
special instrumental and/or experimental factors that are of critical importance in the 
kinetic-based methods and quantitative information concerning them should be included 
in any report about a new method. Those factors particularly important to reaction rate 
methods are listed below. 

Instrumental stability 

Although high-frequency noise in an instrument used in measuring reaction rates can 
be a problem, it can generally be eliminated by simple electronic filtering, as the frequency 
of the noise is generally very high compared to the rate of change of the signal, which is 
proportional to the rate ofreactions employed in analytical procedures.23V32942 Weichselbaum 
et al.,32,42 Pardue et a1.,15v24S25 and Crouch2’ have discussed in detail the circuitry, design 

criteria and magnitude of the effects of low-frequency drift on analytical results, in spectro- 
photometric rate-measurement. The principles discussed are applicable to any type of 
instrumental measurement. 

Linearity of transducer response 

Most transducers which convert chemical concentration into an electrical signal have a 
non-linear response. For example, potential and optical transmission are not proportional 
to concentration. In general, this non-linearity is easily and simply corrected in equilibrium 
analytical measurements, However, Weichselbaum et a1.,32*4o and Crouch” have shown 
that it is considerably more difficult to linearize instrumentally the response<oncentration 
function in reaction rate methods and often this transformation can introduce significant 
errors into the analytical results. 32.42 For example, Weichselbaum et al. have shown that 
simple non-linear feedback elements employed in log-response operational amplifier circuits 
are not sufficiently accurate in the transformation of transmittance into absorbance, to be 
used for many analytical purposes. They found it necessary to go to a very elaborate servo- 
mechanical system to circumvent this problem. Crouch20,34 in an extensive analysis of 
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the various data measurement and reduction procedures in kinetic methods has shown that 

the variable-time approach can be used advantageously in the case of non-linear response, 
as the measured reaction rate in this procedure is linearly proportional to initial concen- 
tration of the species of interest in spite of the fact that the actual transducer response is 
not proportional to concentration. This is because the time required to reach a fixed con- 
centration level is the parameter measured and, thus, linearity of the overall response- 
concentration curve is not necessary. Thus, it is not necessary to resort to instrumental 
linearization of signal response when the variable-time method is used. The point here is 
that in some cases the instrument and not the chemical reaction can dictate the method used. 

Rise-time of the instrument 

As mentioned above, high-frequency noise can often be eliminated by simple electronic 
filtering. However, caution is necessary and the investigator should be very familiar with 
the actual effective rise-time of the instrument used, over all operating ranges. Obviously, a 
fixed filter time constant cannot be applicable over a large range of initial concentrations 
as the rate of the reaction at any time is a function of initial concentration.32 Thus, a report 
of a new rate method should include a quantitative evaluation of the rise-time of the instru- 
ment under all conditions of damping employed and a comparison with the maximum 
reaction rates measured under each setting of the filter time constant. 

Data acquisition mode 

Most reaction rate methods reported’,2~‘“~20 utilize only a small number of actual data 
points (from one to about four) in the calculation of the initial concentration(s) of the 
species of interest. Clearly this approach throws away a considerably amount of data that 
could be used advantageously. For example, Margerum and co-workers have discussed the 
parameters affecting the accuracy of the simultaneous analysis of mixtures by pseudo 
first-order reaction methods.30*3’*43*44 Their results point out that a continuous data- 
utilization approach to the problem is the superior data-analysis method in several examples 
of the use of reaction rate methods for analyses. In the early development of reaction rate 
methods for analysis of closely related mixtures, the procedures used chemical reactions 
which were not suitable for continuous automatic measurement of the entire rate-response 
curves.’ q9 Also, all calculations at that time in the development of the reaction rate methods 
attempted to limit the number of data points taken and to predetermine the optimum times, 
etc, for taking this minimal amount of data. 1*9 However, in recent years the advances in 
the field of electronic circuitry and computer technology has had a tremendous influence 
on the design of instrumentation for kinetic analysis. These instrumental advances have 
also had a strong influence on the principles of and approaches to differential rate methods. 
Margerum and co-workers (and also Weichselbaum and co-workers32’42) have shown 
conclusively that the use of built-in computation systems allows continuous analysis of the 
entire reaction-rate data curve throughout the course of the reaction. The data are thus 
processed with both ensemble-averaging and smoothing routines in real time. Experimental 
results and detailed error analysis study have shown that this approach to data acquisition, 
reduction, and display leads to a much greater accuracy and precision of the analytical 
results.30,3’*43.44 In fact, good results can be obtained for fast reaction differential rate 
analyses where the usual finite or minimal data-point methods fail completely.43*44 Thus, 
any new report of a reaction rate method should include a comparison of results calculated 



264 HARRY B. MARK, JR. 

from both a finite and a continuous number of data points. This will warn others that certain 
methods will fail under limited data point computation. 

Temperature control 

The rate of a chemical reaction is considerably more sensitive to temperature variation 
than the position of the equilibrium (provided the formation constant is very large and 
the reaction can be considered to be “quantitative “1. Thus, temperature control is critical 
in reaction rate analytical methods and quantitative data concerning this control must be 
given in any publication describing a new method. Also, the effect of temperature ff uctuation 
on the accuracy and precision of the analytical results should be discussed. 

Two factors in temperature control must be considered. The accuracy of the tempera- 
ture control in the thermostated jacket of the reaction cell is the initial consideration, of 
course.4s~46 However, as chemical reactions are either exothermic or endothermic, Pardue 
and Rodriguez, 24 Weichselbaum et a1.,47 and Feil et aL4* haveshown that rapid temperature 
exchange and equilibration of the reaction solution with the thermostated cell jacket is 
also an extremely important consideration in obtaining analytical-quality rate data. 

Automation of operations 

It is very obvious that automated control of solution mixing, measurement sequences, 
etc, wilt minimize time-measurement errors compared to those arising from manual control 
and solution handling and, hence, will increase the accuracy of a given reaction rate pro- 
cedure.23,25,29+32 Thus, a report of a new rate method should cover the variation of the 
analytical results under varying increase in automatic control, going from hand operation 
to complete computer control of operation and optimization.2Q Thus, again there will be 
warning about the ex~rimental Iimits and operational controls under which the method 
is applicable. It wouId also be vafuabfe to include a quantitative discussion of the relative 
merits and limitations of continuous frov~‘~*‘~ and discontinuous-sump&q automated 
systems. 20.50-54 

CONCLUSIONS 

Useful general guidance on the information that should be included in a pubfjshed paper 
on an analytical method can be found in articles by Wilson,55*56 Chalmers,57S5s and 
others.59.60*6’ The specific requirements unique for the development and description of 
kinetic based analytical methods are discussed in detail above and are summarized here 
for convenience and emphasis. The points listed are those that must be examined and 
reported in publicatjon of a new method. 
I. ~at~ernat~ca~ basis of the method. The complete reaction order, relative concentrations 

of reactants, identification of species followed during reaction, mathematical basis of 
data reduction and assumptions or simplifications should all be discussed. The selection 
of optimum conditions, such as the times of data collection, must be justified. Evidence 
must be given for the choice of data-reduction procedure. 

2. The reaction ~~ec~anisrn. A complete description of the mechanism and reaction-order 
of all reactions involved in the kinetic method must be given wherever possible, as it is 
important to demonstrate the effect of any potential impurities on the reaction mechan- 
ism or path. The stability of reagent-solvent systems as well as synergistic effects related 
to concentration are also important. 

3. Trace impurities as catalysts or inhibitors. it is necessary to examine the effects of trace 
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amounts of all conceivable impurities that might be expected to be present in the types 
of samples that the method is designed for. 

4. Instrumental factors. Any publication must include data concerning the long-term 
stability of the instrumentation employed, the linearity of the transducer response over 
the concentration ranges to be expected and its effect on the data-reduction procedure, 
the rise-time of the instrument with respect to desired data-taking rates, the number of 
data points taken and utilized in the data-reduction procedure, the temperature control 
of the reaction solution under dynamic conditions, and the effect of automation on 
accuracy of analyses. 

The following points must also be covered in the publication of any new kinetic method. 
These points were not specifically discussed above in this paper as they are essential to the 
report on any type of new analytical method. 

Accuracy and precision. As the accuracy and precision of kinetic-based methods is, in 
general, less than that of equilibrium techniques, it is essential that a statistical analysis 
of repetitive analyses be given. It would also be necessary to give statistical evidence in 
support of the choices of optimum measurement parameters. Simple theoretical con- 
siderations alone are generally not sufficient as they often neglect unsuspected effects.‘~9*‘o 
Applications. Procedures suitable for various sample matrices should at least be dis- 
cussed. Also, matrices that are at least potentially unsuited for the method should be 
pointed out. 
General. The value of the method must be realistically compared, in terms of speed, 
accuracy, selectivity, simplicity, cost, etc. with other methods for the same species. 
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Zusammenfassung-Es wird eme ijbersicht iiber die verschiedenen Faktoren gegeben, die 
Genauigkeit und Richtigkeit von analytischen Methoden auf kinetischer Basis beeinflussen, 
wie mathematische Grundlage, MeBinstrumente, Reaktionsmechanismus, synergistische Effekte 
usw. Fiir Arbeiten, die neue Methoden und/oder Anwendungen entwickeln wollen, sowie 
fiir die Art der Publikation ihrer Ergebnisse werden Empfehlungen ausgesprochen. 

R&urn&On effectue une revue des divers facteurs, tels que la base mathbmatique, I’mstrumen- 
tation de mesure, le mkcanisme de reaction, les effets synergiques, etc. . . , qui affectent la 
precision et la fidClitC de methodes analytiques basees sur la cinbtique. On fait des recom- 
mandations concernant la recherche impliqute dans le dtveloppement de nouvelles methodes 
et / ou applications et concernant la man&e de p&enter les rtsultats pour publication. 
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Summary-Titanium arsenate papers wtth As/Ti ratios 0.2-2.2 have been prepared and 47 metal 
ions chromatographed on these papers in lo-s-4M nitric acid. The effect of pH and of the 
Ti/As ratio on the RI values has been studied. A new quantity R, (R, = R, on untreated papers 
minus Rr on treated papers) has been defined. The effect of the concentration of the loading 
reagents on the Ti/As ratio of the ion-exchanger precipitated on the papers has been determmed. 
Contrary to Alberti, it is shown that Lederer’s equation is obeyed by titanium arsenate papers in 
the sodium form if the activity of Na + ions is considered instead of their concentration. It 
has also been demonstrated that the selectivity sequence for cations on titanium arsenate 
papers is not the same as that on titanium arsenate columns. 

Chromatography on papers impregnated with inorganic ion-exchangers of zirconium 
phosphate type has recently been reviewed. ’ Some interesting possibilities for the 
separation of alkaloids and amino-acids on zirconium phosphate papers have also been 
reported.’ In the earlier reports 3*4s,6 from this laboratory it was observed that these 
papers are highly selective and they give rapid separations with simple aqueous systems. 
The selectivity of the papers is greatly enhanced if mixed solvent systems are used in 
place of the aqueous systems.’ Quantitative separations were also achieved by Qureshi 
and co-workers.* Alberti found that the RdpH ratio increases with valency of the ion on 
zirconium phosphate papers, but that Lederer’s equation, i.e., npH = RM + constant, does 
not hold, as zirconium phosphate is a weak ion-exchanger. Alberti,’ however, showed that 
if zirconium phosphate papers in the Na+ form are eluted with solvents containing 
increasing concentrations of Na+ (or K+) ions then the equation -nlog[Na+] = R, + 
constant is obeyed. These results were confirmed by PraSilova and Sebesta for ammonium 
tungstophosphate paper lo but they have not been extended to other ion-exchange papers. 

These studies on ion-exchange papers have the following limitations. 
(1) The ion-exchangers deposited on the papers have not been analysed and therefore 
the inference of Nunes da Costa r1 that ZrPQ, papers and ZrPO, columns show analogous 
behaviour is not very convincing and needs further examination. 
(2) No study has been made on ion-exchange papers in which the precipitated material 
has varying cation to anion ratio. 
(3) No systematic studies in nitric acid systems have been reported. Sastri used 3.0M 
nitric acid to separate U(IV) from U(VI), l.OM nitric acid to separate As(II1) from As(V), 
and @lM nitric acid to separate Hg(1) from Hg(I1). Zhang Zhu separated Y(II1) from Sr(II), 
using O.l-2.OM nitric acid media. 

The present work was therefore undertaken to overcome these limitations. Papers with 
different As/E ratios have been prepared and 47 cations have been chromatographed on 
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them, with O.lM nitric acid as the developer; lo- 5-4M nitric acid media have also been used 
for systematic studies of these ions on papers impregnated with titanium arsenate exchanger 
having Ti:As ratio 1 : 1.7. The results are summarized in the following report. 

EXPERIMENTAL 

4ppuratus 

Chromatography was performed on 15 x 3.5 cm Whatman No. I paper strips m 20 x 5 cm glass jars. 

Reagent.) 

Chetmcals and solvents were analytical reagent grade. 

Prepuration of ion-exchange papers 

Aqueous solutions (0.5.M) of titamum(IV) chloride and sodium arsenate were prepared. Paper strips of the 
required size were first impregnated m the titanium(IV) chloride solution for 3-5 set and excess of reagent was 
removed by placing the strips on sheet filter paper, The strips were allowed to dry for 15 min at room 
temperature. They were then dipped in the sodmm arsenate solution for 15 sec. The excess of solution was 
drained off and the strips were placed over a filter sheet. The strips were converted into the Na+ form by 
dipping in 0.5M sodium nitrate and then washed thrice with demineralized water m order to remove the excess 
of reagents. Finally the strips were dried at room temperature and used for chromatography. 

Solutions (O.lM)ofchlorldes, nitrates or sulphates of most of the cations were prepared in O.lM solutions of the 
corresponding acids. The O.lM antimony and bismuth chlonde solutions were prepared in 30% v/v and 3.7M 
hydrochloric acid respectively. The 2% solution of gold chloride was prepared in 4M hydrochloric acid. 
Niobium pentachloride solution (1%) was prepared in lo:&!, tartaric acid solution. Selenium dioxide was 
dissolved in water and made alkaline with 1M potassium hydroxide. Sodium molybdate, sodium tungstate, 
potassmm chloride, caeslum chloride and rubidium chloride s&tions, all 0.1 M, were prepared in water. Cerlc 
sulphate (0.1 M) was prepared in 3.6N sulphurlc acid, stannous chloride was dissolved in 4M hydrochloric acid 
and a piece of tin was added to the 0.1 M tin solution to prevent oxidation. 

Detection 

Pb=+ . g . Hgzf, Tl+, B13+, Cd’+, Sb3+. Cu’+ and Sn2+ A + zones were detected with yellow ammonium 
sulphide solution. Fe3+, V4’, UOi+ were detected with aqueous potassium ferrocyanide solution. To detect 
Mg’+ the paper was dipped first in alcoholic quinalizarin solution and then washed with 2M sodium 
hydroxide. Aqueous potassium ferricyanide solution was used to detect Fe’+. A 17; alcoholic diphenyl- 
carbazlde solution was used to detect Ir3+ Cr3+. Mn’+ and Zn” 
solution for Y’+. Zr”+. Th4+, Ce3+ La3’, In3+. Nb5’, 

spots and 0.1% alcoholic Alizarin Red S 
Ca*+ and Hf4’ spots. A fresh solution of sodium 

cobaltmitrite was used to detect Kf. ib+ and Cs+. For detecting A13+, Be*+ and Ga3+ the strips were dipped in 
aqueous Aluminon solution and then they were washed with aqueous ammonium acetate solution. A fresh 
aqueous sodium rhodlzonate solution in neutral medium was used to detect Ba’+ and Srzf. DlM stannous 
chloride m 4M hydrochloric acid to detect Se4+, Mo6+, Wb+, Pt4+ and Au ‘+, 2% thiourea in 2M hydrochloric 
acid to detect Ru-‘+ and 1% alcoholic dimethylglyoxime solution to detect Ni*+ and Co*+. 

Procedure 

One or two spots of the test solutions were spotted on the paper with thin glass capillaries. The paper was 
then conditioned for 15 min. The solvent ascent was always 11 cm. The front (&) and rear (RT) R, values 
were measured. 

The paper strips were dissolved in a mixture of perchlorlc, mtric and sulphuric acid (3 : 1 : 4) and the solution 
was evaporated to dryness. The residue was dissolved in hydrochloric acid. The solution was then dduted to 
50 ml and arsenic determined as arsenic sulphide. I2 Titanium was determmed in the filtrate by reducing it to 
Ti(II1) with alummium foil and titrating with ferric ammonium sulphate, with ammonium thiocyanate 
as indicator.’ 3 

RESULTS 

The results are summarized in Table 1. 
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Table 1. Composition of titanium(W) arsenate papers prepared by 
varying the concentration of reagents. 

Concentration of reagents 

No. TiCl,, M NaZHAsO,, M Temperature Ti:As 

1 0.01 0.01 Room 1 : 0.21 
2 0.05 0.05 Room 1 : 0.32 
3 0.1 0.1 Room 1 : 0.42 
4 0.1 0.25 Room 1 : 1.7 
5 0.5 0.5 Room 1 : 2.2 
6 0.5 0.5 70 & 1°C 1 : 1.8 

The Ti:As ratios of titanium arsenate deposited on papers are compared with those of 
titanium arsenatei precipitated by mixing the equimolar reagents in the ratio of 
1 : 1 (Fig. 1). 

In all, 47 cations were chromatographed on paper impregnated with titanium(IV) 
arsenate (on papers Nos. 4 and 5) with various concentrations of nitric acid and sodium 
nitrate as solvent. 

16- \ 

I I I I I I 
0 01 02 03 04 0.5 

Concentrctlon of tltonlum and arsenate soluhons 

Fig. 1. Composition of titanium arsenate prepared with various reagent concentrations. 
(a) Composition on papers; (b) composition of precrpitates. 

Chromatography on paper No. 4 

The following solvent systems were used to study the effect of pH on the R, values and to 
find important separations. 

(1) l.OM HNO, (6) O.OlM HNO, 
(2) 2*OM HNOs (7) 10-3M HN03 
(3) 3.OM HNO, (8) lo- 5M HN03 
(4) 4.OM HNO, (9) l.OM NH,NO, + O.lM HNO, (1 : 1) 
(5) O.lM HN03 (10) Demineralized water 

The greatest number of important separations was obtained with O.lM nitric acid as 
eluent. R, values of metal ions in this system are plotted in Fig. 2. The more important 
separations achieved on paper No. 4 are given in Table 2; all separations took 30 min. 
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Fig. 2. Plot of Rr values for 47 cattons, with O,lM nitric acid as solvent. 

Table 2. Separations achieved on tttanium(IV) arsenate paper No. 4. 

Separation 

No. of (R r) from (Rr) Solvent 

1 Fe3 + (0.0-0.28) 
2 Bi3’(0.0) 

Th4+ (0.1) 
3 Pt4+(0.85) 

Sb3 + (0.0) 

Cd” + (0.62) 
Bi3+(0.08) 
Ag+(O.O) 

Th4+ (0.0-0.2) 
Ca’+(O.89) 

4 Nb5 + (0.0-0.28) 

5 Sb3+ (0.06) 

6 Au3 + (055) 
Sb3+ (0.06) 

7 Sb3 + (0.15) 
8 Ag + (0.0) 

9 Pt4 +(0.76) 
Pt4+(0.81) 

Cr3+(0.65) 
cu* + (0.86) 
Hg2+ (0.46-0.75) 
Y3+(o.55) 
Ir’+ (0.00). 
Au3+(0.55) 
Cu’+(O.85), 
Cd2 + (0.64) 
TI + (0.0-0.3) 
Cd’+ (0.65) 
Cu’+(O.69) 
Au3 + (0.85) 
La3+(0.51) 
Al’+ (0.4) 
Zr4+(0,85), 
uo: + (0.70) 
cu* + (0.90) 
Cd’+ (0.92) 
Sb3 + (0.08) 
Sn’+ (0.75) 
Numerous 
Pt4+(@84) 

I?+(O,lO) 
Pb* +(@07), 
Bi’+(O.OS) 
Ni’+(@07), Co*+(O.O) 
Ag + (0.0) 

OOOlM HNO, 
O.OlM HNO, 

O.OlM HNO, 
O,lM HNO, 

O.lM HNO, 

O.lM HNO, 
O.OlM HNO, 
O.OlM HNOa 

O.OlM HNO, 
O.lM HNOa 
l.OM HNO, 

2.OM HNO, 

3.OM HNOa 
3.0M HNOa 
4.OM HNO, 
l,OM NH,NOa+ 
O.lM HNO, 
Water 
Water 
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Chromatography on paper No. 5 in the Na+ form 

Eight different concentrations (1, 2, 3,4, 15,0.5,01 and O*OlM) of sodium nitrate were 
used to study the R, values as a function of concentration of sodium ion, For most cations 
the R, values were zero. In some cases movement was observed (Table 3). A plot of 
-log aNa+ us. R, is given in Fig. 3. 

Table 3. R, and R, values of some cations as function of ~~~ 

4 RM 

No. -log aNa+ 

1. + 0.4868 
2. +0.2168 
3. +0.0516 
4. - 0.0630 
5. -02340 
6. - 05003 

K+ Rb+ cs+ Ni* + K+ Rb+ 

0.06 0.06 0.06 @lO 1.19 1.19 
0.16 0.12 0.12 0.17 0.72 0.86 
0.20 0.18 0.16 044 0.60 0.66 
0.22 0.15 0.21 0.48 055 0.75 
@41 0.33 0.34 0.63 0.08 0.16 
0.48 0.52 053 - 0.03 -0.04 

cs+ Ni2+ 

1.19 0.95 
0.86 0.69 
0.72 0.10 
0.57 0.03 
0.28 -02 

-0.02 - 

Fig. 3. Plot of RM us. log aNa+. 

Table 4. Separations achieved on titanium(IV) arsenate paper 
No. 5 in the Na+ form (50 min chromatography). 

Separation 

No. of CR,) from (R,) Solvent 

1. Pt4 + (0.65-0.80) Pd2+ (00-0.22) O.lM NaNO, 
2. Pt“+ (@65-0.80) Numerous O.lM NaNO, 
3. Hg2+ (OG@75) Numerous @lM NaNO, 

DISCUSSION 

The results given in Tables 2 and 4 show the high specificity of titanium arsenate 
papers even in simple aqueous systems. Thus Sb3 + can be separated from 43 metal 
ions with 4*OM nitric acid. Binary mixtures of Sb3+ with Pb’+, Cu’+, Cd’+, Bi3+, 
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Co’+ Au3+ Mn2+ and Zn2+ were successfully separated, the A R, in each case being more 
than 6.4. The only interferences were from Tl+, Se4+ and Mo6+. The titanium arsenate 
papers in the sodium form are almost specific for Pt4+ and Hg’+. All other cations have 
R, values below 0.2. Therefore Pt4+ or Hg2+ can be separated from 45 metal ions, 
because Pt4+ is present as an anion and Hg2+ as an uncharged species. When the papers 
are developed with O.lM sodium nitrate almost all the cations have zero or very low 
R, values, because the exchanger is in the ionized form and therefore cations with a charge 
greater than unity are adsorbed in preference to Na + ions. It will be interesting to see 
whether other papers in the Li+, Rb+ and Cs+ forms show the same results when 
developed with the corresponding metal nitrate solution. 

Elemental analysis (Table 1) shows that the As/Ii ratio increases as the concentration of 
the loading reagents increases. This may be explained as follows. The papers are first dipped 
in the titanium chloride solution, which is uniformly adsorbed by the paper. When the 
titanium-impregnated strips are dipped in the arsenate solution, titanium arsenate is 
precipitated on the paper. The rate of precipitation, however, is proportional to the 
concentration of the arsenate solution and the As/T? ratio increases as the arsenate 
concentration increases. If this explanation is correct the As/I? ratio should be higher 
for papers first dipped in the arsenate and then in the titanium solution. To test 
this hypothesis, papers were prepared by dipping first in 0.05 and O*lM arsenate. 
These papers were then dipped in 0.05 and O.lM titanium solutions respectively. 
It was found that the As/Ii ratio for the “0.05M” paper was 1.7 and for the 
“O.lM” 2.21, which is about 5 times that observed when the order of immersion 
is reversed. The ,comparison of these results with the As/Ii ratio of titanium 
arsenate precipitated from solution is interesting. In all cases the As/Ti ratio is greater 
than for papers which have first been immersed in the titanium solution, because in 
solution the titanium arsenate reaction is allowed to proceed almost to equilibrium. 
When we consider titanium and arsenate solutions of the same concentration, a plot of the 
mean ion concentration us. As/I? ratio gives a linear plot (Fig. 1) and it is possible 
to adjust the As,% ratio as desired, by changing the concentration of the loading 
reagents. When the cation and anion solutions have different concentrations the composi- 
tion of the precipitated material is not so easy to predict. 

As the concentration of the loading reagents increases, the R, values are also lowered. 
Therefore papers impregnated with 0.5M titanium and 0.5M arsenate solutions are 
probably the best for studying the effect of the counter-ion concentration on RM values 
and to test the validity of the relation 

- n log [Na ‘1 = R, + constant. 

The results (omitted to save space) show that the slope increases with charge on the 
cation, but the relation above does not hold. This is because in concentrated solutions 
the availability of Na+ ions is not given by their concentration. A better approach is to use 
activities instead of concentrations. A plot of - nlog uN, + us. R, (Fig. 3) is linear. It will be 
interesting to see whether this is true for other papers also. 

The plots in Fig. 4 show some very interesting trends. Of the 32 cations studied, only 
8 give compact spots at pH 5. In most cases there is only a slight change in R, value as 
the pH is altered from 3 to 2. At this pH the concentration of H+ ions is still small and the 
cations compete successfully for the exchange sites. When the pH is changed from 2 to 1 
there is an increase in the concentration of H+ ions and a decrease in ionized exchange 
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Fig. 4. Comparison of RI values at various pH values on Whatman No. 1 paper (---) and on 
paper impregnated with titanium arsenate (-). 



274 MOHSN QURFSHI, JAGDI~H P. RAWAT and VEENA SHARMA 

sites, hence the H’ ions compete successfully and there is a sudden increase in R, value. 
If the pH is further lowered from one to zero the ion-exchanger is now only slightly 
ionized and there is a negligible increase in R, value. The ions which are not hydrolysed, 
e.g., Ba2+, Mg’+, Rb+ and Cs+, show a considerable change in R, values when the pH 
is altered from 5 to 4. For ions which are more extensively hydrolysed, e.g., Bi3+, Sn’+, 
In3+ and Nbsf, there is very little change in R, values over the same pH range. These 
ions have zero R, value at pH 3 because, as is clear from Fig. 5, the acid front has an almost 
zero R, at this pH. 

i 
i I\ I 1 1 

0 I 2 3 4 5 

PH 

Fig. 5. Rf values of the acid front as a function of pH. for titanium arsenate papers. 

A comparison of Rf values on treated papers (RFT) and on untreated papers (RFU) shows 
very clearly that at pH 0 the ion-exchange papers behave as untr~ted papers. This is 
because titanium arsenate is a weak ion-exchanger and at pW 0 it is not ionized and 
therefore it behaves only as a sorbent and not as an ion-exchanger. It is also apparent from 
Fig. 6 that (RF” - Rm) increases with increase in pH. This is because with increase in pH 
the concentration of hydrogen ions is decreased and more ion-exchange sites are available 
for exchange. 

It is therefore useful to define a new property R, = (R,, - RFT). R, is a measure of the 
ion-exchange effect. A plot of R, vs. pH shows that the maximum ion-exchange effect is 
obtained at pH 2. The results we have obtained for titanium arsenate should be valid for 
other ion-exchangers of the weak acid type. The value of R, can also help in estimating 
the charge on the ion. Thus in the case of Pt 4’ R, is zero at all pH values, showing that 
no ion-exchange occurs in this case, and therefore the ion is either uncharged or has a 
negative charge. The results given in Table 5 show that only for Ba2+, Sr2+ and Ca2+ is the 
sequence of K, values the same as predicted from the R, values. If we consider that the 
sequence of elution can be predicted from K, values it follows that the R, values are not 
reliable for such prediction. The reasons for this discrepancy are as follows. 
1. In paper chromatography the solvent ascent is too fast for equilibrium to be achieved. 
2. There are some ions which definitely interact differently with the paper than with the 

ion-exchange material. 
3. The material deposited on the paper has different composition from that obtained by 

precipitation from solution. Since the K, values depend upon the composition of the 
material they are found to be different. 

Owing to the facts mentioned above it is difficult to agree with Alberti” that the 
elution sequence can be predicted from that R, values. At best the R, values are a rough 
guide and then only when they differ from one another considerably. 
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Since O*lM nitric acid gave the best separations, numerous cations were chromato- 
graphed in this solvent on papers with different As/T? ratios. Almost all the plots (Fig. 7) 
show the same trends. Thus for papers with As/Ti between 020 and 1.7 there is very little 
change in R, values because the amount of arsenate is insufficient for the ion-exchange 
reaction. However, as the As/X ratio increases from 1.7 to 1.8 there is a sudden decrease 
in the R, value as considerable ion-exchange probably takes place at this stage. Further 
increases in the arsenic content does not have much effect on the R, value, since there is no 
further increase in ion-exchange. 

Table 5. Comparison of Kd values and RI values of some metal ions on titanium(IV) 
arsenate. 

Medium R, values 

Water Ba*+ > Sr*’ > Ca’+ 
Fe3+ > Nizf > V4+ > 
Znzf > Co’+ > Mn’+ > Cu’+ 
Hg*+ > Cd2+ > Zn*+ 

O.OlM HNO, Ca*+ = Sr*+ = BaZ+ 
Fe3+ = NiZ+ = V4’ = Znz’ 

= Coz+ = MnZ+ = Cuz+ 

Hg2+ > Zn2+ > Cd*+ 

O.lM HNO, Zero 

Ca2+ > Sr’+ > Ba2+ 
Fe3+ > V4+ z Zn*+ = 
Mn*+ = NiZf > CU*+ > Co*+ 
Hg2+ > Zn’+ > Cd*+ 

Sr2+ > Ba2+ > Ca2+ 
Mn2+ > Zn 2+ = co2+ = V4+ > 

Ni2+ > Cu*+ > Fe3+ 
Zn2+ > Cd*+ > Hg*+ 

Ba2+ > Ca2+ > Sr2+ 
CU*+ > Ni’+ > Coz’ > 
Mn2+ > Zn*+ > V4+ 
Zn*+ > Cd2+ > Hg2+ 
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Fig. 7. Variation of RF with concentration of arsenic on titanium arsenate papers with @lM 
nitric acid as solvent. 
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Zusammenfassung-Titanarsenatpapiere mit As/T]-Verhaltnissen von 0.2-2.2 wurden hergestellt 
und auf diesen Papieren 47 Metallionen in 10m5-4M Salpeterslure chromatographiert. Der 
EinfluD von pH und Ti/As-Verhaltnis auf die R,-Werte wurde untersucht. Eine neue GroBe R, 

(R, = R, auf unbehandelten minus R, auf behandelten Papieren) wurde eingefuhrt. Der 
Einflulj der Konzentration der Ladereagentien auf das Ti/As-Verhaltms des auf den Papteren 
medergeschlagenen Ionenaustauschers wurde ermittelt. Im Gegensatz zu Alberti wird gezeigt, 
da8 Titanarsenatpapiere in der Natrmmform die Gleichung von Lederer erfiillen, wenn man die 
Aktivitat der Na+-Ionen betrachtet und nicht dte Konzentration. Es wurde ferner gezeigt. da8 
die Selektivitatsreihenfolge von Kationen auf Titanarsenatpapieren mcht dieselbe wre an 
Titanarsenatsaulen ist. 

Resume-On a prepare des papiers a l’arseniate de titane avec des rapports Aspi 0,2-2,2, et 
chromatographit 47 ions metalliques dur ces papiers en acide nitrique 10-s - 4 M. On a Otudit 
l’influence du pH et du rapport Ti/As sur les valeurs de RI. Une nouvelle quantitt R, 
(R, = Rr sur papiers non trait&s moins RI sur papiers trait&s) a ete dtfinie. On a determine 
l’influence de la concentratron des reactifs de charge sur le rapport Ti/As de l’echangeur d’ions 
pr&cipitC sur les papiers. On montre que, contrairement a Alberti. l’equation de Lederer est 
suivie par les papiers I l’arseniate de titane sous la forme sodium si I’on considtre l’activitt des ions 
Na+ au lieu de leur concentration. On a aussi demontre que la sequence de selectivitt pour les 
cations sur les papiers a l’arseniate de titane n’est pas la meme que celle sur colonnes d’arsiniate 
de titane. 
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Summary-Excitation and emission phosphorescence spectra, lifetimes, and relative quantum 
yields of benzene and ten monosubstituted benzenes were determined at 77 K in methanol/water 
lo/90 v/v and in sodium iodide/methanol/water solutions. Substituents -CHO, -COCH,, 
-COC H 2 s , -OH, -OCHs, --CH3, --CZH5, --CH,OH and -N(CH,), were investigated. 
Aqueous sodium iodide solutions were found to be a suitable heavy-atom solvent for 
phosophorimetry. Heavy-atom enhancement factors ranged from 1.2 to 8.3 according to the 
molecular structure and a marked decrease of the lifetime was observed for nine compounds 
in aqueous sodium iodide solution. A linear log-log correlation was obtained between the 
relative corrected phosphorescence signal and the heavy-atom enhancement factor of the mono- 
substituted benzenes. A similar correlation was found between the quantum yields gnd the 
heavy-atom enhancement factors. The analytical usefulness of these correlations is evident for 
the prediction of the magnitude of the heavy-atom effect. 

The introduction of a heavy atom into a solvent system has been shown to improve in 
several cases the sensitivity of the analytical method of phosphorimetry.‘-’ This 
external heavy-atom effect is mainly due to the increase of the spin-orbit coupling of 
excited singlet and triplet states, resulting in the increase of the rate constant of inter- 
system crossing between the singlet and triplet states.6 Weak complexes between a 
phosphorescent molecule and a perturbing heavy atom have been postulated to interpret 
these effects physically.6 In the absence of increased quenching by collision between the 
phosphorescent species and the heavy-atom solvent and of a change in the rate of 
radiationless internal conversion from the lowest triplet state, theoretically a decrease of 
the fluorescence quantum yield and an increase of the phosphorescence quantum 
yield of the luminescing molecules are expected in an heavy-atom solvent. However, 
until now, the analytical use of these interesting effects has been very limited in 
phosphorimetry, mainly because of the requirements of the heavy-atom solvent 
systems, which had to form clear, rigid glasses at low temperature to give re- 
producible phosphorescence signals. Another major inconvenient characteristic of the 
mixtures of EPA (i.e., diethyl ether, isopentane and ethanol and iodomethane’*2 or 
ethanol and iodoethane3T4 (which have previously been used most as heavy-atom solvents) 

* This research was carried on as part of a study on the phosphorimetric analysis of drugs in blood and 
urine supported by a U.S. Public Health Service Grant (GM-11373-10). 

t On leave from Laboratoire de Chimie Organique Physique, Paris, France. 
5 Author to whom reprint requests should be sent. 
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was their strong absorption of excitation radiation below about 330 nm, leading therefore 
to a reduction of the phosphorescence intensity of the ultraviolet-absorbing compounds. 
The importance of this ultraviolet wavelength cut-off in the heavy-atom enhancement of 
phosphorescence was pointed out by McCarthy and Dunlap.’ These authors showed 
that mixtures of ethanol and chlorinated or brominated hydrocarbons were more suitable 
than the iodine-containing solvent systems for the study of the phosphorescence of 
polycyclicaromatic hydrocarbons, because of the better ultraviolet transmission character- 
istics of the former.’ Nevertheless, large and unexplained variations of the value of the 
heavy-atom enhancement of the intensity of phosphorescence were observed from one 
compound to another. For example, in the case of the more favourable solvent used 
(bromoethane/ethanolSO/50), enhancement factors ranged from 0.55 to 52;5 and variations 
could not be attributed to the solvent filter effect, as all the compounds studied were 
excited at longer wavelengths than the wavelength cut-off of this solvent. 

New technological improvements in phosphorimetry’,’ have permitted the use of 
predominantly aqueous solvents forming snowed matrices at low temperatures and ex- 
cellent analytical results have been obtained under these conditions.*-lo In a recent 
study,’ i we have demonstrated that a few per cent by weight of sodium iodide in a 
methanol-water mixture or in water resulted in phosphorescence signals several orders of 
magnitude greater than the phosphorescence signal of the same compound in pure water 
solution. Although most of this increase was due to a matrix effect, the phosphorescence 
signal was enhanced by a factor of 3-6 for two of the three compounds studied, 
when 1M sodium iodide medium was used instead of methanol-water (10/90) and this 
could be reasonably attributed to the heavy-atom effect.” 

In the present paper, we want to report on the study of the heavy-atom effect of the 
iodide upon the phosphorescence of a series of substituted aromatic hydrocarbons in pre- 
dominantly aqueous solvent, and to discuss the analytical utility of the sodium iodide- 
methanol-water solvent system in phosphorimetry. A thorough study of the variation of 
the heavy-atom enhancement factors with the phosphorescence signals of substituted 
benzenes has indicated to us the existence of a correlation between the intensity of the 
heavy-atom effect and the phosphorescence quantum yield of the compounds studied. 

EXPERIMENTAL 

Apporatus 

Phosphorescence intensity and relative quantum yield measurements were performed with an Aminco- 
Bowman spectrophotofluorometer with an Aminco-Keirs phosphoroscopeattachment (American Instrument Co., 
Silver Spring, Md., U.S.A). The instrument was equipped with a 150-W xenon arc lamp, a potted 
RCA-lP28 multiplier phototube (American Instrument Co.) and an Aminco Model 1620427 X-Y recorder. 
Phototube signals were measured with a low-noise nanoammeter previously described.” The xenon lamp 
was powered by a Harrison Lab Model 6268A power supply (Hewlett-Packard, Palo Alto, Calif.), and the 
phototube was powered by a Keithley Model 244 high-voltage supply (Keithley Instruments, Cleveland, Ohio). 
Rotating quartz capillary sample tubes were used as previously described.’ The capillary tubes were made from 
T21 Suprasil capillary tubing (Amersd Inc., Hillside, N.J.). 5 mm o.d. and 0.9 mm i.d. Excitation light 
was polarized by means of a thin-film quartz plate polarizer (Polacoat Inc., Cincinnati, Ohio) in order to 
decrease the background phosphorescence of the quartz tubes. 

Phosphorescence spectra were obtained with an Aminco-Bowman spectrophotofluorometer eqmpped with an 
Aminco-Ratio Photometer and with an Aminco-Keirs phosphoroscope attachment. A Moseley Model 135A X-Y 
recorder (F. L. Moseley, Pasedena, Calif.) was used to record the phosphorescence spectra. 

A calibrated standard tungsten lamp (Model EPUV-1068, Eppley Laboratory, Newport, R.I.) was used to 
calibrate the emission of the monochromator photomultiplier tube system. Ultraviolet absorption spectra 
were obtained on a Beckman DB-G spectrophotometer (Beckman Instruments, Fullerton. Calif., U.S.A.). 
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Phosphorescence lifetimes greater than 1 set were measured by using the Aminco Mode1 1620-827 X-Y 
recorder in the time-base mode. Lifetimes of less than 1 set were measured with the pulsed-source ttme- 
resolved system recently described.‘3,‘4 

Reagents 

Reagents used without further purification were: ethylbenzene, propiophenone (reagent grade; Matheson, 
Coleman, and Bell, East Rutherford, N.J., U.S.A.); phenol, acetophenone (reagent grade, J. T. Baker Chemical 
Co., Phillipsburg. N.J., U.S.A.); benzyl alcohol, anisole (reagent grade, Fisher Scientific Co.. Fairlawn, N.J., 
U.S.A.); N,N-dimethylaniline (reagent grade, Eastman Organic Chemicals, Rochester, N.Y., U.S.A.); benml- 
dehyde (Baker reagent, Allied Chemical, New York, N.Y., U.S.A.); benzoic acid (reagent grade, Mallinckrodt 
Chemical, St. Louis, MO., U.S.A.); benzene, toluene, methanol (spectroquality, Matheson, Coleman, and Bell, 
East Rutherford, N.J., U.S.A.). Ultrapure sodium iodide was used m the heavy-atom effect studies (Alfa 
Inorganics, Beverly, Mass., U.S.A.). Demineralized water was obtained directly from a commercial ion- 
exchange column. 

Procedures 

Stock solutions of all compounds were approximately lo-‘M. All stock solutions were prepared in absolute 
methanol solvent except for benzoic acid which was prepared in pure aqueous solution. Successive dilutions of 
the stock solutions were prepared in 10% v/v methanol-water as solvent. Final dilutions of the compounds studied 
were prepared in 10% methanol-water and 10% methanol-water that was 0.75M m sodium iodide. The 
concentrations of all solutions were in the range 10 -5-10-4M as determined by the intensity of the phos- 
phorescence signal of the particular compound. 

Phosphorescence spectra and relative intensity measurements for the molecules studied were obtained with 
the quartz capillary sample tube suspended in liquid nitrogen in a quartz-window Dewar flask. The slit 
arrangement for intensity and relative quantum yield measurements was 3, 4, 3, 3, 4, 3 (all in mm, 
corresponding to 17 and 22 nm spectra1 half-band pass). 

Calibration of the instrumental system was accomplished as follows. The emission monochromator- 
photomultiplier tube system was corrected for the transmission characteristics of the optical system, the 
spectra1 response of the photomultiplier tube, and the relative bandwidth used, by means of a standard 
tungsten lamp according to the method of Parker (without a magnesmm oxide screen).is The entrance and exit 
slitwidths of the emission monochromator were set at 3 mm. and the total entrance slit area was illuminated with 
light from the tungsten lamp. The Intensity was reduced by means of neutral density filters, and the signal 
from the phototube, RSL. in amperes, was recorded at lo-nm intervals obtained by manually rotating the wave- 
length disc. The wavelength accuracy of the emission monochromator system had previously been calibrated with 
a mercury vapour pen-lamp. Because the flux output [dE!dk],, in watts per umt wavelength interval, for the 
standard tungsten lamp, was known at wavelength A. the spectral response characteristic of the emission 
system, S,. in amperes per quanta, was obtained by means of equation (1). 

s/. = 
R SL 

The transmission characteristics of the excitation monochromator and the xenon lamp output were 
corrected for by placing a shiny aluminium strip diagonally in the fluorescence cell holder of the instrument 
and measuring the response of the phototube to the excitation light scattered from the aluminium strip into 
the emission monochromator. It is assumed that the aluminium strip reflects all wavelengths equally. The 
intensity (flux) of exciting radiation. I’. in quanta at wavelength i. could then be obtained by using equation (2). 

Corrected emission spectra for the determination of relative quantum yields were determined by correcting the 
observed spectra for the response of the emission system point by point at lo-nm intervals, and replotting the 
points. The integrated intensity for each emission spectrum was obtained by cutting out and weighing the area 
under the resulting curve. 

RESULTS AND DISCUSSION 

Characteristics of the heavy-atom ejfect in aqueous solvent 

Previous study l1 showed that the addition of very small amounts of sodium iodide 
(about 1% in weight) to pure water solutions increased the phosphorescence signal by 
about two orders of magnitude, and a smaller increase in phosphorescence signal was 
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observed when sodium iodide was added to methanol-water (lo/90 v/v) solution. To 
distinguish the iodide heavy-atom effect from the matrix effect produced by the addition 
of small amounts of methanol or sodium iodide to pure water solutions, in the present 
work methanol-water lo/90 v/v solutions were used rather than pure water solutions. 
In order to define more accurately the nature of the variation of phosphorescence 
intensity with sodium iodide concentration in aqueous solutions, the phosphorescence 
signal was measured at various sodium iodide concentrations, over the range O-0.8M. 
The result obtained for phenol is presented in Fig. 1. A region of gradual increase of 
the signal occurs from 0 to about 0.75M sodium iodide, and a plateau at higher 
concentrations. As similar curves are expected for the other monosubstituted benzenic 
compounds studied, a heavy-atom solvent in the composition range of the plateau 
(methanol/water lo/90 v/v-0.75M in sodium iodide) was used for all other studies. 

c. ‘O 0 0.2 04 06 06 IO 

NOI CONCENTRATION0.J 

Fig. 1. Phosphorescence slgnal of phenol (2.2 x 10 ‘M) as function of sodium iodide concentration 
In methanol--water 101’90 v/v at 77 K. 

Phosphorescence excitation and emission spectra and lifetimes were obtained for all the 
monosubstituted benzenes at 77 K in snowed matrices, with and without sodium iodide. 
Phosphorescence characteristics are given in Table 1. No significant effect on the position of 
the long excitation wavelength or emission peaks in sodium iodide solution is apparent. 
The only noticeable changes in the shape of the excitation spectra are the lo-15 nm 
red-shift of the IL, band in the case of the carbonyl substituted benzenes and benzoic 
acid (see Fig. 2) and its disappearance or its decrease for benzene and the other 
substituted benzenes upon addition of sodium iodide (Fig. 3). These slight changes are 
very probably due to the solvent filter effect of the sodium iodide solutions, which 
strongly absorb the incident light of wavelength below about 250 nm. Previously, even 
more severe red-shifts of the phosphorescence excitation wavelength were observed in 
iodine or bromine-containing heavy-atom solventslW5 and were also attributed to filter 
effects of these solvents.5 However, such undesirable effects, which can also reduce the 
heavy-atom enhancement of phosphorescence efficiency, are minimized in our case by the 
much shorter absorption wavelength of the sodium iodide solutions; for example, in the 
present studies, it was found that the 90% transmission wavelength of the sodium iodide 
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Table 1. Sodium iodide effect on phosphorescence characteristics of monosubstituted benzenic compounds 

Compound 

10% MeOH/H,O 10% MeOH/H,O-0.75M NaI 

I ex.* nm L Cm ,* nm 5, sect I cXI* hm 1 emr* nm s,t msec 

Anisole 
Benzene 
Benzoic acid 
Benzyl alcohol 
N,N-Dimethylaniline 
Ethylbenzene 
Phenol 
Toluene 
Acetophenone 
Benzaldehyde 
Propiophenone 

- 200,265 385 
- 200,260 365 

240,280 395 
- ZOO, 250 380 

240,290 405 
- 200,255 375 
- 200,270 380 
- 200,261 383 

255,285 420 
255,290 425 
250,285 415 

3.4 (3-O) 265 385 10.7 
70 (7.0) 2.55 365 58 
2.7 (2-5) 250,280 395 36 
62 250 380 13-7 
2.3 235,285 400 36-O 
8.8 255 380 5.8 
2.8 (2.9) 265 375 122 
8.2 (8.8) 260 383 30.2 

oQo41 (0.004) 265,290 415 4.9 
0.0035 (OGO23) - 270,290 425 4.9 

0.37 260,285 415 15.5 

*Ah peak wavelengths: error ,3 nm. Wavelengths in italics were used for phosphorescence intensity 
measurements. 
7 Lifetime: error 210%. Times are in msec for the solvent containing Nal. Values in parentheses are for 
EPA media, and taken from R. S. Becker, Theory and Interpretation of Fluorescence and Phosphorescence, 
Wiley, New York, 1969. 

methanol/water solutions was about 255 nm, compared to co~esponding values of 365 and 
295 nm for the better iodinated and brominated hydrocarbons previously used as heavy- 
atom solvents.’ Because of their extended transmission range, the sodium iodide 
methanol/water solutions constitute suitable heavy-atom solvents for phosphorescent 
compounds with excitation wavelength above about 255 nm, while until now heavy- 
atom solvents were only analytically useful for compounds with excitation wavelength 
greater than about 300 nm. 

WAVELENGTH ftwn) 

Fig. 2. Phosphorescence excitation and emission spectra of propiophenone at 77 K, in methanol/ 
water v/v lo/90 (Curve A, emission wavelength 415 nm, excitation wavelength 250 nm) and in 
methanol/water v/v 10/90, sodium iodide 0.75M solutions (Curve B, emission wavelength 415 m-n, 
excitation wavelength 260 nm). 

Sensitivity of the ratio photometer = 3 and sensitivity vernier = 15. Concentration of 
propiophenone = 6.14 x 10-&M. 
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200 250 300 350 400 450 500 550 600 

WAVELENGTH hmf 

Fig. 3. Phosphorescence excitation and emission spectra of benzene at 77 K, in methanol/water 
v/v lo/90 (Curve A. emission wavelength 365 nm, excitation wavelength 260 nm) and in methanol/ 
water v/v 10/90, sodium iodide 0.75M solutions (Curve B, emission wavelength 365 nm. 
excitation wavelength 255 nm). 

Sensitivity of the ratio photometer = 0.3 (Curve A) and 1.0 (Curve B), and sensitivity 
vernier = 50 (Curve A) and 20 (C urve B). Concentration of benzene = 2.14 x iOe3M. 

Phosphorescence lifetimes of all benzenic compounds, except acetophenone and 
benzaldehyde, were found to decrease greatly in sodium iodide solutions, an effect which is 
typical of the enhancement of the spin-orbit coupling by an external heavy atom.6a The 
absence of significant change in the short phosphorescence lifetimes of acetophenone and 
benzaldehyde upon addition of sodium iodide is in agreement with the prediction of a 
very small external heavy-atom effect on the singlet-triplet transition probability and on the 
lifetime of the n,n* triplet state of these carbonyl compounds.6b*16 The longer phos- 
phorescence decay-time of propiophenone and its marked decrease in sodium iodide 
solution would indicate that, in contrast to the other carbonyl-substituted benzenes, the 
triplet state of propiophenone is probably of It, K* type; this phenomenon may be due to the 
inversion of the n,x* and X,X* triplet-state energy levels by the polar solvent 
(methanol/water) used. It is also of interest to observe that the phosphorescence decays of 
all the compounds in sodium iodide media were found to be exponential over 3-4 
half-lives; this behaviour is different from the non-exponential decay observed by several 
authors for mixtures of EPA or ethanol and iodinated or brominated hydrocarbons’*2*5 
combinations of halonaphthalenes and propyl halides,” and in perdeuterated benzenes in 
alkali halides. ’ * Two effects may explain the exponential character of phosphorescence 
decays in sodium iodide solutions. 

(i) The effect of specific crystal geometry and density characteristics of aqueous sodium 
iodide snowed matrices upon the decay of phosphorescence is expected to be differenti 
from that of the heavy-atom glasses’-5 or cracked glasses” previously used. 

(ii) Triplet-state equilibrium complexes occurring in the sodium iodide solutions may 
be very different from the charge-transfer equilibrium complexes postulated to explain 
the non-exponential nature of phosphorescence decay in the cracked glasses of 
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halonaphthalenes and propyl halides, l7 because of the different conditions of solvent 
polarity, solute ionic dissociation, and solvation in water-methanol sodium iodide medium. 

The phosphorescence signal was markedly enhanced for all compounds in sodium 
iodide solutions (see Table 2) and the room-temperature fluorescence of the fluorescent 
monosubstituted benzenes was markedly quenched. These results are also typical of an 
external heavy-atom effect, characterized by the increase of the triplet population by 
radiationless intersystem crossing and of the triplet-to-singlet transition probability. 

Variation of the sodium iodide heavy-atom efSect with phosphorescence signal 

Phosphorescence signals and heavy-atom enhancement factors of all monosubstituted 
benzenes studied are presented in Table 2. 

Phosphorescence relative signals (I,,) are defined as the ratio of the phosphorescence 
molar signals (expressed in A.l.mole- ‘) of the sample and of the reference compound 
(phenol) and are corrected for the exciting radiation intensity, according to the equation 

I *,r= 

where i is the absolute phosphorescence signal (in A) of the sample S and of the 
reference R, c is the concentration (mole/l.) of the species of interest S, and reference 

Table 2. Heavy-atom enhancement factors and phosphorescence quantum efficiencies of mono- 
substituted benzenes 

Compound 

Anisole 
Benzene 
Benzoic acid 
Benzyl alcohol 
N,N-Dimethylaniline 
Ethylbenzene 
Phenol 
Toluene 
Acetophenone 
Benzaldehyde 
Propiophenone 

Relative phos- 
phorescence 

signalsr 
Molar 

absorptivity, .s; I p, r ‘“p, I 

1,480 (269)b 1.56 1.53 
204 (254)b 0.0136 0.0962 
970 (269)b 2.9 4.34 
176 (258)c 0.126 1.04 

1,300 (291)’ 0.36 0404 
215 (262)’ 0.180 1.21 

1,450 (270)b 1.00 1.00 
225 (261)b 0.210 1.42 

1,172 (278)’ 3.52 4.35 
1,585 (280)’ 1.3 1.64 
1,120 (280)’ 2.98 3.87 

Enhancement Relative 
factor, quantum 
I~‘& yield, &,’ 

2.8 0.11 
8.3 0.01 (0.20)h 
1.7 0.76 (@27)’ 
2.8 0.29 
6.2 0.04 
3.0 0.23 
3.8 0.17 (0.37)’ 
3.4 0.27 
1.3 0.74 (0.74)h 
1.3 0.14 (0.56)b 
1.2 0.66 

’ Absorption wavelength values, in nm, are given in parentheses; E in l.mole-‘.cm-r. 
b From H. H. Jaffi and M. Orchin, Theory and Applications of Ultraoiolet Spectroscopy, Wiley, 
New York, 1962 (for aqueous medium). 
’ Values measured in 10% methanol-water at room temperature. 
d From Sad&r Standard Spectra, Sadtler Research Laboratories, Philadelphia, Pa. (for aqueous 
media). 
’ From Organic Electronic Spectral Data, Vols. I-IV, eds, 0. H. Wheeler and L. A. Kaplan, 
Interscience, New York, 19461959. (Acetophenone; water as solvent: propiophenone and benzal- 
dehyde; ethanol as solvent). 
r Relative to phenol = 100. 
B Relative to 4, = 0.74 for acetophenone m EPA at 77 K. 
’ Values in parentheses taken from R. S. Becker, Theory and Interpretation of Fluorescence and 
Phosphorescence, Wiley, New York, 1969 (for EPA media at 77 K). 
i Values in parentheses taken from C. A. Parker, Photoluminescenceof Solutions, Elsevier, London, 
1968 (for EPA media at 77 K). 
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R, and /I, is the ratio of the exciting radiation intensity (Ii, J at the excitation 
wavelength of the reference to the same quantity (I”,, s) at the excitation wavelength of the 
sample [see equation (2) for the determination of IT; values]. 

Corrected relative phosphorescence signals (Ii, ,), taking into account the molar 
absorptivity of the compounds, were obtained from the equation 

where .ss and sR are the molar absorptivities of the sample S and of the reference R and 
other notations are as in equation (3). It is assumed is that the molar absorptivities for the 
sample at 77 K are identical to those at room temperature. 

Sodium iodide heavy-atom enhancement factors (Z,Na’/Z,) are defined as the ratio of the 
molar phosphorescence signals in methanol-water-sodium iodide solutions and in 
methanol-water and were determined from the equation 

where e’ and cp’ are respectively the absolute phosphorescence signal (in A) and 

12 
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Fig. 4. Relative phosphorescence signal of the monosubstituted benzenes as function of their 
heavy-atom enhancement factor. 

---o---Least-squares line for the compounds with molar absorptivity z 1000 (correlation 
coefficient = @97 and standard deviation = 0.10). 

---o---Least-squares line for the compounds with molar absorptivity < 230 (correlation 
coefficient = @95 and standard deviation = 0.21). 

(Benzaldehyde was not included in the calculatton). 
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the concentration (mole/l.) of the species of interest S in methanol-water-sodium iodide 
solution; PA’ is the ratio of the exciting radiation intensity (I”,. s) at the exciting wave- 
length of the sample in methanol-water solution to the same quantity (Z”,,p’) at the 
exciting wavelength of the sample in methanol-water-sodium iodide solution. It is assumed 
in equation (5) that the molar absorptivities are identical in the iodide and non- 
iodide solvents. 

Heavy-atom enhancement factors of all monosubstituted benzenes were found to be 
larger than unity; Zp’/Z, values ranged between 1.2 for propiophenone and 8.3 for 
benzene. Even though excitation wavelengths are taken in the wavelength region above 
255 nm, in which no solvent filter effecP5 should occur, enhancement factors vary 
appreciably with the molecular structure of the compound. It is worthwhile to note that 
the variation of heavy-atom enhancement factors is parallel to the change in phos- 
phorescence relative signals; there is definitely a trend in the increasing phosphorescence 
signals with a decrease in the heavy-atom enhancement factors, and partial correlations 
are obtained between the logarithms of these quantities for the compounds with similar 
molar absorptivity (see Fig. 4). In order to take this last factor into account, the 
phosphorescence signals were corrected for the absorptivity according to equation (4) 
and a satisfactory correlation was found between the logarithms of the corrected phos- 
phorescence signal values and of the heavy-atom enhancement factors (see Fig. 5) i.e., 

log z;, r = - 1.80 log Z;“‘/Zr + 0.93 (6) 

For ten compounds, a correlation coefficient of 0.95 and a standard deviation of 0.16 
were obtained. This correlation indicates that for molecules with a heavily populated triplet 
state, the sodium iodide does not have a large effect upon the intersystem crossing from 
the singlet to the triplet state. This is the case for the very phosphorescent carbonyl- 
substituted benzenes and benzoic acid. On the contrary, for a molecule with a poorly 

0 NWH3)3 

\ Ii. 

-I 2b 0.2 0.4 06 0.6 IO 12 
_NaII 

Fig. 5. Correlation between the corrected relative phosphorescence signal (1;. ,) and the 
heavy-atom enhancement factor ($“‘/I,) of monosubstituted benzenes. (Benzaldehyde was not 

included in the calculation of the least-squares line). 
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populated triplet state, sodium iodide would facilitate a very large increase of the inter- 
system crossing transition from the singlet excited state, as in the case of the weakly 
phosphorescent benzene. 

The correlation [see equation (6)] is also of great interest from an analytical point of 
view. Indeed, it is possible to predict the heavy-atom enhancement factor for any sub- 
stituted benzene within an error of 20’?, by means of equation (6). The only data 
which need to be known for a particular compound are the relative phosphorescence 
signals and molar absorptivity values of the compound with phenol as reference. The 
application of equations of this type would allow prediction of the analytical usefulness 
of the heavy-atom effect for the improvement of sensitivity of phosphorimetry. 

Correlation of the quantum yield with the heavy atom efSeect 

Relative quantum yields (&.) were determined18 from equation (7) 

where 4R is the phosphorescence quantum yield of the reference species R (aceto- 
phenone), F, and FR are the corrected areas under the phosphorescence emission spectra 
for sample, S, and reference R, c is the concentration (M) of the species indicated and PA. 
~~ and ss are as previously defined. 

All relative quantum yield values are presented in Table 2. The phosphorescence 
‘quantum yield of acetophenone in EPA was taken as the reference, because no 
quantum yield data were known for methanol-water lo/90 v/v. Compared with the 

-2 41 
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Fig. 6. Correlation between the relative quantum yield (4,) and the heavy-atom enhancement 
factor (Ip’/I,) of monosubstituted benzenes. (Benzaldehyde was not Included in the calculation of 

the least-squares line). 
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literature data, which were all obtained in EPA medium, our values are consistently smaller 
except in the case of benzoic acid; this difference may be due to the different radiationless 
deactivations of the triplet state according to the matrices used and to the change in 
solvation as well as due to solvent absorption which was not corrected for in Table 2. For 
example, it may be expected that benzene will be less solvated in predominantly aqueous 
solution (& = O-01) than in EPA (& = O-20). Q uantum yield values spread over a large 
range from 0.01 for benzene to 076 for benzoic acid and were found to be correlated 
relatively well with the heavy-atom enhancement factors: 

log 4s = - 2.06 log Zp’/Z, + 0.22 

for ten compounds, with correlation coefficient 0.93 and standard deviation 0.24. The 
negative slope of the correlation (Fig. 6) shows that heavy-atom enhancement is larger 
for compounds with low phosphorescence quantum yield. A correlation of the heavy- 
atom enhancement factors with the quantum yields is obtained which is nearly as good as 
with the phosphorescence signals, which indicates that the vibrational components of 
the phosphorescence (included in the total emission area) are affected in the same way 
by the heavy-atom effect as is the maximum phosphorescence signal. Therefore, it 
seems reasonable that the substituent sequences of phosphorescence signals and 
quantum yields fall in approximately the same order. 
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Zusammenfaasung-Phosphoreszenzanregungs- und -emisstonsspektren, Lebensdauern und 
relative Quantenausbeuten von Benzol und zehn monosubstituierten Benzolen wurden bei 77°K 
in Methanol/Wasser lo/90 (V/V) und in Natriumjodid/Methanol/asser-Ldsungen besttmmt. 
Die Substituenten -CHO, -COCH,, -COC,Hs, -CN, -OCHs, -CH,, -C,H,. 
-CH,OH und -N(CH,), wurden untersucht. Es wurde gefunden, dag wagrige Natrium- 
jodidlosungen ein geeignetes Schweratom-Losungsmittel fur die Phosphorimetrie sind. Die 
Schweratom-Verstlrkungsfaktoren reichten je nach der Molektilstruktur von 1.2 bis 8.3; fur 
neun Verbindungen wurde in wlBriger Natriumjodidlosung eine betrachtliche Verkiirzung der 
Lebensdauer beobachtet. Im doppcltlogarithmischen Ma&tab wurde eine lineare Beziehung 
zwischen der relativen korrigierten Phosphores-zenzintensitat und dem Schweratom-verstlrkungs- 
faktor der monosubstitmerten Benzole gefunden. Eine lhnliche Beziehung wurde zwischen den 
Quantenausbeuten und den Schweratom-Verstarkungsfaktoren gefunden. Der analytische Nutzen 
dieser Beziehungen ist fur die Voraussage der GrdBe des Schweratomeffekts offenkundig. 
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Rbumb-On a determme les spectres d’excitation et d’emission de phosphorescence, les temps de 
vie et les rendements quantiques relatifs du benzene et de dix benzenes monosubstitues a 77°K en 
solutions mCthanol/eau lo/90 v/v et iodure de sodium/mtthanol/eau. On a ttudie les substituants 
-CHO, -COCH3, -COC,H,. -OH, -OCH3, -CH3, -C2H5, -CH,OH et -N(CH,), 
On a trouve que les solutrons aqueuses d’iodure de sodium sont un solvant a atome lourd 
convenable pour la phosphorimttrie. Les facteurs d’exaltation par atome lourd se sont situ& de 
1,2 a 8.3 selon la structure moleculaire et un abaissement notable du temps de vie a ete observe 
pour neuf composes en solution aqueuse d’iodure de sodium. On a obtenu une relation log-log 
lineaire entre I’intensite de phosphorescence corrigee relative et le facteur d’exaltation par atome 
lourd des benzenes monosubstitues. On a trouve une relation semblable entre les rendements 
quantiques et les facteurs d’exaltation par atome lourd. L’uttlitt analytique de ces relations est 
evidente pour la prevision de la grandeur de l’effet d’atome lourd. 
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Summary-The compound 2,2’-dimercaptodiethylsulphide has been investigated with regard to 
the stability of its solutions to air oxidation, its acid strength, its reactivity towards metal ions, 
the nature of its Ni(II) and Pd(II) complexes in solution, and its applicability to the determina- 
tion of small amounts of Ni(I1) and Pd(I1). Studies on the Ni(I1) complex extend the work re- 
ported previously by others and are not in complete accord with it. The results presented show 
that 2,2’-dimercaptodiethylsulphide is a promising analytical reagent. 

The compound 2,2’-dimercaptodiethylsulphide (or 2,2’-thiodiethanethiol, hereafter referred 
to as TDT) has received only sparse attention as a possible analytical reagent. Two analytical 
applications have been reported to date. One of these involves the formation of the red 
Ni(II) complex as a sensitive and specific test for mustard gas’ and the other involves the 
determination of nicke1.2 Because the compound is a liquid at room-temperature, its po- 
tential as a chelating extraction solvent has been recognized3 but no such studies have yet 

been reported. 
In the present study, we have further examined TDT as an analytical reagent and report, 

on the stability of its solutions to air oxidation over a wide pH range, its acidity in solution, 
its reactivity towards metal ions, the nature of its Ni(I1) and Pd(I1) complexes in solution, 
and on its potential as a reagent for nickel and palladium. With respect to the Ni(I1) com- 
plex, our findings add substantially to those reported earlier.2 

EXPERIMENTAL 

Apparatus 

pH Meter. Radiometer Type PHM 4C meter equipped with Radiometer glass (G 202B) and saturated 
calomel (K401) electrodes. 

Spectrophoromerry. Spectrophotometric measurements for the determination of nickel and palladium were 
made with a Hitachi Perkin-Elmer UV-VIS Spectrophotometer, Model 139. The cell compartment was kept 
at 250 f 0.5”. Spectrophotometric measurements of TDT in the ultraviolet range and of its Ni(I1) and 
Pd(II) complexes in solution were made with a Cary Model 14 recording spectrophotometer. High-quality 
l-cm quartz cells were used for all measurements. Molecular-weigh Deferminations. Mechrolab Vapour 
Pressure Osmometer, Model 301A. 

Reagents 

All common laboratory chemicals were either analysed grade or of sufficient purity for the purpose 
intended. Distilled water passed through a mixed-bed ion-exchanger was used in all experiments. 

* Present address: Department of Chemistry, Laurentian University, Sudbury, Ontario. 
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TDT. The commercially available compound (Aldrich) was purified by distillation under reduced pressure 
(nitrogen atmosphere). The boiling point was 135-136” at 10 mmHg (lit.,’ 138”, 13 mmHg). The purified 
material was kept under nitrogen in glass-stoppered bottles stored in a refrigerator. The nitrogen atmosphere 
was replaced after every opening. 

Dioxun. Reagent-grade 1,4-dioxan was purified as described elsewhere.4 
1,2-Dichloroefhane. Samples were redistilled and the fraction collected over the range 82.4-83.0” was used. 
Ben.&, recrystallized from ethanol (m.p. 93.8-94.5”). 
Stock solution ofNi(ll), 9.78 & 0.02 Y 10V3M. Prepared from the hydrated perchlorate and standardized 

by EDTA titration.5 The EDTA solution was initially standardized against a standard Zn(lI) solution pre- 
pared from pure zinc metal6 

Pd(I1) stock solution (9.480 i 0.007 x IO-“M). The solution contained 0.425 g of anhydrous palladium 
chloride, 0.29 g of sodium chloride and 0.20 ml of 12M hydrochloric acid in 250 ml. Heating was necessary 
for dissolution. The solution was standardized by PFHS as the dimethylglyoximate.’ 

Procedures 

Stability of TDT in 50% u/v aqueous dioxan. Sufficient TDT was weighed out to allow preparation of 
solutions of known concentration (10-3-10-4M) in 50% v/v aqueous dioxan. Solutions were prepared at 
pH 6.0 (no buffer present), pH 9.8 (ammonia/ammonium chloride) buffer, and pH 13.4 (O.OlM sodium 
hydroxide) and their spectra recorded over the range 220-320 nm (Fig. 1). The effect of time was studied at 

0 I I t I 
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Fig. 1. Ultraviolet specta of TDT in 50% v/v aqueous dioxan I5 min after preparation of 
solution. A, pH 13.4 (I.2 ; 10e4M); B, pH 9.8 (1.3 x 10e3M); C, pH 6.0 (1.7 Y 10-3M). 

each pH value. At pH 6.0, a maximum soon developed at 250 nm and reached constant intensity after I65 hr. 
At pH 9.8, the absorbance at 235 nm decreased rapidly to a minimum while the absorbance at -250 nm 
increased to a maximum. The changes were complete after 21 hr. At pH 13.4, the absorbance at 235 nm 
decreased to a constant value (~0.1) after 45 hr. Plots of absorbance us. time (at specific wavelengths) 
allowed extrapolation to t = 0 (i.e., time immediately after solution preparation) and provided corrected 
absorbance values for calculation of the following molar absorptivities (E in I. mole-‘.cm-‘): at pH 
6.0, E = 365 (235 nm), 108 (250 nm); at pH 9.8, E = 140 Y 10” (235 nm); at pH 13.37, a,.. = 1.24 x IO4 
(235 nm). 

The changes in the spectra with time reflect the relative rates of oxidation of the ligand in the various 
solutions. A qualitative estimate of the relative reaction rates was obtained by graphically evaluating fhe time 
(t,J required for the initial absorbance, A, (A at t = 0), to decrease to All2 = 1/2(A, - AJ) at pH 9.8 and 
13.4 at 235 run, and to increase to A,,* = 1/2(A, - A,) at pH 6.0 (250 nm). A, is the (constant) final absorb- 
ance observed and it was assumed that oxidation was complete at this point. The results are discussed below. 

Acid dissociation constants. The acid dissociation constants of TDT were determined both potentio- 
metrically and spectrophotometrically in 50% v/v aqueous dioxan at 25” and ionic strength 0.1 (adjusted 
with sodium perchlorate). The potentiometric technique and procedure were essentially as described pre- 
viously.8 The correction factor for converting the pH-meter reading into [H+] was -0.07. Because the two 
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pK,, values are not well separated, refined values were obtained by the least-squares fit of equation (4) in 
reference 8; the pK, values obtained were 10.32 + 0.01 and 11.43 & @02. 

The spectrophotometric procedure was a straightforward one in which the E values (235 nm) at pH 6.0 
and 13.4 were taken to be cHZ* and &*I-, and E,,- was assumed to be equal to 4 E~Z- .9 Simple simul- 
taneous equations involving first C,,, and C,,- as unknown pairs of concentrations at pH 9.76 and then 
C,,- and CA2- at pH 12.02 were solved. Substitution into the K,, expression yielded the pK,, values 10.35 
10.05 and 11.47 =t 0.04. All absorbance values were corrected to t = 0. 

Reaction with metal ions. Tests for reactivity were made in test-tubes at three pH values by adding 0.4 ml 
of metal-ion solution (0.02&f, prepared from the chloride, nitrate or perchlorate) and 0.4 ml of TDT solution 
(O.O7M, in dioxan) to 10 ml of buffer solution. Each test was compared with a blank containing only the 
metal ion and buffer solution. The formation of a colour or precipitate was taken as a positive test for 
reaction. The results are summarized in Table 1. The following class (a) ions gave negative tests at all pH 
values: Mg(II), Sr(II), Y(III), La(III), Ce(III), Th(IV), U(VI), Ti(IV), Al(II1). 

Table 1. Reaction with metal ions 

PH* 

Ion 2.1 5.6 8.5 10.3 ColourS 

Mn(II), Cr(II1) _ i w>g 
Co(I1). Ni(II), Fe(II), Fe(II1) + + + g-b,r,g,g 
A%(I), Cu(II)t, Pd(II), Cd(II), Hg(I1) + + + + w,w,o,w,w 
Zn(I1) _ + + - w 
Rh(III)t, Pt(IV)t + + + o,b 
T](I) + Y 
Pb(lI), Bi(II1) _ + + Y>Y 

* The pH values were fixed by appropriate concentrations of the following 
buffers: pH 2.1, H2S04 ; pH 5.6, acetic acid/sodium acetate; pH 8.5, ammo- 
nium acetate/ammonia; pH 10.3, ammonium chloride/ammonia. A positive 
test is indicated by + , negative by - , and a blank signifies a test was not tried. 

9: The colours designated are in the same order as the ions listed: r(red), 
o(orange), y(yellow), g(green), b(brown), w(white). 

t With Cu(I1) in excess, a mauve precipitate formed. With Rh(II1) and Pt(IV), 
the reaction at room temperature was slow. For Rh(III), heating was required 
to obtain appreciable reaction. 

Preparation of solid Ni(lZ) and Pd(Zl) complexes. Bis(2,2’-dimercaptodiethylsulphide)dinickel(II) was pre- 
pared from alkaline solution essentially as described by Harley-Mason.’ The Pd(I1) complex was prepared 
as follows: palladium(I1) chloride (I .62 x lo-” mole) was dissolved with heat in 100 ml of water containing 
sodium chloride (5.20 y low3 mole) and a few drops of concentrated hydrochloric acid. The brown solution 
was filtered to remove traces of undissolved material. To a solution containing TDT (I.61 x lo-’ mole), 
10 ml of 0.25M perchloric acid, 40 ml of water and 150 ml of dioxan, the Pd(I1) solution was added over a 
period of 20 min. with stirring. An orange precipitate formed immediately and was washed by decantation 
with 50% v/v aqueous dioxan, filtered off, and washed with aqueous dioxan, ethanol and ether in succession. 
The compound was dried overnight in oacuo at 55” (yield, 52%). 

The following results were obtained for elemental analysis. Calculated for NiC,H&: C, 22.77%; 
H, 3.82%; 2, 45.58%; Ni, 27.83%. Found: C, 23.0%; H, 4.0%; S, 45.4%; Ni, 27.8%. Calculated for 
PdC4H8S3: C, 18.57%; H, 3.12%; S, 37.18%; Pd, 41.13%. Found: C, 18.4%; H, 3.2%; S, 37.0%; Pd, 
40.3 x.* 

Molecular-weight determinations were made with a vapour-phase osmometer calibrated with solutions 
of benzil in freshly-distilled 1,2-dichloroethane. It was necessary to protect the benzil solutions from sunlight 
to prevent photolysis, otherwise the calibration curves were not reproducible. For the nickel complex, the 
molecular weight obtained was 425 k 7 (2 determinations). The calculated molecular weight for the dimer 
Ni,(C,H,&), is 422. Reliable estimates could not be. obtained for the molecular weight of the Pd(I1) complex, 
because of the very low solubility (0.24.3 mg/ml) in dichloroethane, but the results (650 f 150) at least 
suggest the formation of a polymeric species. Magnetic susceptibility measurements (Gouy method) con- 
firmed that both complexes are diamagnetic. 

* The low result for Pd was due to volatilization during ignition to Pd metal. 
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Ni(Z1) and Pd(ll) complexes in solurion. The formation of the Ni(II) and Pd(II) complexes was studied 
as a function of pH in 50% v/v aqueous dioxan at ionic strength 0.1 (adjusted with sodium perchlorate) 
and 25”. For the Ni(I1) complex, the analytical concentrations of Ni(I1) and TDT in the final solution were 
5.87.x 10e4 and 3.28 x IO-“&f respectively; for the Pd(I1) complex, the values were 9.48 x 10e5 and 
8.20 x 10m4M. For solutions of the Ni(I1) complex, the pH ranged from 2.3 to 12.4. The pH was adjusted 
by use of dilute sulphuric acid, acetic acid/acetate, ammonia/ammonium chloride or dilute sodium hy- 
droxide solutions. For the Pd(I1) complex, the pH range was O-12.4; the low pH values were obtained by 
addition of 2*5M hydrochloric acid. 

The spectra of all solutions were recorded over the range 300-600 nm. Typical spectra are shown in Figs. 
2 and 3. Spectrum A, Fig. 2, is representative of the Ni(I1) complex at pH values up to pH 7.3 (the solutions 
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Fig. 2. Spectra of Ni (II)-TDT complex in 50% v/v aqueous dioxan, TDT : Ni ratio -6 : 1. 
A, pH 6.6 (red solution); B, pH 12-4 (yellow-orange solution). 

were red.) At high pH values (e.g., 12.4, spectrum B), the spectrum was significantly different and the solution 
was yellow-orange. At pH 9.4, the spectrum (not shown) was intermediate in appearance. On standing 
overnight, the yellow-orange solutions turned red and the spectra changed accordingly. For the red Ni(I1) 
complex, characteristic E values (Lmole-‘.cm-I) are: 1310 (378 nm); 1060 (505 nm); 1160 (414 nm). For the 
yellow-orange species, cm.. = 740 Lmole-‘.cm.-’ at 463 nm. 

Spectrum B, Fig. 3, is typical of the Pd(I1) complex for the pH range 1.0-7.8 (yellow-green solution). 
The snectra in stronalv acid solution (snectrum A. deen yellow solution) and in alkaline solution (> pH 9, 
spectrum C, pale g&nish-yellow) are also shown: together with the s&ctrum of palladium (II) &bride. 
Characteristic E values Il. mole.-’ cm-‘) are: at DH 0.7.81 x lo3 (310 nm): oH 1.0-7.8.7.38 x IO3 (340 nm): 
pH > 9,5*83 x 10” (335‘nm). 

. I II. 

The formation of the red Ni(I1) complex and the greenish-yellow Pd(I1) complex as a function of pH is 
shown in Fig. 4. 
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Fig. 3. Spectra of Pd(II)-TDT complex in 50% v/v aqueous dioxan, TDT : Pd ratio -9 : 1. 
A, pI-3 0; B, pH 2.2; C, pH 12.4; D, PdC12 solution (9.48 x 10-SM) at pH 2-l CrDT absent). 
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Fig. 4. Complex formation in 50% aqueous dioxan as a function of pH. A, Pd(I1) compfex, 
k,,, = 340 nm, TDT : Pd ratio -9 : 1 (upper pH scale); 3, Ni(II) complex, h,,. = 505 run, 

TDT : Ni ratio - 6 : 1 (lower pH scale). 
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Extraction of the Ni(I1) complex into 1,2-dichloreth~e was studied as follows. Water and the appropriate 
buffer solution and 3.00 ml of the Ni(II) stock solution were placed in a 100-m] separatory-funnel (total 
volume of aqueous phase, 40 ml) and extracted with three lo-ml portions of 2.0 x 10-‘&f TDT in 1,2-di- 
chloroethane. Shaking for 1-2 min with each portion was sufficient. The aqueous phase was washed with a 
lo-ml portion of pure solvent and then the pH was measured. The organic extracts (red) were combined and 
diluted to 50 ml and the spectrum was recorded. The spectrum of the extracted complex was essentially as 
shown in spectrum A, Fig. 2, with small shifts (N 5-10 nm) in the maxima. The dependence of the extraction 
on pH is given in Fig. 5. At pH 10.3, the aqueous phase was yellow after extraction; only repeated washing 

Fig. 5. of Ni (II) complex as a function of pH. A, benzyl alcohol, 
B, 1,2-dichlor~thane, h,,. = 5 t 2 nm. 

508 

with pure solvent removed the yellow colour, imparting a pink colour to the organic phase. At all lower pH 
values, the aqueous phase was colourless after extraction and a single washing. Benzyl alcohol was also 
shown to be an effective extractant (Fig. 5). 

The Pd(II) complex was only partially extracted into 1,2-dichlorothane, but extraction into benzyl alcohol 
was complete at pH I.5 and higher. The aqueous phase consisted of appropriate volumes of @25&f per- 
chloric acid, 30 ml of water and 5-O ml of 4.74 x 10-4MW(Il) solution. The organic phases (greenish yellow) 
were diluted to 50 ml. The spectra were identical to spectrum B, Fig. 3. 

The composition of the Ni(I1) complex was determined at pH 68 and 12.1, adjusted by an acetic acid/ 
acetate buffer and 0+05M sodium hydroxide respectively. Five-ml portions of Ni(I1) solutions (587 x IO-)M) 
and varying volumes of dioxan solution of TDT (253 x 10-2M) were diluted to 50 ml, and the absorbance 
was measured at 505 nm (negligible absorbance of TDT and free Ni(I1)). The mole-ratio diagrams are given 
in Fig. 6. At pH 6.8 (curve A), a sharp break occurs at mole ratio = 1.08. At pH 12.1, the solutions were red 
up to a TDT : Ni ratio of 2.25 and the spectra were identical to A, Fig. 2; however, at high ratios (e..q., 
4*00,6*00) the solutions were yellow-orange and the spectra were identical to B, Fig. 2. Overnight, the solu- 
tions became red and the spectra reverted to A. 

The stoichiometry of the Pd(I1) complex was studied at pH 2.3, adjusted with 0.25M perchloric acid. Five- 
ml portions of Pd(I1) solution (4-74 x 10m4M) and appropriate volumes of reagent solution (7.97 x IO- 3M), 
water and dioxan were mixed to give a final volume of 50 ml. The spectra varied with mole ratio; with in- 
creasing mole ratio, the absorbance at 410 nm decreased by N 60 % and that at 340 nm increased by - 20 %. 
The absorbance at 340 and 410 nm was measured and plotted against pH (curves A and B, Fig. 7). The study 
was repeated in the absence of chloride ion [W(H) perchlorate was used in place of PdCI, and the stock 
solution contained no chloride]. At 340 nm, a curve identical to A was obtained; at 410 nm, the curve (C, 
Fig. 7) was similar to B. 

Potentiometric titrations of the Ni(I1) and Pd(II)-TDT systems in 50% v/v aqueous dioxan were made in 
the usual way.‘O The quantities of reactants used were 4.89 x 10mJ mole of Ni~I)~7.63 x IO-’ mole of TDT 
and 4.78 x 1O-5 mole of Pd(II)/3*79 Y 10e4 mole of TDT. The formation of the Ni(I1) complex began at 
-pH 2.5; no precipitation occurred during the titration. Two protons per Ni(II) ion were released in 
complex formation. The Pd(I1) complex formed and precipitated* on mixing of the reagents. Two protons 

*As discussed later, the solid complex is a 1: 1 trimer. 
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per Pd(I1) ion were released in acid solution. At pH N 8-9, an inflection was observed that corresponds to one 
additional proton per W(H). Nearly complete dissolution of the precipitate occurred in this pH range. 

Determination of nickel. A calibration curve for the determination of nickel was obtained as follows. 
Appropriate aliquotes of the Ni(I1) stock solution to give amounts of Ni(I1) ranging from 0.3 to 2.3 mg were 
placed in 100-m] separatory-funnels containing 10 ml of buffer solution (0*02Mammonia, 0.15M ammonium 
chloride) and diluted to 50 ml. The Ni(I1) was then extracted with three lo-ml portions of a 1,2-dichlorethane 
solution of TDT (-2.5 x IO-‘M). Each portion was shaken with the aaueous uhase for l-2 min and then 
drained through a glass-wool plug in the stem of the funnel. The residual aqueous~phase. was washed with one 
lo-ml portion of pure solvent. The organic phases were collected in a 50-ml flask and diluted to volume at 
25.0”. The absorbance was measured at 512 nm against a solvent blank. The pH of the residual aqueous 
phase was 7.6 f 0.2. The results yielded an excellent calibration plot; Beer’s law was obeyed over at least the 
concentration range studied. The absorbance of the solutions remained constant for at least 40 hr. 

Solutions containing 0.29, 1.15 and I .72 mg of Ni(I1) together with 0.5 mg of Pd(I1) and 1.4 mg of Fe(II1) 
were tested as follows. The pH of the aqueous solution was adjusted to 1.5-2.0 with 0.25&f perchloric acid 
(-4-5 ml) and diluted to 50 ml. The Pd(I1) was extracted with two IO-ml portions (shaking for l-2 min) of a 
benzyl alcohol solution of the reagent (10-2M). The aqueous phase was then washed with two 5-ml portions 
of benzyl alcohol followed by one IO-mrportion of 1,2-dichlorcethane to remove residual alcohol. Aqueous 
ammonia (I + 1) was added to the aqueous phase to precipitate Fe(II1) and with the pH about 8, 10 ml of the 
buffer solution were added. The Ni(I1) was extracted as before and the absorbance measured. The pH of the 
residual aqueous phase was 8.4 f 0.3. The amounts of Ni(I1) found were 0.29, 1.14 and 1.71 (f0.01) mg. 

Determination of palladium. The absorbance of the Pd(I1) complex was found to obey Beer’s law by the 
following experiment. Aliquots (20.0-5.0 ml) of 0.06&f hydrochloric acid and 25.0 ml of a dioxan solution of 
TDT (I.93 ; IO-*M) were transferred by pipette into 50-ml volumetric flasks. Corresponding volumes 
(5~00-20~00 ml) of a Pd(I1) solution (I.90 x 10W4M. O%M in hydrochloric acid were added. The amounts 
of Pd(I1) taken ranged from 0.1 to 0.5 mg. The solutions were diluted to volume at 25-O” with 50 % v/v aqueous 
dioxan and the absorbance measured at 340 nm against a solvent blank. The pH of the final solution was 
1.67 f 0.01. A plot of the results was linear and passed through the origin. The absorbance of the solutions 
remained constant for at least 15 hr. 

The method above was applied to a solution known only to contain Pd(I1) at a high concentration. This 
solution was diluted 50-fold and exactly 20 ml were taken for analysis. By reference to the calibration curve, 
the Pd concentration of the unknown was found to be 1.00 * 0.01 mg/ml. Standardization of the same solu- 
tion by the established procedure of homogeneous preciptation as the dimethylglyoximate gave 1.01 & 0.00 
mg/ml.* 

The effect of the foreign ions Ni(II), Co(H) and Fe(III) was investigated. The quantities of all metal ions 
taken and results obtained are given in Table 2. 

Table 2. Effect of Ni(II), Co(I1) and Fe(II1) on Pd(I1) determination 

Pd(II), pg/ml Deviation 
Taken Found % 

Foreign ions 
present, pg/ml 

Foreign ion : Pd 
molar ratio 

6.05 6.04* -0.2 Ni(23.0) 6.9 
8.05 8.22 12.1 Ni(34.5) 7.8 
3.94 3.96* io.5 Ni(57.5) 26.4 
6.05 6.05 0 Co(23.2) 6.9 
5.91 6.05 mt2.4 Co(23.2) 7.1 
3.94 4.11 +4.3 Co(58.0) 26.6 
6.05 6.05 0 Fe(16.9) 5.3 
3.94 3.89 -1.3 Fe(67.6) 32.8 
3.93 3.96 +0.8 Ni(11.5), Co(l1.6) 5.3, 5.3 
3.93 3.93 0 Ni(l1.5). Fe(l1.3) 5.3, 5.5 
3.93 4.15* +5.5 CI(11.6), Fe(11.3) 5.3, 5.5 
3.93 4.13 +5.1 Ni(l1.5), Co(l I-6). Fe(l1.3) 5.3, 5.3, 5.5 
5.91 6.31 -t- 6.8 Ni(23.0), Co(23.2), Fe(16.9) 7.0,7.1, 5.5 
6.05 6.49 -t7.3 Ni(23.0). Co(23.2). Fe(16.9) 6.9.6.9, 5.3 

* Average of two determinations. 

*This value was furnished by 0. E. Hileman, McMaster University 
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DISCUSSION 

Stability of TDT 

Segall et al. have reported that TDT and its chloroform solutions show no deterioration 
after twelve months when stored at room temperature in glass-stoppered bottles.’ We have 
found that the purified reagent does not keep for such periods unless stored in a refrigerator 
under a dry nitrogen atmosphere. Under routine laboratory conditions, a white deposit 
forms after a few weeks. Solutions of the reagent (10-3-10-4i%4) in chloroform, petroleum 
ether and 1,4-dioxan are only moderately stable in routine use. For example, after two weeks 
the absorbance at 250 nm increased by about 8 %. Because of the subsequent work in 50 % 
v/v aqueous dioxan, the stability of the reagent in this solvent was studied more thoroughly. 
The mild oxidation of a mercaptan usually gives rise to thecorrespondingdisulphide,charac- 
terized by a low-intensity, broad absorption band at about 250 nm.11V12 This band was ob- 
served to develop when the reagent was kept at pH 6.0 and 9.8 and is strong evidence for 
air-oxidation of the dithiol to disulphide species. When reagent was kept at pH 13.4, the 
band was not observable, perhaps because a lower initial reagent concentration was used on 
account of the high absorbance at this pH, but the strong maximum oflTDT at 235 nm was 
greatly reduced. The rate of oxidation is pH-dependent. The half-life at pH 6.0 is about 
85 hr, 1 hr at pH 9.8 and 15 hr at pH 13.4 at the concentrations specified in Fig. 1. The 
pH-dependence of the rate of oxidation of mercaptans is complex and not well understood.13 

In summary, TDT may be used in analytical applications in neutral 50% v/v aqueous 
dioxan solutions without special precautions against air-oxidation, In basic solutions, its use 
is more limited. 

Acid dissociation constants 

Because of rapid air-oxidation at about pH 10 in aqueous dioxan, the potentiometric 
titrations for the determination of the pK, values of TDT were performed rapidly under 
an atmosphere of dry nitrogen. The pK, values were confirmed spectrophotometrically. The 
acid dissociation constants of TDT have not previously been reported; the values reported 
here should prove to be useful in analytical studies. 

Reaction with metal ions 

TDT forms metal complexes with numerous metal ions (Table 1) and possesses no ap- 
parent selectivity beyond that expected for a ligand containing “soft” donor atoms.14,16 
Hence there is no reaction with the class (a) acceptors listed above. Reactions occur only at 
higher pH values with borderline acceptors [e.g., Mn(II), Cr(III)] while strong class (b) 
acceptors [e.g., Pd(II), Ag(I), Cd(II), Hg(II)] react at low pH values. Ions with a d’O con- 
figuration [Ag(I), Cd(II), Hg(II), Zn(II)] form white insoluble complexes. The complex 
derived from Cu(I1) (TDT in excess) is likely a Cu(I) complex since it is colourless, and 
oxidation of mercaptans by Cu(I1) is well known. i’ The mauve complex that forms when 
Cu(I1) is in excess may be a Cu(I1) derivative of the disulphide or a complex containing 
copper in both oxidation states. Fe(I1) and Fe(II1) each react to give a green complex. 
Presumably, this is an Fe(H) complex since Fe(II1) is known to oxidize mercaptans to 
disulphides.‘3,1s 

Ni(II) complex in solution 

The formation of the red Ni(II) complex was complete in 50% v/v aqueous dioxan at 
about pH 4 (B, Fig. 4). Correspondingly, the extraction of Ni(I1) with TDT into benzyl 
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alcohol or 1,2-dichloroethane was quantitative at about pH 5.5 and 5, respectively (Fig. 5). 
Thus, both formation and extraction of the Ni(I1) complex were complete at a much lower 
pH value than previously reported (above pH lo).* The stoichiometry at pH 6.8 was 1: 1 
and only one species existed in solution at all TDT: Ni molar ratios (0.25-4) investigated 
(A, Fig. 6). Elemental analysis showed the stoichiometry of the solid complex to be 1: 1, as 
reported by others. 1,19,20 Also, since the complex in 1,Zdichloroethane was dimeric, as 
indicated by the molecular weight determination, it probably is dimeric in other solvents, 
such as 50% v/v aqueous dioxan. This is consistent with the dimeric structure of the solid, 
found by X-ray analysis.‘9-22 

In alkaline solution (pH 12), the red 1: 1 complex formed at TDT: Ni ratios of up to 2.25 
(B, Fig. 6). At higher ratios, the solution became yellow-orange (e.g., B, Fig. 2). This de- 
pendence on pH and TDT: Ni ratio is consistent with the addition of another ligand mole- 
cule to yield a complex with a ligand: metal ratio > 1. This addition was not detected by 
potentiometric titration but it could have been obscured by titration of the excess of reagent 
in the same pH region. The yellow-orange complex was still extracted, however, as the 1: 1 
red complex into the organic phase. 

The observation that solutions initially yellow-orange became red on standing overnight 
is probably the result of lowering of the reagent: Ni ratio through oxidation of the reagent. 
Appreciable oxidation of the reagent (see above) would occur in the pH region (9.4-12.4) 
over which the yellow-orange complex was observed. Thus, as the reagent is oxidized, the 
complex would be converted into the red 1: 1 complex. The formation of the yellow-orange 
complex may account for the 2: 1 stoichiometry reported by Segall et al.* 

Pd(ZZ) complex in solution. Formation of the Pd(I1) complex was complete at about pH 1 a5 
(A, Fig. 4) in the presence of a large excess of TDT. Extraction into benzyl alcohol was also 
quantitative at this pH value. The molecular-weight data, although imprecise, suggest the 
formation of a dimer or trimer in solution. In an X-ray structural study,19*23 the solid was 
found to be trimeric (and extremely insoluble in common solvents); thus the species in 
solution is probably a trimer. Elemental analysis confirmed the 1: 1 stoichiometry of the 
trimeric solid, but as discussed below, the stoichiometry of the species in solution could not 
be obtained with certainty. 

In solution, appreciable amounts of more than one complex can exist, depending on the 
pH and TDT: Pd(I1) molar ratio. Figure 3 shows the dependence of the spectra on pH, at 
a mole ratio of -9: 1. At pH < 1.0, the solution was (deep) yellow (A). In the pH range 
l-7, a yellow-green complex was formed (B). In alkaline solution (pH > 9), a further change 
occurred (C) which probably corresponds to the addition of one hydroxyl ion per Pd(I1) ion. 
This change is consistent with the potentiometric titration, which showed that in the pH 
range 8-9 one proton was released per Pd(I1) ion. Since at this point the 1: 1 trimer which 
had precipitated earlier in the titration redissolved, the species in solution can be reasonably 
formulated as [Pd3L30H3]3-. 

The deep yellow and yellow-green species can also be produced by varying the TDT: Pd(I1) 
molar ratio at constant pH. Thus, at pH 2.3 and mole ratio < 1, the solution was deep 
yellow and absorption maxima* at 340 and 410 nm were obtained. At values >3, the solu- 
tion was yellow-green and the absorbance at 340 nm was increased while that at 410 nm 
decreased. At mole ratio above 3 (and up to at least 60), the absorbance at 340 nm was con- 
stant (A, Fig. 7). The absorbance at 410 nm attained a maximum value at a mole ratio of 

* TDT does not absorb at 340 and 410 nm and the absorbance of uncomplexed Pd(II) is negligible. 
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-0.8t and then decreased to a constant value (B, Fig. 7). This behaviour suggests the pre- 
sence of at least two distinct species in equilibrium in solution. The interconversion of the 
species is not essentially dependent on chloride ion, since similar behaviour was observed 
in the absence of chloride (Fig. 7). 

Potentiometric titration of the TDT: Pd(II) system at mole ratio N 12 showed that 2 
protons were released per Pd(I1) ion in acid solution. This is consistent with the formation 
of a 1: 1 complex. Since no evidence has been produced for the formation of a higher com- 
plex either in solution or solid, the yellow-green species is probably a 1: 1 species. (The 
orange 1: 1 trimer also yielded a yellow-green solution when dissolved in aqueous dioxan.) 
These observations can then be explained on the basis that with increasing mole ratio, the 
yellow (polymeric) species with a TDT: Pd(II) ratio < 1 (e.g., Pd3LZ+2, PdqLa2+, etc.) were 
converted into the 1: 1 trimeric species. Interestingly, extrapolation of the linear segments 
of curve A (Fig. 7) yields a TDT: Pd(I1) ratio of 1 .O. The break in curve B at -0.8 suggests 
a ratio < 1 for the yellow species. However, these observations must be treated with caution 
since tha,mole-ratio method has limited application when more than one species is present 
in solution. 

For the determination of Pd(I1) with TDT as outlined above and discussed below, Fig. 7 
is essential. It illustrates that absorbance measurements at 340 nm must be made on solutions 
containing a large excess of TDT (> lo-fold). At such high excesses, the yellow species are 
essentially fully converted into the 1 : 1 complex; the constant residual absorbance at 410 nm 
(Fig. 7) is due primarily to the 1: 1 yellow-green complex. 

Analytical applications 

Determination of nickel. The investigation of the solution properties of the Ni(I1) complex 
resulted in an analytical procedure somewhat improved over that reported by Segall et al.’ 
For example, the extraction of Ni(II) into 1,Zdichloroethane is best carried out in the pH 
range 6-9. The upper pH limit circumvents the formation of the yellow-orange species in 
the aqueous phase, which is rather difficult to extract. Also, the interference from Pd(I1) is 
easily overcome by prior extraction of the ion (even in large amount) from strongly acid 
solution into benzyl alcohol with TDT. The use of one reagent for both the removal of 
Pd(II) and for the Ni(I1) determination is convenient. Interference from Fe(IT1) can be 
avoided by adjusting the pH of the aqueous phase to about 8, after extraction of Pd(I1) 
from acid solution. The Fe(II1) is not extracted into 1,Zdichlorethane and remains in the 
aqueous phase as the hydroxide. 

Segall et aL2 did not investigate the effect of many class (b) metal ions on the nickel deter- 
mination. Since these ions react strongly with the reagent (Table l), they would be expected 
to interfere. However, the Pt(IV) complex (although it forms slowly at room temperature) 
can be extracted from acid solution into benzyl alcohol together with the Pd(I1). Also, the 
white complexes of Cu(I) [from the reduction of Cu(II)], Zn(II), Ag(I), Cd(I1) and Hg(II), 
are insoluble in 1,2-dichloroethane (and also in benzyl alcohol), and should not be extracted 
along with the Ni(I1) complex. Even if the white complexes were extracted, they would not 
absorb at 512 nm. It would be necessary, of course, to use large excesses of reagent in the 
organic phase if several ions that react with the ligand were present. 

Segall et al. found that in addition to the ions discussed above the following cations and 
anions do not interfere: alkali and alkaline earth metals, Pb(II), Sn(II), Mn(II), Sb(III), 

t Spectra of solutions with mole ratio to.5 could not be recorded because of the formation of a black 
suspension, indicative of reduction to Pd metal. 
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Cr(III), Al(III), Cl-, NO,-, CH,COO-, SOd2-, and POd3-. The improved procedure 
presented in this work should not alter the effect of these ions. Co(H) interferes in the nickel 
determination. It must therefore be removed, perhaps by the method suggested by Segall 
et al.’ 

TDT shows considerable promise as an analytical reagent for nickel. In addition to its 
simplicity, the method is accurate and precise over the concentration range studied (6-45 
ppm, with respect to the aqueous phase before extraction). Future investigations on a variety 
of samples are necessary to assess the high degree of selectivity suggested above. 

Determination of palladium. The spectrophotometric determination of Pd(II) with TDT, 
as far as developed in the present work, is accurate and precise over the concentration range 
studied (2-10 ppm in the final solution), and appears to have advantages over several existing 
spectrophotometric methods 24 for palladium. Unlike most other reagents for palladium, 
TDT does not absorb in the visible region. Also, Fe(II1) and Ni(II), which are common 
interferences, do not interfere even when present in relatively large amounts (Table 2). 
Furthermore, Co(II), which also commonly interferes, may be present at least up to a Co/Pd 
ratio of 7. If the molar ratio is large (e.g., Co/Pd = 27), the error becomes appreciable 
(4.3%). Except when Co(H) and Fe(II1) occur together, only small errors are produced 
when combinations of Ni(II), Co(I1) and Fe(II1) are present with Pd(I1). The simultaneous 
presence of Co(I1) and Fe(II1) leads to positive errors of about 5-7x. Larger errors are 
incurred if the absorbance measurements are not made promptly after preparation of the 
solution. When Co(I1) is present in the absence of Fe(III), the solutions are stable for at 
least 3 hr. The interference may be due to the formation of stable Co(III) complexes” in 
acid solution through oxidation of Co(H) by Fe(III). 

Examination of the data in Table 1 permits speculation on the effect of other foreign ions. 
Since Cr(III), Mn(II), Fe(II), Zn(II), Pb(I1) and Tl(I) do not react with TDT at pH 2, they 
should not interfere in the Pd(I1) determination-provided that the respective aquated ions 
do not absorb significantly at 340 nm. Ions of definite class (a) behaviour such as the alkali 
and alkaline earth metals, Al(III), the lanthanides and actinides do not react with the 
reagent and as a result, should not interfere. 

The metals that normally interfere most seriously in palladium determinations are typi- 
cally class (b) such as Pt, Ir, Au, Rh, Ag and Hg. 24 The reaction of Pt(IV) and Rh(III) with 
TDT is slow at pH 2 and room temperature and may permit the Pd(I1) determination in 
their presence. The d” ions, Cu(I), Ag(I), Cd(I1) and Hg(II), form insoluble white com- 
pounds in strongly acid solution and can be removed by filtration before the dilution to 
volume. Thus, interference from several class (b) ions can perhaps be avoided by a combina- 
tion of favourable rate and solubility effects. The potential of TDT as a reagent for the 
spectrophotometric determination of palladium cannot be fully realized until these possi- 
bilities have been investigated. 

Many methods exist for the spectrophotometric determination of palladium. In a com- 
prehensive review, 24 65 such methods have been listed, making justification for a new method 
for palladium difficult. A survey of the methods reported in this review reveals that nearly all 
are subject to interferences from common metals such as chromium, iron, cobalt, nickel and 
copper, and from noble metals, particularly platinum. In a few methods, common anions 
such as chloride interfere. Only one method (involving p-nitrosodiphenylamine) seems rela- 
tively free from these interferences. About six methods are promising but more restrictive. 
Another method with promise, not mentioned in the review, involves 4,4’-bis(dimethyl- 
amino)thiobenzophenone. 26 Thus 9 a new method for palladium would be warranted if 
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interferences from first-row transition and noble metals were minimal. The present work 
shows that TDT could fulfil this criterion and further studies to apply this promising reagent 
should be made. 
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Zusammenfassung-Die Verbindung 2,2’-Dimercaptodilthylsulfid wurde beziiglich der 
Stabihtlt ihrer Losungen gegen Oxidation an der Luft, ihrer Saurestiirke, ihrer Reaktivitlt 
gegentiber Metallionen, der Natur ihrer Komplexe mit Ni(II) und Pd(II) in Losung sowie 
ihrer Verwendbarkeit bei der Bestimmung kleiner Mengen Ni(ll) und Pd(I1) untersucht 
Die Arbeiten am Nickel(B)-Komplex erweitern frtiher von anderen Autoren mitgeteilte 
Ergebnisse und stehen nicht vollkommen mit diesen in Einklang. Die vorgelegten Ergebnisse 
zeigen, da13 2,2’-Dimercaptodilthylsulfid ein vielversprechendes analytisches Reagens ist. 

R&tm&On a CtudiC le compose 2,2’-dimercaptodiethylsulfure quant a la stabilite de ses 
solutions a l’oxydation par fair, sa force acide, sa reactivite vis-a-vis des ions mttalliques, la 
nature de ses complexes Ni(I1) et Pd (II) en solution, et sa possibilitt d’application au dosage de 
petites quantitb de Ni (II) et Pd (II). Les etudes sur le complexe Ni (II) developpent le travail 
rapport& anterieurement par d’autres et ne sont pas en accord complet avec lui. Les resultats 
present& montrent que le 2,2’-dimercaptodiethylsulfure est un reactif analytique prometteur. 

TAL Vol 20 No. 3-D 
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Summary-A new electroanalytical technique is described, called “ stripping voltammetry with 
collection.” The technique involves the use of a rotating ring-disk electrode and is an improve- 
ment over traditional voltammetric stripping at a single electrode in that it is characterized by a 
lower limit of detection and that the period of deposition before stripping can he shorter. The use 
of the technique is illustrated by the determination of lo-“M Ag+ in 0.1 M H2S04 by use of a 
ring-disk electrode having a disk electrode constructed of glassy carbon and a ring electrode 
constructed of platinum. 

The electroanalytical technique known as stripping voltammetry at a single electrode has 
been shown to be useful for the determination of many species present in aqueous solutions 
at very low concentrations. The theory and application of stripping voltammetry have been 
adequately reviewed.ie3 In principle, the technique involves the accumulation of the sub- 
stance sought in the form of a metal or a sparingly soluble compound on the surface of the 
electrode in the test solution. The accumulation may proceed for a long period of time so that 
a significant quantity of material is deposited even though the concentration of the species 
in the bulk of the solution is very low. Following the accumulation, the potential of the 
electrode is varied (scanned) in such a manner that the deposit undergoes electrochemical 
dissolution (stripping), and the current-potential (Z-E) or current-time (Z-t) curve for the 
process at the electrode is recorded. The curves are characterized by a sharp current peak in 
the potential region where the dissolution occurs. The area of the stripping peak can be 
related to the quantity of the original deposit and to the analytical concentration of the 
species sought in the test solution. The technique has a high sensitivity, especially when the 
accumulation is continued for a long period of time at a high rate of stirring. Stripping 
voltammetry has been applied to the analysis of very dilute solutions (below 10e8M) in 
biological, semiconductor, metallurgical, and environmental research, and for the deter- 
mination of impurities in highly purified chemicals. ’ As an example of the applicability of 
the technique for trace analysis, Fedosuva and Stromberg4 used liquid-liquid extraction 
followed by stripping voltammetry for the determination of bismuth at 5 x lo-“M 
concentrations. 

In practice, the limit of detectability by voltammetric-stripping analysis is set by the 
uncertainty in the determination of the current in the electrode due to processes other than 
the stripping of the desired species. These “ background ” processes include (i), charging of 
the electrical double-layer at the electrode-solution interface during the variation of the 

* To whom correspondence should he addressed. 
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applied potential, (ii), oxidation and/or reduction of impurities in the solution or adsorbed 
at the surface of the electrode, and (iii), electrochemical reactions of the electrode itself, 
e.g., formation or dissolution of oxide on a platinum electrode. The background current is 
tisually estimated by drawing a smooth curve under the stripping peak, superimposed on the 
portions of the Z-t curve on each side of the peak. This, of course, requires an estimation by 
the analyst and is a great source of uncertainty since the background current is usually a 
function of the potential of the electrode and is, therefore, not constant during the recording 
of the Z-t curve. The problem is not solved by recording the Z-t curve for the voltammetric 
scan when no deposition has been allowed, because the background currents are not 
usually reproducible from one scan to the next unless the treatment of the electrode before 
the recording of the Z-E curves is identical. Furthermore, a large variation in the background 
current caused by change in applied potential dictates the use of a low sensitivity on the 
recorder. As a result, long deposition times are necessary if perceptible stripping peaks are 

to be obtained. 
In this paper we describe the use of a rotating ring-disk electrode (RRDE) for the deter- 

mination of concentrations lower than the limit of detection for stripping voltammetry at a 
single electrode. The technique is called stripping voltammetry with collection (SVWC). 
In principle, SVWC requires the accumulation and stripping of the species sought, at the 
disk electrode, according to the accepted procedures for stripping voltammetry at a single 
electrode. The potential of the ring electrode is fixed at a value such that deposition of the 
species sought is limited by convection and diffusion and the current-time curve for the 
ring electrode (Zi-t) is recorded during the voltammetric stripping of the deposit from the 
disk electrode. A fraction of the species stripped from the disk electrode is carried by con- 
vection and diffusion to the ring electrode where it is redeposited. Because the potential of 
the ring electrode is constant during the voltammetric stripping, the background current for 
the redeposition is nearly constant. Consequently, the background can be compensated 
electronically and the Z,-t curve obtained with a very high sensitivity used on the recorder. 
The collection of very small quantities of species stripped voltammetrically from the disk 
electrode still produces significant peaks on the Zr-t curve even when the stripping peak on 
the Z-t curve at the disk electrode is nearly imperceptible against the background current. 

The instantaneous current for the deposition of a chemical species from a solution onto 
the disk electrode of an RRDE by a convection/diffusion-limited process, Z, , is related to 
the concentration of the species in the bulk of the solution, C,, by equation (I),’ where 
n and F have their usual electrochemical significance, w is the angular velocity of the elec- 

trode rotation, 

Id = 0~62nF~R,2w’~2v-‘~6D2~3Cb (1) 

v is the kinematic viscosity of the solution, and D is the diffusion coefficient for the species 
in solution. The total charge passed at the disk electrode due to deposition, Qd, during the 

deposition period, fdep , is given by equation (2). 

Qd = j.rcpZd dt (2) 

If o and C, remain constant during tdep, equation (2) can be written as equation (3). The 
charge passed at the ring electrode due to collection and deposition of the species produced 
by voltammetric stripping at the disk electrode, Qr is given by equation (4). The negative 
sign is due 
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Qr= -NQd 

= -NTd,,0.62nF~R,201/2v-‘/6D2i3Cb 

to the fact that the current for the deposition is of opposite polarity to that for the dissolu- 
tion. In equation (4), N is the fraction of the species produced at the disk, which can be 
collected at the ring. N is called the collection efficiency and can be calculated from the 
respective radii of the disk and ring electrodes.6 

No reference has been found in the chemical literature to the quantitative analysis of 
solutions for species at trace levels by using the technique of SVWC at an RRDE. Several 
studies were reported in which the ring electrode of an RRDE was used for detection and 
electrochemical characterization of small quantities of chemical species produced at the 
disk electrode. Bruckenstein and Tindall’*’ studied the electrochemical behaviour of 
monolayer and submonolayer deposits of copper and silver on a platinum electrode in 
acidic media. Johnson, Napp and Bruckenstein’ detected small amounts of Pt(I1) produced 
at the anodized platinum disk electrode of an RRDE during the reduction of the surface 
oxide. Johnson and Bruckenstein” used the ring electrode of an RRDE to determine small 
quantities of HOBr produced by oxidation of submonolayer quantities of bromide pre- 
viously adsorbed at the platinum disk electrode from l*OM sulphuric acid. Johnson” 
extended the study of the electrochemistry of halides adsorbed on platinum electrodes in 
l*OM sulphuric acid and determined the adsorption and desorption of submonolayer 
quantities of iodide and iodine on the disk of an RRDE. 

Kopanica and Vydra” used voltammetric-stripping analysis at a rotating, glassy-carbon 
disk electrode for the determination of Ag+ in acidic, neutral, and alkaline media, They 
reported that Ag+ could be determined “with sufficient accuracy ” at a concentration of 
1 x 10e9M provided the deposition time was sufficiently long. They did not show the Z-t 
curve for that concentration. Here we report the use of stripping voltammetry with collection 
for the determination of down to 1.0 x IO-“M Ag+ in O*lM sulphuric acid. The distinct 
advantages of using SVWC at an RRDE are discussed. 

EXPERIMENTAL 

Notation 

Subscripts d and r to symbols for current, I, and potential, E, represent the corresponding quantities at 
the disk and ring electrodes, respectively. Superscripts a and c used with Ed designate the anodic and cathodic 
limits of potential scan. The potentials of the disk and ring electrodes used for the deposition of silver are 
.%. de, and E,. dep, respectively. Cathodic current is considered a positive and anodic current a negative 
quantity. All electrical currents are given in microamperes (PA) and quantity of charge in microcoulombs 
(PC). All electrode potentials were measured and are given in volts us. the saturated calomel electrode (SCE). 

Instrumentation 

The ring-disk electrode used was from Pine Instrument Co. of Grove City, Pa. The electrode had a 
glassy-carbon disk and a platinum ring. The pertinent geometric parameters, 6.13 were: R1 = 0.379 cm, 
Rz = O-399 cm, R3 = 0.421 cm, CL = 0.168, fi = 0.211, and N = O-170. The synchronous rotator used was 
Model PIR from Pine Instrument Co. The rotator has nine speeds between 400 and 10,000 rpm. The cell was 
constructed of quartz with a fritted-quartz membrane separating the main compartment from the chamber 
for the platinum counter-electrode. Glassware was cleaned with hot nitric acid and rinsed thoroughly with 
triply distilled water. The reference electrode was a Beckman SCE in electrical contact with the solution 
through a quartz capillary. 
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The electronic control circuitry was constructed with use of operational amplifiers according to Brucken- 
stein’sr3 and modification’4 to the disk circuit, but instead of use of a potentiometric input for the recording 
of current in the ring electrode, as indicated by Fig. 1 of Ref. 13, the recorder was driven by the output of a 
difference amplifier which measured the difference in the signals at the outputs of amplifiers F-2 and A-2. 
All resistors used for measurement of current were standardized by the Physics Instrument Services of Iowa 
State University and all voltages were measured with instruments calibrated against sources standardized 
by the Physics Instrument Services. The X-Y recorder was a Plotomatic 815 from Bolt, Beranek and New- 
man, Inc., of Santa Ana, Cal. The areas of collection peaks were determined by integration of the original 
curves with a KeufIel and Esser Compensating Polar Planimeter. 

Reagents 

All solutions were made up in triply distilled water prepared with a demineralization after the first distil- 
lation, and the second distillation being made from alkaline permanganate. The supporting electrolyte was 
O~lMsulphuric acid prepared from Mallinckrodt Reagent Grade sulphuric acid. Test solutions of Ag+ were 
prepared by addition to the supporting electrolyte of ahquots of a 0401OOM stock solution of silver nitrate 
prepared from Baker Analyzed Reagent. The stock solution was stored in a polyethylene bottle with the 
exterior painted black. 

Pretreatment of the electrode 

The ring-disk electrode was polished at the start of the research with Buehler Handimet 600 strips fol- 
lowed by 30-pm and 6-pm Buehler AB Metadi Diamond on nylon lubricated with Buehler Metadi Fluid. 
The electrode was washed carefully with detergent on a cotton swab and rinsed thoroughly with distilled 
water after each step in the polishing procedure. Before each day of research, the electrode was polished with 
l-pm diamond dust. To remove particles of platinum embedded in the glassy-carbon disk during previous 
stages of polishing and to prevent transfer of platinum from the ring to the disk during this last stage in 
polishing, the electrode was rotated at 400 rpm and the polishing cloth moved radially from the centre of the 
rotating electrode. No portion of the polishing cloth was used twice. The surface of the electrode was then 
cleaned as described above. An Id-E, curve was obtained after the polishing to confirm the absence of 
platinum on the disk electrode. The absence of platinum was verified when a peak for reduction of platinum 
oxide was not observed on the cathodic potential sweep following anodization. 

The rotating electrode was then lowered into the test solution and deaeration with dispersed nitrogen 
begun. Ed was cycled for 10 min between Ed’ = -040 V and Eda = +1.20 V at a rate of 5.0 V/min with E, 
maintained at JrO.80 V. 

Impurity in test solutions 

The supporting electroiyte was found to contain traces of Ag+ varying from 5 x 10-loM to 5 x 10-9M. 
The source of the impurity was first thought to be the silver-loaded graphite used for making electrical con- 
tact to the upper portion of the metallic cylinder on which the ring electrode was mounted in the usual 
construction of the RRDE. This contact is directly above the celi for the rotator used. A large disk of Teflon, 
having an outer diameter greater than the opening of the cell through which the RRDE was inserted, was 
drilled to an inner diameter just sufficient to permit the Teflon disk to be slipped onto the Teflon shroud of 
the RRDE. Rubber O-rings were placed on the shroud of the RRDE above and below the Teflon disk to 
hold it in mace. In use. the RRDE was lowered into the cell so that the Teflon disk was iust slightly above the 
opening of the cell and did not rub on the cell during rotation. With this protection: it wasimpossible for 
particles of the ring contact to fall into the solution. No decrease in the level of the impurity of Ag+ occurred 
when the Teflon disk was used and it was concluded that the contact for the ring electrode was not the source 
of the impurity. The use of the protecting Teflon disk was continued, however. The sulphuric acid was 
thought not to be the source of the trace impurity since addition of more acid directly to the test solution did 
not result in an increase of the level of the impurity. Other procedures were used for cleaning the glassware 
with no effect on the level of impurity and the glassware was concluded not to be the source. The water for 
preparing solutions was analysed before the deminerahzation stage in the procedure for purification and the 
content of Ag+ was 5 x IO-‘M. It was concluded that the water was the source of the impurity. Triply 
distilled water from one other source in the department was analysed and found to contain Ag+ as an impuri- 
ty at approximately 2 x 10m9M. 

Experimental procedure 

The procedure for the determination of Ag+ by SVWC at the RRDE was as follows. The cyclic scan of Ed 
for the pretreatment of the disk electrode was halted at the desired value of Ed. dep, and E, was stepped to the 
desired value of E,. dCp for collection of Ag+. With the expiration of tdsp, Ed was scanned anodically at a 
rate of 5-O V/min and the 1,-E, curve recorded. Since the rate of scan for Ed was constant, the I,-E, curve was 
also an I,-t curve. The background current during the collection was estimated by drawing a smooth curve 



Stripping voI~et~ 309 

superimposed on the I,-& curve on either side of the collection peak, and the area of the peak was deter- 
mined and Q, calculated. The procedure was repeated for tdcp = 090 min and the area of the corresponding 
peak determined. A small amount of silver was deposited at the disk electrode at tdep = 0 min with the 
deposition occurring (i), during the cathodic portion of the cyclic scan of Ed before reaching the value of 
E .,, dep, and (ii), during the time that E,, was being scanned anodically from E d, deD to the value where stripping 
commenced. The value of Q, was corrected by subtracting the area of the collection peak for tat,, = O-00 
min from the area for the non-zero value of td.,, . For tdrp = 3.00 min, the correction was approximately 3 % 
for a rate of scan of Ed equal to 5.0 V/min. Further correction of the value of Qr was made when preparing a 
calibration plot. The value of Q, obtained for the impurity of Ag+ in the supporting electrolyte was sub- 
tracted from the values of Q, obtained after the intentional additions of standard Ag+. 

Standard additions of the stock solution of Ag+ to the supporting electrolyte were made with 2WO-ml and 
0*2000-ml micrometer syringes. 

RESULTS AND DISCUSSION 

Current-potential curves 

I-E curves for glassy-carbon electrodes in mineral acids are shown and discussed in Ref. 
15 and curves for platinum electrodes are discussed in Ref. 9. They will not be further 
described here. Id-Ed and Ir-Ed curves obtained by using SVWC at an RRDE for 130 
x 10M6M Agf are shown in Fig. 1. Silver deposited at the disk electrode was electro- 

I I I I I I I 

Fig. 1. la-Ed and Z,-Ed curves for stripping voltammetry with collection in l-00 x 10e6M Ag+. 
t dcp = 540 min, Ed, dc,, = -4400 V; E,, dcn = 0400 V, w”’ = 6.47 (rad/sec)‘“, rate of anodic 

scan of Ed = 5.0 V/min; - Z-E curves, ---------------- constructed baselines. 

chemically stripped at Ed > O-1 V with the peak of the anodic current at approximately 
O-25 V. In comparison to the stripping peak on the Z,-E, curve, the collection peak on the 
Zr-Ed curve is shifted slightly to a more positive value of E, . This is the result of the use of a 
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high rate of anodic scan of Ed (5.0 V/min) and a low rate of rotation of the RRDE (400 
rpm). A finite amount of time is necessary for species produced at the surface of the disk 
electrode to be transported by convection and diffusion to the surface of the ring electrode. 
Consequently, the peaks in the currents for stripping and collection do not coincide. For a 
concentration of 1.00 x 10e6M, the contribution to Qd and Q, from the impurity of Agf in 
the supporting electrolyte was negligible. From the values of the areas of the stripping and 
collection peaks, Q,, and Q, were calculated to be 71.5 and 11.3 PC, respectively. On the 
basis of these values, the experimental value of N was calculated to be O-158. Both the 
stripping and collection peaks for high concentrations of Ag+, such as illustrated by Fig. 1, 
are sufficiently distinct in comparison to the background currents for both Qd and Q, to 
be used for an accurate calculation of C,, Ag+ . 

To determine the Z-E curve for the electrodeposition of silver at the glassy-carbon disk 
electrode, SVWC was performed in 1.00 x 10m6M Ag+ for varying values of Ed,dcp with 

E r, dep = 0400 V. The values of Q, are plotted in Fig. 2 as a function of E,, dep for @‘I2 = 6.47 

0 80 

0 00 

02 00 -0 2 -0 4 -0 6 
Ed dep (V y_s SCE) 

_r- 

Fig. 2. I-E curve for electrodeposition of Ag on a glassy-carbon disk electrode. 
C *, As+ = 1.00 x 10m6M, E,.,,, = 0900 V US. SCE, tdcp = 2.00 min, LIJ’/~ = 6.47 (rad/sec)1/2, 

rate of anodic scan of Ed = 5.0 V/min. 

(rad/sec) l/2. The value of El,* for the deposition is approximately 0.03 V. The standard 
reduction potential for the Ag+/Ag couple is 0.55 V 2’s. SCE. The moderate irreversibility of 
the deposition of Ag does not prevent successful application of SVWC since values of 

E d, dep < - O-3 Vappear to be sufficiently cathodic for the deposition to occur at a rate limited 
by convection and diffusion. A value of Ed, dep = -0.400 V was used for all subsequent 

determinations. 
To determine a value of E,, dep at which deposition of silver at the ring electrode occurs at 

a rate limited by convection and diffusion, SVWC in 1.00 x 10e6M Ag+ was repeated for 
various values of E,, dep. The plot of Q, vs. E,, dep is shown in Fig. 3 for w”’ = 6.47 (rad/ 
sec)“2. The value of E1,2 for the deposition at the platinum ring electrode is approximately 
0.27 V. The value of Q, is not zero for 0.8 V > Er,dep > 0.4 V. The deposition of silver at a 
platinum electrode at underpotentials has been investigated and discussed by Bruckenstein 
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Fig. 3. I-E curve for electrodeposition of Ag on platinum ring electrode. 
C,. Al+ = l-00 x 10m6M, Ed, dep = -0400 V us. SCE, tdcp = 2.00 min, wl’* = 6.47 (rad/sec)1/2, 

rate of anodic scan of Ed = 5.0 V/min. 

and Tindall.‘,* The deposition of silver is more reversible at the ring electrode than at the 
glassy-carbon disk electrode and a value of E,, der, = OGMI V was used for all determinations. 

Verification of equation (4) 

According to equation (4), it is predicted that Q, should be a linear function of tdep. 
Corrected values of Q, were obtained for SVWC in 130 x 10e6M Ag for 0.50 min I tdep I 
5.50 min and did in fact give a good linear plot with a slope of 4.4 &/min for o1/2 = 6.47 
(rad/sec)li2. 

To determine the effect on Q, of changes in the value of w”‘, SVWC was performed in 
1.00 x 10e6M Ag+ for 6.47 (rad/sec)‘12 I ol/’ I 32.4 (rad/sec)“2. The corrected values of 
Q, plotted us. o1’2 gave a straight line which intersected the origin in agreement with 
equation (4). 

Q, is not predicted to be dependent on the rate of scan of E, used during the process of 
electrochemicallystripping the deposit of silver from the disk electrode. A corrected value of 
Q, = 0.84 for SVWC in I.00 x 10e6M Ag’ was observed for scan rates between 2 and 9 
V/min. The results are consistent with equation (4). 

Variation of C,, Ag+ 

SVWC was performed for 1.00 x lo-“M I C,,.,,, _ < I*00 x 10e6M. The concentration 
values were calculated on the basis of standard addition and values of Q, were corrected as al- 
ready described. The plot of Q, LX. C,,, Ag + on a log-log scale is a straight line in agreement with 
equation (4). The determinations of Q, for C,, Ag+ < 10m9M were performed at a time when 
the blank was advantageously low (approximately 5 x 10 -“M). Several days later a fresh 
supporting electrolyte was prepared for which the blank was approximately 2 x lo-“M. 
Values of the area of the collection peak for five determinations of the blank had an 
average relative deviation of 25 ‘A. Values of the area of the collection peak for five deter- 
minations following the addition of 1-O x lo-“M Ag+ had an average relative deviation 
of 7.4%. 
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The diffusion coefficient for Ag’ in @l&f sdphuric acid was calculated by using equation 
(4) and the results previously obtained and found to be I*29 x 10M5 cm’/sec, in good 
agreement with the value of I.30 x 10m5 cm’/sec found by Johnson16 for O+lM potassium 
nitrate medium. 

The effect of the background current in limiting the application of stripping voltammetry 
at a single electrode was discussed in the introductory paragraphs. The possibility of apply- 
ing SVWC at an RRDE for the determination of concentrations lower than those amenable 
to voltammetric stripping at a single electrode is illustrated by the 1,-E, and l,E, curves 
shown in Fig. 4. These curves were obtained for 6-O x 10e9M Agf. The large anodic peak 
on the id-Ed curve is due to background processes and not the voltammetric dissolution of a 
deposit. The small shoulder at about 0*2V is due to the stripping of the silver deposit. Even 
though the sensitivity is relatively high on the scale used for recording the I,--& curve, no 
possibility exists of accurately determjning the area of the stripping peak. The background 
current at the ring electrode is much more inde~ndent of Ed than is the background cur- 
rent at the disk electrode. Consequently, the I,E, curve was recorded with a very high 
sensitivity. The collection peak is very distinct and integration of the peak can be performed 
accurately, 

The rapid change of the background current on the IF-E, curve for -0.4 V < E, -K 0.0 V 
is due to electronic instrumentation and not a consequence of the production of any electro- 
active species at the disk electrode. Proper alignment of the electronic circuit is described in 

CollectIon 1. 

,.::-;.-: 

12 08 04 00 -0 4 

Ed(V~SCEl 

Fig. 4. &-E* and &-& curves for 6.0 x IO-“&i Ag+. 
E d,dtp = -U-400 V vs. SCE, E,, dtp = ~Ooo V vs. SCE, w112 = 647 frad/secYfz, &, = IO@ min, 
rate of anodic scan of Ed = 5.0 Vjmin; - i-E curves, .----.---------. constructed baselines. 
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Ref. 13 and involves adjustment of resistor R, so that E, does not change while Ed is 
scanned. Proper alignment is essential, particularly if it is desired to measure very small 
electrical currents in the ring electrode. Even with maximum care in alignment we found it 
impossible to prevent a small change in E, (l-3 mV) while scanning E, in the vicinity of 0.0 V. 
The small fluctuation in E results in background current as shown in Fig. 4. 

The applicability of an RRDE for decreasing the already dramatically low detection 
limits for analyses based on stripping voltammetry has been demonstrated. There are at least 
two additional advantages of SVWC at an RRDE over the conventional method at a single 
electrode. 

First, the time of analysis is greatly decreased because Q, can be determined accurately 
even though the quantity of deposit accumulated is very s,mall. This allows use of SVWC 
for routine analysis without the need for irritatingly lengthy depositions. 

Secondly, the difficulties in simultaneous determination of two or more metallic species 
resulting from formation of intermetallic compounds at the electrode surface may be 
largely circumvented. This follows since the maximum coverage of the electrode by the 
deposit need never approach a complete monolayer and. therefore, the chance of inter- 
element reactions is greatly reduced or eliminated. 
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Zusammenfassung--Ein neues elektroanalytisches Verfahren wird beschrieben und “inverse 
Voltametrie mit Sammlung” genannt. Es verwendet eine rotierende Ring-Scheiben-Elektrode 
und stellt gegeniiber der traditionellen inversen Voltametrie an einer einzelnen Elektrode 
insnfern eine Verbesserung dar, nls es eine niedrigere Na~hweis~enze besittt und dal3 die 
Abscherdungszeit vor dem Wiederauflosen kiirzer sein kann. Die Anwendung des Verfahrens 
wird am Beispiel der Bestimmung von IO- ” M Ag+ in @I M Hz SO, gezeigt. Dabei wirdeine 
Ring-Scheiben-Elektrode mit Scheibenelektrode aus glasigem Kohlenstoff und Ringelektrode 
aus Platin verwendet. 

Rbume-On decrit une nouvelle technique electroanalytique, appelte “voltammetrie de 
dissolution avec collection”. La technique comprend I’emploi d’une electrode rotative a 
disque-anneau et est une amelioration par rapport a la dissolution voltammetrique traditionnelle 
sur une seule electrode en ce sens qu’elle est caracterisee par une limite de detection inferieure et 
que la p&iode de d&pot avant dissolution peut Btre plus courte. L’emploi de la technique est 
illustree par le dosage d’Ag lo-‘” M en H,SO, 0,l M par l’emploi dune electrode rotative a 
disque-anneau ayant une electrode & disque construite en carbone vitreux et une electrode 
annulaire en platine. 
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Summary-A mass spectrometric study of the aging effects in polystyrene-based ion-exchangers 
has been made. Fragments in the m/e range l@-70 were examined and attributed to OH”, H20i, 
CO+, CO;, supplemented by SO’ and SO: from sulphonic-acid cation-exchangers. Ion-current 
intensities were found to be dependent on the state of the resin. 

Cation- and anion-exchangers based on copolymers of styrene and divinylbenzene are 
frequently found to contain fragments which are detrimental to certain applications.‘-3 
The fragments are unlikely to be introduced during the manufacture of the exchangers, 
but side-reactions occurring at that time may lead to their subsequent production. Time- 
dependent deterioration is readily observable from periodic washing of the resin and 
examination of the wash-liquids. 3,4 The fragments thus released show structural similarity 
to the resin and have properties associated with electrolytes aithough non-el~trolytes 
could aIso be present. The processes which eventually results in fragmentation, modify the 
constitution of the ion-exchange beads. It has been reported5 that a cation-exchanger of 
the sulphonic-acid type may have up to .5”/, of its exchange capacity represented by 
carboxylic acid groups. Direct evidence for the presence of carboxyl groups has not been 
reported to date. Nevertheless trace metal-ion distribution studie@,? with cation- and 
anion-exchangers support the view that a secondary cation-exchange capacity exists even in 
the highest quality commercial resins. 

In order to obtain information throwing light on the origin of the additional exchange 
capacity and the nature of the reactions leading to eventual fragmentation, a mass 
spectrometric study has been made of a range of polystyrene-based ion-exchangers and 
related substances. 

EXPERIMENTAL 

Materials 

Commercially available resins were used in this study. They were obtained from the Permutit Co. Ltd., 
London, the Rohm and Haas Co., Philadelphia and the Dow Chemical Co., Midland, Michigan. Samples 
of each were dried in air at 80” for 24 hr. Portions (about 10 g) of the resins were placed in separate 
glass columns, converted into the hydrogen or chloride form by the passage of 300 ml of 2M hydrochloric 
acid, washed copiously with distilled water and dried over phosphorus pentoxide at 25”. Divinylbenzene 
(DVB) 8% cross-linked polystyrene was kindly made available by The Permutit Co. Ammonium toluene-p 
sulphonate. laboratory reagent grade, was obtained from British Drug Houses Ltd., Poole, England. 

Apparatus 
Mass spectra were obtained with a G.E.C.-A.E.I. MS 902 mass spectrometer employing an electron energy 

of 70 eV and source temperatures in the range 14U-180’. An m/e range from 10 to 70 was examined at a 
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resolution of 250. The probe temperature to which the samples were subjected was generally in the range 
140-250”. 

A precise mass analysis of certain prominent peaks was done with the aid of a “trial and error” 
type of computer programme. The maximum deviation permitted in the assignment of a test formula to an 
experimental nt/e value was 5 ppm. Calculations were performed on a PDPS/E computer. 

RESULTS AND DISCUSSION 

Results are presented in Figs. l-5 in which relative intensities of ion current on a 
common scale are plotted against m/e. The spectra of the sulphonic-acid cation-exchangers 
have peaks at m/e values of 17, 18, 28, 44, 45, 48, 50, 64 and 66 (Figs. l-3). The 
peaks at m/e-17 and 18 are due to the species OH+ and H,O” respectively. 
Examination revealed the presence of a doublet at m/e-28, the major and minor com- 
ponents of which are attributable to CO’ and Ni respectively. Consideration of precise 
masses led to the conclusion that the peak at m/e-44 is due to CO: and that at m/e-45 to 
the fragment C2H,0+. The peaks at m/e-48 and 50 are due to SO+; they occur in the 

I8 64 

48 
17 

i6\, 'f 32 414 50 66 

Fig. 1. Mass spectra for Zeo-Karb 225 (SRC series) exchangers. (a) lx, lb) 2”/d, (c) 4-50/,, 
(4) 12% DVB cross-linking. 
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(0 1 

28 
44 48 64 

(d) 

Fig. 2. Mass spectra for Zeo-Karb 225 (SRC series) exchangers. (a) 1%. (c) 2% cross-linking after 
conditioning (b) l%, (d) 2% cross-linking, after three months storage. 

intensity ratio expected from typical natural isotopic abundances for 32S and 34S. 
The peaks at mfe-64 and 66 are due to SO:. 

In Fig. 1 spectra are reproduced for cation-exchangers of the sulphonic-acid type 
taken from the shelf and dried at 80”. An increase in the degree of cross-linking causes a 
steady decrease in the intensity of peaks at m/e-28 and 64 but similar trends are not 
observed for ion currents at other masses. A comparison of the spectra in Fig. la with 
those in Fig. 2u and in Fig. lb with those in Fig. 2c shows the effect of careful 
conditioning of the resin; all the peaks from the conditioned samples are considerably 
reduced except those due to water. Changes in the spectra due to aging of a resin sample 
are illustrated in Fig. 2. It is seen from Fig. 3 that resin samples carefully freed from 
water-soluble fragments, (e.g., Amberlite IR 122), and converted into the sodium form, gave 
very “clean” spectra after two years’ storage in amber bottles. 
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Fig. 3, Mass spectra of (a) Amberlite IR I22 (10% gross-l~nkia~) and (bf IR 124 (12%; CFOSS- 
linking) after two years storage. 

(bl 

Fig. 4. Mass spectra of Zco-Karb 226 (SRC 47) at probe temperatures of (0) 150” and (6) 195’. 

58 

Fig. 5. Mass spectrum of aged De-Acidite FF (SRA 71). 
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The presence of the peak at Pn/e-44 in most of the spectra is noteworthy and experiments 
were performed in an attempt to establish its origin. The spectrometer background in this 
region was very low. A spectrum was obtained for ammonium toluene-p-sulphonate; a peak 
was not observed at m/e-44. This rules out the possibility that CO2 could originate from 
“cracking” and “reforming” processes in the resin samples. Analyses of the doublets at 
m/e-28 eliminate the possibility that the CO, is derived from the atmosphere, at least for 
the ~tion-exchangers in the hydrogen form. The CO, must therefore arise from the 
resin framework or fragments from it. Spectra were obtained at two different probe 
temperatures {Fig. 4) for a cation-exchanger having carboxylic-acid exchange groups. 
Each spectrum has peaks at m/e-28 and 44, which may be due to decarboxylation. At 
the higher probe temperature they are very intense relative to those from other resin 
samples. 

The spectrum for a sample of rather old (several years) anion-exchanger nominally 
in the chloride form, dried at 80” but otherwise untreated, had a characteristic peak- 
pattern which was nevertheless quite different from that of the cation-exchangers (Fig. 5). 
A very prominent peak at m/e-44 was attributed to carbon dioxide derived from the 
atmosphere. This was confirmed by the effervescence produced by the addition of 
hydrochloric acid and by chemical testing of the gas evolved. [Precise mass m~surements 
indicated clearly that the peak (Fig. 5) at m/e-44 was due to CO: and not, for 
example, to (CH,),N+ although the latter was observed at higher probe temperatures.] 
Treatment of the resin with dilute hydrochloric acid, followed by washing with water 
and drying, reduced the peak height considerably but did not altogether eliminate it. 
In view of the apparent tendency of the resin in the chloride form to take up atmospheric 
carbon dioxide a categoric interpretation of the origin of this residual peak would not be 
justified. Other evidence, however, would support the view that carboxyl groups are 
present. 

The structure of poIyacrylic acids with DVB cross-linking is different from that of 
polystyrene-based sulphonic-acid exchangers. Fragmen~tion induced naturally, and 
thermal decomposition patterns, will not necessarily be exactly the same. In the latter, 
carboxyl groups may reside on the aromatic nucleus, or be formed by oxidative cleavage 
of the aliphatic “backbone” of the polymer, especially at points where cross-linking 
occurs. Carboxyl groups could arise’ from oxidation of ethyl groups introduced during 
the formation of the resin in ethylstyrene, a common contaminant’ of commerical DVB. 
It is also possible that divinylbenzene becomes incorporated into the polymer chain 
at one end, leaving a readily oxidized ethylenic group. Some carboxyi groups are 
undoubtedly introduced at the time of su~phonation 5,8 but careful choice of sulphonating 
conditions is claimed’ to reduce such oxidation considerably. 

It has been found that for a cation-exchanger having sulphonate functional groups, the 
distribution ratio at constant ionic strength of a carrier-free radioactive cation depends 
on the pH of the solution. 6*7 This behaviour is also observed for DVB cross-linked 
polystyrene beads and for strong base (quaternary ammonium) anion-exchangers6 (A 
unifunctional strong acid or base exchanger would be expected to give a distribution 
ratio independent of pH in the absence of cation hydrolysis.) It is explicable if carboxylic 
acid groups are present and the size of the additional exchange capacity created above the 
threshold. pH can be assessed by suitably designed loading experiments. Evidence 
available from mass spectrometric and exchange distribution studies is therefore consistent 
with the presence of carboxyl groups on polystyrene-type exchangers. This interpretation 
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would explain the retention of traces of rare-earth metal ions by an anion-exchanger 
and the proposed” separation of 14’La from 14’Ba. 

The appearance of SO+ and SO; in the spectra of aged resins but not in those of 
recently washed resins would indicate that the sulphur-containing groups on the polymer 
matrix are quite stable relative to those on the fragments. Examination of the peaks 
resulting from these ions in the spectra taken at suitably chosen probe temperatures 
would permit a rapid means of assessing qualitatively the general condition of a batch 
of sulphonic-acid type resin. Information can be obtained on thermal stability of a resin 
by variation of the probe temperature of the spectrometer. 

Acknowledgement-The authors wish to record their gratitude to Mr. R. B. Turner who has been responsible 
for the operation of the mass spectrometer. 
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Zusammenfasung-Die Alterungseffekte in Ionenaustauschern aufPolystyrolbasis wurden massen- 
spektrometrisch untersucht. Fragmente mit m/e = lo-70 wurden dberprdft und OH’, HzO+. 
CO+ und COT zugeordnet. Dazu kamen SO+ und SOi bei Kationenaustauschern mit 
SulfonsLuregruppen. Die Ionenstromintensitlten hingen vom .&stand des Harzes ab. 

R&urn&On a eflectui: u& &tude spectromitrique de masse des effets de vieillissement dans 
les kchangeurs d’ions $ base de polystyrene. On a examint les fragments dans le domaine m/e 
lo-70 et les a attribubs ii OH+, H20+. CO+. COT complttts par SO+ et SOi des 
ichangeurs de cations acide sulfonique. On a trouvi que les intensitis de courant d’ions 
dkpendent de l’ttat de la r&sine. 



Tahta. Vol 20. 321-326 Pergamon Press, 1973 Pnnted m Great Bntdm 

EMISSION SPECTROMETRIC DETECTION OF METAL 
CHELATES SEPARATED BY GAS CHROMATOGRAPHY 

HIROSHI KAWAGUCHI, TAKFSHI SAKAMOTO and ATSUSHI MIZUIKE 

Faculty of Engineering, Nagoya University, Chikusa-ku, Nagoya, Japan 

(Receiaed 11 September 1972. Accepted 11 October 1972) 

Summary-An emission spectrometric detector is used in the determination of metal acetylaceto- 
nates. Spectra are excited in the plasma of a 2450 MHz electrodeless discharge. Measuring the 
intensities of the atomic emission lines of aluminium, beryllium and chromium after gas 
chromatography provides a highly sensitive and selective method for the determination of the 
acetylacetonates of these metals. Detection limits are 100 ng for aluminium, 0.01 ng for beryllium 
and 1 ng for chromium. An analytical procedure is proposed for beryllium down to 10 ppm 
in aluminium. 

During the past decade, studies have been made of the gas chromatography of volatile 
metal chelates’,’ and it has been successfully used for inorganic analysis.3a4 Many workers 
have employed the electron-capture detector for metal fluorinated fi-diketonates because 
of its exceptional sensitivity to halogenated organic compounds. This detector, however, 
lacks selectivity for metal chelates, and it responds to a variety of organic compounds 
with polar functional groups. Juvet and Durbin5 suggested the flame photometric detector 
as a more selective detector for metal chelates, but its sensitivity is not satisfactory for 
trace analysis. Recently, Wolf et ~1.~ employed gas chromatography-mass spectrometry 
in the determination of chromium and beryllium at the picogram level. The emission 
spectrometric detector was devised by McCormack et al.’ and applied to the analysis of 
organic compounds containing sulphur, phosphorus and halogens.’ It was also used to 
detect mercury compounds,’ but a report of its application to the determination of metal 
chelates has not been found in the literature. The present study was initiated to explore 
the applicability of emission spectrometry in a microwave-powered inert-gas plasma to the 
determination of volatile metal chelates separated by gas chromatography. Detection of 
acetylacetonates of aluminium, beryllium, chromium, copper, iron and vanadium, and the 
application to the determination of traces of beryllium in aluminium were investigated. 

EXPERIMENTAL 

Instrumentation 

The apparatus and operating conditions in this study are summarized in Table 1. The thermal conductivity 
detector was removed from the gas chromatograph and a discharge tube (quartz capillary) was connected 
directly to the outlet of the column. To prevent the effluent from condensing in the inlet portion of the discharge 
tube, this was heated to about 200” with a small mchrome-wire heater. The light emitted from the discharge 
was focused by means of a quartz lens (f= 80 mm, magnification = 1) on the entrance slit of a monochromator. 
The discharge tube was positioned horizontally (perpendicular to the slit), because the spectral emission was 
not uniform along the discharge. lo The discharge was Initiated by means of a Tesla coil. 
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Table l-Apparatus and operating conditions 

Gas chromatography 
Column 

Column temperature 
Injection port temperature 
Carrier gas 
Spectrometer 

Slit-width 
High-voltage power supply 
Amplifier and recorder 
Microwave generator 

Discharge tube 
Microwave cavity 

Hitachi KGL-2. 
Stainless-steel tubing: 4 mm i.d., 72 cm long, packed with glass microbeads 
(60-80 mesh) coated with 0.5% SE-30. 
160”. 
200-210”. 
Argon (99.99%), flow-rate of 150 ml/min unless otherwise stated. 
Nippon Jarrell-Ash JE-50E, 05-m Ebert-mounting scanning monochromator 
with 1180 rulings/mm grating and Hamamatsu TV R-106 photomultiplier. 
Reciprocal linear dispersion of 16 &mm. 
20 pm. 
Hamamatsu TV, HTV-C447. 
Toa Dempa PM-18C and EPR-2T. 
Ito Chotampa KTM-150, 2450 MHz, operated at an anode current of 55 mA 
(- 50 W output, stabilized electronically). 
Quartz capillary: 1.6 mm i.d., 4.2 mm o.d., 25 cm long. 
Tapered rectangular type with a slot to accept the discharge tube (NBS No. 

1 w-4. 

Reagents 

Metal acetylacetonates were purchased from Wako Pure Chemical Ind. [Al(III), Be(H)], Tokyo Kasel Kogyo 
[Cr(III), V(IV)] and Nakarai Chemicals [Cu(II), Fe(III)], and were used without further purification. The 
column packing (SE-30 on glass microbeads) was obtained from Nippon Kuromato Ind.. Standard aluminium 
and beryllium solutions were prepared by dissolving 99.999% pure aluminium metal and 99% pure beryllium 
metal in aqua regla and hydrochloric acid, respectively, and diluting to appropriate concentrations with water. 

Operating procedure 

The metal acetylacetonates were dissolved in chloroform and the solutions were introduced into the gas 
chromatograph with a IO-PI microsyringe. Sample sizes ranged from 0.5 to 5 ~1. The wavelength of the 
monochromator was set by maximizing the emission signal from the appropriate electrodeless discharge tube. 
The discharge was initiated before sample introduction. When the solvent began to elute. the discharge 
was extinguished. The discharge was ignited again after almost all of the solvent had been eluted. The 
peak heights of the recorder response were measured because the precision was not improved by peak area 
measurement. 

Procedure for determining beryllium in aluminium 

To the slightly acidic sample solution containing 1 mg of aluminium and lo-100 ng of beryllium, add 1 ml 
of acetylacetone. Dilute the solution to about 25 ml with water, and adjust the pH to 7.0 with 1M sodium 
hydroxide. Transfer the solution to a separating funnel, shake twice with 5-ml portions of chloroform for 
3 min. and collect the extracts in a lo-ml volumetric flask. Take a 5-ml aliquot in a lo-ml bottle, 
vaporize the solvent under reduced pressure (30-100 mmHg) for 30 min. and then expel free acetylacetone 
under vacuum for 30 min at room temperature. Dissolve the residue in 1 ml of chloroform and inject a 2-~1 
aliquot into the gas chromatograph. 

RESULTS AND DISCUSSION 

Chromatograms of aluminium, beryllium and chromium acetylacetonates 

Figure 1 shows chromatograms of a mixture of beryllium, aluminium and chromium 
acetylacetonates measured at 234.9 nm (Be I), 396.2 nm (Al I), 4254 nm (Cr I) and 
388.3 nm (CN band). Although no nitrogen was added, cyanogen yielded the most 
intense band system. The source of nitrogen was probably impurities in the argon. 
The measurements at 388.3 nm provide a non-selective detection for organic material.’ 
Attempts to chromatograph acetylacetonates of copper( iron(II1) and vanadium(W) 
(as vanadyl acetylacetonate) were unsuccessful. In an attempt to chromatograph the iron 
complex, a broad peak, not separated from the solvent peak, appeared in the chromatogram 
when the detector was operated at 388.3 nm, but no atomic line due to iron could be 
observed. The cyanogen band peak was caused by decomposition of the complex. 
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Fig. 1. Chromatograms of a mixture of Be(AA), , AI( and Cr(AA), Ar flow-rate: 100 ml/min. 
Sample: 1 ~1 of chloroform (containing 0002 jog of Be. 0.5 ,ug of Al and 0.1 pg of Cr). 

Fig. 2. 
of the 
cavity. 

Effect of microwave power on the recorder response of the Cr 425-4 nm line as a function 
position in the discharge. The abscissa designates a distance from the centre of the 
SampIe: 1 ill of chloroform (confining 100 ng of Cr) Microwave power (W): I-30, 

2-50, J-70. 
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Effect of microwace power 

In Fig. 2 the variation of the intensity of a chromium emission line is plotted against 
distance along the discharge tube. The position where the intensity was maximum moved 
toward the inlet as the power increased. Similar effects were observed with the other 
elements though the maximum positions were somewhat different. Beryllium and aluminium 
emissions were observed only at the inlet side of the discharge tube. 

EfSect qf the argon jlow-rate 

The flow-rate of carrier gas affected the intensity distribution along the discharge 

tube as well as the retention time. In Fig. 3 the effect of the argon flow-rate on the 
intensity distribution of a beryllium line is shown. This behaviour of the intensity 
distribution may cause the detector response to depend greatly on carrier gas flow if the 
light emitted is measured at a fixed position.7 
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Fig. 3. Effect of argon flow-rate on the recorder response. Sample: 1 p1 of chloroform 
(containing 10 ng of Be). Ar flow-rate (ml/mm): l-50. 2-100, 3-150. 

Calibration curves and detection limits 

The calibration curves for aluminium, beryllium and chromium are shown in Fig. 4. 
Log-log calibration curves were linear over two orders of magnitude for beryllium and 
chromium. However, the linear range of the calibration curve for aluminium was very 
narrow and its slope was extremely steep. The mechanism of this response is as yet 
unknown. The maximum amounts of metals used in preparing the calibration curves 
were limited by the fact that the discharge became unstable as the sample emerged. 
The detection limits (signal/noise ratio of 2) for aluminium, beryllium and chromium 
are 100 ng, 0.01 ng and 1 ng, respectively. The relative standard deviations of the 
recorder response were 10-15x. 
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,I5 
Grams of metals 

Fig 4. Calibration curves for Be, Cr and Al nieasured at Be I 234.9 nm, Cc I 425.4 nm and 
Al I 396.2 nm, respectively. 

Interferences 

There are many complex bands in the emission spectra of organic compounds,7 
which may interfere with the atomic emission lines. For instance, the peak due to 
acetylacetone appeared near that of beryllium acetylacetonate measured at 234.9 nm when 
more than 0.01% of acetylacetone was present. This type of interference can be greatly 
decreased by decreasing the slit-width of the monochromator. Another example of 
interference was the enhancement effect of aluminium acetylacetonate on beryllium and 
chromium emissions as shown in Fig. 5. This is due to the incomplete separation of 
the peaks. 

a01 0.03 0.1 0.3 1 

)1g of Al 

Fig. 5. Effect of aluminium content in the sample on the recorder responses of Cr 425.4 nm and 
Be 234.9 nm lines. 
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Determination of beryllium in aluminium 

Sievers” could detect OGO59 pg of beryllium in the presence of 2000 times as much 
aluminium with a thermal conductivity detector (in the gas chromatography of metal 
trifluoroacetylacetonates). However, it is difficult with conventional detectors to detect 
one metal in the presence of much larger amounts of others. Owing to its inherent 
selectivity and high sensitivity, the emission spectrometric detector can be used to 
determine trace metals without prior separation of the major constituents. The calibration 
curve constructed by carrying standard solutions containing known amounts of beryllium 
and aluminium through the entire procedure described above is linear but does not pass 
through the origin. The calibration curve prepared with chloroform solutions of mixtures 
of the acetylacetonates is a straight line passing through the origin. Moreover, the slope 
of the latter curve is about 1.6 times that of the former. The discrepancy between the 
two is probably due to the formation of unknown compounds during the extraction step. 
Nevertheless, down to 10 ppm of beryllium in aluminium (0.01 ng of beryllium in the 
presence of 1 pg of aluminium) could be determined with a relative standard deviation 
of about 15%. 

Acknowledgement-The authors wish to thank M. Hasegawa and K. Sonoda for their helpful assistance 
throughout this study. 
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Zuaammenfasaung-Bet der Bestimmung von Metall-Acetylacetonaten wird ein emissionsspektro- 
metrischer Detektor verwendet. Die Spektren werden im Plasma einer elektrodenlosen 2450 
MHz-Entladung angeregt. Die Messung der Intensitat der Atomemissionslinien von Aluminium 
Beryllium und Chrom nach der Gaschromatographie ergibt eine hochempfindliche und selektive 
Methode zur Besttmmung der Acetylacetonate dieser Metalle. Die Nachweisgrenzen sind 100 ng 
fir Aluminium, 0.01 ng fur Beryllium und 1 ng fur Chrom. Eine Analysenvorschrift zur 
Bestimmung von Beryllium in Aluminium bis herunter zu 10 ppm wird vorgeschlagen. 

R&m&On utilise un detecteur spectrometrique d’emission dans la determination d’acetylaceto- 
nates mttalliques. Les spectres sont excites dans le plasma dune d&charge sans electrode de 
2450 MHz. La mesure des intensites des raies d’emission atomique de I’aluminium, du beryllium 
et du chrome apres chromatographie en phase gazeuse apporte une methode hautement sensible 
et selective pour la dtterminatron des acetylacetonates de ces metaux. Les limites de detection sont 
100 ng pour l’alumimum, 0.01 ng pour le beryllium et 1 ng pour le chrome. On propose une 
technique analytique pour le beryllium, pouvant descendre jusqu’a 10 p.p.m. dans l’aluminium. 
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SHORT COMMUNICATIONS 

SOME ASPECTS OF THE WINKLER DETERMINATION OF 
OXYGEN IN WATER 

(Received 8 November 1971. Accepted 29 August 1972) 

The Winkler method for the determination of dissolved oxygen in water has been used for this purpose since 
1888i either in its original form or as modified by various workers.* The basic method, which is fast and 
accurate when properly carried out, makes use of the three reactions: 

OH_ 
Mn(II) + 0, - MnO, (1) 

MnO, + 4H+ + 21- - I, + Mn(I1) f 2H,O (2) 

I, + 2s,o:- - s,o;- + 21- (3) 

Despite its accuracy, the Winkler method does have some disadvantages. It cannot be used to monitor 
dissolved oxygen continuously. Continuous monitoring is possible with suitable electrodes which have been 
calibrated. Such electrodes allow changes in the oxygen sample to be detected over short periods of time (2 set) 
and their operation does not appreciably alter the concentration of dissolved oxygen. In the present study such 
an electrode system has been utilized to collect information on the time required for the reactions used in the 
Winkler system to proceed and of the extent to which the reactions proceed as a function of pH. 

EXPERIMENTAL 

Reagents 

A.C.S. reagent grade chemicals were used to prepare the followmg solutions: 0.25M manganous sulphate; 
a solution 0.60M in sodium iodide and 1M in sodium hydroxide; 9M sulphuric acid; O.lOM sodium 
thiosulphate. Buffer solutions were prepared with pH values of 7.00 and 7.75 (based on phosphate), 8.10 
[based on tris(hydroxymethyI)aminomethane], 850, 900 and 10.00 (based on borate).s 

Procedure 

A Sargent Model XV recording polarograph was used with a rotating platinum electrode and an S.C.E. for 
the measurement of the diffusion currents due to reduction of dissolved oxygen. All experiments were done 
at 25”. The operating voltage used was -0.35V and the current sensitivity 0.020 PA/in. Nitrogen was used 
as an inert atmosphere over the solution and, when needed, to purge oxygen from the solution to determine 
values on a “blank”. The polarograph itself was standardized and the rotating platinum electrode cathodized 
by a method described by McNutt.4 

The oxygen sensitivity of the system was determined by measuring the current obtained with an oxygen 
solution, the concentration ofwhich was determined by the standard Winkler procedure. The results were obtained 
by first measuring the current with a standard oxygen solution and then running the reaction of Mn(I1) and 
dissolved oxygen and comparing the currents obtained. The standard oxygen solution consisted of 50 ml of the 
appropriate buffer solution and 150 ml of distilled water of known oxygen concentration. 

The electrode system was also calibrated by the Winkler method, in a manner very similar to that used in 
the experiments on pH dependence. Fifty ml of each buffer were mixed with 150 ml of distilled water containing 
dissolved oxygen and analysed in triplicate. These results were reproducible to *05x or better. The 
oxygen content of the distilled water, established in this way, was used to calibrate the electrode system in the 
blank runs. The sample of analysed water was kept in a tightly stoppered bottle. Since the only variations in the 
concentration of oxygen under such conditions would be small ones due to variations in atmospheric 
pressure, the value established, 1.225 x 10e5M oxygen, was used throughout the experiments. After standing for 
two weeks the oxygen solution was restandardized and found to have very nearly the same value 
(1.146 x 10-s&f, a decrease of 6%). 

The observed current ranges for these solutions and the same solutions after deoxygenation were used to 
determine the oxygen calibration. After each such blank run the reaction vessel was cleaned and the same 
components added. To this second solution, under a nitrogen atmosphere. was now added 1 ml of 0.25&f 
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tnanganous sulphate. This resulted in a raped change in the observed current to a new steady value and the 
current change was noted. Since the current is proportional to the concentration of dissolved oxygen,’ 
comparison of the current change with the cahbration run allowed an accurate estimate to be made of the 
oxygen consumption and the degree of completion of the reaction 

OH- 
Mn(II) + 0, - MnO, 

RESULTS AND DISCUSSION 

The dependence of degree of completion of the reaction VS. pH IS given in Fig. 1. The pH-dependence is 
certainly not surprising in view of the known dependence of the stabihty of Mn(II) on pH. This curve also 
provides dramatic evidence of the advantages of the rotating platmum electrode as an oxygen monitor. Its 
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Fig. 1. The effect of pH on the percentage completion of the reactton between Mn(l1) and 
dissolved oxygen in the Winkler analysis. 

PH 7.00 1.15 8.10 8.50 9.00 10.00 
“/; Completion (0) 4.2 12.5 55.0 91.2 97.1 97.2 

(A) 52 9.1 73.1 92.1 98.3 98.6 

A pH approaching 9 or more is clearly required for the complete consumptton of the oxygen by the 
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with dissolved oxygen and the reaction may be considerably more rapid. At any rate, we have shown that the 
reaction is sufficiently rapid for the error from incomplete reactton to be 0.1% or less if a total of as much as 
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In concluston we can state that the rotating platinum electrode is capable of monitormg reacttons in whtch 
dissolved oxygen is consumed, such as those in the Winkler analysis. Its normal response time appears to be 
limited primarily by the speed of the recording device used. It is potentially capable of providing rate data for such 
reactions. 
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Summary-The reactions in the Winkler determination of oxygen have been examined with a 
rotating platinum electrode and a recording polarograph. In this manner the extent of the reaction 
has been determined over the pH range 7-10; at a pH of 7 only about 5% of the dissolved 
oxygen reacts; at a pH of 9 or above the reaction is essenttally quantitative. The reaction of 
dissolved oxygen with manganese(I1) is quite raped. The sluggish response of the polarograph 
recorder prevented an accurate determinatton of the rate, but the reaction half-times were about 
2 set or less over the pH range used. 

Zusammenfassung-Die bei der Wmkler-Besttmmung von Sauerstog ablaufenden Reaktionen 
wurden mit einer rotierenden Platinelektrode und einem regtstrierenden Polarographen untersucht. 
Auf diese Weise wurde das AusmaB der Reaktion im pH-Bereich 7710 ermittelt. Bei pH 7 
reagteren nur etwa 59: des gel&ten Sauerstoffs; bet pH 9 und dariiber ist die Reaktion 
praktisch quantttattv. Dte Reaktion von gel&tern Sauerstog mit Mangan(I1) geht ziemlich 
rasch. Das langsame Ansprechen des Polarographenschretbers verhinderte eme genaue Bestimmung 
der Geschwindigkeit. jedoch betrugen dte Halbwertsleiten der Reaktion tm benutzten pH- 
Beretch etwa 2 set oder wemger. 

Resume-On a examine les reacttons dans le dosage de Winkler de l’oxygene avec une 
electrode de platine tournante et un polarographe enregistreur. De cette maniere, on a determine 
l’avancement de la reaction dans le domame de pH 7710; a un pH de 7, envtron 5s; seulement 
de l’oxygene dissous rt?agit; a un pH de 9 ou superieur la reaction est essentiellement quantitative. 
La reaction de l’oxygene dissous avec le manganbe(I1) est tout a fait rapide. La reponse lente de 
l’enregistreur du polarographe a empiche une dttermmation precise de la vitesse, mais les demi- 
temps de reactton sont d’environ 2 s ou moins dans le domaine de pH utilisi. 

A NOVEL METHOD FOR THE ESTIMATION OF ARSENIC(V) IN 
ORGANIC COMPOUNDS 

(Received 14 June 1971. Revised 15 March 1972. Accepted 5 July 1972) 

Arsenic(V) in organic compounds has been determmed by digesting the compound with chloric acid, re- 
ducing with iodide to arsenic(II1) and titrating iodometrically.’ Another method involves (u) digestion with 
sodium sulphate and sulphuric acid, followed by titration with bromate, or (b) digestion with hydrogen peroxide 
and sulphurtc acid, addition of hydrazme and titration wtth bromate, or (c)digestton with fuming nitric acid, then 
with sodium sulphate and concentrated sulphuric acid, and then with more cont. nitric acid, and titratton 
with bromate.’ The sample can be heated with sulphuric acid and hydrogen peroxide, then with hydrazine 
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Arsenic(V) in organic compounds has been determmed by digesting the compound with chloric acid, re- 
ducing with iodide to arsenic(II1) and titrating iodometrically.’ Another method involves (u) digestion with 
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suiphate; after addition of tartaric acid and potassium bromide, potassium bromate is used as titrant.’ The 
sample can be treated with hydrogen peroxide and cont. sulphuric acid, hydrogen peroxide expelled, potassium 
iodide added and the iodine titrated with sodium thiosulphate.4 The sample can be decomposed with hydrogen 
peroxide and sulphuric acid, arsenic reduced with hydrazine, and titrated with bromate in hydrochloric acid.’ 
In another method the sampie is heated with cone. chloric acid, and sodium hydroxide and then excess of 
hydrochioric acid is added, followed by potassium iodide, removal of free iodine with sodium suiphite. 
addition of sodium bicarbonate and titration of arsenic(W) with iodine, with starch as indicator.6 The 
compound can be dissolved in cont. hydrochloric acid, the solution cooled, acetic acid, water and potasshim 
iodide added and the iodine titrated with thiosulphate. ’ After digestion of sample with hydrogen peroxide 
and sulphuric acid, arsenic can be distilled as arsenic trichloride, then precipitated as sulphide, dissolved in 
alkali and titrated with permanganate. * After a similar decomposition, the arsenic can be precipitated as 
MgNH,AsO,.’ The substance can be heated with water and ammonium persuiphate till coiouriess, then oxalic 
acid is added and carbon dioxide expelled by heating; suiphuric acid and potassium iodide are added, iodine is 
expelled by boiling and any yellow colour destroyed with sodium thiosuiphate. After dilution and addition of 
sodium carbonate and bicarbonate the arsenic is titrated with iodine solution. In view of these circuitous methods, 
it was thought profitable to devise some simple and satisfactory method for the determination of arsenic(V) in 
organic compounds. 

EXPERIMENTAL 

Reagents 

Aqueous iodine sofution (approxi~teiy O+Xni) confining 10 g of potassium iodide per iitre was 
standardized with O.lN sodium thiosulphate, with freshly prepared starch solution as indicator. 

Ail reagents were of analytical grade. The samples tested are listed in Table 1. 

Table 1 

As, % 

No. Compound Theory 
Starch 

end-pomt 
Potentiometric 

end-pomt 

1. Triphenyiarsine oxide 

2. 1.2-Ethylene-bis-d~phenyiarslne 
oxide 

3. p-Chiorobenzaidehyde arsanihc 
acid 

4. o-Chlorobenzaidehyde arsaniiic 
acid 

5. ~-Nitro~n~ldehyde 
arsanilic acid 

6. o-Nitrobenzaldehyde arsanilic 
acid 

7. o-Carbox~henylarson~c acid 

8. p-Chlorophenylarsonic acid 

9. p-Bromophenyiarsonic acid 

10. ~Tolylarsonjc acid 

23.29 23.1 
23.4 
23.2 

28.95 29.2 
28.7 29.1 
288 

22.09 22.2 
22.1 21.1 
22.1 

22.09 22.2 
22.2 22.0 
22.1 

21.43 21.6 
21.3 - 
22.1 

21.43 21.4 
21.4 21.3 
21.2 

30.49 30.8 
30.4 30.3 
30.3 

31 71 31.4 
31.9 - 
31.9 

26.69 266 
26-7 - 
269 

34.72 35.0 
34.7 - 
349 
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Procedure 

For compounds 1-7. A 10-15 mg sample was dissolved in a mixture of 30 ml of glacial acetic acid and 
30 ml of ethyl alcohol in a 150-ml round-bottomed flask and the solution was heated to boiling. Then 
2 g of zinc dust were slowly added to the continuously boiling mixture over a period of 15 min. The 
solution was cooled and decanted and the residual zinc washed with 10 ml of acetic acid, followed by 30 ml of 
water. The solution and washings were titrated with 0.05N iodine with starch as indicator added near 
the end-point, which is given by appearance of a light violet colour. Sometimes a light yellow colour results, 
which on dilution gives the light violet colour. Similar results were obtained when the compounds were 
dissolved in 50 ml of glacial acetic acid, reduced with 2 g of zinc dust during 20 min and then treated as before. 
A potentiometric end-point can also be used. 

For compounds 8-10. A l&20 mg sample was dissolved in 20 ml of glacial acetic acid and heated to 
boiling. Powdered zinc dust (2 g) was added and the mixture was heated for 5 min, cooled, the solution 
decanted, the residual zinc washed with 10 ml of glacial acetic acid and 10 ml of distilled water, and the 
solution and washings titrated with iodine as for compounds l-7. 

RESULTS AND DISCUSSION 

Organic compounds contaming arsenic(V) are usually insoluble in water but can be dissolved in acetic 
acid, or in a mixture of acetic acid and ethyl alcohol if the compound is not completely soluble in acetic acid. 
The arsenic(V) is reduced by the action of acetic acid and zinc. The arsenic(II1) cannot be titrated in 
glacial acetic acid because of difficulty in the detection of the end-point, but addition of water removes the 
difficulty. The quantity of water added should be such that the solution to be titrated does not turn milky 
because of separation of organic species. Excellent results are obtained when the amount of arsenic(V) 
compound taken is lo-20 mg. This method is clean and quick. 

Potassium chloride, bromide or iodide (10 mg) did not interfere. In the potentiometric titration, suitable 
for coloured solutions, a platinum electrode was coupled with a calomel electrode. The results obtained are given 
in the Table. 
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Summary-A novel method for the determination of arsenic(V) in organic compounds has been 
developed by reducing combined arsenic(V) to arsenic(II1) in aqueous acetic acid medium with 
zinc dust. In some cases, addition of ethyl alcohol is necessary to dissolve the compound and to 
keep the arsenic(II1) compound in solution. The arsenic(II1) is titrated wtth iodine and the end- 
point is detected visually with starch as indicator or potentiometrically. 

Zusammenfassung-Ein neuartiges Verfahren zur Bestimmung von Arsen(V) in organischen 
Verbindungen wurde entwickelt. Gebundenes Arsen(V) wird dabei in wl5riger Essigslure mit 
Zinkstaub zu Arsen(II1) reduziert. In einigen Fallen ist eine Zugabe von Athylalkohol 

* Present address: Department of Chemistry, Guru Nanak University, Amritsar. 
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notwendtg, urn die Verbmdung zu l&en und die Arsen(III)-verbindung m Losung zu halten. Das 
Arsen(III) wird mtt Jod (bet 30”) titriert und der Endpunkt vtsuell mit Starke als Indtkator oder 
potentiometrisch nachgewiesen. 

Rbume-On a elabore une nouvelle methode pour le dosage de l’arsemc (V) dam les composes 
organiques en reduisant l’arsenic (V) combine en arsenic (III) en milieu acide acttique aqueux 
avec de la poudre de zinc. Dans quelques cas, l’addition d’bthanol est necessaire pour dissoudre 
le compose et pour maintenir le comose arsenic (III) en solution. L’arsenic (III) est titre par 
l’iodeet le point final est ditecte visuellement avec l’empois comme indicateur ou ~tentiom~trlque- 
ment 

INDIRECT P~LAR~~RAP~IC DETERMINATION OF 
TRIPOLYP~OSPHATE IONS IN THE PRESENCE OF OTHER 

POLYPHOSPHATES, WITH OCTYLTIN CHLORIDE 

(Received 29 May 1972. Accepted 6 September 1972) 

No phosphate or polyphosphate anion is itself reducible at the dropping mercury electrode, but indtrect 
methods for tripolyphosphate have been based on selective precipitatton or complexation with a known excess 
of a ~larogmph~~lly active species. Precipitation methods are generally subject to interference from co- 
precipitation or suffer from incomplete precipitation, especially when only small concentrations are to be 
determined. A gravimetric method using tris(ethylenediamine)cobalt(III) in a pH 3.6 buffer as a precipitant for 
tripolyphosphate in the presence of pyrophosphate, has been published, ‘.’ but radioactive labelling with 32P has 
shown3 that some co-precipitation occurs and that some tripolyphosphate remains in solutton, even under 
carefully controlled precipitation conditions. Weiser’ reported strong interference from sulphate ions, which 
decreased the completeness of precipitation. A recent investigation4 has shown that tris(ethylenediamme)- 
cobalt(II1) does not give complete prectpitation at low concentrations (I lo-*M) of tripolyphosphate tons. 

Selective complexatton by polyphosphates at low concentrations (I 10-3~M) has so far recetved surprisingly 
little attention for the determination of the polyphosphates. During a study of the effect of polyphosphates 
on the d c. ~larographic behaviour of some simple metal ions, AI-Sulimany and Townshend4 developed a 
method for low concentrations of tripolyphosphate, based on the decreased height of the cadmium 
polarographic reductton wave. Selectivtty was somewhat limited, but less than 57,; of pyrophosphate and less 
than 50% of trimetaphosphate or tetrametaphosphate, relative to the tripolyphosphate, did not interfere m the 
analysis. Attempts to find metal ions which were more selective to individual polyphosphates were at that ttme 
unsuccessful. More recently, however, during an investigation of the polarographic behaviour of the n-octyltin 
chlorides, it was observed that buffer systems contaming phosphate caused a complete disappearance of the 
reduction wave of mono-octyltin trichlortde at pH > 3. This complexmg effect has also been reported by other 
workersb for monoethyltin trichloride. Further experiments showed that polyphosphate ions had a stmilar 
effect. It has proved possible, by selection of suitable conditions. to devise a method for the determination of 
tri~lyphosphate ions that ts free from Interference by much greater concentrations of other phosphate species. 
The development of this method is described in this paper. 

The ability of organotin cations to form adducts with electron donors is well known5 The acceptor strength 
declines in the order RSn3’ z R&r*+ > R,Sn+, and in general, organotm compounds with a single organic 
substituent form the most stable complexes. It was considered improbable, therefore, that the more highly 
substituted octyltin cations would respond more sensitively than mono-octyltin, and they were not investigated 
for this purpose. 

EXPERIMENTAL 

Apparatus 

Polarograms were recorded with a Radiometer Polariter PO4 polarograph used in conJunction with a Drop 
Life Timer type D.L.T.I. An external standard calomel electrode was separated from the cell by a saturated 
potassium chloride bridge. 
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Reagents 

Mono-octyltm trichloride, purified by vacuum distillation, (b.p. 182-3”/29 mmHg) and sodmm salts of the 
polyphosphates were provided by Albright and Wilson (Mfg.) Ltd., Oldbury, Worcs. Other chemicals used were 
of analytical reagent grade. 

A stable solution of mono-octyltin trichloride (6.0 x 10m4A4) in perchloricfiydrochloric acid and 2-propanol 
can be prepared in bulk as follows. Transfer mono-octyltin trichloride (0.203 g) to a lOOO-ml volumetric flask 
containing 2-propanol, 60% perchloric acid (130 ml) and concentrated hydrochloric acid (50 ml), and dilute to 
volume with 2-propanol. 

Procedure for calibration and determination of tripolyphosphate (<4 x 10e3A4) 

Transfer 10 ml of the trtpolyphosphate solution into a clean, dry polarographic cell. Add 0.15M tetra- 
metaphosphate solution (0.20 ml), followed by 60 x 10-4M mono-octyltin trichloride solution (10 ml). 
Immediately, deaerate with nitrogen for 3 min, and allow to stand for a further minute with nitrogen passing 
over the solution. Record the polarogram, and measure the height of the wave havmg E,,, = -0.45 V vs. the 
S.C.E. Calibration should be carried out with O-10 ml of 4 x 10e3M sodium tripolyphosphate solutton and the 
volume of water required to bring the volume to 10 ml before addition of the octyltin solution. 

A typical calibration curve is shown in Fig. 1. 

2 
I I 

0 IO 2.0 

Trlpdyphosphote concentrotwm , Id3 M 

Fig. 1. Calibration graph for tripolyphosphate. Sensitivity 1.5 PA full-scale deflection. Drop-time 
1.0 set, blanking 30%. 

RESULTS AND DISCUSSION 

Mono-octyltin trichloride gives a single reduction wave in a 50% aqueous 2-propanol solution 1M in 
perchloric acid and 0.25M in hydrochloric acid, E, ,z = -0.45 V US. S.C.E. The effects of orthophosphate and 
four polyphosphate ions on the height of the polarographic wave of mono-octyltin trichloride (3.2 x 10e4M) in 
such an electrolyte are shown in Fig. 2. Orthophosphate ions have a negligible effect, but the polyphosphate 
ions all decrease the wave height, the order of effectiveness being tripoly > tetrameta > trimeta > pyrophosphate, 
The half-wave potential of the octyltin wave is unaffected, indicating that the wave measured is that of the 
uncomplexed octyltin ions. No wave corresponding to reduction of the complex is observed in the potential 
range before hydrogen ion discharge occurs. 

The difference in the response to the various polyphosphate spectes is a complex function of pH and chloride 
ion concentration, as well as the stability of the octyltin-polyphosphate complex. The addition of hydrochloric 
acid allows the formation of competing complexes of the type (OcSnCIJ. It was found that all the phosphates 
complex strongly with mono-octyltin ions in a medium of 2M perchloric acid and 2-propanol (1 : l), and that 
no complexing by polyphosphates occurs in 2M hydrochloric acid and 2-propanol (1 : 1). In 0.25M hydrochloric 
acid in 50% v/v 2-propanol, low concentrations of tripolyphosphate and tetrametaphosphate caused the 
complete disappearance of the octyltin wave. Optimal differentiation between tripolyphosphate and the other 
polyphosphate ions was achieved in 50% aqueous 2-propanol, 1M in perchloric acid and 0.25&f in hydro- 
chloric acid, as depicted in Fig. 2. 
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Figure 2 also shows that concentrations of tetrametaphosphate ions above ea. lo--‘M have little further 
effect. If was found that if the supporting electrolyte was also 15 x 10m3M in tetrametaphosphate, the effect of 
other polyphosphates was greatly reduced. whereas trrpolyphosphate still gave an appreciable reduction in the 
octyltin wave herght. Higher cell concentrations of tetrametaphosphate would further reduce polyphosphate 
interference, but at the expense of decreased sensitivity for trtpolyphosphate. 

Under the optimal conditions for the selective determination of tripolyphosphate, tolerance of the method to 
other phosphate anions was statistically determined. A standard 2“ factorial design experiment’ was set up 
with a high and a low level of each interfering species. At cell concentrations of tripolyphosphate of 2.0 x 10m4 
and 8.0 x 10e4M, the presence of 1 x lo-sM ortho-, pyro-, or trimetaphosphate, and 5 x 10e4M tetrameta- 
phosphate did not cause any significant reduction in wave height, though 10e3M tetrametaphosphate did give 
a significant reduction. 
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Fig. 2. Effect of phosphate ions on wave height of 3 x 1O-4M mono-octyltin trichloride in 50% v/v 
aqueous 2-propanol, 1M in HCIO, and 0.25M in HCI. Instrument conditions as in Fig. 1. 

(A) orthophosphate. (B) pyro- (C) trimeta-, (D) tetrameta-, (E) tripolyphosphate. 

Interference from sulphate ion is negligible. The presence of lo-*M potassium sulphate had no effect. 
Magnesium (as sulphate, 4 x 10V3M), and calcium (as chloride, 10e3M) could also be tolerated. Under the 
acidic conditions finally recommended, slow hydrolysis of the condensed phosphates does occur, but if the 
measurements are made without undue delay, this does not affect the reproducibility of the method. 

Thestandard deviation basedon seven determinations at a cell concentration of 8.0 x 10e4M tripolyphosphate 
was found to be 4 x lo-‘MM, giving (95% confidence limits) an error of kO.94 x 10e4M. Peak heights of 
approx. 60 mm were reproducible to within 1 mm and were found to decrease by about 3 mm tf the solution 
was left for a further 10 min. Analysis at a higher pH, using l.OM acetic acid-O.5M potassium chloride 
solution mixed with 2-propanol (1 : 1), in an attempt to reduce the hydrolysis effect, was unsuccessful, since 
the necessary differentiation between pyro- and tripolyphosphate was not achieved. 

Conclusion 

The method described is simple, rapid and acceptably precise. It allows the determination of tripolyphosphate 
without interference from similar concentrations of other polyphosphates. Phosphate, sulphate, calcium and 
magnesium ions also do not interfere, so that the method is equally applicable to detergent preparations and 
effluent samples. 
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reducing the polarographic wave height of the octyltin. This provides a method for the determination 
of 2 x 10m4-4 x 10m3M tripolyphosphate in the presence of 2 x 10-3M ortho-, pyro-. trimeta-. 
and 10e3M tetrametaphosphate. together, or in any combination. The method is also insensitive to 
less than 2 x IO-‘M magnesium or calcium and less than lo-*M sulphate. 

Zuaammenfaasung-Tripolyphosphat-Ionen bilden emen loslichen Komplex mit Monooktylzinn- 
Kationen und reduzieren dabei die Hohe der polarographischen Stufe des Oktylzinns. Dies 
bildet die Grundlage zur Bestimmung von 2.10-‘-4~10*3M Tripolyphosphat in Gegenwart von 
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Kombination. Das Verfahren ist such unempfindlich gegen weniger als 2.10e3M Magnesium 
oder Calcium und weniger als lo-‘M Sulfat. 

Resume-Lesions tripolyphosphate forment un complexe soluble avec les cations mono-octyletain, 
rtduisant ainsi la hauteur de vague polarographique de l’octylttain. Ceci fournit une methode 
pourle dosage de tripolyphosphate 2 x 10M4 - 4 x 10-j Men la presence d’ortho-, pyro-, trimeta- 
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calcium et moins de low2 M de sulfate. 
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The analytical importance of potassium ferricyanide is not limited to the specific colours it gives with many 
cations; it can also yield stable complexes having different stoichiometry with cations having a given charge. 
It, in fact, can react with a metallic bivalent ion as follows: 
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3MZ+ + 2Fe(CN)i- = M,[Fe(CN),], (I) 

mMZt + pK+ + qFe(CN)i- = K,M,[Fe(CN),], (2) 

Thus the presence of the potassium ton leads to several possible complexes with variable K/M ratio In 
addition the composition of these complexes depends not only on the metal ion but also on the experimental 
conditions. We have therefore made a comparative conductometric and potenttometric study to establish which 
complexes are formed for the systems AgNO,-K,Fe(CN),, CuSO,-K,Fe(CN),, CdSO,-KJFe(CN),. 

These complexes have been studied earher in aqueous and aqueous ethanolic (80 : 20) solution by means of 
thermometric,’ potenttometric’ or conductometric and thermometric measurement&’ and the complexes 
Ag,Fe(CN),, Cu,[Fe(CN),], and KCd,,[Fe(CN),], characterized, but the concentration range was very 
limited, being restricted to - 0.1 M. 

Kingb titrated K,Fe(CN), with Cd(NO,), solution and obtained a yellow precipitate which he deduced to be 
Cd,[Fe(CN),], on the basis of the Cd/Fe ratio. 

To explain these differences we have investigated a wide concentration range with and without addttton 
of potassium ions (0.15 and 0.5M final concentration) and wtth adjustment to constant iomc strength. 

EXPERIMENTAL 

Apparatus 

The potenttometric cell for the silver and copper studtes had a silver wire, a saturated calomel electrode and 
an agar-potassium nitrate bridge. From the equilibrta (3) and (4) it is evident that the silver electrode 

3Ag+ + Fe(CN):- = Ag,Fe(CN), 

mCu’+ + pK+ + qFe(CN)i- = K,Cu,[Fe(CN),], 

(3) 

(4) 

potential is related to the copper and potassium concentrations. A copper metal electrode was not used, because 
of its lower sensttivity. and an amalgam electrode was too easily oxtdized. The titration error was negligible 
because the copper(I1) concentration was always at least 1000 times that of silver. 

As the cadmium electrode proved useless and an amalgam electrode was not practical the cadmmm system 
was studied with a homemade oscillometer.’ 

Reagents 

The silver nitrate solution was standardized oscillometrtcally with potassium chloride; the copper and cadmium 
solutions with EDTA.’ Potassium ferricyanide solution was standardized accordmg to Conde and Bellido’ 
and kept in dark bottles. The stability of these solutions was checked periodically and no variation was found 
in 15 days for hexacyanoferrate(II1) solution. Reagent purity was checked by means of blanks. 

RESULTS 

Reaction between Ag+ and Fe(CN)i- 

The reddtsh-yellow powdery precipitate of Ag,Fe(CN), is the only product obtained, even in the presence 
of O.SM potassium ionover the concentration ranges pAg+ = 1 - 3, pFe(CN)i- = l-3.8. 

Use of 20% v/v aqueous ethanol as solvent medium gave a sharp equivalence point also corresponding 
to Ag,Fe(CN),. This is in agreement with our earlier observation lo for hexacyanoferrate(I1) that the cations 
of heavy metals gave only the simplest complex without formation of the mixed potassium salt. 

The reactions all occurred immediately at room temperature. 

Reaction between Cu2+ and Fe(CN)i- 

CWWWA is a yellow-brown powdery precipitate obtained in absence of extra potassium ions. 
KCu,,[Fe(CN),], is formed in presence of 0.5M potassium nitrate and is soluble in ammonia. The potential 
drop at the equivalence point is about 50-60 mV in the tttration of Fe(CN)i- with Cu(I1) and 6@70 mV in the 
reverse titration. 

The rate of reaction at room temperature is faster when Cu(I1) ts the titrand. The presence of an excess of 
potassium favours reaction (2). producing a mixed complex. 
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The concentration ranges studied were pCu ‘+ = 1.3-3.8 and pFe(CN)z- = 1.3-3.8. 
Table 1 shows the results of a number of titrations. The average error is 0.2% and ferricyanide can be 

determined in this way in 0.5M potassium nitrate medium with a prectsion at least as good as that of other 
methods. 

Table 1. Stoichiometry of the reaction between K,Fe(CN), and CuSO, at constant 
ionic strength, for [K+] = O.SM 

Titrand (100 ml) Titrant 

mg pmole 
KsFe(CN), 

mg pmole Found, Error, 
Cu(II) Formula mg “,‘, 

10.63 32.3, 2.92 43.7 KC~IoF+PhI, 10.59 - 0.4 
31.89 96.9 8.92 140 KCuIdWCNh17 32.02 + 0.4 
74.4 1 226.1 20.6 1 324 KCuI@ePh17 14.73 -0-4 

106.3 323 28.29 460 KCuIdWW617 106.3 0.0 
106.9 324.6 35.48 558 KC~,oUWW61, 107.0 +0.1 
534.3 1623 176.4 2276 KCuIoFW%I, 5346 0.0 

1068.7 3246 354 5570 KCu~@4W617 1068.6 0.0 

Reaction between Cd’+ and Fe(CN)z- 

When cadmium(B) is titrated with ferricyanide in absence of additional potassium ions, yellow-brown 
KCd,,[Fe(CN),], is formed over the concentration range pCd 2f = 1.0-1.8, yellow Cd,[Fe(CN),], is formed 
over the range pCd*+ = 2.1-3.7, and a mixture of the two over the intermediate range pCd’+ = 1.8-2.1. In 
the presence ofO.lSM potassium nitrate or in the reverse titration under any conditions, only KCd,,[Fe(CN),], 
IS formed over the whole concentration ranges pCd *+ = l-3.9, pFe(CN)i- = 1.2-3.7. 

The error calculated on the basis of titration curves never exceeds 1% outside the region for formation of the 
mixture. Reaction rates are rather slow at room temperature. 

When K,Fe(CN), is the titrand, enough potassium IS present from the beginning of the titration for only 
KCdt,,[Fe(CN)& to be formed, whereas in the reverse titration additional potassium must be added for this to be 
the case. 

K,, values and thermodynamic functions 

K,, values for KCu,,[Fe(CN),], were calculated from the conductivity of a saturated solution free from CO*; 
for the other complexes they were calculated from the equivalence points of conductometric titration curves. For 
all complexes the measurements were made at 20”, 30” and 40”. Ionic mobihties at 30” and 40” were calculated by 
Walden’s rule.” AG” values were obtained from AG” = -RT In K,,, and AH” from the Gibbs-Helmholtz 
relatton AH = - TZ 6(AG/T)/6T. The results together with AS” values are summarized in Table 2. 

Analysis of precipitates 

Atomic-absorption spectrophotometric determination of the metal/iron ratio confirmed the combination ratios 
found for all the complexes. 

Conclusions 

A new “mixed” complex KCu,,[Fe(CN),], was obtained in aqueous medium at constant romc strength and 
[K+] = 0.5M and can be used for quantitative determination of Fe(CN)z-. 

Analysis of the CdSO, K,l-e(CN), system has cleared up the confusion about the concentration ranges over 
which the complexes are stable and explained the formation of Cd,[Fe(CN),], and KCd,,[Fe(CN),], in the 
titration of Cd(II), and confirmed the correctness of Gaur and Bhattacharya’s statement that KCdis[Fe(CN),], 
is formed in the tttration of K,Fe(CN), , in contradiction of King’s work.6 
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Table 2. K,,, AGO, AH” and AS” values 

Formula 

AgsFe(CN), 

WF4CNM2 

Temp., Solubility, AG’-, AH”, AS”,* 
‘C mole/l. KS, kcallmole kcallmole kcal.mole.-'deg- ’ 

20 1.2 x lo-5 5.0 X lo-i9 - 24.4 -9.1 
30 1.4 x 1o-5 1.3 X lo-‘8 - 24.7 - 8.66 +0.053 
40 1.5 x 10-s 1.4 X 10-1s - 25.5 - 8.92 

20 3.8 x 1O-6 9.0 x lo-= - 33.4 - 12.9 
30 7.0 x 10-C 1.8 X lo-= - 32.8 -11.6 -0.07 
40 8.2 x 1O-6 4.0 X 10-24 -31.9 - 10.0 

20 1.2 x 10-S 2.2 x lo-” 
KCu~oPWNM, 30 1.4 x 10-s 5.1 X 1o-‘z 

40 1.9 x 10-s 8.5 x lo-” 

20 1.2 x 10-b 3.0 x lo-i8 
CWe(CW2 30 1.3 x 1o-4 4.5 X 10-i” 

40 1.5 x 10-b 8.2 x lo-‘8 

20 1.9 x 1o-5 1.0 x 10-69 
KC40[WCNM, 30 2.2 x 1o-5 1.8 x 1O-68 

40 2.5 x 1o-5 2.1 X 10-66 

- 102.4 - 161 
- 98.4 -159 - 0.20 
- 98-4 - 161 

- 23.4 
- 23.9 
- 24.3 

+ 140.6 
+ 1396 +0.54 
+ 138.3 

- 92.2 
-93.5 
-93.8 

-65.8 
- 66.2 + 0.09 
-65.3 

* Average value. 

In agreement with previous observations on ferrocyanides lo, the presence of additional potassium favours the 
formation of the same complex whatever the direction of titration. 
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Summary- With potassium ferricyanide copper(I1) forms KCu,,[Fe(CN),], quantitatively in 
0.5M potassium nitrate medium. Cadmium forms Cd,[Fe(CN),], if the ferricyanide is added to the 
cadmium solution m absence of extra potassium, and KCd,,[Fe(CN),], if potassium is added first, 
or if the cadmium solution is added to the ferricyanide. Silver forms AgsFe(CN), only. 

Zuaammenfassung-Kupfer(I1) bildet mit Kaliumferricyanid in 0.5M Kaliumnitratlosung 
quantitativ KCu,,[Fe(CN),], Cadmium bildet Cd,[Fe(CN),], , wenn man das Ferricyanid in 
Abwesenheit von weiterem Kahum zur Cadmiumlosung gibt, und KCd,a[Fe(CN)&, wenn man 
zuerst Kalium zugibt oder wenn die Cadmiumlosung zum Ferricyanid gegeben wird. Silber 
bildet nur Ag,Fe(CN), 

Resume-Le cuivre (II) forme KCu,,[Fe(CN),], avec le ferricyanure de potassium en milieu 
mtrate de potassium 0.5 M. Le cadmium forme Cd,[Fe(CN),], si le ferricyanure est ajoute a la 
solution de cadmium en l’absence de potassium supplbmentaire, et KCd,,[Fe(CN),], si le potassium 
est ajoute en premier. ou si la solution de cadmium est ajoutee au ferricyanure. L’argent ne 
forme que Ag,Fe(CN), 
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THE USE OF FURFURAL THIOSEMICARBAZONE FOR THE 
GRAVIMETRIC DETERMINATION OF PALLADIUM 

(Recened 14 August 1972. Accepted 7 September 1972) 

Thiosemicarbazones have been used only occasionally as gravimetric reagents for palladium(H), although they 
form insoluble complexes with it. The thiosemicarbazone of p-ethylsulphonylbenzaldehyde has been used for 
this purpose with good results.’ Complexes of palladium with some thiosemicarbazones have been isolated, 
and their infrared absorption spectra studied.* 

In this paper, a procedure for the gravimetric determination of palladium(I1) with furfural thiosemi- 
carbazone is described. This compound forms an orange complex with palladium, insoluble in acid medium, 
and very easy to filter off. The optimum analytical conditions were determined. 

Reagents 

EXPERIMENTAL 

Palladium solutions containing 5.795, 1.625 and 3.459 g/l. were standardized with dimethylglyoxime. More 
dilute solutions were prepared from these. All solvents and reagents were of analytical grade. 

Preparation of the reagent 

Furfural thiosemicarbazone was prepared by condensation of equimolar amounts of thiosemicarbazide and 
furfural.’ The compound was recrystallized from ethanol. The infrared and ultraviolet spectra were recorded, 
and elemental analysis was made to confirm the synthesis (m.p. 145-147’ ; found: C 42.7%; H 4.1%; N 24.6%; 
calculated for CsH,N,OS : C 42.70%; H 4.13%; N 24.60%). 

An ethanolic solution (l.O%w/v) of the reagent was used in all subsequent work. 

Qualitative tests 

The reaction of furfural thiosemicarbazone with 40 cations, at concentrations up to 1000 ppm and at various 
pH values, was investigated. With Pd(II), an orange precipitate was produced. Cu(I1) forms a green precipitate, 
and Ag(I), Hg(I1) and Pt(IV) gave a weak yellow colour. 

Preapitation of the palladium complex of furfural throsemicarbazone 

An aqueous solution of palladium chloride, containing 29.0 mg of palladium in 250-300 ml, was acidified with 
hydrochloric acid to between pH 3 and 4. A solution of furfural thiosemicarbazone was slowly added with 
constant stirring until a small excess was present. The precipitate was collected in a No. 3 porosity 
smtered-glass crucible, washed with about 100 ml of distilled water, and then dried at 60-80” to constant 
weight. (Found: C 32.5’4; H 2.5:;; N 19.0%. Calculated for (C,H,N,OS)r Pd: C 32.52%; H 2.71% N 18,97”;.) 

Thermal analysis 

The thermogravimetric curve for the palladium-furfural thiosemicarbazone complex was recorded (Fig. 1). The 
complex was stable up to 180”; a sharp decrease occurs at 200”, and also at 450”. Suitable drying conditions 
for the complex were investigated. In all subsequent work, drying of the precipitate was always carried out at 
60-120”. 

Determination of the experimental conditions for precipitation 

The effect of increasing the amount of furfural thiosemicarbazone was investigated with 32.5 mg of the 
palladium, pH between 3 and 5. and a final volume of 250 ml. Various volumes of the reagent were added. 
After 1 hr. the precipitate was collected and dried to constant weight. Table 1 gives the results, and shows that 
even when an appreciable excess of the reagent was added, no co-precipitation occurred. 

The Influence of various solvents for washing the precipitate were studied. Pure water was the best 
washing agent. Mixtures of ethanol-water (1 : 10 or 1 : 5) may also be used. Use of pure ethanol and acetone 
was unsuccessful. 
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Fig. 1. Thermogravimetric curve of Pd-furfural thiosemicarbazone complex. 

Table 1. Determination of the optimum amount of reagent 

Reagent, Pd taken, Weight ppte, Pd found, Error, 
in/ ‘ng lng my CY 

5.0 32.5 5.5 1.3 -31.2 
10.0 32.5 123.0 29.5 - 3.0 
15.0 32.5 135.4 32.5 0.0 
20.0 32.5 135.0 32.4 - 0.1 
25.0 32.5 136.6 32.8 0.3 
30.0 32.5 136.0 32 7 01 

To determine the optimum pH for prectpitatton, the complex was prectpitated from soluttons at vartous 
pH values by using the method previously outlined. Table 2 gives the results. A pH between 2.0 and 6.0 was 
considered convenient, and all subsequent work was done in this pH range. 

Recommended procedure for the determinatron of palladium 

Take a sample solution containing lo-50 mg of palladium, dilute it to 200-250 ml, adlust the pH to 
2C6.0. add 15-20 ml of 1% reagent solution (in ethanol) with constant stirring at room temperature. After 
15-20 min, collect the precipitate in a weighed sintered-glass crucible, wash with lot&150 ml of distilled 

Table 2. Influence of pH 

PH 

Pd taken, 

nq 

Weight ppte. 

my 

Pd found. 
mg 

Error, 

‘%I 

0.5 29.0 51.5 12.4 - 16.6 
1.5 29.0 113.3 27.0 - 2.0 
2.1 29.0 120.9 29.0 0.0 
28 29.0 120.8 29.0 0.0 
3.2 29.0 121.2 29.1 0.1 
3.7 29.0 121.3 29.1 0.1 
4.8 29.0 120.4 28.9 - 0.1 
5.6 29.0 170.8 29.0 0.0 
6.2 29.0 120.3 28.8 - 0.2 
7.5 29.0 91.2 220 - 7.0 
9.0 29.0 90.0 21.6 - 7.4 
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water, or 1 10 ethanol-water solution. Dry to constant weight at 60-120’. The weight of the precipitate, 
multiplied by 0.2402. gives the weight of palladium. 

Determination of the error of the method 

Table 3 gives results of recovery experiments. The standard deviation of a single measurements is 0.157 mg. 
and the standard deviation of the mean is kO.032 mg. The error of the eight determinations is +0.2”;. 

Table 3. Determination of the error of the method 

Pd taken. 

mY 

Weight ppte, Pd found, Error. 

n’Y mY my 

32.5 135.5 32.5 0.0 
32.5 134.0 32.2 -0.3 
32.5 135.6 32.6 0.1 
33.5 135.5 32.5 0.0 
32.5 135.2 32.5 0.0 
32.5 136.0 32.7 0.2 
32.5 135.3 32.5 0.0 
32.5 134.4 32.3 -02 

Interferences 

Interference by foreign ions was mvesttgated. Alkali metal salts were used for the solutions of the anions. and 
nitrates and chlorides for the solutions of the cations. In a few cases. sulphates and acetates were 
employed. 

Up to at least 0.1 g of the following tons does not interfere; Co(H), Ni. Mn(II), Al, Zn. Fe(II), Ca. Sr, 
Ba, Ce(IV), Cd, La, Zr, Th, acetate, oxalate, fluoride and phosphate. The results obtained were all within the 
experimental error of the values obtained with palladium alone 

Some ions were shown to Interfere (Table 4). 

Table 4. Interference of foreign ions 

Pd taken, Foreign ions, 

“Y MY 

Weight ppte, Pd found, Error, 

mY mY mg 

34.6 loo.0 Cu(I1) 193.4 46.4 11.8 
34.6 20.0 Pt(IV) 188.2 45.2 10.6 
34.6 50.0 Hg(I1) 147.6 35.4 0.8 
34.6 100.0 Hg(I1) 169.0 40.6 6.0 
34.6 10.0 V(V) 153.5 36.9 2.3 
34.6 100.0 V(V) 248.2 59.6 25.0 
34.6 44.0 Au(II1) 96.1 23.2 -11.4 
34.6 10.0 Mo(V1) 155.3 37.3 2.7 
34.6 20.0 Mo(V1) 1759 42.2 7.6 
34.6 10.0 W(V1) 154.8 31.2 2.6 
34.6 100.0 W(VI) 244.5 58.7 24.1 

DISCUSSION 

Furfural thiosemicarbazone is a selective reagent for the determination of palladium(I1). The compound is 
useful as a laboratory reagent, and there is no tendency for co-precipitation with the palladtum complex. 
The precipitate formed is easy to filter off and stable, when dry, at temperatures up to 17&180’. The 
complex has a low solubility, and its large molecular weight gives appreciable increase in sensitivity compared 
with the classical reagents, such as dimethylglyoxime furfuraldoxime and thiophenaldoxime. 
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Summary-The use of furfural thlosemicarbazone as a gravtmetrrc reagent for palladium is 
described. The optimum analytical conditions for precipitation of the palladium complex and the 
effect of possible interferences have been investigated. 

Zusammenfassung-Die Verwendung von Furfuralthiosemicarbazon als gravimetrisches Reagens 
fur Palladium wird beschrieben. Die optimalen analytischen Bedingungen zur FCllung des 
Palladiumkomplexes und der Emflul3 miiglicher Storungen wurde untersucht. 

R&urn&-On dicrit I’emploi de la thlosemlcarbazone du furfural comme rtactif gravimCtrlque pour 
le palladium. On a CtudiC les conditions analytlques optlmales pour la precipitation du complexe 
du palladtum et l’influence d’mterferences possibles. 

Tolanfo, Vol. 20, pp. 342-346. Pergamon Press, 1973. Printed m Great Britain 

EXTRACTIVE SPECTROPHOTOMETRY OF THE MOLYBDENUM (III) 
l,lO-PHENANTHROLINE THIOCYANATE AND 2,2’-BIPYRIDYL 

THIOCYANATE COMPLEXES* 

(Received 21 June 1972. Accepted 26 August 1972) 

Komarowski and Poluektoff’ observed that an acidic solution of molybdenum containing 2,2’-bipyridyl, 
when reduced with chlorostannous acid, gave a reddish violet colour. Moss et ~1.~ later observed that the 
same reaction is given by l,lO-phenanthroline and tried to stabilize the colour of both complexes of reduced 
molybdenum, but were unsuccessful. They also observed that the phenanthroline reaction was the more 
sensitive but did not recommend the procedure, because of instability of the colour. Lazarev3 stabilized the 
bipyridyl complex by reducing with chlorostannous acid in presence of tartaric acid, the molar absorptivity 
beine 1.8 x IO3 I.mole-‘.cm-’ at 520 nm. The phenanthroline complex was studied qualitatively by Rao 
et al:,’ who also found the molar absorptivity to-be 8.82 x IO3 1 .moje-‘.cm-’ at 565 nm. 

It is now found that phenanthroline, bipyridyl and bathophenanthroline form stable complexes with 
molybdenum(lI1) in 1,2-dichloroethane in presence of chlorostannous acid and thiocyanate. An acidic solu- 
tion of molybdenum containing thiocyanate and phenanthroline or bipyridyl is reduced with chlorostannous 
acid and the resultant precipitate extracted into I ,2-dichloroethane. 

Reagents 

EXPERIMENTAL 

Standard molybdenum solution, 0.01 %. Prepared by dissolving MOO, (1.5 g) in a few ml of dilute sodium 
hydroxide solution, diluting to about 100 ml, making slightly acidic with dilute hydrochloric acid and then 
diluting to 1000 ml. It was diluted to 0.001 and 0.0001% with O.IM hydrochloric acid. 

l,lO-Phenanthroline monohydrate solution, 0.1 %. 
2,2’-Eipyridyl solution. 2,2’-Bipyridyl (I g) dissolved in the minimum necessary amount of 6M hydro- 

chloric acid and diluted to 1000 ml. 
Bathophenanthroline (4,7-diphenyl-l , 1 0-phenanthroline) solution, 0.1% in ethanol. 
Potassium thiocyanate solution, 20 %. 
Chlorostannous acid solution, 5 %. Stannous chloride (20 g) dissolved in 50 ml of concentrated hydro- 

chloric acid and diluted to 400 ml. Metallic tin was added to prevent oxidation during storage. 
All other reagents were analytical grade. Water and solvents were redistilled in glass apparatus. 

Apparatus 

Silver reductor. Prepared according to Vogel.5 

* Abstracted from a thesis presented by A. K. Bhadra to the University of Calcutta in partial fulftlment 
of the requirements for the degree of Doctor of Philosophy, 1970. 
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* Abstracted from a thesis presented by A. K. Bhadra to the University of Calcutta in partial fulftlment 
of the requirements for the degree of Doctor of Philosophy, 1970. 
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Procedure 

To a solution containing 0.06 mg of molybdenum, 5 ml of phenanthroline or bipyridyl or bathophenan- 
throline solution, 5 ml of methanol and 2 ml of potassium thiocyanate solution were added. The pH was 
adjusted to 15 and the solution transferred into a separating-funnel, followed by 5 ml of chlorostannous acid. 
After 1 min, the solution was shaken with 15 ml of 1,2_dichloroethane for about 20 min. The extraction was 
repeated with 5 ml of l,Zdichloroethane, with shaking for 3 min. The extracts were collected in a 25-ml 
flask and diluted to volume with 1,Zdichloroethane. Turbidity was removed by the addition of 0.5 g of 
anhydrous sodium sulphate. The absorbance of the phenanthroline and bipyridyl complexes was measured 
at 525 nm and that of the bathophenanthroline complex at 565 nm, against a reagent blank. 

When 2,2’-bipyridyl is used, addition of methanol may be omitted. For calibration curves, a 5-10 min 
equilibration is enough. 

RESULTS 

The absorption spectra of the ternary complexes are shown in Fig. 1. The molar absorptivities etc. are 
given in Table 1. 

0'25- 

I 1 

400 500 600 

WAVELENGTH nm 

Fig. I. Absorption spectra of the Mo(lll)-l,lO-phenanthroline thiocyanate (l), Mo(llI)-2,2’- 
bipyridyl thiocyanate (2), and Mo-bathophenanthroline thiocyanate (3) complexes. 

The optimum pH range of the aqueous solution before addition of chlorostannous acid is 1.2-6.5. If the 
pH is < 1.2, the colour of the complexes decreases. 

The optimum thiocyanate concentrations in the aqueous phase for the phenanthroline, bipyridyl and 
bathophenanthroline systems are 0.25-1, 0.25-2, and 0.25-2M respectively. Thiocyanate added in excess 
causes colourless precipitates insoluble in 1,2-dichloroethane. 

Effect of methanol 

Serious interferences due to phosphorus, tungsten, vanadium, silicon, aluminium etc. in the phenanthro- 
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Table 1. Characteristics of the extracts of the moIybdenum(II1) complexes 

Complex Solvent 

Sandell 
x Inax Molar absorptivity, sensitivity 
nm Lmote-‘.cm-’ ~~lcrn’ 

Mo(III)-phen- 
thiocyanate 

Mo(III)-phen- 
thiocyanate 

Mo(III)-bipy- 
thiocyanate 

Mo(III~bipy- 
thiocyanate 

Mo(III)-bathophen 
thiocyanate 

1,2-dichloroethane 525 9.52 x IO3 0.010 

chloroform 525 6.46 x lo3 0.014 

1,2-dichloroethane 52.5 820x 103 0.012 

chloroform 525 5+88x lo3 0.016 

1,2-dichloroethane 565 8.16 x IO3 0.012 

line system can be overcome by addition of methanol to the aqueous solution before addition of chlorostan- 
nous acid. The effect is not understood but the addition of methanol is necessary, as the method completely 
fails in presence of aluminium, tungsten, erc. in absence of methanol. With the bipyridyl system, addition of 
methanol is not necessary. 

Two or three drops of the chlorostannous acid solution have been found to be sufficient for reduction of 
molybdenum. In order to reduce the interference of iron, 2-5 ml of chlorostannous acid solution were used 
in all cases. A large excess decreases the colour of the complexes. 

Beer’s law is obeyed over the concentration ranges l-10 pg/ml, at 525 nm for the phenanthroline and bi- 
pyridyl systems, and at 565 nm for the bathophenanthroline complex. 

Interference studies 

To a solution containing 60 pg of molybdenum, the interfering ions were added, followed by 15 ml of 
phenanthroline or bipyridyl solution, 2 ml of thiocyanate solution, 5 ml of methanol and 2-3 ml of chloro- 
stannous acid solution and the mixture was extracted with 1,2-dichloroethane, with shaking for about 
20 min. A deviation of ~2% was regarded as indicating no interference. The results are summarized in 
Table 2. 

Table 2. Effect of various ions on the phenanthroline and 
bipyridyl ternary complexes. 

Species Added as Tolerance limit, mg 

Fe(XIK) FeNH4(S0.&~12HZ0 
AI(II1) Alz(S04)s~18Hz0 
W(VI) Na2W04.2Hz0 
V(V) v205 
PO; 3 NaH*PO+ 
Silica Added after fusion with 

sodium carbonate 

l-2 
100 
10.0 
0.6 

10.0 
10.0 

Nature of the complexes 

The oxidation state of molybdenum in the complexes was checked by comparing the complexes with those 
obtained by reaction of thiocyanate and phenanthroline or bipyridyl with molybdenum reduced to the ter- 
valent state in 6M hydrochloric acid in a silver reductor at 60-80”. 

Extraction took very much longer to complete (3-4 hr) than when the molybdenum was reduced in 
presence of the complexing agents. Only with reduction in 6M acid medium did the product have the same 
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characteristics as that obtained by the recommended procedure. Reduction in 2 or 4M acid gave erratic 
results and incomplete complex formation. A similar check was not possible for the bathophenanthroline 
complex, on account of the severe interference from traces of iron produced in the reduction step. 
No attempt was made to determine the stoichiometry of the complexes. 

DISCUSSION 

Because of its lower sensitivity and the serious interference from iron, the bathophenanthroline complex 
was not studied closely. The phenanthroline complex is poorly extracted in presence of interfering substances 
unless methanol is added before the extraction. The bipyridyl system is superior in this respect though some- 
what less sensitive. 

Several solvents were tried. In polar solvents, a pink red solution appears within a few minutes of shaking, 
but on standing the colour changes to yellow. The best solvent proved to be 1 2-dichloroethane 

The extraction is complete in a single pass with 1,2-dichloroethane. A 5-min equilibrium period is sui- 
ficient in absence of interfering elements but longer is needed in their presence. A blueish pink colour appears 
in the organic phase after shaking for a few seconds, and changes to reddish pink after 5-6 min shaking. 

Binary complexes of molybdenum formed with phenanthroline, bipyridyl or bathophenanthroline in 
presence of chlorostannous acid are extractable into l,Zdichloroethane, but are unstable. The phenan- 
throline and bipyridyl complexes have h,., at 510-520 nm and the bathophenanthroline complex has h,.. 
at 540 nm. The molar absorptivities are 2.72 x lo’, 1.8 x IO3 and 3.2 2’ lo3 1 .mole-‘.cm-i respectively. 
It is not known whether chlorostannous acid is responsible for the extraction of the molybdenum complexes 
as in the case of ferroin.6 

The sequence of addition of reagents is important Colour development is extremely slow when a solution 
containing molybdenum and thiocyanate is shaken with I ,Zdichloroethane in presence of chlorostannous 
acid, followed by addition of phenanthroline, or bipyridyl, requiring an equilibration period of 3-4 hr. The 
yellow organic extract obtained by shaking for about 30 min. if left overnight in presence of the aqueous 
phase, changes to reddish pink with the correct absorbance. This probably indicates a rearrangement as 
suggested by Rao et a1.4 

We prefer the formula Mo(IIl)-l,10-phenanthroline(SCN)3 to the MOO-l,IO-phenanthroline(SCN), sug- 
gested by Rao et a1.,4 as tervalent molybdenum is involved in the reactton. 
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Summary-New extraction spectrophotometric methods for the determination of small amounts 
of molybdenum have been developed, using thiocyanate and l,lO-phenanthroline or 2,2’-bipy- 
ridyl as reagents in the presence of chlorostannous acid. Extracts of the ternary complexes of 
tervalent molybdenum in 1,2-dichloroethane obey Beer’s law in the range l-10 pg/ml at 525 nm. 
A IO-fold excess of iron and vanadium and IOO-fold excess of tungsten, phosphorus and 
silicate do not interfere. 

Zusammenfassung-Neue extraktions-spektrophotometrische Methoden zur Bestimmung 
kleiner Molybdlnmengen wurden entwickelt;. sie verwenden Thiocyanat und l,lO-Phenan- 
throlin oder 2,2’-Bipyridyl als Reagentien in Geaenwart von Chlorozinn(ll)-dure. Extrakte der 
tern&en Komplexe-van dreiwertigem Molybdii; in 1,2-Dichlorlthan gehorchen bei 525 nm im 
Bereich l-10 pglml dem Beerschen Gesetz. Ein IO-father UberschuB von Eisen und Vanadium 
und IOO-father UberschuB von Wolfram, Phosphor und Silikat storen nicht. 
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Table 1. Results for gold in gold-doped germanium M 

Sample 
No. 

Expected by manufacturer, 
PPM 

Neutron-activation analysis 
1st detn. 2nd detn. 

PPM PPM 

14 -lo* 
39 -20 
94 -20 

* -5 x lOI atoms/cm3. 

- 24.1 
34.1 32.8 
34.6 37.0 
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Summary-Gold was determined in gold-doped germanium by neutron-activation analysis. 
The irradiated samples were dissolved in aqua regta, in the presence of gold carrier. The matrix 
activity was eliminated by distillation, and gold precipitated in the residue with hydroquinone. 
The gold fraction was essentially radiochemically pure. For a neutron dose of 5 Y 10’5n/ 
cm2, a sensitivity of 1 ppM Au can be obtained, with a 2.4-g sample. The samples investigated 
contained from 24 to 36 ppM Au. 

Zusammenfaasung-Gold in golddosiertem Germanium wurde durch Neutronenaktivierungs- 
analyse bestimmt. Die bestrahlten Proben wurden in Gegenwart von Goldtrlger in Konigs- 
wasser gel&t. Die Matrix-Aktivitlt wurde durch Destillation entfernt und Gold im Riickstand 
mit Hydrochinon gefallt. Die Goldfraktion war praktisch radiochemisch rein. Bei einer Neutro- 
nendosis von 5.10” n/cm2 kann man eine Empfindlichkeit von 1 ppM Au in einer 2.4g-Probe 
erreichen. Die untersuchten Proben enthielten 24-36 ppM Au. 

R&m&On a dose l’or dans le germanium dope a l’or par analyse par activation de neutrons. 
Les Cchantillons irradies ont Bte dissous dans l’eau regale, en presence d’or entratneur. L’activitt 
de la matrice a ete tliminee par distillation, et l’or prtcipite dans le residue par-l’hydroquinone. 
Le fraction or etait essentiellement radiochimiquement pure. Pour une dose de neutrons de 
5 x 10” n/cm*, on peut obtenir une sensibilite de 1 ppM de Au avec unechantillon de 2.4g. 
Lesechantillons Ctudies contenaient de 24 a 36 ppM de Au. 
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ESTIMATION OF ALLYL ALCOHOL BY CHLORAMINE-T 

(Received 4 August 1972. Accepted 18 September 1972) 

Chloramine-T (CAT) has received considerable attention as a mild oxidant for several organic compounds1J~3. 
Kinetic studies of oxidation reactions involving CAT have recently been reported.4.5 During an investigation 
of the kinetics of oxidation of alcohols by CAT, it became necessary to establish the stoichiometry of the 
reaction. Attempts were made to oxidize several alcohols-isopropyl alcohol, methoxyethanol, glycol, 
2,3-butanediol and ally1 alcohol-with CAT. With the conditions employed in the present communication, 
the rate of oxidation was found to be low or almost negligible except for ally1 alcohol. Ally1 alcohol could be 
oxidized by CAT at all pH values with a two-electron change and the reaction was fastest and almost instan- 
taneous in hydrochloric acid medium (0.5l.OM). A direct titration of the alcohol with CAT with a visual 
end-point was not practicable and a back-titration procedure was developed. Ally1 alcohol finds a number 
of industrial applications in the preparation of resins, plasticisers, pharmaceuticals and many organic 
compounds. A review of the literature shows that ally1 alcohol can be estimated by titration with bromide- 
bromate mixture,6 potassium dichromate’ and mercuric acetate.8 We have thoroughly investigated the 
oxidation of ally1 alcohol by bromide-bromate mixture and found it to be very sluggish and less accurate. 
The present oxidation procedure with CAT gives a rapid and very accurate method of estimating ally1 
alcohol, compared with the methods involving other oxidants7*8 and substantial amounts of the alcohol can 
be estimated by a proper adjustment of reaction conditions. 

EXPERIMENTAL 

Reagents 

Ally1 alcohol (Merck, corrected b.p. 97.1”, n0(2,,., = 1.412) was used without further purification, but its 
purity was checked by determining the alcoholic hydroxyl group by phthalation with phthalic anhydride in 
pyridine.’ The required quantity of the alcohol was accurately weighed and dissolved in the proper solvent to 
give an approximately 0.2M solution. CAT was purified by the method of Morris et u!.‘~ An approximately 
O.lN solution was prepared and standardized by the iodometric method. All other reagents were of accepted 
grades of purity. Phosphate-citric acid buffers” were used for the pH range 2-8. Triply distilled water was 
used for preparing the solutions. 

Known amounts of ally1 alcohol solution in the proper solvent were added to a known excessive volume 
of CAT in an iodine flask placed in a thermostat at 30”. The reaction mixture was set aside for various inter- 
vals of time, with occasional shaking. Then the excess of CAT was determined by back-titration. 

Table 1 gives a typical set of results for the extent of oxidation of ally1 alcohol in 5 min by an excess of 
CAT. It is seen that oxidation is slow in media other than O%l.OM hydrochloric acid. The rate of oxidation 
increases as the pH increases from 2.2 to 7.0, but then drastically decreases at pH above 7. However, the 
stoichiometry is unaffected in these media as the reaction goes to completion after 2-3 hr. The reaction is 
found stoichiometric and very rapid in 0.5l.OM hydrochloric acid. 

Recommended procedure 

Prepare an aqueous solution of the ally1 alcohol (-O.lM). Add an aliquot containing 0.1-2.5 mmole to a 
measured excessive (lO-20%) volume of O.lN chloramine-T containing enough 2M hydrochloric acid to 
make the overall acid concentration 0.5-l.OM. Shake the mixture and after a minute add 20 ml of 10% 
potassium iodide solution and 10 ml of 2N sulphuric acid and titrate with O.lN sodium thiosulphate. Run a 
blank with CAT solution alone. The amount (x mg) of ally1 alcohol in the experimental solution is given by 

x = 29y( I’, - V2) 

where y is the normality of the thiosulphate, VI is the blank titration and Vz the volume of thiosulphate used 
to titrate the excess of CAT after oxidation of the ally1 alcohol. 



350 SHORT CO~~UNlCATION 

Table 1. Extent of oxidation of ally1 alcohol with chloramine-T 

Medium 
CAT used, mole CAT used, mole 

Ally1 alcohol taken, moie Medium AIJyl alcohol taken, m&e 

l.ON HZSOQ 
0*5N H,SO, 
0+2SN Hz!304 
O-12% HzS04 
l*OM HC104 
0.5M HCIO, 
0.25M HCIO., 
0.125M HCIO, 
1 *OM HCI 
0.5M HCl 
0.25M HCl 
0.125M HCl 

0.566 pH 2.2 0.887 
O-544 pH 3.0 0906 
0.509 pH 4.2 0.918 
0.429 pH 5.0 0.944 
0.801 pH 6.2 a.944 
06Ol pH 7.0 0.943 
0.538 pH 8.0 0.877 
0.488 pH 9.0 O-103 
1,002 pH lO.Ot 0.074 
1 GO2 1 .O M NaOH 0.023 
0.967 0.5M NaOH 0.023 
0.960 0.25M NaOH 0.023 

* Borax-HCl buffer 
t Borax-NaOH buffer. 
Ally1 alcohol taken 0.28 mmole; CAT taken 1.93 nunofe; time 5 min; temp. 30°C. 

RESULTS AND DISCUSSION 

Detailed investigation of the ally1 alcohol system has brought out the following facts. 
(i) The stoichiometry of the oxidation can be represented as 

CH,=CH--CH*OH + RNCINa- CH,=CH-CHO + RNHl + NaCl, 

where R=CH,-C,H,S02 . The presence of ally1 aldehyde (acroleinf in the reaction products can be 
demonstrated with the help of spot tests with sodium nitroprusside solution containing piperidine.12 

(ii) Foreign ions such as K+, BaZ+, Zn’+, NOJ-, POb3-, ClO,- and S043- have no influence on the rate 
of oxidation in hydrochloric acid medium. 

(iii) Sodium chloride (up to 0.2 mole) has no effect on the rate of oxidation. 
(iu) The stoichiometry is unaffected by a reversal of the order of addition of oxidant and ally1 alcohol. 
(0) The reaction rate is greatly retarded in sulphuric and perchloric acid media (cf. Tabie l), although 

stoichiometric oxidation is complete within an hour. 
The first step in the process of oxidation is thought to be the protonation of the alcohol: 

CH2=CHCH20H + H+ - CH,=CHCH,OH,+ 

The protonated alcohol may form a highly solvated activated complex with the species present in larger 
concentration in acidified CAT solution. If It is likely that the Cl- ion will have a greater stabilizing influence 
on the transition state than the perchlorate and sulphate ions, because of its comparatively smaller size. 
However, kinetic investigations of the oxidation are in progress which may throw light on the mechanism of 
oxidation. 

Some typical results of analysis of ally1 alcohol in aqueous solutions are given in Table 2. The values 
obtained are accurate within 0.5 %. 

Table 2 

Ally1 alcohol 
taken, mg 

Ally1 alcohol Ally1 alcohol Ally1 alcohol 
found, mg taken, mg found, ntg 

7.8 8.0 53.5 53.5 
15.3 15.4 61.2 61.2 
23.0 23.0 68-9 68.8 
30.6 30-5 89.5 89.5 
38.3 38.2 108.0 107.9 
46.0 46.2 125.5 125.1 
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Stnmnary-A simple but rapid and accurate method for the estimation of ally1 alcohol in 
aqueous solution has been developed, based on its oxidation with chloramine-T at room 
temperature, in 0+1*0&Z hydrochloric acid medium. The reaction involves a two-electron 
change. The effect of such variables such as pH of the medium, presence of foreign ions and 
perchloric or sulphuric acid on the rate of oxidation is discussed. 

Zusammenfassung-Eine einfache, aber schnelle und genaue Methode zur Bestimmung 
von Allylalkohol in wal3riger L&ung wurde entwickelt. Sie beruht auf seiner Oxidation 
mit Chloramin-T bei Zi~~ern~mtur in O*S-I.0 M Salzslure. Bei der Reaktion werden zwei 
Elektronen umgesetzt. Der EinfluB von Variablen wie pH des Mediums, Anwesenheit von 
Fremdionen und f)berchlor oder Schwefelsaure auf die Geschwindigkeit der Oxidation wird 
diskutiert. 

R&um&--Gn a t?labon? une m&hode simple, mais rapide et precise, pour le dosage de l’alcool 
allylique en solution aqueuse, ba&e sur son oxydation par la chloramine-T 1 temperature 
ambiante, en milieu acide chlorhydrique 0,5-1,0&f. La reaction comprend un &change a deux 
electrons. On discute de l’influence de variables telles que le pH du milieu, la presence d’ions 
Ctrangers et d’acide perchlorique ou sulfurique sur la vitesse d’oxydation. 

Zidmta, Voi. 20, pp. 351-354. Pergamon Press, 1973. Printed in Grurt Britain 

PRECIPITATION OF CALCIUM OXALATE FROM 
HOMOGENEOUS SOLUTION BY CATION RELEASE 

(Received 17 June 1971. Revised 17 April 1972. Accepted 20 September 1972) 

Methods for precipitating calcium oxalate have been reviewed by Holth’ and more recently and comprehen- 
sively by Bashar and Townshend.’ The methods considered by the latter can be divided into three main 
groups : (i) pH change by urea hydrolysis ;O++ (ii) precipitation from acetic acid medium;’ (iii) hydrolysis of 
esters, such as dimethyl oxalate6 and diethyl oxalate.’ The principal criteria used for comoarison of the 
various methods2 were the ease and completeness of separation from magnesium and the particle-size of 
the precipitate. These authors concluded that a method involving the addition of urea to a hot clear solution 
and subsequent hydrolysis was the best. 
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None of the methods described in the literature, however, gives partial or complete separation of calcium 
from other metals forming sparingly soluble oxalates, such as lead, copper, zinc, cadmium, mercury, which 
must therefore be absent during the estimation. 

The general technique of precipitation from homogeneous solution by cation release has been reviewed by 
Cartwright et al.* whilst more recently various theoretical aspects of predicting the feasibility of such pro- 
cedures have been studied.’ The release of complexed cations by means of oxidation with hydrogen peroxide 
has been employed, for example, in the precipitation of ferric hydroxide,“’ bismuth phosphate” and 
manganese phosphate.‘* 

Lead and silverI were successfully separated by complexing lead with EDTA whilst precipitating silver 
as chloride homogeneously by volatilization of ammonia. The effective stability constant of the silver/EDTA 
complex was lowered as the solution become progressively acid but the lead/EDTA complex remained 
sufficiently stable to prevent the preciptiation of lead chloride. The precipitation of calcium oxalate by cation 
release from the EDTA complex should allow at least partial separation of metal ions forming substantially 
stronger EDTA complexes than calcium does. 

This paper describes the precipitation of calcium oxalate by releasing calcium from its EDTA complex 
by oxidation with hydrogen peroxide, into a solution containing excess of oxalate. The potential usefulness 
of the technique is exemplified by the separation of calcium from lead. 

Reagents 

EXPERIMENTAL 

All reagents were of analytical grade. 

Apparatus 

To avoid providing sites for nucleation during precipitation, all experiments were carried out in clean, 
unscratched beakers; pH measurements were made to &O .05 with a pH meter. 

Establishment of procedure 

A constant quantity of calcium (200 mg) was precipitated over a range of pH values between 6 and IO. 
Calcium chloride hexahydrate (1 g) was dissolved in distilled water (300 ml) and EDTA (1.86 g) was added 
so as to complex all the calcium. To the solution of the complex 40 ml of 5 ‘A ammonium oxalate solution 
were added and the pH was adjusted to the required level by addition of sodium hydroxide. 

The reaction mixture was heated to boiling point and 50 ml of IOO-vol hydrogen peroxide were slowly 
added; boiling was continued with occasional additions of distilled water to compensate for that lost by 
evaporation. After 60 min a further 15 ml of hydrogen peroxide were added and the solution was boiled for 
a further 15 min. 

The solution was cooled and the precipitate filtered off, washed, and weighed after drying at 110” for 2 hr. 
The precipitate was confirmed to be calcium oxalate monohydrate by thermogravimetry. 

The recovery as a function of pH is shown in Fig. 1, which shows that the optimum pH lies between 
6 and 8. Below pH 6 spontaneous precipitation occurs on addition of the ammonium oxalate, whilst above 
pH 8 the calcium/EDTA complex is too strong to allow complete oxidation of the complex under the experi- 
mental conditions. 

Variation in quantity of calcium 

Experiments were carried out at pH 6-6.5 in which various quantities, nominally 50, 100 and 200 mg, of 
calcium were precipitated. The results obtained are summarized in Table 1, where it can be seen that the 
precipitation is quantitative. The reaction solutions were tested for completeness of precipitation by deter- 
mining the remaining quantity of calcium by flame photometry. The maximum amount of residual calcium 
was <2ppm (equivalent to <0.6 mg in 300 ml). 

Table 1. Precipitation of calcium oxalate-variation in amount of calcium 

Calcium chloride, g Calcium, g Wt. of ppte, g Ca found, g Recovery, % 

0.2508 0.0456 0.1695 0.0458 100.5 
0.5020 0.0916 0.3366 0.0918 100.1 
14lO20 0.1825 0.6720 0.1835 100.5 
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Fig. 1. Effect of initial pH on precipitation of calcium oxalate. 

Crystal size 

The crystals obtained were examined microscopically and the size of the precipitate particles was found 
to be 11-25 pm, mean 16 pm. 

The urea-hydrolysis method yields larger crystals than the cation-release method but there is a limit beyond 
which increase in crystal size provides no further practical advantage. The precipitate obtained by the oxi- 
dative (cation-release) method settles quickly and is easily filterable. 

Separation of calcium from lead 

The potential usefulness of the cation-release technique is exemplified by separation of calcium from lead. 
To a solution containing ca. 200 mg of calcium and cu. 100 mg of lead sufficient EDTA was added to 

complex both metals. The solution was adjusted to pH 8.8, in the presence of excess ammonium oxalate, 
and heated to boiling point; then 50 ml of lOO-vol hydrogen peroxide were added. After 60 min of boiling 
a further 15 ml of peroxide were added and the solution was boiled for another 60 min, by which time the pH 
had dropped to about 7-8. 

The reaction mixture was cooled and filtered, and the precipitate was washed, dried and weighed. The 
precipitate was dissolved and tested for lead with chromate. The precipitation of calcium was found to be 
quantitative and lead was found to be absent. 

At similar pH values the calcium/EDTA complex is far more readily oxidized than the lead complex, as 
would be expected from their respective stability constants, log Kcsv = 10.7, log Koby = 18.0; the separation 
relies upon this difference in stability. It has been demonstrated that the calcium complex can be oxidized 
at pH 8 whereas the lead complex is not attacked at pH 6. Nevertheless in order to give the greatest margin 
of safety in the experimental procedure a higher pH was selected for the separation than when calcium alone 
was precipitated. 

CONCLUSIONS 

The homogeneous precipitation of calcium oxalate by cation release from the calcium/EDTA complex in 
the presence of oxalate is quantitative. The method also provides a means of separating calcium from lead 
and other metals forming sparingly soluble oxalates. Under the conditions of the experiments in which cal- 
cium and lead were separated the conditional stability constants of the calcium and lead/EDTA complexes 
were log K = 8.8 and 15.5, respectively. The fact that the reaction proceeds more quickly in the absence of 
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lead is attributed to the difference in the pH used, 6.c6.5 instead of pH 8. 
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Summary-Calcium oxalate can be precipitated from homogeneous solution by oxidation of 
the calcium/EDTA complex with hydrogen peroxide in boiling solution, in the presence of 
oxalate ion, at pH 6-8. The method gives large crystals and enables calcium to be determined 
in the presence of lead, which remains complexed. 

Zusammenfassung-Calciumoxalat kann durch Oxidation des Calcium-EDTA-Komplexes 
mit Wasserstoffperoxid in siedender Losung bei pH 6-8 aus homogener Losung gefallt 
werden. Das Verfahren liefert groBe Kristalle und erlaubt die Bestimmung von Calcium 
such in Gegenwart von Blei, das komplex gebunden bleibt. 

R&sum&-On peut prtcipiter l’oxalate de calcium dune solution homogene par oxydation 
du complexe calcium/EDTA, en la presence d’ion oxalate, par le peroxyde d’hydrogene en 
solution bouillante, a pH 6-8. La methode donne de grands cristaux et rend possible la deter- 
mination du calcium en la presence de plomb, qui reste complexe. 
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ANALYTICAL DATA 

FORMATION OF FERROCYANIDES-III* 
Fe(III), La(II1) and Ce(II1) 

(Received 25 July 1972. Accepted 12 September 1972) 

The composition of the hexacyanoferrates(I1) of tervalent metals is given by the general formulae KMFe(CN), 
and M,[Fe(CN),],. I-6 The reaction between K,Fe(CN), and La(III) or Ce(II1) may be used for the direct or 
indirect determination of these two cations.3-8 Our workg-‘* on the formation of hexacyanoferrates(I1) therefore 
has been extended to Fe(III), La(III) and Ce(II1). 

The K,, values as a function of ionic strength, temperature and solvent medium have also been evaluated. 

EXPERIMENTAL 

Potentiometric titrations were done with the cell 

Pt WCW 
Fe(CN)z- 10e6M II 

satd. KNO, S.C.E. 
I/ 

The K,Fe(CN), solution was kept in dark bottles and standardized by potentiometric titration with Zn(II) 
solution under the analytical conditions for formation of K2Zn,[Fe(CN)&.9 The O.OlM nitric acid solutions 
of the nitrates of Fe(III), La(III) and Ce(II1) were standardized gravimetrically, Fe(W) by means of ammonia 
and La(III) and Ce(II1) by means of ammonium oxalate.‘3. 

RESULTS AND DISCUSSION 

System Fe(NO,),-K,Fe(CN),-H,O 

To avoid iron hydrolysis a 2M nitric acid medium was used. Higher acidity slows the reaction and causes 
dissociation of ferrocyanide and the precipitate, thus introducing uncontrollable variables. 

Our results indicate that Fe,[Fe(CN),], is formed irrespective of the direction of titration over the ranges 
pFe(III) = 1.7-3.76 and pFe(CN)z- = 1.6-2.6. This formulation is in agreement with the infraredI and 
electronicI spectra. The potential drop at the equivalence pomt was 200-250 mV. 

The precipitate, obtainable only at high Fe(II1) concentrations, was spongy; only a blue colour was observed 
at low Fe@) concentrations. 

The same result was observed when 0.5M potassium nitrate medium was used. 

System La(NO,),-K,Fe(CN),-H,O 

Only the white KLaFe(CN), is obtained. The concentration ranges investigated were pLa(III) = 1.8-3.3 and 
pFe(CN)z- = 1.95-3.96 respectively. The potential drop at the equivalence point was 7&90 mV, and 90-110 
in 0.5M KNO, medium. At room temperature the reaction is very slow; temperature of 70” was used. The 
product was found to be thermally stable. 

System Ce(NOg),-K,Fe(CN),-H,O 

This is similar to the lanthanum system but the potential drop at the equivalence point is about 10 mV 
greater and the reaction rate fast enough at room temperature. At 45” KCeFe(CN), undergoes rapid thermal 
decomposition but it is stable enough at 35” to permit determination of the K,, value. The lowest con- 
centrations titrated were pCe(II1) = 3.23 and pFe(CN)z- = 2.9. 

* Presented at the 2nd International Symposium on Analytical Chemistry, LjublJana (Yugoslavia) 12-17 June 
1972. Supported by the Consiglio Nazionale delle Ricerche. 
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Table 1 summarizes the results of a number of titrations. 

Table 1. Stoichiometry of the reactions between Fe(CN)z- and Fe(II1). 
La(III), Ce(II1). 

Titrand (100 ml), 
/Unole 

Titrant, 
pmole Formula 

Found, 
pmole 

Error, 

$0 

Fe(II1) Fe(CN)z- 
71.5 54.4 

142.9 106.8 
448-5 330 

Fe(CN)z- Fe(II1) 
24.2 32.15 
48.3 63.6 

240.0 320.2 

La(II1) Fe(CN)z- 
50.8 52.0 

101.6 101.2 
254.0 252.5 

Fe(CN)z- La(II1) 
100.0 97.8 
175.0 172.7 
337.5 373.4 

Ce(II1) Fe(CN)z- 
52.9 59.08 

299.6 249.1 
898.8 879.9 

Fe(CN)z- Ce(II1) 
250.0 254.0 
500.0 494.3 

KLaFe(CN), 52.0 f2.3 
KLaFe(CN), 101.2 -0.4 
KLaFe(CN), 252.5 -0.6 

KLaFe(CN), 97.8 
KLaFe(CN), 172.7 
KLaFe(CN), 373.4 

- 2.2 
- 1.3 
-0.4 

KCeFe(CN), 59.01 - 1.4 
KCeFe(CN), 294.1 -1.8 
KCeFe(CN), 879.9 -2.1 

KCeFe(CN), 254.0 + 1.6 
KCeFe(CN), 494.3 -1.1 

72.5 + 1.4 
142.5 -0.3 
441.0 - 1.6 

24.11 -0.4 
47.7 -1.2 

240.0 0.0 

K,, values and thermodynamic properties 

K,, values were obtained by means of measurements of the potential of a Pt electrode at constant 
temperature, at ionic strength from 0.22 to 0.66, obtained by addition of potassium nitrate. 

The pK,, values are linear functions of the ionic strength. slopes being as follows: 

T, “C 70 60 50 40 
KLaFe(CN), tan a - 1.93 -1.5 -1.95 - 1.85 

T, “C 20 25 30 
KCeFe(CN), tan a - 1.90 - I.60 - 1.88 

Table 2 summarizes the thermodynamic values. AG” decreases linearly with temperature for both compounds 
AH” and AS” being constant over the temperature range investigated. 

Table 2. K,, and thermodynamic data for KLaFe(CN), and KCeFe(CN), m H,O. 

Formula 
T, 
‘C PK,, 

AG", 
kcal/mole 

AH”, 
kcallmole 

AS”, 
kcal. mole- I. dey ’ 

KLaFe(CN), 70 8.8 - 13 82 2.64 
60 8.7 & 0.1 - 13.25 2.73 0.048 
50 8.7 - 12.86 2.64 
40 8.65 - 12.38 2.64 

KCeFe(CN), 30 9.3 - 12.90 4.07 
25 9.25 - 12.62 407 0.056 
20 9.2 - 12.34 4.07 
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Because interionic electrostatic effects may become significant on account of the high ionic charges, the 
influence of the dielectric constant was evaluated by means of measurements in aqueous ethanolic solutions. 
Linear dependence of pK,, on ionic strength was agam observed (Table 3). 

Table 3. K,, and thermodynamic data for KLaFe(CN), and KCeFe(CN), in H,O-EtOH 

Formula 
H,O : EtOH, 

0 

T, AGO, AH”, AF, 

“C PK,, kcal/mole kcal/mole kcal. mole-‘. deg-’ -tan G( 

KLaFe(CN), 90 : 10 60 945 - 14.39 
50 940 - 13.89 2.26 

2.82 
246 

85: 15 60 9.82 - 14.95 3.18 
50 9.52 - 14.07 14.35 0.088 1.98 

80 : 20 60 10.25 - 15.61 3.70 
50 9.85 - 14.56 19.35 0.105 2.66 

75 : 25 60 10.60 - 16.14 
50 10.10 14.92 24.34 0.122 

3.94 
- 240 

KCeFe(CN), 90: 10 30 10.25 - 14.21 
25 10.10 13.78 11.85 0.086 

3.24 
- 2.52 

85 : 15 30 10.75 - 14.91 
25 10.62 14.48 11.15 0.086 

4.02 
- 344 

80 : 20 30 11.08 - 15.36 
18.58 

4.06 
25 10.85 0.112 - 14.80 3.24 

75 : 25 30 11.50 - 15.95 
25 11.25 15.34 

21.02 
0.122 

4.30 
- 3.36 

CONCLUSIONS 

The analytical behavlour of the systems investigated is particularly simple, the same complex being always 
produced however the reaction is carried out. The reaction of Fe(III), La(II1) or Ce(II1) with Fe(CN)z- can be 
used for potentiometric determination of either the cations or the anion, if not too high an accuracy is re- 
quired. 

Addition of potassium nitrate has no quantitative effect on the reaction between Fe(CN)i- and La(II1) or 
Ce(II1) because it acts in two opposing ways: it lowers the solubility by the common ion effect, but at the same 
time K,, increases with the increased ionic strength. The solubility of the La(II1) and Ce(II1) compounds is 
higher than that for similar complexes of bivalent metals.10~12 The positive enthalpy change shows the pre- 
valence of strong electrostatic repulsion effects. The formation of KLaFe(CN), and KCeFe(CN), is due to the 
favourable change in entropy. 

With ethanolic media both the enthalpy and entropy changes are approximately linear functions of the 
ethanol concentration, but the slope for TAS” is greater than that for AH”, so AG” becomes more negative 
with increasing ethanol concentration. 
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Summary-Potassium ferrocyanide forms Fe.,[Fe(CN)& with Fe(fII), KLaFe(CN), with La(III) 
and KCeFe(CN), with Ce(III). The thermodynamic data for the two lanthanide compounds have 
been determined. 

Zussmmenfassnng-Kaliumferrocyanid bildet mit Fe(III) Fe,[Fe(CN)& , mit La(III)KLa- 
Fe(CN), und mit Ce(Il1) KCeFe(CN), . Die thermodynamischen Daten fur die beiden Lanthaniden- 
verbindungen wurden ermitteit. 

R&sum&-Le ferrocyanure de potassium forme Fe4[Fe(CN),], aver Fe (III), KLaFe(CN), avec 
La (III) et KCeFe(CN), avee Ce (III). On a determine les donnees thermodynamiques pour 

les deux composes de lanthanides. 

Tahra, Vol. 20, pp. 358-359. Pcrgamon Press, 1973. hinted in Great Britain 

DISTRIBUTION COEFFICIENTS OF Rb+ ON ZIRCONIUM 
PHOSPHATE IN MIXED AQUEOUS-ORGANIC MEDIA 

(Received 4 August 1972. Accepted 17 September 1972) 

The selectivity of ~tion~x~ange~ in mixed aqu~~-or~~c solvents has been and is the subject of much 
study. Research has been nearly exclusively concerned with resin exchangers. To have a better undemanding 
of the phenomena involved it seemed interesting to collect distribution coefficient data for cation-exchangers of 
a different type such as inorganic or cellulose ion-exchangers for non-complexed cations. This note summarizes 
the results obtained for the distribution of Rb+ between zirconium phosphate and mixed solvents containing 
hydrochloric acid. 

Materials 

EXPERIMENTAL 

Bio Rad ZP-1 cation-exchange crystals Xl-100 mesh. All solvents were pro analysi products. 

Procedure 

The weight distribution coefficient, K u, was determined at 25” after equilibration for 24 hr with a6Rb. 
The hydrochloric acid concentration was kept constant at 0.85M. Volume contraction effects were minimized 
by premixing of the solvent, hydrochloric acid and isotope solution before addition to the exchanger. The 
weight of zirconium phosphate was 200 mg, and 0.1-l pg of rubidium was used. 

RESULTS 

The results are summarized in Table I. All values are the mean of at least two determinations. Reproducible 
results were obtained except in dimethylformamide in the 32-64x range. 

An ~terpre~tion of the results is not possible at thii stage. However, it can be noted here that the curves 
show in general the same trend on zirconium phosphate as on Rowex 50 resin except for d~ethyisulphoxide, 
dimethylformamide and to a lesser extent, acetic acid.’ For sulpholane no data on Dowex 50 are available. 
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Table 1. Distribution coe.fficient of Rb+ on zirconium phosphate crystals in mixed aqueous-organic 
solvent, 0.85M in HCI. 

Solvent 0 8 
Solvent %, U/D 

16 24 32 40 48 56 64 72 80 88 

methanol 81 97 130 170 200 330 430 670 1050 1950 3100 3000 
ethanol 81 120 140 190 300 370 590 1030 1550 3500 6800 >104 
n-propanol 81 105 150 160 200 250 310 410 1200 1150 3600 >104 
isopropyl alcohol 81 88 145 190 270 320 500 760 770 2300 6100 >104 
t-butyl alcohol 81 95 130 180 210 250 340 530 800 1600 4300 7000 
dimethylsulphoxide 81 69 60 58 50 50 40 50 48 29 19 19 
NJ-dimethylformamide 81 55 65 65 56 63 54 67 - 68 77 37 
tetrahydrofuran 81 110 160 220 250 420 450 600 920 1600 2100 4100 
acetone 81 100 130 145 200 240 340 440 970 1050 1600 3000 
dioxan 81 91 135 170 190 270 340 490 700 730 N.M. N.M. 
Methylcellosolve* 81 92 115 140 190 240 270 410 590 550 430 310 
Propylcellosolve* 81 120 150 180 240 290 290 400 560 1000 1550 2100 
acetic acid 81 84 87 67 70 52 50 46 43 36 34 46 
sulpholane 81 96 96 120 127 126 - - 170 - 200 193 

* Registered trade-name. 
N.M. = not completely miscible. 
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Summary-The distribution coefficients have been determined for Rb+ distributed between 
zirconium phosphate and O-851%4 hydrochloric acid in aqueous solutions of methanol, ethanol, 
n-propanol, isopropyl alcohol, t-butyl alcohol, dimethylsulphoxide, dimethylformamide, 
tetrahydrofuran, acetone, dioxane, “Methylcellusolve”, “Propylcellosolve”, acetic acid and 
sulpholane, in O-88 % concentration. 

Zusammenfaasnng-Die Verteilungskoetlizienten fur die Verteilung von Rb+ zwischen Zirkoni- 
umphosphat und 0.85 M SalzGiure in wlBrigen Losungen von Methanol, Athanol, n-Propanol, 
Isopropylalkohol, t-Butylalkohol, Dimethylsulfoxid, Dimethylformamid, Tetrahydrofuran, 
Aceton, Dioxan, “ Methylcellosolve”, “ Propylcellosolve”, Essigsaure und Sulfolan bei 
Konzentrationen von O-880/, wurden ermittelt. 

Resume-On a determine les coefficients de partage pour Rb+ reparti entre le phosphate de 
zirconium et l’acide chlorhydrique 0.85 M en solutions aqueuses de methanol, ethanol, n- 
propanol, isopropanol, t-butanol, dimethylsulfoxyde, dimethylformamide, tttrahydrofurane, 
acetone, dioxane, ” Mtthylcellosolve “, ” Propylcellosolve “, acide a&ique et sulfolane, en 
concentration O-88 %. 
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POTENTIOMETRIC DETERMINATION OF STEPWISE STABILITY 
CONSTANTS OF ZIRCONIUM, THORIUM AND URANIUM 

CHELATES OF ASPARAGINE AND GLUTAMINE 

(Received 18 September 1972. Accepted 4 October 1972) 

In an earlier communication,’ stepwise stability constants of the chelates of V(IV), Mo(VI) and W(VI) with 
asparagine and glutamine were reported. This paper gives the results of a similar study with Zr(lV), Th(lV) 
and U(VI). 

RESULTS AND DISCUSSION 

In all these systems precipitation occurs around pH 5-6. So ii calculations were done only up to the begin- 
ning of precipitation. Under these conditions ii approaches a value of 3 in the case of thorium, 2 for uranium, 
but approaches only 1.6 for zirconium. Thus K,, K2 and KS can be computed for thorium chelates, and only 
K, and K2 for zirconium and uranium. For the zirconium chelates KJK, - 102.6, so K1 and Kz were comput- 
ed by the half-A method, and further confirmed by the correction term and successive approximation methods. 
For uranium KI/Kz - 10°‘9, so the correction term and successive approximation methods were used. For 
thorium KJK, N lo”.’ and K,IKa - 10°‘5; so approximate constants were obtained by interpolation at half-it 
values and refined by successive approximation. 

Table 1. Stability constants of zirconium(IV), uranium(V1) and thorium(IV) chelates formed with 
asparagine and glutamine (Temp. 25”C, p = 0.1 M NaClO,). 

Metal pH range for 
ion A calculations 

Method 
Asparagine Glutamine 

log K, log Kz log K3 log Ki log Kz log KS 

Zr(IV) 26-5.5 Half-E 8.80 6,25 - 8.75 6.10 - 
Correction term 8.76 6.28 8.75 6.09 - 
Successive 
approximation 8.80 6.25 - 8.75 6.10 - 

UWI) 4.0-6.0 Half-A 
Correction term 
Successive 
approximation 

6.95 6.00 6.85 6.00 - 
6.73 6.19 6.62 6.22 - 

6.79 6.16 - 6.63 6.22 - 

Th(IV) 2.7-5.0 Half-A 
Successive 
approximation 

8.50 7.85 740 8.45 7.70 7.20 

8.28 7.77 7.72 8.30 7.61 7.55 
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Summary-The metal chelates of Zr(lV), Th(lV) and U(V1) with asparagine and glutamine have 
been studied potentiometrically. Stepwise stability constants in 0.1 M sodium perchlorate at 25” 
are as follows. Aspuraginafe chelates-log K, 8.80, log K, 6.25 for Zr, log K, 6.79, log K, 6.16 
for U, log K, 8.28, log K2 7.77 and log K, 7.72 for Th. Glutaminate chelates-log K, 8.75, log 
K2 6.10 for Zr, log K, 6.63, log Kz 6.22 for 0, log K, 8.30, log K1 7.61 and log K, 7.55 for Th. 

Zusammenfassung-Die Metallchelate von Zr(lV), Th(lV) und U(VI) mit Asparagin und 
Glutamin wurden potentiometrisch untersucht. Die stufenweisen Stabilitltskonstantenin 0.1 M 
Natriumperchlorat bei 25” ergaben sich wie folgt. Asparaginate: log K, 8.80 und log K, 6.25 
fur Zr, log K1 6.79 und log K, 6.16 fiir U, log K, 8.28, log K2 7.77 und log Ka 7.72 fur Th. 
Glutaminate: log K, 8.75 und log K, 6.10 fur Zr, log K, 6.63 und log K2 6.22 fur U, log K, 
8.30, log K1 7.61 und log KS 7.55 fur Th. 

R&sum&-On a etudie potentiometriquement les chelates metalliques de Zr (IV), Th (IV) 
et U (VI) avec I’asparagine et la glutamine. Les constantes de stabilite ttagees en perchlorate 
de sodium 0,l M ~4 25” sont les suivantes. Chdates asparuginiques-log K, 8,80, log K2, 6,25 
pour Zr, log K, 6,79, log K2 6,16 pour U, log K, 8,28, log KZ 7,77 et log K, 7,72 pour Th. 
Chelates glutaminiques-log K, 8,75, log K2 6,lO pour Zr, log K, 6,63, log K1 6,22 pour U, 
et log K1 = 8,30, log K, = 7,61 et log K3 = 7,55 pour Th. 
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SEPARATION AND QUANTITATIVE DETERMINATION 
OF THE CERIUM GROUP LANTHANIDES BY GAS- 

LIQUID CHROMATOGRAPHY 

CHARLES A. BURGETT* and JAMES S. FRITZ 
Ames Laboratory, USAEC, Department of Chemistry 

Iowa State University, Ames, Iowa, U.S.A. 

(Received 10 August 1972, Accepted 2 September 1972) 

Summary-A gas chromatographic method is reported for the separation and subsequent 
quantitative determination of the cerium group lanthanides. The lanthanides (RE) are syner- 
gistically extracted from aqueous solution with the polyfluorinated /I-diketone I,1 1 2 2 6 6 7 7 7- ,,,,,VO 
decafluoro-3,5heptanedione, H(FHD), as ligand, and di-n-butylsulphoxide, DBSO, as 
neutral donor. The composition of the extracted species is reported to be RE(FHD), -2DBSO. 
Thermogravimetric analysis of the complexes is reported. Analytical curves were prepared and 
found to be usable over the range of 0.1-10 pg of metal. Individual lanthanides were determined 
with 99.0% recovery with a relative mean deviation of *2-O’%. Mixtures of lanthanides were 
analyzed with 101.2% recovery with a relative mean deviation of *2*2’A. 

Considerable interest has been shown in the use of P-diketonates for gaschromatographyof 
rare earths. Chelates of the rare earths with 2,2,6,6-tetramethyL3,Eheptanedione’ and 
I, 1, I ,2,2,3,3-heptafluoro-7,7-dimethyI-4,6-octanedione2 have been chromatographed. Rare 
earth chelates have also been prepared with l,l, l-trifluoro-5,5-dimethyl-2,4-hexanedione;3,4 
however, thermogravimetric analysis indicated decomposition of many of the complexes. In 
all these instances solid anhydrous chelates were prepared and dissolved in a suitablesolvent 
before injection into the chromatograph. This type of preparation is unsuitable for quanti- 
tative formation of metal complexes in the organic phase. 

Generally the chelates of the rare earths form hydrated complexes which are poorly 
extracted. Mitchell’ has recently reported the successful extraction of lanthanides by using 
synergistic extraction systems of fluorinated p-diketones and various neutral donors. Butts 
and Banks’ reported the use of these mixed-ligand systems for gas chromatography. 
Recently Sieck has completed a detailed study of several mixed-ligand systems.’ Although 
the chelates of individual rare earths were chromatographed, separation of rare earth 
mixtures were not achieved and quantitative analysis were not reported. Earlier Burgett and 
Fritz’ reported the successful gas chromatographic separation and quantitative determina- 
tion of the yttrium group lanthanides as mixed-ligand complexes with 1,1,1,2,2,6,6,7,7,7- 
decafluoro-3,5_heptanedione, H(FHD), and di-n-butylsulphoxide, DBSO. 

This paper describes the preparation of volatile mixed-ligand complexes of the cerium 
group lanthanides by synergistic solvent extraction with H(FHD) and +DBSO. These 
complexes are subsequently separated and quantitatively determined by gas chromato- 
graphy. The solvent extraction effectively separates the lanthanides from major interferences 
and allows rapid preparation of the volatile species. 

* Present address, Hewlett-Packard, Avondale Division, Route 41 and Starr Road, Avondale, Pennsyl- 
vania 193 1 I. Correspondence should be sent to this address. 
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EXPERIMENTAL 

lnstrumentaiion 

A Hewlett-Packard Model 5756B gas chromatograph, equipped with a flame-ionization detector was used. 
A Hewlett-Packard Model 7128 A strip-chart recorder was used for development work, and a I-mV Bristol 
recorder equipped with a Disc Integrator, Model 202, was used for the quantitative studies. Helium was 
used as the carrier gas, and stainless-steel tubing was used for all columns and the injection port liner. The 
following instrument operating conditions were used in the analyses: column, stainless steel, 20 x 0.25 in. 
o.d., packed with 646% Dexsil 300 GC (Analabs) on Chromosorb W (100/120 mesh); column temperature 
was held at 172” for 3 min then programmed to increase to 215” at 6”jmin; helium flow was 50 ml/min, 
air pressure 33 psi& hydrogen pressure 8 psig, injection port tem~mture 280”, fame-ioni~tion detector 
temperature 290”. 

A DuPont Model 950 Thermogravimetric Analyzer was used to obtain all TG curves. A programmed heat- 
ing rate (lO”/min) was used with a nitrogen gas atmosphere with a flow-rate of IO ml/min. 

Reagents 

The ligand 1,1,1,2,2,6,6,7,7,7-decaihtoro-3,5-heptanedione was prepared by a Claisen condensation of 
ethyl pentafluoropropionate with 3,3,4,4,4-pentafluoro-2-butanone as described previously.* Di-n-butyl- 
sulphoxide was obtained from Aldrich Chemical Company, and was used after recrystallization from low- 
boiling petroleum ether. Rare earth oxides of 999% purity were prepared by ion-exchange at this laboratory. 
All other chemicals were reagent grade or better. 

Solvent extraction procedure 

Rare earth stock solutions were prepared by dissolving the rare earth oxide in hot IM hydrochloric acid, 
evaporating to near dryness and diluting to volume with pH 5-5 acetate buffer. The solutions were- standard- 
ized by titration with EDTA, Xylenol Orange being used as the indicator.g The stock solutions were approxi- 
mately O-l M and appropriate dilutions were made to span the concentration range desired. Solvent extrac- 
tions were performed in 1%ml screw-cap glass test-tubes. The inside lining of the screw tops was replaced with 
a Teflon disk to prevent any interaction with the plastic top. Shaking times of 30 min were used although 
~uilib~um was established in 15 min, as determined by s~~ophotometrjc analysis of the organic phase. 

The samples were prepared by contacting l*OO ml of the aqueous solution with I.00 ml of cyclohexane 
containing &diketone in an amount equivaient to three times the total metal concentration of the most 
concentrated sample, and neutral donor in an amount equivalent to twice the total metal concentration of the 
most concentrated sample. After equilibrium was established by shaking, the samples were washed with l*OM 
sodium hydroxide to remove excess of H(FHD). Samples were withdrawn from the cyclohexane phase by 
syringe and injected into the gas chromatograph. 

The composition of the extracted species was shown to be RE(FHD)J *ZDBSO by infrared analysis.’ Here 
Re represents the rare earth metal, FHD represents the ligand anion and DBSO the donor di-n-butylsuiph- 
oxide. Analytical resuits for the mixed-l&and complexes are shown in Table I. 

Table I. Analytical results for cerium group mixed-l&and complexes. 

Metal, % 
Calcd. Found 

Carbon, % 
Calcd. Found 

Hydrogen, % 
Calcd. Found 

La(FHD), -2DBSO lo-01 10.1 32.03 321 2.83 2.8 
Ce(FHD)a *ZDBSO 10.09 10.1 3200 32.0 2.83 2.8 
Nd(FHDlt *2DBSO IO-35 10.4 31.91 31.0 2.82 2~8 
Sm(FHD13 -2DBSO IO-75 10.8 31.76 31.7 281 2-o 
Eu(FHD)a -2DBSO lo-85 10.8 31.73 31.7 2.81 2.0 

Preparation of’ calibration curves 

Standard solutions were prepared over the concentration range of approximately 0.1-15 pg of rare earth. 
In each case 3-5 separate 160-~1 samples of the rare earth complexes were injected into the gasshromato- 
graph and the average of the area under the peak, as determined by the disc integrator, was plotted US. 
sample concentration. The calibration curves were obtained by using the flame-ionization detector and found 
to be invariant over a period of one month. Calibration curves for use in the determination of mixtures of 
rare earths were prepared by the same method as above, using stock solutions of rare earths in I : I ratio. 
This procedure was followed to correct for any peak overlap. 
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Gus chromatographic columns 
No evidence of metal exchange, reaction and or decomposition of the metal chelates on the hot metal 

surface of the stainless-steel column was observed. The column packing was prepared by placing 5 g of dry 
solid support in a 2 x 10 in. cylindrical tube fitted with a glass frit. A solution of Dexsil 300 GC in 56 ml of 
benzene was poured into the tube and mixed with the support. The excess of solution was drained from the 
support through a stop-cock below the glass frit. Filtered air was passed through the packing while heat was 
applied by infrared lamps. After drying, the packing was placed in the stainless-steel cohnnns and packed by 
vibrating the sides of the column. The packed columns were conditioned for 2 hr at 180” then overnight at 
300” before use. 

RESUtTS AND DISCUSSION 

~her~o~r~vj~efric st2kiie.s 

Thermogravimetri~ results for the mixed-ligand complexes of the cerium group lan- 
thanides are shown in Fig. 1, and indicate complete volatilization without decomposition. 
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Fig. 1. TG curves for mixed-ligand complexes of the lanthanides with H(FHD) and DBSO. 
A-Eu(FHD)~ -2DBSO; B-Sm(FHD)J *2DBSO; C-Nd(FHD)J .ZDBSO; D-Fr(FHD)s *ZDBSO; 
&Ce(FHD)~+ZDBSO; Z=-La(FHD)3 *2DBSO. 

Previously” *5 complexes of several of these ianthanides have been found to decompose on 
volatiii~tion. Examination of the temperature at the mid-point of weight loss shows signi- 
cant differences in volatility for the mixed-hgand complexes with DBSO. 

The heavier rare earths were found to be volatilized at lower temperature than their 
lighter neighbours. This difference in volatility can be correlated with the ionic radius of the 
tervaient ianthanides.’ 

Stationary phase 

The selection of the liquid phase depends on two factors. The liquid must have high ther- 
mal stability so that column bleed at the temperatures required for eiution of the rare earth 
complexes is avoided, and it must not interact irreversibly with the chelates being eluted. 

Previously’ we found the liquid phase Dexsii 300 GC useful in the gas chromatographic 
determination of mixed-ligand complexes. Columns prepared with Dexsil 300 GC as the 
liquid phase gave excellent results with the mixed-ligand complexes of the ~anthanides. No 
prior conditioning of the columns by sample injection was required to obtain reprodu~ibie 
results. The mixed-ligand complexes were found to partition significantly into the Dexsil 
300 GC, resulting in excellent separation of the lanthanides. 
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Separation of the Ianthanides 

All the lanthanides were found to be satisfactorily eluted from a 20 by 0.25 in. 6.46% 
Dexsil 300 GC column at 200”. To obtain separations it was necessary to employ various 
temperature programmes, e.g., a 3-min hold at 172”, then a linear increase at 6”C/min. 
With this column and the appropriate temperature programme, excellent separations were 
achieved as shown in Fig. 2. The separation is complete and the peaks suitable for integra- 

I I I 

B 

li 
4 

I I I I 

Ii 

L 
14 IS 18 20 

RETENTION TIME IN MINUTES 

Fig. 2. Gas chromatogram of a mixture of FHD and DBSO mixed complexes of Yb, Er, Dy, 
Gd, Nd and Ce. 

Column as described in text; 4-min hold at 172”C, temperature increase 4”/min. 
A-Cycloxhexane H(FHD); B-DBSO; C-Yb(FHD), .ZDBSO; D-Er(FHD)I. 2DBSO; 
E-DY(FHD)~ .2DBSO; FGd(FHD)a .ZDBSO; G-Nd(FHD)s .ZDBSO; H-Ce(FHD)s .ZDBSO. 

tion and quantitative analysis. Figure 3 illustrates the quantitative resolutions of a mixture 
of lanthanide metals having even atomic numbers, these being the lanthanides commonly 
existing in ores (on account of the alternating abundances); therefore analytical separations 
onthis basis are of practical utility. The peak shapes are very sharp for samples at the 0.2-20 
pg metal level, but the peak is cigar-shaped at higher concentrations. This peak distortion is 
an indication of column overload and limits the concentration that can be used. 

In all studies the composition of eluted species was verified by collection of eluates and 
subsequent infrared and fluorescence analysis. The complexes of each metal were found to be 
eluted without decomposition. 

Quantitative studies 

Calibration curves were prepared for the individual lanthanides. The curves were linear 
over the concentration range O-2-15 pg of metal. Unknowns were prepared by the same 
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Fig. 3. Gas chromatogram of mixtures of several lanthanide mixed-ligand H(FHD)-DBSO 
complexes. 

Column as in text; 3-min hold at 172°C. 
Heating rate 6”/min. 

A-Cyclohexane, H(HFD); B-DBSO; C-Eu(FHD)~ .ZDBSO; DAA(FHD)~ .2DBSO. 
Heating rate 10”/min. 

E-Sm(FHD)3 .ZDBSO; F-Ce-(FHD)3 -2DBSO. 

extraction procedure as the standards. To eliminate excess of ligand from each extract, a 
few ml of O.lM sodium hydroxide were added. The H(FHD) then forms the insoluble 
white sodium salt. Results for the determination of the individual lanthanides, by means of 
the analytical curves, are presented in Table 2. The individual lanthanides were determined 

Table 2. Determination of the individual lanthanides 
as H(FHD)-DBSO mixed ligand complexes. 

Rare earth Taken, pg Found, pg Relative error, % 

Eu 6.38 6.35 -0.5 
3.41 344 to.9 

Sm 5.87 5.80 -1.2 
444 4.35 -2.0 

Pr 4.97 5.04 + I.4 
1.26 I.31 i4.0 

Nd 3.24 3.20 - 1.2 
5.72 5.66 -1.0 

Ce 5.18 5.04 -2.7 
3.16 3.10 - I.9 

La 4.46 4.08 -4.9 
6.47 6.30 -2.6 
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with 99.0% recovery with a relative mean deviation of 22.0%. 
The analytical curves do not extrapolate to zero but to 0.18 pg at zero response. This is 

undoubtedly a result of a finite loss of sample to the column material. Analyses of “ un- 
known” solutions of rare earth mixtures are shown in Table 3. The lanthanides were 

Table 3. Analysis of mixed-rare earth solutions ha the 
H(FHD)-DBSO mixed-ligand complexes. 

Mixture Taken, pg Found, pg Relative error, % 

Eu 10.10 IO.10 0.0 
Nd 7.05 7.39 ~4.8 
Sm 2.93 2.96 -1.0 
Ce 2.79 2.76 -1.1 

determined with 10 I .2 % recovery and a relative mean deviation of + 2.2 %. 
Detection limits were determined for all the rare earths tested. The detection limit was 

taken to be that amount of mixed-ligand complex necessary to give a chromatographic 
peak response equal to or greater than twice the background response. The detection 
limit observed was 0.20 pg of metal for each of the rare earths. 

The response to the flame-ionization detector was found to vary from metal to metal, 
as shown in Table 4. The variation in response is probably caused by differences in the 

Table 4. Response factors for the flame-ionization detector. 

Compound 
Response factor 

lo-’ i: integration countlpg 

La(FHD)o .ZDBSO 0.28 
Ce(FHD)3 .2DBSO 3.15 
Pr(FHD), .ZDBSO 1.11 
Nd(FHD)s .ZDBSO 2.15 
Sm(FHD)o .ZDBSO 22.70 
Eu(FHD)~ .2DBSO 4.29 

Calculated from slope of area US. concentration plots. 

combustion of each metal. The extreme enhancement observed with the samarium complex 
limits the usefulness of the method for determining mixtures containing samarium. The 
detector readily becomes swamped and may not observe the lower signal from neighbouring 
metal chelates. 

Interferences 

The extraction system was found to be useful in separating the lanthanides from calcium, 
scandium, iron(III), aluminium, uranyl and thorium. Calcium and scandium were not 
extracted at pH 5.5. Iron and uranium were extracted but were removed by washing the 
extract with O.lM sodium hydroxide. Aluminum and thorium did not interfere with the 
determination of the lanthanides. 

The yttrium group lanthanides also form complexes with the (FHD)-DBSO system and 
have been quantitatively determined. ’ The retention time of the yttrium group lanthanides 
is shorter than that of the cerium group rare earths and, as shown in Fig. 3, they offer no 
interference. 
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Yttrium is also extracted as the mixed-ligand complex, Y(FHD),*ZDBSO. The complex is 
thermally stable and can be chromatographed. The yttrium complex can be separated from 
all of the cerium group elements and quantitatively determined : its retention time is similar 
to that of holmium. 

CONCLUSIONS 

An efficient method for the determination ofthe lanthanides as the mixed-ligand complexes 
with H(FHD) and DBSO has been developed. This determination offers the first successful 
gas chromatographic separation and quantitative determination of the cerium group 
lanthanides. The synergistic extraction system renders the analysis virtually free from inter- 
ferences and allows the first rapid preparation of volatile and thermally stable cerium group 
lanthanide chelates. 
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Zuaammenfaastmg-Eine gaschromatographische Methode zur Trennung und anschlie8enden 
quantitativen Bestimmung der Lanthaniden der Cergruppe wird angegeben. Die Lanthaniden 
(RE) werden aus wll3riger Losung mit dem mehrfach fluorierten &Diketon 1 1 I 7 2 6 6 7 7 7- 9 , ,-, 9 9 , 3 9 
Dekafluoro-3,5-heptandion H(FHD) als Ligand und Di-n-butylsulfoxid DBSO als neutralem 
Donor synergistisch extrahiert. Die Zusamrnensetzung der extrahierten Spezies wird als 
RE(FHD)J.2DBS0 angegeben. Die Ergebnisse der thermogravimetrischen Untersuchung 
der Komplexe werden mitgeteilt. Analytische Kurven wurden aufgezeichnet und im Bereich 
O-l-10 pg Metall benutzbar genfunden. Einheitliche Lanthaniden wurden mit 99,0%Ausbeute 
und einer relativen Standardabweichung von 2 2.0% bestimmt. Gemische von Lanthaniden 
wurden mit einer Ausbeute von 101.2 7; und einer relativen Standardabweichung von = 2.2 % 
analysiert. 

Resume-On decrit une methode chromatographique en phase gazeuse pour la separation et le 
dosage quantitatif subsequent des lanthanides du groupe du cerium. On extrait les lantanides 
(RE) de maniere synergique de la solution aqueuse avec la /3-d&tone polyfiuor&e 1,1,1,2,2,6,6,- 
7,7,7-dtcafluoro 3,5-heptanedione, H(FHD), comme coordinat, et ledi-n-butylsulfoxyde, DBSO, 
comme donneur neutre. La composition de I’espece extraite est don&e comme ttant RE 
(FHD),, ZDBSO. On rapporte l’analyse thermogravimetrique des complexes. On a Ctabli des 
courbes analytiques, et les a trouvees utilisables dans le domainO,l-IO pg de mttal.Onados&les 
lanthanides individuels avec une recuperation de 99,0x et un Ccart relatif moyen de =2,0 %. 
On a analyse des melanges de lanthanides avec une recuperation de 101,2 % et un ecart relatif 
moyen de 12,2 %. 
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Summary-Cathodic reactions in methanol and isopropanol have been investigated in the 
presence of both lithium chloride and tetraethylammonium bromide as supporting electrolytes. 
A side-reaction in lithium chloride medium leads to the formation of insoluble lithium 
hydroxide but base is generated stoichiometrkally in tetraethylammonium bromide by 
reduction of solvent, oxygen and traces of water. Tetraethylammonium bromide is recom- 
mended as supporting electrolyte for the coulometric titration of acids in isopropanoi. 

The advantages of coulometric titration of acids in non-aqueous solvents have been well 
documented.’ Because protolysis constants are lower in many non-aqueous solvents than 
in aqueous solutions, weak acids can be titrated in these media with much sharper end- 
points. Coulometric titrations in such media eliminate the preparation and standardization 
of the often expensive titrants necessary for volumetric titrations. Coulometric titration of 
acids has been accomplished in various solvents such as 70% aqueous isopropyl alcohoL2 
isopropyl alcohol, 3*4 isopropyl alcohol-methyl ethyl ketone (1: 1 v/v)~, acetone containing 
0.5% methanoL5 acetone6v7 and t-butyl alcohol.6*8 Several authors2*9*‘0 have found it 
necessary to add water to the organic solvents in order to generate alkali with 100 ‘A current 
efficiency, but in general this is a disadvantage as it often reduces the sharpness of the end- 
point3p5 and the solubility of the sample. 

There are two difficulties with regard to the applicatian of coulometric titrations in non- 
aqueous solvents. First the resistance of the solution is much higher than that of aqueous 
solutions. and most commercial constant-current -generators, which are low-voltage sources, 
do not give constant currents under these conditions. In this situation, the analytical result 
is not obtained from a simple interpolation of the time for which a fixed current is passed. 
This may be overcome by current integration3*’ or by the design of a suitable high-voltage 
constant-current source.* The second factor is that side-reactions often occur which may 
prevent the generation of titrant with 100% efficiency. However, most workers have been 
able to establish conditions under which a titration efficiency of 99% or better has been 
achieved in such solvents as acetone,sV6 isopropyl alcohol3 and t-butyl alcohol,6 although 
in many cases solvent blanks are considerable.‘j 

* Present address: Fisons Ltd., Pharmaceutical Division, Loughborough. 
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In Part I,4 a coulometric method was described for the determination of carbon in steel 
in which the carbon dioxide liberated by the high-temperature combustion of the sample 
is absorbed in isopropyl alcohol containing 3% ethanolamine and MM in tetraethyl- 
ammonium bromide (TEAB) and titrated coulometrically. During the development of this 
procedure it was discovered that if lithium chIoride was used as supporting electrolyte, the 
current efficiency was much lower than expected for isopropyl alcohol media and 100% 
current efficiency could only be restored by addition of substantial amounts of water. 
When subsequently lithium chloride was replaced by TEAB, 100% current efficiency was 
obtained. Recently, Rehioui and Johansson” have investigated the electrochemical -be- 
haviour of isopropyl alcohol at platinum electrodes and have concluded 
cathodic reaction in a supporting electrolyte of 0*.5M sodium perchlorate is 
of isopropoxide ions 

9-I 
2(CIG--C 

‘OH 
+2e - 

HH 
2tCH,), 4, H2 

0 

that the main 
the generation 

(1) 

However, these authors also observed the formation of a yellow deposit on the cathode,3*‘1 
the amount of the deposit being greatly increased when lithium perchlorate was used as 
supporting electrolyte. l1 The cathodic electrode reactions in methanol and isopropyl alcohol 
solutions of lithium chloride and tetraethylammonium bromide have been further investi- 
gated and the results are reported in this paper. As a result of these investigations TEAB 
is recommended as a supporting electrolyte for the coulometric titration of acids in isopropyl 
alcohol. 

EXPERIMENTAL 

Reagents 

All reagents were of chemical reagent grade. The lithium chloride was dried at 100” to yield the anhydrous 
salt. The gases used (oxygen, nitrogen, air) were commercial materials used without further purification. 

The tetraethylammonium bromide was recrystafiized by, dissolving SO g in the minimum amount of 
isopropyl alcohol (ca. 150 ml) at 50-60” and adding 150 ml of acetone. The precipitated material was dried 
at 70” and stored in a desiccator to prevent absorption of water. 

The electrodes used for coulometry were 1 x 1 cm pieces of platinum foil welded to platinum wire and 
sealed in soda-glass tubing. The electrodes used for amperornetry were 22-gauge platinum wire sealed in 
soda-glass tubing with 2.5 cm left exposed. One of these was kept stationary and used as the anode, the 
other, the cathode, was rotated at 600 rpm by means of a Radiometer Rotating Platinum Electrode Assembly 
(type E70). 

The referen= etectrode was in every case a saturated caiomel electrode and ail the voltages given in 
this paper are referred to the potential of this electrode. When the electrode was used for measuring the 
current/potential curves an additional salt bridge of 1M TEAB in the appropriate solvent was used to 
prevent water from contaminating the test solution. 

The potentiostat used in the earlier experiments was a Heathkit three-electrode polarograph module 
(EUA-t9-2). However this could not supply sufficient current, so a more powerful instrument was built, 
(Fig. l), and currents were measured with an Avometer. 

The coulometer was a modification of a valve circuit suggested by Glass and Moore’l and supplied 
constant currents of S-100 mA at voltages of up to 200 V. The switch which interrupted the currant through 
the cell also controlled a clock which measured the time required to reach the end-point. With this instrument 
the current drifts slightly and it is necessary to monitor the current continuously with a potentiometer and 
standard resistance. 

The coulometric titration vessel was an H-ceil with sintered-glass discs separating the anode and cathode 
compartments (40 ml capacity) from the salt bridge which connected them. For the amperometric experi- 
ments a simpte glass cup (40 ml capacity) was used, and no precautions were taken to avoid absorption 
of water during an experiment. 
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Fig. 1. Circuit diagram of high-current potentiostat. 

Amperometry 
The current/potential curve for solutions of lithium chloride in isopropyl alcohol was measured auto- 

matically with the Heathkit polarograph. Because equilibrium was reached very slowly, the initial potential 
was applied for one hour before the scan was started and the lowest possible scan-rate of 0.05 V/min was 
used. When lithium chloride in methanol was the electrolyte the measurements were taken manually with 
the high-current potentiostat, 10 min being allowed between voltage changes for the current to become 
steady. With tetraethylammonium bromide as the electrolyte in either solvent the electrode was cleaned 
between voltage changes by anodizing at +1*8 V for 1 mitt, and cathodizing at -1.8 V for 1 min; the 
potential was then applied and the current measured after 2 min. Measurements of the conductivity of the 
electrolyte suggest that the maximum error due to the voltage drop in solution between the reference and 
working electrodes would be 50 mV. 

In investigation of the dependence of limiting-current on oxygen concentration, the oxygen concen- 
tration was measured by the Winkler method,13 with omission of the permanganateloxalate treatment used 
to destroy nitrite. 

Coulometry 
To reduce the resistance of the cell the anode compartment was fihed with l.OM tetraethylammonium 

bromide in methanol, the cathode compartment and salt bridge being filled with the solution being tested- 
either 0.1 M lithium chloride in one of several alcohols or 0*5M tetraethylammonium bromide in isopropyl 
alcohol. If a potentiometric end-point was to be used, glass and calomel electrodes were inserted into the 
cathode compartment. If a spectrophotometric end-point was required 0.5 ml of 0.1% thymolphthalein 
in isopropyl alcohol was added to the cathode compartment which was placed in the cell compartment 
of an EEL Spectrotitrator. The solution was then preneutralized by passage of current until a selected e.m.f. 
or absorbance was reached. Known amounts of acid were added, and the titration completed by passing 
current until the same e.m.f. or absorbance was reached. The coulometric efficiency was calculated as 100 x 
acid added/acid found. 

RESULTS AND DISCUSSION 

Coulometric titrations in alcohols, with lithium chloride as supporting electrolyte 

During investigations into the selection of the most suitable solvent medium for the 
coulometric determination of carbon in steel, coulometric titrations of benzoic acid were 
conducted in a range of alcohols as a check on the current efficiencies of the respective 
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cathodic reactions. In these tests the electrodes were placed in separate compartments of a 
standard H-cell and the supporting electrolyte was @lM lithium chloride. The end-point 
was detected visually with phenolphthalein as indicator. A current of 125 mA was used 
and with a 2-cm platinum cathode this gave a current density of 6.25 mA/cm’. Results for 
the titration of 5 ml of 0.1% benzoic acid solution are given, in Table 1 and show that 

Table 1. Coulometric current eflkiencies for the titration of 
benzoic acid in various alcohols: 0*1&f lithium chloride as 

su~~rting electrolyte. 
(Current density 6.25 mA/cm2.) 

Current efficiency, % 

Alcohol Water 0 % Water 15 % Water 30% 

Methyl lOO*O. 100.2, loo*0 - - 
Ethyl 100~1. 1#*2, 100.1 - - 

n-Propyl 94.2, 93.3, 948 - Isopropyl 61.2, 60.3, 60.8 95*0,95.1 99.7, 100.0 
n-Butyl 44.0, 440, 44.2 - - 

although 100% current efficiency is obtained in methanol and ethanol under these condi- 
tions, the current efficiency drops considerably as the carbon chain of the solvent is in- 
creased in length or branched. This was considered unfortunate since the larger-chain 
alcohols are also those which have the smallest autoprotolysis constants, and are therefore 
more di~e~ntiatin~ and better solvents for the titration of acids with a wide range of 
ionization constants. Addition of increasing amounts of water to the solvent medium 
increased the current efficiency of isopropyl alcohol but large amounts were required to 
obtain 100% current efficiency and such “semi-aqueous” media would suffer from the 
disadvantages mentioned above. Assuming the electrode reaction can be written generally as 

2ROH + 2e - 2RO- + H, 

a low current efficiency indicates overconsumption of charge and therefore that another 
reaction is taking place which produces either no titrant or a smaller amount of titrant 
than the main reaction. To investigate these reactions a voltammetric study of two typical 
solvents in this series was undertaken. 

Current/potential curves in methanol and isopropyl alcohol with lithium chloride as supporting 
electrolyte 

Current-potential curves were measured in the cathodic region (from 0 to -3 V with 
respect to a saturated calomel electrode) for O*IM lithium chloride in isopropyl alcohol 
and for l,OM lithium chloride in methanol, a rotating platinum electrode being used. The 
results are illustrated in Fig. 2; methanol gives a sharp rise in current at about - la.5 V 
(Curve A) corresponding to decomposition of the solvent, but isopropyl alcohol gives much 
smaller currents which increase more gradually (Curve B). For isopropyl alcohol medium 
the current was found to depend on the direction of the scan, higher currents being observed 
when the voltage was scanned from + to - than in the reverse direction (Curves Band C). 
This effect was much less noticeable with methanol as medium. Addition of water increased 
the currents obtained but the forward and reverse scans were still substantially different 
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Fig. 2. Current/potential curves for methanol 1 M in LiCI, and isopropyl alcohol 0.1 M in LICI. 
Rotating platinum electrode, automatic scan at a scan-rate of O-05 V/min. Curve A, methanol 
forward and reverse scan. Curve B, isopropyl alcohol forward scan. Curve C, isopropyl 
alcohol reverse scan. Curve D, isopropyl alcohol/5 Y0 water, forward scan. Curve E, isopropyl 

alcohol/5°A water, reverse scan. Solutions saturated with nitrogen. 

(Curves D and E). Replacement of nitrogen with oxygen or air gave similar results but with 
the addition of an oxygen wave. For both solvents, under all conditions, the measured 
currents decreased steadily with time (Fig. 34, the effect being worse in the presence of air 
or oxygen (Fig. 3b). Lower currents are therefore observed if the potential scan is carried 
out manually rather than automatically, although the shapes of the curves are similar. 

The results can be interpreted by assuming that during electrolysis a deposit, similar to 
that observed by Rehioui and Johansson,” is formed on the cathode and causes a decrease 
in current as it increases in thickness. With isopropyl alcohol as solvent a white waxy 
deposit could in fact be observed on the cathode. The thickness of this deposit probably 
explains why very low currents (of the order of PA) are observed in isopropyl alcohol in 
the presence of lithium chloride whereas other solutions (see later) give much highercurrents 
(of the order of mA). It would also explain why the currents are dependent on the direction 
of the scan since in scanning from 0 to -3 V the deposit will be building up whilst in the 
reverse scan a thick deposit will be formed initially. 

The decay of current was also observed when methanol was used, even though no film 
was visible on the cathode. In this case there appeared to be three possible explanations for 
the decay of the current : 
(a) the formation of an invisible film; 
(b) the formation, during the electrolysis, of a substance that accumulates in solution and 

inhibits the cathodic reaction; 
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Time, min Time. min 

Fig. 3. (a) Change of potential with time for (1) methanol at -1 V US S.C.E., (2) isopropyl 
alcohol at -3 V vs. S.C.E; solutions saturated with nitrogen. (6) Change of potential with 
time at -1 V vs. S.C.E. in methanol saturated with oxygen; after 60 minutes, (1) electrode 
removed, cleaned and replaced in the same solution, (2) electrode removed and placed in a 

new solution of the same composition. 

(c) the slow growth of the diffusion layer to its equilibrium size accompanied by the decay 
of the current to a steady value. 

To disting~sh between these possibilities two tests were made. In the first, a potential of 
- 1 V was applied to an electrode and the current allowed to decay to about one tenth of 
its initial value. The electrode was then withdrawn from the solution and, without any 
form of treatment, was placed in a fresh solution. The current then measured was almost 
identical to that obtained before the solutions were changed [Fig. 36(2)]. This would only 
be expected in case (a) above. In the second test, the electrode was removed from the 
solution at the same point, cleaned in chromic acid and replaced in the same solution. The 
current was found to increase by a factor of 6 [Fig. 36(l)] which would be expected in cases 
(a) and (c) above and not in case (b). 

In both solvents, therefore, a deposit is formed on the cathode but the deposit is much 
thicker in isopropyl alcohol solutions. The deposit explains not only the unstable currents 
but also, if it is basic, the low current efficiencies. A large amount of deposit resulting from 
the electrolysis of an isopropyi alcohol/lithium chloride solution was dried and subjected 
to analysis. microanalysis (Table 2) gave a very low carbon content, indicating that the 
substance was not organic, a conclusion supported by the infrared spectrum. This gave no 
peaks in the CH-stretch region but gave two sharp peaks at 3570 and 3680 cm-‘, which 
were also apparent in a spectrum of a sample of anhydrous lithium hydroxide. Other results 
suggest that both samples were partially hydrated.14 An X-ray powder photograph of the 
deposit gave d spacings (2.96, 2.75, 2.66, 2.43 and l-75 A) and relative line intensities (60. 
40, 100, 60, and 40 respectively) identical to those for LiOH.H,O but quite different from 
those for LiOH and LiCl”. The X-ray analysis took 5 hr to complete and it is likely that 
in this time sufficient water was absorbed to convert the sample completely into the hydrate. 
On titration with standard acid, the sample was found to contain the equivalent of 87% 
lithium hydroxide. 
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Table 2. Elemental microanalysis of 
cathodic deposits formed in 

isopropyl alcohol 

377 

Supporting electrolyte 

LiCl TEAB 

c % 3.1 35.8 
4.5 7.3 
2.0 - 
- 21.0 

Electrolysis of isopropyl alcohol in the presence of lithium chloride therefore results in 
the deposition of lithium hydroxide on the cathode, which reduces the current efficiency 
with respect to the generation of basic titrant. 

Current/potential curves in methanol and isopropyl alcohol with tetraethylammonium bromide 
as supporting electrolyte 

A satisfactory supporting electrolyte should have high solubility and conductivity in the 
solvent medium and ideally be unaffected by the passage of current. Several authors have 
used tetralkylammonium salts as supporting electrolytes in t-butyl alcohoP** and acetone’ 
and in this case the tetralkylammonium hydroxide formed by reduction of traces of water 
is assumed to be the generated titrant. 6 Several such salts were examined but most were 
not sufficiently soluble (e.g., tetramethylammonium bromide, tetraethylammonium iodide, 
tetrapropylammonium iodide) in isopropyl alcohol to give the required high conductance. 
Two (tetrabutylammonium iodide and tetraethylammonium bromide) were sufficiently 
soluble, and of these tetraethylammonium bromide (TEAB) was chosen for voltammetric 
investigation because it had the higher solubility and conductance. 

Currents measured when TEAB was used as supporting electrolyte were stable, changing 
only very slightly with time, and were independent of the direction of scan. Currents in 
methanol and isopropyl alcohol were of similar magnitude and no visible deposits were 
formed at the cathode. Use of TEAB therefore appeared to eliminate the difficulties. en- 
countered with lithium chloride. 

The current/potential curves for O*lM TEAB in methanol showed a distinct wave due 
to oxygen. This is shown clearly in Fig. 4 by the increase in average limiting current in the 
region of - 1.2 V as the nitrogen atmosphere is successively replaced by air and oxygen. 
The limiting current was linearly related to the concentration of oxygen (determined by a 
modified Winkler method).i3 For example average limiting currents of 30.8, 14.6 and 1.8 
mA/cm2 were obtained for concentrations of oxygen determined as 7.25 x 10s3M (oxygen- 
saturated solution), 3.75 x 10e3M (air-saturated solution) and 1.375 x lo-‘M (nitrogen- 
saturated solution) respectively. As the methanol is diluted with water the limiting current 
decreases (Fig. 4) owing to the decreased solubility of oxygen in aqueous solutions. When 
the electrode was not rotated the wave disappeared, which confirms that it is not due to 
either methanol or water but is due to a solute of low concentration. In isopropyl alcohol 
the oxygen wave could not be resolved from the background current due to reduction of 
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Fig. 4. Current/potential curves for methanol 0.2M in tetraethylammonium bromide. 
A, solution saturated with oxygen. B, solution saturated with air. C, solution saturated with 
nitrogen. D, methanol/20% water, air atmosphere. E, 100% water, air atmosphere. F, current/ 

potential curve for methanol 1M in LiCl. 

solvent, but the current was still dependent on the oxygen content (Fig. 5). For compari- 
son of the relative currents, the curve obtained for 0.IM lithium chloride is included in 
Fig. 5. 

In coulometry, the concentration of the supporting electrolyte governs the resistance of 
the cell and hence the voltage that the constant-current generator must deliver. The effect 
of TEA3 concentration was investigated with methanol rather than isopropyl alcohol as 
medium, because of the better resolution of the oxygen wave. The limiting current for the 
oxygen wave decreased as the TEAB concentration was increased and this can be attributed 
to the increasing viscosity of the solutioni 

Nature of the titrant generated in isopropyl alcohol with tetraethylammonium bromide as 
supporting electrolyte 

Since TEAB appeared to be the most suitable supporting electrolyte for the coulometric 
titration of acids in isopropyl alcohol, the nature of the product of electrolysis in this 
medium was investigated. A solution of 0.1M TEAB in isopropyl alcohol was electrolysed 
for 5 hr and the products were precipitated with a solution of lithium bromide. Micro- 
analysis of the precipitate suggested that it was a mixture of lithium isopropoxide and 
lithium bromide (Table 2) and the infrared spectrum showed the typical absorption pattern 
of the isopropyl group in the CH,-stretch regions. The elemental analysis suggests that the 
precipitate is 65% lithium isopropoxide and 30% co-precipitated lithium bromide and is 
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certainly different from the inorganic material formed in the presence of lithium chloride 

as supporting electrolyte. 

Cathodic reactions 

The results above allow a mechanism for the generation of base to be described. With 
lithium chloride as supporting electrolyte there are two products, a soluble base which 
reacts with acids (Table 1) and insoluble lithium hydroxide, the amount of the latter pro- 
duced being much less in methanol than in isopropyl alcohol. The soluble base will be 
alkoxide ions produced by reaction (2). Lithium hydroxide may be produced by reduction 

of traces of water 

2H,O + 2e - 20H- + H2 (3) 

or by reduction of dissolved oxygen 

O2 + 2ROH + 4e - 20H- + 2RO- (4) 

where the hydroxyl ion reacts subsequently with the supporting electrolyte 

Lit + OH- - LiOHJ (5) 

forming lithium hydroxide which is insoluble in both methanol and isopropyl alcohol. 
Reduction of isopropyl alcohol occurs at more negative potentials than that of methanol 
(Figs. 4 and 5) and allows reaction (3) to make a greater contribution to the overall current. 
At a potential of -2.5 V, a current of 100 mA is passed by water, 90 mA by methanol and 
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Fig. 5. Current/potential curves for isopropyl alcohol 0.2M in tetraethylammonium bromide. 
A, solution saturated with oxygen, B, solution saturated with air. C, solution saturated with 

nitrogen. D, curve for isopropyl alcohol 0.1 M in LiCI, saturated with nitrogen. 
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2 mA by isopropyl alcohol. Thus if one Faraday is passed through an electrode immersed 
in an alcohol containing O-1 % water and the electrode is m~nt~ned at -2.5 V, then in 
the case of methanol 0.001 I equivalents of hydroxide ions will be generated or 0.1% of 
the total alkali. In the case of isopropyl alcohol, however, 0.048 equivalents or about 5 % 
of the total alkali will be hydroxide. Despite the fact that this calculation applies strictly 
only to reversible systems, it is clear that in the case of isopropyl alcohol a much larger 
proportion of the alkali is generated as hydroxide ions and a much thicker deposit is formed. 
The film formed on the cathode in isopropyl alcohol essentially blocks the current and 
suppresses the appearance of any well-defined background wave. The reduction of the 
added water did not yield a wave which could be resolved from the background due to 
either solvent, which confirms the results of Rehioui and Johansson.” 

Another possibility for the formation of lithium hydroxide is the reduction of lithium 
ions to lithium metal, a reaction which has a standard reduction potential of -3.0 V t‘s. 
S.C.E in water. The lithium formed would be expected to react rapidly with traces of water 
to form insoluble lithium hydroxide. Whilst the reduction potential of lithium .will be 
different in the two solvents under consideration, this reaction appears a possibility in 
isopropyl alcohol. However, it seems unlikely that it could account for the formation of 
even a thin film in methanol as very high currents are passed in this solvent at potentials 
well below - 2.0 V. 

In TEAB, reactions (2), (3) and (4) would be expected to occur in both methanol and 
isopropyl alcohol and since tetraethylammonium hydroxide is soluble in these media, no 
film is formed on the electrode. In the coulometric determination of carbon,4 oxygen is 
used to flush the carbon dioxide into the titration cell and reaction (4) could be expected 
to occur to a considerable extent. Since this produces the same number of equivalents of 
base per Faraday as reaction (2) the stoichiometry of the main reaction is not disturbed 
by this side-reaction. The analysis of the products of reduction in TEAB solutions did not 
reveal the formation of any hydroxide ion but small amounts would not be apparent in 
the analysis. 

Coulometric titrations of acids in isopropyl alcohol 

The only previous worker to use isopropyl alcohol for the coulometric titration of acids 
used sodium perchlorate as supporting electrolyte but also mentioned the use of tetraethyl- 
ammonium iodide.3 On the basis of the resuits in this paper, we would recommend the use 
of tetraethylammonium bromide and have recently described the determination of carbon 
in steel by use of such a system but with the addition of 3% ethanolamine to bring about 
efficient absorption of carbon di0xide.j To test the general application of this system, 
coulometric titrations of several other acids have been carried out. 

In our laboratory, a constant-current generator, with a valve circuit basically similar to 
that described by Glass and Moore, l2 has been used. This delivers a large voltage (200 V, 
at 100 mA) suitable for titrations in non-aqueous solvents. Analytical results are then 
obtained by a simple calculation from the constant current and the time for which it is 
passed. A possible difficulty with such a system is that a large amount of heat is generated 
when a current is passed through such a large resistance. The resistance is located mainly 
in the sintered-glass partitions used to separate the anode and cathode compartments of 
the cell, and if the resistance is too high, the solution adjacent to these partitions will boil. 
This problem has been overcome (a) by using wide porous sinters and (b) by using the 
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high-resistance isopropyl alcohol solution in the cathode compartment only, and methanol 
in the other compartments. 

Initially large solvent blanks (approx. I meq/g) were encountered but these were traced 
to contamination of the TEAB by traces of a strong acid. Recrystallization of the TEAB 
reduced the blanks to 0.2 meq/g. 

Coulometric titrations of p-nitrophenol, benzoic acid, ascorbic acid and phenol were 
carried out, with potentiometric end-point indication with a glass electrode-saturated 
calomel electrode couple. Titration efficiencies were always close to 100 y. even with phenol, 
although in this case the potential jump was small (70 mV). The precision was tested by 
titration of 5 mg of benzoic acid (10 determinations), a range of results from 5.148 to 
4.958 mg being obtained, which yielded a standard deviation of 0.062 mg and a 95% 
confidence limit of 5.006 + 0.049 mg for the mean. The proposed system therefore appears 
to be at least as satisfactory as other systems which have been proposed for the non-aqueous 
coulometric titration of acids. 
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Zusammenfassung-Kathodische Reaktionen in Methanol und Isopropylalkohol wurden 
in Gegenwart von Lithiumchlorid und TetraPthylammonium bromid als Leitsalzen untersucht. 
lm Lithiumchlorid-Medium fiihrt eine Nebenreaktion zur Bildung von unlijslichem Lithium- 
hydroxid ; mit Tetralthylammoniumbromid wird durch Reduktion von Lijsungsmittel, 
Sauerstoff und Wasserspuren sttichiometrisch Base gebildet. Zur coulometrischen Titration 
von SLuren in Isopropylalkohol wird Tetra&thylammoniumbromid als Leitsalz empfohlen. 

R&sum&--On a Ctudit les rkctions cathodiques en mtthanol et isopropanol en la pr&ence B la 
fois de chlorure de lithium et de bromure de t&ra&hylammonium comme &ctrolytes supports. 
Une rtaction secondaire en milieu chlorure de lithium m&e ii la formation d’hydroxyde de 
lithium insoluble, mais la base est g&&&e stoechiometriquement en bromure de t&ra&hyl- 
ammonium par rtduction de solvant, d’oxygene et de traces d’eau. Le bromure de t&ratthylam- 
monuim est recommande comme support &ctrolyte pour le titrage coulomttrique d’acides 
en isopropanol 
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Summary-The optimum conditions for the successful use of N-phenylanthranilic acid as 
indicator in titrations of iron(I1) with dichromate, cerium(IV) sulphate and vanadate have 
been established. The influence of iron(W) on the indicator action, and the nature of a green 
compound formed from the indicator in iron(H) titrations, have been investigated spectro- 
photometrically. 

Syrokomskii and Stiepin’ have studied the indicator properties of N-phenylanthranilic 
acid (NPA); that the indicator is superior to ferroin is implicit in their conclusions. 
As NPA is a derivative of diphenylamine, its oxidation mechanism is generally considered 
similar to that of the parmt substance. The oxidation to the coloured compound can 
then be formulated as 

2 @a N-phenylanthranilic acid (NPA) 
colourless 

HOOC 

- 2; 

I 

- 2e 

Diphenylbenzidinedicarboxylic acid 
colourless 

HO06 COOH 

Semiquinone 
“Diphenylbenzidine - H+ - e 
green compound” 

(DBGC) green 
= QN_NQ 

HOOC COOH 

Diphenylbenzidine violet compound (DBVC) 
pink 

Recently, however. Bishop and Hartshorn 2 have shown that the oxidation of the 
arylamine to the coloured compound is a single-step two-electron process with no 
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detectable evidence for the formation of an intermediate, either of a benzidine or of a 
semiquinone, but they confirm that reduction of the oxidized arylamine stops at the 
benzidine stage. 

Syrokomskii and Stiepin’ report that the formal redox potential of the indicator system 
in IM sulphuric acid is 1.08 V, but no working details of the Russian work are 
available. Lederer and Ward3 claim to have confirmed this value, but they have made 
no allowance in their calculations for the irreversible step. In view of the behaviour of this 
indicator in the iron(dichromate titration, the reported formal redox potential is 
considered high.4 Belcher et ~1.’ argue that the reported potential is incorrect in view 
of the redetermined value of the transition potential (O-g9 V); further they do not expect 
such an abnormal rise in the redox potential of diphenylamine on the introduction 
of a carboxyl group. However the behaviour of the indicator in the iron(dichromate 
titration cannot be used to assess the redox potential of the indicator system, in 
view of the peculiar behaviour of the dichromate/chromic system;‘.’ further. the transition 
potential of a one-colour indicator is dependent on the indicator concentration and the 
colour change does not depend on the ratio of the oxidized and reduced forms of the 
indicator as with a two-colour indicator.’ The present author has failed to determine the 
redox potential of the system in 1M sulphuric acid from a potentiometric cerium(IV) 
sulphate titration of NPA alone or in combination with iron( at room temperature: 
the potentials from the beginning in the former system, and after the complete oxidation 
of iron(I1) in the latter, were continuously drifting with time and were not reproducible 
even under carefully controlled experimental conditions. In the latter titration some of the 
indicator is oxidized along with the iron and a bright greenish yellow colour is evident 
at a stage when the iron(I1) end-point is imminent. The same colour is evident in the 
initial stages of the titration of NPA alone but only after a transient appearance of pink. 
It was thought that investigation into the cause of this colour formation might give some 
information on the failure of the potentiometric titrations. 

Although Syrokomskii and Stiepin’ claim that the indicator works well in the titration 
of iron(I1) with cerium(IV), dichromate and vanadate, there are contradictory re- 
ports 1*4,5*6~10,11 on the behaviour of the indicator in the iron(dichromate titration. 
Further, there is no detailed information on the limitations of the indicator in these 
titrations. In the present communication an attempt is made to define the working 
experimental conditions for these titrations more precisely and provide an explanation 
for the observed behaviour of the indicator. 

EXPERIMENTAL 

Reagents 

Potu.ssi~m ~~~~~romffte, O.OSN. Ce~j~rn(~ V) ~ulphate. O.OSN. Prepared by dissolving curium ammonium 
sulphate in IN sulphuric acid and standardized against arsenic trioxide according to the method of Gleu.” 

Sodium uunadute, 0*05N. Prepared by treating the requisite amount of ammonium vanadate with a slight 
excess of sodium carbonate in solution, boiling until free from ammonia, then making up the solution to the 
desired volume. The solution is standardized against Mohr’s salt by the procedure of Walden et al.13 

Iron ammonium sulphate, O.OSN. Prepared in IN sulphuric acid from analytical-reagent grade material. 
N-Phenylanthranilic acid, OGOSM. 

Apparutus 

The potentiometric assembly consisted of a Cambridge potentiometer and a suspension galvanometer. A 
bright platinum rod (ca. 0.2 mm in diameter) served as indicator electrode and a saturated caiomel electrode 
as the reference electrode. 
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~~o~(fr)-ce~j~~(~~) sufphare. The indicator (2 drops per 50 ml of solution) has been found to function 
satisfactorily in this titration in 05-&ON suiphuric acid medium. The colour change at the end-point is from 
a light greenish yeliow to pink at lower acidities, and from an intense greenish yellow to pink at higher 
acidities. The colour change is not from colourless to pink as reported in the literature. The reduction of the 
oxidized indicator by iron becomes somewhat slow towards the close of the titration in 4-6N sulphuric 
acid but there is little difficulty in locating the end-point. At still higher acid concentrations premature 
end-points have been obtained. 

Iran(~lirhrorna~e. The indicator functions satisfactorily in 2-6N sulphuric acid medium in this titration; 
the titration is possible even at a lower acidity than 2N provided the titration mixture is O.O?N or more in 
iron(lI1). The colour change at the end-point is from greenish yellow to bright pink. 

~~~i~(~~)-c~unu~ffre. The indicator functions satisfactorily in 4-6N sulphuric acid medium in this titration but 
at the lower limit the colour change at the end-point requires a little time (5 set) in view of the slowness of 
the indicator-oxidant reaction. This observation is contrary to an earlier reporti that the working range of 
sulphuric acid is 4-135N. In titrations with >0@5N reagent the end-point is marked by the sharp 
appearance of the permanent bright blue-violet. the modification of the colour change being due to the 
blue colour of the vanadyI ion in solution. In titrations with O.OlN solutions. the end-point colour is pink 
owing to the smaller concentration of vanadyl ion; unlike the iron(cerium(lV) case the greenish yellow 
colour is not evident during the titration, but with a higher concentration of the indicator the colour change 
is from greenish yellow to pink. 

Influence qf indicator concentration 

With larger concentrations of the indicator. e.g.. 5-10 drops per 50 ml of titrand, the end-point colour is 
usually less permanent, turning to greenish yellow. and the colour change is less sharp. Besides resulting in 
the consumption of a considerable amount of oxidant before a sufficiently stable end-point colour is obtained, 
the use of a large concentration of indicator introduces an element of uncertainty in determining the exact 
equivalence point. 

l@neiire qf rute qf titration and concentration qf titranr 

When the titrant is added more rapidly than usual, the intermediate greenish yellow colour is more 
intense. especially if O,lN solutions are used rather than O*OlN. Nevertheless the colour change is always 
sharp provided a large concentration of the indicator is not used, but there is a slight variation in indicator 
correction when working with O.OlN solutions. In general the concentration of iron(M) at the end-point is 
without significant effect if the titrations are done at the usual speed. However, in titration of 5 ml of O*OlN 
iron with O.OiN vanadate in 4N sulphuric acid medium. end-points premature by 2-2.57” have been 
obtained if 10 ml of 0.1,X iron(llI) are initially present in the tttration mixture and about one min is 
allowed between drops towards the end. 

Other conditions being the same. an increase in acidity has been found to facilitate the formation of the 
greenish yellow colour during the titration. 

Spect~opltotol?letric iwestiyation 

The effect of iron(II1) on the oxidation of the indicator with dichromate is shown graphically in Fig. 1. The 
absorbance of the pink colour is plotted against time for reactions of (i) NPA with iron(III), (ii) NPA with 
dichromate. (iii) NPA with dichromate pluh iron(II1) in 2N sulphuric acid. The fall in absorbance after the 
maximum in (iii) may be due to instability of the oxidized form in 2N sulphuric acid. 

The successful use of the indicator in titrations in 4-6N sulphuric acid is unexpected in view of the 
occurrence of the NPA-iron(II1) reaction to a significant extent under experimental conditions simitar to those 
prevailing just before the end-point. The inftuence of suiphuric acid concentration on the speed and extent of 
reaction are shown in Fig. 2. from m~surements of the absorbance of the pink colour with respect to time. The 
absorbance reached a limiting value in IO-15 min. The presence of the reduced form of the indicator in the 
mixture at this stage was tested for by adding cerium(IVf; the absorbance always increased on the addition of 
cerium(IV). By comparison of the limiting value with the maximum absorbance obtained with cerium(IV), the 
NPA-iron(II1) reaction was found to be 28, 66 and 72% complete in 4, 6 and 8N sulphuric acid media 
respectively. 

The greenish yellow compound (green form of NPA) in solution has been prepared by three different reactions: 
(i) by treating the pink oxidized form with a slight excess of iron(II), (ii) by treating the pink oxidized 
form with excess of NPA. and (iii) by allowing pink oxidized form to stand until all the pink colour is 
discharged. The species obtained in the three reactions yield the same pink oxidation product (with absorption 
maximum the same as for DBVC) on again being treated with cerium(IV) sulphate. It is observed 
that reaction (i) is quite rapid. reaction (ii) slow and reaction (iii) still slower. Further experiments have 
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Fig. 1. Effect of iron(W) on the speed of oxidation of N-phenylanthranilic acid with dichromate. 
Overall acid concentration- ZNH,SO,; absorbance at 530 nm 
n Solution 1 x lo-‘M in NPA and 1 x lo-‘M in iron(II1) 
0 Solution 1 x lO_sM in NPA and 1.66 x lo-‘M in potassium dichromate 
0 Solution 1 x lO_sM in NPA, 1 x 10m2M in iron(II1) and 1.66 x 10m5M in potassium 

dichromate. 
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Fig. 2. Effect of sulphuric acid concentration on the speed and extent of oxidation of 
phenylanthranilic acid with iron(II1) 

Absorbance (at 530 nm) of a solution 1 x 10e5M in NPA and 2 x lOeLM in iron(II1) 
0 4~ H*SO,; LEN H,SO,; q 78~ H,SO, 

N- 

revealed that the greenish yellow compound can be reduced quite rapidly to a colourless compound with a 
moderate excess of iron but the reaction is retarded by the presence of a large excess of iron(lI1). 

The pink oxidized form of NPA (DBVC) used in the preparation of the greenish yellow compound was 
obtained by adding the requisite amount of cerium(IV) sulphate. However, because of the lack of exact 
stoichiometry and the occurrence of side-reactions. a solution of known concentration of the greenish yellow 
compound could not be prepared. However, the solutions of the greenish yellow species obtained in the three 
reactions were suitably diluted to have nearly the same absorbance at one of the absorption peaks (430 nm). 
Figure 3 shows the absorption spectra. The three curves have peaks at 430 and 800 nm and are similar in shape. 
indicating the presence of the same species in the reaction products. The variation in absorbance at some 
wavelengths may be due to the products of side-reactions. especially in reaction (iii). 

Potrntiomrtric inuestiyation 

The potentials at which the indicator changes colour in a titration of iron with cerium(IV) sulphate were 
determined as a function of acidity by the method of Belcher et rr1..‘5 and the other parameters studied were the 
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Fig. 3. Absorption spectra of DBGC in 6N H,SO,. 
A; Prepared by reduction with Fe* + ; B. by treatment with NPA: C, by disproportionation. 

stage of addition of the indicator in the titration and the indicator concentration. The results obtained are 
recorded in Table 1. In these experiments 5.0 ml of O.OlN iron(U) ammonium sulphate in about 45 ml of 

Table 1. Potential of colour change of NPA as a function of acidity 

Potential, V (us. NHE, 28°C) 

2 drops added 1 drop added 2 drops added 5 drops added 

W2SO41 near the end- at the start at the start at the start 
N point* of titration of titration of titration? 

1.0 0.890 0.895 0.895 
2.0 0.885 0.890 0.890 
3.0 0.880 0.890 0.890 
4.0 0.870 0.885 @885 
5.0 0.855 0.875 0.885 
6.0 0.845 0.865 0.870 
8.0s 0.795 0.835 0.845 

lO.O$ 0,765: 0.775 0.785 

0.905 
0.900 
0.895 
0.895 
0.890 
0.880 
0.865 
0.830 

* Indicator added 0.5 ml before the true end-point. 
t The greenish yellow colour modifies the colour change. 
8 No colour reversal attempted, since colour change was difficult to assess. 
: Indicator added I.0 ml before the true end-point (otherwise the pink colour is 

obtained immediately on addition of the indicator). 

dilute sulphuric acid were titrated with O.OlN cerium(IV) sulphate. Towards the end 0.002N cerium(IV) 
sulphate was used instead of the O.OlN solution. When a perceptible colour had been obtained, 0@02N iron(U) 
ammonium sulphate was added to reverse the colour change. The amount of indicator used and the stage of 
addition of the indicator are indicated in the Table. 

It has been found that the colour-change potential is generally increased by a few mV after each reversal. In 
each case two or three reversals were performed and the average is recorded. The colour-change potential when 
the indicator is added at the start of the titration is generally higher than if the indicator is added towards the 
end: the colour change with a larger concentration of the indicator is generally observed at a hi&her potential. 
The dependence of the colour-change potential on these factors emphasizes the need for close observance of the 
experimental conditions for the recommended procedure. 
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Table 2. 

[H$rLl 

1.0 
2.0 
3-o 

4-o 
5-o 

tko 
7-O 

8.0 

10.0 

Approximate equi- Colour-change 
valence potential potential (cs. 

range, (UT. NHE), V NHE), V* 

ofa5-0.855 - 

0825-0875 - 

~.~30-0,890 - 

0830-0%l CM85 
0*840-0~930 O&55 
o&45-0‘940 O-855 
om?-o~960 0.835 
0.865-0.975 o+io5 
0495-1405 0.770 

*Titration of 5-O ml of O.OlN iron(I1) in 50 ml 
of titration solution, with OOlN vanadate; 2 drops of 
indicator added at the start. 

Table 2 records the influence of acidity on the equivalence-potentia1 range of the iron(vanadate titration and 
the colour-change potentials of the indicator. In I-3N sulphuric acid medium the colour-change potentials 
are difficult to determine with this system, and are not reported. 

The optimum acid range indicated by Table 2 agrees well with that found in the practical titrations recorded 
earlier. Although Table 2 indicates that the titration may be just possible in 3N acid [based on the value 
of the colour-change potential in iron(II)-cerium(IV) sulphate titration], this has been found not feasible in 
practice. probably owing to the slowness of indicator-oxidant reaction. 

DISCI.JSSION 

The oxidation of NPA to the pink product occurs in a single step with no detectable 
evidence for the formation of intermediates. This oxidation product rapidly decays to a 
green form which is also obtained from the former by reduction with iron or treatment 
with the reduced form of the indicator. The green form is more stable than the pink 
oxidation product, but can be reduced by excess of iron(H) to a colourless product 
which is probably the benzidine form and can also be obtained’ by zinc-dust reduction 
of the pink oxidation product. The benzidine and the green forms currespond to two 
stable oxidation states between NPA and the pink oxidation product. 

Bishop and Hartshorn’ have made the observation that the oxidation of the arylamine 
to the coloured form is an intermolecular reaction but no detailed mechanism was 
proposed. The evidence, however, is not in favour of Kolthoff and Sarver’s theory.16 
Thieli’ believes that a transient biradical af the type, C6HS-N==C6H4_< is the primary 
product, which condenses with another such radical to give a diquinonedt-imine; the latter 
is also obtained by a two-electron oxidation of the corresponding benzidine. Since this 
cannot have an intense cofour the dimer may be expected to be in a triplet state 
(biradical), but the e.s.r. evidence is only qualitative. It is not unlikely that a favourable 
equihbrium exists for the ground-state (singlet) molecuIes in the mixture, if the energy of 
excitation to the triplet state is large enough; the analogous behaviour of Tchitchibabin’s 
hydrocarbon with a related structure, 

is noteworthy.‘* 
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The curious behaviour of the oxidized product of NPA to give on decay the green 
product instead of the expected colourless benzidine has been noted.’ It may be 
speculated that this is due to disproportionation, but other evidence indicates that the 
green compound is a reduction product of the pink form. Its spectral behaviour in 
relation to the coloured oxidation product suggests that there is no gross difference in the 
structure of the two compounds. The green compound is most probably a free radical, 

HOOC COOH 

Diphenylbenzidine green compound 
(DBGC) 

stabilized by resonance. 
The decomposition and further oxidation of the coloured product and products of 

decomposition, and the side-reactions of the coloured oxidation product with iron(I1) 
and the unoxidized indicator, seem to be the cause of drifting and irreproducible 
potentials in the potentiometric titrations and hence do not permit even an approximate 
estimation of the formal potential of the indicator system. 

Besides the induction effect of iron(I the catalytic effect of iron(II1) on the oxidation 
of the indicator with dichromate is responsible for the indicator working better in the 
iron(dichromate titration. In view of the observations that either the single-step two- 
electron oxidation took place or no oxidation occurred in the arylamine oxidation’ and 
that iron(II1) reacts with NPA to give the coloured product, the catalytic action of 
iron(II1) may be explained in terms of the following steps: 

NPA + Fe(II1) - DBVC + Fe(I1) (4 

Fe(I1) + Cr(V1) 
fast 

G Fe(II1) + Cr(V) (ii) 

NPA + Cr(V) 
fast 

- DBVC + Cr(II1) (iii) 

Step (i) should not be inferred to be slower than the indicator-dichromate reaction 
at the end-point, from the apparent rates observed (Fig. 1). In view of the curious 
mechanistic behaviour of the arylamine towards oxidants, step (i) is probably more 
complex, and iron(I1) very much retards the reaction. In the presence of Cr(VI), the 
concentration of iron(I1) in the iron(II1) solution (probably in equilibrium with 
atmospheric oxygen) is decreased so that the reaction is faster than observed otherwise, 
and the rate continues to be fas< till all the NPA is oxidized by the excess of 
dichromate used. Further, the overall oxidation of NPA proceeds both by steps (i) and 
(iii); this would not have been possible if the reduction of Cr(V1) with iron(I1) were not 
stepwise. 

The unexpectedly satisfactory behaviour of the indicator in iron(I1) titrations in 
4-6N sulphuric acid may be explained by the slow kinetics of the NPA-iron(II1) 
reaction, with iron(I1) tending to retard the forward reaction. At still higher acidities the 
hydrogen ion effect might over-ride the retarding effect of iron(I1) and cause premature 
end-points in titrations. There is another possibility. Even though the oxidized form is 
obtained in perceptible concentration in a titration at a point with a slightly greater 
ratio of iron(I1) to iron(II1) than in a blank experiment, the analytical result is still within 
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experimental error. The assumption is that equilibrium is reached faster in titrations than 
in blank experiments. 

The differences in the colour-change potentials when the indicator is added towards the 
end and at the start of a titration, and when a larger amount of the indicator is used 
(Table 1) must be related to the formation of DBGC during titration. On this basis the 
lower colour-change potentials in iron(vanadate titrations than in iron(ceric 
sulphate titrations at corresponding acidities are indicative of less favourable conditions 
for the formation of DBGC in the former. The observation that the colour change is 
from nearly colourless to pink in the former but from greenish yellow to pink in the 
latter is in agreement with this conclusion. The premature end-point in the titration of 
iron(I1) with O*OlN vanadate in the presence of a large excess of iron(II1) and the 
absence of this effect in titrations with ceric sulphate and dichromate, can be explained 
in the same way. The influence of DBGC on the colour change may be due to its 
colour-masking ability or its different kinetic behaviour towards oxidants. 
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Zusammenfassung-Die optimalen Bedingungen zur erfolgreichen Verwendung von N-Pheny- 
lanthranilsaure als Indikator bei Titrationen von Eisen(I1) mit Dichromat, Cer(IV)sulfat und 
Vanddat wurden festgelegt. Der Einflul3 von Eisen(II1) auf die Indikatorwirkung und die Natur 
einer bei Eisen(II)-Titrationen vom lndikator gebildeten griinen Verbindung wurden spektro- 
photometrisch untersucht. 

R&sum& On a itabli les conditions optimales pour I’emploi satisfaisant de l’acide N- 
phenylanthranilique comme indicateur dans les titrages du fer (II) au bichromate. au sulfate de 
cerium (IV) et au vanadate. On a ttudie spectrophotometriquement l’influence du fer (III) sur 
faction de l’indicateur et la nature d’un compose vert forme a partir de l’indicateur dans les 
titrages de fer (II). 



DETERMINATION OF NANOGRAM AMOUNTS OF 
SULPHIDE BY RELEASE OF RADIOACTIVE IODIDE 

V. KRIV,%, S. PAHLKE AND G. T~LG 

Max-Planck-lnstitut fur Metallforschung. Laboratorium fur Reinststoffe, Schwab&h Gmiind. 
German Federal Republic 

(Received 27 July 1972. Accepted 17 Ocrober 1972) 

Summary-Two variants of a technique for determination of ng-amounts of sulphide ions in 
liquid samples are presented. They are based on the replacement or radioactively labelled iodide 
from silver iodide by sulphide. In the first variant, suitable for small sample volumes, the 
labelled silver iodide is fixed on a filter paper disc which is then shaken with the solution to be 
analysed until equilibrium is attained. In the second variant, suitable for sample volumes up to 
300 ml, the sample solution is passed through a filter paper disc carrying labelled silver iodide 
or through a labelled silver iodide precipitate. The amount of sulphide is determined from the 
activity of the released radioiodide by comparison with standards which have been processed in 
the same way. The method is applicable to sulphide amounts greater than 5 ng and concentrations 
greater than 0.2 ppM. The interference by many common accompanying anions and cations has 
been investigated. 

The determination of ng-amounts of sulphide is of interest, especially in two fields: (1) in 
biological and chemical systems (e.g., in water supplies, in lake- and sea-water and sewage 
muds, or as an unpleasant air pollutant) where it must be determined separately from 
other possible forms of sulphur and (2) in various inorganic and organic materials in order 
to determine their total sulphur content by micro or trace techniques. 

In general, the most frequently applied sensitive methods for the second purpose are 
those based on sulphide formation, e.g., after hydrogenation or reductive decomposition 
methods in submicro organic elemental analysis’-3 or in trace analysis.4-7 

The chemical methods used in determining ng-amounts of sulphide are limited in their 
application by different types of interference: these methods include various spectro- 
photometric methodsEe’ ’ fluorimetric methods based on quenching of fluorescein mercury 
acetate, 12-14 catalytic methods based on the azide-iodide reaction” and reduction of 
silver with iron(II)16 or the use of sulphide-sensitive electrodes.2~3*‘7-‘9 

The displacement method-presented in two variants, one suitable for l-5 ml samples, 
the other for up to about 300 ml-can bring certain advantages in some cases. It is 
similar to a simple technique proposed recently for the determination of other. 
ions 20.21 

The method is based on the replacement of radioactively labelled iodide from silver 
iodide. by sulphide ions: 

2 Ag 
1311 + s2- - Ag2S + 21311- (1) 

The labelled silver iodide is fixed on a filter paper disc. The disc is either shaken 
with the solution to be analysed (suitable only for small volumes) or the solution is 
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passed through the disc until equilibrium for the reaction is attained. The unknown 
amount of sulphide is determined from the activity of the released radioiodide by using 
a calibration graph, or by comparison with a standard which has been processed in the 
same way. 

In this replacement reaction, advantage is taken of the favourable molar and weight 
ratio between the sulphide to be determined and the iodide released, as well as of the great 
difference between the solubility products of silver iodide and silver sulphide (Ksp(Ae,) = 
8 x lo-“*K Sp(A&S) = 6 x 10-50).22 The exchange reaction is also favoured by the fact that 
the relativdly small amount of silver iodide is distributed over a large surface area on a 
filter paper carrier, and the iodide released goes easily into aqueous solution. 

EXPERIMENTAL 

Reagents and materials 

All reagents were of at least p.a. purity. Twice-distilled water (quartz apparatus) was used for preparing the 
solutions. 

Radioiodide. Solutions of radioiodide were prepared from a carrier-free ‘3’I-solution and potassium iodide 
containing amounts of carrier between 0.01 and 1.00 mg of iodide per ml. The specific activities were between 
0.025 and 4 mCi/mg of iodide. 

Silver nitrate solutions. Solutions with silver concentrations of 0.02-0.5 mg/ml were used. 
Filter paper. Discs were prepared from filter paper MN 2260 (Macherey, Nagel and Co., Diiren). 

Procedures 

Preparation of the discs containing Ag ‘.‘*I In the “shaking” variant 3-/1l portions of silver solution are placed 
on each of a series of filter paper discs 6 mm in diameter. The concentration of silver is chosen so that the 
activity of the disc is approximately halved in the replacement reaction. As a working rule, I pg of silver is 
suitable for 100 ng of sulphide. The discs are then immersed in a radioactively-labelled iodide solution which 
has a carrier concentration corresponding to the silver concentration and an appropriate specific activity, and 
are shaken for a few minutes. The discs are taken out from the solution and washed S times in 2M acetic acid, 
and then repeated with redistilled water, in order to remove excess of labelled iodide. The discs are dried with an 
infrared lamp. In the “flow-through” variant the preparation of the discs is similar. but the discs are 25 mm 
in diameter and 20 11 of silver solution are placed on each. 
. The amount of carrier and the specific activity of the silver iodide are chosen according to the expected 
range of sulphide concentration in the solutions to be analysed. For example, if the sample solution contains 
a small amount of sulphide, the amount of silver iodide carrier on the discs should be small, and the 
specific activity must be high. Conversely, when more sulphide is present, the concentration of carrier must be 
higher, and the specific activity can be lower. 

Shaking method (variant I). Aqueous standard and sample solutions (which can be up to O.lM in EDTA) are 
used. The most suitable pH value is 8.9 or slightly above. Aliquots of 1-4 ml of standard and sample solutions 
are transferred into glass ampoules (” Fiolax” Glass, Jenaer Glaswerke, Schott u. Gen., Mainz), each of which is 
then provided with a disc impregnated with labelled silver iodide. The ampoules are closed and shaken until 
equilibrium for the replacement reaction is attained. Under the optimal experimental conditions used by us 100 
min of shaking are necessary. After the shaking is finished the discs are removed from the solutions. rinsed 
in distilled water, and dried. The unknown amount of sulphide ions can be determined either by measuring 
count-rates of equal fractions of the solutions containing the released iodide, or by measuring the loss of 
activity on the discs. When the activity released is a very small fraction of the original disc activity (i.e., very 
small amounts of sulphide) it is better to measure the activity of the solution than the activity loss. 

The y-radiation from “II is counted with a well-type sodium iodide detector and a single-channel 
analyser. The blank test is carried out with water or with O.lM EDTA at the same pH value as the sample 
and standard solutions. The complete procedure must be carried out in the absence of daylight. 

Flow-through method (vurianr 2). In this variant a large excess of silver iodide must be present on the paper 
disc to obtain complete replacement of sulphide and in order for one disc to be used for the processing of 
many samples. For example, to analyse a series of samples each of which contains about 100 ng of sulphide. 
100 pg of silver are used for the preparation of the labelled silver iodide. The prepared filter paper disc is then 
placed on a membrane filter (Sartorius, Giittingen) with a pore size of 0.15 pm. in a filter flask with an 
effective opening of 20 mm. Redistilled water (10 ml) is passed through the filter, under suction. until the 
specific activity had become constant (blank value). Then each of the standard and sample solutions IS sucked 
through the filter twice at a rate of ca. 10 ml/min. The filter must either be washed with a few ml of 
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redistilled water between samples or the first 4-5 ml of the filtrate from each new solution must be rejected. It 
is found convenient to run a standard after some sample solutions. 

Instead of filter paper prepared with labelled silver iodide it is also possible to use a precipitate of 
labelled silver iodide uniformly distributed on a membrane filter. as follows. Add 1 ml of 10% nitric acid to c11. 
15 ml of silver nitrate solution containing 20-100 fig of silver. Heat to near 100’ and treat with a slight excess 
of iodide solution labelled with i3’1. Keep the mixture at that temperature for 15-20 min then filter off the 
silver iodide precipitate by suction through a membrane filter with a pore size of 0.6 pm. Wash the 
precipitate first with dilute acetic acid and then with IO-ml portions of water as described above. 

RESULTS AND DISCUSSION 

Shaking method 

The rate of the iodide-sulphide replacement reaction is dependent on the experimental 
conditions. Figure 1 shows the time-dependence of the replacement, for two sets of shaking 
conditions. Obviously the shaking conditions must be constant for an experimental series. 

Time exchange, mtn 

0 IO 20 30 40 50 60 70 60 90 100 110 120 

32- 

Blank value 

Y 1’1 
0 2 4 6 8 IO 12 14 I6 18 20 22 24 

Time ewchonge, hr 

Fig. I. Time dependence of the activity released for two different experimental conditions: (a) 
intensive shaking and water solution. (h) slower shaking and presence of EDTA 

It has been known for a long time that sulphide solutions are unstable under normal 
conditions.23 Generally. the stability of sulphide solutions is an important factor which 
must be taken into consideration, irrespective of the method used for the determination. 
In this variation, because of the relatively long shaking-time, the instability problem is of 
extraordinary importance. The main reason for the ins~bility seems to be the volatility and 
oxidation of sulphide. 

Sulphide becomes more unstable as its concentration decreases. Several substances have 
been proposed for stabilization of sulphide solutions. Bock and Puff” proposed ascorbic 
acid: hydrazine sulphate,” formaldehyde,24 and other substances have also been used. 
It has been reported that in the sulphide concentration range 10-7-10-5M, the presence 
of oxygen does not affect the sulphide stability if the solutions are kept in darkness.’ 2 

In search for the best conditions, the influence of darkness, presence of hydrazine 
sulphate and ascorbic acid. and the effect of pH were investigated. Figure 2 shows the 
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PH 

Fig. 2. Dependence of the activity released on pH: O.lM EDTA, shaking method. 

dependence of the released activity on the pH when the experiments are done in the 
absence of daylight. In the pH range 7-8.2 only a relatively small fraction of the sulphide 
takes part in the replacement, i.e., the sulphide solution is not sufficiently stable for 
processing. The solutions begin to be stable enough at pH 8.9. Consequently, the 
determinations can be carried out at this pH and above. Increasing the pH also increases 
the blank value at about the same rate as the release reaction, so the activity released in 
the iodide-sulphide replacement stays practically constant. 

The presence of ascorbic acid and hydrazine sulphate does not sufficiently stabilize 
sulphide solutions when they are processed in direct daylight: without any stabilizing 
agents only 53% of the sulphide taken was found; in the presence of ascorbic acid with 
a concentration” of 1 mg/ml, and of hydrazine sulphate with a concentration” of 
20 pg/ml, 84% and 71x, respectively, of the sulphide taken was found. If the solutions are 
processed in the absence of daylight no stabilizing agents are necessary. 

The applicability of the method was investigated for the determination of sulphide 
concentrations between 0 and 400 ng/ml. Since the calibration graphs are linear, the 
unknown amount of sulphide may be calculated by direct comparison with a standard, after 
application of the blank correction. 

The limit of detection was found to be 5 ng of sulphide. The standard deviation was 
determined for five different concentrations of sulphide. It increases very rapidly as the 
amount of sulphide decreases below 50 ng (Fig. 3). 

The interference of accompanying anions was investigated in more detail for a sulphide 
concentration of about 100 ng/ml. This sulphide concentration can be determined in the 
presence of at least 5000-fold amounts of SO:-, F- and Cl-, 1000-fold amounts of Br-. 
HCO; and SCN-, and 100-fold amounts of PO:-, S,O:- and I-. Strong interference is 
caused by cyanide if present in much higher concentrations than sulphide. A CN-/S’- 
ratio of 1 can be tolerated. 

Under normal conditions, cations forming sparingly-soluble sulphides would interfere. 
Consideration of stability constants shows that several complexants should work as 
masking agents for these cations. The majority of the elements forming sparingly-soluble 
sulphides form EDTA complexes with high stability constants and therefore EDTA can 
be used as masking agent. The masking agent must fulfil the following conditions however: 
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Fig. 3. Relative standard deviation as a function of amount of sulphide, for the shaking method. 

(i) it should not attack the silver iodide, (ii) it should neither attack the sulphide in the 
solution nor disturb the exchange reaction, and (iii) it must allow the iodide released to be 
washed into the solution. A OalM EDTA medium was found to fulfil these conditions well. 

At least the following excess of common cations is tolerable if the solution is made 
O.lM in EDTA at a sulphide concentration of 100 ng/ml: lOOO-fold Mn(II), Fe(III), 
Co(II), Ni(II), Zn(I1) and Pb(II), lOO-fold Tl(I), Cd(II), As(III), As(V) and Cu(II), and 
lo-fold Hg(I1). 

Sample volumes up to 5 ml can be used. However, the time necessary to attain 
equilibrium for the exchange reaction becomes longer with increasing sample volume. 

Flow-through method 

In the flow-through method much larger sample volumes can be used, up to 300 ml. 
However, the blank value must be determined with an approximately equal volume of water 
or EDTA solution. 

In the flow-through method the sulphide solution is not subjected to so much stress 
as it is in the shaking method. This is why no special steps are necessary for 
preventing losses of sulphide. A relatively large pH range can be used, 5-10. Higher 
pH values are disadvantageous owing to the higher blank values. The experiments need not 
be carried out in the absence of direct daylight, but it is recommended to avoid 
direct daylight if a lot of samples taking a longer period of time are to be analysed. 
Some changes in the properties of the silver iodide on the filter paper can appear 
as a result of long exposure to direct daylight. If the experiments are to be interrupted, 
the filter paper disc or the precipitate must be kept wet. 

The prepared filter paper discs gave a somewhat better reproducibility and limit of 
detection than did labelled silver iodide precipitate distributed on membrane filters. The 
relative standard deviation at a sulphide concentration of 4 ppM and sample volume 
50 ml was found to be 2.5%. The limit of detection at this volume was determined to be 
0.2 ppM or 10 ng absolute. The sample volume somewhat affects the blank value and 
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thereby also the limit of detection: the limit of detection is dependent on sample 
volume. For example. the limit of detection is reduced by a factor of about 2. if 5-ml 
sample volumes are processed instead of SO-ml samples. 

EDTA increases the blank value more in the flow-through method than in the shaking 
method. The tolerable EDTA concentration for the range of sulphide investigated is about 
10W3M. The masking ability is then correspondingly lower, and reduces the tolerance 
limit for metals, e.g., for Cu(lI) and Pb(I1) by a factor of about 4. 

The replacement reaction is p~ticularly advan~geous if it is used in combination with 
X-ray fluorescence. Such a technique based on an enrichment of sulphide ions on a thin 
layer of silver chforide or iodide has been developed, inc~udiug detailed studies of inter- 
ference by a~compa~~ng ions.” It will be published later. 
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~u~mmenfa~~-Eine Arbeitsvorschrift zur Bestimmung von ng-,Mengen Sul~~ionen in fiiissigen 
Proben wird in zwei Varianten angegeben. Sie beruhen auf der Verdrlngung von radioaktiv 
markiertem Jodid aus Silberjodid durch Sulfid. Bei der ersten Variante, die sich fiir kleine 
Probenvolumina eignet, wird das markierte Silberjodid auf einer Filtrierpapierscheibe aufgezogen: 
diese Scheibe wird dann mit der zu analysierenden Liisung geschiittelt. bis das Gleichgewicht 
erreicht ist. Bei der zweiten Variante, die sich fir Probenvoiumina bis zu 300 ml eignet, wird 
die Probenl6sung durch eine Filtr~erpapierschei~ geftihrt. die markiertes Silberjodid enthilt, oder 
durch eine Fgilung aus markiertem Silberjodid. Die Suifidmenge ermittelt man durch Vergleich 
der Aktivit& des freigesetzten Radiojodids mit auf die Abe Weise behandetten Standards. Die 
Methode I$3t sich auf Sultidmengen iiber 5 ng und Kon~entrationefl iiber 2 ppM anwenden. 
Die Stiirung durch viele gang&e beggeitende Anionen und Kationen wurde untersucht. 
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Resume-On presente deux variantes dune technique pour le dosage de quantitts de l’ordre du 
ng d’ions sulfure dam des tchantillons liquides. Elles son1 basees sur le remplacement de 
I’iodure marque radioactivement de l’iodure d’argent par le sulfure. Darts la premiere variante, 
convenable pour de petits volumes d’izchantillon, l’iodure d’argent marque est fixt sur un 
disque de papier filtre qui est alors agite avec la solution a analyser jusqu’a ce que 
I’equilibre soit atteint. Dans la seconde variante, cdnvenant a des volumes d’e-chantillon jusqu’i 
300 ml. la solution d’echantillon est pas&e a travers un prtcipite d’iodure d’argent marque. La 
quantite de sulfure est dtterminbe a partir de I’activite du radioiodure lib&e par comparaison a des 
ttalons qui ont eti trait& de la meme maniere. La mtthode est applicable a des quantitts de 
sulfure superieures a ng et a des concentrations superieures a 0,2 p.p.M. On a etudit 
l’interference de nombreux anions et cations accompagnateurs communs. 
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Summary-The appearance or lack of vibrational structure in the ‘L, and ‘Lb absorption 
bands of the neutral species and cation derived from 9-anthraldehyde is explained in terms of 
adherence to or viofation of the Franck-Condon principle. The lack of vibrational structure is 
attributed to the motions of the aldehyde group during the course of electronic transition, a 
process which destroys vibration quanti~tion in the Franck-Condon excited state. The 
appearance of we&defined vibrational structure in the ‘L.. band of the cation establishes that 
intramolecular charge-transfer alone, without accompanying vibrational or soivent relaxation 
which is contemporaneous with electronic transition, is not responsible for the lack of structure 
in most intramolecular charge-transfer transitions. The previously reported fluorescence 
of 9-anthraldehyde in hydroxylic solvents is found to be in error and is likely to originate from 
an impurity produced by photo-reduction. The actual fluorescence of 9-anthraldehyde is at 
much lower frequency than previously reported. 

The application of fluorescence spectroscopy to chemical analysis is somewhat restricted 
by the limited number of organic molecules, of analytical interest, which fluoresce. This 
problem can be substantially reduced in importance by the preparation of iiuorescent 
derivatives of non-fluorescing analytes. One of the most widely employed of such techniques 
entails the condensation of a molecule containing a fluorophore and a reactive functional 
group with the molecule of analytical interest. Normally, in such reactions an excess of 
reactant is added to the reaction medium, with the result that the native fluorescence of the 
reactant may constitute an interference with the measurement of the fluorescent derivative. 
Under this circumstance it would be useful to carry out a variation of the chemical com- 
position of the reaction medium (e.g., pH or Hammett acidity) in order to select the solution 
conditions under which minimal overlap occurs between the emissions of the reactant and 
its condensation product with the analyte. Similar arguments are also applicable to the 
absorption spectrophotometric analyses of condensation products of reactive chromophores 
with analytes which do not absorb in the near ultraviolet or visible regions of the electro- 
magnetic spectrum. 

9-Anthraldehyde appears to be a particularly interesting reagent for such reactions because 
of the highly fluorogenic and chromophoric properties of the anthracene ring and the 
diverse and highly reactive chemistry of the aldehyde group. Aromatic aldehydes are 
generally known to be very weak bases in their ground electronic states and moderately 
weak bases in their lowest electronically excited singlet states. These factors determine the 
spectral regions in which the aromatic aldehydes absorb and fluoresce, respectively, in 
solutions of varying acidity. Consequently, it was felt that the intelligent application of 
9-anthraldehyde as an analytical reagent, in aqueous solutions, demanded consideration 
of the acidity dependence of its molecular electronic spectra, 
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9-Anthraldehyde has been reported to fluoresce in hydroxylic solvents but not in aprotic 
media.’ This has been attributed to the lowest excited singlet state being of the n.rr* type 
in aprotic solvents. However, in hydroxylic solvents, hydrogen-bonding of the solvent 
with the non-bonded electron pairs of the carbonyl group raises the energy of the IV* 
state while the polarizing effect of hydrogen-bonding and the gross dielectric properties 
of the activating solvent lower the energy of the lowest ‘X,X* state to the point where it 
becomes the lowest excited singlet state, favouring fluorescence over intersystem crossing 
as a means of deactivation of the lowest excited singlet state.’ 

The basic properties of 9-anthraldehyde have been investigated by Culbertson and Pet tit’ 
who found that in the ground electronic state this compound is considerably more basic 
than benzaldehyde or the naphthaldehydes. This result was attributed to the stabilization 
of the cation by greater delocalization of positive charge, over the anthracene ring, than is 
possible in the smaller ring aldehyde cations. A recent calculation of the dissociation 
constant of the 9-anthraldehyde cation in the lowest excited singlet state, employing the 
Fiirster cycle3 and the averages of the absorption and fluorescence maxima of the neutral 
molecule and the cation as the spectroscopic O-O bands, indicated that 9-anthraldehyde 
was far more basic (11 orders of magnitude) in the lowest excited singlet state than any 
other aromatic aldehyde yet investigated.4 On the basis of the differences in sizes of the 
aromatic rings in 9-anthraldehyde and other aromatic aldehydes, we had difficulty in 
rationalizing the differences in excited state basicity suggested in the previous study4 and 
therefore decided to reinvestigate the electronic spectra and titration behaviour Gf 9- 
anthraldehyde. 

EXPERIMENTAL 

9-Anthraldehyde was recrystallized from 95% ethanol. Reagent grade sulphuric acid and distilled demineralized 
water were employed as the solvents in these studies. 

Absorption spectra were taken on a Beckman DB-GT spectrophotometer. Fluorescence measurements were 
performed on a Perkin-Elmer MPF-2A fluorescence spectrophotometer with monochromators calibrated against 
the xenon line-emission spectrum and output corrected for instrumental response by means of a Rhodamine-B 
quantum counter. 

Approximately IO--‘M 9-anthraldehyde was prepared in 95 5; ethanol immediately before mixing 0.1 ml with 
10.0 ml of buffer or acid solution. Only these freshly prepared Y-anthraldehyde solutions in ethanol were used for 
spectral study. 

RESULTS AND DISCUSSION 

The electronic spectral features of 9-anthraldehyde and its conjugate cation are summariz- 
ed in Table 1. The variations of the absorption and fluorescence spectra of 9-anthraldehyde 
with pH and Hammett acidity’ are shown in Figs. 1 and 2. 

The absorption spectrum of the neutral molecule shows that the IL, band is unstructured 
while the tL, band which is observed on the short wave-length side of the ‘L, band is highly 
structured. However, remarkably, the ‘L, band of the cation is structured while the ‘15, 
band of the cation is diffuse. It is assumed that the ‘L, band is the lowest frequency absorp- 
tion band in both the cation and neutral molecule because aldehyde substitution in the 
9-position mixes charge-transfer character into the short-axis polarized IL, +‘A transition 
of anthracene, lowering the energy of the ‘L, +‘A transition of anthracene (which is the 
lowest energy absorption in unsubstituted anthracene) to a greater degree than the ‘L, + ‘A 
transition. The lack of vibrational structure in an electronic absorption spectral band is 
the result of the loss of vibrational quantization in the Franck-Condon excited state to 
which transition takes place and is often observed in intramolecular charge-transfer transi- 
tions, especially in fluid polar solvents and when exocyclic functional groups are better con- 
jugated with an aromatic ring in the excited state than in the ground state. The loss of 
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Table 1. Electronic absorption (Iu, and kg) and fluorescence (3) maxima of 9-anthraldehyde and its 
conjugate cation. Diffuse spectral bands are represented by the band maximum (P max). Structured spectral 
bands are represented by the O-O vibronic bands (G (o_-oI ) and by the second vibronic feature (? (2nd band)). 

Frequencies are reported in cm-’ x 1 OS*. 

Temperature. 
K 

Neutral molecule (pH 4) Cation (Ho - 6.9) 

XL, FlL, % f1Lb VlI.# ii 

298 

77 

298 

298 

In aqueous media 
2*69(0-O) 2*45(max) 1.96(max) 2.45(max) 1*88(0-O) I -78(max) 
2-83(2nd band) 1*98(2nd band) 

2 15(0-O) I-83fmax) 
204(2nd band) 
fn n-hexane 

2-69(0-O) 252(max) _+ 
2*84(2nd band) 

+ tripuoroacetic acid (I %)t 1; gk.g; 
2.65(0-O) * - - - I .88(max) 
2.80(2nd band) 

* No fluorescence was observed from the neutral molecule in hexane. 
t The absorption in n-hexane + trifluoroacetic acid is due to the hydrogen-bonded neutral molecule; 

the fluorescence is from the cation. 

vibrationaf quant~zation in the Franck-Condon excited state may be attributed to solvent 
relaxation processes and functional group rehybridi~tion occurring at a rate which is only 
slightly slower than the rate of the electronic absorption. The transient thermal relaxation 
processes alter the vibronic sublevels of the Franck-Condon excited state while the electronic 
transition is occurring. with the result that a continuum of vibronic transitions comprises 
the absorption band, giving the band its diffuse appearance. Thus the assumption of total 
separability of electronic and nuclear motions, upon which the Franck-Condon principle 
is based, is sometimes only approximate. The appearance of vibrational structure in the 
‘L, band of 9-anthraldehyde and in the ‘L, band of its cation indicate that these transitions 
are well described by the Franck-Condon principle. However, the lack of vibrational structure 
in the IL., band of the neutral molecule and in the ‘L., band of the cation suggests that the 

03 r 

%‘Ovelength, nm 

Fig. 1. Electronic absorption spectra of I x foe5 M 9-anthraldehyde in smphuric acid. 
(1) Ho = - 0.7, (2) Ho = - 1.6, (3) Ho = - 2.5, (4) & = - 3.4, (5) H,, = - 4.7, 
(6) Ho = - 5.8, (7) Ho = - 6.9, (8) Ho = - 8.0, (10) Ho =- $0.0. 
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Fig. 2. Fluorimetric pH titration curve for lo-‘A4 9-anthraldehyde. Fluorescenceintensitywas 
monitored at 510 nm. 

Franck-Condon principle is only approximate for these transitions. The appearance of 
blurred vibrational structure in the ‘La band of the neutral molecule is observed in hexane 
solutions and indicates that the loss of vibrational structure in water is, at least in part, 
related to changes in solvent interaction accompanying electronic transition. It was con- 
sidered that the loss of structure in the ‘L, band of the neutral molecule might be the result 
of rotation of the aldehyde group from an out-of-plane conformation, into coplanarity 
with the anthracene ring during the absorption process. Perpendicularity between the car- 
boxy1 group and the anthracene ring has been observed in the ground state of 9-anthroic 
acid6. However, in 9-anthraldehyde the fluorescence of the neutral molecule in rigid 
media at 77 K is not similar to that of anthracene as would be expected if conjugation 
between the aldehyde group and the ring was prevented by freezing the molecule into the 
ground-state conformation. Rather, the fluorescence of 9-anthraldehyde at 2.15 x 104cm-‘ , 
at 77 K , is indicative of strong conjugation and coplanarity in the ground-state. In the cation 
derived from 9-anthraldehyde, there is no question that the protonated aldehyde group is 
coplanar (conjugated) with the anthracene ring in the ground-state as well as the excited 
state, because the fluorescence of the cation in rigid sulphuric acid at 77 K occurs at 1.83 
x lo4 cm-’ which is much too low a frequency for fluorescence from an unconjugated 

anthracene derivative. The reason for loss of structure in the ‘L, band of the cation is not 
certain, because solvent effects on the cation absorption spectra could not be evaluated, 
as the ground-state cation could not be formed in non-polar, non-hydrogen-bonding media. 
However, that the ‘L, band of the cation is structured indicates that neither rapid solvent 
nor intramolecular conformational relaxation occurs during the course of the ‘L, + ‘A 
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transition. Because of the low frequency of the ‘L, band in the 9-anthraldehyde cation, it 
cannot be disputed that the ‘La+ ‘A transition in this species has a great deal of charge- 
transfer character. It is thus apparent that lack of vibrational structure in intramolecular 
charge-transfer transitions, although common, is not general. 

Absorptiometric titration of 9-anthraldehyde with sulphuric acid employing the corrected 
Hammett acidity scale of Jorgensen and Hartter* yielded pK, = - 5.1 for the 9-anthraldehyde 
cation. The pKa of - 4.81 previo&sly reported’ was based upon Hammett’s original H, 
function.’ 

In aqueous solutions 9-anthraldehyde exhibited a diffuse fluorescence band with maximum 
at 1.96 x lo4 cm- ‘. In acidic media the emission was still diffuse, but considerabiy weaker 
and had its maximum at 1.78 x lo4 cm- ‘. The former fiuorescence is assigned to the 
l,?& + ‘A transition of the neutral molecule and the latter to the ‘L, + ‘A transition of the 
cation. The fluorescence of the neutral molecule in ethanol was previously reported4 to 
occur at 2-54 x lo4 cm-l which is considerably higher in frequency than the emission observ- 
ed in the present work in water. However, our studies with a freshly recrystallized sample 
of 9-anthraldehyde in ethanol yielded an emission maximum at 2.08 x lo4 cm-‘. On 
standing for several hours in ethanol (or water) our 9-anthraldehyde solutions developed 
a fluorescence at the frequency reported by the previous investigators4 and the low frequency 
fluorescence diminished appreciably in intensity. Moreover, the appearance of the high- 
frequency emission was enhanced in the presence of light. It is likely that 9-anthraldehyde 
undergoes photo-reduction in hydroxylic solvents to the arylmethylcarbinol, a process 
which is often observed in arylaldehydes. Thus the fluorescence maximum of 9-anthraldehyde 
reported by the previous investi~tors was probably that of an impurity. 

Fluorimetric titration of the 9-anthraldehyde yielded a mid~int for the interconversion 
between the cation and neutral molecule at pH 1.3. This value is assigned to the dissociation 
constant of the cation in the IL, state (p&*) and indicates that 9-anthraldehyde is only 
6 orders of magnitude more basic in the ‘I;, state than in the ground-state, rather than 17 
orders as suggested by the previous investigators.4 If pK,* is calculated by the Fijrster 
cycle method,3 employing the averages of absorption and fluorescence maxima determined 
in the present work to represent the spectroscopic U-O bands of the ‘L, transitions in cation 
and neutral molecules, a value of l-8 is obtained for p&*, which is in fair agreement with 
the value obtained by fluorimetric titrimetry. If the shift in the absorption spectra alone 
upon protonation is employed to calculate pK,*, a value of 6.9 is obtained, and a value of 
- 1.3 if the shift in the fluorescence spectra alone is employed. The inaccuracy of the value 
calculated from the absorption shift can be attributed to unequal excited stare thermal 
relaxation energies for cation and neutral molecule (the Stokes shift for the cation is 2000 
cm-’ and that for the neutral molecule is 4900 cm-‘) which are not reflected in the absorp- 
tion spectra.* The inaccuracy of the pK,* value calculated from the fluorescence shift can 
be primarily attributed to the differences in vibrational com~sition of the ground states 
of the cation and neutral molecule as reflected by the differences in half-band widths of the 
fluorescences (1600 cm- * for the cation and 2900 cm-’ for the neutral molecule). Because 
the errors in the estimation of pK,* from absorption shifts alone and from fluorescence 
shifts alone arise from different sources, the averaging of absorption and fluorescence 
spectra does not truly give the position of the O-O bands of the ‘L, bands of cation and 
neutral molecule and the better agreement of the pKa* value calculated from the shift 
of the averaged absorption and fluorescence spectra with that determined from the fluori- 
metric titration appears to be fortuitous. 
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Zusammenfassung-Das Auftreten oder Nichtauftreten von Schwingungsstruktur in den ‘L,- und 
IL,-Absorptionsbanden der neutralen Spezies und des Kations von Y-Anthraldehyd wird im 
Sinne einer Befolgung oder Nichtbefolgung des Franck-Condon-Prinzips erklsrt. Das Fehlen von 
Schwingungsstruktur wird den Bewegungen der Aldehydgruppe im Verlauf des Elektroneniiber- 
gangs zugeschrieben, einem ProzeI3, der die Schwingungsquantisierung im angeregten Franck- 
Condon-Zustand zerstort. Das Auftreten von wohldefinierter Schwingungsstruktur in der IL,- 
Bande des Kations weist nach, daI3 die intramolekulare Ladungslbertragung allein. ohne 
Schwingungs- oder Liisungsmittelrelaxation, die gleichzeitig mit dem Elektroneniibergang ablauft. 
nicht fir das Fehlen von Struktur in den meisten intramolekularen Ladungsiibertragungs- 
tibergiingen veraritwortlich zu machen ist. Die friiher mitgeteilte Fluoreszenz von 9-Anthraldehyd 
in hydroxylhaltigen Liisungsmitteln ist offenbar nicht reell: wahrscheinlich riihrt sie von einer 
durch Photoreduktion erzeugten Verunreinigung her. Die tatslchliche Fluoreszenz von 9-Anthral- 
dehyd liegt bei vie1 niedrigerer Frequenz, als friiher angegeben wurde. 

R&m&On explique l’apparition ou le ddfaut de structure de vibration dans les bandes 
d’absorption ‘L. et ‘Lb de I’esp&ce neutre et du cation d&iv& du 9-anthraldkhyde par rapport au 
fair que le principe de Franck-Condon est respect6 ou pas. Le dQfaut de structure de vibration 
est attribd aux mouvements du groupe aldbhyde durant le temps de la transition electronique, 
un processus qui dCtruit la quantification de vibration dans 1’6tat excitd de Franck-Condon. 
L’apparition d’une structure de vibration bien dtfinie dans la bande ‘L. du cation etablit que 
le transfert de charge intramoltiulaire seul, sans relaxation de vibration ou de solvant simul- 
tante, qui est contemporaine de la transition Clectronique, n’est pas responsable de I’absence de 
structure dans la plupart des transitions de transfert de charge intramoltculaires. On a trouvd 
que la fluorescence du 9-anthraldthyde rapport&e antkrieurement dans des solvants hydroxylCs 
doit etre erronCe et doit provenir vraisemblablement d’une impurett produite par photo- 
rbduction. La fluorescence rCelle du 9-anthraldkhyde est & une frequence beaucoup plus faible 
qu’il n’a ttC rapport6 antbrieurement. 
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Summary-A procedure is described for recovering silver from industrial sewage (mining and 
photo-industry etc) with the aid of the ion-exchanger potassium cyanocobalt(II)ferrdte(II) 
(KCFC). Silver is easily removed by simple mixing with KCFC, even- from solutions con- 
taining less than 1 g of silver per ton of solution. The process is performed at room temperature 
at pH < 7. There is no interference from a 600-fold amount of Ca. Cu(II), Zn, Cd, Pb. and Fe(U). 
Pure silver may be obtained by dissolution of the ion-exchanger in potassium cyanide solution, 
subsequent precipitation as sulphide, and roasting, or by melting it out of the ion-exchanger 
after heat treatment in a high-frequency furnace. With 1 kg of KCFC. 1.25 kg of silver may be= 
extracted from solution. The process is simple and economic. 

Potassium cyanocobaltferrate was first used for the selective adsorption of caesium from 
radioactive sewage.’ Since then several papers have dealt with the capacity of this salt 
and its ammonium homologue for ion-exchange of trace amounts of several elements at 
varying pH-values and in the presence of an excess of foreign ions.24 To our knowledge, 
however, there have been no experimental investigations of the ion-exchange behaviour 
of KCFC towards the coinage metals, which might be expected to interact with it, 
because they form l&electron type ions which are strongly polarizing, and hence should 
form more stable cyanocobaltferrates than the alkali metals, which give the stability 
series5 Li < Na < K < Rb < Cs. If this were indeed the case, the effect might be used to 
recover noble metals from highly diluted waste solutions, which would be of great 
economic interest. 

EXPERIMENTAL 

The KCFC used was either a commercial product (LOBA-Chemie Wien or Bio-Rad Laboratories) or 
prepared’ from @5M K,Fe(CN), .3H,O and 0.3M Co(NO,), .6H,O. No differences in the chemical behaviour 
of the products have been found. 

R[rdionctire tmcet 

‘lomAg (rl z = 253 days: 0.66 and 0.88 MeV gamma-rays) was obtained by irradiation of 27.5 mg of 
metallic silver for 10 days in the drum equipment of the deuterium-moderated tank reactor FRJ-2, type DIDO, 
of the Nuclear Research Centre. Jiilich. at a neutron flux of 7 x 10” n/cm2/sec. The isotope (induced activity 
I.13 mCi) was dissolved. diluted and added lo the silver salt solutions as tracer. 

ilppomus 

“Eppendorf-Microliter-System” microlitre pipettes. centrifuge. vessels. heating block. rotary mixer. etc, were 
used: other vessels were made of Teflon or polypropylene. 

105 
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Procedures 

Batch procedures were used for all ion-exchange tests. The capacity of KCFC for silver was determined 
by shaking about 100 mg of KCFC for 20 min each time with three consecutive l-ml portions of lo”, silver 
nitrate solution, centrifuging, discarding the supernatant liquid and washing the KCFC with 0,5-ml portions of 
water. Analogously 400 mg of KCFC and 20 ml of solution were used to determine the dependence of the 
capacity of KCFC on the concentration of silver and acidity in pure silver salt solutions and simulated 
waste solutions. The silver remaining in the solution after the ion-exchange process were determined either 
radiometrically with ii”“‘Ag as tracer or by atomic absorption. Potassium. cobalt and iron exchanged for 
silver were determined by atomic absorption only. 

RESULTS AND DISCUSSION 

Capacity of KCFC for siher 

Table 1 shows the results for the capacity determination mentioned above. As 
shown in Table 1, 100 mg of KCFC adsorb a total of 121.3 k 0.5 mg of silver from 
three charges. It can be estimated that a fourth charge would exchange about 50/, of its 
silver, so the maximum capacity is estimated to be 1.243 g of Ag per g of KCFC or 
11.53 meq of Ag per g of KCFC (containing 4.13 meq of K). 

The recovery of silver from residues is usually considered economic only when the 
minimum silver content is 100 ppm in silver ores, waste and sludge, and 15-30 ppm in 
ores of other metals. Therefore the efficiency of recovery of silver from highly dilute 
solutions was investigated by shaking 400 mg of KCFC with lo-‘-lo- 5M silver for 
20 min. The results (averages of three concordant determinations) are compiled in Table 2. 

Silver can evidently be recovered quickly and economically even from solutions con- 

Table 1. Exchange of silver on KCFC 

Sample 
fl0. 

I 

II 

III 

IV 

V 

Charge* 
IlO. 

1 
2 
3 

1 
2 
3 

1 
2 
3 

: 

3 

1 
2 
3 

Residual 
activity. 

cptTl 

6,259 
52,520 
97,153 

7,254 
48,422 
99,693 

9,312 
54.170 
95,533 

5,745 
50,865 
98,976 

5,194 
43,105 

104.203 

Residual 
amount of 

silver, 
:/, 

4.5 
37.4 
67.4 

5.2 
34.4 
69.1 

66 
385 
66.3 

4.1 
36.2 
68.6 

3.7 
30.7 
72-3 

Silver exchanged by 100 mg 
of KCFC 

9’ I 0 9 ing (total) 

95.5 607 
62.6 398 
32,6 20.7 121.2 

94.8 60.3 
656 41.6 
30.9 196 121.5 

93.4 59.3 
61.5 39.0 
33.7 21.4 119.7 

95.9 60.9 
63.8 40.5 
31.4 19.9 121-3 

96.3 61,2 
69.3 44.0 
27.7 17.6 122.8 

* Count-rateofsilversolutions beforeexchange: I and 2-140,572cpm: 3-144.025cpm. 
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Table 2. Adsorption of silver by KCFC as a function of the 
concentration of silver salt 

Charge [AgNO,], Silver added, 
no. ppm mg 

Silver adsorbed 

mg 
“/ 
II 

1 1.08 x IO4 215.7 211.9 98.2 
2 1.08 x lo3 21.57 21.5 99.5 
3 108 2.157 2.02 93.8 
4 10.8 0.2157 0.145 67.0 
5 1.08 0.0216 0.0145 67.0 

taining silver well below the level hitherto regarded as economic for recovery. Even 
in the l-10 ppm range, 67% of the silver is recovered in a single step, and the KCFC 
used may be used again for further exchange. 

Efict of foreign ions 

A series of simulated “waste solutions” was prepared, 10m3M in each of the following: 
silver, calcium, copper( zinc, cadmium, lead, and iron(I1) nitrates. A similar series was 
made with O.lM concentrations of the foreign ions. Portions of KCFC (100 mg) were 
shaken for 20 min with 1 ml of each “waste solution” adjusted to be neutral or 
strongly acidic. The KCFC was well washed with water and the amount of silver left 
in the solution determined radiometrically. The results are compiled in Table 3. 

The exchange of silver is practically unaffected by variation of the conditions over the 
ranges given, even by a 100-fold excess of copper and zinc, which may be contrasted with 
the report2 that zinc is 95% exchanged on KCFC over a wide range of pH. 

Equivalence of exchange 

It was stated above that 11.53 meq of silver are exchanged by 1 g of KCFC 
containing 4.13 meq of potassium. Hence some other ion besides potassium must take 
part in the exchange, and it was found that with increasing concentration of silver 
solution an increasing amount of cobalt is liberated from KCFC and exchanged for silver. 
If sufficiently concentrated silver solution is used, the KCFC crystal will be destroyed 
and all the potassium and cobalt take part in the ion-exchange process, 11.53 meq of 
silver being adsorbed per g of KCFC and 4.13 meq of potassium and 6.95 meq of 
cobalt being exchanged. However if the ratio of exchangeable potassium to silver 
available exceeds 10 there is negligible exchange of cobalt. Thus with very dilute silver 
solutions the KCFC crystal structure remains intact and the KCFC may be used 
repeatedly. Table 4 shows the results. 

Table 3. Exchange of silver by KCFC from “waste solutions” 

Charge Foreign ion Silver exchanged, 
no. concentration, M Acidity % 

: 1o-3 1o-3 neutral 1.7 pH 94 98 
3 0.1 neutral 100 
4 0.1 pH 1.7 100 
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Table 4. Equivalence ratios for the adsorption of silver by KCFC 
(20 ml of silver solution, 400 mg of KCFC) 

Ag K co 
Charge Ag added. adsorbed, released, released, 

no. nwq rneq meq my Km, .%a,> Core, &a,. 

1 2.0 1.96 1.53 2.23 x 10-l 0.78 0.11 
2 2.0 X 10-r 1.99 x 10-r 1.81 x IO-’ 740 X 10-l 0.9 0.038 
3 2.0 X lo-’ 1.88 X 10-2 1.88 x 1o-2 0 1.00 0 
4 2.0 x lo-’ 1.34 X 1o-3 14O’X 1o-3 0 1.04 0 
5 2.0 x lo-.+ 1.34 x lo-‘+ 140 x 1o-4 0 1.04 0 

Recovery of silver from KCFC 

The silver adsorbed on KCFC may be recovered in high purity by one of the 
following methods. 

(a) The dry KCFC (1 g) is heated in a solution of 2 g of potassium cyanide in 
5 ml of water at 40-60” until a yellow-brown, clear solution is obtained. This solution 
is diluted with 3-5 ml of water and cooled and a solution of 5 g of Na,S.9H,O in 
5 ml of water is added. The mixture is heated for 10 min at 60430” and filtered hot. 
The precipitated silver sulphide is washed well with water and ignited at 800-900”. The 
silver recovered contains < 1% of cobalt. 

(b) The KCFC is transferred to a silica vessel, which is either wrapped in a sheet of 
tantalum or immersed in a bath of gold, and heated at 1500” in a high-frequency 
furnace. Crystals of silver are deposited and pure silver will drop off. If the silver solidifies 
on the KCFC, it may be separated by a vibrator or ultrasonic device. 

Acknowledgement-It is a pleasant duty for the authors to thank the Director of the Central Institute for 
Analytical Chemistry, Professor Dr. H. W. Niirnberg, for his continuous interest in this work. 

REFERENCES 

1. W. E. Prout. E. R. Russell and H. J. Groh, J. fnorg. Nucl. Cketn., 1965, 27. 473. 
2. A. L. Boni, Anal. Chem., 1966. 38, 89. 
3. H. G. Petrow and H. Levine, ihid., 1967. 39, 360. 
4. K. Terada, H. Hayakawa, K. Sawada and T. Kiba. Talantu. 1970. 17. 955. 
5. 1. V. Tananayev and M. A. Glushkova. Zh. Neorgan. Khim., 1957, 2, 586, 594, 

Zusammenfassung-Es wird ein Verfahren zur Entsilberung von industriellen Abwassern (Bergbau. 
Fotoindustrie u.a.m.) mit Hilfe des Kationenaustauschkristalls KCFC beschrieben. Auch aus 
Losungen. die 1 g Silber und weniger pro Tonne Losung enthalten. wird Silber durch KCFC 
entfernt. Fremdionen wie Ca. Cu. Zn. Cd. Pb, Fe(II) stijren selbst in 600-fachem ijberschug weder 
im sauren. noch im neutralen Bereich. Reines Silber kann u.a. durch Erhitzen im Hochfre- 
quenzofen aus dem lonenaustauschkristall herausgeschmolzen werden. I Kilogramm KCFC 
vermag etwa 1.25 Kilogramm Silber aus Losungen anzureichern. Die quantitativen Austauschver- 
hiltnisse werden untersucht und es wird gezetgt. daI3 von einer bestimmten Silberkonzentratron 
an neben Kalium such Kobalt aus dem KCFC verdrangt wird. 

Resume-On dtTrit une technique pour la recuperation de I’argent d’eaux residuaires industrielles 
(industrie mini&e et industrie de la photo, etc. ,) h l’aide de I’echangeur d’ions cyanocobalt (II) 
ferrate (II) de potassium (KCFC). L’argent est aisement elimine par simple melange avec le 
KCFC, meme de solutions contenant moins de 1 g d’argent par tonne de solution. L’operation 
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est realisee a temperature ambiante a pH < 7. Des quantites 600 fois superieures de Ca, Cu (II). 
Zn. Cd. Pb et Fe (II) n’apportent pas d’interference. On peut obtenir I’argent pur par dissolution 
de l’echangeur d’ions dans une solution de cyanure de potassium, precipitation subsequente a I’etat 
de sulfure. et calcination. ou par separation par fusion de I’echangeur d’ions apres traitement 
thermique dans un four haute friquence. Avec 1 kg de KCFC. on peut extraire 1.25 kg d’argent 
de la solution. Le procede est simple et economique. 
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MICROTITRIMETRIC DETERMINATION OF URANIUM IN 
TRIBUTYLPHOSPHATE (30x)-n-DODECANE-NITRIC ACID 

MEDIUM IN THE PRESENCE OF EXCESS OF IRON, 
MAGNESIUM AND ALUMINIUM 

(Received 20 July 1972. Accepted 8 September 1972) 

Countercurrent extraction is one of the main methods of uranium recovery in reprocessing spent nuclear 
fuels or in refining uranium from its concentrates. Tributylphosphate’ has been in common use as an extraction 
solvent either in reprocessing (e.g.. Purex process) or in research. To follow the course of countercurrent 
extraction from the loss of uranium in the aqueous phase only, as is done in equilibrium extraction studies, 
has been shown, according to our experience with mixer-settlers, to be insufficient. It is known from the 
literature that conventional redox determinations of uranium are subject to interference from organic matter. 
Nitric acid also seriously interferes. ‘J Recently, Cherry4 has worked out a method of amperometric determination 
of uranium (procedure range 2-200 mg of U) in a solution containing nitric acid or tributylphosphate. 

The aim of our study was to work out a method (based on our earlier work”) of direct microdetermination 
of uranium in the aqueous as well as the organic phase from extraction of uranium with tributylphosphate 
(303/O) in n-dodecane from solutions containing nitric acid (0-6M) and excess of iron, magnesium and 
aluminium. It was found experimentally that uranium could be simultaneously stripped from the organic 
phase and reduced to uranium(W) by treatment by iron(H). A similar micro-method for uranium determination 
in the presence of fission products is being developed. 

EXPERIMENTAL 

Reagents and apparatus are those described before.2.3 The procedure is suitable for both aqueous and organic 
phases containing 0.1-3.0 mg of uranium and O-6M in nitric acid, and is that described previously) with the 
following modifications. 
1. Rinse out the micropipette with at least 100 ~1 of acetone; this volume is not counted in the 500 ~1 
of the procedure (this is necessary in analysing the organic phase). 
2. After adding iron(I1) continue the procedure within 5 min. Stir so that an emulsion may form. 
3. Before the dilution a thin layer of TBP will protect U(IV) against aerial oxidation for about 2 hr. 
It is possible to protect samples of the aqueous phase with 100 ~1 of TBP in a similar way. 
4. In the titration samples of the organic phase the TBP layer should remain intact. An emulsion retards 
the colour change. 

DISCUSSION AND RESULTS 

Stripping 

The conditions of the procedure make quantitative stripping of uranium from the organic phase possible. 
as can be seen from the results given in Table 1. 

Destruction of nitrite 
Destruction of nitrous acid or nitrites in aqueous uranium solutions was discussed in detail earlier.3 It is 

known from the literature that nitrous acid is preferentially’ extracted into TBP and accumulates there,6 in 
contrast to sulphamic acid’ or hydrazine6 which are not extracted. The reaction of sulphamic acid with nitrites 
(to destroy the nitrites) proceeds slowly at the interface.’ 

Formation of a temporary emulsion by efficient stirring at the stage of destroying excess of iron(H) (so that 
the interface is continuously enlarged and renewed) successfully eliminates nitrites from the TBP phase, as 
experimentally proved. 

l’rllo~ co/our iI1 the organic phase 

A yellow colour was observed to be formed in organic phases prepared with use of nitric acid intentionally 
exposed to direct daylight- (cl: Schmid’) for half a year. The intensity and induction period of the yellow 

411 
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colour were found to be- proportional to the concentration of nitric acid present; the first directly, the 
second inversely. 

When an acid mixture of 4M nitric acid/O.lM sulphamic kept in a dark bottle for a year and a half was 
used in preparation of the organic phases the yellow colour did not occur within two days. 

The yellow colour mentioned may be due to a complex [TBP HN0J.a 

Table 1. Microdetermination 
of uranium in organic phase 
by titration with 0.05N 

IGCrr07 

Uranium, m 
[H;W 

taken found 

O-0 2400 2385 
O-3 2384 
1.2 2384 

0.0 1200 1200 
O-3 1198 
1.2 1198 

Table 2. Effect of aqueous 
phase on microdetermination 

of uranium 

Uranium, ~9 

Medium taken found 

W 2400 2398 
AP 2396 

W 1200 1198 
AP 1200 

W 600 597 
AP 598 

0.0 
O-3 
1.2 

0.0 
0.3 
1.2 

0.0 
0.3 

1.2 

600 

240 

120 

600 
602 
601 

243 
245 
245 

124 
123 

123 

W 240 242 
AP 244 

W 120 122 
AP 123 

W : solution of ura- aqueous 
nium, [HNOJ about 0.5M 
AP : in n-dodecane TBP(30%) 
dissolved in water 

Stability of uranium solutions 

Dilute uranium solutions acidified to be about 0.5M in nitric acid proved to be stable for about a month. 
At lower acidities low results for uranium were obtained, probably owing to hydrolysis to hydroxy-complexes.’ 

In analysis of organic and/or especially aqueous phases (containing traces of dissolved TBP) the reaction 
mixture, which is green after the Fe(H) addition, starts to turn yellow or brown within 5 min. This 
indicates a spontaneous oxidation of Fe(H) not observed in analysis of aqueous samples,3 where the reaction 
mixture remained green and only became yellow if [HNO,] was about 9M and then only after a much longer 
time had elapsed.’ To prevent possible oxidation of U(IV) it is recommended to continue the procedure 
within 5 min of adding the Fe(I1) (see Table 2). 

Effect of other ions 

Nitric acid present in either phase (0-6M in the aqueous, 0-1.2M in the organic) does not interfere. Neither 
the mineralization of organic matter nor the preliminary stripping required in conventional methods is needed. 
Excess of iron, magnesium and aluminium does not interfere in the aqueous phase, and is not extracted into the 
organic phase. 

Accuracy and precision 

Amounts of 06-2.4 mg of uranium can be determined with an error less than k 1% both in the 
aqueous (Tables 3, 4) and organic phase (Table 1). Twelve replicate determinations of an aqueous phase 
containing 2400 pg of uranium in the presence of 2.4 mg of magnesium and 2.7 mg of aluminium gave an 
average of 2395 + 4 pg. the mean relative deviation being +0.2%. As in the previous method3 no blank 
correction was found necessary. 

Nuclear Research Institute CSKAE V. MARF~KA 
i&i near Prague V. SRA~ER 
Czechoslovakia 
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Table 3. Microdetermination of uranium in aqueous phase 
in the presence of nitric acid, excess of magnesium and 

aluminium, by titration with OOSN K,Cr,O, 

[HNO,], U U 
M taken, w Mg.w ALH found, w 

0.0 2400 2430 2698 2395 
3-O 2397 
60 2394 

0.0 1200 2430 2698 1202 
3.0 1206 
6.0 1210 

0.0 600 2430 2698 597 
3.0 599 
6.0 599 

0.0 240 2430 2698 243 
3-O 244 
6.0 243 

0.0 120 2430 2698 123 
3.0 123 
60 123 

Table 4. Microdetermination of uranium in aqueous phase in the 
presence of iron, magnesium and aluminium by titration with O+SiV 

K,Cr& 

[HN$,I, U 
taken, w 

o.o* 2400 
0.0 
3.0 
60 

Fe, M 

5583 

U 
Mg,w A&w found, c(g 

2389 
2430 2698 2385 

2383 
2383 

l Aqueous solution of uranium, for comparison. 
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Summary-A method is described for microdetermination of uranium in aqueous phases con- 
taining mtric acid. iron, magnesium. aluminium and traces of TBP, and in organic phases containing 
TBP. n-dodecane and nitric acid. Treatment of the organic phase strips the uranium, reduces it to 
U(IV). and destroys any nitrite present. 
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Zusammenfassung-Ein Verfahren zur Mikrobtstimmung von Uran in Salpetersiiure. Eisen, 
Magnesium, Aluminium und Spuren TBP enthaltenden wal3rigen Phasen und in TBP. ii-Dodekan 
und Salpeterslure enthaltenden organischen Phasen wird beschrieben. Eine Behandlung der 
organischen Phase extrahiert das Uran zuriick. reduziert es zu Uran(IV) und zerstort alles 
vorhandene Nitrit. 

RCum&-On decrit une mtthode pour le microdosage de l’uranium en phases aqueuses contenant 
de l’acide nitrique, du fer, du magnesium, de l’aluminium et des traces de TBP. et en phase 
organique contenant du TBP, du n-dodtcane et de l’acide nitrique. Le traitement de la phase 
organique separe l’uranium, le reduit en U(W), et dttruit tout nitrite present. 

Johnto, Vol. 20. pp. 414-416. Pergamon Press. 1973. PrInted in Great Brnain 

INDIREm ATOMIC-ABSORPTION DETERMINATION 
OF BORON BY SOLVENT EXTRACTION 

AS TRIS(l,lO-PHENANTHROLINE)CADMIUM 
TETRAFLUOROBORATE 

(Received 26 June 1972, Accepted 23 October 1972) 

Indirect determination of non-metals by means of atomic-absorption spectrophotometry of a metal ion 
complexed with a compound of the non-metal is well known. A calorimetric method for the determination of 
boron by solvent extraction as Tris(l,lO-phenanthroline)iron(II) tetrafluoroborate has been reported.’ and 
applied to the analysis of tap-water. ’ In atomic-absorption spectrophotometry (AAS), the sensitivity for 
cadmium is 5-10 times that for iron.‘.4 so for an AAS method we have used Tris(l.lO- 
phenanthroline)cadmium(II) as counter-cation instead of Tris( l,lO-phenanthroline)iron(II), and extraction into 
nitrobenzene. The cadmium atomic absorption at 228.8 nm is a linear function of boron concentration in the 
aqueous phase over the range of 0.01-0.5 ppm. The sensitivity for boron is apparently about 1000 times that of 
the direct atomic-absorption method. Certain metal ions interfere because of their reaction with phenanthroline 
and fluoride. Boron in steel has been determined at ppM levels. 

EXPERIMENTAL 

Reagents 

All solutions were prepared from analytical-reagent grade chemicals and demineralized water, and stored in 
polyethylene bottles. 

Standard boron solution, 0025M. Boric acid (0.7726 g) was dissolved in an appropriate amount ofwater and the 
solution diluted to 500 ml. This solution was diluted lOO-fold to 2.5 x 10e4M before use. 

Tris(l,lO-phenanthro/ine)cadmium solution, OGO5M. Cadmium sulphate, 3CdSO;8H, 0 (I.28 g) and l,lO- 
phenanthroline. C,,H,N2,H,0 (3.17 g) were dissolved in 100 ml of OQOIN sulphuric acid and the solution 
diluted to 1000 ml. 

Ammonium hydrogen Jiuoride solution, 1.25M. 
Buffer solution. Potassium dihydrogen phosphate (0.25M) and disodium hydrogen phosphate (@25M) were 

mixed in appropriate ratio. 
Nitrobenzene. Purified by distillation under reduced pressure and equilibrated with water before use. 

Apparatus 

Methyl borate was distilled in a quartz still. 

Procedure 

Mix I ml of l.25M ammonium hydrogen fluoride and O-5 ml of the 2.5 x 10m4M boric acid in a SO-ml 
polyethylene test-tube. Place the tube in a water-bath (80”) for about 20 min and then cool the tube to room 
temperature. Transfer the mixture into a 125-ml polyethylene separatory-funnel. Add 5 ml of Tris(l.lO- 
phenanthroline)cadmium solution, 5 ml of phosphate buffer solution (pH 5), dilute to 25 ml with water and add 
5.0 ml of nitrobenzene. Shake the funnel vigorously for 3 min with a mechanical shaker. Allow to stand for about 
I5 min. Transfer the organic layer to a test-tube containing 1 g of anhydrous sodium sulphate to eliminate traces 
of water in the extract. Measure the absorbance ofcadmium at 228.8 nm against a reagent blank. under optimum 
operating conditions of the atomic-absorption instrument, using an air-acetylene flame. 
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Procedure for steel analysis 

Place a 0.5la g of sample containing not more than @OS% of boron, in a quartz beaker. Dissolve the sample 
with a mixture of 15 ml of hydrochloric acid, 5 ml of nitric acid and 5 ml of phosphoric acid with heating on a 
hot-plate. To remove chloride and nitrate add 10 ml of sulphuric acid and evaporate nearly to dryness. Let cool, 
dissolve the residue, and dilute to a standard volume with water, keeping the boron concentration below 10 ppm. 
Take a 5-ml aliquot in a lOO-ml quartz flask, and add 3 ml of sulphuric acid and IO ml of methyl alcohol. Distil 
the methyl borate by heating the flask on a water-bath (80”). Introduce the first distillate (10 ml) into O.lM 
sodium hydroxide solution (5 ml) in a marked polyethylene tube cooled with water. Transfer the solution into a 
lOO-ml quartz beaker, rinsing in with a small amount of methyl alcohol. Evaporate the solution nearly to dryness 
on a water bath (50 + 5”). Cool the residue and dissolve it with 2.8 ml of O.lN sulphuric acid and dilute to 25 ml 
with water. Take an aliquot (5 ml) in a polyethylene separatory-funnel and continue according to the general 
procedure described above. 

RESULTS AND DISCUSSION 

The extraction was maximal when the fluoride concentration was 5-6 x lo-‘M. indicating that at least a 
1300-fold molar excess of fluoride is necessary for the complete formation of tetrafluoroborate in the aqueous 
phase. The complexation reaction should be continued for 15-20 min at a temperature above 70”. 

At least a 5-fold molar excess of Tris( l.lO-phenanthroline)admium is required for maximum extraction of the 
tetrafluoroborate. 

With a single extraction, a pH range of 4.3-6.0 was found to give a plateau on the absorption US. pH graph. In 
acidic solutions the cadmium complex may decompose, and in alkaline medium hydroxotrifluoroborate 
(BF,OH-) may be formed, which is not suitable for this extraction system. No appreciable effect on the 
absorption was caused by changing the phosphate buffer concentration over the range 0@-0~12M. 

The shaking time for the extraction was varied from 05 to 10 min, and it was found that 2 min sufficed. 
Beer’s law is obeyed up to 0.5 ppm of boron and the sensitivity for 1% absorption was O+Kl5 ppm of boron, 

about the same as that of cadmium, as determined by using bis(acetylacetonato)cadmium nitrobenzene solutions. 
For 10 solutions, each containing 0.4 ppm of boron, the mean absorbance was 0.227, with relative standard 
deviation of l,So/,. Normal room temperature fluctuations (15-25”) had no elIect on the absorption. 

Table 1. Effect of diverse ions. 

Ion [Ion]/[Boron] Relative error, % Ion [Ion]/[Boron] Relative error, % 

Be2 + 10 +3 Fe” + 10 - 12 
Mg” 10 0 co2+ 1 -9 
Ca2+ 10 +9 Ni2+ 1 - 15 
Zr4+ 10 -8 cuz+ 1 - 18 
Ala+ 10 + 29 Zn2+ 1 - 13 
Ga3+ 10 0 Cl- 10 + 10 
T13 + 10 0 NO- 

SiOi- 
10 +7 

Mn2’ 1 -3 10 0 
Fe2+ 1 - 12 

Boron: 8.1 pg125 ml 

Table 2. Analysis of steel samples. 

Boron, 9; 

Sample Curcumin method Proposed method 

0.0053 
A 0.0055 00053 

0.0053 

oQO19 
B 0+021 00021 

0+)018 

0.0102 
C 00092 0.0103 

0.0101 
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Large amounts of sulphate, phosphate, acetate and silicate do not interfere. Chloride and nitrate give a positive 
error when present in tenfold molar amount relative to borate, but both can easily be eliminated by evaporation 
from sulphuric acid medium. As seen in Table 1, presence of transition elements cations causes negative errors 
because of consumption of phenanthroline. 
To check the reliability of the proposed method, steel was chosen as a matrix. Recovery tests were successfully 
made with a certain amount of boron added to boron-free standard steel samples. Boron must be separated from 
the matrix because of the interference of iron, and this can be done by the conventional distillation of methyl 
borate.s-’ Samples were also analysed by spectrophotometry with curcumin The results are shown in Table 2. It 
is seen that both sets of results are in satisfactory agreement. 

Depar:ment of Chemistry Y. HAYASHI 

Faculty of Science S. MATSUSHITA 
Hiroshima University T. KUMAMARU 
Hiroshima, Japan Y. YAMAMOTO 
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Summary-An indirect atomic-absorption method for boron has been developed. Boric acid is 
converted into tetrafluoroborate and extracted into nitrobenzene with Tris(l.lO- 
phenanthroline)cadmium(II). The cadmium in the extract is determined by its atomic-absorption 
at 228.8 nm. A fivefold molar excess of the cadmium chelate is necessary for the extraction from 
pH 4.3-6.0 medium. The sensitivity for boron is thus made about the same as that of cadmium, 
OGO5 ppm. Metal ions that react with fluoride or phenanthroline interfere. A procedure is described 
for determination of boron in steel. 

Zusammenfassung-Ein indirektes Atomabsorptionsverfahren zur Bestimmung von Bor wurde 
entwickelt. Borslure wird in Tetrafluoroborat iiberfiiihrt und mit Tris(l,lO-phenanthrolin)- 
cadmium(I1) in Nitrobenzol extrahiert. Das Cadmium im Extrakt wird durch seine Atom- 
absorption bei 228.8 nm bestimmt. Zur Extraktion aus einem Medium mit pH 4.3-6.0 ist ein 
fiinffacher molarer tjberschuD des Cadmiumchelats notwendig. So wird die Empfindlichkeit fiir 
Bor etwa dieselbe wie die fir Cadmium, 0.005 ppm. Metallionen, die mit Fluorid oder 
Phenanthrolin reagieren, stBren. Eine Arbeitsvorschrift fiir die Bestimmung von Bor in Stahl 
wird angegeben. 

R&m&On a &labor& une mtthode d’absorption atomique indirecte pour le bore. L’acide 
borique est converti en titrafluoroborate et extrait en nitrobenztne par le Tris(l.lO- 
phtnanthroline)cadmium(II). On ditermine le cadmium dans l’extrait par son absorption atomique 
$ 228,8 nm. Un excZs molaire quintuple du ch6late de cadmium est necessaire pour 
I’extraction d’un milieu de pH 4,3-6,0. La sensibilitt pour le bore est ainsi rendue $ peu prts la 
meme que celle du cadmium, 0,005 p.p.m. Les ions m&alliques qui riagissent avec le Ruorure 
ou la phenanthroline genent. On d6crit une technique pour le dosage du bore dam I’acier. 
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SULPHONATED AZO-DYES AS EXTRACTIVE 
METALLOCHROMIC REAGENTS 

(Receiued f 4 August I 972, Accepted 6 October 1972) 

The metallochromic properties of azo-dyestuffs, particularly those containing o,o’-dihydroxy groups, are 
well known and many of these reagents have found application in the complexometric titration of metals.’ 
Examples of their use for the spectrophotometric determination of metals have also appeared,2 but in 
general these reactions are non-selective. Selectivity or specificity may be achieved by the use of appropriate 
masking agents. Furthermore, in some instances the use of an az.o-dye as a spectrophotometric reagent is 
prevented by similarity in the colours, and consequently, in the absorption spectrum of the metal complex 
and the reagent itself. For practical purposes it is convenient if the molecule contains at least one suiphonic 
acid group to make the reagent soluble in water. If more than one sulphonic acid group is present, the 
tendency of the reagent to form extractable ion-aviation complexes is reduced. 

With the hope of improving the selectivity and sensitivity of such reactions we, as well as previous workers 
in the Laboratory,3 have investigated the possibility of extracting the metal complexes of a number of 
representative sulphonated o,o’-dihydroxyazo-dyes into chloroform as the ion-association complexes formed 
with a quaternary ammonium cation. In the present work the pH range between I.0 and 12.0 was investi- 
gated. In acid solution (_ < pH 1) dissociation of sulphonic acid groups is suppressed and it is probable that 
the reagents and their metal complexes will be extracted even in the absence of a large cation. 

The number of possible substitutions of azo-dyes is very large, but o,o’-dihydroxy mono-azo dyes may be 
classified conveniently according to the number of aromatic rings present and further, for the naphthyl 
series, by the position of the azo-substitution. Thus, the parent compounds are 

I 2,2’-azodiphenol 
II 2-(~-hydroxy-I’-naphthyl~o)p~nol 

III 2-( I ‘-hydroxy-2’-naphthyl~)p~nol 
IV 2,2’-dihydroxy-1 ,I ~-~onapht~lene 
V l,2’-dihydroxy-2,I’-azonaphthalene 

VI l,l’-dihydroxy-2,2’-azonaphthalene 

Some readily available monosulphonated derivatives of I-V were investigated, oiz. 

A S-C1,4’-OH,3-SOaH- 
B 5-SO,Na-II 
C 5-CH3,4’-SOaH- 
D 5-OH,S-S03Na-III 
E 4-SOAH-IV 
F 4-SOaH-V 
G 6-NO&SOsH-V 

Two closely related reagents 

Colour Index No. 
Mordant Red 72 

15670 
- 

f6500 
15705 
14640 
14645 

Commercial name 
Lumogallion 
Acid Alizarin Violet (N) 
Calmagite 
Chrome Fast Black PV 
Calcon, Eriochrome Blue Black R 
Eriochrome Blue Black B 
E&chrome Black T 

H S-Cl&‘-OH,3’,6’-SOaNa-III 
I 2-(2’-Hydroxy-I’-naphthylazo)-3-methyl- 

5-phenyl-l-hydroxylpyrazole&sulphonic 
acid 

16680 Eriochrome Blue SE 
18760 Eriochrome Red B 

were also examined. 
Systematic classification of dyes with two azo linkages is more complicated, but three examples of this 

class which have found application in spectrophotometric analysis were also studied. 

K Acid Alizarin Black SN 
L Fast Sulphon Black F 

M Cal&chrome 

21725 
26990 

417 
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EXPERIMENTAL 

Reagents 

Acetate (pH 1.1-52). phosphate (6.1) and borate (7.5-12.0) buffers were prepared to cover the pH range 
1-12 and their ionic strength was adjusted to 0.3 with sodium perchlorate. 

Metal ion solutions (O.lM) were prepared, from the perchlorates where possible. 
Dye solutions nominally 4 x 10w4M were prepared by dissolving the theoretical amounts of the solids 

in distilled water. No attempts were made to purify the commercial products. 
Solutions of the quatemary ammonium salts (O.lM) were prepared by dissolving Aliquat 336 (methyl- 

tricaprylylammonium chloride) (General Mills, Chemical Division, Kankakee, Illinois) or tetrahexyl- 
ammonium iodide in chloroform. The latter solution was converted into the perchlorate form by shaking 
three times with an equal volume of 10% sodium perchlorate solution. 

Procedure 

Qualitative tests were made of the reaction of a given reagent with 20 selected metal ions, viz. Al, Bi(lll), 
Ca, Cd, Co(H), Cu(II), Fe(III), La, Mg, Mn(II), Mo(VI), Ni(II), Pb(II), Pd(Il), Sn(lV), U(VI), V(IV), 
W(V1). Zn and Zr(IV) at each of eleven pH values by addition of one drop of 0.1M metal ion solution to a 
test-tube containing 1 ml of 4 x 10m4M reagent solution and 3 ml of the appropriate buffer solution. After 
thorough mixing, a few minutes were allowed for reaction before the colour was noted. One ml of quaternary 
ammonium salt solution (0.05 or O.lM) was added, the mixture was agitated vigorously for a few seconds 
and, after settling, the colour of each phase was noted. 

Reactions giving interesting colour changes were carried out semiquantitatively (again with an excess of 
metal ion over reagent) and the spectrum of the metal complex as well as of the reagent alone was plotted 
in the visible region for the aqueous phase or for the organic phase after extraction, as appropriate. Reactions 
appearing to have analytical possibilities, i.e., giving a large shift in absorption maximum and an intensely 
coloured metal complex, were then further investigated by preparing a Beer’s law plot to test the sensitivity 
under the reaction conditions used. 

RESULTS 

It will be appreciated that in qualitative tests the recognition of a potentially useful reaction is very sub- 
jective. The further characterization of a given reaction in terms of sensitivity and selectivity is necessary to 
achieve objectivity. The present survey has, however, confirmed previous workers’ findings that o,o’-dihy- 
droxyazo dyes react with many metal ions in aqueous solution under various pH conditions, e.g., Mo(VI) 
with almost every reagent in acid solution; Cu(I1) with reagents B, F and K at pH 14; Zr(IV) with A, B 
and Hat pH l-4; Fe(lI1) with A, B, D, F, H, and J at pH l-5; V(IV) with B, D, F, G, H, J, K and Mat 
pH 3-6; U(VI) with F, G, H, and K at pH 4-5; several transition metals and La(II1) with K and L at around 
pH 7; Ca and Mg with B, C, D, F, H, and M in alkaline solution. 

In several instances these reactions are best suited to spectrophotometric application by measurement of 
the decrease in absorbance at a given wavelength upon complex formation and have already been used in 
this manner.4*S 

The formation of an extractable species depends upon neutralization of the negative charge of the metal 
complex by ion-association with one or more quatemary ammonium cations. At low pH only the sulphonic 
acid groups are dissociated, the hydroxyl groups ionize successively as the pH is increased. Thus at higher 
pH more quaternary ammonium ions are needed to achieve neutralization of charge. The reactions of the 
o,o’-dihydroxyazo dyes after extraction are summarized in Table 1 in which each reagent is represented by 
the letters assigned to it above. Entries appear for all conditions under which there was a significant difference 
between the colour of the organic phase with a metal present and that for the reagent alone. No extractable 
complexes were formed by reagents L and M. indicating that the presence of three or more sulphonic acid 
groups prevented charge-neutralization under these experimental conditions. Bi(lII), Ca, Cd, La(lII), Mg, 
Pb(l1) and Zn formed no extractable complexes coloured differently from the reagent. 

These tests were done with an excess of metal over reagent so that in some instances, although complex 
formation occurred, the reaction would not be applicable to spectrophotometric analysis. Several reactions, 
however, did appear to be worthy of consideration for spectrophotometry and a rapid examination was 
made to obtain an estimate of the sensitivity of a number of these without rigorous optimization of conditions. 
These results are shown in Table 2. The reaction of aluminium with Calmagite at pH 8.6 has been studied 
more thoroughly as a spectrophotometric method.6 

Conclusion 

The investigations described herein have shown that several monosubstituted o,o’-dihydroxyazo dyes form 
coloured metal complexes which are extractable into chloroform as ion-association complexes with a quater- 
nary ammonium cation. These reactions may offer advantages in selectivity and sensitivity over existing 
spectrophotometric methods based on metal-azo-dye complexation. 
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Table 1 

Metal 
ion 1.1 2.0 3.0 4.2 

PH 
5.2 6.1 7.5 8.6 10.0 11.1 12.0 

AI(III) D, K 

cow 

Cu(II) A, 4 D, F, 
G, H, K 

Fe(II1) D, F, H, 
J, K 

Mn(II) 

Mo(VI) A, B, C, D, 
E, F, G, K 

Ni(I1) 

Pd(lI) A, B, E, K 

SnW) / 

UW) 1 
V(IV) A, K 

WW A, B, D, E, 
F. K 

Zr(IV) 1 F, H 

- 

. 

__ 

. - 

. . 

. 

. . 

_ 

_. 

- . 

_. 

_. 

E 
-- 

E, F 

E E, J 

-- 
E, F, J E, F, J 

B, C, E, B, C, E. 
F, G, K F, G, K 
-- 

-- 
B, C, E B, C 

K IK 

K F, K 

-- 
B, E, F E, F 

- 

._ 

._ 

._ 

_ 

_ 

_ 

. 
t 
_ 

__ 

_ . 

__ 

__ 

E E 

--- 
E. K 

“,F IC,F IC 
--- I 
G 1 E r; G 1 F 

E, E G, E, F, G, C, E, F, 
J, K J, K J 
--- -!- --- 
K K 

- 

._ 

._ 

_ 

. 

_ 

_ 

_ 

. 

B, C 8, C B, C 
---_ 
B, C, B, C, C, J, J, K 
F,JJ K 
---_ 

c c 

---_ 

---_ 
c c c 

---- 
c c c c 
---- 
K 
---_ 
F, J C, J C C 
---- 
C,J C 

---- 

---- 

Table 2 

Metal Reagent pH Wavelength, nm c, hnole-l~cm-’ 

Mo(W B 1.1 570 6.5 x IO3 
Mo(VU C 1.1 575 6.0 x 10” 
Mo(VI) K 1.1 610 12-o x 103 
W(VI) B 1.1 570 7.0 x 103 
ClJ(II) B 1.1 570 5.5 x 103 
Pd(I1) B 1.1 570 5.5 x 103 
Fe(III) K 1.1 610 18.0 x lo3 
Co(II) C 4.2 580 8.0 x 10’ 
Co(II) B 5.2 570 24.0 x lo3 
Co(U) B 8.6 570 25.0 x 10’ 
Al(III) E 8.6 570 29.0 x lo3 
Al(III) C 8.6 580 40.0 x 10’ 

B, C 

C, I= 

Department of Chemistry 
University of Arizona 
Tucson, Arizona 85721, U.S.A. 

COLIN WOODWARD 
HENRY FREISER 



420 SHORT COMMUNIC4TlONS 

REFERENCES 

1. R. Pi?bif, Adytkxzi Applications of ELITA and Reiated Co~pauds, Pergamon, Oxford, 19f2. 
2. ID. F. Bohz and M. 0. Melton, A&. C&m., I966,38,317R. 
3. N. Suzuki (1965) and F. T. Ashizawa (1966). University of Arizona, unpublished observations. 
4. M. Hosain and T. S. West, Anal. Chim. Acttz, 1965, 33, 164. 
5. A. M. Cabrera and T. S. West, Anal. Chem., 1963,35, 311 
6. C. Woodward and H. Freiser, Talanta, 1968, 15, 321. 

W-A survey has been made of analytically useful extractabte ion-pair compiexes that 
are formed by !he use of a series of metallochromic indicator-metal complexes in conjunction 
with quaternary ammonium ions. The reagents were D,U’ -dihydroxyazo dyes and azo-oxines. 

Zw--Es wird eine t)bersicht fiber analytisch niitzliche extrahierbare Ionenpaar- 
komplexe gegeben, die aus einer Reihe von Metallfarbindikator-Metall-Komplexen mit 
quart&en Anunoniumionen gebildet werden. Die Reagentien waren o, o’-Dihydroxyazofarb- 
st&e und Azooxine. 

%am&-Un a efWu& tme etude de complexes paires d’ions extractibles, ana~~~quement 
utiSes, qui sent form&s par f’emploi d’une s&ie de complexes indicateur m~talI~hrome-metal 
conjointernent a des ions ammonium quaternaires. Les reactifs sont des colorants o, o’-dihy- 
droxyazo et des azo-oxina. 

~-~~-ACETYL-l,3-INDANDI~NE-~-HYDR~~NE}TR~ALKYL- 
AMMONIUM IODIDES AS A NEW GROUP OF REAGENTS FOR 

THE CARBONYL GROUP 

(Received 8 September 1972. Accepted 23 October 19’72) 

Braun and Mossher’ introduced Idiphenyfa~etyl-1,3-indandione-I-hydrazone as a reagent for characterization 
of carbonyl compounds. Aldehydes and ketones react with the hydrazone to give Ruorescent a&es having 
sharp and welt spaced melting points. Brandt and Cheronis’ showed that concentrations of these azines as 
low as IfX9M could be detected spectrophotometrically. Mosber, Bechara and Pozomek’ indicated the use 
of the reagent and its analogues for identification of various classes of organic compounds such as amines, 
alcohols, anhydrides, hydrazines and ortho-esters. The potential usefulness of these reagents appears to be due 
to the 2-acetyl-1,3-indandione nucleus. 

The present paper deals with the investigation of quarternary ammonium derivatives of these reagents6 which 
have been found to react with afdehydes, ketones and ketoacids, but not with alcohols. amines and non-keto 
carboxyiic acids. 

EXPERfMENTAL 

2-Acetyt-1,3-indandiono was obtained by Claisen condensation of dimethyl phthafate with acetone in the 
presence of sodium methoxide according to the method reported by Kilgore.5 

Preparation of N-(2-acetyl-f ,3-indandione)trialkylammonium iodides 

2-Acetyl-~,3-jn~nadione was quatemized with an appropriate tertiary amine and iodine in methanoiic 
mediumV4 The compounds prepared were the trimethyl {m-p* 221-223’7, triethyl (m.p_ t3f-i32”)S tripropyi 
(210” dec.) and tributyl (mp. 52-53”) derivatives. 
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Preparation of monohydrazones 

N-(2-Acetyl-1,3-indandione)trialkylatnmonium iodide (2.0 g), hydratine hydrate (809; solution in alcohol, 
2 ml) and methanol (20 ml) were heated in a lOO-ml round-bottomed flask on a water-bath for 5 min. 
allowed to cool, and left overnight. A light yellow product separated which was recrystallized from absolute 
alcohol. The hydrazones were hygroscopic. The m.p. values were lOl-102”. 170-177” dec.. 185-187” dec.. 
and 89-90” for the trimethyl, triethyl, tripropyl and tributyl derivatives respectively. 

Colour reaction with carbonyl compounds 

These hydrazones react with several carbonyl compounds in ethanolic medium to give coloured azines. 
The colour produced varies from light yellow to reddish-yellow depending upon the reagent and the carbonyl 
compound. Unlike the monohydrazone of 2-diphenylacetyl-1,3-indandione, these compounds do not react with 
amino, anhydride, carboxylic or hydroxy groups. The colour reaction takes place easily on the addition of a 
small quantity of carbonyl compound to an ethanolic solution of the hydrazone. The individual carbonyl 
compound may be characterized by its characteristic I,,, in ethanolic medium (Table 1). 

The carbonyl group was successfully detected in the presence of isopropyl alcohol. isobutyl alcohol. 
n-pentanol, dimethylamine, aniline, methylaniline and butyric acid. 

Acknowledgement-The authors’ sincere thanks are due to the Director, Defence Laboratory Jodhpur and 
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Summary-Monohydrazones of N-(2-acetyl-1.3~indandione)trialkylammonium iodides have been 
synthesized and used as reagents for the carbonyl group. Aldehydes, ketones, keto-acids and 
cyclic ketones react with these compounds, producing a.yellow colour. Carbonyl compounds can 
be identified by the absorption spectrum of their derivatives with these reagents. 

Zusammenfaasung-Monohydrazone von N-(2-Acetyl-l.3-indandion)-trialkylammoniumjodiden 
wurden synthetisiert und als Reagentien fir die Carbonylgruppe verwendet. Aldehyde, Ketone. 
Ketosluren und cyclische Ketone reagieren mit diesen Verbindungen und bringen eine gelbe 
Farbe hervor. Durch das Absorptionsspektrum ihrer Derivate mit diesen Reagentien kiinnen 
Carbonylverbindungen identifiziert werden. 

R&sum&-On a synthetisi les monohydrazones d’iodures de N-(2-a&y1 1,3-indandione)trialkyl- 
ammonium et les a utilisees comme rbactifs du groupe carbonyle. Les aldihydes, &tones. 
c&to-acides et &tones cycliques riagissent avec ces compos8s. produisant une coloration jaune. 
Les composes carbonylis peuvent 6tre identiliirs par le spectre d’absorption de leurs dirivts avec 
ces r6actifs. 
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SULPHOLANE AS COLOUR-ENHANCING AND STABILIZING 
AGENT FOR SILICOMOLYBDIC ACID 

(Received 18 October 1972. Accepted 2 November 1972) 

Sulpholane (i.c, tetrahydrothiophene-l.l-dioxide) produces a significant enhancement ofcolour when added to a 
solution containing the thiocyanaoto-complex of cobalt.’ In tests of the effect of the solvent on solutions of 
other metals and complexes a pronounced deepening of the colour of silicomolybdic acid was noticed and 
the possibility of an analytical application of this enhancement was investigated. 

The yellow colour developed when solutions of silicate and molybdate ions are mixed was first 
described by Jolles and Neurath2 in 1898. Since then many procedures have been described, making use of 
the reaction in the determination of silica. Quite contradictory results and statements are found in the 
literature. An explanation for this situation was provided by Strickland’ in 1952 when he discovered that 
two silicomolybdic acids exist which he called the a and B forms. Because the two forms differ (among 
other things) in their absorptivities, doubtful analytical results are obtained unless care is taken that only one 
of the acids is formed during colour development. Of analytical significance was the contribution by Chalmers 
and Sinclair4 who recommended the addition of acetone when preparing the solution to be subjected to 
the photometric measurement. Acetone (some other polar organic solvents have the same effect, but to a lesser 
degree) enhances the colour and stabilizes the B-form. This form is of greater analytical interest because 
it has the higher absorbance over most of the absorption spectrum and allows operation in more acidic 
solutions. Without stabilization the B-form converts into the a-form at a rate that depends on the pH and 
the composition of the solution and that is generally difficult to control. Recently Hal&z et u/.5.6,6 have 
studied heteropoly acids containing molybdenum and critically evaluated the various parameters influencing 
their formation, stability. interaction etc. and also made analytical recommendations. 

Sulpholane-containing swtems 

In the present studies, acetone, the best enhancer so far known, was replaced by sulpholane, which 
proved superior in several ways. The enhancement is greater than with acetone as can be seen from Fig. 1. 
Sulpholane is less volatile and thus the possibility of error due to volume changes caused by evaporation is 
diminished. Sulpholane does not give a turbidity when test solutions are made strongly acidic. This is in 
contrast to the acetone-containing solutions. The formation of the turbidity has not been reported by 
previous authors. Sulpholane also stabilizes the p-form and to a higher degree than acetone. For solutions 
containing acetone Chalmers and Sinclair4 reported a rate of fading of 0.4% per hour. In the case of sulpholane 
no change in absorbance was noticed over a period of four days. 

The absorption spectra of silicomolybdic acid in both forms in the presence of sulpholane are essentially 
identical in shape to those in the absence of the solvent, but show higher absorptivities. For either form the 
highest sensitivity would result from photometric measurements at the peak wavelengths between 300 and 320 
nm. Unfortunately. the absorptivity of free molybdate is also considerable in that region and thus leads to an 
extremely high blank value. Therefore, it is preferred to use wavelengths of about 400 nm where the molybdate 
does not absorb at all. 

As can be seen from Fig. 1 the amount of sulpholane added should be at least 20% v/v to ensure 
maximum colour development. While no influence on the colour is observed when more solvent is present, 
a practical limit exists at 40”;. Beyond that concentration the molybdate forms a yellow complex with 
sulpholane and again a detrimentally large blank results. 

The /5molybdic acid-sulpholane entity was found to be stable within the “pH” range 0.1-1.8. It should be 
noted that pH is set within quotation marks to indicate that not the true proton activity is intended but rather 
the reading an a pH-meter when a glass and calomel electrode combination is dipped into the sulpholane- 
containing solution. Below pH 0.1 the formation of the complex is incomplete. Above pH 1.8 the conversion 
into the z-acid is increasingly rapid and at pH 3 almost instantaneous. Once formed, the a-acid persists 
and no reconversion to the /&acid takes place upon acidification. 
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Fig. 1. Enhancement due to acetone and sulpholane. 
(A) a-Acid with acetone; (B) a-acid with sulpholane; (C) B-acid with sulpholane. 

EXPERIMENTAL 

Reagents 

All reagents used were of analytical grade or better. Demineralized distilled water was used exclusively. 
Sulpholane was obtained in distilled form from J. T. Baker: Eastman Practical Grade material was employed 
after purification by distilling at 118-120” at 1.5 mmHg. 

The silicate standard solution was prepared by dissolving sodium matasilicate in demineralized water 
to yield a 1525 x lo-’ M solution. 

All solutions were stored in polyethylene bottles. 

Procedure 

Place the roughly neutralized sample solution containing up to 0.4 mg of SiOl in a 25-ml volumetric 
flask and add 4 ml of 03M perchloric acid. 5 ml of liquefied sulpholane and 5 ml of 0.05M ammonium 
molybdate. Dilute to the mark with distilled water and mix. Allow to stand for 15 min and measure the 
absorbance at 400 nm us. a reagent blank. Obtain the result in the usual manner from a calibration 
curve established under identical conditions. 

Remarks 

The sample solution should be freshly neutralized from the alkaline side in order to avoid polymerization of 
the silicate, which would lead to erroneous results. The final acidity of the solution should be between “pH” 
0.1 and 1.8. The amount of sulpholane can be larger, up to 10 ml. Sulpholane is solid at room temperature 
and must be liquefied. It may be kept in a warm place to prevent solidification or may be employed as a 
concentrated aqueous solution. 

RESULTS 

Some results obtained with this procedure are shown in Table I. Interference studies have not been made 
to any extensive degree. Arsenate and phosphate interfere and must be absent. Because of the similarity of the 
action of sulpholane and acetone it is quite probable that the procedures developed for the latter solvent can 
be applied with little or no modifications to the sulpholane method. 
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Table 1. Results of silicon determinations by the 
sulpholane-fi-silicomolybdic acid method 

Silica, w Silica, M 

Taken Found Taken Found 

55.7 54.0 155 158 
73.8 71.7 203 206 
94.2 96.3 222 217 

111 110 295 292 
148 144 369 371 

Standard deviation + 3.1 pg SiO, 
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Summary-Addition of between 20 and 40% v/v sulpholane gives a colour enhancement of 
silicomolybdic acid better than that achieved with acetone. The b-silicomolybdic acid is stabilized, 
and solutions yielding a pH-meter reading of 0.1-1.8 give the best results. The photometric 
measurement is made at about 400 nm. Another advantage of sulpholane is its much lower 
volatility. 

Zusammenfassung-Die Zugabe von 2&40 Vol-“/b Sulfolan verstirkt die Farbung von Siliko- 
molybdlnsiiure in hoherem Ausmag, als man es mit Aceton erreicht. Die B-Silikomolybdansaure 
wird stabilisiert: Losungen, fir die man am pH-Meter 0.1-1.8 abliest, geben die besten 
Ergebnisse. Die photometrische Messung wird bei etwa 400 nm ausgefuhrt. Ein weiterer Vorteil 
von Sulfolan ist seine vie1 geringere Fltichtigkeit. 

Resume-L’addition de quantites comprises entre 20 et 40 % (v/v) de sulfolane donne une 
exaltation de coloration de l’acide silicomolybdique meilleure que celle obtenue avec l’acetone. 
L’acide P-silicomolybdique est stabilise, et les solutions donnant une lecture au pH metre de 
0.1-18 donnent les meilleurs rtsultats. La mesure photometrique est effectuC a environ 400 nm. 
Un autre avantage du sulfolane est sa volatilite beaucoup plus faible. 
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o-AMINO HETEROCYCLIC AZO-DYES 
REAGENTS-II 

AS ANALYTICAL 

SPECTROPHOTOMETRIC DETERMINATION OF COBALT 
WITH 3-[(5-CHLORO-2-PYRIDYL)AZO]-2,6-DIAMINOPYRIDINE 

(Received 23 December 1971. Recked 26 October 1972. Accepted 15 Nooember 1972) 

In a search for new sensitive and selective reagents, a thorough study of some of the azo compounds 
containing halogen-substituted pyridine has been made. *A It was found that one of these compounds. 
3-[(5-chloro-2-pyridyl)azo]-2,6-diaminopyridine (5-Cl-PADAPy, I), formed a deep blue water-soluble complex 
with cobalt(H), and a highly selective determination of microgram amounts of cobalt is possible under the 
conditions established. Recently, Talipov et ~1.~ determined cobalt with 3-(2-pyridylazo)-2.6-diaminopyridine 
photometrically. 

2 

Reagents 
EXPERIMENTAL 

S-Cl-PADAPy solution. An ethanolic 0.1% w/v solution was prepared from the pure material (see below). 
The solution is stable for several months if stored in an amber glass bottle. 

Cobalt(ll) solution. A stock chloride solution was prepared from 99.99% pure cobalt metal. 
Bufl^er solution. Hydrochloric acid (0.2&f)-potassium chloride (0,2M), acetic acid (O.ZM)-sodium acetate (0.2M). 

boric acid (O.ZM)-potassium chloride (O.ZM)-sodium hydroxide (0.2M) and borax (O.ZM)-sodium hydroxide 
(O.lM) mixtures. 

Solutions (1 + 1 dilution) were made from high-purity sulphuric. hydrochloric. nitric. perchloric and phos- 
phoric acid. 

All other reagents were made from high-purity materials or purified reagents, and were prepared with 
redistilled water. 

Preparation of reagent 

Diazotization. Freshly prepared isopentyl nitrite (5.46 g) was added to a solution containing 6 g of 
5-chloro-2-aminopyridine and 2.4 g of sodium amide in 80 ml of absolute alcohol, refluxed for 2 hr and cooled. 

Coupling. 2,6_Diaminopyridine (5.1 g) was dissolved in IO ml of ethanol and added to the diazonium salt 
solution at 5’. and carbon dioxide was passed through the solution continuously. The mixture was let cool 
overnight and the precipitated reddish brown crystals were filtered off. washed with water, dissolved in hot 
ethanol. recrystallized from aqueous solution. and sublimed at about 200. Purified materials for physico- 
chemical determinations can be obtained by sublimation in vacua. Analysis: calculated C 4X.30”“. N 33.80”,, 
H 3.65%; found C 48.5%. N 33.7”,,. H 3,8”6. 

Protonation behaoiow of the reagent 

The reagent is sparingly soluble in water, but soluble in various organic solvents including ethanol, 
acetone and dioxan, as well as in strongly acid solution. Five species, H,L’+. H,L3’. H,L”. HL’. and L are 
involved in the protonation equilibria. The proton-dissociation constants have values of pK,, = 1.3 for the 
p-amino group and pK,, = 5.9 for the o-amino group. The pK,, and pK,, values for the pyridine and 2,6- 
diaminopyrtdine heterocyclic nitrogen atoms may exist at about H, = -2.5. but could not be distinguished by 
the spectrophotometric method. 

Colour reactiotl with metals 

The coloured complexes are easily prepared by adding a few drops of a solution of 5-Cl-PADAPy in 
ethanol to solutions of heavy metals. The ions that give a colour with the reagent are listed in Table I. 
Ions that do not give a detectable colour at room temperature include silver. aluminium. beryllium. 
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bismuth, cadmium, eaicium, ~hrornjurn(~~I~, mercury(XI), manga~e(~~)~ nickel (at pH 4). lead, thorium, 
tungsten, yttrium, zinc, zirconium. titanium. When mineral acid is added to the solution containing metat 
complexes. only the cobalt complex is stable, and therefore the selectivity for cobalt is excellent. 

Table 1. Colour reaction of metals with S-CLPADAPy 

l0n 

PH 5 

Colour 

H&J, added pH 10 H,SQ, add& 

Absorption spectra 

The absorption 

Reagent 
co2* 

Orange 
Green 

CU2* Purple 
Fe3* Brown 
Ni2* nil. 

Orange red 
Bluish purple 
nil* 
Red brown 
nil 

Orange Orange red 
Green Blue 
Purple nil * 
Brown Red brown 
Red purple nil* 

* This means reversion to the c&our of the reagent. 

RESULTS AND DISCUSSION 

spectra of the reagent and its cobalt complex in aqueous solution at pH 59 (initial 
conditions of colour development) are shown in Fig. 1, When hydrochloric acid is added to the sample 
solution, the cobalt compiex may be changed into a different species, which is suitable for dete~~~ation of 
cobalt. The spectra of the reagent and its complex in l*2M hydr~h~o~~ acid are shown in Fig. 2. 

The effect of initial pN on colour development was studied by developing the colour in a series of 
solutions varying in pM from 1.5 to 12 and then measuring the absorbance after the acidity had been increased 
to 1.2M (hydrochloric acid). The absorbance increased steeply in the pH range 2-3. but no change in absorbance 
was observed over the pH range 3512. In practice the initial pH should be as low as possible bu;ause 
nickel does not react appreciably with the reagent at pH 3*5-S. Subsequent studies were carried out at an 
initial pH of 50. 

Wavelength, nm 

fig. 1. Absorbance curves of 5-CI-PADAPy and its cobalt complex in aqueous solution at 
pH 50 with 4 x fCf- ‘M S-Cl-PADAPy, 
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Wovelength. nm 

Fig, 2. Absorbance curves of 5-CI-PADAPy and its cobait complex in 1.2&f hydrochloric acid 
solution. Con~ntrations of 5-CI-PADAPy and cobalt as for Fig. I. 

CobaIt and S-CI-PADAPy in an acid medium did not form any complexes; under these conditions, the 
Iigand was protonated on the nitrogen atoms and amino groups. In compIex formation the pyridine 
nitrogen atom plays a very important role: ~nzen~z~~aminopyridine (II) does not react with cobalt under 
any conditions. 

However, the compiex formed 
absorptivity, by addition of mineral 

at pH M-12 could be changed into another species of higher 
acid. The effects of acidity and type of acid were studied. No change 

in absorbance was observed over the range Z-10 ml of added (1 + 1) hydrochloric, sulphuric. nitric. 
perchloric or phosphoric acid. Subsequent studies were carried out with addition of 5 ml of hydrochloric 
acid (1 f 1). 

The absorbances of a series of solutions containing 20 pg of cobalt and O-l-2.0 ml of 0.17; dye solution 
were measured. It was found that 0.5 ml of dye solution sufficed to complex up to 20 pg of cobalt. 
For qualitative detection of cobalt, the excess of reagent can be destroyed by the addition of hydrogen 
peroxide and heating at about 50-60”’ on a water-bath. Then the colaur of the cobalt complex can be 
detected more easily by eye. 

The mjn~rnurn time For complete colour development was found to be l-2 min at room temperature. The 
absorbance was then stabte for at least a week. The calibration graph proved to be iinear over the range 
@l-i,2 ppm of cobalt. The effective molar absorptivity for the cobalt complex was 3.6 x lo4 Lmole-” .cm-’ 
at 620 nm. 

Efict of foreign ions 

Numerous cations and anions were examined by applying the method to fixed amounts of cobalt in the 
presence of increasing quantities of the ion being studied (Tables 2 and 3). It is evident that many have no 
effect at the levels studied. Among the cations, interference was caused only by iron(W) and large amounts 
of copper. Iron(III), about 20 mg, can be masked by the addition of 2 ml of 6% hydrogen peroxide, 
which interferes appreciably in the formation of the iron complex. Fortunately, hydrogen peroxide does not 
attack the redgent at room temperature, so 5-Cl-PADAPy can be used for determining microamounts of cobalt 
in n~any industrial and natural materials without separation. 
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Table 2. Effect of foreign cations on determination of 2OQ 11g of Co 

Metal Amount 
added. 

?I 

Co found. Error. 

@I !Jg 

Metal Amount 
added. 

mg 

Co found, 

/+I 

Error, 

!+I 

Al”’ 

Bi”’ 

Cd’- 

cu2+ 
Cr6 + 

Cr3- 

Fe” 

Fe” 

Hg” 
La3+ 

2 
4 
. 

$ 
2 
4 
0.05 
2.5 
5 
0.1 

0.2 
0.4 
5* 

10* 
15* 
208 

0.01 
2 
2 
4 

20.0 +o.o 
19.8 -0.2 
20.0 +o.o 
19.8 -0.2 
19.4 -0.6 
19.7 -0.3 
20.4 +0.4 
20.4 +0.4 
20.9 +0.9 
20.8 f0.8 
20.9 +0.9 
19.6 -0.4 
19.0 -1.0 
20.2 +0.2 
20.3 +0.3 
19.9 -0.1 
20.5 +05 
236 +3.6 
19.8 -0.2 
20.0 +o.o 
19.7 -0.3 

Mg 2’ 

Mn2+ 

Ni” 

Pb’+ 

Th4+ 

Ti4+ 

We+ 

Y’+ 

Zn2+ 

Zr4+ 

19.9 -0.2 
19.7 -0.3 
20.2 +0.2 
21.0 + 1.0 
20.2 +0.2 
21.2 +1.2 
20.0 50.0 
20.0 50.0 
20.0 +o.o 
20.0 +o.o 
20.1 +0.1 
20.3 +0.3 
20.6 +0.6 
24.1 +4.1 
20.1 +0.1 
19.7 -0.3 
20.2 +0.2 
19.8 -0.2 
20.2 +@2 
20.0 * 0.0 

* 2 ml of 6?’ H,O, added. 0 

Table 3. Effect of anions (20 pg of cobalt) 

Salt 
Amount Amount 
added. Co found, Error. Salt added, Co found, Error, 

9 !-G? p9 4 # IGJ 

K,SO, 1 20.0 +OQ K2CO3 1 18.7 - 1.3 
KNO, 1 20.0 * 0.0 NaCIO, 1 19.2 -0.8 
KC1 1 20.0 kO.0 NaCl 1 20.0 kO.0 
KBr 1 19.7 -0.3 NH,H2POI 1 19.8 -0.2 
KI 1 16.6 - 3.4 Tartaric acid 1 19.7 -0.3 

h’nture qf the cobalt complex 

The empirical formulae of the complexes were studied by the continuous-variation and mole-ratio methods. 
The curves obtained indicate the formation of a complex 1 : 3 metal : ligand ratio at pH 5 and in 1.2M 
hydrochloric acid. However. it is difficult to see how the three ligands can be co-ordinated to cobalt, on 
account of the structure of the reagent. A further critical study of the reaction is therefore planned. The 
present communication discusses only the analytical conditions. 

Recom~ertdeti pocedu~.e ,fov the detemirlation qf cobalt 

Into a 25-m) volumetric flask transfer a suitable aliquot of sample solution containing up to 25-30 gg of 
cobalt. and add 1.0 ml of ethanolic O,l”, reagent solution. Adjust to pH 5 with 5 ml of buffer solution 
and mix. Then add 5 ml of hydrochloric acid (1 + 1). dilute to volume and mix. Measure the absorbance of the 
cobalt complex at 620 nm against a reagent blank. Obtain the concentration of cobalt from a standard calibration 
curve obtamed under identical conditions. 
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Table 4. Determination of cobalt in some alloys 

Alloy Composition, % Cobalt found.:< 

For electric resistors 

Konel 

For glass fusion 

EMK 

Ni, 73,07 
Co, 17.16 
Ti, 8.8 
si, 0.5 
Al, 0.26 

Ni, 30.0 
Co, 25.0 
Cr, 8.0 
Fe, 37.0 

17.20 
17.19 
17.21 

17.20 

25.3 
25.1 
253 

25.2 

Determination of cobalt in some alloys 

A sample (O-1 g) of alloy was dissolved in the usual way and cobalt determined on an aliquot of the solution. 
Some results are shown in Table 4. 
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Emory-Cobalt(I1) and 3-[(5~hloro-2-pyridyl~o]-2,6~iaminopyridine (5-CI-PADAPy) in 
slighdy acid, neutral or alkaline media form a blue complex which is very stable even in the 
presence of mineral acids. The complex has two absorption maxima, at 575 and 620 nm, in I.ZM 
hydrochlororic acid. The system conforms to Beer’s law; the optimal range for a l-cm ceil is 
0.2-1.2 ppm cobalt. Milligram amounts of common anions and cations do not interfere. The 
molar absorptivity is 3.69 x IO“ l.mole-L.cm-i at 620 nm. 

Zusammenfaasung-Kobaft(I1) und 3-[(5-Chlor-2-pyridyl)azo]-2,6-diaminopyridin (5X1- 
PADAPy) bilden in schwach sauren, neutralen oder alkalischen Medien einen blauen Komplex, 
der selbst in Gegenwart von Minerais~uren sehr stabil ist. Der Komplex hat in 1~2 M Salzdure 
zwei Absorptionsmaxima bei 575 und 620 nm. Das System gehorcht dem Beerschen Gesetz. Der 
beste Konzentrationsbereich fur eine 1 cm-Zelle ist 0.2-1.2 ppm Kobalt. Milligrammengen 
gangiger Anionen und Kationen stiiren nicht. Der molare Extinktionskoeffizient betragt bei 
620 nm 3.69. IO4 I mol-‘cm-‘. 

R&urn&-Le cobalt (II) et la 3-[(S-chloro 2-pyridyf) azo] 2,6diaminopyridine (5Cl-PADAPy) 
en milieux I&gerement acide, neutre ou afcalin forment un complexe bleu qui est tres stable 
meme en la presence d’acides mineraux. Le complexe a deux maximums d’absorption, a 575 et 
620 nm, en acide chlorhydrique 1,2M. Le systeme suit la loi de Beer: le domaine optimal pour 
une cellule de 1 cm est de 0,2-1,2 p.p.m. de cobalt. Des quantites d’anions et de cations 
communs de l’ordre du mgr n’interferent pas. Le coefficient d’absorption molaire est de 
3.69 x lo4 Lmole-’ cm-’ 6 620 nm. 
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ANALYTICAL DATA 

METAL COMPLEXATION WITH 
2-HYDROXY-6-METHYLPYRIDINE-3-CARBOXYLIC ACID 

(Receioed 21 April 1972. Revised 1 September 1972. Accepted 20 September 1972) 

In continuation of studies on metal complexation with hydroxypyridines, ‘-4 2-hydroxy&methylpyridine-3- 
carboxylic acid (HMPC) is examined as a ligand for use in determination of iron(III). 

EXPERIMENTAL 

Spectral investigations 

The ligand solution is colourless and shows maximum absorption at 235 and 315 nm (c 6.7 x 10” and 
9.6 x 10’ l.mole-‘cm-’ ). When it is added to iron(II1) solution, a yellow colour is developed instantaneously, 
having I,,, = 410 nm, independent of the metal : ligand ratio, so only one complex is formed. The absorbance 
is independent of the acid concentration in the range 0.5-2.0M perchloric acid. For subsequent analytical 
work, 1M perchloric acid was chosen as the medium and an 80-fold molar excess of HMPC was found 
necessary for full colour development. Beer’s law is obeyed up to an Fe(II1) concentration of 16 pgplml, 
the molar absorptivity being 5.0 x 10’ l.mole-‘cm- i. The complex was shown to be 1 : 1 by the continuous 
variation and the logarithmic’ methods. The apparent stability constant of the complex is calculated to be 
0.9 x lo3 in 1M perchloric acid medium. at 25’. In view of the dominant lactam structure of hydroxypyridines3,6 
the structure (I) may be suggested for the complex, assuming that the remaining co-ordination sites around iron 

r 0 1 2+ 

H3C 

are occupied by water molecules or by anions. Iron(I1) does not give a yellow colour with HMPC in 
@5-2.0M perchloric acid medium. 

Interfererices 

The amounts of foreign ions (in pg/ml) tolerated in estimation of 2.5 pg/ml of Fe(II1) in 1M perchloric 
acid medium are: 250 of NO;, NO;, Cl-. Br-, SO:- or BO:-; 150 of UO:+; 100 of CH,COO-, F-, 
citrate. tartrate, PO:-. Cu, Mg, Ca, Sr. Ba, Zn, Cd, Al, Ti(IV), Zr, V(V), As(II1). Sb(III), Mn(II), Ru or 
thiourea; 50 of Ce(III), Mo(V1) or Ir; 35 of W(V1); 10 of C,O:-. EDTA or Pt(IV); 5 of Rh. As the Ru 
and Ir solutions are coloured. these metals are included in the blank when they are present. MO and W 
can be masked by addition of 100 pg of citrate per ml. I-, &OS- and Cr(II1) interfere, but iodide can be 
oxidized to iodine with hydrogen peroxide and extracted into chloroform, and chromium can be oxidized to 
perchromic acid with peroxide and extracted into pentanol. 

Procedure 

PI drop of test solution (in 2M perchloric acid) is placed on a spot-plate followed by a drop of the 
reagent solution (lo-‘M in water). An immediate yellow colour shows the presence of iron(II1). 

The limits of identification and dilution are 0.8 pg/ml and 1 : 50,000 respectively. 

Stability, constams of bivalent metal complexes with HMPC 

The method of Bjerrum and Calvin as modified by Irving and Rossotti’ was used to obtain values of K and 
pL which were plotted to obtain the formation curves of the metal complexes. The values of log K, and 
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log K, were calculated by the correction-term method of Irving and Rossotti.m From the results (Table 1) 
it is seen that the order of stability of the bivalent transition metal complexes with HMPC is as follows: 

Cu > Zn > Fe > Ni z Co > Mn 

Table 1. Stability constants of bi- 
valent metal complexes with HMPC 

Department of Chemistry 
Unirersity of De/hi 
Delhi-7, India 
St. Stephen’s College 
Delhi-7. India 

Cation log K1 log K2 

Cu( II) 4.59 3.62 
Zn(I1) 3.90 2.8 1 
Fe(H) 3.61 2.54 
Ni(I1) 3.46 2.50 
Co(I1) 342 2.40 
Mn(II) 3.24 2.21 

(Miss) VEENA KUSHWAHA 
R. P. SINGH 

M~HAN KATYAL 
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Summary-Metal complexation with 2-hydroxy-6-methylpyridine-3-carboxylic acid has been 
studied. The ligand finds use in detection and determination of iron (III). The order of 
stability constants of the bivalent transition metal complexes is Cu > Zn > Fe > Ni > Co > Mn. 

Zusammenfassung-Die Komplexbildung van Metallen mit 2-Hydroxy-6-methylpyridin-3-car- 
bonsiure wurde untersucht. Der Ligand tindet Verwendung beim Nachweis und bei der 
Bestimmung von Eisen(IIl). Die Reihenfolge der Stabilitatskonstanten der Komplexe mit zwei- 
wertigen ijbergangsmetallen ist Cu > Zn > Fe > Ni > Co > Mn. 

R&urn&-On a &tudi& la complexation des metaux avec I’acide 2-hydroxy 6-mCthylpyridine 
3-carboxylique. Le coordinat trouve son emploi dans la dktection et la dttermination du fer (III). 
L’ordre des constantes de stabilite des complexes des m&aux de transition bivalents est 
Cu > Zn > Fe > Ni > Co > Mn. 
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Summary-The use of indirect methods for the determination by atomic-absorption spectrometry 
of those elements not normally amenable to sensitive determination by this technique is 
reviewed. The available indirect methods are classified into five general types of procedure; 
specific reported procedures for the determination of metals, non-metals and some compounds 
are discussed. 

Atomic-absorption spectrometry (AAS) may be used directly for the determination 
of 68 elements. The sensitivity attainable in these direct methods, defined as that concentra: 
tion of the element in solution which produces 1% absorption at a given wavelength, 
is high for many of these elements (0.01-5 pg/ml). This sensitivity value is determined 
principally by the oscillator strength of the atomic line employed, the degree of atomiza- 
tion in the atom cell used and on the efficiency of the nebulization process by which 
the solution is introduced into the cell; the value for a particular element in a given 
solution does not vary greatly between instruments when commercially available 
apparatus is employed. The detection limit realizable for an element in AAS depends 
on the signal : noise ratio under particular analytical conditions and is considerably 
better than the 1% absorption sensitivity for most elements; this value, however, does 
vary with the instrumental assembly employed and the particular analyses undertaken. 

A considerable number of elements may not be determined directly by atomic- 
absorption spectrometry with conventional instrumentation, or may be determined only 
with iow sensitivity (> 5 lg/ml for 1% absorption) so that they are not readily 
determined at trace levels in solution. Thus, for example, the elements F, Cl, Br, I, S, P, 0 
and N exhibit their principal resonance lines in the vacuum ultraviolet (Table 1) and are 
not directly determinable by AAS with conventional equipment. A second large group of 
elements for which direct AAS is difficult includes those elements for which, although 

Table 1. Elements with main resonance lines at i < 200 nm 

Element Line, 
nm 

Element Line, 
lll?l 

F 95.5, 95.2 P 178’8. 17~‘3. 177’5 
Cl 138.0. 134.7 S 182.6. 182.1, 180.7 
Br 157.6. 148.9 As 197.3. 193.8. 189.0 
I 183.0 Se 196.1 
c 165.7. 156.1 HS 184.9 
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their resonance lines lie in an accessible region of the spectrum, it is extremely difficult 
to form and maintain a significant atomic population in flame and non-flame cells. 
This group includes Th and Ce, for which no report of direct determination by AAS with 
appreciable sensitivity has been made, and in decreasing order of difficulty the elements 
U. B, W, Ta, La, Nb, Zr, Re, Lu, Hf, Hg, Gd, Ir, Pr, Nd, Sm and Tb. In addition the 
attainable sensitivity for several other elements that are frequently to be determined may 
be inadequate for their determination at the trace levels commonly encountered in 
samples to be analysed; these include As, Ge, Ti, V, Se and Te. 

In order to extend the range of application of AAS, and to increase the attainable 
sensitivity for those elements where it is inadequate for trace analysis, much attention 
has been devoted to the development of indirect methods of analysis for many of those 
elements listed above. In addition some work has been reported for the application of 
indirect methods to permit the determination of organic species by AAS. The information 
on indirect AAS methods is scattered in the literature; an opportunity is taken in this paper 
to review these methods and comment on their application in analysis. 

GENERAL CONSIDERATIONS 

One of the principal advantages of direct methods of analysis by AAS is the high 
selectivity for particular elements in dilute solution. The success of indirect methods of 
analysis by AAS, and their applicability to practical analyses, depends on the degree to 
which the selectivity for the determination of the species concerned can be retained via the 
chemical reaction utilized before the final flame absorbance measurement. Even in those 
methods where some loss of selectivity is experienced owing to the nature of the initial 
chemical reaction employed, the ability to increase the sensitivity, or to achieve the 
AAS determination at all, is frequently of considerable value. 

Several distinct types of procedure may be employed in indirect determinations by 
AAS. In each of these the species to be determined is made to undergo a reaction with 
one or more other ions and the concentration of the reaction product or of the unreacted 
excess of added reagent (which are directly and inversely proportional, respectively, to the 
concentration of the analyte species in the sample) is measured. The following specific 
types of procedure may be employed. 
1. Measurement of the suppression or enhancement of the atomic-absorption signal for a 

given element by its reaction in the flame with the species to be determined. 
2. Precipitation of the ion or compound to be determined by a second ion which is 

determined by AAS in the precipitate or filtrate. 
3. Formation of an ion-association or chelate complex between an organic compound or 

an anion to be determined and a metal or metal complex; the metal is then 
determined by AAS after extraction with an organic solvent. 

4. Formation of a binary or ternary heteropoly acid species between the analyte ion and 
other ions (one ofwhich is usually molybdate), and determination of its concentration by 
AAS after separation of the complex by solvent extraction. 

5. Application of the reducing (or oxidizing) properties of the analyte species to yield an 
equivalent concentration of the lower (or higher) oxidation state of a metallic ion, only 
one oxidation state of which forms an extractable chelate complex, which may be 
determined by AAS. 

This review could be arranged under these five headings, and this approach has been 
adopted in earlier brief reviews of indirect AAS methods. ‘.’ As the analytical chemist is 
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most frequently interested in the determination of a particular element or group of 
elements, however, this review has been written with classification by the element 
determined. 

METALS 

Only rarely are the metallic elements not directly determinable by AAS; with the 
exception of thorium the indirect methods reported have therefore been concerned only 
to provide increased sensitivity in their determination. 

Aluminium 

An indirect AAS method for aluminium has recently been reported.3 The sensitivity 
obtained in the determination of iron by AAS is low in the fuel-rich air-acetylene 
flame. An enhancement of the absorbance for iron is observed in the presence of small 
amounts of aluminium when this fuel-rich flame is employed. The enhancement by 
aluminium of the absorbance produced on nebulization of a 25+g/ml iron solution is 
linear with respect to the aluminium content of the solution in the range O-25-1.2 pg/ml. 

The sensitivity obtained in the determination of aluminium by this method may be 
varied by the nebulization of different concentrations of iron; in this way with a 
25+g/ml iron solution the most sensitive working range for aluminium was found to be 
O*Ol-0.09 pg/ml. Aluminium was also observed to enhance the absorbance of the elements 
cobalt, nickel and chromium in the flame employed. Titanium, calcium and zirconium at 
the same concentration levels as aluminium interfere with its determination. At concentra- 
tions equivalent to the iron concentration nickel and chromium interfere. The method is 
useful only for relatively pure aluminium solutions or analyses in which a separation 
procedure is included. 

Germanium 

The indirect determination of germanium by AAS, based on the formation of 
molybdogermanic acid (MGA) in which the molybdenum : germanium combining ratio is 
12 : 1. has been described by Jakubiec and Boltz.4 After its formation in hydrochloric 
acid solution at pH 1.5, the MGA complex is extracted with a mixture of I-pentanol 
and diethyl ether (1 : 4 v/v). The complex is then back-extracted and decomposed by 
shaking the organic layer with an ammoniacal buffer at pH 9.3. The resulting 
molybdate is measured by AAS at 313.2 nm in an air-acetylene flame. A sensitivity for 
germanium of 0.05 pgg/ml was reported with conformity to Beer’s law in the range 
O-1.6 pg/ml. No interference was found for 500 pg/ml of Ca, Co, K, Mg. Mn. Na. Ni, Zn. 
acetate, chloride, perchlorate, nitrate or sulphate ions in the determination of 1.5 leg/ml of 
germanium. The maximum permissible concentrations of foreign ions for non-interference 
in the determination of 1.5 pgcglml of germanium were established as: Al, Cd. Cr(III), Cu. 
Mo(VI) 500 pg/ml; Pb 50 pg/ml; Fe(II), Fe(U), Ti(IV), Cr(VI), W(VI) 10 Llg/ml; As(III), 
As(V), P(V) and Si interfered at any concentration. 

Mercury 

Mercury(I1) may be converted into its anionic bromo-complex and extracted into 
1,2-dichloroethane as an ion-association complex with the zinc 2.2-bipyridyl chelate cation. 
Yamamoto et al.’ have reported the determination of the zinc content of the extract, 
which is equivalent to the mercury present in the sample, by AAS in an air-acetylene flame. 
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The extraction was found to be quantitative between pH 3.5 and 5.5 and a linear calibration 
graph was obtained for 0.8-4.0 pg/mI of mercury in the initial aqueous phase with a 
sensitiirity (for 17; Zn absorption) of 0.04 pg/ml of mercury. The following maximum 
permissible concentrations of foreign ions for non-interference with the determination of 
2 p&/ml of mercury were established: Cu. 0.1 ,ug/ml; Co, I- 5 pg/ml; Cd, 15 pg/ml; 
Fe, 20 pg/ml; Pb. 200 pg/ml; CI-, 400 ,ug/ml. 

Kirkbright et al.” have utilized the formation of the ternary complex between niobium, 
phosphate and molybdate as the basis of an indirect method for the determination of 
niobium. The method is of the general type illustrated schematically in Fig. 1. As the 

Ternary heteropoly acids 

Aqueous 

- MxPA 

Organic 
Solvent FlOWIll 

1 MxPA - 

Fig. I. General scheme for indirect determination of elements by AAS via formation of ternary 
heteropoly acids. 

molybdoniobophosphoric acid (MNPA) cannot be formed in aqueous solution without 
the simultaneous formation of molybdophosphoric acid (MPA) a prior selective extraction 
of MPA is required. Both MPA and MNPA are formed in 0.5M hydrochloric acid 
solution. The MPA may then be extracted with isobutyl acetate before extraction of 
MNPA into a single portion of n-butanol, The molybdenum associated with the niobium 
in the MNPA is then determined by direct AAS in the n-butanol phase which has been 
washed with dilute hydrochloric acid. A sensitivity of O-015 pg/ml of niobium was reported, 
compared to a sensitivity by conventional direct AAS determination of 20 pg/ml for 1% 
absorption at the 334.4 nm line (Table 3); the calibration curve obtained was linear in the 
range 0.22-2.2 pg/ml of niobium. Out of twenty-seven ions studied for their interference 
with the determination of 1.30 pgg/ml of niobium at the 30-700-fold weight ratio level, 
only As(V), Ge. Si. Ti, V(V) and Cr(V1) interfered. The method is sensitive because of the 
amplification accruing Z&J the 11 : 1 combining ratio of molybdenum to niobium in 
MNPA and the “organic solvent effect” in the nebulizer of the flame s~trometer, 
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Table 3. Indirect AAS methods based on formatton of 
molybdo-heteropoly compounds 

Element 
Sensitivity* 

Range, Indirect Ref. 
Indirect Direct? w/ml 

P 
AS 

: 
V 
Nb 
Th 
Ti 

0003 250 0.04-2 44 
0.025 0.25 0.3 -2 17 
0.05 2.5 O-1.6 4 
0.008 2.0 0,08- 1.2 39 
0.011 I.5 0.2 -2 15 
0.015 20 0.22-2.2 6 
0.063 l-6 8 
0.013 2.0 0.3 -3 11 

* Sensltiwty-concentration in pg/ml for 1”; absorption. 
t From Perkin-Elmer Methods Book. 

Thallium 

Molybdophosphoric acid (MPA) has been used as a precipitant for thallium; the 
molybdate obtained by dissolution of the precipitate may be determined by AAS at 
313.2 nm in an air-acetylene flame.’ Thallium(I) is precipitated with MPA as 
Tl,HPMo, 2O40 from 0-W perchloric acid medium. The precipitate is centrifuged, washed 
with perchloric acid and dissolved in O.lM sodium hydroxide solution. The molybdate 
equivalent to a definite amount of thallium is then determined. The optimum concentra- 
tion range was found to be 2-20 pug/ml of thallium. The effect of other ions was not 
examined but as the method may also be used for the determination of ammonium by 
co-precipitation, this ion may thus interfere, as would other heavy metals which 
precipitate as molybdophosphates. As thallium can be determined by AAS in an air- 
acetylene flame with a sensitivity for 1% absorption of cu. 0.5 pg/ml at the 276.8 nm line 
it is doubtful whether, in view of the decreased selectivity, this method represents any 
advance on the direct method. 

Thorium 

Thorium may be determined indirectly by a method similar to that used for niobium.E 
Molybdothorophosphoric acid (MThPA) is formed in 0.15M hydrochloric acid in the 
presence of excess of MPA. The latter is then selectively extracted into isobutyl acetate 
and discarded. MThPA is extracted with n-butanol which is washed with butanol- 
saturated dilute hydrochloric acid. Although Kirkbright et al. claim to extract MThPA 
as such it is probable that only the MPA associated with the ternary complex was 
actually extracted; treatment with n-butanol has been shown to break down MThPA into 
thorium and MPA.9*‘o Eleven molybdenum atoms are associated with one thorium atom 
in the complex and the molybdenum is measured by AAS at 313.2 nm in a nitrous 
oxide-acetylene flame. A linear calibration curve was obtained for l-6 pg/ml of 
thorium in the initial aqueous solution with a sensitivity of 0463 pg/ml of thorium for 
1% absorption. Only Zr, Fe(W), Si, As(V), Ti and Nb interfered seriously and required 
removal or masking. 
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?itanium 

Titanium may be determined t&z its ternary heteropoly complex, molybdotitano- 
phosphoric acid (MTPA).’ l The dissolution of the sample in hydrofluoric acid before the 
addition of phosphate, molybdate and acid requires the addition of aluminium to mask 
the excess of fluoride ion, which otherwise interferes in the determination. The excess of 
MPA is selectively extracted with chloroform : n-butmol (4 : 1 v/v) after formation of 
MTPA in O%U hydrochloric acid. The MTPA is extracted with n-butanol which is then 
washed with butanol-~tnrated dilute hydrochloric acid before nebulization into a nitrous 
oxide-acetylene flame. Eleven molybdenum atoms are associated with two titanium 
atoms in the complex and the molybdenum is measured by AAS at 313.2 nm. A linear 
calibration curve was obtained for 093-3 fig ml of titanium in the initial aqueous solution, 
corresponding to a sensitivity (for l”/, Ma absorption) of 0413 pg/ml of titanium. 
Interference was observed from As(V), Ce, Zr, Ta and Nb. 

Ottawav er u1.12 have used the enhancement by titanium of the atomic-absorption signal 
of iron in i fuel-rich air--acetylene Game to determine titanium in the range OQI- 10 pgjml. 
The iron is nebulized as ferric sulphate in IO-‘&f sufphuric acid. Chloride, calcium, 
aluminium and zirconium also give enhancements at similar concentrations. A method 
based on the suppression of the absorbance of strontium by titanium in the presence of 
oxalate ions when nebulized into a stoichiometric air-acetylene flame has been used to 
determine titanium in the range l-10 pgg/ml. I3 The suppression is thought to be due to 
compound formation by strontium with titanium and oxalate. A solution 2 x 10m4M in 
strontium and containing IO0 pg./ml of oxalate, 10% by volume of hydrochloric acid, and the 
titanium is nebufized into an air-acetylene Aame. If the strontium concentration is increased 
higher ranges may be covered; these can, however, equaliy well be determined directly 
with a nitrous oxide-acetylene flame. A sensitivity of 0.15 pg/ml of titanium was recorded. 
Slight negative interference is experienced with EDTA, whereas Mn(II), Cu, Mg, Ca, 
Sn(IV) and Ni present at 200 pg/ml produce a small positive interference with 2 pg/ml 
of titanium. Al, Zr, H’, Cr(III), PO:- and F- all interfere and therefore the method has 
limited applicability but does allow determination of titanium in the presence of high 
hydrochloric acid concen~ations. Titanium causes similar depressions in the absorbances 
of calcium and barium in the presence of oxalate but methods based on these effects 
are less sensitive. 

Vanadium(V) has been determined indirectly by AAS via the formation of molybdo- 
vanadophosphoric acid (MVPA).‘4.’ ’ In the method of Jakubiec and Boltz’4 a mixed 
phosphate and molybdate reagent is added to an aliquot of the sample at pH I&2*0, 
The excess of MPA is extracted with dicthyI ether, and the MVPA complex is then 
extracted with an n-pentanol : diethyl ether mixture (I : 4 v/v). The organic tayer is washed 
with dilute hydrochloric acid, and the MVPA is decomposed by back-extraction into an 
ammonia-ammonium chloride buffer solution. The molybdate content of this solution, 
which is equivalent to the vanadium, is then determined in a reducing air-acetylene 
flame with a sensitivity for vanadium of 0*05 pg,/ml for 1% absorption. The following 
ions caused interference in the determination of 2.17 pg/ml of vanadium at the levels 
indicated: CrfIII), NO;. SOi- 250 pg/ml; Cd, C,H,O;, Cr(V1) 100 s/ml; As(V); 
SnfIV) 50 ;tgiml: Ti. Si, W(V1) 10 #g/ml; FefIII) 5 pg/ml; Fe@) interfered at any 
concentration. 
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A method has been developed which does not require back-extraction of MVPA from 
the organic solvent.’ 5 Phosphate and molybdate are added separately to the vanadium(V) 
solution to form MVPA in a 0*4&f nitric acid medium. An n-butanol : chloroform 
mixture (1 : 4 v/v) is used to extract the MPA selectively and has the advantage of forming 
the denser phase so that it is readily separated and discarded without the need for 
transfer of the sample solution. MVPA is extracted with n-butanol, which is then washed 
with butanol-saturated dilute acid and nebulized into a fuel-rich nitrous oxide-acetylene 
flame. Eleven molybdenum atoms are associated with each vanadium atom in the complex 
and the molybdenum is measured at 313.2 nm. A sensitivity (for 1%; MO absorption) 
of 0.011 pg/ml of vanadium was obtained with a Linear caiibration from O-2 to 2.0 gg/ml. 
Interference with the determination of 0.8 pg/ml of vanadium was experienced from 
F-(16 fig/ml) As(V), Sn(IV) (8 pg/ml); Cr(V1) (2.4 pg/ml); Zr (0.8 pg/ml): Ti and Si 
interfered at any concentration. A scheme has been recommended to improve the 
selectivity of the procedure in the presence of ions which form binary or ternary 
hetero~lymolyb~tes. These ions are removed as their corresponding heteropoly acids 
before formation and extraction of MVPA. This is possible as vanadium exists both as 
V(IV) and V(V) and onIy V(V) forms the ternary heteropoly acid. Vanadium in aluminium 
has been determined with reasonable results. 

NON-METALS 

Most of the published work which deals with indirect methods of analysis by AAS 
has been concerned with the determination of the non-metallic elements and other anionic 
species which cannot be determined directly because of the difficulties described earlier. 

Arsenic 

The reported indirect AAS methods for arsenic are all based on the formation of the 
binary heteropoly acid, molybdoarsenic acid (MAA). Danchik and Boltz16 used bromine 
water to ensure that arsenic was present as As(V) before its reaction with molybdate 
at pH 1.8. The MAA was extracted with methyl isobutyl ketone (MIBK) which after being 
washed with dilute hydrochloric acid was shaken with a basic buffer solution to decompose 
and back-extract the MAA. The molybdenum associated with the arsenic was measured by 
AAS at 313.2 nm in an air-acetylene flame in the basic aqueous phase. A sensitivity of 
0.07 pug/m1 was achieved. MAA formed at pH 0.9 has been seiectively extracted into 
an ethyl acetate : butanol : isopentyl acetate mixture (1 : 1 : 2 v/v) in the absence of PMA.” 
A sensitivity of 0.025 pg/ml was reported for measurement of the associated molybdenum 
in a nitrous oxide-acetylene flame. The effect of 40-fold weight ratios of 40 ions was 
studied, none of which was found to interfere. Arsenic has been determined with a 
sensitivity of 1 krg/ml in urine.” In this procedure the MAA was formed at pH 1, 
MPA was extracted with isobutyl acetate and the pH was then increased to 2 before 
extraction of MAA with cyclohexane. 

By judicious choice of the extraction system arsenic may be determined with high 
sensitivity and good selectivity via its heteropoly acid species with molybdate. 

Fluorine 

The presence of fluoride ion depresses the absorbance produced at 285.2 nm for 
magnesium in an air-coal gas flame; this effect may be utilized as the basis of an 
indirect AAS method.‘Y The change in absorbance of the magnesium at 2852 nm was 
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reported to be proportional to the fluoride concentration over the range O-2-20 pg/ml of 
fluoride. When the concentration ratio of magnesium to fluoride in the sample solution 
reached 1 : 2 a constant absorbance was obtained. The method is subject to some 
interference. principally from phosphate and sulphate. Aluminium, oxalate and acetate also 
interfered at greater than 1000-fold molar ratio to fluoride. An alternative, but less sensitive, 
technique based on the enhancement of zirconium absorbance by fluoride in a nitrous 
oxide-acetylene flame at 360.1 nm has been reported to allow the determination of 
fluoride in aqueous solution with a high degree of freedom from interference over the range 
5-200 pg/ml.19 Phosphate again interferes, but the similar enhancement observed for 
titanium absorption at 364.3 nm can be used for fluoride determinations in the range 
40-400 pg/ml in the presence of phosphate. l9 These indirect AAS methods for fluoride are 
considerably more rapid than the classical methods. 

Chlorine 

All the indirect AAS methods for the determination of chloride ion have been based 
on its reaction with silver nitrate. Either the excess of silver in the supernatant liquid 
is measured by AAS at 328 nm after removal of the silver chloride precipitate,20-24 or 
the precipitate is redissolved in ammonia solution and the silver content of the ammoniacal 
solution is measured.25.26*27 Chloride has been determined in serum,2o plant liquors2’ 
wine,22 and polyvinyl chloride 23 by the first technique. A variation of this method involves 
the addition of a range of silver ion concentrations to aliquots of the sample containing 
chloride. After filtration the excess of silver in each filtrate is measured by AAS; a 
graph of absorbance LG. silver concentration should then show a point of inflection at 
the concentration of silver equivalent to the chloride content of the original solution. 

The first reported determination of chloride by AAS was based on precipitation of 
silver chloride. dissolution of the precipitate in ammonia solution and the determination 
of the silver in the resulting solution. 27 This method has been applied to the determination 
of chloride in titanium metal with an air-hydrogen flame2’ and to the determination of 
chlorine in selenium.26 

Perchlorate 

Perchlorate forms a complex with copper(I) and neocuproin (2,9-dimethyl-l,lO- 
phenanthroline) corresponding to the composition Cu(neocuproin),ClO,; this species is 
extractable into ethyl acetate. When the copper is determined by AAS at 324.7 nm 
the method may be applied to the determination of 12.5-125 pg of perchlorate with a 
sensitivity of O-025 pug/ml. 28 In the determination of 3 pg/ml of perchlorate by this 
method Collinson and Boltz” observed interference when nitrate, ammonia, magnesium 
or aluminium were present at concentrations greater than 10 pg/ml. 

Iodine 

Iodine has been determined by AAS. by use of a cadmium hollow-cathode lamp.29,30 
The method is based on solvent extraction into nitrobenzene of the ion-association 
complex formed between Tris( l.lO-phenanthroline)Cd(II) and iodide at pH 5; subsequent 
AAS determination of the cadmium content of the extract may then be made at 
228.8 nm in an air-acetylene flame. The effect of a number of diverse anions upon the 
determination of 2 x 10e5M iodide has been studied. Interference was experienced at 
concentrations greater than the molar ratios relative to cadmium indicated for the 
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following ions: IO,- (0.02); CKI;, CD; (O-03); NO,,’ NO; (O-1); Br- (0.2): CI-, 
Br0; (2); CN-(IO); IO; (lU0); F-, CO;-, B&,2- (1000). Christian and Feldman3’ 
have described the determination of iodide by utilization of its reducing action on a 
metal ion, coupled with extraction of the remaining oxidized form into an organic 
solvent and its estimation by AAS. Thus, for example, iodide reduces chromium(V1) 
in acid medium and the excess of chromium(V1) may be extracted from 3M hydrochloric 
acid into MIBK. The absorbance of chromium(II1) in the aqueous layer increases linearly 
and the absorbance of the unreacted chromium(V1) in the MIBK decreases linearly with 
increasing amounts of iodide. The reaction is siow and does not go to completion in 
dilute solutions. Interferences have not been studied but most reducing species r-y., Fe2 + 
would probably have a similar effect and thus interfere, 

~Ieni~rn(~V~ is reduced by iodide to eiemental selenium in acid solution. When 
iodide is allowed to react with excess of seienium(IV) and the solution is filtered 
through a Miilipore filter, the decrease in absorbance of the filtrate is proportional to the 
iodide ion concentration of the original sample solution.” Again, reducing species would 
be expected to interfere, though no results were reported for the effects of other ions. 

lodate 

lodate oxidizes iron(I1) to ir~~(IiI) in acid medium; the ironfllf) may be extracted into 
diethyi ether from 9M hydrochloric acid solution. The absorbance of iron in the ether 
phase is then p~o~rt~ona~ to the iodate concentration. The solutions must be deaerated to 
prevent aerial oxidation. As with the reduction method for iodine, this method lacks 
specificity and is only useful when no other oxidizing species are present. 

Nitrogen compounds 

Ammonia. Bond and Willis32 have used the enhancement of zirconium absorbance in 
a nitrous oxide-acetylene flame at 360-I nm by nitrogen-containing compounds for the 
determination of ammonia. For ammonia, the magnitude of this enhancement was found 
to be proportional ro the concentration of the base in the range 1 x 10w4 to 5 x IO- 3M and 
was used for its determination in the absence of phosphate and certain nitrogen- 
containing compounds. In the presence of interfering species. prior separation of the 
ammonia by distillation is required. The method has been applied to the determination of 
ammonia in biological systems.32 

Danchik. Boltz and Hargis’ have shown the co-precipitation of ammonium molyb- 
dophosphate with a known amount of thallium molydophosphate and subsequent dis- 
solution of the precipitate to provide the basis for an indirect AAS method for the 
determination of ammonia. The molybdate obtained by dissolution of the precipitate, 
which is equivalent to a known amount of thallium and ammonia, is determined at 
313.2 nm in an air-acetytene flame. Mo~ybdo~hosphoric acid is used as precipitant in 
O*SM perchforic acid. The method is unsetective. as many heavy metafs are precipitated 
as ~h~sphomolybdates. 

Cynide. Cyanide may be determined via the equivalent silver associated with it in the 
Ag(CN); complex. 33 Pieces of metallic silver are added to the solution containing the 
cyanide to be determined and the mixture is then shaken far 1 hr. The dissolved silver 
is determined by AAS to produce a rectilinear calibration graph for up to 3 /.cg/ml of 
cyanide ion. No inteference is experienced from Br-. I-, SCN- or SO:- ions but 
S20$- enhances the signal. Danchik and Bojtz” report two methods for the indirect 
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determination of cyanide. The first is based on the formation and extraction of the 
dicyano-bis( l.I~phenanthroiine)Fe~II) complex. The complex is extracted into chloro- 
form, which is then evaporated. and the residue is dissolved in ethanol. The associated 
iron is determined by AAS in an air-acetylene flame at 24X.3 nm. A sensitivity of 
0.06 /[g/ml of cyanide has been obtained by this method, the calibration graph 
being linear up to 5 pgiml. Precipitation of silver cyanide and measurement of the 
excess of silver in the supernatant solution by AAS in an air-acetylene flame at 
328-I nm forms the basis of a second method. A working range of O-3-25 pg/ml of 
cyanide has been obtained with a sensitivity of O-03 pg,/ml. No study has been made 
of the effect of other ions. 

Thiocvunafe. Thiocyanate forms dithiocyanatodipyridine copper(H) complex, 

CU,(PY),WN)* * which is extractable with chloroform. The copper equivalent to the 
thiocyanate is determined at 324.7 nm. A sensitivity of 0.2 ,ug/ml of thiocyanate has 
been reported with an optimum concentration range of 7-18 &rnL3’ The sensitivity may 
be improved to O-05 ,ug/mI by evaporating the chloroform soiution almost to dryness 
and diluting with ethyt acetate. The optimum concentration range is then between 
0.5 and 2-O pg/mI. 

Nirrute. A small amount of nitrate ion is extractable into MIBK when neocuproin 
(2.9-dimethyl-l.lO-phenanthroline) is contained in the organic phase and copper(I) ions 
are present in the aqueous phase. The copper associated with the nitrate ions in the 
complex, Cu(I)(neocuproin),NO, , is measured in an air-acetylene flame at 324.7 nm.36*37 
Beer’s law is obeyed in the range 1-7 x lo- 5M nitrate in the aqueous phase. Nitrite and 
nitro-groups in organic compounds have also been determined via formation of the 
ion-pair with the Cu(I) neocuproin complex after their oxidation to nitrate with ceric 
sulphate or potassium permanganate. 38 The complex may be extracted into MIBK before 
measurement of the associated copper. Prior reduction of nitrite and nitro groups to 
amino groups by sulphamic acid permits determination of nitrate in the presence of 
such groups. 

Phosphorus 

Orthophosphate has been determined indirectfy, mainly via the for~tion of molyb- 
dophosphoric acid (MPA) in the presence of molybdate in acid solution. The general 
procedure most frequently employed is illustrated in Fig. 2. Molybdate (ammonium or 
sodium salt) is added to the sample solution containing orthophosphate and the 
acidity is adjusted to its optimum value. The solution is mixed and allowed to 
stand for 5-10 min to ensure complete formation of MPA. The MPA is then extracted into 
an organic solvent which is either washed with dilute acidJY.4U to remove molybdate 
transferred to the organic layer, or with citrate solution to complex the excess of 
molybdate. 43.44 The molybdate associated with the phosphate in the complex is 
measured by AAS at 313.2 nm in an air-acetylene4046 or a nitrous oxide-acetylene 
flame. ‘7.39.5’ Kumamaru et aLd7 employed 0.5M hydrochloric acid to form MPA and 
performed the extraction with n-butyl acetate to obtain a linear calibration graph 
up to 0.35 pg/ml-’ of phosphorous. A general method for the determination of 
inorganic phosphate, using 2-octanol as a so1vent.44 has been applied to the determination 
of phosphate in fresh and sea water and in blood. serum. bone, biological tissues and 
enzyme-containing reaction mixtures. 4s 2-Octanol was chosen as solvent after examination 
of n-butanol. isobutyl alcohol. 1 -hexanol. 1 -heptanol. I-octanol and 2-octanoL4” Phosphate 
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Fig. 3. General scheme for indirect determinatton of elements by AAS WI formanon of bmary 
heteropoly acid species with molybdate. 

has been determined in urine, the MPA being formed in 0+37M hydrochloric acid and 
extracted into isobutyl acetate.41 Linden et 01.~~ have determined phosphorus in milk 
products and blood serum via MPA, using perchloric acid medium and MIBK as 
solvent, for the range 100-200 pg of phosphorus. The results obtained agreed with 
those established calorimetrically. Phosphate has been determined in small (0.2 ml) 
samples of plasma. 43 The MPA is formed at pH l-9 in a Dr.-z-alanine-hydrochloric acid 
buffer and is extracted with MIBK. The authors claim to extract MPA with an 
MO : P ratio of 15 : 1. No evidence concerning the establishment of this apparently 
anomolous combining ratio is given. The procedure is applicable to the determination 
of between 5 and 200 gg/ml of phosphorus. 

Several schemes have been devised for the sequential determination of phosphorus, 
arsenic and silicon,” phosphorus and arsenic,’ 8 and phosphorus and silicon39.40 
(Fig. 2). All are based on the ability to extract MPA selectively. Thus MPA has 
been selectively extracted with isobutyl acetate after formation at pH 0.7 in nitric acid 
medium. to result in a final sensitivity of O-01 _ng/ml of phosphorus.‘7 Devotoi8 used 
isobutyl acetate to extract MPA formed at pH 1 in an ammonium nitrate-nitric acid 
medium.Isobutyl acetate has also been used by Kirkbright rf ~1.~~ to selectively extract 
MPA formed at an acidity of 0.904 in hydrochloric acid in a single portion of solution 
containing phosphate and silicate, before formation of molybdosilicic acid (MSA). A 
sensitivity of 04068 p&/ml of phosphorus and a rectilinear calibration from 0.08 to 
1 pg/ml of phosphorus was obtained by measuring the associated molybdate in the 
organic phase at 3 13.2 nm in a nitrous oxide-acetylene flame. Only W(V1) is reported as 
interfering out of 26 ions examined. MPA formed at pH 1.3 has also been extracted from 
1.2N hydrochloric acid medium with diethyl ether.“’ After washing with dilute 
hydrochloric acid, the organic layer may be shaken with an ammoniacal buffer and the 
molybdate released measured in the aqueous phase by AAS in an air-acetylene flame. 
The optimum concentration range reported is 0.05-1.3 /cg/ml of phosphorus. The use of 
isobutyl acetate coupled with the formation of MPA produces an extremely selective 
method for the determination of phosphorus by indirect AAS. 

Phosphorus has been determined by several workers using the direct chemicai inter- 
ference of phosphate on a metal species in a flame to produce a depression of the 
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absorption. which is a function of the phosphate concentration.31.48.4y Orthophosphate 
up to 2.5 x 10e4M added to 5 x 10m4M calcium solution produces a marked depression 
in the absorbance obtained for calcium at 427.7 nm with a total consumption 
burner.3’ The limiting concentration of phosphate may be increased by increasing the 
calcium concentration. Singhal and Banerjee have determined phosphorus in rock 
phosphate by depression of both calcium49 and strontium4’ absorbance. In both cases 
the powdered rock phosphate is treated with a cation-exchange resin (H’-form) 
before addition of calcium or strontium solution. A modification of the quinolinium 
molybdophosphate method has been proposed whereby total phosphorus is determined 
indirectly by the AAS measurement of molybdenum.50 The familiar and well-tried 
gravimetric method is followed to the stage where the quinolinium molybdophosphate 
is formed. The precipitate is then dissolved in ammonia solution and the molybdenum 
determined by AAS at 313.2 nm. The method has been applied to the phosphorus analysis 
of Magruder collaborative fertiliser samples.50 

Selenium 

Selenium is difficult to determine directly with high sensitivity by AAS in a flame 
because of strong absorption of the resonance radiation at 196 nm by the flame and 
optical components of the spectrometer. An indirect method has been described based 
on two selective reactions of selenite with 2,3_diaminonaphthalene (DAN) and 
palladium(I1) to form the complex Pd(DANSe),CI,.“’ When excess of DAN is added to 
a solution of selenite at pH 1.5-2.5 the following reaction occurs: 

I C,,H6(NH,), + SeO:- + 2H30+ - C,,H,N,Se + 5Hz0 

(DANSe) 

In the presence of palladium chloride three further reactions are possible : 

11 2 DANSe + PdCl, pH 56 
b Pd(DANSe),Cl,(purple) 

III 2 DANSe + 2PdC1, pH 16 
+ Pd,(DANSe),Cl,(green) 

IV DAN + PdClz 
pH 0~ I? 

b white polymeric complex. 

Whether it is reaction II or III that occurs depends on the pH, relative concentration 
of reagents and also on the solvent used for the DANSe. Reaction IV always occurs 
and thus DANSe is removed from excess of DAN by extraction with chloroform. 
With chloroform as solvent the complex from reaction III is formed. The optimum 
calibration is from 0.05 to 1 pg/ml of selenium. A sensitivity of 0017 pg/ml has been 
obtained. A study of the effect of 60-fold molar ratios of 50 ions on the determination 
of 0.5 pgclg/ml of selenium showed that only Fe(III), Sn(IV) and Ce(IV) interfered. 

Silicon 

Most indirect methods for silicon are based on the formation of molybdosilicic acid 
(MSA).‘7~3g~40~52 In one case MSA is formed at pH 1.3, extracted with a 1-pentanol : 
diethyl ether mixture (1 : 5 v/v) from 2M hydrochloric acid medium and decomposed 
by back-extraction into a O.lM ammonia solution.52 A known excess of lead(I1) ion 
is then added to the aqueous solution to precipitate the molybdate as lead molybdate 
in amount equivalent to the amount of silicon present. The lead remaining in solution 
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may be measured by AAS at 217.1 nm in an air-acetylene flame. An optimum con- 
centration range of 0*005-0*07 pg/ml of silicon has been reported.52 No interference is 
experienced from 500 pgg/ml of A13+, NH:, Fe3+, Mg2+. Cl-, NO;, ClO;, SOi- in 
the determination of 0.02 pg/ml of silicon. Silicon has also been determined sequentially 
with phosphorus39.40 and arsenic” by using their respective molybdoheteropoly acids 
(Fig. 2). Kirkbright et al. 39 first investigated the determination of silicon by this means. 
Phosphorus is determined as phosphate by forming MPA in 0*96M hydrochloric acid 
medium and selectively extracting it into isobutyl acetate. The silicon in the same 
aliquot of solution is determined after the MPA extraction by adjusting the acidity of 
the solution to 0015M hydrochloric acid with 4M ammonia solution to allow efficient 
formation of MSA. The MSA may then be extracted into n-butanol and the twelve 
molybdenum atoms associated with each silicon atom determined by AAS at 313.2 nm 
in a nitrous oxide-acetylene flame. A sensitivity of OGO8 pg/ml of silicon and an optimum 
concentration of 0.08-l pg/ml of silicon are obtainable. The presence of a lOO-fold 
weight ratio of 24 ions caused no interference in the determination of 12 pg of 
silicon; only arsenic(V) and germanium(W) interfere by formation of their respective 
heteropoly acids. Hurford and Boltz ‘* have described a similar sequential procedure. 
The MSA is formed at pH 1.3 after the MPA has been extracted and is then 
extracted from 2M hydrochloric acid medium with a 1-pentanol : diethyl ether mixture 
(1 : 5 v/v). After washing with dilute hydrochloric acid the organic layer is shaken with 
basic buffer solution which extracts and decomposes the MSA. In this method the 
molybdenum is then measured in an air-acetylene flame. A calibration range of 
0.05-1.1 pg/ml is obtained. MSA formed at pH 0.7 may be separated from large 
amounts of MPA and molybdoarsenic acid by extraction into MIBK in the presence 
of citrate.” A sensitivity of 001 pg/ml of silicon is obtained, the optimum concentration 
range being from @I to 1 pg/ml. Of 40 ions tested only germanium(IV) interfered 
with the determination of silicon. 

Silicate has been determined in waste waters by atomic-absorption inhibition 
titration.53 The method is based on the strong inhibition by silicate of the magnesium 
absorbance produced in an air-hydrogen flame. The absorbance is measured continuously 
while the nebulized solution is titrated; this procedure contrasts with the usual direct 
suppression methods when discrete sample solutions are nebulized. The sample at pH 
3-4 is passed through a cation-exchange resin (HC-form) to remove magnesium and 
other interfering cations. The eluate from the column is titrated with standard magnesium 
solution and the titrated solution simultaneously nebulized into an air-hydrogen flame. 
The end point is detected by a sharp increase in the magnesium absorption signal 
at 285.2 nm. High accuracy and precision is obtained with a limit of detection of 0.1 
pg/ml of silica. The removal ofcations by ion-exchange ensures the selectivity of the method. 

Sulphur 

The first reported indirect AAS method for sulphur is based on the precipitation of 
barium sulphate on addition of exce,ss of barium chloride to the sample solution. In 
this method the precipitate is dissolved in a solution of disodium EDTA and the 
resulting barium concentration is determined at 553.5 nm in an air-acetylene flame.64 
Lanthanum is added to prevent phosphate interference. The method has been used to 
estimate sulphur in urine, faeces and biological tissues after oxidation by one of 
several techniques. In a procedure which avoids the necessity to dissolve the barium 
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sulphate precipitate a known excess of barium is added to the sample solution, and the 
excess is determined after the precipitation of barium suIphate.55~5” A 0*02M hydrochloric 
acid medium is used to minimize loss of selectivity through co-precipitation of other 
ions. The error caused by the partial dissolution of the precipitated barium sulphate and the 
incomplete reaction is overcome by calibration against standard sulphate solutions treated 
in a similar manner. The method has been applied to the determination of sulphate in 
textiles.5h A similar method has been applied to the determination of water-soluble 
sufphate in acidic sulphate soils5’ Calcium and phosphate above 30 and 10 pg,/ml 
respectively interfere with the determination of 50 pg/ml of sulphate. A sensitivity of 1.5 
<ug/rnl of sulphur has been reported for a method which involves precipitation of sulphate 
with barium chloride. centrifugation and measurement of the excess of barium.” An 
improvement in sensitivity is claimed to be achieved by reduction of the concentration or 
volume of the barium chloride solution added. The method has been applied to deter- 
mination of sulphur m samples from deep mine waste water which have a high cation and 
sulphatc concentration, and in the percolate from pyrite-bearing coalmine spoils. Good 
correlation has been reported between the results of the indirect AAS method and 
standard methods. 

Suiphur in soils derived from volcanic ash is extracted with potassium dihydrogen 
phosphate solution; the extracted sulphur is transformed into suphate ions, and the 
organic matter destroyed with 30”/, hydrogen peroxide solution and sulphate precipitated 
with 151,” barium chloride solution. The barium sulphate may be dissolved in a solution 
of EDTA (diammonium salt), and the barium measured by AAS in the presence of 
1500 pg/mI of sodium ions to suppress barium ionization, to give a sensitivity (I”/; 
absorption) of 0% /{g/ml of sulphur.59 

Suiphur dioxide, after its preliminary conversion into sulphate with hydrogen peroxide, 
has been determined after precipitation and centrifugation of lead sulphate. The 
excess of lead remaining in the supernatant liquid may be measured at 283.3 nm in 
an air-acetylene flame. Ethanol is added to make the solution 25% with respect to 
ethanol and thus aid the precipitation of lead sulphate. A concentration range of 
Z-20 gg/rnl of sulphur dioxide was recommended. 6o Interference is experienced above 
the levels shown for the determination of 5 fig/ml of sulphur dioxide with the following 
ions Fe(II1). PO:- (0 fig/ml); Ba, Al (10 pg/mI); EDTA (20 pg/mI), CH,CO; 
(Xl /cg/ml). Sulphite or sulphur dioxide have been measured by AAS, with utilization of 
the high stability of the Hg(SO,)$- complex. ” Addition of sulphite ions to a suspension 
of mercury(I1) oxide leads to dissolution of the oxide and formation of the soluble 
complex. The amount of oxide dissolved is proportional to the increase in absorbance at 
353.7 nm observed for mercury in the supernatant fluid, and is then indicative of 
sulphite concentration. An optimum concentration range of 12-84 pg/ml of suiphite ions 
(IO-77 pgml of sulphur dioxide) with a sensitivity of 13 pg/ml of sulphite has been 
reported. The reaction is not specific and iodide, thiosulphate and thiocyanate interfere, 

Sulphate has been determined by atomic-absorption inhibition titration.62 The test 
solution containing 0.05-l mg of sulphate is titrated at a constant delivery rate with 
standard magnesium chloride solution. The titrated solution is simultaneously nebulized 
into an air-hydrogen flame. The magnesium absorbance is inhibited until the magnesium 
to sulphate concentration ratio approaches unity. Thereafter the graph representing 
increasing magnesium content becomes rectilinear and extrapolation to the base-line is 
used to locate the end-point. Interfering cations such as those of the alkaline earths metals 

TAL Val 20 NO _%B 
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are removed by passing the solution at pH 3-4 through a cation-exchanger (H’-form). 
Silicate and phosphate interfere with the method. 

ORGANIC COMPOUNDS 

No systematic study of the determination of organic compounds by AAS appears to 
have been undertaken. Of the methods reported some are extremely specific and rely on 
the formation of a particular complex and its subsequent extraction,63-66 while others 
utilize a more general reaction which can be applied for the determination of a range of 
compounds. ’ 7.67 

2-Hydroxynaphthoic acid has been determined indirectly through the selective extraction 
of Tris(l,lO-phenanthroline)Ni(II)-2-hydroxynaphthoate into nitrobenzene.66 Measure- 
ment of the nickel concentration by AAS in an air-acetylene flame as a function of the 
2-hydroxynaphthoic acid concentration initially present in the aqueous phase leads to a 
calibration which is linear in the range from 8 x 10s5 to 4 x 10e4M 2-hydroxynaphthoic 
acid. No interference is experienced from 2-naphthol. 

Phthalic acid is extractable into MIBK as the ion-pair formed between bis(neocuproin) 
Cu(1) and the univalent anion of phthalic acid. The copper extracted is determined by AAS 
in an air-acetylene flame at 3247 nm. The absorbance of the extract gives a linear 
relationship with the phthalic acid concentration initially present in the aqueous phase 
in the range 4 x 10m6 to 4 x 10-‘&f. 63*64 Isophthalic and terephthalic acid do not 
interfere if present in amounts equimolar with the phthalic acid. 

A similar method has been employed for the determination of pentachlorophenoL6j 
The basis of the method is the solvent extraction into nitrobenzene of the ion-pair formed 
between Tris( 1,lO phenanthroline)Fe(III) and the pentachlorophenol anion. The iron is 
subsequently determined in the extract by AAS at 248.3 nm in an air-acetylene flame. 
A concentration range up to 3 x 10e4M in pentachorophenol was studied. 

Vitamin B, Z contains one atom of cobalt per molecule. On dissolution of the 
vitamin the cobalt may be determined by AAS at 242.5 nm. The method has formed the 
basis for the determination of vitamin B,, in pharmaceutical dosage forms.68.“9 

Christian and Feldman” have determined several organic compounds by a variety of 
methods. Glucose oxidase and ribonuclease may be determined by their depressive effect 
on the absorbance of calcium. The upper concentration can be increased by raising the 
calcium concentration. Glucose below 10M6M is found to produce a marked decrease in 
the absorbance obtained for calcium, but above that concentration it produces an 
increase, up toa limitingconcentration of lo-‘M. Glucose in the range 10e6 to 5 x 10e5.U 
was also found to give a linear enhancement in the calcium absorbance which had been 
depressed by the addition of a constant amount of sulphate to the solution. Ammonium 
pyrrolidine dithiocarbamate (APDC) has been determined by measurement of the 
equivalent amount of copper or cobalt with which it complexes; the complex is 
extracted into MIBK at pH 3. With 1 ml of 1 ‘>A metal ion solution a concentration of 
IOe5M APDC may be determined. Similarly oxine is determinable cia extraction of its 
copper complex into MIBK or ethyl acetate from an ammonium acetate butfer at pH 6.5 
and subsequent AAS measurement of the copper. With 1 ml of lo-“M copper solution 
a concentration of 2 x 10p5M oxine is determinable. EDTA may be determmed through 
its action as a masking agent for the copper oxinate chelate. The decrease in absorbance 
of the extracted copper is proportional to the concentration of EDTA in the initial 

aqueous phase. 
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Sugar in plant materials has been determined by measurement of unreduced copper.‘” 
Copper is reduced in alkaline solution by the reducing sugars to form insoluble copper(l) 
oxide. The copper(l) oxide is centrifuged from solution and the unreduced copper(l1) in 
solution is measured by AAS. The concentration of sugar in test solutions is determined 
from standard graphs prepared from known amounts of sugar. 

Several organic compounds have been determined by precipitation of their silver 
compounds and measurement by AAS of the concentration of the excess of silver left in 
solution.” Thus iodoform, theobromine. sodium salicylate, mercaptobenzothiazole and 
xanthate have all been determined in this way.67 

Non-ionic surfactants may be determined indirectly by AAS.“.” In one method the 
surfactant is precipitated as the MPA-Ba complex and the molybdenum in the supernatant 
liquid is assayed by AAS.” The molybdenum concentration is related to the quantity of 
surfactant by an empirical factor which must be determined for each batch and multi- 
component system, as the precipitate is non-stoichiometric. A somewhat better method 
which does not require the introduction of an empirical factor has been developed.72 The 
basis is the extraction of a cobaltithiocyanate-surfactant adduct from aqueous solution 
into benzene, and measurement of the associated cobalt in the benzene by AAS. 
Pollution levels of non-ionic surfactants in the Atlantic have been estimated in this way 
with a precision better than 109;. 

CONCLUSION 

As shown in Table 2, indirect AAS methods have been reported for the determination 
of inorganic cations and anions in solution as well as for the organic species described 
above. Tables 3 and 4 illustrate that the sensitivities obtainable are usually clearly 
superior to those in the corresponding direct AAS determinations, where these are possible; 
with careful choice of experimental conditions many of the indirect methods reported 
exhibit sufficient selectivity for the analyte species, to be applicable for practical 
analyses. Although several workers have described the direct determination of elements 
such as carbon,73 phosphorus,73.74 sulphur and iodine74 in non-flame cells, and sulphur75 
and iodineT6 in the inert gas-separated nitrous oxide-acetylene flame, using the resonance 
lines of these elements in the vacuum ultraviolet, these procedures require modified or 
specialized instrumentation and have not yet found widespread application. 

Table 4. Indirect methods based on miscellaneous procedures 

Element 
Senativity* 

Indirect Direct 

Range. indirect. 
pginll 

Ref. 

Al 1.3 0.01-10 3 
Hg 0.04 11 0.8 -4 5 

T1 0.45 2 -20 Se 0.017 2 0.05-l 5: 
F- - 0.2 -20 19 
Cl- 0 -0.4 25 
c10; 0.035 1 0.5 -5 28 
I- - 0.5 -5 30 
CN- 0.03 - 0.3 -2.5 34 
SCN- 0.2 - 7 -18 35 

* See footnotes to Table 3. 
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Zusammenfassung-Es wtrd eme iiberstcht gegeben iiben die Verwendung mdtrekter Methoden 
be] der Besttmmung tener Elemente durch Atomabsorpttonsspektrometrte. die einer emphndhchen 
Besttmmung mtt dteser Methode normalerwetse mcht zuganglich smd. Dte verfiigbaren indirekten 
Methoden werden m fiinf allgememe Typen von Arbeitsvorschrtften unterteilt: bekannte spezielle 
Arbettsvorschriften zur Bestimmung von Metallen. Nichtmetallen und eimgen organischen 
Verbindungen werden dtskuttert. 

Resume-On passe en revue I’emploi des mtthodes indtrectes pour le dosage par spectroscopte 
d’absorptton atomtque des elements qut ne sont pas normalement susceptibles d’&tre doses de 
mamere sensible par cette technique. Les methodes indirectes dispontbles sont class&es en ctnq 
types geniraux de techniques; on discute de techniques specifiques don&es pour le dosage de 
mitaux. de non-metaux et de quelques composes organtques. 
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Summary-Arsenazo 111 is proposed as metallochromic mdicator for calcium m slightly alkaline 
medium. The visual tttration with EDTA was performed at pH R and 40 pg-12 mg of 
calcium were determmed. The Interference of some ions was considered and rt was found that 
phosphate does not Interfere appreciably. S~ctrophotometrjc detection of the end-point was used 
for titratton of calcium in the presence of magnesium at pH 9. For the esttmation of the tttration 
error. the condrtlonaI stabihty constants of the calcium-arsenazo III complex were found. 

Most complexometric titrations of calcium are performed in a strongly alkaline medium 
suitable for the colour change of the indicators used and where the interference by 
magnesium can be avoided by precipitation of the hydroxide. The indicator described in 
this paper was selected and studied for the complexometric titration of calcium in slightly 
alkaline medium. 

In our previous work’ it was shown that calcium and arsenazo III form a blue I : 1 
complex, the absorbance being maximal at pH 9. These data and the acid-base equilibria 
of arzenazo III serve as the basis for the present investigation. Some simple considera- 
tions show that the visual complexometric titration of calcium is possible at pH 8 with 
arsenazo III as metallochromic indicator. This is confirmed by the results obtained. The 
method is sensitive and calcium is determined in amounts from 40 pg to 12 mg. Inter- 
ference of other ions has been studied, and phosphate in particular was found not to 
interfere. 

In order to increase the sensitivity and selectivity of the method spectrophotometric 
end-point detection was used, which permits the determination of calcium in the presence 
of magnesium. For calculation of the titration error the conditional metal-indicator 
stability constant was determined. 

EXPERIMENTAL 

~f~~e~~/~~i e~l~o~i~~e solurzan. A 0.1 M solutton was prepared by dtssolvmg calcium carbonate in hydrochlortc acid. 
A IO-‘&f solutton was prepared by dilution and standardized complexometr~cally with Thymolphthalexone 
and Calcon as mdicators. Solutions of lower concentration were prepared by dilution. 

EDT4 trrtd EGT-I. IO-’ crud lO-‘~!l Prepared accordmg to the recommended methods2 and standardized 
complexotnetrlcally with standard calcmm solution. 

4~ttu-_o III so/ufioit. lo-*M Standardized by spectrophotometric titration with thorium nitrate solutton at 
600 nm and pH 3. An aqueous O.l”,, w/v solution of arsenazo III was used as mdicator 

Buffer solnr~ons. Boric acid (@lM) and sodium hydroxide (O.lM) solutions were used to prepare buffer 
solutions3 of pH 8-9. 

All other reagents used were analytical-reagent grade. 
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RESULTS AND DISCUSSION 

According to Budi%insky4arsenazo III [3,6-bis(2’-arsonophenylazo)-4,5-dihydroxynaph- 
thalene-2.7-disulphonic acid] is decabasic when doubly protonated (H,oL’+). The dis- 
sociation of the groups responsible for the colour change of the arsenazo III solution 
is important. The dissociation of the sulphonic acid groups (the forms HsL, H?L-) 
and of the first arsenic acid group protons (the forms H,L’-, H,L3-) causes a very 
small colour effect. The solution is red with imax = 540 nm. The dissociation of the next 
arsenic group protons (the forms H,L”-, H3L5-) already causes a bathochromic effect 
and the colour of the solution changes to wine-red and then violet. The acidity of the 
hydroxyl groups on the naphthalene ring is strongly affected by the field effect. which 
increases the bathochromic effect. As a result a blue colour appears. 

The acid-base equilibria for the last four steps according to Budesinskyl are as 
follows: 

H4L4- 
pK, b 27 

7 H,L5- 
p/c, 905 ph, I 19x 

. H2L6- _ L,q- ph,,, Ii !. 
\ HL’- . 

red wine-red violet blue pure blue 

Since the calcium-arsenazo III complex is blue it is obvious that the form H,L’- of 
arsenazo III is the most important for the complexometric determination of calcium. The 
following colour-change reaction is proposed: 

H315- + CazC = CaH,14- + H+ 

wine-red blue 

To define the conditions for existence of H3L5- in aqueous solution, we have 
calculated the distribution curves of ionic forms of arsenazo III at pH > 5. The results 
are shown in Fig. 1. It can be seen that the pH range 7-8 is the most suitable for the 
use of arsenazo III as a metal-ion indicator in the visual titration of calcium. 

For complexometric titration the conditional metal-titrant stability constants are also 
important. The value of KMYP determines the minimum pH-value for the effective 
titration of metal ions. It can be calculated that for the Ca-EDTA titration this 
minimum pH-value is 7.5 for lo- 2M calcium. This value could also be found from the 
curve given by Reilley and Schmid.’ 

IO- 

06- 

(1 

04- 

o 4 5 6 7 9 IO I, 12 13 14 15 16 17 

PH 

Fig. I. Fraction of arsenazo 111 present in various lomc forms. x5, as H,L’-: x6 as HLL”-: 
z,, as H,L’-: zs. as H2L”-; a,, as HL’-; z,~ as Lx-. 
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These considerations show that the visual titration of calcium with arsenazo III could 
be carried out at pH - 8. 

I/~suul titratm at pH X 

Place the test solutions containing 40 pg-12 mg of calcium m 50-ml glass beakers, add 5-15 ml of buffer 
at pH 8.1 + 0.1 and 2 drops of O,l:,, arsenazo III solution. An intense blue colour appears. Titrate with 
standard EDTA solution. stirring magnetically The end-pomt is mdicated by the colour change from blue to 
wine-red and IS observed withm a 2drop interval (W 003 ml) For samples contaming 24 mg of calcium. 

sodium hydroxide must be added towards the end of the titration to mamtam the pH at X. because of the IOU 
buffer capacity Table 1 shows some results. 

Table 1. Complexometric titration ol calcium 

Titration values 

Calcium 
tahen. 

W/ 

No. 0r Average 
EDTA. titns observed. Theoretical. 

M m/ ml 

40 125 x lo-3 8 0.826 + 0+05 0.806 

XI I.25 x 10-3 7 I.615 f OtlO5 I.61 1 
I21 I.25 x lo-3 I 2.40 _I 0.01 2.417 
202 5.00 x lW3 7 1.02 * 0.005 I.007 
404 500 x 10-j 7 2.03 k OGO 2.014 

807 125 x lo-2 6 I.60 k OGO5 1.61 I 
i210 1.25 x 10-Z 7 2.41 + 0005 2.417 

4040 93X x 10-z 3 I.080 + OGOO 1.074 
12.12 x IO” 9.38 x IO-’ 4 3.21 * 000 3.222 

Intei:ference qf,foreign ions 

Solutions with 202 and 404 pg of calcium were investigated. Because of the more 
favourable difference in the conditional constants for the calcium and magnesium 
complexes, EGTA was used as titrant. Even so, positive errors were obtained at 
Ca : Mg ratios <4 : 1. The interference of Al(III), Fe(II1) and Ti(IV) was eliminated by 
masking with 10 ml of 209/, triethanolamine solution. 

It was found that 044 mg of oxalate, 4.5 mg of tartrate and 80 mg of phosphate did 
not interfere in titration of 200 pg of calcium. In titration of >200 pg of calcium, 
addition of 80 mg of phosphate caused a slight precipitate, but this disappeared in 
the course of the titration if this was done slowly. For a sample of 2 mg of calcium 
140 mg of phosphate did not interfere and the addition of 10 mg of phosphate did not 
precipitate calcium at all. The results are given in Table 2. 

Spc~ctrop/lotorlletrlc tltrattorl 
introduce the solution to be titrated mto a 30-m] cell. add I-15 ml of 10m4M arsenazo III and 

5- 15 ml of buffer solution at pH 9.0 + 0.2 Stir the mixture and measure the absorbance at 650nm 
after each addition of tttrant. Plot the graph in the usual way. 

Typical results are given in Tables 3 and 4. 
The results in Tables 1 and 3 indicate that the proposed method has good sensitivity 

and accuracy. The method was applied to a wide concentration range of calcium, 
including concentrations that are usually determined spectrophotometrically. It was also 
found (Table 2) that phosphate does not interfere considerably. 
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Table 2. Interference of tons 
(For 202 jog of Ca the theoretical consumptton of i.41 x lO-‘.Lf EGTA IS 
0.357 ml and for 404 jcg It IS 0.714 ml: 3 or J titrations were done m each case) 

Calcium 
taken. 

&I 

Diverse 
IOIlS 

Concentra- 
tion tested 

(upper limit). 
f% 

Average 5 x 10e3.W EDTA 
or I.41 x IO-??n EGTA 

consumed, WI 

EDTA EGTA 

202 MgSI) 
404 MgfII) 
404 Fe(III) 
404 Ti(IV) 
404 Al(iI1) 
202 c,0:- 
202 C,H,O:- 
202 PO:- 

a.050 - 0.375 i_ 0.010 
0.135 - 0 740 * 0.010 
045 203 2 002 -_ 
0.88 2Q2 * 0.015 _- 
JO 2.01 + oQO5 - 
0.44 0.995 +- 0.015 -- 
45 1+10 li: 0‘01 .- 

X0 1,005 - 0.005 - 

Table 3. S~ctrophotometric compiexometrtc titration of c&mm with 
arsenazo III as indicator 

Calcium 
taken, 

!%I 
EDTA, 

,M 

EDTA consumed 

No. of Atierage observed. Theoretical, 
tltns lili WI 

20 I.25 x 1W3 3 0402 + 0 005 0,403 
202 SQO x IO_-’ 3 1~5~0.~ 1007 

4040 9.38 X 10-Z 4 1,080 + OaH I ,074 
X080 9.38 x lo-’ 2 2.14 &O+O T 148 

12.12 x to3 9.38 x 1o-z 3 3.195 1. o+B5 ; 212 

Table 4. Spectrophotometrzc complexometnc tmattcm of calcmm tn the presence 
of magnesium 

C&turn Magnesfum 
taken, taken. 

WI !,X, 

EGTA consumed 
No. of 
titns. Average oh$erveil, Theorettc;ti. 

nil vii 

For titration of calcium in the presence of magnesium (Table 4) the lowest Ca : Mg 
ratio for accurate results was established experimentally for each amount of calcium. This 
ratio depends mainly on the magnitude of the break in the titration curve. In the 
experiments shown in Table 4 the absorbance jump was at least O*iOO. 

The use of arsenazo III as metallochromic indicator in complexometric titration of 
calcium recluires the estimation of the precision in the determination of ApM or the 
titration error. For this purpose the conditional stability constant of calcium-arsenazo 
III complex was determined. 
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~ef~~~i~zffrj~?? c$ tltf c~~z~l~fio~ffl .sf~bi~it~. ~~~?.~t~~lf 

The graphical method of Frank and Oswald” was used to determine the con- 
ditional stability constant of calcium-arsenazo III complex (MI) at pH 8 and ,U = 0.1 From 
this value, however, we could not calculate the conditional constant at pH 9 using only the 
value of x,,,,, of arsenazo III. For this purpose the value of C(Mi(H, is also necessary.7 

Since we did not have this information. the value of the constant at pH 9 was 
determined directly by the same method. The values found were as foilows. 

For pH 8, log K,,,i = 49 + O-2 (graphi~lly log Kc;,, = 4-8) 

For pH 9. log KCJr = 5.3 i 0.2 (graphically log Kc,i = 5.3) 

These values were used for the calculation of the titration error by means of the 
following equation.2 

When IO-‘M calcium is titrated with EDTA at pH 8 the error can be easily 
calculated. We have : 

log KCaY. = 8.4; log Kc,,, = 4.9; PM,, = 5.2; ApM = 0.3 

Then the error = 0.09 5 O*ly;. 
For the titration of lo- 3M calcium, ApM is O-8 and the error calculated is 0.7% 

although the use of the error equation is less correct for these conditions. The same error 
was obtained from Ringbom’s diagram.* 

When the spectrophotometric method was used an error at about 50.1 pM unit 
was obtained, even for the titration of 10e3N calcium. 

The sensitivity of photometric pM measurement was estimated by Ringborn’s method.* 
The expression used was: 

APM 0.188(1 + [M)&) 

AT = - (A - ~~)~~M]~~* 

where T is the transmittance. [M] the metal concentration at the end-point and A the 
absorbance of the solution at the end-point. 

For this calculation the titration data (Table 5) for 5 ml of 1.007 x 10T3M calcium 

Table 5. 

EDTA added, Absorbance EDTA added. Absorbance 
ntf at 650 nm ml at 650 nm 

0 0.508 2.185 0.168 
0.940 0.480 2,200 0.114 
1.800 0461 2,230 0.099 
2.073 0.436 2,250 0.094 
2.120 0.414 2 395 0.084 
2.170 0.283 

Addition of 1 drop of O*iM EDTA gave A,““ = 0%X0. 

Addition of 1 drop of - IA4 Ca” gave AZ = O-510. 
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titrated with 2.31 x 10m3M EDTA at pH 8.8, in the presence of 1.5 ml of 9.81 x 10-5itl 
arsenazo III were used. 

It is necessary also to use the following data: log KCJY = 9, [CaY]s4 - 10-3”-&f. 
log Kc,,. = 5.3, cota, = 18.9 ml. 

The calculations gave pCa,, = 6.28; [Cal,, . KCd,. = 0*105. 
The absorbance at the end-point was calculated from the equation 

A _ (/I;“~” + AF . [M]eq . KS,,) 
eq - 1 + [Mleq . KM1 

A,, found was 0.121. By interpolation in the data from Table 5 the value V,, = 2198 ml 
was found. 

According to equation (2) ApCa = 0.067 - O-07. For this value of ApCa and 
log cc, . l&y. = 5.43 the titration error is -0.07% from Ringbom’s diagram. 

The indicator correction was also calculated from the equation: 

I?% = 
L&q - Ama”) 

pTgx _ A”“” 

I 
(4) 

and found to be [MIleq = 7.4 x 10-‘M. The volume of EDTA solution corresponding 
to this correction was 0.006 ml. Then the volume of EDTA used at the equivalence 
point was 2.204 ml, corresponding to 204 pg of calcium. The same result could be 
obtained by graphical extrapolation, which is therefore equally valid and more convenient. 
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Zusammenfassq--Arsenazo 111 wird als Metallfarbmdikator fur Calctum m schwach alkahschem 
Medium vorgeschlagen. Die visuelle Titratton mit EDTA wurde bet pH 8 ausgefuhrt und 
40 pg-I2 mg Calcium bestimmt. Die Storung durch euuge Ionen wurde m Betracht gezogen; es 
wurde gefunden, dal3 Phosphat nicht nennenswert stdrt. Zur Titration von Calcium m Gegenwart 
von Magnesmm wurde der Endpunkt bet pH 9 spektrophotometrisch nachgewiesen. Zur 
Abschltzung des Titrationsfehlers wurden die Stabthtatskonstanten des Calcium-Arsenazo III- 
Komplexes unter den betreffenden Bedingungen ermittelt. 

Resume-On propose I’Arsenazo III comme mdicateur metailochrome pour le calcium en mtheu 
Iegerement alcalin. Le titrage visuel avec I’EDTA a ete realise a pH 8 et I’on a dose 40 keg-I2 mg 
de calcmm. On a considtre I’mterference de quelques ions et l’on a trouve que le phosphate ne 
gene pas de mamere appreciable. On a uttlise la detection spectrophotometrique du pomt hnal 
pour le titrage du calcium en la presence de magnesium h pH 9. Pour I’esttmatton de I’erreur 
de tttrage, on a trouve les constantes de stabilite condittonnelles du complexe calcium-nrsenazo 111. 
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Summary--The detection and measurement of traces of zinc. lead. copper and silver by 
atomtc-absorptton spectroscopy with a tungsten-filament atom-reservoir (TFAR). hollow-cathode 
lamps and hmtted-field viewing IS described. The performance of this atom cell is compared with 
that of the carbon-filament atom-reservoir for determmatton of lead. Greater sensittvrty and 
fewer matrix effects are observed with the TFAR system. The Iifetime of the tungsten ~~ament is 
almost mdefintte. 

The development of ultramicro techniques of atomic-absorption and atomic-fluorescence 
spectroscopy with a carbon-filament atom-reservoir (CFAR) has been described in 
several papers from this laboratory’--’ ’ these techniques have been applied to several 
practical problems. ‘O-l 3 The advantages include the ability to handle very small samples 
(1-5 ~1). high absolute sensitivity and low background signals. Matrix effects, which 
arise chiefly in the vapour phase above the surface of the filament and almost exclusively 
from elements that atomize at similar temperatures to the analyte element,3*4 may be 
reduced by limited-field viewing close to the surface of the filament before condensation 
reactions set in to reduce the atomic population of the analyte element.6’7 

A recent paper by Takeuchi et al.‘” describes the determination of Al, Cr, Cu, Fe, 
Mg and Mn by flameless atomic-absorption measurements, using a tantalum strip which 
is electrically heated in an enclosed argon atmosphere, and somewhat similar to the original 
<FAR unit of West and Williams.~ 

Earlier. Donega and Burgess is described an absorption chamber which consisted 
of a tantalum or tungsten sample boat heated electrically in an enclosed inert atmosphere 
maintained at any desired pressure, usually in the range l-300 torr. The boat was 
supported in a 50 mm i.d. quartz tube with quartz windows at each end. 

In this communication we describe the determination of traces of Ag, Cu, Pb and 
Zn by use of an unenclosed tungsten-filament atom-reservoir (TFAR), reporting detection 
limits, sensitivity and matrix effects, and comparing the relative performance of TFAR 
and CFAR units on the same apparatus. 

EXFERIMENTAL 

Apprrrortrs 

Atomtc-absorptton measurements were made wtth a Jobm-Yvon “Delta” atomic-absorptton spectrometer. 
An Alder and West3 type of atom-reservotr unit was mounted on the base plate which normally holds the 
burner unit. The carbon filament normally used in the CFAR was replaced by a cylindrical 
tungsten filament 60 mm long and 2.2 mm m dra.. that had been ground to produce a l-mm deep 
recess ( - 2 mm wide) at tts centre. m which the l-pi samples could be located. The presence of the notch also 
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ensured that this posltlon where the sample located was also the hottest pomt \\hen the filament \\ as 
electrically heated. The burner-height adJustment mechamsm of the spectrometer also .dlowed the posIIIon 
of the filament to be adjusted in a vertical plane with respect to the beam of the hollow-cathode lamp 
along the optical axis of the spectrometer. The beam of mcldent radiation from the hollow-cathode lamp ~3s 
modulated mechamcally at 125 Hz and focused by a system of two s~hca lenses to form a sharp rmage 
ca 3 mm in dia. over the centre of the filament. A 20-mm dra. collimator tube !\a5 &iced 
centrally m the light-path as close as possible to the tungsten tilament. The tube carried a 0.5 or I-mm 
horizontal slit at the end nearest to the filament. A third lens placed between the TFAR and the mono- 
chromator focused the light onto the entrance slit. The output from the amplifier was presented to the mput 
of a Smith’s Instruments “Servoscribe” chart recorder. The gas How and electrical supphes to the TFAR were 
as described previously for CFAR units.’ 

Reagents 

All reagents were of analytical grade. Water was distilled in glass apparatus and then treated \\lth a 
catlon-exchange resin in the H’ form. The water thus purdied was found to contain no measurable amount 
of the elements examined. Volumetric Hasks used to prepare or contain metal solutions more ddute than 100 ppm 
were previously treated with a silicone preparation, “Repelcote.” as were the Drummond mIcropipettes used to 
place the l-jr1 samples on the filament. Standard solutions containing less than 100 ppm of the cations v.ere 
freshly prepared before use to minimize losses due to surface adsorption effects. 

Measurement technrque 

The followmg sequence was found to gut. the best sensitivity. detectlon limit and reproduclbihty of 
measurement of atomic-absorption signals with the TFAR unit. 

The monochromator was tuned to receive the resonance line of the element being studied and the filament 
shielding-gas (argon or nitrogen) was allowed to How at the optimum How-rate. The aqueous sample (1 {II) 
was placed in the recess m the filament by means of a Drummond micropIpette. The followmg time- 
cycle was then followed: the tilament was swltched on at low power (I,5V), to evaporate the water from the 
sample slowly without loss due to sputtering. The current was swltched off and the voltage was Increased 
to that determined to be optimum for the particular element: the filament current was then turned on again 
to atomize the sample. This took approximately 2.5 sec. and the absorption peak was recorded on the chart paper. 
for subsequent measurement. This cycle was repeated at 75-set intervals. This sequence allowed sufficient 
time for the filament to cool down before application of the next sample solution. No memory effects 
were detected for any of the elements studied, at the ppm concentrations usually used in atomic-absorption 
measurements. 

RESULTS AND DISCUSSION 

The response times of the amplifier of the Jobin-Yvon Delta spectrometer and the 
Servoscribe recorder are the usual for a flame spectrometer, but are relatively slow for 
transient signal measurements. The net result is that as the applied voltage is increased, the 
peak height increases to a maximum and then decreases with further increase of voltage, 
because the temperature rise-time of the filament. and therefore, the speed of atomization, 
increases with increase of voltage until the rate of generation of free atoms exceeds the 
capability of the electronic circuitry to respond to it. This behaviour is shown in Fig. 1 
for fixed amounts of the four elements studied. The absorbance-voltage peak varies from 
one element to another, depending on the atomization temperature, but also to a limited 
extent on the amount or concentration of the element. 

Figure 2 shows that as the silver atoms come off the filament more quickly at 
higher voltages they pass out of the light beam before the detection system can fully 
respond to them. This is evident from curves (b) and (c) but more particularly from ((I) where 
larger amounts of silver are involved and where self-condensation may further lower the 
population of absorbing atoms. The effect of collimation is shown by curves (b) and (c). 
At higher voltages the limited sampling area produced by collimation is filled with a denser 
atomic population producing a higher signal, but at voltages, <CO. 5V. the collimated 
signals are weaker because atomization is insufficiently fast to fill the sampling area. 
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Fig. 1. Varlatlon of absorbance with tungsten filament voltage. 
(n) = 1 ng of lead: (b) = 0.5 ng of copper. (c) = 0.2 ng of sliver: (d) = 0.01 ng of ztnc. 
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Fg 2 Varlatlon of absorbance ~lth concentration of analyte and with collimation. 
(TV) = I ngoFslI\er. no colhm.irlon. (h) = 0 2 ng of sliver: 0 5-mm sht and colhmatlon. (c) = 0.2 ng 

of Aver. no colhmation. 
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Fig. 3. Equdibrlum temperatures. 
(a) = 2.2-mm tungsten filament: (h) = 2-mm carbon filament. 

A tungsten filament has a much lower resistance than a carbon filament so requires 
a considerably lower voltage to reach the same temperature. Figure 3 shows temperature- 
voltage curves for TFAR and CFAR units (2.2 and 2 mm in dia.). for equilibrium 
temperatures as measured by an optical pyrometer. 

Efect of shielding-gas jlow-rate on signal 

Figure 4 shows the effect of the shielding-gas flow-rate on the absorbance for the elements 
examined. Although it is possible to choose an optimum flow-rate in each case, it is clear that 
small fluctuations have very little effect on the absorption signal. When nitrogen and 
argon were used immediately after each other. each at its optimum flow-rate. there was 
no difference between the absorption signals obtained. Some optimized operating para- 
meters for this apparatus are given in Table 1. 

Table I. Operating parameters for AAS of Zn. Pb, Cu. Ag with TFAR 

Lamp operatmg Monochromator Filament 
Element 1. Current, entry slit, voltage. Gas How-rate. 

nm mA mm k /.,mrn 

Zn 213.8 
Pb 217.0 
cu 324.7 

Ag 328. I 

4 0.5 
6 I .o 
6 0.05 

IO 0.04 

4.5 Ar (1.6) 
5.0 Ar (2). N, (3.2) 
5.5 N, (3.3) 

5.5 N, (3.7) 
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In& gas flow-rota. I/min 

Fig. 4. Variation of absorbance with mert gas flow-rate. 
(a) = 1 ng of lead (argon); (b) = 1 ng of copper (nitrogen); (c) = 1 ng of lead (nitrogen): 
(d) = 001 ng of zinc (argon); (e) = 0.2 ng of silver (nitrogen). 

Detection limits and sensitivity 

Detection limits (signal : noise = 2 : 1) and sensitivity (1% absorbance) for the TFAR 
under optimized conditions are quoted in Table 2. Figure 5 shows typical calibration 
curves for the four elements studied. The non-linearity in some of these curves may be partly, 
if not entirely, associated with the slow response rate of the amplifier/recorder system 
( -0.8 set full-scale recorder deflection) with respect to the more transient signals (-0.05 set 
half-peak width). Better sensitivities could obviously be achieved with more rapid- 
response electronics. and more particularly, with integration. 

Comparison with CFAR 
The performances of the two filament materials were compared by using each in turn 

with lead as the test element. At the optimum voltages, which were found to be 5V for 
tungsten and 6V for carbon, the absorbances shown in Table 3 were obtained for 1 ppm of 
lead at corresponding filament positions for both materials. 

Table 2 DetectIon hmits and sensitivities for TFAR 

Element hne. 
,,,?I 

Detection limit, 

ppm P!i 

Sensitivity (1% absorption) 

PP”’ PS 

Zn 213.8 000028 0.28 OQOO78 0.78 
Pb 217.0 0.02 20 O-014 14 
Cu 324.7 OGO6 6 00075 7.5 
Ag 328.1 0.006 6 0.0044 4.4 

TAL Vol 20 No S-C 
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ng Zn 

Fig. 5. Analytical cdhbratlon graphs. 

For positions from u to e the filament height increased in l/6-mm steps. Position b 
corresponded to grazing incidence of the light beam. At position e the depression in the 
filament lay within the horizontal optical plane. 

It can be seen from Table 3 that the signal from the tungsten filament was about 
50% higher than that from the carbon filament at the highest filament position. At 
higher positions the noise on the base-line was intolerable owing to radiation from the 
filament in the light path. The reproducibilities were comparable for each filament. 
Standard deviations were generally less than 29; of the signal. 

Table 3. Absorbance for I ng of lead at 217 nm 

Filament height 
positlon 

u 
h* 
“ 
cl 

rt 

CFAR 
absorbance 

0. I 7 
0.24 
(1 20 
0.77 
0 27 

TFAR 
absorbance 

0.22 
0.28 
0.36 
0.4 1 
0.4 I 

* Grazing incidence. 
t Totally in light path. Signal very noisy If 

tilament higher than this. 

ng Ag 

02 - 

ng cu 
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Table 4. Compartson of potenttal interferences in deter- 
mination of lead (I ppm) with TFAR and CFAR ceils 

“/, Suppression, “/< Suppressron. 
Interfering element, CFAR TFAR 

tmg 

Ag+ 
Bl” 
coz+ 
K’ 
Na’ 
HCI 

20 0 
45 0 
35 29 
30 0 
I2 0 
30 0 

As well as improving sensitivity, the TFAR seemed to remove matrix effects or reduce 
them very considerably. Table 4 shows the effect on the absorbance of 1 ppm of lead 
of 1000 ppm of six interferents which cause problems with the CFAR technique. All 
measurements were made at the highest possible filament position. 

Since the tungsten filament is stronger, its lifetime is much longer than that of a 
carbon filament; the latter has to be changed every 100-200 shots, depending on the 
voltage used, and often fractures from thermal shock, whereas a tungsten filament will 
last indefinitely if treated correctly. Electrical contact is improved because the tungsten 
filament can be clamped to the electrodes much more tightly. 

Because of the lower electrical resistance, higher currents flow in the TFAR than in the 
CFAR. Figure 6 shows a plot of current us. voltage in the transformer primary. 
However, the same power supply has been used successfully for both atom cells 
throughout this work. The use of a tungsten filament does not, therefore, necessitate the 
use of more expensive apparatus for handling and switching current. 
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a 16- 
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Fig. 6. Filament currentkoltage characteristics. 
(a) - 2.2-mm tungsten; (b) - 2-mm carbon. 
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Table 5. Comparison of interferences for copper, with TFAR and CFAR 

“‘, Suppression “; Suppression CFAR6 
Interfering Ratio (M : Cu) TFAR, 

element, w/w 0.5 ppm cu 1 ppm cu 0.5 ppm cu 
M 

g:: 1000 1000 

Fe’ + 1000 
K’ loo0 
Ml12+ 1000 
Hz% 5000 
HCI 5000 

0 0 25 50 20 0 

10 55 10 
12 25 0 
0 60 40 
0 not reported - 

20 not reported 

Further interference studies 

Table 5 shows the effect of various interferents on the absorbance for 0.5 ppm of 
copper with the TFAR, and that previously reported for the CFAR.6 With the CFAR 
some of the interferences could be reduced by using a smaller concentration of analyte. It 
seems, therefore, that the absolute amount of interferent is the determining factor rather 
than its ratio to the amount of analyte. This is consistent with the interferences occurring 
in the gas phase.4 

The TFAR may be seen, therefore, as a very useful alternative to the CFAR for 
use in analytical spectroscopy. At least for the elements examined so far it possesses all 
the good characteristics of the CFAR and complements these with many of its own, 
viz. its very long lifetime, much lower tendency to show matrix effects, and somewhat 
greater sensitivity. 

The behaviour of other elements will be reported at a later stage when it may be 
possible to comment more definitely on the reasons for increased sensitivity and 
greater freedom from matrix interferences. It appears possible that the increased sensitivity 
may be due to the fact that added solutions do not penetrate to any appreciable extent 
within a tungsten filament as they do in a carbon filament. Thus the sample, when dried 
out, exists in a more concentrated form on the surface and therefore produces a denser 
cloud of atomic species upon atomization. It is more difficult to account yet for the 
apparent lower susceptibility to matrix effects. This may possibly be due to the greater 
heat dissipation of the TFAR and its greater ability to transfer heat to the atoms in the 
gas phase and thus minimize the condensation phenomena which give rise to matrix 
effects in filament atom-reservoir spectroscopy, but this is the subject of further 
investigation. 
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Zusammenfassung-Nachwets und Messung von Spuren Zink. Blei. Kupfer und Silber durch 
Atomabsorpttonsspektrometrie mu emem Wolframfaden-Atomreservoir (TFAR). Hohlkathoden- 
lampen und Ausnutzung eines begrenzten Gesichtsfeldes wird beschrieben. Das Verhalten dieser 
Atomzelle wtrd mit dem des Kohlefaden-Atomreservoirs zur Bleibesttmmung verglichen. Mtt 
dem TFAR-System beobachtet man grBl3ere. Empfindlichkeit und geringere Matrixeffekte. Die 
Lebensdauer des Wolframfadens ist fast unbegrenzt. 

R&sum&-On d&n la detectton et la mesure de traces de zinc. plomb, cmvre et argent par 
spectroscopic d’absorptton atomique avec un reservoir d’atomes a filament de tungstene (TFAR), 
des lampes a cathode creuse et une vi& a champ limit& On compare la performance de cette 
cellule d’atomes a celle du reservoir d’atomes a filament de carbone pour Ie dosage du plomb. 
On observe une plus grande sensibiliti et moins d’effets de matrice avec le systeme TFAR. La 
duree de vie du filament de tungstbne est presque mdefinie. 
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Summary-Concentrated nitric acid vapour I$ used in a simple rapld method for the destruction 
of orgamc matter in plant tissue before analysis for trace elements. About 90% of the orgamc 
matter IS destroyed by the nitric acid vapour within 5-6 min and destruction is then completed 
by the addition of perchioric acid. The method gives zero or low blank values and has comparable 
prectsion and accuracy to conventional acid digestion methods. 

Analysis of biological materials for metallic elements generally requires prior treatment of 
the material in order to destroy the organic matter present. Some direct wet extraction 
procedures have been reported I4 but these are either too slow, not quantitative, or suffer 
from other di~dva~~g~s. The most commonly used methods for destruction of the 
organic material are acid digestion and dry ash&g. Acid digestion involves heating the 
organic material in the presence of concentrated oxidizing acids. It is often time~onsuming 
and can have the problem of high blank values because of the quantities of reagents 
that need to be added. Dry ashing destroys the organic matter by heating the material 
at 400-700” in a muffle furnace, where atmospheric oxygen is used as the oxidizing agent. 
It is not only time~onsuming but some elements can be lost. 

There are a number of variations of the acid digestion procedure, involving, for example, 
different acid mixtures and preparations of acids, addition of hydrogen peroxide, etc. 
Smith et at.’ list six acid digestion procedures for the destruction of human tissue, 
The Analytical Methods Committee of the Society of Analytical Chemistry’ recommend 
four different methods of carrying out the initial stages of the decomposition, involving 
various acid mixtures, depending on the reactivity of the material. The Committee state 
that their methods of destruction are suitable for most organic materials, including 
dyestuffs, medicinal compounds, rubber chemicals, synthetic polymers, biological material 
and foodstuffs. Harrison and Andre’ have added sodium molybdate as a catalyst to the 
nitric,/perchtoric/suIphuric acid digestion mixture in order to shorten the time required 
for compiete destruction of the organic material. Gorsuch,s in a very thorough investiga- 
tion, has discussed the relative merits of both wet and dry oxidation procedures for a 
large number of elements. 

Gorsuchg has also commented on the potential of destroying organic matter in an 
atmosphere of nitric acid vapour. Rinkis I0 has used a stream of nitric acid vapour 
to complete the oxidation of carbonized plant samples. We have examined a similar 
system as a means of destroying the organic matter present in plant material without 
any prior treatment. It was found that “vapour phase oxidation” (VPO) with nitric 
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acid was extremely efficient, destroying up to 90% of the organic material in 5-6 min. 
At this stage an addition of perchloric acid ensured speedy and complete oxidation. 
Moreover, the presence of nitric acid during the final perchloric acid oxidation 
eliminated any explosion hazard. The method gave very low blank values for impurity 
elements. 

Comparison of the relative standard deviation and accuracy obtained by use of VP0 
with that for destruction by nitric/perchloric acid in a Kjeldahl flask (hereafter called the 
Kjeldahl digestion or procedure) showed that the two methods had comparable precision 
and accuracy. At the same time the VP0 procedure has the same advantages as the 
Kjeldahl digestion, when compared with dry ashing. These are:” the low temperature 
required, the freedom from loss of trace elements by retention on solid material in the 
system, and the simplicity and low cost of the equipment used. 

EXPERIMENTAL 

Apparatus and reagents 

Nitric acid vapour was generated by droppmg concentrated (sp. gr. 1.4) nitrtc acrd into a reservoir 
of 100 ml of nitric/sulphuric acid mixture (1 : 1) at 152”. The nitric acid vapour distils at 122~. Thts 
corresponds to a vapour consistmg of 67% nitric acid. I2 The distillation temperature remams constant 
throughout the entire vapour phase oxidation. 

The all-glass apparatus used is illustrated in Fig. 1. The 1 : 1 mtricisulphuric mtxture was contained m a 
250-ml round-bottomed flask heated by an electrical heating mantle. The flask was fitted with two 
“Quickfit”joints, one carrying a dropping funnel containing the concentrated nitric acid, the other a “Qutckfit” 
splash-head. A “gas-finger” was fitted to the other end of the splash-head and this introduced the nitric 
actd vapour onto the sample being digested, which was contamed m a “Quickfit” tube with side-arm. mated to 
the gas-finger. The gas-finger extended 5.5 cm into this reactron tube. A “Qutckfit” pouring lip was 
attached to the reaction test tube for quantitative transfer of the digest solution to the volumetric flask. 

During the entire digestton period the tube was heated by an infrared heating lamp. Thts prevented 
excessive condensatton of the vapour before it reached the sample to be digested. 

The side-arm of the reactton tube allowed excess of nitric acid vapour to escape. The reaction tube was 14 cm 
long and 4.5 mm o.d., fitted wtth a B19 joint. 

Fig. I. Apparatus for destructton of orgamc matter by vapour phase oxidatton. 
A-reactton tube: B-gas-finger; C-splash-head; 
D-droppmg funnel; E-acid reservoir; F-heating mantle. 
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The perchlortc actd dtgestion was carried out by removing the reactron tube from the gas-finger, adding 
the perchlortc acid, and placing the tube in a cylindrical furnace at 280”. The furnace was constructed by 
winding alternate layers of 3.84 ohm/m mchrome resistance wire and asbestos tape around a Pyrex cylinder 
to give a fmal reststance of 15-16 ohm. The furnace was connected to a 32-V step-down transformer 
operated from a 240-V mains supply and the temperature adjusted by a Variac voltage controller connected in 
serves. 

The powdered plant samples were pelleted before digestion, to prevent charring of the material during the 
mrttal stages of the nitric acid vapour oxidatton. Charring occurred with powdered samples because of a 
combination of two factors: the large surface area of the powdered plant material and the rapid oxidation 
by the nitrrc acid vapour and the accompanying large heat of reaction. Pelleting the pfant material 
reduced the surface area available for reaction wrth the nitric acid vapour 

The gas-finger was positioned so that it dtd not come in contact wrth any froth produced dunng the nitrtc 
acid digestion. Consequently tt could be used for successive samples, and there has so far been no evidence 
of cross-contamination. 

The rate at which nitric acid was dropped onto the mtrrc/sulphuric reservotr was opttmrzed at 5-6 ml/mtn. 
A slower rate does not give a sufficient flow of nitrtc vapour to dtgest the sample in 5 min. A faster 
rate does not markedly increase the digestion time and can be wasteful of nitric acid. 

Doubly drstilled demineralized water was used throughout. Analytical-reagent grade nitric and sulphurtc acids 
were used for VPO. Doubly dtstdled analyttcal grade mtric acid was used for the KJeldahl drgestions. 
Analyttcal grade perchioric acrd (70-72x) was used for both procedures. All glassware was cleaned in a 
1 : 1 mtxture of analyttcal grade nitric and sulphuric acids, left sending overnight, and finally rmsed with 
distilled water. 

Procedure 

Plant samples were washedI and “biologically killed” immediately followmg collection from the field, by 
heating in a forced-draught au-oven at 60” for 24 hr. The plants could then be stored until requtred. 
Before analysrs the plant was powdered to pass a a-mesh nylon sieve, with a 5-m Christy Norris Junior 
Laboratory Mill. As the working surfaces of this mill are constructed of a special alloy steel, slight metallic 
contamination of the plant sample resulted. However, as subsamples for both the VP0 and Kjeldahl 
methods were obtamed from the same sample, the contamination from this and the subsequent mixing would 
have been much the same for both procedures. The powdered material was then rolled in a stoppered glass 
contamer for 6-R hr to ensure homog~eity. Homogenetty was tested by dry-ashing 0.5-g samples of the powder 
and weighmg the ash. For the VP0 method the powdered sample was compressed at 14 x 10’ kg/m2 by 
means of a hydraulic press, into a pellet 15 cm in dia. and 4 mm thick. The plant powder was analysed 
directly by the acid Kjeldahl method. The dry weight of both pellet and powder was obtained after heating 
at 98’ for 24 hr. Lack of contamination from the press is evidenced by the good agreement between the VP0 
and Kjeldahl results. 

A few drops of doubly distilled kerosene” were added to each pellet after it was placed in the reaction tube. 
This was to ensure that excessive frothing did not occur during the inittal nitric acid digestion period. 

After the nitric acid digestion, 2 ml of perchloric acid were added and the sample was heated to 
perchioric acid fumes, indicating that oxidation of the organic matter was completed. The reaction tube contents 
were then washed into a 25-ml standard flask with doubly distilled water and the sample made up to volume 
and analysed by atomic absorption. 

RESULTS AND DISCUSSION 

The procedure described offers an alternative to the Kjeldahl digestion and has the 
advantages of zero or extremely low blank values and a shorter digestion period. Low 
blanks were obtained because distilled nitric acid vapour was the main oxidant. Analytical 
reagent grade nitric acid gave zero blank values for all metals studied, but it was necessary to 
doubly distil the acid for use directly in the Kjeldahl method. 

Perchloric acid was added directly to the sample in the VP0 and Kjeldahl procedures 
and analytical grade acid was found to be satisfactory for both. 

A feature of the VP0 method is the significant reduction in time required for complete 
destruction of the organic material. The conventional Kjeldahl procedure with 10 ml 
of nitric acid for O-5 g of plant sample usually requires 30-45 min of moderate heating 
before the nitric acid has oxidized most of the sample and perchloric acid can safely 
be added, but with the VP0 method the main oxidation is complete within 5-6 mm. 

Further time is saved during the final stage of digestion with heating to fumes of 
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perchloric acid, because there are only 3-4 ml of nitric acid in the reaction tube to be 
evaporated instead of the 10 ml in the Kjeldahl procedure. 

The total digestion times are therefore: VP0 30-45 min; Kjeldahl 60-90 min. 
However, for the VP0 method an individual furnace is needed for each reaction tube. but 
this need not be a disadvantage, as three furnaces can be run from one 32-V transformer. 
Using only five furnaces, a total period of 2 hr was necessary to have 10 samples 
digested by VP0 and ready for analysis. 

One of the advantages of the Kjeldahl method is the refluxing of the acids within the 
long neck of the flask, which ensures that all the material present in the flask is digested. 
Although this reflux action does not occur to the same extent in the reaction tube, of 
the sides of the tube were still effectively washed, partly by reflux when in the furnace, 
and partly by condensation of nitric acid vapour during the digestion stage. 

It can be seen from the results listed in Tables 1-3 that the precision and accuracy of 
the results obtained by the VP0 method compare favourably with those of results 
obtained by the Kjeldahl procedure. 

The precision of the VP0 procedure is illustrated in Tables 2 and 3. Those cases 
in which the relative standard deviation (RSD) is greater than 8% are generally attributable 
to the low concentrations of the metal found in the plant. This is well illustrated by 
comparison of the RSD for copper in Eucalyptus blakelyi and Lycimum feracissimum 
(Table 3). Both determinations have nearly equal standard deviations but the large 
difference in copper concentration results in different RSD values. 

Rapid methods have been described for the destruction of organic matter by use of 
mixtures of sulphuric acid and 50% hydrogen peroxide’ ‘-’ 9 or of sulphuric and perchloric 
acids and sodium molybdate.‘*” Digestion times of 10 min or less have been claimed 
for destruction of plant materials, and although VP0 cannot match this rate for large 
samples, it does offer the advantage that the final solutions are relatively free from 
interfering substances. Sulphuric acid methods suffer from the disadvantage that sulphate 
ions interfere in atomic-absorption spectrometry’.” and that precipitation of alkaline earth 
metal sulphates can also carry down iron, lead and manganese.*.” The use of sodium 
molybdate is clearly unsuitable if sodium or molybdenum is to be determined, and 
the high salt content arising from its use may cause some solubility products to 
be exceeded, with attendant risk of loss by precipitation. 

Table I Analysts of standard reference materials after vapour phase oxtdatton 

Mn. 
p/In, * 

Cu. 

wm 

Fe. 

wu 

Zn. 

ppm 

(a) N.B.S. Standard Reference Materutl IS71 [Orchard leavesIr 
Published 91 +4 I7 * I[12 * 21’5 300 f 20[278 f 43]1s 25 + 3[28 + 31’5 
Vapour Phase 

Oxtdation 96.X f 3.6t 13.1 kO.6 272 + 16 23.5 + I 8 

(b) Kale’” 

Pubhshed 14.9 &- 1.x 4,x1 + 0.74 119.5 + 19.5 31 xx * 1.82 
Vapour Phase 

Oxtdatron 14.9 f o.xt 6.4 _+ 0.6 119.3 + x.4 324 * 7.3 

* Results are given as parts per mtlhon m the dried plant materud. 
t The Indicated limtts are equal to ? standard deviattons for three rephcate analyses. 
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Table 2. Analysts of various plant species after vapour phase oxidation. and comparison with actd 
KJeldahl dtgestion (AKD) 

Acuciu doratoxylon 

VP0 AKD 

Acacia melanoxylon 

VP0 AKD 

Anacardiacae 
Schmus molle 

VP0 AKD 

Zmc 

Mean. ppm* 276 27 2 123.3 129.8 173.8 173.7 
SD. ppmt 13 1.9 3.3 4.2 3.5 2.0 
RSD. 7;s 4.7 6.8 3.1 3.2 2.03 1.2 

Copper 
Mean. ppm 
SD. ppm 
RSD, 5; 

Manganese 
Mean, ppm 
SD, ppm 
RSD, “/, 

Iron 
Mean, ppm 
SD. ppm 
RSQ “/, 

52.1 14.0 105 10.0 28.1 23.1 
3.9 19.6 1.1 0.9 5.3 1.9 
7.6 26.5 12.9 9.1 18.8 8.1 

12.0 12.5 145.0 147.8 313.2 309.6 
0.52 2.0 2.4 3.7 6.1 2.6 
4.3 16.2 1.2 2.5 2.0 0.8 

160.7 161.6 59.1 64.8 358.4 322.0 
14.5 7.9 4.7 5.1 1.7 6.5 
9.0 4.9 12.5 7.9 2.2 2.0 

Eucalyptus mannijerra Eucalyptus blakelyi 
Lycimum 

feracissimum 

VP0 AKD VP0 AKD VP0 AKD 

Zinc 
Mean, ppm 

SD, ppm 
RSD. ‘Yo 

Copper 
Mean, ppm 

SD. ppm 
RSD. !a 

Manganese 
Mean. ppm 

SD. ppm 
RSD. 9, 

Iron 
Mean, ppm 
SD. ppm 
RSD. :,, 

26.5 27.2 21.3 23.4 71.9 72.7 
1.5 1.1 0.6 1.7 1.1 2.7 
5.5 4.2 2.6 7.4 1.5 4.3 

6.4 6.1 9.4 8.9 84.6 84.2 
0.95 1.4 1.9 2.3 1.6 3.6 

11.7 22.3 19.7 25.6 1.9 5.4 

335.5 366.3 664.6 615.2 69.8 68.2 
9.4 1.4 10.8 10.4 1.3 2.8 
2.8 2.0 1.6 1.7 1.9 3.1 

115.0 121.3 88.3 98.6 
49.1 49.6 10.8 15.0 
42.7 40.9 12.2 15.2 

Results were derived from 15 separate determinations. 
* Results are gtven as parts per million in the dried plant material. 
t Standard deviation. 
6 Relative standard devtation. 
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Table 3. Analysrs of Lyciumferacwimtrm after vapour phase oxtdation 

Zinc 
Mean, ppm* 

SD. ppm 

RSD, % 

Manganese 
Mean, ppm 

SD, ppm 
RSD, % 

Copper 
Mean, ppm 

SD, ppm 
RSD. % 

1 2 3 4 5 6 7 8 

70.9 70.4 71.0 68.4 69.1 70.0 71.9 720 
3.5 4.1 4.0 5.0 2.7 3.6 1.1 1.7 

5.6 6.7 5.7 7.3 4.0 5.1 15 2.4 

63.2 62.9 67.0 66.4 66.8 67.7 69.8 67.9 
2.6 4.4 1.4 2.2 2.1 2.2 1.3 1.6 
3.1 5.2 2.1 3.3 3.2 3.2 I.9 23 

81.3 81.9 85.0 84.5 91.7 90.1 84.6 84.4 
1.7 1.9 3.1 3.8 3.1 2.1 1.6 0.7 
2.7 2.9 3.6 4.5 3.3 2.3 1.9 0.9 

Each mean involved of 10 separate determinations giving a total of 80 determmations for each 
element. 
* Results are given as parts per mullion in the dried plant material. 

VP0 clearly has potential as a means of rapid destruction of organic material when 
the blank value must be practically zero. Thus Sanui” has described an apparatus for 
oxidizing biological samples with activated oxygen, in which rat liver cell microsomes 
can be ashed, with a negligible blank. The ashing time required, however, can be 
anything from 2 to 30 hr depending on the nature of the sample and how much of it is 
exposed to the oxygen. VP0 should reduce the ashing time considerably and give 
comparable blanks. 

Acknowledgement-The authors wish to acknowledge the generous assistance of Varian Techtron Pty. Ltd. 
towards the purchase of an AA5 Atomic Absorption Spectrophotometer. 

I. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
I I. 

12. 
13. 

14. 
15. 
16. 
17. 
18. 
19 
20. 
21 

REFERENCES 

P. R. Premt and A. H. Corntield, Specfrouislon. 1968, No. 19. 15. 
J. H. Baker and T. Greweling, J. Agr. Food Chem., 1967, 15. 340. 

H. L. Kahn. F. J. Fernandez and S. Slavm. At. Abs. Newsletter. 1972, 11, 42. 
H. J. M. Bowen, P. A. Cause and J. Thick, J. Esptl. Botany, 1962, 13. 257. 
1. L. Smith, E. Yeager. N. Kaufman, F Hovorka and T. D. Kinney. -1ppl. Spectra.. 1955, 9. 167 
S. C. Jolly, (ed.), Officu~l Stundurtlised und Rrcommendctl iMrr/rocls o/ Anul~sr.\. p. 3. Heffer. Cambrtdge, 1963 
M. Harrrson and C. Andre, Appl. Specrry., 1969, 23, 354. 
T. T. Gorsuch, Analyst, 1959. 84, 135. 
Idem. The Destruction OJ Orgumc Murter, p. 42. Pergamon. Oxford, 1970. 
G. Rinkts, Luruijus PSR Zinutnu A/d. Ve.~s. 1959, No. 6. 117. 
J. E. Allan. The Prepuration of Agrdturul Muteriuls for Anuly.G,\ by Atomic .-lbsorptron Spectroscopy, 
Varran Techtron Publ., Sprmgvale, Vie., Australia, 1970. 
F. D. Miles, Nitric Ad. Munuficture und Use,\. p. 52. Universtty Press, Oxford. 1961. 
H. D. Chapman and P F. Pratt, Methods of Anulysls for Sods Plunts und Wurers. p. 58. Umv. 
Califorma Press, Rrverstde, Cahfortua. 1961. 
U.S. National Bureau Standards, Standard Reference Maternal 1571 [Orchard Leaves]. 
U.S. Null. Eur. Std.?. Tech. Note 582, p. 68, Jan. 1972. 
H. J. M. Bowen. Anulyst. 1967, 92, 124. 
Analytical Methods Commtttee. ihul.. 1967. 92. 403. 
R. P Taubmger and J. R. Wilson, tbid.. 1965, 90, 429. 
D. Polley and V. L. Miller, And. Chrm.. 1955, 27. 1162. 
D. W. Bohn and 0. E. Stamberg, fnd. Enq. Chem.. And. Ed.. 1944. 16. 345. 
H. Sanui. Anul. Biochem., 1971. 42. 21. 



Rapid destructton of plant material with concentrated mtrrc acid vapour 475 

Zusammenfassung-In einer emfachen Schnellmethode zur Zerstorung von organischem Material 
m Pflanzengewebe vor der Analyse auf Spurenelemente wrrd der Dampf von konzentrierter 
Salpetersiure verwendet. InnerhalbS-6 min werden etwa 90”/, der organischen Substanz durch 
den Salpeterduredampf zerstort: der Abbau wird dann durch die Zugabe von tiberchlorsaure zu 
Ende gefiihrt. Die Methode gibt gar keine oder niedrige Bhndwerte und bietet vergletchbare 
Genautgheit und Richtigkett wte iibliche Methoden des Siiureaufschlusses. 

R&sum&On utihse la vapeur d’acide nitrtque concentre dans une mtthode sample et rapide pour 
la destruction de la matiere organique dans les ttssus vegetaux avant analyse d’blements a l’etat 
de traces. Environ 907; de la mat&e organique sont detrutts par la vapeur d’acide mtrique en 
5-6 mn et la destruction est alors complttee par I’addition d’acide perchlorique. La mtthode 
donne des valeurs de ttmoin nulles ou faibles et a une precision et une fidehte comparables 
aux methodes de digestion acide habituelles. 
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Summary-Automattc adjustment of only the spark-gap width in a spark-source mass spectro- 
meter does not ensure that optimum condittons of electrode geometry are maintamed wtth 
respect to the ion-opttcs system A device has been developed which simultaneously maintains 
a constant gap width and also a more constant -_-axis ion-illumination angle. Thus is the first 
development to utihze ion-optics parameters to adjust the sparking electrodes automattcally. 
The system maintams the electrodes m an optimum configuration such that higher and more 
constant Instrument sensrtrvity is maintained automatically. In addition, a stgniticant tmprovement 
in the precrsion of Instrumental response IS demonstrated. It appears that relative isotopic 
abundances can be determined directly by the spark-source method whrch are comparable to 
those obtamed m some cases by surface tonizatton or by electron bombardment. Results are 
given that support this contention. 

The spark-source mass spectrometer is an extremely useful analytical tool because of its 
ability to provide semiquantitative assays for essentially all elements with very high 
detection sensitivity. Significant improvements’ continue to be made in the overall 
technique. One of these improvements was the development of a method of maintaining, 
automatically. a spark via continuous adjustment of the spark-gap width’ which was 
originally described at the 1969 ASTM Committee El4 on Mass Spectrometry conference 
in Dallas, Texas3 Others have since developed different techniques for automatic gap- 
width controL4 

This paper describes a new ion-source development in which a constant spark-gap 
width or voltage is maintained simultaneously with a more constant z-axis ion-illumination 
angle for the ion-optics system. This is the first development to utilize ion-optics 
parameters to adjust the sparking electrodes automatically. Exploratory experiments 
indicate that ion-illumination angle control along with spark-gap control provides signifi- 
cant improvement in the maintenance of optimum spark-electrode geometry. The 
enhancement of instrument sensitivity and measuring precision with this improved ion 
source will be illustrated. 

Basis .for operation 

Gap serrsiny. The spark gap is energized by a variable width pulse (3.2-320 psec) 
at a l-MHz alternating high voltage (lo-80 kV). The repetition rate of the pulse is also 
variable (1.0 Hz-3.2 kHz). An electromagnetically coupled pick-up circuit senses the 
magnitude of the spark-gap voltage, rectifies the signal. and provides a d.c. output 
voltage which is proportional to the spark-gap width. This dc. voltage is then used as a 
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reference for automatic adjustment of the gap width ciu an electromechanical balancing 
system. 

Ion-illumination angle sensing. Ions produced in the spark source possess an energy 
spread of several thousand eVS and in this laboratory they are accelerated typically 
through 24 kV. The magnitude of the refocusing that occurs during ion acceleration 
is not well known. However, it has been qualitatively established that the ion beam 
enters the ion-optics system in a manner highly dependent upon the actual location 
of the spark relative to the bulk shape of the snarking electrodes, the gap width, 
and the co-ordinates of the ion-optics system.’ 

Ordinarily, spark-electrode shape and gap geometry can be chosen initially for full 
illumination of the object slit. Although the spark gap can then be automatically 
maintained, the spark location may soon become less than ideal and may even become 
“hidden” from the ion-optics system by the electrodes themselves, owing to the erosion 
of one or both of the electrodes. 

Figure 1 is a schematic representation of the x and z axes of the ion-optics system 
(i.e., the x-axis is axial with the ion beam; the y-axis is along the focusing plane 
perpendicular to the plane of the figure; the z-axis is parallel to the magnetic field 
lines). The spark-source electrodes (SS) are shown in an “end-on” configuration in 
order to give the best concept of the axis in which gap control is maintained. 
However, the actual configuration of the electrodes with respect to the ion-optics 
x, y, and z axes is shown in Fig. 2 as a perspective drawing. Further descriptions of the 
electrodes as well as other instrumental conditions are given in Table 1. 

As illustrated in Figs. I and 2, the gap-width adjustment is along the z-axis of the 
instrument’s optical system. The conventional means of gap-width adjustment in spark 
instruments is normally along the y-axis.6 The particular axis utilized for gap-width control 
is not always identified in the literature. 4 No attempt is made here to quantify or to 
argue the relative merits of gap-width adjustment along either axis. However, we would 
point out that the configuration shown in Figs. 1 and 2 should provide for more 

ss HV GS GS 

Z-Axis 

L- X-Axis 

b 

Ion beam-shoded area represents 
10” illummation angle 

Fig. I. Schemattc diagram of ion-illumination of z-axts beam limiting plates. 

SS = spark electrodes. HV = high-voltage accelerating plate. GS = grounded slit. ESA = 
cylindrical electrostatic analyser. LZ = lower z-limit plate. UZ = upper z-limit plate. 
ES = secondary electron suppressor. TB = total heam monitor. MA = magnetic analyser. 
ID = ion detector at image. Basic instrument IS a Nuclide Corporation model Graf II-2 

spark-source mass spectrometer. 
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X Axis 

/ 

FIN. 2. Perspective view of spark-source electrode configuration relative to the Ion-optics axes. 

uniform ion-illumination of the y-plane along the particular z-plane of interest, the 
plane centred within the magnetic field. 

Manual adjustment of one electrode along the x-axis is frequently employed to maintain 
illumination of the object slit. However, a definite effect on the ion beam takes place as 
one electrode is moved along the x-axis relative to the other electrode. Figure 3 
illustrates this effect by means of plots of two parameters which are of interest. The abscissa 
for both plots is the position (x-axis) of one electrode relative to the other. The 

Instrument 
tmnsmirrion 

3 0 ,E 2 

I r Rotio of 
upper 10 1-r 

2 limit plotas 

15 

Relotlve poaltion of lower 
to upper spark rompid 

Fig. 3. Plot of data illustrating effect of altered z-axis ion-illuminatton angle as a function of 
electrode geometry. 

* = ratio of ion currents to upper and lower r-limit plates. ** = relative level of ion 
current at image. : = extreme and median positlons of electrodes indicated above abscissa. 
Total x-axis translation of lower sample - l-4 mm or -0.2 mm per division indicated. 

TAL Vol 20 No 5-D 
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ordinate represents the ratio of the ion signal on the upper :-axis limiting plate UZ 
to the ion signal on the lower :-axis limiting plate, LZ. The relationship between this 
ratio and the x-axis position of the lower electrode is indicated by triangles. The data 
clearly demonstrates that the ion-beam density is translated along the :-axis in a mono- 
tonic manner, relative to the electrode positions indicated above the abscissa on the tigure. 
This function may be described qualitatively as the “c- axis ion-illumination angle effect.” 
The ion-current ratio of the UZ to the LZ plates will be identified hereafter in this 
text as the “illumination angle setting.” 

The second function, plotted as squares on Fig. 2, is really of greater practical 
interest. The ordinate is now simply relative values of ion current measured at the 
image in the instrument, normalized to the data point at the leftmost side of the figure 
(= unity). This second plot indicates that the transmission of ions to the Image has ;I 
rather broad maximum but decreases sharply at the extremes of the ion-illumination angle 
setting. Similarly shaped curves are obtained for singly as well as doubly charged 
ions. These signals from the upper and lower z-axis limiting plates can be utilized for 
adjustment of one electrode relative to the other such that optimum illumination at the 
image of the optical system is maintained. 

Electromechanical system 

Electronic circuitry. An inexpensive and straightforward means of providing an electro- 
mechanical balancing system was employed by utilizing appropriate sensing and feed- 
back circuits, and the pen-drive circuits and their servo-motors from electronic recording 
potentiometers. The electronic block diagram of the system is shown in Fig. 4. The sensing 
and feedback circuits are conventional. (The complete electronic schematic diagram can 
be supplied upon request.) 

Mechanical system. A two-dimensional, accurately machined rack and pinion device 
was obtained (military surplus tank or artillery ranger) which provided the means of 
changing from the rotary movement of the servo-motors to an X-_V co-ordinate movement. 
A three-dimensional schematic diagram of the mechanical system is shown in Fig. 5. A 
worm and anti-backlash spur-gear combination gives a turns ratio of 340 between the 
servo-motor and the pinion. One full turn of the pinion produces 2 in. of rack movement. 
Thus with the lever system employed, (lever arms through the fulcrum are approximately 
equal) 09001 in. of spark electrode movement is obtained for 6. of motor drive. 
Linear resistors attached to the racks permit presetting of spark electrode positions by 
providing feedback in a manual-adjust mode. 

FIN. 4. Block diagram of electrontc clrcultry for spark-gap and Ion-lllummatlon angle control. 
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Fig 5. Three-dtmensional schematic diagram of mechanical system. 
GR = gear reduction. RM = recorder motors. BJ = ball joint. RP = x-z rack and pmion. 
TS = telescopic slip joint. MA = y-axts manual admstment. SS = spark electrode holder. 
VB = vacuum bellows seal. BF = ball-joint fulcrum. BB = ball-bearmg. 

RESULTS 

Figure 6 illustrates the advantage of maintaining a constant ion-illumination angle. 
Starting at the righthand side of the figure one observes an ion current signal from a 
spark which is being adjusted automatically only for a constant gap width. The 
signal is maintained but with a gradual decrease in intensity and a tendency to 
become more erratic. This is commonly observed when no adjustment is made for 
non-uniform gap erosion. Eventually the spark could become completely “hidden” from 
the ion-optics system, causing the ion signal at the image of the instrument to be 
non-existent. 

The automatic illumination angle control was turned on as indicated near the centre 
of the figure. Immediate movement of the lower spark electrode occurs to bring the 
spark back to a position where the illumination angle is optimized. During an induction 
period the ion current begins to increase. After the control has reached the equilibrium 
or steady-state point as indicated, the ion signal is maintained at the desired level and 
its fluctuations are less erratic. 

Anpie control AnpIe control 
Oil off 

Signal maintomed Control . 
by automatic reaches 

Tu$on Eyratlc-reduced 
rlgnal due to Start 

angle adjustment equilibrium control electrode I 

7 6 5 4 3 2 I 0 

Time, min 

Ftg 6 Illustration of improved ton-current stability with automattc control of ion-illumination 
angle. 
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Although instrument sensitivity can be mainlined at a more constant level as 
indicated above, a greater concern is the reproducibility of the ratio of the signal at 

the image of the instrument to the signal at the total beam monitor. Figure 7 is 

a pfot of consecutive image-to-monitor ratio recordings for various ion-illumination 
angle settings. The experiment should be followed from left to right across the figure. 
The first ion-illumination angle setting is 0.78 as indicated above the arrow on the left of 
Fig. 7, but after three readings the setting was changed to 051. When this setting 
was changed the electromechanical system automatically adjusted the spark-electrode 
geometry to provide a UZ to LZ ion-current signal ratio of 0.51. As this adjustment 
occurred, sequential measurements of the image to monitor ratio were made. The results 
of these measurements are shown by the points immediately to the right of the arrow 
above 0.51. After the automatic control reached equilibrium as evidenced by a steady-state 
balancing of the x-axis motor, one additional measurement was made. Then the 
illumination angle was changed to O-38 and the new image-to-monitor ratios are shown 
by the points to the right of the arrow. Again, after steady-state balancing of the 
x-axis motor was noted, one additional measurement was made and then the setting 
was changed to 051. The procedure was repeated with the settings shown above the 
arrows and the resulting sequential image-to-monitor ratios were plotted to the right 
of the arrows. The experiment illustrates that variation in the image-to-monitor ion- 
current ratio will occur if, as the spark-source electrodes erode, the ion-illumination angle 
is allowed to be altered by irregular electrode erosion. However, automatic control of the 
angle should permit measurements of the image-to-monitor ratio to be made with good 
reproducibility. 

Table 2 shows results of isotopic abundance measurements with spark-source electrodes 
of highly purified dysprosium metal. A Faraday cup was used at the image slit and 
vibrating reed electrometer amplifiers were used at the image and monitor. The equipment 
and t~hnique for electrical detection with the spark source has been described.” In this 
experiment, currents for doubly-charged ions were measured to permit higher accelerating 
voltages to be employed. The first column of Table 2 gives the mass of the isotope 
focused at the image slit. Three readings, shown in the second column, were made for 
each mass. Each reading consists of an approximately IO-set measurement of the ratio 
of the mass-analysed signal to the signal at the total beam monitor. The third and 
fourth columns contain the average and per cent relative average deviations respectively. 
The series of seven isotopes was analysed three times with each series being used as a 

038 0.38 

illumination anpte setting adjusted to value 
lndlcated under arraws 

Fig. 7. EKkct or llluminat~on angle setting on ratto of stgnai at Image to srgnal at total beam 
monttor. 
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Table 1. Ex~rtmental conditions 

instrument: 
Pressure (durrng sparking): 

Spark-excitation ctrcutt 
parameters: 

Spark-electrode geometry’ 
Electrode shape. 

Configuratton: 

Electrical detection: 
Individual measurement: 

General: 

Model Graf H-2. Nuclide Corporatton 
Analyser chambers - 1 x lo-’ torr 
Ion source chamber - 5 x IOmb torr 
Spa& voltage - 40 kV 
Ctrcuit frequency - 1 MHz 
Repetttion rate = 32 puisesisec 
Pulse width = 30 psec 

width = I mm 
hetght = 3 mm 
length = 20 mm 
overlap = 1 mm 
spark area = 1 mm’ 
gap wtdth - 0 2 mm 
distance from electrodes (SS m Figs. 1. 2) 

to htgh-voltage plate (HV in Figs. 1. 2) 
IS -2 mm. 

Ttme duration - 10 sec. 
Momtor charge accumulatron = IO+ C 
VRE input resistors = lo9 Q 
Image sht width = 0.5 mm 
Magnetic field - 8.5 kG 

Table 2. Dysprosium Isotopic abundance measurements 

Mass Readmg Average 

Computed 
Relative average isotopic 

deviation, abundance, 
% 

” 
<I 

156 

158 

160 

161 

162 

163 

164 

156 

1,934 
1.988 
I.990 
3.596 
3-618 
3.491 

9696 
96.98 
98.96 

189.4 
7964 
795.3 

1076 
1079 
1107 
1041 
1067 
1089 
1226 
1196 
1238 

2,076 
2-019 
2.058 

1.971 

3568 

9763 

793.7 

1087 

1066 

1220 

2.051 

1.2 

f-4 

0.9 

0.4 

1.2 

15 

1.3 

10 

0046 

0.084 

2.286 

18.57 

2546 

24.96 

28.57 

O-048 
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Table 2--Contznued 

Computed 
Relative average wtopic 

Mass Reading Average deviation, abundance. 
% 

0 
0 

1.58 

160 

161 

162 

163 

164 

156 

158 

160 

161 

162 

163 

164 

3.612 
3835 
3.552 

99.14 
97.89 
99.26 

790.0 
811.3 
7966 

1120 
1081 
IWO 
1078 
1067 
1085 
1210 
1220 
1214 

2.084 
2.148 
2.102 
3.699 
3,632 
3.624 

101.4 
103.1 
1026 
826.7 
828.7 
790.9 

1111 
1074 
1104 
1096 
1096 
1076 
1211 
1234 
1249 

3‘666 

98.76 

799.3 

1097 

1077 

1216 

2.111 

3652 

102.4 

815.4 

1096 

1089 

1231 

3-l O+E3.5 

0.6 2.300 

1.0 18Bi 

1.4 25.55 

0.6 Z-08 

0.4 28.32 

1.2 0.049 

0.9 0.084 

0.6 2360 

2.0 18.79 

1.4 25.26 

0‘8 2.w9 

1.1 28.37 

determination of relative abundances. The last column gives the computed abundances 
for each of the three series. 

Table 3 is a summary of the isotopic abundance data. 

CONCLUSIONS 

Good precision of readings and reproducibility of isotopic abundance data over 
relatively long periods of time, as illustrated above, indicate that the spark geometry 
is mainlined constant by automatic controi of both gap and ion-illumination angle. 
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Table 3. Summary of dysprosmm lsotoplc abun- 
dance measurements 

Mass 
Measuredt 
abundance 

Relative Range of 
average hterature” 

deviation, values 
<I 

(I 

156: 0.0477 1.9 0.052- 0.064 
15x* 0.0843 0.4 0090- 0.105 
160* 2.315 I.3 2.29 - 2.36 
161 18.66 0.5 18.73 -19.0 
I62 25 42 0.4 25.36 -25.53 
I63 25.04 @2 24.9 I -24.97 
164 28.42 0.4 28.1 I -2x.47 

* Uncalibrated range correcttons used for masses 
156. I58 and 160. 

t Average of three determmatlons m Table 1. 

Variations in the data cited include contributions due to changes in degree of ionization, 
as well as other uncertainties. since the measurements were made with signals for 
doubly-charged ions and the total beam monitor is affected by l-t, 2 f. and 3 + ion 
signals. 

Automatic control of both the spark gap and the ion-illumination angle causes the 
ratio of the image-signal to monitor-signal to remain constant over longer periods of 
time than has been previously possible. Thus, instrument sensitivity is maintained at a 
high and constant level. 

Some limitations in utilizing this means of automatic ion-illumination angle control 
with other spark-source instruments should be noted. The application may not be possible 
in instruments employing z-focusing or the use of additional electrostatic lenses. The 
control may not be as effective in instruments which possess different ion-optics 
parameters from those of the one used for this work (e.g., object distance of the electro- 
static analyser employed here is 1.189 in). Spark-source electrodes with large cross- 
sections or very narrow gap-widths may exhibit peculiar ion-illumination effects and thus 
may not be suitable. 
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Zusammenfassung-Die automatische Nachregelung ledighch der Lange der Funkenstrecke m 
einem Massenspektrometer mit Funkenquelle gewahrleistet rucht, daB die opttmalen Bedingungen 
der Elektrodengeometrie beztiglich des ionenoptischen Systems eingehalten werden. Es wurde eme 
Vorrichtung entwickelt, die gleichzeitig eine konstante Lange der Funkenstrecke sowie 
einen besser konstanten Ionenbeleuchtungswinkel in der z-Achse aufrecht erhllt. Es handelt 
sich hier urn die erste Entwicklung, die Parameter der Ionenoptik verwendet, urn die 
funkenliefernden Elektroden automat&h einzustellen. Das System halt die Elektroden m einer 
optimalen Konfiguration, so&B automatisch eine hohere und konstantere Empfmdlichkeu des 
Instruments eingehalten wird. Zusatzlich zetgt sich eine wesentliche Verbesserung m der 
Ansprechgenauigkeit des Instruments. Anschemend konnen relattve Isotopenhaufigkeiten direkt 
mu der Funkenquellenmethode bestimmt werden. die mit denen vergleichbar smd, die man m 
einigen Fallen durch OberlIiichenionisation oder ElektronenbeschuB erhalten hat. Es werden 
Ergebnisse mttgeteilt, die diese Behauptung stiitzen. 

R&sum&-Le reglage automatique de la largeur de l’eclateur settlement dans un spectromttre 
de masse a source d’ttincelle n’assure pas que les conditions optimales de la geombrie d’ilectrode 
sont maintenues par rapport au systbme optique ionique. On a elabore un disposttif qut main- 
tient simultanement une largeur constante d’intervalle et aussi un angle axe des z-Irradiation 
d’ion plus constant. Ceci est le premier developpement qui uttlise les parametres d’opttque iomque 
pour ajuster les electrodes d’etincelle automatiquement. Le systeme mamtrent les electrodes 
dans une configuration optimale telle qu’une sensibtlitt d’instrument plus elevQ et plus constante 
est maintenue automatiquement. De plus, on d&le une amelioration Importante dans la fidtlite 
de la reponse instrumentale. II apparait que des abondances isotopiques relatives qur peuvent 
etre determinees par la methode a source d’etmcelle sont comparables a celles obtenues dam 
quelques cas par ionisation de surface ou par bombardment electronique. On donne des 
rbultats qui souttennent cette conception. 
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ACID-BASE EQUILIBRIA IN ETHYLENE GLYCOL--I 

DEFINITION OF pH AND DETERMINATION OF pK-VALUES OF 
ACID-BASE INDICATORS 

P. ZIKOLOV and 0. BUDEVSKY 

Faculty of Pharmacy, Academy of Medicine 
Ekz. Josif No. 15, Sofia, Bulgaria 

(Received 19 June 1972. Accepted 30 November 1972) 

Summary-A pH-scale in ethylene glycol is defined, based on potentiometric measurements for 
a cell without hquid junction: 

glass 
electrode II 

O.lM (HCI + KCI), “$;z A&l: Ag 

and a potentiometric-spectrophotometric method for the determmation of pK-value of acid-base 
mdicators m ethylene glycol on the basis of thts pH scale is proposed, in which the pH scale 
is established and the pK-value determined in a smgle titration at constant ionic strength. 
The following pK-values of indicators are reported: Cresol Red--3X)0, Thymol Blue-3.39, 
Bromophenol Blue-6.49, Bromocresol Green-7.38, Bromocresol Purple- 9QO and Cresol Red 
(2nd change)-11.07. A linear relationship was found between the pl<-values of four sulphon- 
phthalein Indicators in ethylene glycol and in water according to the following equation 
(pK,,‘),o = 2.3 + 1.1 (PK~,~)~. An attempt is made to explain this dependence, based on the 
idea of solute-solvent interaction of species of the same charge type. 

Ethylene glycol (EG) and its mixtures with other solvents find application as media in the 
determination of many organic compounds, particularly those with basic properties.’ 
Nevertheless acid-base equilibria in EG have not been investigated in detail. Data for 
pH measurements are scarce, although the successful use of the hydrogen and glass 
electrodes in this solvent has been mentioned. l-3 There is also a lack of data for acid-base 
equilibrium constants of protolytes in EG.2 

In this and subsequent papers a detailed study of acid-base equilibria in EG and its 
mixtures, based on a well-defined pH-scale, will be described. The pK-values of many 
organic compounds and acid-base indicators will be reported and suitable conditions 
for quantitative determinations in this solvent will be examined. 

The present paper deals with the definition of a pH-scale in EG, and the performance 
of a potentiometric-spectrophotometric method of determining pK-values of acid-base 
indicators in EG. 

Definition of pH-scale in ethylene glycol 

The following galvanic cell (I) was used: 

glass 
electrode 11 O.lM (HCl + KCl), EG j AgCl; Ag (1) 

487 
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it does not contain a phase boundary. thus avoiding unknown liquid junction potentials. 
and the measurements refer to a constant ionic strength (0.M KCl) so that variations 
in activities need not be considered. The scale used is therefore a pc,-scale. referring 
to the concentration of hydrogen ions and not to the activity. 

The potential of the cell (I) is given by the Nernst equation 

E = EGEo - EREo + k log cH fH c’2I fb ;(KCI (1) 

where EGEo and EREo are the standard potentials of the glass and reference electrodes. 
k = 2.303 RT/F = 0.05916 at 25°C; cH and cc, are the molar concentrations of hydrogen 
and chloride ions, and fH and fc, their activity coefficients; s(Kc, represents the degree of 
dissociation of potassium chloride in EG, assumed as a constant under the conditions 
in question. At constant chloride-ion concentration equation (1) takes the form 

E = E”’ + 0.05916 log cH = E” - 0.05916 pcH (2) 

where E”’ = E GE0 - ‘%E’ + k log cc1 fc, fH aKCI. and is a constant for the series of 
experiments. Equation (2) permits the calculation of hydrogen ion concentration as a 
function of the measured potential, provided the E”‘-value is known from a preliminary 
experiment: 

E”’ - E 
PCH = 0=9x (3) 

The determination of E”’ for aqueous solutions does not present any difficulty, because 
the hydrochloric acid is fully dissociated. the hydrogen ion concentration is equal to the 
total content of the hydrochloric acid, and hence E”’ can be calculated from equation (4). 
The lower dielectric constant of EG (F = 37.7) in relation to water (E = 80.4), as well as 
the acid-base properties of EG as solvent, would lead one to expect that hydrochloric 
acid might not dissociate completely in this solvent. A preliminary condition for the 
definition of a pc@cale in EG by the potentiometric method is therefore proof that 
dissociation is complete as shown by agreement between measured potentials and those 
predicted by equation (2) when the hydrogen ion concentration (cH) in equation (2) is 
replaced by the total concentration of the hydrochloric acid (cHcl), in cell (I): 

E = E”’ + 0.05916 log cHC, (4) 

As the results from this investigation showed, in the concentration region used. 
hydrochloric acid does dissociate fully and pcH can be calculated by means of equation 
(3) from experimentally determined values of E”. 

It should be emphasized that the pcH-scale thus defined refers only to solutions of 
hydrochloric acid and potassium chloride at a constant ionic strength of cHCl + cKcl = 
O.IM* at 25 . 

Dewminution oj’ pK-w/urs ofuid-h~~.w indicators in chy/rnr ~J/JTO/ 

The method used in the present investigation does not differ in principle from those 
widely used for aqueous solutlons,5 but some differences exist, both in the PC,, concept 

* As a matter of fact. the dissoclatlon of potassium chloride in EC IS probably not complete. and It 
cannot be stated categortcally that the iontc strength rn the lnvestlgated solutton IS 1, = 01. It can be 
accepted. however. that the tontc strength IS constant. owing to the constancy of the degree of dlwxlntton 
of potsslum chloride. 
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Fig. 1. Schematic representation of apparatus for the potentiometrlc-spectrophotometrlc deter- 
mination of mdlcator pK-values m EG. 

and in the apparatus. The latter allows simultaneous measurement of the e.m.f. of the 
cell and the absorbance of the solution, and employs a convenient circulating system 
(Fig. l), similar to that described by Havel.’ The pK-values of the acid-base indicators 
are found from the equations 

P&ilC = PC” + log c3 = pc” + log s 
5 HI 

where cHI and cl are the concentrations of the acid and base forms of the indicator, 
DH, and D, are the absorbances of the solutions containing only the acid and only the 
base forms of the indicator respectively, and D is the absorbance of the solution 
corresponding to a particular PcH . The pKH,‘-values are found by numerical or graphical 
solution of equation (5). These constants are referred to constant ionic strength at 
O.lM KC1 solution (see footnote on p. 2). 

EXPERIMENTAL 

Reagents 

Ethylene glycol. Reagent grade solvent was dlstilled under reduced pressure (10 torr) over anhydrous 
sodmm sulphate. 

Hydrochloric acid in EG. Prepared by saturation with dry hydrogen chloride. A 001M solution was 
obtained by dilution and then standardized after mixing with an equal volume of water. 

Potassium chkride and acetate. Reagent grade chemicals were used without purification. 
Diphenylguanidine. Recrystallised from benzene. 
The indicators Thymol Blue (TB). Bromophenol Blue (BPB). Bromocresol Green (BCG). Bromocresol 

Purple (BCP) and Cresol Red (CR) were used without purification. 

Apparatus 

The experimental arrangement is schematically shown m Fig. 1. It conSlsts of a thermostated vessel for 
titration (a), circulating system (b,c) connected to a flow-cell (d) in the Spekol spectrophotometer (C. Zeiss, 
Jena) In the vessel (a) a Radiometer glass electrode type G202B and a silver-silver chloride electrode of the 
Brown type6 were immersed in the solution. The potential of cell (I) was measured on a Radiometer 
pH-meter type PHM-4 with a precision of kO.2 mV. 

For the determmation of the pK-values of the different indicators the following buffers were used: 
potassmm acetate for TB. BPB. and BCG. diphenylguanidme for CR, and a mixture of potassmm acetate 
and diphenylguamdine for BCP. The measurements were started in alkaline medmm, i.e.. solution containing 
the base form of the Indicator, for which a spectral band with maximum absorption was chosen. The wavelength 
was not changed durmg the whole experiment. To this solution appropriate portions of acid were added and 
both the potential and absorption were measured. 
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Procedure 

In the titration vessel were placed (a) SOGO ml of ethylene glycol which was 0.1.M m potassium 
chlortde. 10-‘A4 in potassium acetate or diphenylguanidine and ca. 10-5M in the Indicator. Porttons of an 
ethylene glycol solution O.OlM in hydrogen chloride, 0.09M in potassium chloride and of the same mdicator 
concentration as the baste solution (to avotd dilutton effects) were added from a burette. When mixing was 
complete after each addition the potential and the absorbance were measured [the value D m equation (S)], 
When the indicator had changed into its acid form, the titration was continued without measurement of 
the absorbance and the results were used for the calibration of the cell (I). The absorbance of the last pomt 
of the titration gave the value of Da, in ,equation (5). and D, was obtained from a measurement of the same 
solution made very alkaline by addttion of potassium hydroxtde In ethylene glycol after completion 
of the tttration. the values being corrected for dilution. In the case of Cresol Red (an indicator wtth a second 
acid-base interval in the pH region Investigated), the absorbance measurements were continued after the 
equtvalence point. The results obtamed were used both for the calibration of the cell and for the determination 
of the second (lower) constant. The value of DHl, was found from a measurement of the same solutton after 
addition of an excess of acid. 

RESULTS 

The experimental results from a typical titration with the indicator Cresol Red are 
shown in Table 1. This indicator shows two colour changes in EG, just as in aqueous 
solution. The treatment of the primary data (see Table la) is performed in two stages as 

Table I. Experimental data and then treatment from one acid-base 
titration m EG of cresol red 

l-a. Primary data 

V “Cl, E, 
(A = SZ9 nm) 

V “Cl. E, D 
ml mV ml m v (,I = 526 urn) 

0.00 - 194.0 0.485 
0.30 - 185.1 0441 
0.50 - 180.2 0.410 
0.80 - 175.3 0.375 
IQ0 - 170.8 0.353 
1.30 - 163-9 0312 
1.60 - 158.2 0.275 
NO - 147.7 0.220 
2.30 - 137.3 0.158 
2.60 - 124.9 0.110 
300 - 106.2 0.055 
4.00 - 50.8 OGlXl 

54nl 
6.00 
6.50 
700 
8.00 
9.00 

1OGO 
Il.50 
13QO 
I mo 
I7GO 
2000 

+ 4.2 0.012 
+ 239.0 0,047 
+ 261.5 0.104 
+ 273.3 0~152 
+ 288.2 0.229 
+ 297.4 0.288 
+ 303.3 0.331 
+310.4 0,385 
+3155 0.425 
+319.8 0.466 
+ 3250 0.503 
+330.1 0.532 

l-b. Determination of the equivalence point and the E”’ value 

V HCI * C”’ En’, 
ml v, = 50 + I&-, 1(1* mm&/V, -log cF, x 59.16 mC’ 

600 56.00 
6.50 56.50 
700 57aO 
8TKl 58.00 
9aO 59Ml 

IONI 6Oal 
I I.50 61.50 
13.00 63+Kl 
1500 6SGO 
1700 67.00 

0.613 
1.4x4 
7.370 
4.305 
6.265 
8.020 

log30 
13.530 
16.500 

0.0554 4,256 251 R 490.8 
0.1408 3.852 227.9 1x9.4 
0.2246 3,649 ‘159 489.2 
0.3880 3.411 201.8 490.0 
0.5458 3.263 193.0 490.4 
0.6984 3. I 56 186.7 390.0 
0.9 I80 3.037 179.7 490.1 
I.127 2,948 174.4 489.9 
I.373 2X62 169.3 489.1 
I.639 2.785 164.X 489.8 

* $ = (SO + I$,,) x 10”‘5’ 16: mean value E”’ = 489.9 k 0.5. 
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l-c. Calculation of pK,,’ and pK;,*, of cresol red 

E. D D,- D 
ml' P(‘” 0. = 579 Wn) D,-D D-D", 

1% 
D- DHI PKHIC 

- 194.0 
- 185.1 
-1802 
- 175.3 
-1708 
- 16i.9 
- 158.2 
-1477 
-1373 

- 124.9 

I I.560 
I I.410 
1 I.327 
I 1.224 
1 I.168 
I I.051 
IO.955 
10,780 
10.600 
10.392 

0.485 
0441 
0.410 
0.375 
0.353 
0,312 
0.275 
0.7’0 _- 
0,158 
0.1 IO 

0153 0.485 -0.511 11049 
0198 0441 - 0.347 11963 
@22X 0.410 -0.225 1 I.072 
0 263 0.375 -0.154 11.070 
0285 0.353 -0@93 I I.075 
0 326 0312 +0,019 I I Q70 
0.363 0 275 +o 121 11.076 
0,418 0.220 + 0.279 I I.059 
@480 0.158 +0.483 I I.083 
@528 0.110 +0.6X1 11.073 

mean value pKf,, = Il.07 + 0.02 

E. 
111 C’ PCH 

D' D’ - D,’ 

(j. = 526 ntn) D’ - D,’ II,,’ - D’ 
log - - ~~ 

D,,’ - D’ P&I 

+261.5 3.86 1 0.104 0.094 
-I- 273.3 3.66 1 0.152 0.142 
+ 288.2 3409 0.229 0.219 
+ 297.4 3.253 0.288 0.278 
+ 303.3 3.154 0.331 0.321 
+ 310.4 3.033 0.385 0.375 
+315,5 2.947 0.425 0.415 
+319.8 2,875 0466 0.456 
+ 325.0 2.787 0.503 0.493 
+ 330.1 2.701 0.532 0.522 

0.69 1 -0866 2.955 
0.643 -0.656 3005 
0.566 -0412 2.997 
0.507 -0261 2.992 
0.474 -0.169 2.985 
0.420 -0049 2.984 
0.370 + 0.050 2.997 
0.329 +@142 3.017 
0.292 + 0.227 3.014 
0.273 + 0.284 2.985 

mean value p&,, = 300 + 0.01 

Condttions: 50 ml of EG. lo-‘M m diphenylguanidme, O.lM m potassium chloride and 
I.45 x IO-'M in CR are titrated with EG solution that is 9.71 x lO_sM in hydrogen 
chlortde. 9 x IO-'M in potassium chloride and 1.45 x 10e5M in CR. D, = 0.638 
(579 nm); DH, = 000 (579 nm); D,,' = 0.010 (526 nm); Da,, = 0.795 (526 nm). 

shown in the same table. First the equivalence point of the neutralization of the added 
bases is found. This is done very accurately by means of a Gran plot7** (see Table lb). 
The E”’ value is then determined by means of equation (4). The calculated values for 
E”’ are also shown in Table lb with their mean and standard deviation. Secondly, for 
every experimental point the pc,-value is calculated from equation (3) (see Table lc). 
The date for PC,, D,, and D,, are used for the graphical (Fig. 2) or numerical (Table lc) 
solution of equation (5). 

By analogous methods and with appropriate indicator concentrations of pi<-values of TB 
BPB, BCG and BCP were determined (see Table 2 and Fig. 2). This set of indicators was 
selected to cover a large part of the pen-scale of EG. 

DISCUSSION 

The investigations have shown that the pc,-scale in ethylene glycol can be established 
by potentiometry with glass and silver-silver chloride electrodes. The glass electrode 
responds quickly to changes in acidity and gives stable and reproducible potentials as is 
evident from the values of the calculated E”’ values shown in Table lb, where the standard 
deviation of the mean is kO.5 mV or fO+IO8 pen-units. 
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Fig. 2. Plot of pcH vs. log(c,&). 

This method is experimentally convenient and makes possible both measurement and 
calibration in each experiment, thus reducing some of the possible errors. 

The sulphonphthaleins exhibit a behaviour in EG similar qualitatively to that in 
water.” In aqueous solution these indicators show two colour changes. Not taking the 
possible quinoid structure into consideration, it is accepted that the yellow form 
corresponds to a zwitterion or a hybrid ion with the charge expressed as (I’)-. The 
colour change on going into acidic medium is explained by the formation of the (I’) 
zwitterion, and that on going into a alkaline medium by the dissociation of the phenolic 
group forming the (I’)‘- zwitterion. 

The two indicators CR and TB exist as the uncharged species H,I (probably zwitterions) 
in acid medium and as HI- in alkaline medium. The colour change from yellow to red 
corresponds to the reaction H+ + HI- = H,I. The pK-values of the indicators CR and 
TB in ethylene glycol and in water differ by about 1.8 units (see Table 2). 

For the other indicators BPB, BCG, BCP and CR the colour change from intensely 
coloured base form to yellow acid form could be expressed by the equation H+ + 12- = 
HI-. For these indicators APK,,~ varies from 2.7 to 3.0 (see Table 2). It is interesting to 

Table 2. Constants (pKH,‘), with their standard devrdtlons. and some spectrophotometrlc 
characterlstlcs of sulphonphthalelns in EG 

Indicator Charge i,,, Colour change 
on I I HI (PK,,‘),, 

CR I- 526 yellow red 3QO + 0.01 1.2 I .8 
TB I- 550 yellow red 3.39 + 0.01 1.6 18 
BPB 2- 598 violet yellow 649 k 0.07 3.85 2.66 
BCG 2- 623 blue yellow 7.38 + 0.02 4.66 2.72 
BCP 2- 597 purple yellow 900 + 0.03 6.12 2.88 
CR 2- 579 red yellow I I.07 + 0.02 8.10 2.97 

* See ref. (9). 
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note. however. that the reh~tionship between the pK-values of these indicators in EC and 
in water is linear and follows the equation 

(~~u,c)~o = 2.3 + ~.~(PK,,c)~ 

where the slope 1.1 is very near to the ratio of the autoprotolysis constants, 
(PK~)~J(~K,), = 1.12. The intercept 2.3 can be interpreted as a difference in the combined 
solvation effects on the proton and the zwitterion in ethylene glycol and water. It can 
probably be assumed that by using equation (6) the (pK,,‘),,-values of other 
sulphonphthaleins of the same charge type could be calculated approximately. The 
dependences found in this investigation affirm once more the specific behaviour of 
interaction of the medium with charged species from the same group of substances. 
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Zusammenfassung-Es wird eine.pH-Skala in Athylenglykol defimert. dre auf potenttometrtschen 
Messungen an emer Zelle ohne Uberftthrung begrimdet 1st: 

Glaselektrode I/ 0.1 M (HCI + KCI). AthylenglykolI AgCI: Ag. 

Wetter wtrd rme pontentiometrtsch-spektrophotometrtsche Methode zur Bestimmung von pK- 
Werten van Saure-Basen-lndtkatoren m Athylenglykol aufder Basts dieser pH-Skala vorgeshlagen. 
bet der m emer emzrgen Titration bei konstanter lonenstarke die pH-Skala attfgestellt und 
der pK-Wert bestimmt wrrd. Folgende pK-Werte von lndikatoren werden mitgeteilt: Kresolrot 
3.00. Thymolblau 3.39. Bromphenolblau 6.49. Bromkresolgriin 7.38. Bromkresolpurpur 900 und 
Kresolrot (2. Umschlag) 11.07. Es wurde eme lineare Beziehung zwischen den pK-Werten von 
veer Sulfonphthalein-lndikatoren m Athylenglykol und Wasser entsprechend der Glerchung 
(pkfl,)ro = 2.3 + 1 l(pKL,)w gefunden. Es wird versucht. diese Bezrehung auf Grund der 
Wechselwukung zwtschen Losungsmittel und Gelostem bei Spezies desselben Ladungstyps zu 
erklaren. 

Resume-On definit une echelle de pH dans l’ethylene glycol. basee sur des mesures potentto- 
metrtques pour une cellule sans jonction hquide: 

y;;“;r; (HCI + KCI) O.lM. ethhze AgCl: Ag 

et on propose une methode potentiometrtque-spectrophotometrique pour la determination des 
valeurs de pK d’mdtcateurs actde-base dans I’ethylene glycol sur la base de cette echelle de pH. 
dans laquelle I’echelle de pH est etablie et la valeur de pK determmie en un seul titrage a force 
tomque constante. On rapporte les valeurs de pK d’mdtcateurs suivantes: Rouge de Cresol- 3.00: 
Bleu de Thymol- 3.39: Bleu de Bromophenol- 6.49: Vert de Bromocresol- 7.38: Pourpre de 
Bromocrisol - 9.00 et Rouge de Cresol (2ime vtrage) - 11.07. On a trouvi une relation hniatre 
entre les valeurs de pK de quatre indicateurs sulfonephtaleines en ethylene glycol et dam I’eau 
selon I’equation (pK ‘) u, ro = 2.3 + 1.1 (pliu,c)w Un essat est fait pour expliquer cette dependance. 
base sur I‘tdee d’une interaction solute-solvant d‘especes du meme type de charge. 
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Summary-An important limitation to the sensitivity of analytical methods using atomic spectro- 
scopy is the short residence-ttme of the atoms in the light-path. The possibility has been studied 
of sealing the samples in a quartz tube where they are forced to emu light by microwave excitation. 
The detectton of amounts below one ng in a volume of 05 ml seems possible. 

An important limitation in the sensitivity of most applications of analytical atomic 
spectroscopy is the short residence-time of the atoms in the optical path. In atomic- 
absorption and atomic-fluorescence spectroscopy attemps have been made to increase this 
residence-time with, for example, the Massmann furnace and the carbon rod.’ A further 
improvement of the sensitivity seems possible if the sample is present in a closed system. 

The closed system used by us for analytical emission-spectroscopy is adapted from 
atomic-fluorescence spectroscopy (AFS). In AFS a high sensitivity can only be obtained 
when a light-source with a high intensity is used. For this purpose an electrodeless discharge 
tube (EDT) is generally used. The preparation and performance of these EDT’s has 
been extensively described by West and co-workers2*3 and by Winefordner and co- 
workers4 

An EDT generally consists of a quartz tube of about 1 ml capacity, containing 
c(g or ng amounts of the desired metal or its halide, and a noble gas at a pressure 
of a few torr. The EDT is placed in a microwave cavity and after ignition the tube 
emits the atomic spectrum of the noble gas and the metal. 

Table 1. Quantities, evaporated at 600°C and 
1 torr in a volume of 1 ml 

Species Amount. Species Amount, 
P(l W 

Zn 2 InCI, 6 
ZnCl, 3.5 Pb 6 x 1O-3 
Cd 3.3 PbCI, 8 
CdCI, 5.5 TI 4 x 10-l 
Hg 6 I-ICI 7 
&$I2 8 Ge 2 X 10-e 
In 3 X 10-6 GeC1, 7 
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The amount of metal or metal halide evaporated in the EDT depends on temperature. 
volume and pressure. For a rough calculation, values of 600’. 1 ml and 1 torr may be 
assumed for these parameters. In Table 1 the amounts evaporated under these conditions 
are given. 

It shows that in many cases the very high intensity is due to only a few Llg of the 
evaporated material. It is evident that the detection of quantities far below one 
pg must be possible, if the background noise does not interfere. For practical analytical 
applications the introduction of metal chloride solutions may often be preferable to 
the introduction of the metals; therefore so far only metal chloride solutions have been 
tested. 

EYPERICIENTAL 

Apparatus 

The vacuum apparatus used for the preparation of the EDT’5 (Fig. 1) is a modlficatlon of the 
apparatus used by West and co-workers. The dimensions of the EDT‘s used were: length of the bulb 25 mm. 
1.d. 10 mm and wall thickness about 1 mm. Some of the measurements were performed with a Hdger 
and Watts “Large Quartz Spectrograph” (slit 20 pm) and photographtc detectron. Other measurements 
were carried out with the monochromator (slit 25 pm) and the detector of the Techtron .AA4 atomic- 
absorption spectrophotometer with mechanical modulation. The microwave generator used was an EMS 
Microtron 200 with reflected-power meter (frequency 2450 MHz). Two cavities were used: an EMS 214 L and an 
EMS 216 L. 

Preparation of EDT’s 

First the EDT is degassed for one mln under vacuum by heatmg wtth a propane,ouygen burner to 
remove volatile contamtnation. After dtsconnectlon of the EDT from the vacuum line. 100 jtl of metal 
chloride solution is added with an Eppendorf pipette. the tube IS reconnected to vacuum, and the solution IS 
cooled with liquid nitrogen and frozen to dryness. After this, helium 1s added up to a pressure of 10 torr. 
The EDT IS sealed with the propane/oxygen burner and ready for use. The complete preparation of SIX 
EDT’s takes about I hr. 

Preliminary rxperimmtv 

The investigations were started with tubes containing some /lg of zinc and mercury chlorides. The 
etrnsston spectra of these EDT’s were recorded with the Hilger spectrograph. The tube was placed tn the 
EMS 214 L cavity and 75-W power was applied. The spectra showed the atomic lines of zmc and mercury but 
intense band spectra were present, seriously hampering analytical anphcation Elimination of these spectra 
was necessary and therefore identification of the emitters was needed. 

Comparison with band spectra of EDT’s tilled with air and chlorine showed that part of the spectra was 
due to these gases. Practically all of the other band spectra were due to water (OH-bands), Cz (Swan-bands) 
and metal monochlorides. 

The air bands probably result from small leaks m the vacuum system: the chlorine bands are caused by 
partial thermal dissociation of the metal chlorides and perhaps also by reactIons with the quartz wall. The 
OH-bands are certamly caused by traces of water The origin of the Cl-bands is not quite-clear 

-_) 

1 
He 

7nnnnnrr 

- 
Cold trap 

- 
Cold trap 

Vacuum system 

Fig. I. Vacuum line for preparation of the EDT 
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Fust we investrgated whether the band spectra could be suppressed. From vacuum techmque II IS known that 
certam metals (“getters”) react raptdly at rather htgh temperature with traces of gases. This mtght solve our 
problem but there are some restrtcttons as to the metals whtch can be used. A stumble “getter” metal M, must not 
react wtth the metal chlorrde MCI, in the tube, i.e.. the reaction 

M, + MCI, - M,CI, + M 

should not occur Thts could be predicted thermodynamically if the exact condttions were known and if free 
energy data at htgh temperatures were available. Unfortunately. this IS not the case and only a rough estrmate 
based on enthalpy values for standard conditrons can therefore be made Some values are hsted in Table 2 
From these II can be expected that the reaction above wtll not occur for Pd. BI. Cu or Ge “getters” with 
Zn. Cd. Tl. In or Pb metal chlorides and the elements Pd. Bi. Cu or Ge should therefore be suitable as 
“getters” to suppress the band spectra. 

Palladmm was trted first. but II 

Table 2. Enthalpy of some metal 
chlorides. m kcal per g atom of 

chlorme 

PdCI, -23 
CUCI, -30 
BiCl 
GeC;, 

-30 
-28 

ZnCl, - 50 

CdCII -48 

HgCl, -28 
PbCI, -43 
InCI, -43 
TICI -49 

did not meet our requirements because of tts low reactivity. Wtth 
copper and bismuth most of the mterfermg band spectra disappeared. Copper. however, had two disadvantages. 
It reacts with quartz. with a resultant significant decrease in the transmrttance and tt also forms copper(l) 
chloride which emits a strong interfermg band spectrum. Bismuth has a low melting pomt and many metal 
chlorides are soluble m the molten metal. With germanium the bands due to air, chlorine. C, and OH 
dtsappeared. Germanmm(1) chloride IS formed by the reaction with free chlorme gas; it emits a band spectrum 
wtth maximal mtenstty between 280 and 330 nm. which is the main origin of the remaining background. 

It was expected that excitation conditions of the EDT would be governed more or less by the bulk of the 
vapour present. Therefore the presence of a constant amount of matrix m all expertments seemed useful. If 
germanium ts used as a “getter”. permamum(IV) chloride seems to be a suttable matrix. but unfortunatelv it is 
very volatile (b.p. 86.5 r It was expected that addition of a small amount of another metal chiortde 
(CuCI,, PdCl,) to the germantum would result in the formation of GeCI,. Unfortunately these reactions do not 
proceed very reproducibly. Therefore we use ZnC12 as a matrix, but of course zinc could then not be determined. 
To each EDT 50-100 peg of solid germanium were added JUSt before the addition of the metal chloride 
solution Zinc chloride was added simultaneously wtth the metal chloride solutron. The quantity added was 
adjusted to gave I 1lg of ZnCl, in each EDT. EDT’s prepared in thts way always burn for 30 min or longer. 

Ouartz 

FIN. 2 Arrangement of the EDT m the mtcrowave cavity 
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quantitative measurements 

For these measurements we used the Tech&on AA4 atomic-absorption spectrophotometer. To compare 
intensities over a wide range the retatrve gain of the amplifier was measured for each of the twenty 
different steps. We used the EMS 216 L cavity with the EDT fixed in it as shown in Fig. 2. 

The tuning stubs were adjusted to give minimum reflected power. The net power was 75W. Durmg the 
measurements it was observed that some germanium sublimed onto the wall of the quartz tube. If thts coatmg 
was situated in the optical path the signal measured was decreased. This effect may be elimmated by the use 
of an internal standard in the EDT. Because zinc was present as matrix it was also used as the internal standard 
(the zinc 328.2 nm line). A second advantage of the use of an internal standard is that it may correct to some 
extent for variations in the excitation conditrons. Because f&lZnt the ratio of the relative intensities of the metat 
and zinc e~ssion-lint, changed with time, measurements were made at a fixed time after swttchmg on. 
Background intensity ratios were measured by setting the wavelength Just clear of that corresponding to the 
metal line. 

RESULTS 

Measurements were performed with six tubes, three of them containing about 5 ng each 
of Cd, Tl and In, and the other three containing the same amount of Pb and Hg. Some 
results are given in TabIe 3. 

Table 3. Relative line-intensltles and background mtensittes 

Time after Relative 
Line, switch-on, lhllfZn I ‘I b*ctl*i Zn gam* 

nm min 

Cd 228.8 10 77 92 74 2 2 2.85 
Tl 377.6 14 IO4 151 108 3 3 s 12.3 
In 410.2 16 91 128 109 15 12 15 55.5 
Pb 405.8 14 100 I52 110 32 43 30 202 
Hg 2536 10 156 184 144 3 8 4 4.90 

* Gain required togiveabout half-scale deflection for the signal from the 
metal investigated. 

From the table it is easily calculated that the relative standard deviation is between 20 and 
309/,, and because the noise in the background is usually not more than 2:; (partly 
due to the ampii~er) detection limits below one ng seem possible in many cases, 
~termination of other efements seems possible, but has not yet been investigated. The 
maximum volume to be used is about 0.5 ml. 

CONCLUSIONS 

The experiments show that the determination of extremely low quantities of elements is 
possible if the sample is sealed in an EDT and excited in a 2450-MHz held. Some 
precautions are necessary, however, to eliminate the interference of emission bands. The 
reproducibility at the 5-10 ng level is about 309;. 

As the signal to background ratio is between 5 and 50 and the background may be 
measured with low noise (usually about 2%, which is partly due to the amplifier), 
anaiysis at much lower levels seems possible with the present system. A better signal to 
noise ratio may be obtained by using more suitable matrix elements, a monochromator 
with higher resolving power and simultaneous integration of signal and background. The 
experiments are being continued. 

.~c~hnowlrtlyemencs-The authors express their thanks to Dr. H. Bent for his help with the experiments with the 
Htiger spectrograph and to Drs. J. P. S. Haarsma for his mtroduction to the preparatton of EDTs. 
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Zusammenfaswng-Eine eichtige Emschrankung der Empfindhchkeit analytrscher Methoden mtt 
Atomspektroskopre ist die kurze Verweilzeit der Atome rm Ltchtweg. Es wurde dte Moglichkett 
untersucht. die Proben m emem Quarzrohr emzuschmelzen, wo ste durch Anregung mit 
Mtkrowellen zur Emission von Licht gebracht werden. Der Nachweis von Mangan unter emem 
Nanogramm in einem Volumen von 0.5 ml erscheint moglich. 

R&sum&Une importante limitation i la sensibihtt de methodes analytrques utilisant la spectro- 
scopie atomtque est le court temps de seJour des atomes dans la trajectoire de la lumiere. On 
a etudte la possibihte de sceller les thantillons dans un tube en quartz oti ils sont forces 
d’tmettre de la lumrere par excitation micro-ondes. La detection de quantites au-dessous de un 
nanogramme dans un volume de 0.5 ml semble possible. 
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Summary-Formulae for the fluorescence signal are derrved which take into account some 
factors hrtherto neglected. From these formulae conditions are deduced, for which a linear 
relatronshrp exrsts between the concentratron of the fluorescent components and the intensrty of 
the fluorescence. In some cases of practical Interest the fulfilment of these conditions cause too 
low a sensitrvrty. For such cases a method of optimization is outlined, by means of whrch the 
condrtrons are found which lead to the least devration from linearity at the reqmred sensitivrty. 

In the last few years the importance of fluorimetry as an analytical tool in trace analysis 
has greatly increased, because the limit of determination in fluorimetry is generally 
lower than in many other analytical methods. Unfortunately, no sufficiently complete 
theoretical basis for quantitative fluorimetric determinations has been developed. As a 
result, unreliable procedures have sometimes been proposed in fluorimetry. Therefore, it 
seems desirable to make available a somewhat more sophisticated theory of the dependence 
of the fluorescence intensity upon the composition of the fluorescent solution. 

Owing to the rather complex mathematical expressions that result from such a theory, 
straightforward conclusions cannot always be drawn. For this reason a number of con- 
clusions will be discussed in some detail. 

“Perpendicular-type” fluorimeters, which constitute the bulk of the apparatus commer- 
cially available. have several disadvantages compared with other types of fluorimeter.‘” 
Therefore. the present investigation is extended to “transmission-type” and “reflection- 
type” fluorimeters. Schematic representations of the different types of fluorimeter are given 
in Fig. 1. 

DERIVATION OF THE EQUATIONS 

To keep the derivations reasonably simple the following assumptions have been made: 

(a) the cell is rectangular 
(b) the cell walls do not absorb any light 
(c) the excitation light is a homogeneous, parallel and monochromatic beam which 

enters the cell perpendicular to a cell face 
(d) the intensity of the excitation light is not so large as to have a marked influence 

on the absorption coefficients of the components present in the sample 
(e) the part of the fluorescence reaching the detector forms a parallel beam, which 

leaves the cell perpendicular to a cell face 
(f) only a nearly monochromatic part of the fluorescence reaches the detector 
(g) the refractive index of the sample is constant. 
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Excltatlon 
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Ilght 

Ref lectlon type 

Excitation light 

Wmdows 
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- 
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‘b 

light 

Excltotlon light 

I 

Fig. 1. Schematic representation of the dlfferent types of fluorlmeter. The numbers In circles refer 
to the cell-wail numbers as used m the derivations. 

Most of these assumptions do not really impair the applicability of the formulae, but 
some attention must be paid to them. The assumptions about the cell are easily fulfilled. 
The necessity of assuming rectangular cells arises from the fact that for cylindrical cells 
the light beams cannot pass perpendicularly through the cell walls. In such cases 
refraction and reflection effects play a very confusing role in the formulae. 

If the excitation light and the measured part of the fluorescence are not monochromatic, 
the derived formulae have to be integrated over the relevant wavelength ranges. 

The presence of substances which quench the fluorescence process is reflected in a 
change in the quantum efficiency of this process. Therefore, the presence of such substances 
need not be taken explicitly into account. 

Effects of the intensity of the excitation light and of the refractive index of the sample 
can generally be neglected. A fuller discussion of these, and the previously mentioned 
effects is given elsewhere.’ 

If the intensity of the excitation light outside the cell is I,,, ex. then, according to 
Beer’s law, the intensity at a depth x inside the cell is: 

I x.ex = 1 O.ex. w[ - L . xl (1) 
where E,, is the absorbance per unit path length (based on natural logarithms). 

The decrease in intensity of the excitation light, caused by the ith absorbing 
component, in the thin layer between x and x + dx. is: 

dl,, ex. i = Ix. ex . km, i . Ci . dx (2) 
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where k,,, i is the absorption coefficient of the ith component at the excitation wave- 
length A,, , and ci is the concentration of the ith component. In the fluorescence process 
the absorbed excitation light is converted into fluorescence with quantum efficiency 
Oex, i. Not all the emitted fluorescence arrives at the detector: only a fraction a goes in 
the right direction; only a fraction &,, i has the right wavelength; only a fraction F is 
not absorbed by the sample solution. Therefore, the intensity of the fluorescence emitted 
by the ith component, originating in the layer between x and x + dx, having wavelength 
Lr, and arriving at the detector, is given by: 

dl x, fl. i = a . (Pfl, i . me,, i . F . dl,, ex, 1 (3) 

It will be clear that F depends on the position of the layer from which the fluorescence 
originates, as well as on the arrangement for measuring the fluorescence intensity. For 
the arrangements with which this paper is concerned (see Fig. 1 for configurations and 
symbols) F is given by: 

“reflection-type” arrangement: 

F0 = exp[ - El, . x] (4 

“perpendicular-type*’ arrangement: 

F9' = 
i 

“’ exp[ - Efl . fly - y)l dy 

- 1.’ lb’ - I,’ 

(5) 
= exp[- En . (1, - &)I - exp[-Efl . (4 - L’)l 

(lb) - 4’) * En 

“transmission-type” arrangement: 

F”’ = exp[ - E,, . (I- x)] (6) 

Combining equations (l), (2) and (3) and the relevant equation for F yields, after integration, 
the desired formula for the fluorescence intensity: 

“reflection-type” arrangement: 

z,,O = . 
T 1 - exp[ - (E,, + En) .[I 

L + En 

“perpendicular-type” arrangement: 

1 90 - 
T exp[ - Ef4, 

fl 
-p 

- lb))] - exp[-Efdl, - &‘)I\ 
lb’ - I,’ . Ef, 1 

“transmission-type” arrangement: 

exp[ - E,, . Ia] - ev[ - EC, . &I 

L I 
1f3180 = T . exp[ - En . I] - exp[ - E,, .1] 

Eex - En 

(7) 

(8) 

(9) 
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In (7). (8) and (9) the abbreviation T is used. If one fluorescent component is present T 
is given by 

T = z . I,,. ,,, . a,, . #+, . k,, . c (loa) 

if more fluorescent components are present T is: 

(lob) 

Correction for the effects of light rejlection by the cell walls 

The fraction of light that is reflected by a surface between two dielectrics is. at normal 
incidence, given by:’ 

n-u’ 2 
rL= __ ( 1 n + II’ 

(11) 

where n and n’ are the refractive indices of the first and second dielectrics respectively. 
A light-beam passing through a cell wall meets two reflecting surfaces. In this case the 

fraction of light that is reflected. p, has to be calculated from a geometrical progression: 

Pr = 
r, + rb - 2r, . rb 

1 - ra . rb 

where r, is the reflectivity of the first surface and rb that of the second surface. 
The fraction of light transmitted through the wall is: 

p,=l_p,=L 
1 - r,) . (1 - rb) 

1 - r, . rb 

(13 

(13) 

Of course, the light-reflections by the cell walls influence the intensity of the fluorescence. 
The way to correct the formulae for this effect is by adding terms for the reflected 
light intensities to equations (1) (4) (5) and (6). Th e exact formulation of these equations 
is found by summing the terms of the geometrical progression: 

I x. rx = I 0. ex . Pt. cx. 1 . 
exp[ - E,, . x] + pr, _ z exp[ - E&1 - .Y)] 

1 - Pr. ex. 1 . Pr. rx. 2 . exp[ - 2L . 11 (14 

F0 = Pt. II, 1 . 

exp[ - E,, . x] + pr, fl. z . exp[ - Ed21 - -\-)I 
----~~ 

1-P r, II, 1 . 6 rl. 2 exd - %I . 11 (4a) 

Fyo = J 
a lh’ p,. f,. 4 
,,, I,’ - I,’ . 

exp[ - E,#, - Y)I + A. f,. 3 . exP[ - EfiO, f ~91 dv 
1 - jb. rl. 3 . lo,. fl. 4 . ev.3 - W, . 41 _ 

I I’c. ri. 4 

= I,,’ - I,’ 1 - pr. (_,. 3 A. ,,. 4 . ev[ - 2&1 . &I 
exp[ - E,,(I, - lb’)] - exp[ - 4, (1, - L’)l 

+ pr, [,. 3 exp[ - &,U, + Ly)l - pr. U. 2 : ex~[ - My + Ii)1 
&I 

(5a) 

F IX0 = p,. I,. 2 exp[ - E,-,(l - .x)1 + Pi. ri. 1 ev[- &Al + .y)l 
1 - jk rI. 1 . P,. fl. 2 . 4 - W, 11 @a) 
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The subscripts 1. 2, 3 or 4 used with p_ denote the reflecting cell-faces in the way 
indicated in Fig. I. The fluorescence intensity can now be obtained from the corrected 
equations together with equations (2) and (3). After integration the final formulae for 
the fluorescence intensity are: 

ztj 90 T =------- --- PL ex, I Pt. t-t, 4 .~ 
1,’ - rap . 1 - P*, en. 1 . PC. ex. 2 - expf - 2L . 43 . 1 - Pr. fl. 3 1 A. fi. 4 I expE - 24r . 41 

expf - E,, .&I - exp[ - LX .&I 

fP r, ex. 2 exp[ - ~,,~24 - 44 - pr, cx, 2 , exP[ --&PC - LJI 
E,X 

ew[ - Gdf, - 431 - ewf - w, - Ul 

P r. cx. z * exp[ - E,, . [I + PI. a, 1 . exp[ - 51. tf 

+ 
-P rr ex, 2 . exp[ - (2% + J&J . 11 - Pr, fi, I exP[ - 6% + 241) ~4 __~ 

-4, + L I (94 

DISCUSSION OF THE FORMULAE 

It seems useful to start this discussion with some examples of the dependence of the 
tluorescence intensity on the variables which occur in the formufae. The most convenient 
way to do so is graphically. For the “reflection-type” and ~~~rpe~dicular-tag arrange- 
ments two different cases will be distinguished, according to whether the cell-walls 
opposite to the excitation light beam and opposite to the fluorescence beam exhibit, only 
their natural reflection. or are silvered to make them highly reflective (this is, of course, 
impossible in the “transmission-type” arrangement). All values for pr for normal cell- 
wails are taken to be 0.05. and for silvered cell-walls p, is supposed to be MO. In Fig. 2 
the ratio R of the corrected fluorescence intensity to the uncorrected intensity is given 
as a function of the absorbance at tbe excitation wavelength. A, the absorbance Per 
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I t,3,5 OJ- 

o- ’ I I I I o- ’ I I I I 
-4 -3 -2 -I 0 -4 -3 -2 -I 0 

lo9 A,, 

Fig. 2. The dependence of R on the absorbance per mm at the excttatton wavelength. 
Condittons: I = I, = I, = 10 mm. I, = 1,’ = 1 mm. 

Is = fb) = 9 mm. Y,. er. , = P,. I,. , 
1. “Reflection-type” arrangement, pr,, = pr, 2 = 0.05. 
2. “Reflection-type” arrangement, pr, , = 0.05. p,. 2 = 1. 
3. “Perpendicular-type” arrangement. pr, , = pr. 2 = p,. 3 = p,. 4 = 0.05. 
4. “Perpendicular-type” arrangement. pr. 1 = p,. 4 = 0.05, pr, 2 = pr 3 = 1. 
5. “Transmisston-type” arrangement, pr, , = pr, 2 = 0.05. 
The curves in the left-hand figure are computed wtth A,, = IO-‘, those m the rrght-hand 
figure are for An = IO-‘. 

4 I- 

2 
3- 0 75 

4 
= 

3 2- 

4 2 3 
I 

0 ’ 

ls3b 05 

025 
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0 i -4 -3 -2 -I -4 -3 -2 -I 

Ftg. 3. The dependence of the fluorescence mtenslty on the absorbance per mm at the 
excitation wavelength. 

Conditions as m Fig. 2. 
I. *‘Reflectton-type” arrangement, pc. , = pr. L = 045. 
2. ” Retlectlon-type” arrangement. p, , = 0.05, p,. z = I. 
3. “Perpendicular-type” arrangement. pr, , = pr. 1 = pr., = pr. J = @05 
4. “Perpendicular-type” arrangement. /jr, , = pr. 4 = 0.05. p,. 2 = p,. 3 = I. 
5. “Transmission-type” arrangement. p,, , = pr, z = @05. 
(a) A,, = IO-‘; k,, c = lo-’ 
(b) A,, = IO - ’ ; k.. c = IO- '. 
icj Al; = IDA,, =mk,, C. 
For all arrangements the intensity scale IS such that I,, = 1 for 4,, = IO-‘. 4,, = IO _A and 

,‘, l  = pr. I( = I’.. 3 = A. 4) = 04.G. 
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unit path length (based on Briggsian logarithms) is used in the figures and tables instead 
of E to facilitate comparison with practice. The dependence of R upon the absorbance at 
the fluorescence wavelength is quite similar to the dependence of R on the absorbance at 
the excitation wavelength. For this reason no separate graphs are given for the dependence 
of R on A,,. As appears from Fig. 2 the correction for the effects of light-reflections 
can be quite large. 

The dependence of the fluorescence intensity In on the absorbance at the excitation 
wavelength is again rather similar to the dependence of I,, on the absorbance at the 
fluorescence wavelength. Therefore, only graphs for I,, as a function of A,, will be given. 
These graphs are given for the case where the concentration of the fluorescent components 
is constant and An = 0 (Fig. 3~; for computational reasons the graph is given for 

4, = lo-‘, but this does not influence the curve). In Fig. 3b the concentration of the 
fluorescent components is constant and An = 0.1. Figure 3c is given for the case where 
the change in A,, is caused by a change in the concentration of the fluorescent component. 

In the “perpendicular-type” arrangement the measured fluorescence intensity depends 
on six parameters, which describe the position and dimensions of the cell and the windows. 
For the sake of brevity only some general remarks about these dependences can be 
made here. It is found that sensitivity and linearity of the fluorescence measurement 
are optimal if: 

(a) 4 and (I, - Is’) are. as small as possible 

(b) (lb - I,) and (I,,’ - I,‘) are not too large (not larger than 10 mm in most cases), and 
(c) I, and 1, are only slightly larger than the windows in the cell faces. 

Fig. 4. The dependence of the fluorescence intensity on the cell length. p,, c1 = pr. n. 
1. “Reflection-type” arrangement, p,. I = pr. z = 0.05. 
2. “ReflectIon-type” arrangement. p,. , = 0.05. p,, 2 = 1. 
3. “Transmission-type” arrangement, p,, 1 = pr, 2 = 0.05. 
(a) A,, = Ar, = 1o-3 
(b) A,, = 10-J. Ar, = 10-l. 
(C) A,, = A[, = 10-l 
The intensity scales are such that In = 1 for both arrangements, if A,, = 10m4, An = lo-‘, 
I = 10 mm and p,, 1 = p,, 2 = 0.05. 



508 R. VA& SLAGEREN. G. DEN BOEF and W. E. VAN DER LINDEN 

For the “reflection-type” and *‘transmission-type” arrangements the 
on the cell length is given in Figs. 4a (A,, = Au = 10e3), 4b (A,, = 
and 4c (A,, = A,, = lo- 1). 

Linearity of the signal vs. concentration curves 

dependence of I,, 
lo-3, /l,, = lo-‘) 

The formulae for the fluorescence intensity can be written in a general way as: 

If* = c . ci . f (E,x 9 Ef* 7 P,. ex 3 Pr, fl 9 I) (14) 

where C is a proportionality constant. Values for the geometrical parameters 1 are nearly 
always fixed for a given apparatus. pr+ ex and pr, fl generally do not change much on 
variation of the concentrations of the fluorescent substances. Therefore deviations from 
a linear relationship between Ifi and the concentrations c, originate from changes in 
E,, and/or Ef,. It is now to be considered whether a linear relationship between I,, and 
ci is possible. In the simplest case E,, and Ef, are equal to the absorbance per mm 
due to the fluorescent substance. In that case a change in the concentration of the 
fluorescent substance always results in a change in E,, . Therefore no truly linear 
relationship between lf, and c can exist in this case. 

In a seemingly more complicated case a change in the concentration of a fluorescent 
component brings about changes in the concentrations of other components. The changes 
in the absorbance per mm now are: 

AE = ki . AC, + C k, . AC, (15) 

[equation (15) holds both at the wavelength of fluorescence 
excitation wavelength]. According to the stoichiometry of the 
Aci by: 

AE becomes zero if 

ACT = -rj AC, 

ki = c yj . k, 
J 

measurement and at the 
reaction. Acj is related to 

(16) 

(17) 

Equation (17) can often be satisfied in practice. Many fluorimetric determinations of 
metals are based on the formation of a fluorescent complex. Let the metal (M) to 
ligand (L) ratio in such a complex (ML) be 1 : 1. In the wavelength range suitable for 
excitation there is nearly always a point where k ML = kM + kL. Therefore. equation (17) 
is then satisfied for the excitation wavelength. Equation (17) can also be satisfied for 
the wavelength of fluorescence measurement, because it is often possible to choose this 
wavelength so that kM = k, = kML = 0. In a future communication an example will be 
given of a procedure that satisfies equation (17). 

Wavelength choice if equation (17) cannot be fulfilled 

Sometimes the excitation wavelength for which equation (17) is satisfied is such that 
k,, is very small. Then the sensitivity of the measurement, which is directly proportional 
to k,,, is very low too. On the other hand the background absorbance either at the 
excitation wavelength or at the wavelength of fluorescence measurement can be large, 
which also results in a low sensitivity. In such cases it may be necessary to choose an 
excitation wavelength or a wavelength for fluorescence measurement at which equation (17) 
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is not fulfilled. Even then deviations from linearity in the Ill-c, relationship should 
preferably be as small as possible. To facilitate the choice of wavelength, tables are given 
which relate the change in absorbance per mm to the change in the fluorescence intensity 
(for fixed concentrations of the fluorescent components). If the wavelength dependences 
of the absorbance and the change in absorbance are known, it is possible with the use 
of the tables to find the wavelength combination where the deviations from linearity 
are minimal (a useful approximation is that the changes in I,, caused by changes in A,, 

and Af, are additive for small values of AA,, and AA,,). However, even if AA,, = -AA,-, , 

no strictly linear relationship between I,-, and L’, can be obtained. It seems useful to 
illustrate the use of the tables with an example. Assume a case for which equation (17) 
is satisfied at an excitation wavelength where owing to a high value of A,, . the sensitivity 
of the determination is too low. Now, with the use of Fig. 3. select an A,, value for 
which the sensitivity is high enough. From spectral data calculate AA,, at this wavelength. 
Then use the relevant table for AA,, to calculate the deviation from linearity. The Y; 
deviation from linearity is found as approximately AA., (calc)/AA., (table). If this devia- 
tion is unacceptable, the procedure has to be repeated at the wavelength of fluorescence 
measurement in such a way that the deviation from linearity due to AA,, is as much as 
possible counteracted by the deviation caused by AA,, 

Table 1. The change AA,, in A,, . which results m a change of I’!,, m I,, for fixed concen- 
trations of the fluorescent substances (“Reflection-type” arrangement. I = 10 mm; p,_ , = 

P, II 1 = P,. ex. 2 = P, II. 2 = 0.05. Tabulated values are AA,, x IO’) 

A,% 
4, 

lo-’ 10-s 5 lo-” 10-2 s lo- 2 10-l s 10-l 10-O s 

1O-J 0.79 0.79 
10-3 5 0.79 0 79 
lo-” 0 79 0.80 
10-z 5 0.80 0.80 
lo- 2 0.81 0.82 
10-l 5 0.87 0.87 
to- ’ 111 1.1’ 
10-O i 1.99 1.99 

0.80 0.80 0.83 0.94 
0 80 0.80 0.84 0.94 
0.80 0.81 0.84 0.94 
0.80 0.8 1 @84 0.95 
0.82 0.83 0.86 0.98 
0.88 @89 0.93 1.06 
I.12 1.15 1 .I!2 1.43 
2.02 2.09 2.3 I 296 

1.33 3.21 
1.33 3.21 
1.34 3.21 
1.35 3.24 
I .39 3.30 
I.53 3.51 
2.08 4.20 
4.16 64Q 

Table 2. The change AA,, in A,.. which results in a change in I,, of ly,,. (“Reflection-type” 
arrangement. I = 10 mm. p,, , = 0.05. p,, 2 = 1. Tabulated values are AA,, x 103) 

lO-4 
10-3 5 

lo-” 
10-Z 5 

lo-’ 
10-r 5 

lo- I 
10-O 5 

lO-J 10-9 s lo-’ lo-2 s 10-z 10-l 5 10-1 10-O 5 

0.40 0.40 @40 041 0.44 0.55 1.06 3.19 
0.40 0.40 0.40 0.41 0.44 0.55 1% 3.19 
0.40 0.40 0.40 041 0.44 0 55 1% 3.19 
0.40 0.40 0.40 0.41 044 @55 1.06 3.19 
040 040 0.40 0.41 044 0.55 lG6 3.21 
0.40 040 0.40 0.41 044 0.57 1.12 3.35 
0.40 040 0.40 041 0.46 0.63 1.54 4.13 
0.40 0.40 0.40 0.43 0.49 0.83 3.24 6.40 
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Table 3. The change AA,, in A,,, which results m a change m I,, of I’,. (“Perpendtcular-type” 
arrangement. 1, = I, = 10 mm. I, = I,’ = 1 mm. Ib = lb’ = 9 mm. p,, , = pr, L = pC, 3 = p,,* = 0.05. 

Tabulated values are AA,, x 10’) 

&x 
4, 

1o-4 lo-’ 5 lo-’ 10- 2.5 lo-2 10-I 5 10-l 10-O s 

10-4-10-O s 0.79 0.79 0.80 0.80 @83 0.90 1.12 1.86 

Table 4. The change AA_ in A,,, whtch results in a change in 1r, of I”,. (“Perpendicular-type” 
arrangement. lx = I, = 10 mm. I, = 1,’ = 1 mm. 1, = I,’ = 9 mm. pC, , = pr, 4 = 0.05. p,, a = p,, 3 = 1. 

Tabulated values are AA,, x lo-‘) 

A,, 
4, 

lO-4 10-3.5 1o-3 10-a I lo- 2 10-l 5 10-I 10-O 5 

10-4-10-O 5 040 040 040 0.41 044 0.54 0.92 1.85 

Table 5. The change AA,, in A,,, whtch results in a change in I,, of 19,. (“Transmtsston-type” 
arrangement. I = 10 mm. pr, , = pr. 2 = 005. Tabulated values are AA,, x 10’) 

lO-4 
lo-’ 5 
lo-’ 
10-z 5 

lo-2 

1;:: 5 
10-0.5 

A er 

lo-4 10-3 5 10-a lo-2 s lo- 2 10-l 5 10-l 10-O 5 

0.79 0.79 0.80 0.80 0.83 0.94 1.33 321 
0.79 0.79 0.80 0.80 0.83 0.94 1.33 321 
0.79 @79 0.79 @80 0.83 0.94 1.32 3.20 
078 078 0.79 @80 0.83 0.93 1.32 3.18 
0.77 0.77 0.77 0.78 0.81 0.91 1.28 3 12 
0.72 0.72 0.73 0.73 0.76 0.89 1.16 2.92 
0.61 0.6 I 0.61 0.62 0.63 0.67 0.86 2.28 
0.49 0.50 0.50 0.50 0.50 0.50 0.53 0.87 

Table 6. The change AAl, in A(,, which results m a change m Ir, of I”;. “Reflectton-type” 
arrangement. I = 10 mm. pr., = pr, 2 = 0.05. Tabulated values are A& x IO’) 

-I er 

IO-” lo-3 5 10-J 10-l 5 lO-2 10-l 5 lo- ’ 10-O 5 

0.79 0.79 0.79 0.80 @Xl O-87 1.1 I I ,9x 
0.79 0.79 080 0.80 0.82 0.87 I.11 1.99 
0.80 0.80 0.80 0.80 0.82 0.88 1.12 202 
0.80 0.80 0.81 0.8 1 0.83 0.89 1.14 ‘08 
0.84 0.84 8.84 0.84 0.86 0.93 I.21 2.3 1 
0.94 0.94 0.94 0.95 0.98 1.06 I .43 295 
1.34 I 34 I.34 1.35 I .39 154 208 4.15 
3.22 3.22 3.23 3.25 3.31 3.52 4.22 640 
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Table 7. The change AA,, m An, whtch results in a change in If, of 196. “Reflection-type” 
arrangement. I = 10 mm. pr, , = 0.05. p,. 2 = 1 Tabulated values are AA,, x 103) 

A C. 

,411 
lo-4 1W3 5 IO-” 10-2 s 1O-2 10-l 5 10-l 10-O 5 

10~-4 040 040 0.40 040 040 040 040 040 
,,, 1.’ 04t) 040 040 040 040 040 040 040 
IO-’ 040 040 040 040 040 0.40 040 040 
10-l 5 0.4 I 0.41 0.41 0.41 0.41 0.41 0.41 0.42 
10-’ 0.44 044 044 044 044 044 046 0.49 

;;I: < 0.55 IQ6 0.55 1 G6 055 1.06 0.5s I 06 @56 I Q6 0.57 1.12 0.63 l-55 0.83 3.25 
,0-o 5 321 3.21 3.21 3.21 3.22 3.36 4.14 640 

Table 8 The change AA,, m A,,. whtch results in a change in I,, of 1’1,. “Perpendtcular-type” 
arrangement 1. = I, = 10 mm. I, = I,’ = 1 mm. Is = I,’ = 9 mm. p,, , = p,, z = p, 3 = p,.& = @05. 

Tabulated values are AA,, x 103) 

A,, 
4 cx 

1o-J lo-’ 5 10-” lo-2 s lo- 2 10-l 5 lo- ’ 10-O 5 

lc)-‘-lOmO 5 0.19 0.79 0.80 0.80 0.83 090 1.12 1.86 

Table 9 The change AAr, m A,,. which results in a change in I,, of l”6 (“Perpendtcular-type” 
arrangement. 1. = /, = 10 mm 1, = I,’ = 1 mm. I, = I,’ = 9 mm. p, 1 = p,.4 = 0.05. p,, 2 = p,, 3 = 1. 

Tabulated values are AAr, x 10s) 

4, 
4 c1 

1O-d to-3 5 1O-3 10-2 fi 1o-2 10-l s 10-l 10-O 5 

lO-Cl()-o 5 0.40 0.40 040 0.41 044 0.54 0.92 1.86 

Table 10 The change AA‘, m Ar,, whtch results in a change in I,, of 19b. (“Transmtssion-type” 
arrangement. I = 10 mm. p,, 1 = p,, 2 = @05. Tabulated values are AAr, x 10’) 

A cx 

‘4,) 
1o-J 1o-3 5 10-j 10-2.5 10-Z 10-l 5 10-l 10-O 5 

0.79 0.79 0.79 0.78 0.17 o-72 0.6 1 0.50 
0.79 0.79 0.79 0.78 0.77 @72 0.6 1 0.50 
0.80 0.80 0.79 0.79 0.77 0.73 0.6 1 0.50 
0.80 0.80 0.80 0.80 0.78 0.73 0.62 0.50 
0.83 0.83 0.83 0.83 0.81 0.76 0.63 0.50 
0.94 0.94 0.94 0.93 @91 0.84 0.68 0.50 
1.33 1.33 1.33 1.32 1.28 1.16 086 0.53 
3.22 3 22 3.21 3.19 3.13 2.93 2.30 0.88 
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Zusammenfassung-Es werden Formeln fir das Fluoreszenzslgnal abgeleltet, due rmlge blsher 
vernachllssigte Faktoren m Rechnung stellen. Aus dlesen Formeln werden Bedmgungen grli~lgrrt. 
bei denen zwischen de1 Konzentratlon der Ruoreszlerenden Komponenten und der Fiuoreszen- 
zintensltat eine lineare Bezlehung besteht. In einigen FQllen von praktischem Interesse fiihrt JIG 
Erftillung dieser Bedingungen zu emer zu germgen Empfindlichkeit. Fiir solche Falls uud rmr 
Optlmierungsmethode sklzziert, durch die diejenigen Bedingungen aufgefunden werden. die bcl Jer 
verlangten Empfindlichkeit zu der kleinsten Abwelchung von der Lmearlta’t fihren. 

R&sum&-On btablit des formules pour le signal de fluorescence qui prennent en consldCratton 
quelques facteurs JUSqUe 18 nkgiigb. De ces formuies on d&it les conditions pour le~quelles 
une relation lintalre exlste entre la concentration des composants Ruorescents et I‘mtensltP de 
la fluorescence. Dans quelques cas d’intCrit pratique le respect de ces conditions provoque une 
senslbiliti trop faible. Pour de tels cas, on donne un aperqu d’une mtthode d’optimahsatlon. 
au moyen de laquelle on trouve les conditions qui mknent 6 la momdre dkviatlon de la Im&rlti 
B la sensibilitt requise. 



NEW SPOT-TEST FOR CYANIDE ION AND CYANOGEN GAS 

A rrch hterature IS available on the determmatton of the cyanide ton. Bark and Higson’ have published 
a review of the methods existmg for the detection and determinatian of small amounts of cyamde. Later 
many other methods were suggested. and these include titrimetrtc with vtsuat’ or mstrumental end-pomr,3 
polarographic.4 gas-chromatographic’ and colorimetru? finishes. 

Similarly. many spot-tests for the cyanide ion have been proposed and these are already described m 
detail by Feigl.’ Sabo advocated the use of silver chromate-impregnated paper for the detection of a great 
variety of anions, mcluding cyamde. The cyanide ion grves rise to a green fluorescence with solutions of 
yuinone monoxime benzenesutphonate ester and p-benzoquinone in d~methyisutpbox~~~ Direct detectron of 
cyamde was possible through Its catalytic effect on the condensation of plcolinaldehy~ i’ fn general. the 
methods descrrbed by Feigl’ are less sensitive than those developed hter. 

However. m the present work a new spot-test was developed for cyanide which has two mam advantages: 
(i) its sensitivity is superior to most of the existing spot-test methods,7.s and (ii) it is applicable, with 
slight modification, to the detection of cyanogen gas. The existmg test for cyanogen IS that it forms a 
polycyamde with cyamde mns. which gives a red colour with 8-hydroxyqurna1ine.i’ However. thts detection” 
IS rehable only in absence of compounds which spht off water when heated; water vapour readily hydrolyses 
cyanogen gas to hydrogen cyanide and cyanic acid: 

(CN), t H,U (vapour] - HCNU+ HCN 

The new test involves the reactton of cyamde ion wrth ammonium moly~t~-cop~r~~~) solution m acetic 
acid medium, to give a blue colour. Cyanogen gives the same colour but only after its conversion into 
cyanide m alkaline medium. The reaction is sensitive down to 0.15 fig of cyanide in a 0.1-ml drop 
(i.e.. 1.5 ppm). which is reasonable for detectton purposes, without the need of any special equipment, 
The conditions of reaction and the interference of many other anions and cations are dtscussed below, 

EXPERIMENTAL 

Unless otherwise spectfied, all reagents are of analytical grade. 

Derertrorr of cyunide m. Put a drop of the test solution (containing not less than 0.15 s of cyanide 
ton) on a spot-plate. Add one drop of 0,019; copper sulphate solution followed by 1 or 2 drops of 5:/, 
ammonium molybdate solution in concentrated hydrochloric acid. A blue colour is developed immediately. 

The lower limit of identification is 0.15 ~g of cyamde per 0.1 ml (i.e., I”5 ppm), and the lower limit of 
dilution is 1 : 30000. 

Detection cf c.vunogen gas. Pass the test gas either through a test-tube containing a mixture of copper 
sulphate solution (O.Ol?;) and sodmm hydroxide solution (1%) or a filter paper impregnated with the same 
mixture. Add 2-5 drops of 5y; ammonium moiybdate solutiorr m concentrated hydrochioric acid. A blue 
coiour is developed immediately if cyanogen was present. 

Reaction eorrdrtions 

DlSCWSSION 

Cyanide ion reduces copper(I1) to copper(I). The latter reduces ammonium motybdate in concentrated 
hydrochloric acid to grve a blue colour which is most probably that of molybdenum blue. When the test 
IS to be used for detection of cyanogen gas, this should first be converted into cyanide ion by allowing 
it to react with sodlum hydroxrde: 

(Chi)> •t NaOH ---+ NaCNU + NaCN 

513 



514 SHORT COMMUNICATION 

The concentrations of both acid and ammonium molybdate as well as the sequence of the addition of the 
reagents are critical. A 5% solution of ammonium molybdate m concentrated hydrochloric acid was found 
qmte smtable. The order of addition of reagents to the cyanide ion should start with copper(H) followed 
by the addition of ammonium molybdate-hydrochloric acid solution. When the latter solution was added 
before the copper(H) solution, no colour was developed, owing to the volatilization of hydrocyanic acid. 

Interferences 

Cyanate, nitrite. sulphite, phosphate, arsenate. thiocyanate. germanate, silicate, carbonate. chloride. sulphate. 
nitrate, chlorate, iodate and chromate did not interfere with the test. However, iron (II), tin(I1). antlmony(II1). 
thlosulphate, and iodide give a blue colour with the copper-molybdate mixture. 

Also, as expected. ferrocyanides and tetracyanozincate(I1) interfered. Despite the reducing nature of the 
ferrocyamde ion, it reacted preferentially with copper, forming the brown copper ferrocyanide. In the case 
of complex zmc cyanide a blue colour was obtamed, presumably owmg to the relative InstabIlIty of the 
complex and the sensitivity of the test. 

The presence of tolerable amounts of thiocyanate, sdicate. phosphate, arsenate and germanate caused only 
a slight decrease in the colour intensity and thus the test was still sufficiently sensitive for the detectlon of the 
cyanide ion. In general, this test is applicable for the cyanide ion in absence of either reducmg or oxldizmg 
substances and of cations with strong complexmg propertles towards the cyanide ion [e.g.. iron(I11). cobalt(Il), 
cobalt(III), and nickel(II)]. 
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Summary-A new, rapid and simple spot test has been developed for detection of both cyamde 
Ion and cyanogen gas. The cyanogen gas must first be converted into cyanide ion by reaction 
with sodium hydroxide. On addition of a Cu(l1) solution the cyanocuprate(1) complex formed 
reduces the molybdate solution to molybdenum blue. 

Zusammenfassung-Eine neue schnelle und emfache Tiipfelprobe zum Nachweis von Cyanidionen 
und gasfijrmlgem Dicyan wurde entwickelt. Das Dicyan muR zuerst durch Reaktlon mlt 
Natrlumhydroxld in Cyanld liherftihrt werden. Bei Zugabe einer Kupfer(II)-Liisung reduzlert 
der gcblldete Cyanocuprat(l)-Komplex Molybdatlbsung zu Molybdanblau. 

R&urn&-On a tlaborb un nouvel essal B la touche. raplde et simple, pour la detectIon 6 la 
fols de l’ion cyanure et du gaz cyanogtne. Le gaz cyanogene dolt d’abord dtre convert1 en ion 
cyanure par r&&on avec la soude. Par addition d’une solution de Cu (II) le complexe 
cyanocuprate (I) form6 r&dult la solution de molybdate en bleu de molybdtne. 



ANALYTICAL DATA 

~FE~T~UP~~TOMET~~~ ~ETE~MI~AT~~~ OF THE STABILITY 
CONSTANTS OF HgCl; AND HgCl:- IN AQUEOUS ETHANOL 

(Received 1 Nowmber 1972. Accepted 26 Nowmber 1972) 

Unlike the srtuatron m water,” mercuric chloride does not complex with chlorrde ions m ethanoL2 Our 
kinetic studies on the solvolysis of alkyl chlorides, catalyzed by mercuric chloride. have also shown that the 
electrophilic activity of the catalyst is less in aqueous ethanol than in aqueous acetone solvents of the same 
water content3 Solubihty measurements {which have only semi-quantitative significance since neither ionic 
strength nor acidity could be controlled) also support this conclusion.* We have now determmed the 
stability constants for HgCI; and HgCg- in 600/i aqueous ethanol (v/v) at 25” by u~t~a~o~et-region 
s~~tro~hotometry under conditions of constant ionrc strength @5M; LICIO,) and acidity f@tXN: HCIG,). 
The data were processed by an adaptation of the Legatrop method’ to Thamer’s equation,” and the 
followmg values obtained: fir = 3 + 1 and fll = 9 r?: 3. These values are lower than those for the water system.r 
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Summary-The stability constants of HgCl; and H&i:- in 60% aqueous ethanol @J/Y) were 
determmed by spectroscopy at 25’ and constant ionic strength and acidity; 8, was 3 +_ t and 
82 9 i 3. 

+rsammenfassung--Die Stabilitatskonstanten von HgCl; und HgCli- in 60 Vol-% wlbrigem 
Athanol wurden durch Spektrophotometrre bei 25’, konstanter Ionenstarke und Acidhat be- 
stimmt: PI betrug 3 + 1 und b2 9 + 3. 

R&m&On a determine les constantes de stabihte de SgCI; et HgCl:- an ethanol aqueux ii 
60*, (vivf par spectroscopic B 25’ et % force ionique et acidrtt constames; &I est 3 f 1 et 
82 9 i 3. 
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OXIDATION WITH PERMANGANATE IN PRESENCE 
Ok FLUORIDE 

POTENTIOMETRIC DETERMINATION OF MANGANESE(I1) 

I. M. ISA and M. M. GHONEIM 

Chemistry Department, Assiut University, Assiut, Egypt 

(Received 3 June 1971. Reoised 11 July 1972. Accepted 21 August 1972) 

Summary-The effects of acidity, fluoride concentration, temperature and concentration of 
manganese in the reaction between KMnO, and Mn(II) were studied potentiometrically. The rate 
of reaction is increased by increasing the fluoride concentration and/or decreasing the acidity of the 
solution. The formal redox potentials of the MnO;/Mn(III) and the Mn(III)/Mn(II) systems were 
determined at different pH values. The E” values obtained by extrapolation to pH = 0 were 1.58 
and 1.52 V respectively. The amount of Mn(I1) determined was varied from 5 to 56 mg. The net 
reaction can be represented as MnO; + 10HF; + 4Mn2+ ZG 5MnF; + 2H+ + 4H,O 

Oxidation of manganous ions with potassium permanganate in presence of fluoride has 
been investigated before as a method for determination of manganese(II).lq2 The visual 
method has proved successful for small amounts of manganese(I1) and when copper(I1) is 
used as catalyst, but cannot be used for high concentrations of Mn(II) or in the presence of 
coloured ions. The potentiometric method does not suffer from this drawback and for this 
reason the potentiometric titration of manganese(I1) with permanganate in fluoride 
solutions has been studied. 

EXPERIMENTAL 

Reagents 

Twice-distilled water was used in the preparation of all solutions. Analytical-grade reagents were used where 
possible. 

Manganous sulphate solutions, 00926 and OC635M. Prepared in O.lM sulphuric acid to prevent hydrolysis, and 
standardized by the pyrophosphate method.3.4 Solutions of lower concentrations were prepared by appropriate 
dilution. 

Potassium permanganate solution. Prepared according to the method of Stamm,’ and standardized with 
oxalate.6 

Sodium fluoride solution. 2x( - 0.48M). 
Sulphuric acid, 0.5 and 5M. 
Martganese(llZ) solution, 2.5 x 10e3M. Prepared from equivalent amounts of Mn(I1) and KMnO, in presence 

ol Iluoridr ions under the optimum conditions previously given.i.’ 
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Equipment 

The potentiometric titration apparatus was similar to that described elsewhere.8 The cells used for the redox 
potential measurements were as follows: 

(Ul II MnlIII) I 
I 

4 Hg,Cb// @XI Mn;_’ 
(saturated) ii 

4 Pt 

(4 Mn(III) 

Hg/H&I, /I KC1 
(saturated} 

Mn(II) Pt 

[NaF] = m,, [H’f = tnz 

In this study m, was kept constant, while m, was varied by adding different amounts of 25M sulphuric acid. 
The ratio [OX~[Red] in both systems was either I : 1 or 2 : I. The potentials were measured 3 hr after immersion 
of the electrodes, although slight variations were observed within the following 24 hr. 

Titration procedure 

A volume of manganous solution containing 5-56 mg of manganese(H) was placed in the titration ceil and 
mixed with the required quantities of @5A4 sulphuric acid and 2% sodium fluoride solution. The mixture was 
diluted to 100 ml and then titrated with permanganate at room temperature. The e.m.i. of the titration cell was 
measured by I direct reading mV meter, with a saturated calomel electrode (SCE) as reference half-cell. 

RESULTS AND DISCUSSION 

The values of reported potentials in all tables, plots and treatments are referred to the 
normal hydrogen electrode (NHE). 

Efict of acidity 

The effect of acidity on the reaction was studied by titrating 10 mf of 0*01&Z 
manganese(B) mixed with 75 ml of 2% sodium fluoride solution (-0*3&V) in presence of 
varying concentrations of sulphuric acid. The curves are shown in Fig. 1, and the 
co~esponding results in Table 1. In absence of additiona acid, the titration curve (A) 
shows two breaks close to each other, the second corresponding to the oxidation of Mn(II) 
to MnO, and the other undoubtedly representing formation of manganese(~1~) but 
occurring later than at the theoretical value. With 1-O-1~5 ml of 0*5N sulphuric acid 
present the two infiections still occur but deviate largely from the theoretica end-points. 
With 24&-8-O ml of the acid added, only one inflection is observed for Mn(III), and the 
end-point agrees fairly well with the theoretical. The single inflection shows that 
manganese&I) is stable to oxidation under the optimum conditions, but not at lower 
acidities, when some but not all of it is oxidized to MnO, . Hydrolysis may occur with 
formation of a precipitate of MnzO, which is then oxidized only at the surface. At pH 
8.5-9.0 the second end-point approaches the theoretical for production of MnO,. The 

equilibrium. potential is attained more rapidty at lower acidity than at higher. 3-5 min 

being necessary for stabilization under the optimum conditions. 
At lower acidity there may also be partial oxidation of Mn(II) to MnO, by atmospheric 

oxygen. 

Effect qf sodim jiuoride concsntrutim 

Figure 2 and Table 2 show the results of titrating 10 ml of 0.01~ manganese(I1) in 
presence of 8-O mt of 0*5M sulphuric acid and 25-75 ml of 2% sodium fluoride solution. 
Good results are obtained only in presence of 50-75 ml of fluoride solution. 
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I Effect of ocldttv 

7508 1 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 
0 2 4 6 8 IO 12 14 16 18 

KMnO, added, ml 

Fig. 1. Titration of 10 ml of001N MnSO, with 0.0192N KMnO, (for Mn” + Mn2+) in presence 
of 75 ml of 2”,, NaF solution and varying amounts of @5M HZSO,: (A) no acid (B) I.0 ml 

(C) 1.5 ml (D) 2.0 ml (E) 4.0 ml (F) 8.0 ml. 

Addition of 25 ml of the fluoride solution is more than sufficient for complexation of the 
Mn(II1) and was earlier’ found to yield good results; the need for more is due to 
protonation of part of the fluoride by the extra strong acid added. 

Effect of manganese concentration 

The results in Table 3 show that 5-56 mg of Mn(I1) can be titrated successfully under the 
optimum conditions. At higher concentration of Mn(I1) the reaction medium becomes 
slightly turbid owing to the hydrolysis of Mn(II1) to Mn,O, . 

Table 1. Titration of 10 ml of O.OlN MnSO, with 0,0192N* KMnO, in presence of 75 ml of 2% NaF solution 
and varying amounts of 05M H, SO,. total volume made up to 100 ml with water 

Composition of the 
reaction mixturet 

lH,so,I Theoretical Experimental Max. 
- 

[NaFl 
WI end-point. end-point, Error, AE/AV 

- ,,,, ml 
initially [NaF] - 

% m v/o.1 ml 

added present a: b! 4 b: a: bf a: bf 

0.0 0.36M NaF - - 6.49 17.39 11.5 13.9 +77 -20 4 10 
I.0 0.01&J HF + @35M NaF 1 : 72 1 : 35 6.49 17.39 8.5 13.5 +31 -22 2 4 
1.5 WOlSM HF + 0.345M NaF 1 :48 1 : 23 649 17.39 7.75 11.25 +19 -35 6 2 
2.0 0.02M HF + 0.34M NaF 1 : 36 1 : 17 6.49 6.35 - 2.2 21 
6.0 0.06M HF + 0.30M NaF 1 : 12 I:5 6.49 644, -0.7 19 
7.0 O,O?M HF + 0.29M NaF 1 10 1:4 6.49 6.47, -0.2 23 
8.0 O.OSh4 HF + 0.28M NaF 1:9 1 : 3.5 6.49 6.47, -0.2 23 

l On the basis of Mn-‘ - Mn”. 
f Calculated on basis of added acid and NaF. 
: (0) Mn’* + Mn’-: (h) Mn2’ + Mn4’ 



520 I. M. ISSA and M. M. GHONEIM 
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KMnO, added, ml 

Fig. 2. Titration of 10 ml ofO(flN M&O, with 00154N KMnO, (for Mn” + Mn3+) in presence 
of 8.0 ml of O&W H$O, and varying amounts of 2 9/, NaF solution: (A) no NaF (B) 25 mt 

(C) 50 ml (0) 75 ml. 

Formal redox potentials of MnO,/Mn(III) and Mn(III)/Mn(II) systems 

The forma1 redox potentials were dete~ined from potential me~urements of the cells 
mentioned above. Measurements were made over the pH range 0.9-6-0, [Mn(III)] and 
[NaF) being kept constant and the ratios [Mn(III)]/[Mn(II)J and [MnO,]/[Mn(III)J 
varied. 

The values of E” for the two half-cells were determined from the Nernst equation, 
neglecting activity coefficients (Tables 4 and 5): 

RT [Ox]” RT 
EH = E” + nF in [RedlB + nF In[H+]X 

Table 2. Titration of 10 ml of O.OlN M&O, with OQ154N* KMnO,, with 811 ml of 05&f H,SO, in presence of 
varying amounts of 2% NaF solution (-0.48~), and dilution to 100 ml with water 

2% NaF 
added, 

ml 
Composition of the 

reaction mixture 

[H*SO41 
Tm LFFl Theoretical Experimental Max. 
inig$ [NaF] ml end-point, end-point Error, AE/A V, 

present ml % m V.lO.lml 

0.0 0.04M H SO, 2 - 649 (no reaction) 
25 0*08M HF + 0.04h4 NaF I :3 2:1 649 640 -1.4 5 
50 @08N HF + 0.16M NaF I :6 I:2 649 6.45 -0.6 15 
65 0.08M HF + 0.23M NaF I :8 I:3 649 6.47 -0.3 21 
75 0.08M HF + 0,28&f NaF I:9 1 : 3.5 6.49 6.47 < -02 23 

* On the basis of Mn” -P Mn3+. 



Oxidation with prrmanganate 521 

Table 3. Titration of Mn(lI) with KMnO, in presence of 8 ml of0.5M H,SO,, 
and 75 ml of 27; NaF solution. with dilution to 100 ml with water 
([Hz SO&[NaF] added = I :9. or [HFJ~NaFJ present = 1 :35) 

Mn(I1) Theoretical Experimental Max. 
end-point, end-point, Error, AE/AV. 

ml m(1 ml ml II ,/ mV0lml 

Titration ofOG926N MnSO, with 0.1043N KMnO,* 

40 2@35 3.55 3-54, -0.14 62 
57 29.00 5.06 5.05 - 0.20 60 
8.0 4070 7.15 7.14 -0.14 60 

I I.0 55.96 9.76 9.75 - 0.20 58 

Titration of 0.0475N MnSO, with 0.052N KMnO,* 

40 1044 3654 3.65 -0.10 40 
7.0 18.27 6394 3.38 -0.14 40 

Titration ofO.OlN MnSO, with OGIS4N KMnO,* 

10 549 6490 647, -0.23 23 
1s 8.24 9,740 9.72, -0,15 24 
20t 10.98 12.990 12.97, -0.12 26 

* On the basis of Mn’+ -+ Mn3”. 
t Total volume of reaction mixture 103 ml. 

where X represents the number of Hi ions and A and B are the number of molecules of 
oxidant and reductant in the half-cell reaction. This equation can be written in the 
following forms for the two half-cell reactions at 25” (A = B = 1): 

0.059 1 
IEH = ,E” + - 

[MnO; J O-0591 

4 log [Mn(III)] -4x1 PH 

[Mn(III )I ,, EH = ,, EC + 0.0591 log -~ - 
bwa 

0.0591 X,, pH 

where Xi and Xi, represent the numbers of H+ ions involved in the MnO~~n(III~ and 
Mn(III~/Mn(II) half-cell reactions respectively. 

Table 4. Values of tE, for the MnO;/Mn(III) system at various 
pH values and 25°C 

0.0 157s 1.585 
0.9 1.487 I-495 
1.2 1446 I.480 
2.2 1.373 1.397 
2.9 1.332 1.342 
4.7 1.134 1.142 
5.5 1*080 1090 
6.0 1.030 1.040 

1575 1.581 1.578* 
I.487 1.491 1.490 
1.446 1476 1461 
1.373 i-393 l-383 
1.332 1.338 1,335 
1.134 1.138 1.136 
1.080 1.086 1.083 
1.030 1.036 1.033 

* iE’ MnO; ~n(III~. 
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Table 5. Values of ,,El for the Mn(III)/Mn(II) system at various 
pH values and 25’C 

Mean 

PH (~~~II)/[M~~~)l (Mn(I~~)]~{~n(II)] value of 
1:1 1:2 II&. V 

0.0 1.513 1.508 
0.9 1404 1.415 
1.2 1,357 1.394 
2.2 1.257 I-256 
2.9 1.191 1.186 
4.7 0.958 0.939 
5.5 O-860 0.864 
6.0 0.805 0.805 

1,513 1.526 1.520* 
1404 1.433 1.418 
1.357 t-412 1.384 
1.257 t .274 I.265 
1.191 l-204 1,198 
0.958 0.957 0.957 
0860 0.882 0.871 
0.805 0.823 0.809 

* ,,E” Mn(IIt)/Mn(II). 

Plots of E, us. pH are straight lines with slopes of 0.095 and O-115 for the MnO;, 
Mn(II1) and Mn(III)/Mn(II) systems respectively, which on extrapolation to pH = 0, give 
E” values I.58 and 1.52 V respectively. These values do not differ sufficiently for the 
reaction between MnO, and Mn(I1) in 1N acid solution to be sufficiently quantitative. 

The values of (E,), , the formal redox potential, for the two systems at pH = x were 
calculated from the values of the measured potential (E& at this pH, by using the 
equations 

and 

PWWI 

The results obtained are given in Tables 4 and 5. 
Values of the equilibrium constant, p(r , and the extent of completion of the reaction. X, 

were calculated by use of the relations: 

log Kr = Z[(, E,), - (i, E,),]/O.O591 and 

‘Y = [Mn(III)]/[Mn(II)] at equivalence point 

= Kli(“L +n7.1 
f 

where 2 is the number of electrons involved in the overall reaction (4 in this case), and n, 
and n2 are the oxidation-number changes for both systems. The results, given in Table 6. 
show that the reaction is essentially quantitative at pH 4-6. 

The success of the titration depends on the stability of the manganic fluoride complex 
during the titration. The stability of the complex depends on the Mn(II1) concentration. 
pH and temperature;’ the complex hydrolyses at higher values of [Mn(III)], pH and 
temperature, leading to erroneous results. 
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Table 6. Values of the equilibrium constant. K,, and the extent of 

~mpletion, z for the reaction of Mn(fI) with KMnO, in fluoride 
medium. at various pH values 

PH 

o-0 1,57t(* 1~520~i oasxp x.41 X 103 @61 X 10’ 
0.9 I.490 1.418 0.072 7.46 X IOh 0.94 X IO’ 

1.2 1.46f I.384 0.077 1.63 X 105 1.10 X 10’ 

2.2 l-383 1.265 o-118 9-69 X 10’ 3% X 10’ 

2.9 3.335 1.198 0.137 1.87 X IOU 7.15 x IO’ 

4.7 1,136 0.957 PI79 I.30 X 10’” 264 x IO’ 

5.5 I.082 0.871 0.212 2.23 X IO’* 7.41 X 102 

6-O 1.033 0.809 0,224 I.45 X IO’< I.08 x 103 

*[E. 
t E ,, 

3 1 E -it E . 
: 1 = [Mn(llf)].‘[Mn(II)] at equivalence point. 

Since the slope of the EH us. pH graph is equal to 0~0591X,/n, where X is the number of 
H’ ions participating in the reaction then, for the MnO~/Mn(III~ system X, is 6 and for 
the Mn(III)~Mn(II~ system X,, is 2. Accordingly, the following equations may be written to 
represent the reactions. 

(a) MnO; + 6H+ + 2HF; -I- 4e- +MnF; + 4H,O 

(b) MnF; + 2H+ + e-+2HF; + Mn2+ 

MnO, + IOHF; + 4Mn2+ z$SMnF; + 2H’ + 4H,O 

The overall reaction is favoured by decreasing acidity, confirming the experimental results 
and indicating that the reaction occurs more rapidly and quantitatively at higher pH 
(4-5.5) than at lower (pH < 4). The validity of this equation is verified by determining the 
slope of the Ecefl 
(2), when 

PS. pH curve for the overall cell reaction. According to equations (1) and 

[MnO;]/[Mn(III)] = [Mn(III)]/[Mn(II)] = 1, then 

E cell = E” + ‘F (4X,, - X,) pH 

Since X, = 6 and X,, = 2, 

E cell = E” + 
0,059 x 2 

4 pH = E” + 0.0295 pH 

The slope found experimentally was 0.0294, in excellent accordance with that expected. In 
accordance with these facts two protons should be involved in the overall reaction, which 
is in accordance with our findings. 

The procedure is simpler than that given by other authors’.” and amounts of Mn(II) as 
low as 5 mg can be determined with fair accuracy. 
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Zusammenfassung-Der EinfluD von Aciditlt, Fluoridkonzentration, Temperatur und Mangan- 
konzentration auf die Reaktion zwischen KMnO, und Mn(I1) wurde potentiometrisch 
untersucht. Die Reaktion wird durch Erhohung der Fluoridkonzentration und/oder Erniedrigung 
der Aciditlt der Losung begiinstigt. Die formalen Redoxpotentiale der Systeme MnG; /Mn(III) 
und Mn(III)/Mn(II) wurden bei verschiedenen pH-Werten bestimmt. Die durch Extrapolation 
auf pH 2 0 erhaltenen E”-Werte betragen 1.58 b&v. 1.52 V. Die Mn(II)-Menge wurde vbn 5 bis 
56 mg variiert. Die Nettoreaktion kann man als MnO; + 1OHF; + 4Mnzf e 5MnF; + 2H + 
+ 4H,O darstellen. 

Resume-On a etudie potentiometriquement les influences de l’aciditt, de la concentration en 
fluorure, de la temperature et de la concentration du manganese dans la reaction entre KMnOI 
et Mn(I1). La vitesse de reaction est augmentee par accroissement de la concentration en 
fluorure et/au abaissement de l’acidite de la solution. On a determine les potentiels redox 
formels des systemes MnO;/Mn(III) et Mn(III)/Mn(II) a differentes valeurs de pH. Les valeurs E’ 
obtenues par extrapolation a pH = 0 sont 1,58 et 1.52 V respectivement. On a fait varier la 
quantiti de Mn(I1) dode de 5 a 56 mg. La reaction globale peut itre representee ainsi: 
MnO; + 10 HF; + 4 MnZf e5MnF;+2Hf+4H,0. 
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Summary-The N-unsubstituted nitroazoles have an imino hydrogen atom in contrast to the 
N-substituted derivatives, and react with hydroxide to give nitroaxole anions. The strongly 
negative shift of E,,, for these anions makes possibie simultaneous ~larographic determina- 
tion of any pair of compounds, one of which is an ~-unsu~titut~ nitroaxole and the other a 
corresponding N-substituted derivative. Simultaneous polarographic determination of three 
compounds [4(5)- 4- and 5-nitroimidazole] is also possible from alkaline medium, but only 
when AE,,, between the N-substituted isomers is at least 100 mV. Chromatographically, 
and/or by some other criteria it is possible to distinguish between the N-unsubstituted 
nitroazole and the N-substituted derivatives. These compounds appear together in reaction 
mixtures arising during substitution of the hydrogen atom. 

In an earlier publication’ it was suggested that the polarographic method, using O*lM 
alkali as medium, should be generally applicable to simultaneous determination of some 
N-unsubstituted and the corresponding N-substituted heterocyclic compounds, certainly 
those with properties similar to those of the compounds studied in the paper mentioned 
(viz. nitroazoles). The aim of the present paper was to confirm this assumption, so 
nitropyrazoles and some other nitroimidazoles have been investigated. The general 
polarographic and chromatographic behaviour of these groups of compounds is described. 
On the basis of these investigations it is confirmed that simultaneous polarographic 
determination of two compounds during the synthetic processes described by schemes 1 
and 2, or simultaneous polarographic determination of three compounds in the processes 
given in scheme 3 is only possible when an alkali is used as a medium. 

Several methods for thin-layer chromatographic identi5cation,z-5 and for polarographic 
determination of nitroimidazoles - 6 I9 have been reported. However, a simultaneous 

HC =CH WC =CH 

A- 
I I” 5l 

\C,E;H + alkylating reagent - 
- 

2 

N&$;;R 
- 

2 

Z-Nitroimidazole (“azomucin”) IV-substituted-Z-nitroimidazole 

Scheme 1 

525 
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ozN-y=7H 02N-C4= CH 

Hi’,h,N-H + alkylating reagent 
$1 

- HC&$N-R 

4-Nitropyrazole ~-substituted~nj~op~zoie 

Scheme 2 

= C-NO2 HyS ‘I 
R-N’ z/3N 

‘C/-R, 

+ alkylating reagent ----P 
+ 

Hy” = C-NO2 
5l 

N&&-R 
- 1 

4(5)-Nitroimidazole 

Scheme 3 
5-Nitroimidazole 

(R and R, = alkyl) 

identification and determination of nitroimidazoles, or nitropyrazoles in the reaction 
mixtures arising during substitution of the imino hydrogen atom has not yet been 
proposed except in our earlier papers.‘*20 

RESULTS AND DISCUSSION 

In Table 1, Rf values are shown for the compounds investigated. For all reaction 
mixtures we recommend diethylamine as the developer. Tin(U) chloride and p-dimethyl- 
aminobenzaldehyde mixture2’ was used as detecting reagent. Thin-layer chromatography 
was done on unactivated @25-mm thick layers of siIica gel G, in an atmosphere saturated 
with the developer. 

Polarographic investigation 

The polarographic behaviour of all compounds was examined in Britton-Robinson 
buffers over the pH range 1.83-9.30 and in O.lM sodium hydroxide. Most of the com- 
pounds investigated give two reduction waves in acidic as well as in neutral media. The 
first wave corresponds to the 4-eIectron reduction of the nitro group. The second wave 
is a 2-electron wave and is caused by reduction of the substituted hydroxyfamine 
formed in the first reduction. In alkaline media some of the compounds investigated 
give only a 4-electron reduction wave, the second disappearing with increasing pH. 
However, some of the compounds give a single 6electron wave in alkaline media. 

The number of electrons involved in the reduction process was estimated by com- 
parison of the wave-heights of the compounds investigated with the wave-heights of 
substances for which the reduction mechanism is known. In addition to this, the diffusion 
coefficients (D) calculated from the uncorrected IlkoviE equation are in accordance with 
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Table 1. Chromatographic separations 

Compound 
Reaction 
mixture 

Reaction 
scheme R, values Colour 

2-Nitroimidazole “azomycin” 
I-MethyC2-nitroimidazole 1 

006 yellow 
1 060 yellow 

4-Nitropyrazole 
I-Methyl+nitropyrazole 2 

0.10 yellow 
2 059 yellow 

4(5)-Nitroimidazole (A) 
1-Methyl-5-nitroimidazole (I) 
1-Methyl~n~troimi~zole (II) 

3 
0.03 red 

3 @60 red 
0.20 yellow 

A 0.03 red 
I-Ethyl-5-nitroimidazole . HCI (III) 4 3 0.69 red 
I-EthyWnitroimidazole (IV) 0.47 yellow 

2-Methyl-4(5)-nitroimidazole (B) 0.08 red 
1.2-Dimethyl-S-nitroimidazole “dimetridazole” (V} 5 3 0.64 red 
1,2-Dimethyl~-nitroimidazole (VI) 0.31 yellow 

B 
I-(2-Hydroxyethyl)-2-methyl-5nitroimidazole 

“metronidazole” (VII) 
I-(2-Hydroxyethyl)-2-methyWnitroimidazole (VIII) 

6 

@OS red 

3 0.70 red 
0.32 yellow 

B 
l-(Methylcarbamoylmethyl)-2-methyl-5-nitroimidazole (IX) 
l-(Methylcarbamoylmethyl)-2-methyl-4-nitroimidazole (X) 

7 
0118 red 

3 0.41 red 
0.18 yellow 

B 
l-~(2-Hydroxy-1.met~yl)ethyl]-2-methyl-5- 

n~troimi~zole (Xl) 
I-[~Z-Hydroxy-I-methyl~thyl}-2-methyls- 

nitroimidazole (XII) 

8 

OQ8 red 

3 0.81 red 

056 yellow 

2-isopropyl-4(5)-nitroimidazole (C) 
I-Methyl-2-isopropyl-5-nitroimidazole “ipronidazole” (XIII) 
t-Methyl-2-isopropyl+nitroimidazoie (XIV) 

9 
0.25 red 

3 O-68 red 
0.59 yellow 

the values of I) for other heterocychc depolarizers, calculated in the same manner.22 
The solutions examined (2 x 104M depolarizer) were prepared by mixing 2 ml of aqueous 
stock solution of the depolarizer (lo- ‘AI) with 8 ml of the buffer solution, or 2 ml of 
the aqueous stock solution with 3 ml of water and 5 ml of 0.2M sodium hydroxide. 
The buffer solutions were twice as concentrated as in the original prescription of 
~ritton-Robinson (i.e., each acid was 0*08M and 0*4M sodium hydroxide was added). 
Since many heterocyclic compounds are only slightly soluble in water, it is better to 
use these more concentrated buffers; the capacity of the buffer would be sufficient even 
if we had to use-owing to the poor solubility of the depolarizer-larger amounts of the 
depolarizer stock solution (e.g., 5 ml of aqueous stock solution and 5 ml of the buffer 
solution). 
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The direct proportionality between wave-height and the square root of the effective 
mercury reservoir height as well as the computed temperature coefficientsz3 indicate 
that the first reduction waves are diffusion-controlled over the pH region investigated. 

It was found with all the nitroazoles investigated that over the range from 5 x 10e5 
to 5 x 10T4M the heights of the first waves are a linear function of the concentration, 
at any pH value. 

The half-wave potentials* for the first wave of the compounds studied, as a function 
of pH, are shown in Table 2. These values are in accordance with the electron density 
of the nitro group. Thus 4(5)-nitroimidazoles, which mainly have the 4-nitro form,24*25 
have almost the same E,,, values as the 4-nitroimidazoles (except in 0*1&Z alkali). Their 
E,,, values are more negative than those of the 5-nitroimidazoles, because the nitro 
group is located in the vicinity of the electron-donor system (pyridine nitrogen). 

Table 2. Ei,r as a function of pH 

Et,, V us. S.C.E. 

Compound 1.83 2.23 

pH (Britton-Robinson buffer) 
O.lM 

3.20 420 5.03 606 704 8.22 9.30 NaOH 

2-Nitroimidazole 
1-Methyl-2- 

nitroimida7ole 

-0.02 -0.03 -0.11 -0.16 -0.23 -0.32 -0.38 -0.50 -0.61 -0.85 

-0.03 -0.04 -0.13 -0.18 -0.24 -034 -0.38 -0.47 -0.51 -0.56 

4-Nitropyrazole -0.24 -0.25 -0.33 -040 -0.47 -0.56 -0.63 -0.70 -0.73 -0.92 

I-Methykt-nitropyrazole -0.21 -0.22 -0.29 -0.35 -0.42 -0.53 -0.57 -0.65 -0.69 -0.72 

4(5)-Nitroimidazoles 

A 
B 
C 

-0.21 -0.24 -0.32 -0.40 -046 -0.55 -0.60 -0.62 -0.71 -0.95 

-0.16 -0.19 -0.28 -0.36 -0.42 -0.52 -0.55 -061 -0.68 _o.94 

-0.16 -0.19 -0.29 -0.34 -0.39 -0.53 -0.58 -0.60 -0.66 -0.93 

4-Nitroimidazoles 

II 
IV 
VI 
VIII 
X 
XII 
XIV 

-0.20 -0.23 -0.29 -0.36 -0.43 -0.51 -0.56 -0.63 -0.69 -0.73 

-0.19 -0.22 -029 -0.36 -0.42 -0.52 -0.56 -0.61 -0.69 -0.72 

-0.16 -020 -029 -033 -0.42 -0.52 -0.57 -0.62 -0.69 -0.75 

-0.18 -0.21 -0.29 -0.34 -0.41 -0.50 -0.56 -0.61 -0.68 -0.73 

-0.17 -0.21 -0.27 -0.34 -0.39 -0.51 -0.56 -0.61 -0.66 -0.71 

-0.18 -0.21 -0.29 -0.36 -0.42 -0.53 -0.57 -0.63 -0.70 -0.74 

-0’19 -0.21 -0.29 -0.36 -0.44 -0.53 -0.59 -0.64 -0.70 -0.76 

S-Nitroimidazoles 

I -0.12 -0.13 -021 -0.25 -0.33 -0.42 -0.48 -0.54 -0.58 _o.61 

III -0.10 -0.12 -0.18 -0.25 -0.32 -0.42 -046 -052 -0.57 _o.62 

(V) -0.10 -0.12 -018 -0-24 -0.32 -0.40 -0.47 -0.52 -0.57 -0.64 

(VII) -0.10 -0.11 -0.17 -0.25 -0.31 -0.42 -0.4, -0.53 -0.57 -0.62 

IX -0.08 -0.10 -0.18 -0.24 -0.30 -0.41 -0.46 -0.51 -060 _o.61 

XI -0.09 -011 -0.18 -0-25 -0.30 -0.39 -0.46 -0.50 _0.55 -0.61 

(XIII) -0’07 -0’11 -0.17 -0.25 -0.32 -0.43 -0.47 -0.53 -0.59 -0.64 

* Corrected by comparison with the half-wave potential of thallium in OlM KCI. 
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Simultaneous polarographic determination 

N-unsubstituted nitroazoles have the ability to form nitroazole anions on treatment 
with O.lM sodium hydroxide. The difficulty of reducing the nitro group in these anions 
makes possible the simultaneous polarographic determination of a pair of compounds, 
one being practically any N-unsubstituted nitroazole and the other a corresponding 
N-substituted derivative (e.g., Fig. 1). 

Although in reaction mixtures according to scheme 3 three compounds may be 
expected (the starting compound and two isomers), under the defined experimental 
conditions of the synthetic process, only two compounds are found to be present; 
4(5)-nitroimidazole and Cnitroimidazole, or 4(5)-nitroimidazole and 5-nitroimidazole. 
When all three compounds are present in reaction mixtures, the simultaneous polaro- 
graphic determination is also possible in O.lM sodium hydroxide, but only when AE,,, 
between isomers is more than 100 mV (Fig. 2). 

I 2x IO-‘A 

Fig. 1. Equimolar mixtures of 2-nitroimidazole and I-methyl-2-nitroimidazole polarographed 
at different pH values. (These compounds appear together in the reaction mixture according 

to scheme 1.) I-pH 240; 2-pH 700; 3-O.lM NaOH. 

I 4x IO-‘A 

Fig. 2. Curve 1, equimolar mixture of A, I and II. Curve 2, equimolar mixture of A, III and IV. 
Curve 3, equimolar mixture of B, (V) and VI. Curve 4, equimolar mixture of B, (VII) and VIII. 
Curve 5, equimolar mixture of B, IX and X. Curve 6, equimolar mixture of B, XI and XII. 
Curve 7. equilmolar mixture of C, (XIII) and XIV. Supporting electrolyte O.lM NaOH. 

Concentration of each compound lo-“M. The curves start at -0.2 V us. S.C.E. 
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The conditions for the procedure of identification and determination for all synthetic 
mixtures in the present study were the same as those described earlier,’ including the 
use of the method of standard addition. The polarographic method of simultaneous 
determination of nitroazoles is very useful for monitoring the substitution of the imino 
hydrogen atom, where it is very important to know when to stop the reaction. For 
this purpose, the exact amounts of the compounds present need not be known, as their 
ratio gives satisfactory results. This procedure is very fast-a few drops from a reaction 
mixture are added to 0*1&f sodium hydroxide, this solution is then transferred to the 
polarographic cell, dearated with nitrogen for exactly 5 min, and the polarogram 
recorded over the range from -0.2 to - 1.2 V vs. S.C.E. The total wave-heights of all 
the nitroazole compounds are taken as equivalent to 100%. Although the results are 
not precise, even in the ratios of amounts of components (the diffusion coefficients 
of the compounds are different, and the number of electrons consumed in alkaline 
medium is not the same for all compounds), the information given about the process 
is adequate. 

The criteria for distinction between N-unsubstituted nitroazoles and their N-substituted 
derivatives 

~-unsubstituted nitroazoles, because of their pseudo-acidic character, have the lowest 
Rf values in diethylamine, in comparison with the corresponding N-substituted derivatives. 
5-Nitroimidazoles are stronger bases than 4nitroimidazoles and hence have the highest 
Rf values. The 4(S)-nitroimidazoles and 5nitroimidazoles studied here give a red colour 
with tin(I1) chloride and pdimethylaminobenzaldehyde reagent on silica gel thin layers. 
The same treatment applied to Cnitroimidazoles gives a yellow colour. 

~-unsubstituted nitroazoles in alkaline media (i.e., O-U4 sodium hydroxide) show a 
strongly negative shift of El,*, compared with the corresponding N-substituted deriva- 
tives. 4(5)-Nitroimidazoles and bnitroimidazoles have almost the same Et,, values over 
all the pH range (except in O*lM alkali). The E,,, values of 5nitroimidazoles are more 
positive. 

TV-unsubstituted nitroazoles do not decompose on standing in 0*5M sodium hydroxide 
for 24 hr, whereas N-substituted ones do. The 4-nitroimidazoles studied show a lower 
degree of degradation (l-1.5%) in comparison with the corresponding S-nitroimidazoles 
@O-95%) after standing in 03M sodium hydroxide for 24 hr. 

According to the criteria given it is possible to deduce the structure of the nitroazoles 
directly from the behaviour of the reaction mixtures. Based on these criteria the structures 
of some new nitroazole compounds 26 have been determined, even though one of them 
has not yet been isolated from the reaction mixture. 

It can be seen that the proposed methods and criteria have wide applicability, not 
only for the simultaneous identification and determination of nitroazoles, directly in the 
reaction mixtures, but also for determination of their structures. 
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Zemun, for helpful discussion on the chromatographic separations: to Dr. P. Viaud, Directeur des Recherches 
Pharmaceutiques Rhone-Poulenc, Paris: to Mr. R. Maksimovf and Dr. S. MikalaEki. Research Laboratory 
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Zuaammenfassung-Die nicht N-substituierten Nitroazole haben im Gegensatz zu den N-sub- 
stituierten Derivaten ein lminowasserstoffatom und reagieren mit Hydroxid zu Nitroazol-Anionen. 
Die stark negative Verschiebung von E,,, dieser Anionen ermdglicht die gleichzeitige polaro- 
graphische Bestimmung eines beliebigen Paares von Verbindungen, von denen die eine ein 
nicht N-substituiertes Nitroazol und die andere ein entsprechendes N-substituiertes Derivat ist. Die 
gleichzeitige polarographische Bestimmung dreier Verbindungen [4(5)-, 4- und 5-Nitroimidazol] 
ist in alkalischem Medium ebenfalls miighch, aber nur, wenn AE,,, zwischen den N-substi- 
tuierten Isomeren wenigstens 100 mV betriigt. Man .kann zwischen dem nicht N-substituierten 
Nitroazol und den N-substituierten Derivaten chromatographisch und/oder nach einigen anderen 
Merkmalen unterscheiden. Diese Verbindungen treten gemeinsam in Reaktionsgemischen auf, die 
bei der Substitution des H-Atoms anfallen. 

Resume-Les nitroazoles non substitues a l’azote ont un atome d’hydrogene imino a f’oppose 
des derives N-substitub, et reagissent avec l’hydroxyde pour donner des anions nitroazole. Le 
deplacement fortement negatif de E l/2 pour ces anions rend possible le dosage polarographique 
simultane de n’importe quelle paire de composes, dont fun est un nitroazole non substitut a 
I’azote et I’autre le derive N-substitue correspondant. Le dosage polarographique simultane de 
trois composes [4(5)-. 4- et 5-nitroimidazole] est aussi possible dans un milieu alcalin, mais 
seulement quand AE1/2 entre les isomeres N-substitub est d’au moins 1Ofl mV. Chromato- 
graphiquement, et/au par quelques autres crittres il est possible de distinguer entre le nitroazole 
non substitue a I’azote et les derives N-substitub. Ces composes se prbentent ensemble dans 
les melanges reactionnels se formant pendant la substitution de l’atome d’hydrogene. 
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Summary-A number of nitrato complexes of metals have been found to be adsorbed on 
DEAE-cellulose from mixed acetic acid-nitric acid media, although none can be adsorbed from 
aqueous nitric acid solutions. The distribution coefficients of SC, MO, La, Sm, W, Re, Bi, Th 
and U are given as functions of acetic acid and nitric acid concentrations (sometimes in the 
presence of hydrogen peroxide to prevent hydrolytic precipitation). For 25 other metals column 
adsorption behaviour is described for a 90% acetic acid-lo% ‘76&i nitric acid mixture. 
Favourable differences in the dis~bution coefficients allow useful separations such as 
Fe-Ma-W and U-Sm-Mo-Bi-Th, to be achieved. 

When the weakly basic anion exchanger DEAE-cellulose (abbreviated to DEAE) is used 
as an adsorbent, only a few metals have been found to be adsorbed from mineral acid 
media. Thus, Pd(II), Pt(IV)’ and Hg(IIj2 can be adsorbed on DEAE columns and 
separated selectively from many other metals in acidic thiocyanate media. Mo(VI), 
W(V1) and Re(VI1) are also adsorbed on DEAE and separated from each other in dilute 
thiocyanate3 and chloride4 media. 

Ion-exchange adsorption of metals on DEAE has been found to be improved by the 
addition of a protic organic solvent to the aqueous mineral acid media such as hydro- 
chloric acid,’ nitric acid6 and hy~~hloric acid-~i~ya~te solutions.’ 

Previously methanol has been used exclusively as the organic protic solvent. In this 
study we have investigated the adsorption behaviour of metals on DEAE in mixed 
acetic acid-nitric acid media. Though Th(IV) but none of the metals adsorbed on DEAE 
from aqueous nitric acid solutions exhibited a pronounced adsorption in methanolic 
nitric acid, introduction of acetic acid aliowed an increasing number of nitrato complexes 
to be adsorbed. A number of useful analytical separations were a~mplish~. 

EXPERIMENTAL 

Reagents 

Selectacel DEAE (diethylaminoethylcelhtlose), 0.84 me&, Brown Co., Berlin, N. H., was obtained from 
Seikagaku Kogyo Co. Ltd., Tokyo. About 10 g of DEAE were slurried with demineralized water, placed in 
a large column and treated with 200 ml of 1M ammonium nitrate acidified to pH I with nitric acid. The 
DEAE converted into the nitrate form was washed with demineralized water by centrifugation until the pH 
of the supernatant liquid was 25. After washing with methanol to remove the adsorbed water, the DEAE 
was dried at 40” for 1 hr and stored in a desiccator containing saturated potassium bromide solution. 

Stock solutions (0.05M) of the metal nitrates were prepared so as to be 1M in nitric acid. Exceptions 
were Mo(VI), W(VI) and Re(VII), the O*OSM stock solutions of which were made by dissolving their ammonium 
or sodium salts in demineralized water. 

533 
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Determination of distribution coefficients 

A batch equilibrium method was used to determine the distribution coefficients for Sc(II1). Mo(VI). 
La(III), Sm(III), W(VI), Re(VII), Bi(III), Th(IV) and U(V1). Portions (05 g) of DEAE in the nitrate form 
were weighed and placed in glass-stoppered conical flasks containing 40.0 ml of appropriate acetic acid-nitric 
acid mixtures of varying composition, which also contained 5 Imole of the metal to be measured. The 
mixtures were shaken mechanically for 20 hr at 250 f 0.1”. The two phases were separated by liltration and 
the filtrates were analysed for each metal calorimetrically by the methods given in Table I. The distribution 
coefficient was obtained from the formula: 

Kd = (amount of metal in DEAE phase/g of DEAE)/( amount of metal in solution phase/ml of solution) 

Table 1. Analytical methods used 

Cation Method 

Sc(II1) 

Fe(II1) 
Zn(II), mixed R.E.* 
Mo(VI), W(VI) 
La(II1) 
Sm(II1) 
Re(VI1) 
Bi(II1) 

Titration with EDTA, Xylenol Orange indicator 
Traces determined calorimetrically with Arsenazo III ” 
Titration with EDTA, Variamine Blue B 
Titration with EDTA, Xylenol Orange 
Calorimetrically with dithiol” 
Calorimetrically with Xylenol Orangei 
Calorimetrically with Arsenazo III ” 
Calorimetrically with thiocyanate13 
Calorimetrically with diethyldithiocarhamate“ 
Calorimetrically with Arsenazo III& 
Back-titration with Th(IV) in excess of EDTA, Xylenol 

Orange. Traces determined calorimetrically with 
Arsenazo III” 

* Rare earths 

Table 2. Separations 

Run Metal Added, w Found, w No? Eluentt 

WI) 
Th(IV) 
Sc(II1) 
Th(IV) 
Mixed R.E.9 
Th(IV) 
U(VI) 
La(II1) 
Zn(I1) 
Bi(II1) 
Mo(V1) 
W(VI) 
Mo(V1) 
W(VI) 
Fe(II1) 
Mo(V1) 
W(VI) 

121.4 x lo3 
11.4 
47.3 x IO3 
11.4 

109.1 x 10’ 
11.4 

102.4 x lo3 
104.9 
103.8 x IO3 
105.4 

10.0 x 103 
9.5 
1GO x IO3 
9.5 

10.1 x lo3 
20.0 
19.0 

(123.9 + 1.5) x lo3 
11.5 & 0.5 

(47.3 f 0.2) x lo3 
Il.1 kO.1 

(106.7 k 0.3) x 10’ 
11.4 + 0.1 

(102.0 f 0.7) x IO3 
105.2 + 9.0 

(103.6 + 0.1) x 10’ 
103.7 & 1.3 

9.7 x IO3 
15.3 (MO 13.2) 
I.05 x lo3 
7.6 (MO 28.5) 

IO.0 x IO3 
20.4 
18.9 

3 50 ml of a 
3 20 ml of b 
3 60 ml of c 
3 20 ml of b 
3 60 ml of u 
3 20 ml of b 
3 120 ml of d 
3 20 ml of b 
3 80 ml of c 
3 20 ml of b 
1 70 ml of e 
1 45 ml off 
I 70 ml of e 
1 45 ml off 
1 40 ml of $1 
1 45 ml of e 
1 50 ml off 

* No of determinations. 
t (I: Acetic acid-7.6M HNO, (4 : I), b: I.lM HNO,, c: acetic acid-7.6M HNO, 

(9: I), d: acetic acid-7.6M HNO, (19 : I), e: acetic acid-0.3M HNO, (4: 1) 
(containing 024% H,O,), j? @lM NaOH-O.lM NaCl, 9: acetic acid-0.3M HNO, 
(19 : 1) (containing 0.24% H,O,). 

5 A mixture of equal amounts of La(II1). Sm(II1) and Y(II1). For each run the 
metals were eluted in the order listed. 
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DEAE (t g) was slurried with 20 mi of the acetic acid-nitric acid mixture to be used for sample preparation 
and poured into a conventional ion-exchange column (bore 1.3 cm. length 15 cm). The column was further 
washed with 30 ml of the same mixture, the bed being 9.0 cm long. For multicomponent separations 1.5 g 
of DEAE were packed similarly into the column, the bed being 135 cm long. 

About 5 ml of a sample solution, in the appropriate mixture of acetic acid and nitric acid, were loaded 
onto the top of the column and allowed to percolate, and then an eluent was applied. The individual 
procedures are given in Table 2. A Row-rate of 2 mljmin for elution was used throughout. For sample 
foading a Bow-rate of 1 mfjmin was used. 

RESULTS AND DISCUSSION 

Adsorption qf metals from acetic acid and nitric acid mixtures 

The distribution coefficients of the nine metals on DEAE in acetic acid-nitric acid 
media are iltustrated in Figs. 1 and 2 as a function of acetic acid ~n~ntration~ where 
the concentration of nitric acid is kept constant at 7=6&f. Tungstic acid is precipitated 
when nitric acid is added to tungstate solution, so we had to determine the distribution 
coefficients of tungsten(V1) in the presence of hydrogen peroxide. For molybdenum(V1) 
the coefficients are given both in the presence and absence of hydrogen peroxide. The 
coefficient increases with increasing concentration of acetic acid for each metal, showing 
the marked effect of acetic acid on the ion-exchange adsorption of metals on DEAE. 

Figure 3 illustrates the effect of nitric acid concentration on the distributon coefficients 
of Th(IV), Bi(III), Mo(VI), La(III), Re(VI1) and U(VI), the concentration of acetic acid 
being held constant at 90% v/v. The effect of acid concentration is less marked, in 
accordance with the observation reported by Korkisch and his co-workers,8*p for the 
adsorption of metals on Dowex 1 from acetic acid-nitric acid mixtures. Among the metals 
tested, the adsorption of U(VIJ, La(IfI), Bi(III) and Th(IV) tended to increase with 
increasing concentration of nitric acid, while oxy-anions exhibited the opposite trend. 

The distribution coefficients were also measured for 25 metals other than those 

Acatic mid. Ye v/v 

Fig. 1. Distribution coefficients of metals on DEAE in acetic acid-MM nitric acid media as a 
function of acetic acid conentration. 

+ 0,23?, H202 added. 
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Fig. 2. 

Acetic acid, % v/v 

Distribution coefficients of metals on DEAE in acetic acid-7.6M nitric acid media as a 
function of acetic acid concentration. 

II 3 ’ ’ 1’ ’ 3 ’ 3 ’ 3 ’ ’ 
0 2 4 6 a 10 I2 

HNO,, M 

Fig. 3. Distribution coefficients of metals on DEAE in acetic acid-nitric acid (9 : 1) media as a 
function of nitric acid concentration. 
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illustrated in Figs. 1 and 2, in a medium of 90% acetic acid-lo% 7.6M nitric acid by a 
column method, on a 05-g DEAE column. The following metals did not adsorb to any 
great extent on the column: Be(II), Mg(II), Ca(II), Cr(III), Mn(II), Fe(III), Co(II), Ni(II), 
Cu(II), Zn(II), Ga(III), As(V), Y(III), Zr(IV), Ag(I), Cd(II), In(II1) and Hg(I1). Ge(IV), 
Ba(I1) and Pb(I1) were precipitated from the same medium. Pd(I1) and Au(II1) adsorbed 
strongly, with coefficients > 100 and 105, respectively, in the presence of a minimum 
amount of chloride. The coefficients for Al(II1) and V(V) were 25 and 30, respectively. 

To obtain some information on the ease of attainment of ion-exchange equilibrium, 
U(V1) and Th(IV) were chosen and their distribution coefficients were measured at time 
intervals, in acetic acid-7.6M nitric acid. The volume ratio of acetic to nitric acid was 
19 : 1 for U(V1) and 4 : 1 for Th(IV). U(V1) attained equilibrium in l-2 hr, but Th(IV) 
took about 6 hr. 

The metals showing strong adsorption on DEAE from mixed acetic acid-nitric acid 
media are very similar to those which adsorb on a strongly basic resin from aqueous 
nitric acid solution.“*” This is the case for Mo(VI), Pd(II), the lighter rare-earth metals, 
Re(VII), Au(III), Bi(III), Th(IV) and U(V1). Therefore, we see that in the mixed acetic 
acid-nitric acid media DEAE behaves in a similar way to a strongly basic resin in 
aqueous nitric acid solutions, the uptake of metals taking place by anion-exchange of 
their nitrato complexes. 

The role of acetic acid is considered to be as follows. The addition of increasing 
amounts of acetic acid will reduce the concentration of nitrate ions, which compete for 
the ion-exchange sites with nitrato complexes, and also will reduce the numbers of water 
molecules around metal ions, thus enabling the nitrato complexes to be formed at a 
lower concentration of nitric acid. Because of a low concentration of competitive nitrate 
ions, the nitrato complexes may easily enter the exchange sites without competing with 
nitrate ions. Accordingly, a lower concentration of nitric acid is sufficient for the anion- 
exchange in mixed acetic acid-nitric acid media. This is in accord with the slight 
dependence of the distribution coefficients of metals on nitric acid concentration (Fig. 3). 

Korkisch and his co-workers **’ have reported the distribution coefficients of many 
metals on Dowex 1 in acetic acid-nitric acid media. Fewer metals are adsorbable on 
DEAE than on Dowex 1. Also, there are great differences in adsorbability of metals on 
DEAE and on Dowex 1. The ratio of the distribution coefficients for metals: 

Kd on Dowex 1 in 90% acetic acid-lo% 5M nitric acid 

Kd on DEAE in 90% acetic acid-lo% 7*6M nitric acid 

is approximately 10 for UO,(II), Sc(II1) and Sm(III), 20 for Bi(III), 30 for La(II1) 
and 70 for Th(IV). Based on these observations the sequence of adsorption of nitrato 
complexes according to the ion-exchange system involved is assumed to be: Dowex l-acetic 
acid-nitric acid > Dowex l-nitric acid + DEAE-acetic acid-nitric acid > DEAE- 
methanol-nitric acid > DEAE-nitric acid. 

Even though a large number of metals can be adsorbed on DEAE from mixed 
acetic acid-nitric acid media. the number of metals which are retained strongly enough 
on DEAE columns to allow their separation is still low. Th(IV), Bi(III), W(VI), Mo(V1) 
and Re(VI1) may be separated selectively from many other metals. Some quantitative 
separations were conducted, and the results obtained are given in Table 2. When each 
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20 40 60 a0 
Volume of effluent, ml 

Fig. 4. Chromatographic separation of U(W), Th(IV) and Bi(II1). S: sample solution, acetic acid- 
7.6M HNO, (9 : I). 

Added, mg: U 1.24, Th 1.14, Bi 1.05. 
Recovered, %: U 98.4, Th 98.3, Bi 101. 

separation was repeated more than three times, average and standard deviations are 
listed for the individual metals. In order to demonstrate the versatility of the present 
ion-exchange system, most separations were carried out with widely different concentra- 
tions (up to 1 : 1006). Under these conditions (runs 6 and 7) traces of Mo(V1) tend 
to contaminate the W(V1) fraction, but quantitative separation is quite feasible when 
the two metals are present in comparable amount (run 8). 

When W(V1) is involved in separations, the concentration of nitric acid becomes 
critical. In attempts at separation of Mo(V1) and W(V1) in an acetic acid-76M nitric 
acid mixture (4 : 1) containing 0.24% hydrogen peroxide, an appreciable amount of 
W(N) passed through the column into the effluent, probably because of the hydrolytic 
polymerization of tungstic acid. However, this breakthrough of W(V1) was easily 
avoided by decreasing the concentration of nitric acid to 0.3M. Use of increased amounts 
of the peroxide was not effective in preventing the breakthrough. 

Three- and five-component separations are also feasible and are illustrated in Figs. 4 
and 5, respectively. The separations were quantitative and no marked tailing was observed. 
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Fig. 5. Chromatograp~ic separation of U(W), Sm{III), Mo(VI). Bi(II1) and Th(IV). S: sample 
solution, acetic acid-76M HN03 (19 : f). 

Added, pg: U 126, Sm 151. MO 97.4, Bi 210, Th 114. 
Recovered. %: U 107, Sm 101. MO 98.9, Bi 103. Th 101. 
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When weakly basic cellulosic ion-exchangers are used in mixed solvents, they do not 
always exhibit their inherent ion-exchange function, unless a solvent such as methanol 
or acetic acid is employed. As compared with methanol, addition of which to nitric 
acid solutions permits only Th(IV) to be taken up on DEAE, acetic acid enhances the 
formation and stabilization of nitrato complexes to a greater extent, causing many metals 
to be adsorbed on DEAE. This may be explained by the lower dielectric constant of 
acetic acid (E = 6.2, 20”) as compared with methanol (E = 32.6, 25”). 
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Zusammengassung-Es wurde gefunden, dalj eine Anzahl von MetallNitratokomplexen aus 
gemischten Essigsiure-Salpetersluremedien an DEAE-Cellulose adsorbiert werden, obwohl aus 
wll3rigen SalpetersHurel6sungen keiner adsorbiert werden kann. Die Verteilungskoeffizienten von 
SC. MO. La. Sm. W. Re. Bi, Th und U werden in Abhingigkeit van den Konzentrationen an 
Essigsaure und Salpetersaure angegeben (manchmal in Gegenwart von Wasserstoffperoxid, urn 
hydrolytische Fallung zu vermeiden). Fiir 25 andere Metalle wird das Adsorptionsverhalten an 
einer Siule in einem Gemisch aus 90”~ Essigdure und 10% 7.6 M SalpetersHure beschrieben. 
Giinstige Unterschiede in den Verteilungskoeffizienten erlauben niitzliche Trennungen, wie 
Fe-MO-W und U-Sm-Mo-Bi-Th. 

R&m&-On a trouve qu’un certain nombre de complexes nitrato de mttaux sont adsorb& sur 
la DEAE-cellulose de milieux milanges acide acttique-acide nitrique, quoique aucun ne peut 
etre adsorb6 de solutions aqueuses d’acide nitrique. On donne les coefficients de partage de SC, 
MO. La. Sm. W. Re. Bi, Th et U en fonction des concentrations en acide acttique et acide 
nitrique (quelquefois en la prbence de peroxyde d’hydrogtne pour prtvenir la prkipitation 
hydrolytique). Pour 25 autres mttaux on d&it le comportement g l’adsorption sur colonne 
pour un mblange acide acetique 90:,;-acide nitrique 7,6M 10%. Des diffirences favorables entre 
les coefficients de partage permettent des skparations utiles telles que Fe-MO-W et 
U-Sm-Mo-Bi-Th. 
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Summary-Polyvinyl acetate and iodine form a characteristic red complex in the presence of 
potassium iodide. Spectrophotometry of the complex at 510 nm in a methanol-water system at 
20” yields linear calibration curves over the range 25-100 mg of polyvinyl acetate per 1. of 
final solution. The limit of detection is 0.1 mg of polyvinyl acetate in 0.5 ml of initial sample. 
Replacement of acetate groups by inert groups reduces the sensitivity of the method, and other 
details of the system are discussed. 

Iodine-potassium iodide tests for polyvinyl acetate (PVAc) and polyvinyl alcohol are of 
commercial interest.‘q2 PVAc can be identified after it has been separated chromato- 
graphically from polyvinyl alcohol and their graft copolymers, by the development of a 
deep-red colour when the chromatogram is sprayed with I,-KI solution.’ PVAc in vinyl 
acetate4 and other media can also be detected in this way after chromatography. Aqueous 
I,-KI added to a solution of PVAc in glacial acetic acid and diluted with water yields 
an intense red-violet colour advocated as a qualitative test which is independent of the 
presence of some copolymers. ’ Some of the variables affecting colour intensity for this 
reaction in a methanol-water system have been examined recently by Hayashi and 
co-workers. Absorbances up to O-7 at 510 nm were recorded with w IO-‘M iodine and 
iodide solutions and up to 700 mg of PVAc per 1. of final solution, for which it was 
mentioned that linear calibration curves may be obtained.6 Here, we present a quantitative 
examination of the sensitivity, reproducibility, linearity and general characteristics of the 
phenomenon. Our conditions are similar to those used previously,6 but our aim has been 
to use a maximum concentration of iodine to investigate a wider range of absorbance 
with well-known commercial polymers of the Western world. Our selection of polymers 
comprises two pure PVAc resins used in organic-solvent based adhesives, glossy paper 
coatings. textile stiffening agents, and high-gloss printing inks, and one acrylic vinyl 
acetate copolymer which finds application in aqueous and alcoholic solution as a 
component of inks and textile sizes. 

EXPERIMENTAL 

Marerials 

Pure PVAc resins were “Gelva” grades V-7 and V-100, of respective approximate molecular weights 
5 x lo4 and 5 x lo’, manufactured in the form of small spheres by the emulsion polymerization of vinyl 
acetate. The copolymer “Vinavil” grade C4, molecular weight 4 x 104, contains a major proportion of acetate 
groups and a minor proportion of aliphatic carboxylic acid groups which render it soluble in aqueous sodium 
carbonate solution. Reagents were of analytical grade. 

* Based in part on a report by F. T. Serra in partial fulfilment of the requirements for the Degree of MSc. 
of the University of London. 1972. 
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Procedures 

Methanolic solutions of the polymers were prepared at concentrations in the range 9-17 g,l Aliquots of 
these were diluted accurately and treated with methanolic iodine and aqueous potassium iodine solutions to 
explore optimum conditions. Spectra of the final solutions were scanned on a Unicam SP 700 spectrophotometer. 
For the calibration measurements, at least 30 min were allowed6 for the complex to equilibrate at 20 . then 
absorbances were measured at 510 nm against a reagent blank on a Hilger-Watts Uvispek spectrophoto- 
meter, with l-cm cells and O.l-mm slitwidth. The mean of three estimates was taken for each solution. Values 
of absorbance (Ai) and final polymer concentration (ci) were determined for optimum conditions. at first 
with single aliquots, and later with ten replicates of diluted stock polymer solution. For the latter, limits of the 
true mean values were calculated as ?fi f ts/,,&, where Xi is the mean of 10 results, s is their standard 
deviation, and t the value of Gosset’s t for 99% confidence. Least-squares straight lines were calculated from 
the Ai and ci values, and the deviations of individual absorbance values from the lines were calculated from 
Ai - qZA&, for lines through the point Af = 0, ci = 0, and from ‘4; - (ci(NZ(Aici) - Zci.EAi) + 2,4,Ec,’ 
- EC, Z(c, A,))/(NZc,’ - (Zq)‘) f or g eneral lines, where N is the number of results. Deviations were also 
expressed as percentages of the absorbance values on the calculated line. 

RESULTS 

Table 1 shows the concentrations of iodine and potassium iodide and the order of mixing 
of reagents adopted in the calibration tests. These concentrations were sufficient to ensure 
linear calibration curves over the whole range of absorbance available with the Uvispek 
(O-3), yet just insufficient to cause significant precipitation of polymer provided that due 
care was exercised. Figure 1 shows spectra of the polymer complexes for these conditions. 
The maxima occur at 520 and 510 nm for Gelva V-7 and the copolymer, respectively. 
Concentrations of PVAc in the middle of the range yielded wine-red solutions in which 
blue and green light is absorbed, mainly by unreacted reagents and the complex 
respectively. Provided that the methanolic solution was mixed with the aqueous potassium 
iodide by very gentle swirling, the procedure shown in Table 1 gave a clear solution of 
complex accompanied merely by a very faint bluish-red film at the surface of the solution. 
Violent agitation of the final solution produced a deep-red fibrous precipitate of the 
complex, which reduced the absorbance of the solution, especially in the case of higher 
concentrations of PVAc. Increase in the concentrations of iodine and potassium iodide 
by 50% above those listed in Table 1 led to immediate precipitation of deep-red complex 
mixed with some colourless polymer. A several-fold increase led to a dark, fibrous 
precipitate of complex even for low concentrations of PVAc. The omission of iodine from 
the procedure resulted, for example with a 2-g/1. initial solution of PVAc, in a faintly 
opalescent final solution, owing to precipitated and colloidal PVAc. 

Table 2 lists the results of absorbance measurements on single solutions of Gelva V-7 
complex prepared according to Table 1. The points deviate less from their general 

Table 1. Composition of the calorimetric solution and order of mixing 

Component [Stock solution], 
rlil. M 

Volume used. 
ml 

[Final solution], 
hf 

I. Methdnolic PVAc solution 9.547* 0.0 1 I lot 5.00 oQOO213+ 
maximum (183.6 mg!l. maximum*) 

2. Methanol to 500 
3. Methanolic I, solution 5.117 0.020 14 5Qo O.ooO386 
4. Mixture of 1, 2 and 3 1.00 
5. Aqueous KI solution 2.699 0.01626 25.00 0.0 156 

* For results quoted in Table 3. 
t Based on CH,CHOCOCH, units. 



Complexation of polyvinyl acetate with iodine 

400 500 600 700 

““I 

kHz/cm 

543 

Fig. 1. Spectra of complex formed from (A) 183 mg of Gelva V-7 PVAc and (B) 184 mg of 
Vinavil C4 copolymer per 1. of final solution under the conditions of the analytical method. 

Spectrum C is the iodine-potassium iodide blank vs. a potassium iodide blank. 

least-squares straight line than from the least-squares straight line which includes the 
point Ai = 0, ci = 0. In the latter case, the deviations are systematically negative for the 
lower Ci values. The general line indicates a threshold polymer concentration of 2-7 mg/l. 
The gradients of the two lines differ by 5%, and the general scatter of results is several 
per cent. Similar characteristics were observed with Gelva V-100 (not shown) for which 
the gradient was again -0.022 l./mg. The sensitivity of the method is not perceptibly 

Table 2. Single determinations of absorbance at 510 nm and 20” (AJ for various 
concentrations of Gelva V-7 complex, and deviations from the derived least-squares 

straight lines 

[ PVAc]. Observed Deviation* 7; Deviation* Deviation* “/ Deviation* 
cr. ‘4, for A = 0.02 142~ for A = 00225~ - 0.0615 

IrIg’/. 

12648 2.88 +0.17 
110.67 2.42 + 0.05 
94.86 2.07 + 0.04 
79.05 1.695 0.00 
63.25 1.323 - 0.03 
47.43 0,966 - 0.05 
31.62 0.617 -0% 
15.81 0.279 - 0.06 
6.32 0.084 -0.05 

+6.3 
+2.1 
+2,0 
+0.1 
-2.4 
-4.9 
-9.0 
-18 
-38 

+0.10 +3,5 
-0.01 -0.4 

000 0.0 
-0.02 -1.3 
-004 -2.8 
- 0.04 -4.0 
-0.03 -5.1 
-0.015 - 5.0 
+ oQO3 + 3.6 

* See Experimental. 
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Table 3. Single determinations of absorbance at 510 nm and 20” (A) for solutions of Copolymer C4 treated 
with 062014M iodine and 0.01626M potassium iodide, deviations from least-squares straight lines, and 

reduction in absorbance observed with 000403M iodine and 0003252M potassium iodide 

[Copolymer], Obyd Deviatio;: = $,,9yn* ~oia;~;.o16,~_;;n* 
ci , 

ms/ 1. 

% Reduction 

183.6 3.05 +0.13 
160.7 2.45 -0.10 
137.7 2.227 + 0.039 
1148 1.812 -0.012 
91.8 1488 + 0.029 
68.9 1.035 - 0060 
45.9 0.694 -0.035 
229 0.332 -0.032 
9.18 O-120 - 0.026 
4.59 0.052 -0.023 

+4.5 
- 3.9 
+1.8 
-0.7 
+ 2.0 
-5.5 
-4.8 
-8.8 

-18 
-31 

+0.05 
-0.08 
+0.014 
- 0.038 
+ 0.022 
-0.048 
-0.004 
+ 0.008 
+0.035 
+ 0.042 

+ 1.6 
-3.1 
+ 0.6. 
-2.1 
+1.5 
-4.4 
-0.6 
-2.4 

(+41) 
( + 520) 

> 50 
45 
38 
33 
30 
30 
30 
30 

* See Experimental. 

affected by a change in molecular weight by a factor of 10 in the range of PVAc 
polymers most widely employed in industry. 

The results of single determinations with Copolymer C4 are listed in Table 3. This 
copolymer shows similar characteristics to the Gelva polymer, but the gradient of the 
calibration graph is - 0.016 l./mg and a threshold concentration of 4.1 mg/‘l. is indicated. 
Table 3 also includes the per cent reduction in absorbance observed when the iodine and 
potassium iodide concentrations are reduced by a factor of 5. Linearity is retained and 
absorbance is reduced by 30% for concentrations of copolymer up to 100 mg/l., but for 
higher concentrations the absorbance levels off to a maximum of - 15. 

The results above show that the dilution of stock solution, preparation of complex 
solution, and measurement of absorbance generate a random error of up to - 5%. 
Absorbance appears to be particularly low for initial polymer concentrations below about 
10 mg/l., owing to a systematic phenomenon. Table 4 shows the results of replicate 
dilutions and absorbance measurements on solutions of the Gelva V polymers for initial 
concentrations > 10 mg/l. For the initial polymer concentration range 10-100 mg/l., the 

Table 4. Limits of true mean absorbances in the replication experiments, and 
deviations of means (Xi) from the least squares line* 

[PVAc], 
Ci’ 

wll. 

Limits of 
true mean 

;i 
X True-mean Deviation % Deviation 

limits for A = 0.02175~ 

Gelva V-7 
126.48 2.76 
94.86 2.065 
63.24 1.432 

Gelva V-100 
48.30 1.058 
24.15 0.473 
12.08 0.235 

kO.15 
0.022 
0@07 

0.003 
0002 
0.002 

* 5.4 +oQl +0.4 
1.1 +0.001 0.0 
W5 +0056 f4.1 

@3 + 0~007 +0.7 
0.5 -0.052 -9.9 
@9 -0.028 - 10.6 

* See Experimental. 
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mean of 10 replicates can be relied upon to within about 1%. At the lower end of this 
range the dilution procedure is no doubt critical, and at the top of the range absorbance 
measurements above 2 become critical. Our measurements on the 126*48-mg/l. solution 
(A N 2.8) showed singularly poor reproducibility, to which lack of quantitative repro- 
ducibility of complex formation may contribute. The best straight line which includes the 
point A = 0, c = 0 has a gradient close to O-022 l./mg and again indicates a threshold 
effect through the low results for initial polymer concentrations < 25 mg/l. The results 
for the four highest concentrations in Table 4 yield A = 0.02198~. The results for the two 
lowest concentrations make only a minor contribution to the value of the gradient. 

DISCUSSION 

The absorbance of the pure PVAc complex is given within 2% by the equation 
A = 0.022~ for the conditions in Table 1 at 20” and c expressed in mg/l. of final 
calorimetric solution. Replication was necessary to obtain this reproducibility, and the 
scaling up of our volumetric procedure is recommended. The range is limited to 
25-100 mg of PVAc per 1. of final solution by a small threshold effect at lower 
PVAc concentrations and poor precision at the higher concentrations. The method of 
standard additions is indicated for the determination of small quantities of PVAc. The 
threshold effect and the lowest measurable absorbance (- O-007) give 3 mg/l. of final 
solution, or k 0.1 mg in 0.5 ml of initial solution, as the limit of detection. As far as 
the final calorimetric solution is concerned, the sensitivity of the method is comparable 
to that obtained in the determination of polyvinyl alcohol by the borate-tri-iodide method.’ 

The dispersion of PVAc from methanolic solution into water normally causes the 
collapse of the extended polymer chains and aggregation of low concentrations of polymer 
to the colloidal state. High concentrations of PVAc result in precipitation under such 
conditions, as we observed when iodine was omitted from the procedure in Table 1. 
In our analytical method, the red complex forms at the limit of its solubility. It is 
therefore unlikely that the complex is a polyelectrolyte involving charged iodine, because 
this would almost certainly be water-soluble. Rather, the complex is a polymer aggregate 
in which neutral iodine is chemisorbed. In the case of very dilute PVAc solutions, a large 
fraction of the polymer molecules may remain in an extended form preferentially solvated 
by methanol and give rise to the threshold effect under the conditions of the analytical 
method. 

We have found that greater absorbance per unit concentration of PVAc and a more 
stable solution with respect to precipitation may be obtained if less water is used to 
dilute the system, for example, as when the methanolic PVAc-I, solution (Table 1) is 
first diluted with pure water until it contains w 35% of methanol, and then almost half 
of its volume of potassium iodide solution is added as the last step. However, the 
absorbances of final solutions containing 20-40’~ of methanol slowly increase with time. 
This suggests that complex formation is accompanied by slow crystallization or orientation 
of the polymer chains, which can be rapid in highly aqueous solutions. A similar 
phenomenon may occur following the disappearance of the absorption-band characteristic 
of the complex at temperatures > 30”, when the solution is cooled back to 20” and the 
band returns. The red acetate complex is thermodynamically unstable at 30” and differs 
in this respect from the blue polyvinyl alcohol-borate-iodine complex which is stable at 
this temperature.‘.’ 
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In the presence of sufficient potassium iodide, the proportion of iodine which reacts 
with PVAc is 7.3”/, by weight at 20”, whether the PVAc is dispersed aia methanol in 
aqueous solution or is merely suspended as a fine solid in contact with the aqueous 
medium (although the apparent iodine potentials recorded with the two phases differ by 

10 mV).* This corresponds to one iodine atom for every 20 acetate groups in pure 
&AC. Under the conditions of our analytical method, sufficient iodine is present to 
exceed this requirement by a factor of about 40 in the case of the highest concentration 
of PVAc used, and this ensures approximate constancy of the contribution made by 
unreacted reagents to the absorption of the analytica solution. However, the fact that 
only one acetate group in 20 is involved suggests that iodine is complexed at special sites 
or that complex formation requires the orientation of several polymer segments. 

The sensitivity of the analytical method for Copolymer C4 is reduced by 26% from 
that for pure PVAc. The proportion of bound iodine must be similarly reduced owing 
to the lesser number of acetate groups. If a proportionate relationship between con- 
centration of complex and acetate groups is assumed, the analytical method shows 
about a 74% vinyl acetate contribution in this copolymer. (The threshold concentration 
for the copolymer is consistently higher than for pure PVAc, but we cannot be sure of 
the mechanism governing this phenomenon.) The characteristic absorption-band of the 
red complex is also easily observed for copolymers of vinyl acetate which contain 
8598% of alcohol groups in place of acetate (substantially hydrolysed PVAc).’ These 
hydrophilic (co)polymers are very soluble and are in their extended forms in water. 
We conclude, therefore, that two things are necessary for the formation of the red 
complex in the I,-KI system: co-ordination by water, and the orientation of several 
polymer segments around each iodine unit. The degree of extension of the polymer 
chain appears in itself to have only a minor influence on the formation of the complex. 
Further work in this area is clearfy desirable. 
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Zu~mmenfa~~~-Polyvi~ylace~t und Jod bilden in Gegenwart von Kaliumjodid einen 
charakteristischen roten Kompiex. Die Spektrophotometrie des Komplexes bei 510 nm in einem 
Methanol-Wasser-System bei 20” gibt im Bereich 25-100 mg Polyv,inylacetat pro Liter 
MeDlijsung lineare Eichkurven. Die Nachweisgrenze betragt 0.1 mg Polyvinylacetat in 0.5 ml 
anfinglicher Probe. Ersatz der Acetatgruppen durch inerte Gruppen vermindert die Empfindlich- 
keit der Methode: andere Einzeiheiten des Systems werden diskutiert. 

R&sum&-La&ate de polyvinyle et l’iode forment un complexe rouge caracteristique en ia 
presence d’iodure de potassium. La spectrophotometrie du complexe h 510 nm dans un systtme 
methanol-eau a 20” fournit des courbes d’etalonnage linhires dans le domaine 25-100 mg 
da&ate de polyvinyle par litre de solution finale. La limite de detection est de 0.1 mg 
d’acetate de polyvinyle dans 0.5 ml d’echantillon initial. Le remplacement de groupes acetate par 
des groupes inertes reduit la sensibilite de la methode, et Ton discute d’autres details du systeme. 
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Summary-The error in a determination of an element in a rock or mineral sample depends 
on the analytical error, the weight of sample analysed, and the nature and history of the 
laboratory sample. The most probable result is not independent of the weight of sample analysed. 
This is due to the fact that trace constituents often reside in isolated mineral grains. The chance 
of such mineral grains appearing in any one analgsed sample becomes more remote as the 
sample weight decrease& even when rock or mineral samples are reduced to fine powders. 
Such subsampling errors can be controlled through the use of samphg crtnstants. These may 
be estimated by several procedures, including repetitive determination of a constituent and 
physical measurement of relevant sample characteristics. Sampling constants can be usefully 
employed during the establishment and certification of reference samples or standards. When 
subsampling is deficient, analytical results may yield erroneously low values, sometimes with high 
precision. High precision never implies high accuracy; it may be a symptom of gross moor. 

Laboratory sampies of rocks and minerals frequentiy yield unrepre~n~t~ve analytical 
subsamples.‘-” Though laboratory subsampling error is sometimes insignificant, it can be 
much greater than intuition would predict.” It becomes more important as the concentra- 
tion of the element of interest diminishes, and, in analyses for trace elements, probably 
constitutes one of the largest single sources of experimentai error.‘** 

Most geochemicaf analyses are now accompiished by rapid inst~men~i methods 
which compare signals generated by standards and unknowns. Subsample weights are 
often dictated by the peculiarities of the method, and may be small, ranging from a 
gram or less for chemical methods down to a few micrograms or nanograms in spark- 
source mass spectrometry5 and electron-probe microanalysis. With the comparison 
methods, the subsampling characteristics of both standards and unknowns have an effect 
on the overall experimental error. ~~ntitative estimation of this e&x% is desirable. 

The relative standard deviation (R, Od) of the resuits for one component, when the 
laboratory sample has been prepared in a particular way to pass a specific mesh size, 
varies inversely as the square root of the weight (w) of the analytical subsample,‘+* and 
asampling constant (K,) can be defined by 

R =%m or K,=R2w (11 

This relationship presumes that the subsample corresponds to at least a certain minimum 
number of particles and that the sample is well-mixed, so that a combined result from 
two subsamples, each of weight w, has the same subsampling variability as a single 
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subsample of weight 2w. This assumption of thorough mixing, sometimes loosely and 
erroneously referred to as sample homogeneity, is to be understood to appiy throughout. 
It does not require that all the mineral grains be of the same size; it requires only 
that they be randomly distributed throughout the sample, and randomly taken during 
removal of the analytical subsample. For our purposes, we shall refer to it as “uniformity.” 
It is a qualitative term, since no mixture of minerals can possibly be either homo- 
geneous or uniform, no matter how finely ground or thoroughly mixed. 

The sampling constant, K,, has the units of mass. It is the subsample weight necessary 
to ensure a relative subsampling error of 1% (68% confidence) in a single determination. 
Its square root is numerically equal to the expected coefficient of variation for results 
obtained on l-g subsamples in a procedure which is free from analytical error. 

It should be noted that grain size and distribution do not enter this relationship. 
The sampling constant is specific for each constituent of a sample in a given state of 
subdivision. Further grinding of a sample will usually (not always) lower the sampling 
constant for each constituent. 

Sampling constants will usually be estimated from a series of determinations by the 
same method under controlled conditions. The observed variability of such a series will 
include both analytical and subsampling variability, so that the subsampling characteristics 
cannot be determined from it unless there is an inde~ndent estimate of analytical 
variability, or unless there is good reason to believe that analytical variability is negligible 
compared to subsampling variability. Generally, if the subsampling error is greater than 
three times the analytical error, the latter is of no consequence.9 

Once the subsampling characteristics of a given sample have been determined for any 
constituent, they should be included in any report of sample composition; in the case of 
“standard” or “reference” samples, sampling constants should be included in any certifica- 
tion. It would then be possible for an independent investigator, using further subsamples 
of the same material, to distinguish between the analytical variability of his method of 
analysis and variability due to his subsampling process. It would also be possible for 
him to estimate the overall precision attainable by his method, as a function of subsample 
weight. 

Knowing the sampling constant for a constituent of a sample and also the subsample 
weight, an analyst can readily calculate the contribution of subsampling error to the 
probable deviation of a single analytical result. In general, this deviation can be translated 
into error bars of determinable length by using Gaussian statistics. In trace-element 
analysis, however, and also in the analysis of highly purified materials, the distributions 
of subsample determinations may be decidedly skew for su~ciently small subsample 
weights, and probabilities cannot be well measured by using Gaussian statistics. In such 
cases, better approximations of the probabilities are given by use of Poisson statistics.‘O 

The sampling constant principle has been developed previously by Gy,’ 1312 Visman, l 3 
and others in dealing with the collection, reduction, and preparation of samples from 
large masses of material. While the various statistics that apply in bulk sampling are 
generally similar to those applying in laboratory subsampling, they cannot be correctfy 
used in the latter operation without modification and shifts of emphasis. In particular, 
assumptions of symmetrical distribution become less true as sample weight decreases, 
and at the laboratory subsampling level often lose all validity. 

Gy’s basic sampling equation has been explained and discussed by Ottley.” The 
validity of Visman’s “General Theory of Sampling” has been examined by Duncan” 
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and by Visman, Duncan and Lerner.16 Visman proposes the use of two sampling 
constants, one of which deals with errors arising from the presence of more than one 
species in the material to be sampled, and the other with errors due to segregation or 
unmixing. The latter is not relevant to the present discussion, in which it is assumed 
that unmixing and segregation difficulties may be overcome in good laboratory practice 
by careful mixing of laboratory samples and the use of appropriate methods for splitting 
out the analytical subsamples. A test for the “homogeneity” of a mixture has been 
developed by Schaeffer,’ ’ who has also written on the problem of sampling mixtures of 
“multisized” particles.” 

RESULTS FOR DISCUSSION 

Table 1 shows ten sets of K,O determinations done by a method of high precision,‘j 
three on samples which are uniform at the 100-mg subsampling level, and seven on 
non-uniform samples, obtained during a search for suitable calibrating standards. The 
results show that the laboratory subsampling error may be much greater than is generally 
recognized. Of the non-uniform samples, the basalt and the granodiorite GSP-1 show 
variations typical of rock powders of this type; the biotite contains hornblende and other 
low-potassium impurities; the white mica shows a wide variability in its potassium 
content under the microprobe, although it appears homogeneous under the microscope; 
the pyroxene contains feldspar grains which result in discrete differences among the 
several values; the beryl contains muscovite inclusions which are inseparable even 
when the sample is ground to pass a 200-mesh sieve. 

Table 2 summarizes the results of repetitive determinations of K20 in various reference 
samples, together with sampling constants and other information. Potassium determina- 
tions are very useful for illustrative purposes because the methods used are intrinsically 
precise, having been developed over many years by those interested in K-Ar dating. 

Table 1. Repetitive determinations of K20* 

Uniform rocks and minerals Non-uniform rocks and minerals 

Basalt Pyroxene Phlogopite Basalt Hornblende Biotite White mica Pyroxene Beryl GSP-I 

0.667 0.0115 10.17 0.358 0.287 8.97 7.59 0.0157 0.0094 5.52 
0.666 0.0115 10.17 0.359 0.277 m ij% 0.0189 o.c093 5.50 
0.664 0.0115 10.17 0.363 0.280 8.84 890 00190 0.0087 5.52 
0.665 0.0113 10.16 0.364 0.275 8.90 878 00113 0.0127 5.49 
0.665 0.0115 10.17 0.362 0288 8.57 8.87 00157 0.0138 5.55 
0,668 0.0113 10.17 0363 0.277 887 790 O-0180 0.0017 549 

io.17 0.367 0.284 8.95 7.87 _ O-0097 544 
1017 0.367 0.282 0.0123 5.48 
10.17 0.358 0.280 5.42 
IO.17 0.350 0.289 544 

- - 10.17 

* All values reported in “/, w/w K,O: each reported value represents a separate analysis: high and low values are 
underlined: lOO-mg subsamples used in every case. Analysts, L. B. Schlocker and C. 0. Ingamells. Procedure. Mix 
0~1000 g of sample.and 0.7000 g of K-free LiBO,, transfer to a high-purity graphite crucible, and heat in a muffle at 
950’ for 15 min. Pour the melt into 100 ml of 4% nitric acid and stir till dissolved (5 min). Read the K/Li ratio with an 
Instrumentation Laboratories Model 143 flame photometer (after tenfold dilution for samples with > 1% K,O). Use a 
u~@rnl standard and a K-free quartz for calibration and zero setting respectively. 
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Table 2. Sampling constants for potassium 

Sample and description 
No. of Effective Sampling 

Method* detns. mesh size, K,O. constant, References and remarks 
ium % 

,- 
d & 

Amphibolite-orthociase 4 
Bern Muscovite 4M 4 
Bern Biotite 4B 4 
MIT Biotite B-3203 2, 3, 4 
MIT Biotite B-3203 1, 3 
USGS Muscovite P-207 2 
Nancy Biotite Bio-R 4 
Nancy Phlogopite Mica-Mg 4 
Nancy Biotite Mica-Fe 4 
Biotite LP-6 Bio 40-M) # t 4 
Nancy Basalt BR 4 
Penn State Orthoclase 1, L 394 
USGS Dunite DTS-1 3 
USGS Peridotite PCC-1 3, 4 
USGS Basalt BCR-1 4 
USGS Basalt BCR-1 4 
White Mica, Table 1 4 
Beryl, Table 1 4 
USGS Granite G-l 1, 2, 3, 4 

40 
39 
28 
13 
8 

10 
10 
12 
16 

100 
9 

many 
6 

12 
64 

6 
7 

1;g 

297-420 

350 
125 
300 

unscreened 

250-420 
unscreened 

297 
unscreened 
unscreened 
unscreened 
unscreened 

1000 
74-149 

177 

0.286 50 Engels and IngarneRs 
1040 0.14 This paper 
9.47 0.11 This paper 
9.05 044 Abbey et aLz3 Engels” 
9.05 0.10 Ground to 115 mesh pass 

10.4 0.41 Lanphere and Dairymples3.“* 
8.80 0.11 de la Roche and Govindarajt 

IO.18 O-00$ This paper 
8.84 0.1 This paper 

10.03 0.07 Engels and IngamellsJJ,‘” 
1.38 0.15 Roubault et u1.86.8’ 

14.92 OOO$ Engels and IngamellssS 
0.0011 14. Morgan and Heiersg 
O@Oll 38. Flanagar? 
1.70 0.57 Goldich et ~1.4’ 
1.70 0,32 Subsamples from same bottle 
8.4 2.1 Compositional variability 
0.01 12. Muscovite inclusions 
5.52 0.3 This paper 

* Methods of analysis: 1. Lawrence SmithZz attack, double leach.t0 chloroplatinate separation,‘9 conversion into sulph; 
for weighing; minor alkalies determined by Same photometry,2s and corrections made. 2. Flame photometry.” 3. Shapiro a 
Brannock.“$4. LiBOz fusion, HN03 solution, flame photometry using Li from the flux as an internal standard.6.82 

t LP-6 Bio is a biotite of 99.9% purity44,45 available from .I. C. Engels, 348 Waverly St., Menlo Park, California, USA 94025. 
9 The sampling constant reported for G-l is based on 12 determinations by method 4: results by other methods confirm I 

estimate. 
5: Precision of the method is not good enough to detect any subsampling variability in these samples. 

Methods include gravimetric procedures using chloroplatinate,” perchlorate,” or tetra- 
phenylborate,” usually applied after a Lawrence Smith2’ or Berzelius”’ decomposition. 
Flame emission and absorption methods23-30 and isotope-dilution mass spectrometry3r 
are most often used. Neutron-activation analysis32-33 and combined neutron-activation 
and mass spectrometry 30-35 have been applied. X-Ray spectrography is a common 
method.36-39 

Because of the effort which has gone into the refinement of ail these methods, it is 
reasonable to assume that they contribute less than usual to the variance of the results. 
The high precision attainable has been well documented in other work,6*26 and is supported 
by data in Table 1. 

Repetitive determinations of K20 in the USGS dunite DTS-1 are shown in Table 3. 
They demonstrate the effect of subsample weight on analytical results. 

Sixty-four determinations of sodium and potassium in the USGS basalt BCR-1, 
using eight separate bottles of this sample, provided an estimate of sampling constants 
for K and for Na. Results for potassium are included in Table 2 and for sodium in 
Table 4. The data are those of Goldich et al. 4o During this series of determinations 
there was evidence of unmixing of the samples, and some of the variance in the results 
may be due to this. Later work in the USGS Menlo Park laboratories with a single 
bottle of BCR-1 gives a somewhat lower sampling constant for potassium (Table 2). 
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Table 3. Repetitive K,O determinations 
in dun&e DTS-1 

% K,O 
Subsampies 0.1 g Subsamples 0.5 g 

owO3 00015 
o%xi13 0.0011 
oQO30 0@009 
o%KiO3 0@009 
00003 000115 
oQOO3 oQO12 

09009 b--n) 00011 

Analyst. L. B. Schiocker. 

A large (21-g) sample of the USGS granite G-l was treated with hydrofluoric, then 
sulphuric and boric acids; the soluble portion was discarded. The insoluble matter weighed 
about 5 mg, of which 0.4 mg was chromite in the form of about 100 grains, all of 
about the same shape and size. These were hand-picked from the residue and their 
identity confirmed by emission spectroscopy and X-ray diffraction. A simple calculation 
shows that the chromite accounts for a large part of the chromium content, and that 
a IOO-mg subsample contains, on the average, about half a grain of chromite. 

Eight subsamples of the USGS dunite DTS-1 were examined for their chromium 
content by Goldich et ~1.0’ Sampling constants for chromium are reported in Table 4. 

Ferrous iron in the USGS samples AGV-I, BCR-1, and W-l was determined by the 
Cooke method” on 500-mg subsamples. The method is somewhat difficult to use, as 
evidenced by the wide variance in inter laboratory results,4i but can be capable of high 
precision in skilled hands. Repetitive determinations established its precision as better 
than + 0*020/, Fe0.4z The method does not always recover all the FeO, some being 
present in insoluble minerals.40 The results are reported in Table 4. 

The relative standard deviation of 12 determinations of rubidium in NO-mg subsamples 
of the USGS granite G-l by the method of Nedlin et uL3’ slightly modified, was 10*40/,. 
The relative standard deviation for potassium in the same subsample solutions by the 

Table 4. Some estimated sampling constants 

Sample Description Element References 

G-i 
G-l 
G-i 
DTS-I 
AGV-i 
BCR-1 
BCR-1 
W-I 
LP-6 Bio 40-60# 
LP-6 Bio 40-60# 
LP-6 Bio 40-60 # 
LP-6 Bio 40-60 # 
LP-6 Bio 40-60# 

USGS Granite 
USGS Granite 
USGS Granite 
USGS Dunite 
USGS Andesite 
USGS Basalt 
USGS Basalt 
USGS Basalt 
Biotite 
Biotite 
Biotite 
Biotite 
Biotite 

Rb 1.7 
K 0.3 
Cr 50 
Cr 0.38 
Fe0 0.41 
Fe0 0.35 
Na 0.22 
Fe0 0.22 
Na 1 
Fe 0.07 
Ca 1.4 
Al 0.03 
Si 0.03 

This paper 
This paper 
This paper 
Goldich er ~1.4’ 
Goidich et al.*’ 
Goidich et aI.” 
Goidich er &do 
Ingameiis and Sub? 
Engeis and Ingameiis44~4s 
Engeis and Ingameiis44.4’ 
Engeis and Ingameiis*‘4~4s 
Engeis and Ingameiis’4~45 
Engeis and Ingameiis64.45 
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method of Engels and Ingamells6 was 0.3%. Both deviations are corrected for analytical 
error, measured by repetitive runs on uniform samples. Fabbi found a relative standard 
deviation of 3.2% in 12 determinations of rubidium in 500-mg pelleted subsamples of 
G-l by X-ray fluorescence:43 relative analytical error, found by repetitive runs 011 a 
single pelleted subsample, was about 1%. These results have been used to estimate the 
subsampling characteristics of G-l with respect to rubidium and potassium. Results 
appear in Table 4. 

Sampling constants for several constituents of LP-6 Bio 40-60# have been 
estimated.44*45 Results for several elements are reported in Table 4. and for potassium 
in Table 2. 

Table 5 shows 12 determinations of potassium in a separated pyroxene. Six determina- 
tions on the same mineral after its further purification are shown in Table 1, column 2. 

Table 5. Repetitive K,O determinations on a pyroxene* 

K,O, %w/w (xi- Xmin)t (xi - xmin)/2 (Xi - &in)/3 (.x, - -Y&4 

0.0113 OGOOO 
0.0157 OGO44 00322 
0.0157 OGO44 00322 
00173 OGJI60 oGO20 
0.0180 oGO67 0.0022 
0.0185 00072 OGO24 
0.0190 oGO77 OQO26 
0.0190 0.0077 OGO26 
0.0203 00090 ON)22 
0.0203 oGO9o 0.0022 
0.0203 oGO9o 0.0022 
0.0207 oGO94 OGO23 

* Arranged in order of increasing K,O. Analyst, L. B. Schlocker. After 
repurification, the sample yielded values for KtO ranging from 0.0113 to 0.0115 
(Table 1, column 2). The results imply that c is 0~0022-00026. Statistical 
treatment reveals that c is actually half this, and that the subsamples showing 
0.0203% K,O actually carry 8, not 4 grains of high-potassium contaminant. 

t xi = K20 determined; x,,,~” is presumed equal to H. 

Twelve determinations of potassium on the amphibolite-orthoclase mixture used by 
Engels and Ingamells to demonstrate the effects of sample non-uniformity in K-Ar dating6 
are reported in Table 6. 

Sampling constants for potassium in the Bern Muscovite 4M, the Bern Biotite 4B, the 
Nancy Biotite Mica-Fe, and the Nancy Phlogopite Mica-Mg have been determined by 
repetitive determination. Results are reported in Table 2. The Phlogopite Mica-Mg is 
probably the purest mineral sample ever prepared in quantity. Even the highly precise 
method by which most K20 values reported in this paper were obtained, cannot reveal 
subsampling non-uniformity in Mica-Mg, and its sampling constant, like that for the Penn 
State orthoclase Or-l, must be reported as 4 0.01 for potassium. Twelve separate 
determinations of K,O in Mica-Mg yielded eleven at 10.17% and one at 10.16%. This 
sample will be of great value to anyone bent on finding the precision of a method for 
potassium in micas, since all variance in his determinations of K,O in this sample can 
be attributed to analytical error. 
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Table 6. Repetitive K,O determinations on an 
amphibolite-orthoclase mix* 

Subsample weight. mr~ KzO found, “i :it 

9.10 0.327 1 (1.2) 
9.07 0.425 2 (1.8) 
846 0.143 0 (0.0) 
9.35 0.390 2 (1.6) 

11.37 0,387 2 (1.9) 
10.75 0.317 1 (1.3) 
10.14 0.485 2 (2.4) 
IO.53 0.267 1 (0.9) 
12.19 0.297 1 (1.3) 
10.04 0.157 0 (0.1) 
10.29 0.437 2 (2.1) 
10.21 0.287 1 (1.0) 

* Engels and Ingamells.6 An average of @286% 
K,O was obtained from 40 determinations on 100-mg 
subsamples, with a standard deviation of 0.0450/,. The 
mixture is 99% amphibolite with 0.145% K,O, and 
1% orthoclase with 14.92% K,O. 

t Calculated by using equations (4) and (5); the 
calculated numbers (in parentheses) have been 
rounded to whole numbers of grains. The non-integral 
calculated results may beattributed to non-uniformity 
of grain size. The probability is 0.98 that at least one 
of these 12 determinations represents the composition 
of the amphibolite and that the subsample contains 
no orthoclase grain. 

THE SAMPLING CONSTANT 

A sampling constant can usually be well estimated from a series of subsample 
determinations. provided that the subsample weight is appropriate. If analytical error is 
small (less than one-third of the subsampling errorg), and xi, x2, . . . , xi, . . . , x,,., are the 
results of M determinations on subsamples of weight w g, K, is estimated by 

R 

s 
= Rzw = 104wqxi - X)’ 

(M - 1)X2 

where F is the arithmetic mean of M determinations. The relative standard deviation for 
the same constituent in a future subsample of weight wr is then estimated by 

The usual reason for computing the estimate R, is that it can be related to probability 
statements or error bars. Specifically, the probability is about 2/3 that a future subsample 
will yield a value which differs from the mean value by less than &o/o, and about 0.95 
that the difference from the mean will be less than 2&x, always supposing that the 
analytical error is less than l/3 the subsampling error. This statement is correct if 2, is 
derived from a sufficiently large number of previous determinations, and there is an 
approximately Gaussian symmetry of the theoretical distribution of values based on sub- 
sample weight ~1~. If the estimate Z?, is based on 10 or more determinations, the 
statement should not be too far wrong, except under some very important special 
circumstances mentioned immediately below. 
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A serious limitation on these statements. one which marks the essential difference 
between bulk sampling and laboratory subsampling, and which must be considered in 
analysis for trace elements and when analytical subsamples are small. is the frequent 
lack of symmetry in the distribution of repetitive analytical results. When a constituent 
(whether a species of interest or a contaminant) is concentrated in a few mineral grains. 
the theoretical distribution of single determinations is approximately of Poisson type.’ ‘,A6 
When the number of such grains averages less than five or six per subsample. this Poisson 
distribution has a noticeable asymmetry, with low values occurring frequently and high 
values more seldom. An average of results from too few subsamples will probably be 
erroneously low. To illustrate this, histograms of results for trace elements in a 200-mesh 
greywacke4 are shown in Fig. I. These may be compared with histograms based on the 
Poisson distribution, calculated by processes to be described. 

In such cases, the observed variability in a series of subsample determinations can be 
ascribed to a variability in the number, z, of these grains per subsample. If these grains 
are of approximately equal size, a single analytical result will have the value 

Xi = H + CZi (4) 

where H is the concentration of the element of interest in the gangue or matrix, and CZi 
is the contribution of the Zi “special” grains to the result. The units of c are unusual, 
namely “absolute whole sample concentration per grain”; i.e. for 6 grains and (xi - H) = 
0.06% absolute, c = 0.01% absolute per grain. There will be a Poisson distribution of Zi 
among several subsamples of statistical mean z. A good estimate of the contribution of 
a single such grain to an analytical result is 

where .s2 is the variance of the results of M determinations (A4 large enough). 
According to this model, the series average, Z, will be an estimate of H + cz, and the 

series variance, s2, will be an estimate of c’z. Further, when z is small and M is sufficiently 
large, it becomes likely that the smallest determinative value in the series, .x,,,~,,, will have 

Fig. 1. Histogram of analytical results for trace elements in a greywacke: data from Ondrick 
and Suhr. 
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zi = 0, and wilt provide an estimate of II. In particular. the probabiiity of obtaining a 
subsample free from “special” grains is 

pt:, = 0) z 1 - (1 _ ,-y (6) 

For example, if M = 20 and z = 2.0, Xmin will estimate W with a probability of about 
94:~. In such cases, z can itself be estimated by 

r.- i- fn - XmiJ2,/S2 01 

Obviously this estimate should only be used if it yields a high value for PsiCot when 
substituted into (6), or if (as is the case with the pyroxene in Table 5) other evidence 
exists that X,in is a good estimate of H. 

To illustrate further, if xmin = 2.05, si =: 2.15, and s2 = 0@05, then the implied estimate 
of z is i = 2-O by equation (7). As remarked earlier, Gaussian statistics provide an 
appropriate approximation only when z is greater than about 6; hence, for use of Gaussian 
statistics in this example, the subsample weight should be increased by a factor of three, 
or the determinations grouped in threes according to the central limit theorem, before 
statistical manipulation. The histograms in Fig. 1, showing the calculated and observed 
distributions of the data of Ondrick and Suhr,4 illustrate this. The histogram interval is 
calculated from equation (5), assuming that X”in = H. Note that as Pbi=Oj decreases, the 
pairs of histograms lose their similarity. Spectacular examples of non-Gaussian dis- 
tributions are given by Jones and Beaven.‘” 

In analysis for trace elements, it is always possible that the sub~mple weight chosen 
may be small enough for no “special”’ grains to appear in any of M s&samples, 
especial@ when, as often occurs in practice, M is small (dupli~te or triplicate samples) 
and subsamples are small (e.g., IO-mg s~b~mples in d.c. arc spectroscopy), 

An estimate of the probability that zi = 0 for a particular subsample is given (for 
sampies of uniform grain size) by 

PO = e - dwr 
(8) 

where ti is the number of “special” grains per unit weight of sample. If sufficient sub- 
sample determinations are available, and the proportion PO of them gives values 
corresponding to the background (matrix) level, then an estimate of d is given by 

In practice, a subsample weight can be chosen which, in M analytical determinations, 
will yield results with one of three characteristic distributions. 

Distriburiorz 1. An approximately symmetrical (Gaussian) distribution, when the mean 
* exceeds 5 or 6. * 

~~stri~~ti~~7 2. A skewed, approximately Poisson, distribution, in which the mean z is 
less than 5 or 6. 

~is~~j~~fj~~ 3, An approximately symmetrical (Gaussian) distribution, when Zi is 0 
for all subsamples. 

It is often impossible to distinguish between the first and third distributions, especially 
if all subsamp~es are of the same size. When analytics error is undefined, it is impossible 
to be sure that a distribution of the second kind reflects characteristics of the sample. 
When an analytical method can only use small subsamples (e.g., d.c. arc spectroscopy, 
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Fig. 2. Subsampiing diagram for a hypothetical 200-mesh mixture of three minerals-ane of 
s.g. 45 with 50% of an element contributing 8 ppm to the total, one of s.g. 2.7 with 0.2% 
contributing 4 ppm, and a gangue mineral of sg. 2.7 with 2 ppm of the element. As subsample 
weight decreases from loo0 g relative subsampling error increases to tp6 at 372 g, and to lo’?; 
at 3-72 g. As the subsample weight continues to decrease, Gaussian statistics no longer yield a 
reasonable error estimate, the most probable result is determined by the number of grains of ore 
mineral per subsampie. and the plotted relationship becomes discontinuous, fotfowing Poisson 
statistics. At subsample weights less than about 10 mg, any reasonable number of subsamples 
may not include any grain of ore mineral, and Poisson distribution of the results is due to 
grains of the mineral with 0”2% of the element of interest. The dark line is drawn to show the 
general trend of the graph, corresponding to a real situation in which mineral grains are only 

approximately of uniform size. 

spark-source mass spectrometry, eIectron-probe microanalysis), the possibility that the 
third distribution applies becomes greater as the concentration of the species of interest 
diminishes, 

Figure 2 is a subsampling diagram for a hypothetical 200-mesh rock powder, in which 
the species of interest exists in three forms -as a major constituent of a minor mineral, 
as a minor constituent of a minor mineral, and as a trace constituent of a gangue 
within which these minerals are randomly distributed. For the purpose of illustration, 
the overall concentration of the species of interest has been taken as 14 ppm, of which 
8 are due to an ore mineral of s.g. 4.5 and containing 50% of the species of interest, 4 are 
due to a mineral of s.g. 2.7 containing O-2”/ and 2 are evenly distributed in a gangue 
mineral of s-g. 27. 

For such a mixture K s = 372 g. If t-g subsamples are taken, each will contain, on the 
average, about 8 grains of ore mineral, and repetitive determinations will exhibit a relative 

standard deviation of R = fi2; = 19%. If lOO-mg subsamples are taken, the chances 
are about even that any one of them will contain a grain of ore mineral: results will be 
highly variable, their dis~ibution will be highly skewed, and unless a very large number 
of determinations is performed (38 will be necessary to achieve a relative subsampling 
error of less than lo%), the average will be grossly in error. If a few IO-mg subsamples 
are taken, the chances are high that no grain of ore mineral will appear in any subsample; 
variance will be low, the results will appear precise, and their average will be very 
inaccurate. With still smaller subsamples, the most probable result continues to diminish, 
until. with techniques like electron-probe microanalysis and spark-source mass spectro- 
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metry, onty the background concentration of 2 ppm in the gangue mineral will usually 
be measured. 

It may be that reference samples should be certified in terms of each constituent 
determined at more than one level of subsample weight. There should be a value useful 
to those whose analytical technique requires small subsamples and who measure the 
gangue concentration, and another value useful to those who take large subsamples, 
and who approach (along the major curve of Fig. 2) a measurement of the overall 
concentration of the element in question. For example. the “gangue” or background 
concentration of chromium in the USGS granite G-l is almost certainly about 10 ppm, 
and this is the value most spectroscopists will find most of the time if they take lo-mg 
subsamples. The overall concentration of chromium in G-l is closer to 20 ppm, because 
at least half of the chromium occurs in isolated chromite grains, which only occasionally 
appear in the spectroscopist’s IO-mg subsamples. On average, only one in twenty IO-mg 
subsamples of 170 mesh G-l contains a grain of chromite. The spectroscopist will be 
tempted to omit the occasional “absurdly” high value of 200 ppm, and may report an 
average of 10 ppm, claiming high precision except for an occasional “anomalous” 
result. On the other hand, a chemist using l-g subsamples in a calorimetric procedure 
will find his results very variable, since each of his subsamples will contain a randomly 
variable number of grains of chromite. He will report an average of about 20 ppm, with 
poor precision. Plainly, prior knowledge of the sampling constant for Cr in G-l which has 
been ground to pass a 170-mesh sieve would alert both workers to the inadequacy of 
G-l as a standard for chromium determination, and would lead them to avoid controversy 
concerning their apparently incompatible results. 

It must be mentioned that in the 80-mesh G-l supplied, most of the chromite grains 
pass a 170-mesh sieve. The sampling characteristics of G-l for chromium are not greatly 
improved if it is ground to just pass 170-mesh. Further, the amount of material which is 
ground must be considered. Whatever weight of sample is made uniform by fine grinding 
or isoformation retains the error corresponding to that sample weight, and this error 
cannot be diminished by any subsequent treatment. 

Generally, when PO, as defined in equation (8), is close to 1, it becomes likely that 
distribution No. 3 will apply, and that all M values will show only the background 
(gangue) cor$entration. 

The major curve of *Fig. 2 corresponds approximately to the relationship 

Y,K_(K - H, 
(22 4- .I) ’ 

where Y is the most probable result and I< is the true overall ~ncentration of the 
species of interest. For samples in which the “special” grains are uniform in size, this 
relationship is obviously unrealistic; however, for real samples in which an unknown 
grain-size distribution exists, it may provide a useful means of estimating the probable 
negative bias due to the use of too small a subsample. In determining Cr in G-l, for 
example, a lOO-mg subsample will yield a most probable value of 

(20 - 10) 
20 - (2 x o.5 + I) = 15 ppm Cr. 

It makes no difference whether a single lOO-mg subsample or ten lo-mg subsamples be 
taken; it is the total subsample weight which determines the bias. For example, a spectro- 
scopist taking five IO-mg subsamples and a chemist taking one SO-mg subsample both 
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have exactly the same chance of selecting a “special” grain: the average of 100 deter- 
minations on lo-mg subsamples carries the same probable error as a single determination 
on a l-g subsample, supposing analytical error to be negiigible. 

Only occasionally may a sampling constant for one element in a given sample logically 
be related to that for another. Thus, potassium and rubidium in G-l do not exhibit 
similar sampling constants, although these two elements are geochemically related. 
Concentration of the rubidium in biotite results in a sampling constant that depends on 
the distribution of biotite grains in the rock powder, whereas the sampling constant for 
potassium depends as much on the distribution of feldspar grains. On the other hand. 
the distribution of radiogenic argon may very well be related to potassium distribution, 
because the former may be expected to occupy the same crystal sites as the potassium 
which generated it: repetitive determinations of potassium in a minerai sample may be 
used, in favourable cases, to establish a sampling constant for argon as well as potassium. 
There are obvious exceptions: for example, a sample containing two generations of 
biotite, both with the same K,O content, will probably exhibit a larger sampling 
constant for argon than for potassium. It may even be possible to utilize this in detecting 
geochronological inhomogeneity. 

Most separated minerals carry no more than one important contaminant. For example. 
separated hornblendes are most likely to contain biotite as the only important contaminant. 
It is therefore useful to examine the sampling characteristics of two-component mixtures. 
Even when more than two species are present, several may often be usefully grouped 
together and considered as a single species. 

For a two-component mixture, the relative standard deviation can be expressed in 
terms of the physical properties of the analytical subsample: 

g = !.E!&.B-H 
JFI K (10) 

where p is the volume proportion of the species with H”i’, of the constituent of interest, 
q is the volume proportion of the species with B% of the constituent of interest, K is the 
true overall average concentration of the constituent of interest in %, and n is the effective 
number of grains in an analytical subsample of weight w. 

In dealing with silicate minerals, the simplifying assumption that each has the same 
density is usually valid. When the minerals in a two-component mixture are of different 
densities, it is necessary to distinguish between volume proportions p and q, and weight 
proportions p,,, and q,,,. The difficulty in doing this has been emphasised by Wilson.’ 
The two proportions are related as follows: 

llBPw 

P=d,pw+;qw 

y= --_!!!qw 

dBhv+d"%v 
(11) 

where dB and d, are the densities of the two mineral species. The total number of grains 
in a subsample of weight w = wB + wn is 

(12) 

where u is the effective linear mesh size in pm. Using the identities6 p + q = 1, 
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P, + qr = 1, KR = pw HRn - q,,, BRn, and K = pw H + q,,, B, and substituting (IO). (1 I), 
and (12) in (1) gives 

(13) 

Appropriate approximations can be made in (13), depending on the problem at hand. 
If a sampling constant for a trace element present as a major constituent of a minor 
mineral is sought, H and wg are close to zero, and 

K, - (B/K)2 . &,,qw U3dB * IO-’ g (14) 

In some cases. e.g., that of Cr in G-l, it is possible to estimate each of the factors in 
(13) or (14) and to calculate a sampling constant. If the average Cr content of G-l is 
20 ppm, half of which resides in chromite grains, and the mesh size is 177 pm (80-mesh), 

K, is calculated to be 2200, with ,,/K - 47. A similar value is obtained from the count 
of chromite grains in G-l, reported above. Since an average 1 g of G-l contains about 
5 grains of chromite, the standard deviation of the number of grains expected in a 1 g 
subsample is $, and the relative deviation is 100&5 = 44x, which gives & = 44. 
Calculations of this sort cannot be very exact, but they can quickly provide estimates 
which are useful for avoiding gross error. 

Sometimes microprobe or microchemical data may be useful in estimating sampling 
constants. For example, individual grains of the MIT biotite B-3203 show 9.38% K20,47 
whereas bulk analyses show 9.04%. If the impurities responsible for the difference are 
all low in potassium, equation (10) may be used to estimate R for a l-g subsample, and 
hence a sampling constant from equation (1). Using the identities p + q = 1 and 
pH + qB = K, and putting n = 20,000, B =9.38x, H =O%, and K = 9.05% gives 

R = & = 0.55. This corresponds to an estimate of fis = 044 obtained by repetitive 
determination (Table 2). Grinding the biotite B-3203 to pass a 115-mesh sieve increases 

n by a factor of about 16, and reduces R for a l-g subsample, and hence 6, by a 

factor of 4. Confirmation of this is given by a value of 0.10 for 6, obtained through 
repetitive determination on 0.5-g subsamples of 11%mesh material (Table 2). 

In laboratory practice, sampling constants will usually be estimated by doing sufficient 
determinations, using one or more judiciously selected subsample weights and an analytical 
method of high precision; but sometimes it may be adequate and convenient to estimate, 
by optical examination, the distribution of relevant grains of ore minerals. If, for example, 
each of several lOO-mg subsamples of a lOO-mesh carbonatite examined under the micro- 
scope shows a low and variable number of grains of heavy minerals such as ilmenite, 
columbite, or magnetite, there is not much point in proceeding with spectrographic 
analyses for niobium, titanium, or iron unless a procedure can be devised to overcome 
the essential non-uniformity of the sample. 

When analyses of grossly non-uniform materials (e.g., chondritic meteorites) are 
reported, qualitative observations on the non-uniformity and its adverse effect on precision 
are not very helpful; a full description of sampling and subsampling procedures, and a 
statement concerning the subsampling characteristics of the final laboratory sample, 
would seem to be essential. Such a description is much simplified by use of a sampling 
constant for each element. Without such a description, the data may have little meaning. 
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SUBSAMPLING PROCEDURES 

The laboratory sample of a rock or mineral is usually supposed to represent a much 
Iarger mass of material. The extent to which it is representative may influence the 
subsampling. Errors introduced in sample collection and reduction may be so large’ 1.48 
that any subsampling error is negligible if the composition of the parent mass is sought. 
However, if the same rock or mineral powder is to be used as a reference sample. its 
source is of little signi~cance but its subsampii~g characteristics are of prime importance. 
With separated minerals, aImost all the sampling error may arise during laboratory 
subsampiing if this is not done with great care, because it is the composition of the 
pure mineral which is sought. 

Fine grinding of the laboratory sample is the most effective way of improving its 
subsampling characteristics, but this is often contra-indicated because of the possibility 
of alteration or contamination. Argon, hydrogen, carbon, sulphur, oxygen, mercury and 
many other elemental constituents may be affected, and erroneous results obtained if 
grinding is overdone. It is frequently necessary to accept the subsampling error con- 
comitant with the use of coarse sample powders, and this error should be estimated 
and reported to permit rational evaluation of the results. When fine grinding of the 
sample is permissible, there is the question of how much to grind, and to what mesh size. 

With separated minerals, fine grinding may be intended to break up mineral aggregates 
before further purification. For this purpose, the portion of the laboratory sample taken 
is irrelevant, unless the analysis of the purified material is to be used to correct that of 
the impure material. Purification of separated minerals may actually increase the sub- 
sampling error, but the result, though less precise, comes closer to the composition of 
the pure mineral. Such considerations are of prime importance in geochronology.49 

Very often, a laboratory sample is subsampled in two steps: a portion is ground to 
finer mesh size, and this is subsampled for analysis. If the error introduced in the first 
step is high, no amount of care during the second will correct matters. The results 
refer only to the portion actually analysed, and if that is not representative of the whole, 
will give only an estimate of the composition of the whole. Estimation of a sampling 
constant for each relevant constituent at each stage of the sample reduction process, by 
one or more of the methods suggested above, will give control of the process. For 
example, grinding I g of granite G-l to a fine powder cannot reduce the subsampling 
error for rubidium to less than 1.7% (Table 4) or that for chromium to less than 50x, 
because these errors are introduced at the time the l-g subsample is taken. 

In some cases, a large subsampling error may be of great value in determining the 
purity of a contaminated mineral, and fine grinding, although it improves reproducibility, 
may destroy important information. An example is given in Table 5. Examination of 
these results for potassium in a pyroxene shows qualitatively that the subsampling 
variance is probably due to the presence of isolated grains of a high-potassium 
contaminant, which are randomly selected during subsampling. The table is arranged to 
show that, qualitatively, the highest value may derive from 4 grains of high-potassium 
contaminant in the subsample. By use of the principles outlined above, the qualitative 
observation is shown to be probably incorrect. The data yield the following information: 
the mean of the 12 determinations is X = O*OlSO%, the estimated standard deviation is 
s = 090272°/0, the matrix content of K,O is W = 0*0113%, the contribution of a single 
grain of contaminant to an analytical result is c = s’!(X - H) = OMl 1% K,O, and there 
are in the average subsample z = (5Z - H)2/sz = 6.1 grains of contaminant. The grain 
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size of the contaminant cannot be greater than will pass the sieve used to prepare the 
sample-in this case 177 Frn, and this implies that the K,O content of the contaminant 
is at least B = nc = 6%, where n is the minimum total number of grains in a subsample, 
about 6000 from equation (12). Since about six grains of contaminant are present in the 
average subsample, the purity of the separated mineral is at least 99.9%. Evidently this 
high degree of purity was inadequate for the purpose. 

The pyroxene came from the Dufek massif in Antarctica, and was one of a series of 
minerals dated by the K-Ar technique in research on pyroxene from various geological 
environments. The sample was analysed repetitively for potassium because its purity was 
critical to interpretation of the data. The first analyses showed sampling non-uniformity 
and hence impurity. The values of Table 5 showed, by the processes outlined above, that 
the impurity was a high-potassium mineral making up not more than one grain in 1000 
of the sample. Such impurity is not likely to be detected in any other way. Further 
purification yielded a sample which gave the footnote values in Table 5. The collected 
impurities were examined under the microscope, and potassium feldspar grains were 
found, despite a failure to find any potassium feldspar during routine examination of the 
whole rock in powder and thin-section form.” 

The need for such intensive investigation of a single sample, and for the purity tests 
outlined, arose because this pyroxene showed an apparent age about 40% lower than 
that of coexisting plagioclase. A sample of known purity was necessary for interpretation 
of results. An isochron plot” using the corrected results showed that the pyroxene and 
plagioclase ages were indeed concordant, and that the young apparent age of the 
pyroxene could be attributed to the use of a false air-argon correction and to subsampling 
uncertainties caused by the O.l?,; of impurity in the original sample. 

Selection of a subsample weight for the analysis of the Dufek pyroxene was somewhat 
fortuitous. The experiment nevertheless directs attention to the possibility of deliberately 
selecting subsample weights to yield maximum information from repetitive determinations. 
For best results of this kind, the relative standard deviation of a series of determinations 
should lie between about 10 and 40%. A similar idea has been expressed by Koch and 
Link,” who recognize that the coefficient of variation is an excellent guide to the 
number of observations required for sampling an ore body or other geological specimen 
of unknown variability. At lower relative standard deviations, analytical error is likely 
to obscure the pattern of the results; at higher standard deviations, Gaussian statistics 
lose their validity, and a very large number. of determinations may be necessary before 
a true picture can emerge (Fig. 2). To achieve an optimum subsampling error for 
revealing sample non-uniformity, a subsample weight Ec21(,z/(K - H)’ x 10V4 g, with 
= = 2 or 3, should be taken. In the example of Fig. 2, subsamples of about 0.2 g will 
yield the most information. Since, in this example. there are about 8 “special” grains 
in a l-g subsample, from equation (8) the probability of a 0.2-g subsample having 
zi = 0 is P, = e-1’6 = 0.2, and one in five determinations on 0.2-g subsamples will give 
as the result the background of 6 ppm. If eight 0.2-g subsamples are taken, equation f6) 
shows there is a 707; chance that at least one of them will have zi = 0. If the back- 
ground concentration, H, can be found in this way, it can be used in conjunction with 
the standard deviation of a series of determinations to estimate zi : 

A (Xi - H)(Y - H) 

zi = -----i2 (13 
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This principle, applied to the pyroxene results in Table 5. shows that the subsamples 
with 0.0157% K20 probably contain 4 grains of contaminant. and that those with 
0.02037/, K,O probably contain 8. 

When z is 6.1 grains, the probability of selecting a subsample with zi = 0 is about 
0902; for zi = 4, about 0.13; for Zi = 8, about 0.11. Therefore, selection of a pyroxene 
subsample with zi = 0 was rather unlikely with only 12 subsamples: ordinarily, such luck 
cannot be expected. The sample should be repurified (as was done in this case) or smaller 
subsample weights should be taken to permit a good estimation of the background 
concentration H. 

The use of appropriately small subsample weights to discover the background composi- 
tion is illustrated in Table 6. The sample is an amphibolite-orthoclase mixture used by 
Engels and IngameIls6 to demonstrate the effects of sample non-uniformity in K-Ar 
dating. None of 40 determinations on lOO-mg subsamples showed the base composition 
of 0.145% KzO. This is as expected, because the average number of grains of orthoclase 
in a lOO-mg subsample is about 10. With lo-mg subsamples the average number of 
grains of orthoclase per subsample is close to 1, and two out of twelve such sub- 
samples approximate the base composition. In natural samples, where mineral grains are 
seldom all exactly the same size, the statistical procedure can obviously not yield an 
integral value for each zi. The parenthetical values in Table 6 are those calculated from 
equations (4) and (5). 

USE OF SAMPLING CONSTANTS 

For calibration of analytical methods based on comparisons with standards, results 
may be plotted graphically or computed. Usually a linear relationship between instrumental 
read-out and elemental composition is assumed, or the read-out may be modified to 
yield linearity; logarithmic or semi-logarithmic plots may be appropriate, and matrix 
corrections may have to be applied, as in X-ray fluorescence analysis.38a39*53 It is 
sometimes difficult to be sure that a linear relationship exists.54*55 Standards with poor 
subsampling characteristics or erroneous certificate values may further obscure the issue. 

Unfortunately for those who would use available standard samples to calibrate or 
evaluate analytical methods for silicate minerals and rocks, there is still some doubt 
concerning the exact composition of some of them.41,56-59 As an extreme example, 
published values for A1,03 in the USGS dunite DTS-1 vary from 0.16 to 1.48x, and 
for Fe,O, from 0.33 to 455%. The averages of all results for these constituents of this 
sample are almost sure to be in error. 40*57.60 It is probable that much of the error in 
reported results for Al,O, and Fe,O, is analytical error, and that subsampling error, in 
these cases, is not of much consequence by comparison, in contrast to the case of Cr 
in G-l, where subsampling error probably contributes a large share of the variance. 
These two contrasting sources of error in the certificate values for standard rock samples 
have been discussed by Vistelius58.59 and Chayes,61*62 and it is very important for the 
user of reference samples to distinguish between them. This can conveniently be done 
through progressively improving estimates of sample constants. Figure 3 represents a 
hypothetical standardization or calibration process, with deviations from linearity 
exaggerated for illustrative purposes. Without consideration of sampling constants, and if 
there is high confidence in the analytical procedure and in the certificate values for, say, 
samples 1 and 5, an analyst might be persuaded to draw a calibration curve A. If all 
results are regarded as equally valid, a linear regression line (not shown) might be drawn. 
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Fig. 3. Calibration of an analytical method, taking into account the subsampling characteristics of 
the calibration standards. 

If subsampling difficulties are recognized and sampling constants are available, they can 
be used, in conjunction with subsample weights, to calculate the length of error bars 
from equation (1). It may develop that the best calibration curve (B) differs from the 
alternatives. Note that the preferred line passes through each of the error bars; in 
practice, this would require that these bars should cover at least plus or minus three 
standard deviations. Note also that samples with poor subsampling characteristics may 
give a reasonably good calibration curve if enough of them are used, provided their 
subsampling characteristics are specifically defined through the use of error bars. Error 
bars may, of course, be constructed to include both subsampling and analytical error. 

When necessary, error bars may be shortened by using more than one subsample 
of each standard, or (which amounts to the same thing if analytical error is small) 
increasing the subsample weight. 

Careful extension of these principles may reveal the extent of analytical error, and 
also enable one to ascertain whether it originates in the certificate value or in the analytical 
method. For example, if the analyst using curve A (Fig. 3) were to utilize these principles, 
he could quickly decide that the “anomalous” results for samples 2 and 4 were not due 
to analytical error, nor necessarily to an erroneous certificate value, but were due to the 
bad subsampling characteristics of samples 1, 3 and 5. 

These principles may be used to locate errors, but usually an independent analytical 
method must be used to define them. Some of the difficulties encountered in the resolution 
of systematic and random analytical errors have been outlined by Ingamells et ~1.~~ 
Wilson64,6s has written on the performance characteristics of analytical methods. 

The subsampling characteristics of unknowns must, of course, be established before 
firm confidence limits for the results of an analytical process can be decided. There is not 
much point in establishing an accurate calibration if the unknowns are not sampled 
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and subsampled properly. The subsampling characteristics of unknowns will often be 
evaluated by the method of repetitive determination, e.g., the pyroxene in Table 5. 
Multiple determinations with small subsamples are usually most effective; however, 
selection of subsample weights for the purpose may be difficult. Table 3 shows how a 
short series of repetitive determinations may be affected by choice of subsample weight. 
Figure 1 shows that a similar situation may exist for many trace constituents. Table 1 
shows that the difficulty may not be limited to traces, but may also exist in the determination 
of minor and even major constituents, and even with “pure” separated minerals, the 
analysis of which is commonly presumed to be free from subsampling error. The principles 
of selecting subsample weights for the contrasting purposes of measuring subsampling 
characteristics and discovering the overall composition of a mass of material are outlined 
by Visman’ 3 and in the probability considerations discussed above. 

It is important to note that the error bars which correctly describe subsampling 
characteristics and uncertainties in the use of reference samples may not be symmetrical. 
With small subsample weights and in analyses for trace elements, appropriate error bars 
will often be unsymmetrical. 

In mineral analysis, estimation of sample purity may be critical for the drawing of valid 
conclusions. In K-Ar dating, the sample purity may be the major factor in the elucidation 
of discordant ages4’ and a quick method for its estimation is highly desirable. In many 
mineral samples, analytical non-uniformity is due to free substitution of one element 
for another (e.g., the white mica in Table 1, and the standard biotite LP-6 Bio44.45); in 
others, it is due to the presence of included or contaminating grains of foreign minerals 
(e.g., the beryl in Table 1, and the standard muscovite P-207). A knowledge of the extent 
and nature of the non-uniformity is necessary if erroneous conclusions from analytical 
data are to be avoided. Purity estimates can often be made through proper interpretation 
of the variance of repetitive determinations ofcritical elements. Other methods of estimating 
sample purity have been suggested and demonstrated by Engels.“’ 

In publishing their results on potential reference samples, analysts have seldom reported 
complete information on preliminary treatment of the laboratory sample or on their 
effective subsample weights. Consequently it is difficult, if not impossible, to distinguish 
analytical from subsampling error. Generally, the averaging of results from several 
laboratories using different analytical methods and different subsample weights is not 
sound procedure, *6o however if each investigator making replicate determinations would 
report all results (including any which may seem anomalous!), along with a full description 
of sample pretreatment and a careful estimate of the effective subsample weight, it might 
be possible to devise an acceptable objective process for comparing and combining 
interlaboratory results. The most important part of such a process would be the exclusion 
of erroneous values, and the inclusion of “anomalous” values which reflect real sub- 
sampling aberrations. The use of sampling constants might facilitate this process by 
providing a simple means for defining subsampling error and separating it from analytical 
error. For example, a chemist who uses l-g subsamples and obtains a value of 10 ppm 
for chromium in G-l is probably in error: a spectrographer reporting the same value 
on the basis of lo-mg subsamples is not in error. 

DISCUSSION 

If the sampling-constant principle is accepted, there will not be much difficulty in 
establishing a routine separation of analytical error from subsampling error. 
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Youden 55360*66*67 Sandell,6s Wilson64,65 
on the ~sti~tion of analytical accuracy. 

and many others have provided useful advice 
Mandel 69 has written on “re~~bility and 

reproducibility”. Lashof” and Youden” have summarized the problems of collaborative 
testing, and an ASTM committee continues to work in this field. Maurice and Buijs72 
have discussed the detection of interferences in chemical analysis. Taylor and Kolbe,73 
Abbey, 57 Vistelius 58 and Chayes 6 1*62 have discussed geochemical standards and attempted 
an evaluation of published data and its astonishingly large error content. Grifhths,74~75 
Cameron,76 Howarth and Lowenstein,” and many others have assessed the precision 
and accuracy of geochemical data. Becker,48 in a series of papers, has dealt with the 
problems of sample reduction in the mineral industries. Duncan78 has written on bulk 
sampling-problems and lines of attack. The pioneer work of Gy’ 1*12 deals in depth 
with the practical aspects of the same subject. Numerous papers and texts attack the 
problems of bulk ~mpling.*~8~74~‘9 Th e references given are only a small sample of a 
voluminous literature, yet scant attention has been given to laboratory subsampling 
problems and the very large effect they may have in geochemical investigations: in 
particular, sufficient attention has not been given to the principles outlined above, or to 
the fact that when subsampling is poor, analytical results for critical elements may not 
only be imprecise, but may be erroneous; nor has it been generally recognized that high 
precision does not indicate high accuracy-it may be a symptom of gross error. The 
generally accepted assumptions of Gaussian distribution, as expressed, for example, by 
Danielsson et al.,60 are commonly used to guide the processes of analysis and the 
evaluation of data, with only occasional consideration of their validity. An extreme 
example of the need to consider non-Gaussian distributions is given by Phillips,46 and 
a more general discussion of the same subject is due to Jones and Beaven.” 

Anomalous results are sometimes the subject of interesting papers. For example, 
Reynolds” discusses isotope-abundance anomalies in the solar system. In geochronology, 
numerous puzzling anomalies remain unpublished. One wonders how many of these will 
eventually be explained in terms of subsampling statistics. 

The implications of these considerations are wide. Their importance to geochemical 
prospecting and the search for economically useful mineral~tion should be obvious. 

The suggestion has often been made, for example by Flanagan,41 that geochemists 
should standardize their analytical procedures during the collaborative study of silicate 
samples intended for establishment as standards. This would certainly make the task of 
evaluating the results much easier, and interlaboratory precision would doubtless be 
improved. There is a danger, however, that systematic errors would remain undiscovered, 
and that sub~mpling problems and the sampling characteristics of the intended standards 
would remain forever obscure. For example, a reference material which gives consistent 
results for an element at the l-g subsampling level when a standardized “umpire” method 
is used, might be worthless as a spectrographic standard in a procedure which uses a 
few mg of sample. 

In any case, the skills, techniques, and equipment available in different laboratories 
are so varied that s~ndardi~tion of methods is probably impossible. It would be much 
more useful to insist that all analyses of potential standards be made by primary methods 
when bulk composition is sought, that the more precise of the instrumental methods 
(e.g., the flame photometric method for potassium demonstrated in this paper) be used 
during establishment of subsampling characteristics. and that subsample weights and sub- 
sampling procedures always be dutifully reported, together with all results. By primary 
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methods are meant those which do not depend on previously analysed standards- 
usually classical methods. Secondary methods are those which depend on analysed 
standards for calibration or control; most instrumental methods fall in this category; 
some are very rapid and precise, but they can never exceed in accuracy the primary classical 
methods on which they depend for calibration. They should therefore never be used in 
the establishment of certificate values for reference samples: such usage results in the 
transfer of analytical error from one standard to another and the accumulation of 
analytical inaccuracy. Perhaps the concept of the sampling constant may help bring 
wider attention to this fundamental, often ignored, fact of geochemical analysis, and lead 
to the distribution of geochemical standards which are truly reliable. 

CONCLUSIONS 

Possibly the most important conclusion to be drawn from this work is that, when 
subsampling error is appreciable, a subsample weight and a full description of subsampling 
procedures should be reported as part of an analysis, in order for the latter to be 
meaningful. This is especially true in trace element work and in geochemical exploration 
for rare and economically valuable minerals, when subsampling aberrations are likely to 
be large. 

Standard samples, used to calibrate or evaluate routine methods of analysis, require 
not only a certification of their overall composition to be useful, but also, for relevant 
constituents, an estimate of the subsampling precision expected for any subsample weight. 
Such information may most easily be conveyed through the use of sampling constants. 

For major constituents of silicate rocks and minerals, it is improbable (but by no 
means impossible) that subsampling error often contributes appreciably to overall error, 
except when subsamples are very small. For minor constituents, it may be serious, 
especially when high accuracy is mandatory (as in geochronology). For traces, it appears 
that subsampling error may contribute more to observed variance than analytical error, 
or (perhaps more important!) that an observed low variance in the results may be a 
symptom of gross error. 

Control of subsampling errors may be facilitated through the use of sampling constants, 
routinely used by analytical geochemists. 
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Zusammenfassung-Der Fehler bei der Bestimmung eines Elements in einer Gesteins- oder 
Mineralprobe htingt ab vom Analysenfehler, vom Gewicht der analysierten Probe und von 
Natur und Vorgeschichte der Laboratoriumsprobe. Das wahrscheinlichste Ergebnis ist nicht 
unabhingig vom Gewicht der analysierten Probe. Das beruht auf der Tatsache. daD 
Spurenbestandteile oft in isolierten Mineralktirnern konzentriert sind. Die Wahrscheinlichkeit, 
dal3 solche Mineralkarner in irgend einer analysierten Probe auftreten. wird mit sinkendem 
Probengewicht geringer, selbst wenn Gesteins- oder Mineralproben zu feinen Pulvern zerkleinert 
werden. Solche Probenahmefehler k6nnen durch Verwendung von Probenahmekonstanten kon- 
trolliert werden. Diese kBnnen auf verschiedene Weise festgestellt werden, etwa durch wiederholte 
Bestimmung eines Bestandteils und physikalische Messung wesentlicher Eigenschaften der Probe. 
Wihrend der Erstellung und Bescheinigung von Bezugsproben oder Standards kann man mit 
Vorteil Probenahmekonstanten benutzen. Bei mangelhafter Probenahme kann man zu niedrige 
analytische Ergebnisse erhalten, manchmal mit hoher Genauigkeit. Hohe Genauigkeit bedeutet 
niemals hohe Richtigkeit; sie kann ein Symptom fiir einen groben Fehler sein. 

R&sum&L’erreur dans le dosage d’un 616ment dans un tchantillon de roche ou de minerai 
depend de l’erreur analytique, du poids de la prise d’essai analyske, et de la nature et de 
l’histoire de l’tchantillon de laboratoire. Le rbultat le plus probable n’est pas indtpendant du 
poids de la prise d’essai analys6e. Ceci est dO au fait que des constituants i 1’Btat de traces se 
situent souvent dans des grains de minerai isol&. La chance qu’ont de tels grains de mineral 
d’apparaitre dans un ichantillon analysi devient plus tloignte quand le poids de la prise 
d’essai dkcroit, mime si les echantillons de roche ou de minerai sont rtduits en poudre fine. 
De telles erreurs de fractionnement peuvent dtre contrdlies par l’emploi de constantes 
d’8chantillonnage. Celles-ci peuvent &tre estimies par plusieurs techniques, comprenant le dosage 
rkp&t d’un constituant et la mesure physique de caractkristiques d’tchantillon correspondantes. 
Les constantes d’Cchantillonnage peuvent etre utilement employ&es durant l’ttablissement et la 
certification d’tchantillons ou de standards de rifkrence. Quand le fractionnement est dkfectueux. 
les rtsultats analytiques peuvent donner des valeurs faibles par erreur. quelquefois avec une 
precision blev&e. La prkision &levee n’implique jamais une haute exactitude; elle peut etre un 
indice d’erreur flagrante. 
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Summary-A method has been developed for the simultaneous determination of sulphide and 
thiosulphate with non-selecttve reagents on the basis of the difference in their heats of reaction. 
Iodine solution was used as one reagent and bromine water as the other. An error diagram 
has been calculated and the theoretical errors compared with those obtained in practice. 

Individual components in multi-component systems are determined by using the direct 
thermometric method and selective reagents, measuring separately the change in tem- 
perature caused by the heat of reaction between the reagent and the component to be 
determined.’ Besides precise experimental conditions, masking of interfering components 
and use of correction factors become necessary. 

We describe here a thermometric method in which we do not utilize selectivity of 
reaction; on the contrary, we use reagents which react with all the components and for 
differentation we use the different heats of reaction. 

A similar idea was used by Hansen and Lewis, ’ in their simultaneous determination 
of two weak acids having similar pK values but different AH values. Similarly Sajo3 has 
worked out a method for the determination of the composition of brass. He determined 
the copper and zinc in a single sample with potassium cyanide reagent. 

The new type of determination is based on use of as many reagents which will react 
with all the components of the sample solution, as there are components present. If the 
heat of reaction of each component with each reagent is known (AH) and the total 
heats of reaction (Q) are measured in direct-injection determinations, we can calculate the 
concentrations of II components, x, J, z. . . . , from rt equations of the type 

The linear system of equations thus obtained can be solved if the determinant of the 
system of equations is not zero. 

In the case of two components. for example, the solution is 

D, 
s=--; 

D2 

D 
!'=- 

D (4 
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where the determinants Di are given by 

D= 

We will demonstrate the 
simultaneous determination 
medium we have 

direct thermometric use of non-selective reagents by the 
of thiosulphate and sulphide ions. With iodine in neutral 

ZS*Of - f I, - S&f-- + 21” AHs,o,2-~11 

s- 4” I* - s + 21- A&z-(1) 

and with bromine: 

S&0$- + 4Br, + .5H,O - 2s0:- + 8Br- + lOH* AHs,oJ~-(2t 

S2- + 4Br, + 4&U - so:- + g3r- +- 8Hf A&“+@) 

In the bromine reaction, the solution will become strongly acidic; the pH of a lo-* to 
10m3M titrand solution will decrease from an initial value of about 8-2 at the end 
of the reaction. In addition to the heat of oxidation, we measure the heat of solvation 
of the Br- and H’ formed. 

The reactions are ~ns~n~neou~ so apart from taking the usual precautions for direct 
thermometric dete~inat~ons, the effect of the surroundings need not be taken into 
account, 

The main problem is to decide which are the principal sources of error. Consider a 
two-component system. The variance of ,y and JJ, if these are calculated from equation (Zf, 
is given by 

and 

where S,, S, are the standard deviations of the calculated results and SD, ) SD,, SD are the 
standard deviations of the determinants. 

According to experimental results, the standard deviation of the quantity of heat (Q) 
evolved in the direct thermometric method is independent of Q and is a constant (So) 
characteristic of the apparatus at a given sensitivity. As a first approach, we can suppose 
that the heats of reaction AH,<, and AN,tij can be more accurately measured than Q~i,. 

It follows that the standard deviations of the determinants are in the order 

$0 < SD, * SD* (61 

neglecting SD * in equations (4) and (5) on the basis of eq~tion (61, we obtain 
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From equation (3) we have 

SD,’ = [AHyt2J2SQ2 -I- [AHYo,J2SQ2 = S,2CAH, 

SD12 = [AH,,,,]2SQ2 + [AW,~2,]2Sp2 = S,2U.H,2 

Finally the relative standard deviation of the determination may be obtained from 
equations (7) and (8): 

-_ 

_II _ 'Q d-=%2 S _ -._ _ 
x x D (9) 

(10) 

It can be seen from the expressions above, that the uncertainty in the determination 
of the individual components increases with increasing heat of reaction of the other 
component and decreases with the increasing values of the determi~nt D. It is 
interesting to see that the deviations are independent of the quantity of the other 
component, that is of the x/y ratio. This can be concluded from the starting postulate 
that the value of S, is independent of the absolute value of Q. 

On the basis of equations (9) and (10) the error function, which depends only on the 
value of So, can be represented diagramatically. 

EXPERIMENTAL 

Apparatus 

Directhermom (MOM, Hungary). 

Reagents 

Sodium thiosulphate and sodium sulphide solutions, both O.OlM and standardized in the usual way.4 
Iodine-potassium iodide solution. about lM, with heat of dilution partly compensated by addition of 
methanol. 
Saturated bromine water. 

Caijbrarjon curves 

Sodium thiosulphate stock solution (10, 20, 30, 40, 50 ml) was made up to 200 ml with distilled water, 
transferred to the Directhermom plastic cell and placed in the instrument. The iodine reagent was placed 
in the dipping pipette of about 2 ml capacity. After waiting for the usual 3 min, the deflection of the 
galvanometer (in scale divisions) was noted. After correction for the heat of dilution, this value was plotted 
against the number of mmoles of thiosulphate taken. The experiment was repeated three times. A similar 
procedure was used for the sodium sulphide solution. 

For the bromine reactions, 10, 15, 20, 25, and 30 ml of sodium thiosuip~te or sulphide stock 
solution were diluted to 200 ml and the saturated bromine water added from a pipette of about 10 ml 
capacity. 

Least-squares analysis gave the following slopes for the plots (AH values). 

Na,S,O, + I, AH,,,, = 31.4 graduations/mmole 
Na,S,O, + Br, AH,,,, = 2790 graduations/mmole 
Na,S + I, AH,,rt = 586 graduations/mmoie 
Na,S + Brz AH,.,2, = 2530 graduations~mmole 
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x =O. I m mole 

S,, = 4.4 dtvwons 

<x=05 mmole 

\, l,’ y=O.5 m mole 

\ y =O. I m mole 

Fig. I. Relative error diagram. 

The standard deviation of the total heat of reaction (60 replicates) is S, = 4.4 graduations. The determinant 
D is D = -1557 x lo6 graduations’/mmole’. By substitution of the experimental values in equation (2) we 
obtain formulae for calculation of x and y: 

x(Na,S,O,), mmole = 586Qw- '53oQ,! -- 
1557 x 106 

y(Na,S), mmole = 31,4Q,2, - 279OQ,,, 

1557 x 106 
(12) 

The general error diagram corresponding to the equations (9) and (10) is given in Fig. 1. For the given 
determination: 

XAH,l = 7.785 x lo6 graduations*/mmole’ 

,XAH,2 = 6.744 x lOh graduations’/mmole’ 

From this 

&AH,’ 
= 1.67 x 1O-3 and 

,‘kAH,’ 

D 
= I.79 X 10-j 

D 
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Table 1 

573 

Taken. mmole Error, “/; Error, % 
___ -. Q (1) Q 12) ~WWU _~~_.._____ ._ .vPW) -.-- -. - ~~ ~~-- 
Na,S,O,Na,S (with iodine) (with bromine) mmolr estimated found mm& estimated found 

0.09 0.01 19 311.1 0086 8 -4 0.012 79 +I6 
0.08 0.02 26 301.8 0.07 1 9 -11 0.041 39 -i-102 
0.05 0.05 32.7 290.8 0.056 I5 +13 0.053 10 +5 
0.02 0.08 53 2775 0018 37 -8 0.089 10 +12 
0.01 009 61 271.8 o+lO3 74 -68 0.104 9 +15 

0.27 0.03 35.3 893.5 0.279 3 +3 0.045 26 +46 
0.24 0.06 38.3 820-E 0.247 3 +3 0.052 13 -13 
0.15 015 107.3 830.8 0.138 5 -8 0.176 6 +17 
0.06 0.24 137.3 7405 0,056 12 -7 0,231 3 -4 
0.03 0.27 138-7 690.8 OG35 25 +l6 0.235 3 -13 

The x and r values were calculated by equations (11) and (12) and the errors by equations (13) and (14). 
The Q values are in scale graduations. 

We can estimate the uncer~inty of the simultaneous determination of S,O:- and SZ- from the error 
diagram. The relative deviations. which can be read along the broken iines drawn on the diagram, can also be 
expressed by the equations: 

S s20,1- 

mmole[S,O:-] - 
100 _____?!-~ x 1.67 x lO-3 = _.-_.?‘? _ % 

mmole[S,O: ] mmole[S,Of ] 

_Sst-_ = 100 
0.79 

mmole[S*- J 
x >4_ x 1.79 x 10-X = --- 

mmole[S’-] mmole[S’ - ] 
% 

(13) 

(14) 

Sinnrltnneous deterwination qf sodium thiosulphate and sulphide 

We prepared various mixtures of the two stock solutions with totals of 0.1 and 0.3 mmole in the 
200 ml of test solution and made three measurements on each mixture reacted with the total iodine and 
bromine. Table 1 shows the results. 

On the basis of equations (13) and (14), the expected relative standard deviation for 1 mmole of 
sodium thiosulpbate or sulphide is 0.7-0.8:,& for 0.1 mmole 7-8% and for 0.01 mmoie 7@80%. 

It is clear from the table that the error is larger than expected for four of the results for the 
O,l-mmole samples and for five of those for the 0,3-mmole ones, sometimes very considerably larger. If we 
consider the fact that the lower limit for the classical volumetric determination of sulphide and thiosulphate 
concentrations is about lo-‘M, and that the concentration of the solutions determined here is between 
5 x 10e4 and 15 x 10m3 M then the results are encouraging. 
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Zusammenfassung-Ein Verfahren zur gleichzeitigen Bestimmung von Sulfid und Thiosulfat mit 
nichtselektiven Reagentien wurde entwickelt, das auf deren unterschiedlichen Reaktions-warmen 
beruht. Als ein Reagens wurde Jodliisung verwendet. Bromwasser als das andere. Es wurde ein 
Fehlerdiagramm berechnet und die theoretischen Fehler mit den in der Praxis gefundenen 
verglichen. 
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R&sum&On a klaborb une mkthode pour le dosage simultank de sulfure et de thiosulfate avec 
des riactifs non silectifs sur la base de la diffkence entre leurs chaleurs de rtaction. On a 
utilist une solution d’iode comme I’un des riactifs et l’eau de brome comme I’autre. On a 
calculk un diagramme d’erreur et compare les erreurs thkoriques avec celles obtenues en 
pratique. 
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RELATIVE SENSITIVITY COEFFICIENTS FOR 
RARE EARTHS IN SPARK-SOURCE MASS 

SPECTROMETRY 

R. J. CONZEMIUS and H. J. SVEC 
Ames Laboratory-USAEC and Department of Chemistry, Iowa State University. 

Ames, Iowa 50010 U.S.A. 

(Rectked 26 June 1972. Revised 21 December 1972. Accepted 10 3anuar.s 1973) 

Summary~Relative sensitivity coefficients have been computed for rare earth elements according 
to empnlcal models which have been proposed in the literature. Explanations concerning 
differences between the computed and observed values are based upon possible instrumental 
discrimination effects which negate some processes occurring in the ion source. Computations 
relating elemental physical constants to observed results in a semi-random manner are shown 
which support this contention. 

Experimentally determined relative sensitivity coefficients of trace rare earth impurities 
in rare earth matrices by spark-source mass spectrography have been reported.’ Several 
empirical models have been proposed in the literature for relating sensitivity coefficients 
to fundamental chemical and/or physical properties of the elements.z-7 The purpose of 
this report is to compare sensitivities computed from the models with ex~rimental 
rare earth data; to propose instrumental effects which may cause the models to fail; 
and to show by comparison of experimental data with physical constants in a semi- 
random manner how the observed rare earth sensitivity coefficients support the proposed 
instrumental effects. 

This study was motivated and performed with the notion that the rare earths might 
provide a significant test for the reported models since the experimental sensitivity 
coefficients, listed in Table 1, were generally found to be independent of matrix effects 
and of the method of sample preparation and also since rare earths possess uniquely 
interrelated physical and chemical properties which are well known. 

COMPUTED RELATIVE SENSITIVITY COEFFICIENTS 

The commonly accepted form* for expressing a relative sensitivity coefficient (S,) is 

S 
R 

= mass spectrometrically observed (relative) value 

true (relative) value 

where the observed value is based upon an ion current which has been corrected for 
known instrumental effects. This corrected value is then placed on a relative basis by 
comparison with another element which has a known concentration and has been assigned 
an arbitrary SR value (e.g., commonly the SR for iron z 1.00 although any other element 
may be selected). 
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Fig. 1. Plot of computed Sa values according to formulae proposed in the literature. Symbols: 
AR = atomic radius. AHr = heat of formation of sesquioxide, Re,O,. IP = first ionization 

potential. AH, = heat of sublimation. AH uo = heat of formation of the gaseous monoxide. 

Accurate values for the physical constants for the rare earths are available and the 
relationships between these constants have been discussed.g-‘3 Except for small mass- 
dependences, very little change occurs across the entire rare earth series in the heat of 
formation of the sesquioxide (Re,O,-form C), the first ionization potential, and the 
atomic volume of the tervalent ion. In contrast however, the vapour pressure at a given 
temperature may differ by approximately eight orders of magnitude. 

Relative sensitivity coefficients for rare earths were computed according to empirical 
models already proposed in the literature. 2-6 The description of these models may be 
obtained from the references as well as a recent summary and discussion of these and 
other theoretical proposals for relating observed elemental sensitivities to fundamental 
properties of the elements.’ The results of the computations are shown in Fig. 1 with all 
data normalized to La = 190, along with the overall average values from Table 1. 

Roaldst- worked with rare earths in geological samples and proposed a model for 
determining SR values. He found the observed SR values to be monotonic functions of 
mass and ionization potential. However his data were not corrected for the photoplate 
emulsion mass-effect and his conclusions regarding mass and ionization potential 
dependence are obscured by many mass effects. For this reason no calculation with the 
rare earths was attempted and no comparison is made here on Fig. 1. 

CORRELATION OF COMPUTED AND OBSERVED VALUES 

There are several results for which all the models are in disagreement with observed 
data. None of the models predict the following. 

1. The low observed sensitivity for Ce. 
2. Pr with a higher sensitivity than Nd. 
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3. Gd with a higher sensitivity than Tb. 
4. Ho with a higher sensitivity than Dy. 

The two models giving the best correspondence to the experimental data are those of 
Goshgarin and Jensen2 (- AR’/HF*IP*HS; open triangles of Fig. 1) and of Socha and 
Masumoto4 (- l/temp. required for vapour pressure of lo-’ mmHg; solid circles of 
Fig. 1). The Goshgarin and Jensen model, which is based upon the energetics in a 
Born-Haber cycle, requires the inclusion of a metal vaporization step (i.e., AH,, used 
for open triangles but not solid triangles of Fig. 1) in order to obtain reasonable agreement 
with the observed data. The model proposed by Socha and Masumoto is an empirical 
relationship based upon the different temperatures required to produce the same vapour 
pressure. Actually, unless diffusion is a predominant process in spark-source electrodes, 
homogeneously distributed elements should be exposed to the same temperature even 
though the time scale and the gradient of this temperature might vary greatly. Since 
vapour pressure is a thermodynamic function proportional to the heat of sublimation, the 
Goshgarin and Jensen model should be considered to be the more fundamental one. 
One aspect of this model, the defined inverse relationship of SR to the first ionization 
potential, is not widely agreed upon in the literature’ and this relationship can be 
examined more closely by using rare earth data. 

INSTRUMENTAL DISCRIMINATION EFFECTS 

Ionization potential 

A plot of ,I& us. the first ionization potential for the rare earths is shown in Fig. 2. 
Considerable scatter is evident although a tendency exists for a positive slope rather 
than the inverse relationship assumed in certain models. A direct relationship may appear 
illogical on first considerations. However, several instrumental discriminatory effects may 
predominate over the first considerations. Two of these effects are described below. 

The reason for the dependence of elemental sensitivity upon spark location’4 has not 
been established and ionization potential (IP) could be a factor in this dependence. 
Acceleration of singly charged elemental ions of high IP may be favoured owing to 
more predominant ion formation in different regions of the spark gap. Conversely stated, 
elements with low IP could effectively be discriminated against owing to predominant 
ion formation in regions very close to electrode surfaces, e.g., in the cathode drop 

First ionization potentiol, eV 

Fig. 2. Plot of S, OS. first ionization potential. 
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region. Acceleration of these ions along the ion optics axis of the instrument may be 
less effective because of very narrow gap widths or electrode self-shielding effects, both 
being common operating characteristics of spark-source mass spectrometers. 

A second instrumental discriminatory effect related to IP can occur at the energy- 
defining slit if ion energy is a function of ionization potential. Mechanisms of ion 
formation such as those given above would provide this Function and lead to two different 
types of ~~r~minat~on* One would occur at the defining slit itself and would result in 
discrimination against certain energies by limiting transmission to a spe&lc ion-energy 
range. The other type is more complicated and is due to the relationship between line 
profile and an exact description of the energy and angular divergent parameters of the 
ion beam.15 

Line profiles are mass-dependent (i.e., aberrations are functions of ion-path radii in 
the magnetic field). Since the energy and angular divergent properties of an ion beam 
would be very difficult to reproduce, variable mass-dependences of elemental sensitivities 
may be expected. A means of minimizing or eliminating this variation in line profile has 
been described by Franzen and Schuy, I6 However, very few ins~~ents have been 
altered to incorporate this improvement. 

Other mass-discrimination effects such as those at the ion detector or in the ion- 
accelerating region may be relatively constant. However since ion path-length is mass- 
dependent, a variable dependence of SR upon ion path-length (mass) may be defined as 
an alteration in the Z-axis (instrument optical axis parallel to the magnetic field lines) 
ion~illumination angle.’ 7 

Space charge broadening 

Highly variable sensitivity coefficients for elements with masses adjacent or near to the 
matrix-mass ion beams have been observed in our own laboratory. (Note data in Table 1.) 
Generally the observed SR is un#mmo~y low by factors of up to 4 for elements 
immediately adjacent to the matrix. An empirica relationship for estimating the magnitude 
of this effect, based upon the experimental data, is 

reduction factor = [(MS - MM)/(MS - MM -t l)]’ 

where MS is the mass of the isotope used for the elemental determination and MM is 
the mass of the isotope of the matrix element adjacent to MS. 

Volafilifj?-energy spread 

Energy spread and intensity of multiply charged lines have been shown to be dependent 
upon elemental volatility,18 Discrimination due to this effect would depend upon the 
magnitude and the setting of the energy window of the instrument. The procedure used 
to obtain the experimental results in Table 1 was to maximize the ion current at the 
centre of the energy window (500 eV wide in this case). For a pure matrix this procedure 
effectively discriminates against elements with energy spreads (or volatilities) different 
from those of the matrix. Methods for estimating the degree to which this occurs have 
not been described and would be very difficult to determine since these particular effects 
are produced during the unstable and non-reproducible initia1 stages of spark-gap 
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breakdown. An empirical means for estimating this effect will be desirable for computa- 
tions described later and is 

VF = I/( 1 + } (log VPi - log VPmscrix) 1) 

where VF is the estimated reduction due to the discrimination noted above, VP, is the 
vapour pressure of the impurity element at the particular temperature where the matrix 
element possesses a vapour pressure, (VPIIIBLTIX) of lo-’ mmHg. 

TEST OF MODELS AND OF DISCRIMINATION EFFECTS 

A model which encompasses all of the instrumental discrimination factors above would 
be very difficult to establish. However a different approach may be used to pose a test 
for the arguments given above as well as for the Goshgarin-Jensen model. This approach 
consists of a semi-random comparison of the observed results for each of the five matrices 
and of the overall average data in Table 1 with the rare earth elemental physical 
constants. Such comparisons were made by relating the observed results to the constants 
by use of the same form of mathematical expression, oiz., muItipli~tion of constants 
raised to some power, as used in models proposed in the literature.’ The mathematical 
expression includes the constants of the Goshgarin-Jensen model as well as the instrumental 
discrimination factors described above. The general equation is 

SR = (MS)m(HS)“(IP)i(AR)‘(HF)S(VF)d[(MS - MM)/(MS - MM -+ l)]’ 

where HS is the heat of sublimation, IP is the first ionization potential, AR is the 
radius of the tervalent rare earth in the oxide, HF is the heat of formation of the C-form 
rare earth oxide ReZOJ, and MS, MM, and VF are as defined earlier. The symbols 
m, s, i, r,f, and d are the exponents of the properties referred to above. For comparison 
with the overall average data in Table 1 the matrix-dependent factors, VF, MS, and MM 
were not included in the equation. 

The following semi-random procedure was used for comparison of observed data with 
values computed according to the mathematical expression above. Initially all of the 
exponents were set equal to zero. The exponent s was then incremented, the equation 
was evaluated for SR for each rare earth, the S, values were normalized to La E 1.00 
and the average differences between the computed and observed SR values for the rare 
earth elements were determined. Incrementation of the exponent by 0.1 unit was permitted 
in either a positive or a negative direction until best agreement, i.e., minimum average 
difference between computed and observed SR values, was obtained. With the exponent s 
retaining its optimized value, the exponent m was then optimized in the same manner. 
This optimization of exponents was continued in the order: s, m, s, m, i, s, m, i, r, s, m, 
i, r,f, s, m, i, r, 5 d, s, m, i, r, etc. with each exponent retaining its re-optimized value 
while the next exponent was being optimized. The exponent s was chosen for optimiza- 
tion first since a definite relationship between the heat of sublimation and the observed 
results was obvious from the Goshgarin-Jensen model. However, no obvious relationships 
were observed with the other constants. Thus the remaining order of m, i, r, J and d 
was chosen arbitrarily. Re-optimization of the exponents (e.g., s re-optimized after the 
first m optimization) was performed for readjustment before continuing to a new 
exponent. No upper or lower limits were placed on the ultimate values of the exponents. 
Incrementation was by 0.1 unit except for d which was by 0.05 unit. 

The final values for the exponents found by the computer programme which was written 
to perform these tasks are given in Table 2. Figure 3 is a plot (dashed line) of the 
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Table 2. Exponents of parameters for computer generated model 

581 

y*o, SC203 HoAh Overall Average 

s -0.8 -0.7 - 1.1 - 1.1 -1.2 -0.9 -1 
m +0.2 -@7 fl.4 +0.5 -0.3 -1.9 -0.1 
i f0.3 fl.6 +0.7 +2.1 +4.Y +2.7 + 2.0 
J; +0.9 +0.4 -I36 +0,3 + -2.1 3.7 +51 +02 fl.9 +1,5 + 2.2 + 0 2.9 

d 0 0 -0.15 0 +0.25 - 0 

9 0.8 

$ 0.7 
n Computer generated values 
o Values determined by rerun 

LO ce Pr Nd Sm Eu Gd lb Dy Ho Er Tm Yb Lo 

Fig. 3. Plot of observed and computed values for the SR values of the rare earths. 

computer-generated SR values for the overall average data (column 7 of Table 2) and a 
plot (solid line) of the experimentally determined SR values for the overall average data 
(column 14 of Table 1). 

OBSERVATIONS AND CONCLUSIONS 

The mathematical procedure above is not an attempt to generate a theoretical model. 
It is rather an attempt to test arguments for proposed instrumental effects by a semi- 
random comparison of observed results with physical constants in order to make practical 
and empirical observations of possible non-random relationships existing between the 
parameters. The results shown in Table 2 are indeed not random and do indicate relation- 
ships which have logical and physical bases as presented earlier. For example the exponent s 
for the heat of sublimation, HS, deviates very little from the average result of - 1 given 
in column 8 of Table 2. This is in good agreement with the values assumed for this 
parameter in previously mentioned models. The exponent m of isotopic mass, MS, varies 
between the values of - l-9 for the overall data and + 1.4 for the Tm data. This variation 
is difficult to assess, owing to the dependence of many physical constants upon mass, 
as noted earlier. However the variation itself substantiates the arguments posed earlier 
concerning variable mass discrimination. The positive exponent i for the ionization 
potential, IP, is in disagreement with values assumed for this parameter in some proposed 
models. However this direct dependence should not be considered as having no physical 
basis. This effect was ascribed by previous arguments to possible instrumental dis- 
criminations. The radii of the tervalent rare earth ions, AR, change very slightly, across 
the entire rare earth series of elements. It would be very easy for errors in the observed 
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results to cause the exponent r of this parameter to vary widely without any correlation 
with physical reality. However, this is not the case. The value of r has an average of 
approximately +3 which is in reasonable agreement with assumptions of some of the 
models proposed in the literature.* The exponent ffor the heat of formation, HF, varies 
considerably and is positive for all matrices except thulium. Possibly the mathematical 
procedure breaks down in this case. The inability of the mathematical procedure to 
predict a low enough SR for Ce may possibly be attributed to an uncertainty concerning 
which heat of formation should be used, since cerium also forms CeO, which has a 
higher heat of formation than the Ce,03 form-C type oxide. The energy-discrimination 
effect, VF, was found to be negligible for yttrium, scandium, and erbium. The negative 
value for d for the thulium matrix and its positive value for the holmium matrix indicate 
that vapour pressure differences may be significant in these particular cases. 

Figure 3 shows the same disagreements between computed and observed SR values 
(i.e., low SC~ ; SM > SP, ; STY > SG~ ; SD, > SH,) as were noted earlier with the SR values 
computed from theoretical models. This suggested possible systematic errors in the 
observed results. Some more recent experimental values for SR than those given in Table 1 
have been obtained for Ce, Pr, Nd, Dy, Ho, Er, Tm, and Yb in three different matrices, 
Lu,O,, Y,03, and Yb,03. In these matrices, SR values for Pr and Ce were determined 
relative to Nd s 1.24 and SR values for Dy, Er, Tm, and Yb were determined relative 
to Ho s 1.27 to permit easier testing of discrepancies with adjacent elements. The 
experimental procedure used for determining these new S, values was identical to that 
used for Method III’ of Table 1. The experimental results are indicated by the open 
circles in Fig. 3. The new values for Pr and Ce agree better with the computed values. 
Also the new value for Dy is greater than that for Ho, in agreement with calculated 
values. The new values for Tm, Er, and Yb reflect either experimental errors or minor 
matrix effects. 

More rigidly defined experimental work will be needed before better theoretical models 
can be proposed which will permit accurate a priori computation of relative sensitivities 
for even selected groups of elements. However, with improvements in instrumental 
reproducibility (via automatic control over sparking conditions, increased versatility in 
ion-detection methods, better characterized solid electrodes, etc.) and with the advantages 
of computer-based techniques, these theoretical models are becoming useful. Instrumental 
discrimination effects will require more important consideration in future models designed 
to relate spark-source mass spectra to actual elemental concentration levels in the spark- 
source samples. It is essential that models continue to be improved upon and tested 
against observed results so that the complex mechanisms operative in spark-source mass 
spectrometers may become clearer. 
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Zusammenfassung-Fiir seltene Erden wurden nach in der Literatur vorgeschlagenen empirischen 
Modellen relative Empfindlichkeitskoeffizienten berechnet. Die Erkllrung von Unterschieden 
zwischen berechneten und beobachteten Werten beruht auf miiglichen Diskriminationseffekten 
im Gerlt, die einige in der Ionenquelle ablaufende Prozesse unwirksam machen. Es werden 
Berechnungen gezeigt, die physikalische Konstanten der Elemente mit den beobachteten 
Ergebnissen in halb zufalliger Weise verkntipfen; diese stiitzen die oben aufgestellte Behauptung. 

R&me--On a calcule les coefficients de sensibilitb relatifs pour les elements des terres rares selon 
des modtles empiriques qui ont etir proposes dans la litttrature. Les explications concernant des 
differences entre les valeurs calculees et observees sont bades sur des effets de discrimination 
instrumentale possibles qui annulent quelques processus se produisant dans la source d’ions. 
On presente des calculs reliant des constantes physiques Cltmentaires aux resultats observes de 
man&e semi-desordonnee qui soutiennent cette conception. 



SHORT COMMUNICATION 

SYNTHESIS AND ION-EXCHANGE PROPERTIES OF 
CERIC TUNGSTATE 

(Received 3 October 1972. Accepted 14 December 1972) 

In continuation of our work on the synthesis of some new inorganic ion-exchangers,‘-3 we found ceric 
tungstate to have useful ion-exchange properties. The present communication summarizes our findings on the 
preparation, properties and ion-exchange behaviour of ceric tungstate. 

EXPERIMENTAL 

Reagents 

Ceric ammonium nitrate and sodium tungstate (analytical reagent grade) were used without further 
purification. “Cr. “Co, 59Fe, 65Zn, *6Rb, rrsmCd, 134Cs, ‘03Hg and ‘04Tl radioisotopes (BARC, Bombay) 
were used for the determination of distribution ratios. All other reagents used were of analytical grade. 

Apparatus 

All pH measurements were made with a Cambridge pH meter. A Unicam SP 500 was used for spectro- 
photometric work. For “0, 58Co, 59Fe, 65Zn, t3YIs and loaHg y-counting was done on a scintillation 
counter. /?-counting was done with a G.M. counter in the case of s6Rb, I1 5mCd and ao4TI. 

Preparation of ceric tungstate 

All samples of ceric tungstate were prepared by mixing ceric ammonium nitrate and sodium tungstate at 
room temperature (35 k 3”), the total volume being kept to 200 ml. Details of precipitation are summarized 
in Table 1. The precipitate was filtered off, washed and dried at room temperature. It was sieved to 100-200 mesh 
for column operation. The ion-exchanger was then converted into its H+ form. 

Table 1. Methods of preparation, composition and ion-exchange capacity of ceric tungstate 

Sample 
No. 

Concentration of reagents, M 

Ce4+ wo:- 

1A 0,250 0.250 
?A 0.050 0.050 
3A 0.025 0.025 
4B 0.050 0.050 
5A 0.050 @lo 
6A 0.10 0.050 
7A 0.050 0.050 
8B 0.050 0.10 

Hydrogen-ion Hydrogen-ion 

PH Ce4+/WO:- liberation absorption 
capacity, capacity, 

WQlQ m@Q 

1 0.51 040 0.38 
1 0.51 0.42 0.38 
1 0.53 0.42 0.37 
1 0.52 @56 0.48 
1 0.51 0.54 0.47 
: 0.50 0.57 040 0.73 0.66 0.36 

0 0.49 0.89 0.81 

A--WO’- added to Ce“+. 
B-Ce4$ added to WO:-. 

Composition of ceric tungstate 

Known amounts of ceric tungstate samples were dissolved in hot concentrated hydrochloric acid. Cerium4 
and tungsten’ were determined spectrophotometrically, and the Ce(IV) and W(V1) ratios are reported in 
Table 1. Control experiments and blanks were run to test the accuracy of the method of determining 
cerium : tungsten ratios. 
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Properties 

All samples when dried at room temperature are yellow. The samples were in the form of a gel and could 
be sieved to the desired mesh size. The samples show a negligible tendency to leach. Mineral acids (6M) 
have no effect in the cold but dissolve the exchanger on heating. Alkalis (up to 2M) have no effect in the 
cold, and the ion-exchanger is stable in water, alcohol, benzene, acetic acid, 1,OM oxalic acid and in solutions 
of alkali and alkaline earth metal chlorides. 

Determination of the exchange capacity 

The ion-exchange capacity is found to depend upon the concentration (Fig. lb) and the volume of the 
eluent (Fig. la) for column operation. To find the time of complete equilibration, the amount of H+ liberated 
by 1M sodium chloride solution at different intervals of time was determined (Fig. lc). The ion-exchange 
capacity of different samples was measured by the standard method,6 and the hydrogen-ion liberation capacity 
for different samples is tabulated in column 6 of Table 1. Column 7 contains the value of the hydrogen-ion 
absorption capacity of different samples in the Naf form. The reproducibility of the method was checked by 
determining the capacity of different samples from the same batch, and there is a standard deviation of 
f0019 meq/g. The standard deviation for batch samples was +OQ36 meq/g. 

The exchange capacity for Na’ varies little (_ 10%) with initial pH. The ion-exchange capacity for ions of 
different size and charge follows the order Li+ < Ca’+ < Na’ 5 K+ 5 NH: < Ba2+. Ceric tungstate exchanger 
dried at up to 100” does not lose its exchange capacity, but when dried at 200” loses half its exchange 
capacity and almost all if dried at 400”. There is no appreciable loss in the hydrogen-ion liberation capacity 
in the course of up to 4 regeneration cycles. Since sample 8B has the highest exchange capacity, most studies 
were carried out on this sample only. 

Distribution studies 

Distribution coefficients for 22 metal ions were determined by batch operation, using radiometric, 
complexometric titration, and spectrophotometric methods. About 200 mg of the exchanger were loaded with 
20 ml of 0005M metal ion solution. The initial pH of the metal ion solution was adjusted to between 2 and 3 
with perchloric acid. The results are reported in Table 2. 
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Fig. 1. (a) Elution of hydrogen ion. Continuous line--&&t l.OM NaCI. Dotted line-eluent 
O.lM NaCI. 

(b) Ion-exchange capacity of ceric tungstate (8B) as a function of concentration of Na’. 
(c) Effect of time of equilibration on exchange capacity of ceric tungstate (8B). 
(d) Separation on ceric tungstate column (9.0 cm x 0.19 cm’) Row-rate -0.15 ml/min. 
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Table 2. Distribution coefficients for some 
cations on ceric tungstate (8B) 

Cation Kd T mVf7 Cation Kdr ml/s 

Rb(I) 68.3 
Ag(I) 138.3 
Cs(I) 96.3 
Tl(J) 617.2 
Mg(II) 2.8 
Ca(I1) 3.1 
Mn(II) 1.4 
Co(H) 216Q 
Ni(II) 6.0 
Cu(II) 38.4 
Zn(II) 5.4 

E$)) 
Hg(II) 
Pb(II) 
AI(II1) 
Cr(II1) 
Fe(III) 
Tl(III) 
Zr(IV) 
F$z;) 

2 

2.2 
1.0 

603.0 
2.9 

63.6 
43 
3.6 

147.8 
1.3 

17.1 
1.1 

Separations of Hg2+ from Cd”, Zn*’ and Pb*+ (Fig. 2) and Co*+ from Mn*+ and Fe3+ were carried 
out on a column (50 cm x 0.19 cm’) containing 50-100 mesh ceric tungstate. The column was loaded with 
20% of the breakthrough capacity for each metal ion and the elution was started after 20 min at a flow 
rate of -0.15 ml/min. Separation of A13+ from Cr’+ and Fe”’ was carried out on a column 90 cm x 0.19 cm* 
(Fig. Id). Zn*+, Cd*+, Pb*+, Fe3+, or Mn’+ were eluted with water (pH 2-3); Hg*’ and Co’+, which were 
retained on the column, were eluted with 0.4M ammonium chloride + 0.05M hydrochloric acid. Likewise Fe3+ 
and Cr3+ were eluted with water (pH 2-3), and A13+ with 0.2M ammonium chloride + 002M hydrochloric acid. 

t water +0~4MNH,CI to-OSMHCI ---I 

A Pb” 

- Water + 0~4MNH,CItO~05MHCI 4 

- Water -+- 0~4MNHpO~O5MHCI --t/ 

5 IO 15 20 25 30 35 40 45 50 55 60 65 

Effluent collected. ml 

Fig. 2. Separation on ceric tungstate column (5.0 cm x 0.19 cm’), flow-rate -0.15 ml/min. 
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RESULTS AND DISCUSSION 

The ion-exchange capacity of the samples is influenced by the ratio of the concentrations of solutions 
mixed, their order of mixing, and the final pH of the resulting solution. The samples precipitated at pH 0 
have higher exchange capacity than those precipitated at pH _ 1. Also the samples prepared by mixing Ce’+ 
and WO:- in 1 : 2 ratio have better exchange capacity than the samples precipitated in 2 : 1 ratio. As noted 
earlier I-3 the order of mixing also affects the exchange capacity. The samples (B) prepared by adding Ce”+ 

‘2 to W04- have a higher capacity than those (A) prepared by mixing the reagents in the reverse order. 
However, all these factors which influence the exchange capacity seem to have a negligible effect on the 
ceric : tungsten ratio. The titration curve shows only one inflection, suggesting that ceric tungstate behaves as 
a monofunctional acid. 

As regards the effect of neutral salt solution concentration and the time of equilibration on the capacity 
determined by batch operation, a constant capacity for Na+ was obtained at 1M neutral salt concentration 
after a 48 hr equilibration. Elution curves reveal that at least 80 ml of IM eluent is required for complete 
elution, although most of the hydrogen ions are released in the first 20 ml. 

The effect of pH on exchange capacity is practically negligible. Ceric tungstate in the acid form gives a 
buffer system’ of pH 2-3 and its exchange capacity remains practically unchanged at temperatures up to 100”. 
This suggests its possible use for buffering aqueous systems at higher temperatures. The exchanger has 
moderate regeneration properties, and may be used without breakdown of the particle or deterioration in 
ion-exchange properties. 
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Summary-Ceric tungstate has been prepared under varying conditions of precipitation. Its 
properties and ion-exchange behaviour have been studied. Separations of Hgz+ from Zn2+, Cd2+ 
and Pb’+: Co” from MnZf and Fe3+; and A13+ from Cr’+ and Fe3’ have been carried out 
on ceric tungstate columns. 

Zusammenfasaung-Cerwolframat wurde unter verschiedenen Flllungsbedingungen hergestellt 
und seine Eigenschaften und sein Ionenaustauschverhalten untersucht. An CerwolframatsLulen 
wurden Trennungen von Hg’+ und Zn’+. Cd2+ und PbZ+, Co2+ von Mn*’ und Fez’ sowie 
A13+ von Cr3+ und Fe3+ ausgeftihrt. 

R&sum&-On a pritpart le tungstate cbrique dans conditions variables de prtcipitation. On a 
ktudii: ses proprittks et son comportement d’tchange d’ions. On a rtalist des stparations de 
Hg ‘+ de Zn’+. Cd*+ et Pb’+, Co’+ de Mn’+ et Fe)+ et A13+ de Cr” et Fe3+ sur des 
colonnes de tungstate cerique. 
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LOCATING THE MORE ACfDIC HYDROXYL GROUP 
ON DIHYDROXY COMPOUNDS 

o,o’-DIHYDROXYAZO-DYE METAL-ION INDICATORS 

FR~EDERICK LINDSTROM and ANN EDWARDS WOMBLE* 

Department of Chemistry and Geology, Clemson University, South Carotina 29631, U.S.A. 

Summary--In o~~~hydroxya~~ metal-ion indicators, one hydroxyi group is loZ times more 
acidic than the other. The bcation of the more acidic group has heen a mystery. By methyiation of 
the acidic group, reduction of the monomethyfated compound. isoiation and characterization of 
the split methoxyamine and hydroxyamine, the location of the acidic group has heen established. 
Indicators examined include Calmagite, Eriochrome Black T, Eriochrome Blue Black R and 
4-(2-pyridylazo)resorcinol (FAR). 

Compounds having two or more ionizable hydroxyl groups often show a marked 
difference in the degree of ionization of these groups. It would be interesting to determine 
which of the groups on the compound ionizes first. The means to do this are avaiiable. 
Braun, Anton and Weissbach’ have shown that dime~yl.s~p~te will methylate ionized 
hy~oxyl groups 104 times faster than unionized groups. So if the more acidic hydroxyl 
group is neutralized while the less acidic is not, me~yla~on should occur exclusively on 
the oxygen atom of the ionized group. Since methyl ethers are quite stable and often easy 
to isolate, location of the methyl group on the monomethyl product should be 
straightforward. 

o,o’-Dihydroxyazo-dyes used as metal-ion indicators are good candidates for this 
method. The acid dissociation constants are known. They show a K,/K, ratio of over lo4 
so the ionization processes are independent. The compounds are also pH indicators and 
are of a distinctive blue colour in the half-neutralized state. The hydroxyl groups are on 
different rings, the rings being connected by the azo linkage. The azo linkage on reduction 
yields two separated amines which can then be isolated to see which one is a methyl ether. 
Isolation of the other amine to be sure that itis not a methyl ether is definitive. Aeetylation 
of the products, as a routine measure, would yield convenient, stable, crystalline 
derivatives easy to identify. 

Several o,o’-dibydroxyazo-dye metal-ion indicators were investigated. Dye I was 
I-(thydroxy-1-benzeneazo)-2-naphthol, used by Diehl and Ellingboe2 to heip demon- 
strate that the necessary and sufficient structure needed for a calcium or magnesium 
azo-dye metal-ion indicator was two hydroxyl groups, one on each ring adjacent to the am 
group. ‘Dye II was Calmagite, the indicator developed by Lindstrom and Dieh13 
specifically as a stable indicator for the EDTA titration of calcium plus magnesium and 

* Present address: Environmental-Chemical Technology Department, Greenville Technical Education Center, 
Greenville, South Carolina 29606, U.S.A. 
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investigated later by Lindstrom and Isaac.’ Dye III was Eriochrome Black T or Mordant 
Black 11, C. I. 146455 the commercially important dye for wool, introduced by Schwarzen- 
bath and Biedermann6 as the first indicator for the direct titration of calcium pius 
magnesium with EDTA. Unfortunately stock solutions of this dye do not keep well, which 
necessitates the repeated preparation of indicator solutions. This dye was later investigated 
in detail as an indicator by Diehl and Lindstrom.’ Dye IV was Eriochrome Blue Black R 
or Mordant Black 17, C. I. 15’7O55 a dye also studied by Schwarzenbach and Biedermanr? 
and later suggested by Hildebrand and Reilley’ as an indicator for the EDTA titration of 
calcium alone, at high pH, and designated Calcon. Dye V was 4-(Zpyridylazo)resorcinol 
(PAR), suggested by Wehberg as an indicator for the EDTA titration of some transition 
metal ions. This compound is not an o,o’-dihydroxyazo-dye but it does contain two 
hydroxyl groups of widely different strength.” 

Table 1 lists the dyes investigated along with the negative loga~thms of their acid 
dissociation constants. As has been the custom, these dissociation constants refer only to 
the hydroxyl groups, even for the sulphonated dyes. 

The more acidic hydroxy group is indicated by an arrow in the structural formulae 
given. 

Apparatus 

EXPERIMENTAL 

Infrared spectrophotometer. Perkin-Elmer Model 137 
Ukraviolt> Model visible spectrophotometer. Perkin-Elmer 4OOOA 
oH meter. Leeds Northrun model 7405. standardized with reference buffers” (ohthalate. oH 4.01 at 25”: 

t&ax, pH 9.18 at 25”). 1 
>. . 

Cupiliury melting point apparatus. Thomas Hoover ‘Uni-melt’ apparatus. 
The carbon, hydrogen, and nitrogen analyses were done by a commercial laboratory. The hydroxyl 

determinations were carried out by the procedure described by Siggia.t2 

Reagents 

All inorganic chemicals used were reagent grade. All organic chemicals were recrystallized or redistilled as 
needed. All water used was distilled and demineralized with an ion-exchange column charged with Bio-Rex 
501-X8 mixed-bed resin (Bio-Rad laboratories). 

Dye I was prepared by diazotizing 2-aminophenol and coupling to 2-naphthol in basic solution. 
2-Aminophenol, 65.5 g. was dissolved in loo0 ml of water with just enough hydrochloric acid to effect solution 
and the solution was cooled to 5”. Then 41.4 g of sodium nitrite in aqueous solution were added. 2-Naphthol, 
95 g, was mixed with 2500 ml of 50% sodium hydroxide to yield a milky suspension which was also cooled to 
below 5”. The diazonium solution was added to the naphthol with constant stirring while the temperature was 
kept beIow 7” by the addition of ice. The mixture was allowed to stand for a day SO come to room temperature. 
The crystals of the sodium salt were filtered off and washed several times with hydrochloric acid (1 + 1) to yield 
the acid form which was recrystallized from methanol; yield: 53.7%; m.p. 191-193”; requiredI 193”. 

For methylation 1.33 g of I were dissolved in 500 ml of dioxan. The pH of the solution was adjusted to 
approximately 10, with IM sodium hydroxide. The blue solution was cooled to about 0” in an ice-bath, filtered to 
remove any undissolved material, and placed in the fume-cupboard in an ice-bath. Dimethyl sulphate, 046 ml, 
was added over a period of 1 hr with constant stirring. The solution was then heated on a steam-bath for 1 hr. The 
methylated dye was isolated by pouring the solution into 1.5 1. ofwater. The dye was filtered off and washed with 



Locating the more acidic hydroxyl group 591 

water several times. The methylated dye was air-dried and recrystallized from methanol. Yield: 79%. Analysis 
gave: C, 73.1 Tb; H, 4.8%; N, 10.3%; OH, 62%. Calculated for C,, H,, N, 0, : C, 73.37%; H, 507%; N, 1007%; 
OH, 6.11%: m.p. 179.5-183”; required’* 180”. 

The next step was to reduce the methylated I and separate and identify the hydroxyamine and methoxyamine 
which would be formed. Reduction was carried out with sodium dithionite (Na,Ss0,.2H,O) in basic solution. 
Methylated dye, 0.23 g. was dissolved in 200 ml of absolute ethanol. Fifty ml of 50% sodium hydroxide were 
added and the solution heated to boiling. Sodium dithionite was added gradually until the solution lost its colour. 
The solution was steam-distilled for about 30 min. The distillate will be referred to as I-A; the residue remaining 
in the flask as I-B. 
I-A was extracted into ether. The ether was evaporated, leaving an oily material. This oil wasacetylated by the 

method of Noelting, Grandmougin and Freimann, is slightly modified. The oil was dissolved in 25 ml of ethyl 
acetate; 5 ml of acetic anhydride and 2 ml of pyridine were added, and the solution refluxed for 2 hr. The solution 
was then evaporated to dryness with a rotary evaporator. The residue was extracted with and recrystallized from 
hot water. Yield: 65% of long white needles: m.p. 88”. Required for 2-a~~midophenol methyl etherj6 87-88”. 
2-Acetamidophenol methyl ether was prepared by the acetylation of Zanisidine, by the method described 
previously. The product was recrystallized from hot water. Yield: 92.7%: m.p. 88”. The infrared spectra of the 
2-acetamidophenol from the two sources were identical. 

The residue I-B was neutralized with dilute hydrochloric acid. Immediately, white flakes precipitated which 
were filtered off and air-dried. This product was then acetylated as described above. The solution was evaporated 
to dryness, and the residue was extracted with and recrystallized from hot ethanol. The white crystals separated 
slowly. Yield: 67%: m.p. 204-206”. Required for I-acetamido-2-acetoxynaphthalene” 206”. I-Acetamido-2- 
acetoxynaphthalene was prepared by a similar acetylation of I-amino-2-naphthol. The product was recrystallized 
from ethanol. Yield: 91%: m.p. 204-206”. The infrared spectra of the I-acetamido-2-acetoxynaphthalene from the 
two sources were identical. 

The methylation of I-(2-hydroxy-1-benzeneazo)-2-naphthol occurred only on the benzene ring so pK, is a 
measure of the acidity of the phenolic hydroxyl group. The resultant compound was C. I. Solvent Red 1, C. I. 
121.50,5 which is prepared by coupling diazotized 2-anisidine with 2-naphthol. 

falmagitr or I-(I-h.vdros~_$-mefhyl-2-phen.v~azot2_nophtho~~-su~pho~~c acid. Dye Ii 

J 

HO$ 

Calmagite was prepared by the method of Lindstrom and Isaac.* For methylation, 4 g of II were dissolved in 
500 ml of dioxan, the pH was adjusted to 10 with U4 sodium hydroxide, the blue solution cooled to O-5”, and 
filtered to remove any undissolved material. Slowly, with stirring, 4.55 ml of dimethyl sulphate were added over a 
period of 1 hr. The solution was then heated on a steam-bath for 1 hr. The methylated dye was isolated by the 
addition of hydr~hloric acid (1 + 1). If acid is added to the solution rather than solution to the acid, swelling is 
decreased, and filtration is easier. This solution was cooled and filtered. The methylated dye was washed by 
decantation several times with hydrochloric acid (I + l), filtered off and air-dried. Yield: 94%. Analysis gave: C, 
57.9”,: H. 4.39,; N. 7.4:,; OH, 4.6%. Calculated for C,,H,,N20sS: C, 58@6%; H, 433%; N, 7.527;; OH, 
4.57 y,. 

Methylated II was reduced with stannous chloride and hydrochloric acid as suggested by the work of Ruggli, 
Zimmerman and Knapp.” Methylated II, 0.70 g, was added to 25 ml of boiling water followed by 0.70 g of 
stannous chloride dihydrate dissolved in 8 ml of concentrated hydrochloric acid. The mixture was refluxed for 
2 hr. At the end of this time. there was a precipitate present. The solution was cooled and filtered. Yield: 87%. The 
compound decomposed without melting. The infrared spectrum was the same as the infrared spectrum of 
Eastman Kodak 1-amino-2-naphthol4sulphonic acid, a compound only slightly water-soluble. 

The filtrate was made alkaline and steam-distilled. A white product solidified in the distillate and was filtered 
off. This product was acetylated by the method described previously and was recrystallized from ethanol. Yield: 
86%. m.p. 110”. Required for 2-acetamido-p-cresyl methyl ether,rg 110”. 

The first step in the preparation of 2-acetamido-pcresol methyl ether was the nitration of p-cresol, by the 
method of SchuItz.zo p-Cresol(20 g) was dissolved in 40 g of benzene. Over a 2-hr period, 11.7 ml of concentrated 
nitric acid mixed with an equal amount of water were added with constant stirring at 25”. The reaction mixture 
was allowed to stand in a separatory-funnel until the phases separated. The upper phase was neutralized with 
sodium bicarbonate solution and then steam-distilled. The benzene distilled first and was extracted several times 
with 1M sodium hydroxide. The extracts were returned to the distillation flask after neutralization with 
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phosphoric acid. The 2-nitro4methylphenol was the only material volatile under these conditions. Yield: 750/b; 
m.p. 35”; required22 36.5”. 

The 2-nitro-4-methylphenol was methylated by the method of Robinson.” 2.Nitro&methyl phenol, 15 g, was 
added to 500 ml of xylene. Excess of potassium carbonate, 21 g, was added with 10 ml of dimethyl sulphate. The 
reaction mixture was refluxed until the red potassium salt of the nitro-compound was replaced by colourless 
potassium sulphate and potassium methyl sulphate. The xylene was removed by steam-distillation at 92-98”. The 
nitro-compound followed this. The distillate was extracted several times with ether. The ether was evaporated, 
leaving a yellow oil which was dissolved in 350 ml of water. To this solution were added 200 g of stannous 
chloride dihydrate dissolved in 115 ml of concentrated hydrochloric acid. This solution was refluxed for 2 hr, 
made alkaline and steam-distilled. The amine solidified in the distillate and was filtered off. After drying, 
the amine was acetylated in the usual manner. The product was recrystallized from ethanol. Yield: 468%, m.p. 
110”. The infrared spectra of the 2-acetamido-p-cresyl methyl ether from this synthesis and from the methytated 
Calmagite were identical. 

The methylation of Calmagite occurred only on the benzene ring so p& is a measure of the acidity of the 
phenolic hydroxyl group. 

Eriochrome Black T or I-(I-hydroxy-2-nuphthylazo)-2-naphtho[-6-nitr~4-sulphonic 

/ 

Dye Ill 

Dye III was Eastman Kodak Eriochrome Bfack T and was purified by the method of Diehl and Lindstrom.’ It 
was recrystallized from ~methy~o~mide from which it was isolated as the crystalline dimethylamine salt 

For methylation 2 g of III were dissolved in 500 ml of dioxan. The solution was filtered to remove any 
undissolved material. The solution was then adjusted to approximately pH 10 with IM sodium hydroxide. The 
blue solution was kept cooled, and 0.75 ml of dimethyl sulphate was added to the solution over a period of 1 hr, 
with constant stirring. This was followed by heating on a steam-bath for 1 hr. The dye was isolated by adding 
excess hydrochloric acid (1 + 1). The precipitate was filtered off and washed several times with the same 
concentration of acid and was allowed to dry in air. Yield: 75%. Analysis gave: C, 554%; H, 3.6%; N, 9.6%; OH, 
3.8%. Calculated for C,,H,,NsO,S: C, 55.63%; H, 3.34%; N, 9.27%; OH, 3.75%. 

Methylated III was reduced by dissolving I g of it in 50 ml of boiling water and adding a hot solution of 6.5 g of 
stannous chloride dihydrate in 15 ml of concentrated hydrochloric acid. The solution was refluxed for 2 hr. Then 
50 ml of water were added and refluxing was continued for 30 min. Then, 15 ml of concentrated hydrochloric acid 
and decolourizing carbon were added. Refluxing was continued for 30 min and the decolourizing carbon was 
filtered off while the solution was still hot. After cooling, a white precipitate formed and was collected. The yield 
was 0.45 g (758%) of a materiaf which will be referred to as III-A. The melting point of this material could not be 
determined. The absence of a melting point, the infrared spectra and limited water-solubility led to the belief that 
III-A might be 1,6dia~no-2-Mphthol methyl ether~sulphonic acid in the zwitterion form. 

To prepare this compound, l-diazo-2-naphthol4sulphonic acid was nitrated as described for the synthesis of 
dye No. 241 in ~ar~sfo~t~e~~en.‘~ The ldi~o-2-naphthol-6-nitro4sulphonic acid was recrystallized from 
ethanol; yield: 66%. 

The diazo compound was then coupled with p-cresol. Vacuum distilled p-cresoi, 36 g, was dissolved in a 
solution of 23 g of potassium hydroxide in 35 ml of water. Then a mixture of 10 g of the diazo component in water 
was added slowly and the mixture slowly heated to 60”. This temperature was maintained until coupling was 
complete. The solution was cooled and the dye was precipitated by addition of hydrochloric acid (1 + 1). The dye 
was then recrystallized by dissolving it in 500 ml of ethanol, adding 50 ml of hydrochloric acid (1 + 20). and 
slowly evaporating the ethanol on a warm steam-bath. The solution was cooled, and the precipitate was filtered 
off and air-dried. Yield: 38%. 

This dye (5 g) was dissolved in 500 ml of dioxan, and excess of 50% sodium hydroxide solution was added, so 
both hydroxyl groups would be ionized. Dimethyl sulphate (10 ml) was added to the solution at O-5” with 
constant stirring, over a period of 1 hr. The solution was then heated on a steam-bath for t hr. The methylated 
dye was then precipitated by the addition of excess of hydr~hloric acid (1 + 1). The dimethyIated dye was 
filtered off, then washed several times with hydrochloric acid (1 + 1). Yield: 65.3%. 

This dimethylated dye, 35 g, was added to 200 ml of boiling water. A hot solution of 260 g of stannous 
chloride dihydrate in 45 ml of concentrated hydrochloric acid was added. The solution was refluxed for 2 hr. Hot 
water (200 ml) was added, and the solution refluxed for 30 min. Decolourizing carbon and 45 ml of concentrated 
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hydrochloric acid were added. and the solution was refluxed for another 30 min, filtered, and cooled. A white 
precipitate formed upon cooling and was filtered off. Yield: 70%. The infrared spectrum of this 16diamino-2- 
naphthyi methyi ether~suiphonic acid was identical with that of HI-A. 

The fiitrate from the separation of III-A after the reduction of methyiated Eriochrome Black T was treated with 
hydrogen suiphide to precipitate the tin. The tin suiphide was then filtered off and the filtrate was reduced in 
volume to about IO ml. A rose precipitate formed, was filtered off, and acetyiated as previously described, The 
product (referred to as HI-B) was recrystallized from iigroin. Yield: 7@9%; m.p. 116-117”; required for 
2-ace~m;do-l-acetoxynaphtha?ene~3 116”. 117.5”. 

2-Amino-I-naphthoi was prepared by the method of Grandmougin and Micheiz4 2~Nitro~-l-naphthoi (2 g) 
was suspended in 250 ml of concentrated hydrochloric acid and cooled to 0”. Stannous chloride dihydrate, 690 g, 
was added. The solution was kept cool until a white precipitate appeared, which was dissolved by the addition of 
water. Tin was precipitated from the solution by treatment with hydrogen suiphide. After filtration, the solution 
was reduced in volume untii a white precipitate was obtained which was was acetyiated as previously described 
and recrystallized from ligroin. Yield: 52.75%. m.p. 116”. The infrared spectra of 2-acetamido-l-acetoxy- 
naphthaiene from this synthesis and from the reduced, methyiated Eriochrome Black T were identical. 

The methyiation of Eriochrome Black T occurred only on the naphthaiene ring, which was sulphonated, so 
pK, is a measure of the acidity of the hydroxyi group on that ring. 

OH HO 

Dye IV had been prepared earlier by the diazotization of 13mino-2-naphthoi4sutpho~i~ acid with sodium 
nitrite in acid solution, foiiowed by coupling to 2-naphthoi in concentrated alkaline solution. It had been 
converted into the acid form, filtered off, air-dried and extracted with solvents to remove any excess of 
2-naphthoi. It was purified further by dissolving 20 g of product in ethanol, and adding 50 mi of hydrochloric acid 
(I + 20). The ethanol was slowly evaporated cm a warm steam-bath to precipitate the dye. Yield: 75%. 

For methyiation 3.94 g of the dye were dissolved in 500 ml of dioxan. The pH was adjusted to approximately 10 
with 1M sodium hydroxide. The blue solution was cooled to O-5” and filtered to remove any undissolved 
material. Dimethyl suiphate, 3.85 ml, was added over a period of 1 hr with constant stirring. The solution was 
then heated on a steam-bath for 1 hr. The dye was filtered off and washed several times with hydroch~o~c acid 
(I -t 1) and dried. Yield: X+5?<. Analysis gave: C, 61.8%; H, 3.7%; N, 6.676. OH, 4.1%. Caicuiated for 
C,,H,,N,O,S: C. 61.769,: H. 3.95”,,: N. 6869,. OH, 4.16%. 

Methyiated IV was reduced by adding 0.94 g to 25 ml of boiling water and then adding 8 ml of hydrochloric 
acid containing 1.25 8 of stannous chioride dihydrate and refluxing for 2 hr to yield a precipitate. The solution 
was cooled and the precipitate filtered OK The precipitate was expected to be the suiphonat~ portion of 
methyfated IV. and wilt be referred to as IV-A. The meiting point of this compound could not be determined. 

l-Amino-2-naphthoi methyl ether-4-suiphonic acid was prepared for comparison with IV-A. Dye II, 2 g. was 
dissoived in 500 ml of dioxan. Sodium hydroxide, l&f, was added until both hydroxyi groups were ionized. The 
solution was cooled to O-5” and filtered. Over a period of 1 hr, with constant stirring, 4”55 ml ofdimethyl sulphate 
were added. The solution was heated on a steam-bath for 1 hr. The dye was isolated by adding excess of 
hydrochloric acid (1 + l), filtering off and washing several times with hydrochloric acid (I + 1). After air-drying, 
the yield was 67.2 yb. Dimethylated Caimagite was dissolved in 50 ml of boiling water and stannous chloride 
dihydrate. 2.50 g. in 16 ml of concentrated hydrochloric acid was added. Refluxing for 2 hr yielded a precipitate, 
which was filtered off after cooling. Yield: 89%. The infrared spectra of l-amino-2-napbthoi methyl 
ether~~“sulphonic acid prepared as above and of IV-A from the reduction of methyiated Eriochrome Biue Black 
R were identical. 

The solution remaining from the filtration of IV-A was treated with hydrogen suinhide to remove the tin. The 
filtered solution was then neutralized. A white precipitate appeared which was filtered off, air-dried and 
acetyiated by the method described previously. The product was recrystallized from ethanol. Yield: 82.5%: m.p. 
X4-206’. Required for l-a~e~rn~do-2-aeetoxynephthaienel’ 206’. This portion will be referred to as IV-B. The 
infrared spectra of IV-B and i-a~etamido-2-a~toxynap~thaiene, which had been prepared for the study of Z, were 
identical, 

The methyiation of Eriochrome Blue Black R occurred only on the naphthaiene ring, which was suiphonated. 
so pk’, is a measure of the acidity of the hydroxyi group on that ring. 
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4-(2-Pyri4vfazo)resorcjnol, (PAR), Dye Y 

The PAR used was prepared by the method of Pollard, Hanson and Geary. rs A solution of sodium ethoxide 
was prepared by dissolving 2.4 g of metallic sodium in 37 ml of absolute ethanol. 2-Aminopyridine. 10 g. was 
dissolved in the minimum possible quantity of absolute ethanol, and 12 g of isoamyl nitrite were added. The 
solutions were mixed, and refluxed gently for 2 hr. The diazotate formed a brown solid. The coupling reaction 
was carried out directly. Resorcinol, 16 g, was dissolved in the minimum possible quantity ofwater and added to 
the diazotate solution. The mixed solutions were allowed to cool in the refrigerator for 40 hr. If there was any 
difficulty in precipitating the dye, ether was added to force precipitation. The disodium salt of the dye was filtered 
off and washed thoroughly with ether. A saturated solution of the dye in water was made. Hydrochloric acid. 
05M, was added with stirring to precipitate the acid form of V. This material was air-dried and recrystallized 
from methanol. Yield: 10%. 

V, 2 g, was mixed with a solution of 10 g of potassium hydroxide in 25 ml of water. The solution was cooled to 
O-5”, and filtered. Dimethyl sulphate, 05 ml, was added, and the solution was shaken for 30 min. Dimethyl 
sulphate, 05 ml, was again added and the solution shaken for 30 min. This was repeated three more times. A total 
of 2.5 ml of dimethyl sulphate was used. Ethanol, 25 ml, was added to make the solution about 50% v/v ethanol. 
Ether was added to the solution to precipitate the methylated dye. The methylated dye was recrystallized from 
methanol. Yield: 71.8%; m.p. 170” d. Analysis gave: C, 63.0%; H, 46%; N. 18.39;; OH. 7.5’;. Calculated for 
C,2Ht,N302: C, 62+751/,; H. 4.84%; N. 18.33”“: OH. 7,429;. 

For the reduction, 1 g of methylated V was dissolved in 10 ml of ethanol. This solution was warmed with a 
solution of 2.4 g of stannous chloride dihydrate in 20 ml of concentrated hydrochloric acid. A dark 
reddish-brown precipitate appeared immediately: the tin double salt of 2-aminopyridine. The solution was 
filtered. The filtrate was treated with hydrogen sulphide to remove tin sulphide. The filtrate was evaporated to 
dryness, and the residue was extracted with and recrystallized from dilute hydrochloric acid. This product was 
acetylated in 50% acetic acid with acetic anhydride by refluxing for 2 hr. The resulting solution was evaporated to 
dryness and the residue taken up in hot water. The solution was treated with bone-black and filtered. The acetyl 
derivative separated upon standing. Yield: 74.1%, m.p. 163-164”: J-acetamidoresorcinoi-I-methyl etherZb 
166”. Thus material will be referred to as V-A. 

The tirst step in the preparation of 4-acetamidoresorcinoi-I-methyl ether was the methylation of resorcinol by 
the method of Perkin, Rtiy and Robinson. ” Resorcinol (55 g) was dissolved in 50 ml of absolute ethanol, along 
with 60 ml of dimethyl sulphate. Potassium hydroxide (20 g dissolved in 50 ml of water) was added to the 
solution at 25”. The solution was shaken frequently for 1 hr and cooled under running water. Potassium 
hydroxide (20 g dissolved in 50 ml of water) was added to the solution. The solution was then heated on the 
steam-bath for 45 min. The solution was cooled, acidified, and extracted with benzene. The extracts were washed 
with 10% sodium hydroxide solution until no more material was removed. The washings were then acidified and 
again extracted. The benzene extracts were then distilled. The monomethyl ether of resorcinol distilled at 
239-241”; literature value” 240-242”. Yield: 32.3%. 

Nitrosation of the monomethyl ether of resorcinol was carried out by the method of Henrick and Rhodius.” 
Resorcinol monomethyl ether (20 g) was dissolved in 50 ml,of absolute ethanol. Glacial acetic acid (32 g) was 
added. Sodium nitrite (I 7 g) was dissolved in 32 ml of water. Both solutions were cooled to below 5”. After all the 
sodium nitrite had been added dropwise, the solution was stirred for 30 min. The tem~rature was maintained 
below 5” at all times. The solution was then strongly acidified, cooled, and the precipitate filtered off. The product 
was dried over calcium oxide in a vacuum desiccator. After the crystalline mass was dry, it was completely 
dissolved in cold benzene. From this solution, about half the benzene was distilled. The more insoluble material 
precipitated in large, dark-green crystals upon cooling. This was the labile form of Cnitrosoresorcinol-l-methyl 
ether. At 140”, the labile form is converted into the stable form. Yield: 32.3%. 

This material (3 g) was introduced stepwise into a solution of stannous chloride in concentrated hydrochloric 
acid. During the addition, the reaction product began to separate out. After all had been added, the mixture was 
warmed on a steam-bath for a very short time, and cooled. The crystals which precipitated were the tin double 
salt. These crystals were dissolved in IM hydrochloric acid, and the solution was treated with hydrogen sulphide 
to remove the tin. The tin sulphide was filtered off, and the filtrate was evaporated to dryness. The residue was 
extracted with and recrystallized from dilute hydrochloric acid and air-dried. Acetylation was then carried out in 
50% acetic acid with acetic anhydride. The solution was refluxed for 2 hr. then evaporated to dryness, and the 
residue was extracted with hot water. This solution was treated with bone-black and filtered; crystats separated 
upon standing. Yield: 23”/, of ~acetamido-resorcino~-l-methyl ether, m.p. 163-164’. The infrared spectra of this 
compound and V-A were tdentical. Therefore, the bydroxyl group pni-ci to the azo linkage is the more acidic. 
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Fig. 1. Plots 

1.6 

for the determination of acid dissociation constants of the monomcthylated 
Dyes are designated with their corresponding Roman numeral. 

dyes. 

~ete~~.~tjon of acid dissociation constants 

Stock solutions of each of the monomethylat~ dyes were made up, each containing @l mole of potassium 
chloride: I, 06489 g/250 ml, 95% ethanol; II, 06447 g/250ml, water; III, 00881 g/250 ml, water; IV, 
0.0459 g/250 ml, water; V, 0.0233 g/250 ml, water. So that all absorption and pH measurements could be made 
at constant ionic strength, p = 0.10, a procedure described by Bates” was used in preparing buffers for each pH 
range. A stock solution A was made up, that was 0.0% in monobasic weak acid or monobasic weak base, and 
005M in potassium chloride. The pH was then varied by adding various amounts of stock solution B, which was 
0.2M in hydrochloric acid or sodium hydroxide, and @l&f in potassium chloride. For pH values from 6 to 7.5, 
potassium dihydrogen phosphate and hydr~hloric acid were used; from 7-5 to 9, his-(hydrox~ethyi~ 
aminomethane and hydrochloric acid; from 9 to 105, sodium borate decahydrate and sodium hydroxide; 
from 10.5 to 12, disodium monohydrogen phosphate and sodium hydroxide. 

Ten ml of the stock solution of methylated dye were transferred by pipette into a 100-ml volumetric Aask. The 
appropriate stock solution A (50 ml) was added, and the pH was varied by adding different volumes of stock 
solution B. The solution was then made up to volume with 0.M potassium chloride. The absorption spectra of 
the solutions were run and the pH measured with a previously standardized pH-meter. Figure 1 shows the plot of 
pH vs. -log R where R is (R - hi. )/(.& - R). The acid dissociation constants found are listed in Table 2. A 
represents the absorbance of the monomethyiat~ dye solution at the stated pH, A,, the highest absorbance and 
A,, the lowest absorbance, all measurements being made at the wavelength of maximum spectral change with 
PH. 

RESULTS AND DISCUSSION 

The proposed method of investigation of o,o’-dihydroxyazo-dye indicators has yielded 
the desired infor~tion. The five dyes studied were methyiated on one hydroxyl group 
with dimethyl sulphate, and reduced to methoxyamines and hydroxyamines. These amines 
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Table 1. Hydroxyl group acidity, dihydroxyazo-dyes 

Dye PK, PK, Reference 

I 7.7 12.4 2 
11 8.14 12.35 3 

III 6.91 Il.50 6, 7 
IV 7.36 13.5 6, 8 
V 5.48 12.31 10 

were then separated and characterized by comparison of the infrared spectra with those of 
known compounds. It was found that o-hydroxybenzeneazo-2-naphthol and Calmagite 
were methylated on the phenolic hydroxyl group. Eriochrome Blue-Black R and Erioch- 
rome Black T were methylated on the sulphonated portion of the dye, and PAR was 
methylated on the hydroxyl group which is para to the azo group. 

Methylations were carried out in basic solution with dimethyl sulphate both in dioxan 
and water. Dioxan was chosen as the best reaction medium because the dyes were much 
more soluble in it than in water. Also, dioxan had no hydroxyl group to compete in the 
reaction. When dioxan was used as the solvent, some methylated material remained in 
solution upon the addition of hydrochloric acid (1 + 1). However, the yield was still 
greater than if the same volume of water were used. The basic azo-dye solutions were 
completely opaque. Before methylation, the solutions were filtered to remove any 
undissolved dye. 

Some of the metal-ion indicator dyes investigated were sulphonated and the ionized 
sulphonic acid groups would be expected to yield methyl esters while the hydroxyl groups 
are being converted into methyl ethers. Sulphonic acid esters are very reactive and will 
rapidly react with water in a manner similar to dimethyl sulphate. 

Two methods of reduction were used: by sodium dithionite in basic solution and by 
stannous chloride in acid solution. Reduction by sodium dithionite was quick and easy, 
but the reaction products had to be stable to air oxidation in basic solution so that the two 
amines could be separated. In the case of methylated I, air-oxidation was slow enough for 
separation to be carried out. In the cases of dyes II-V, one of the reduction products was so 
quickly oxidized in basic solution that the separation was impossible. The reduction of 
these dyes in acid media with stannous chloride was quite successful. In addition, the 
aminonaphthol sulphonic acids proved to be insoluble in the acid media, which made 
separation quite easy. It was found that acetylation yielded very stable products. 

Table 2 lists the negative logarithms of the acid dissociation constants of the mono- 
methylated azo dye indicators. It will be noted that the pK, values of the methylated dyes 

Table 2. Hydroxyl group acidity. 
monomethylated dihydroxyazo-dyes 

Dye PK :(PK, + P&J* 

I 10.25 10.05 
II 10.80 IO.25 

111 9.56 9.20 
IV 10.33 10,43 
V 8.45 8.90 

* From Table 1. 



Locating the more acidic hydroxyl group 597 

are quite close to the average of the pK, and pK2 values of the parent dyes, so methylation 
of one hydroxyl group and determination of the acidity of the remaining hydroxyl group 
would not give correct information about pK, for the parent dye. Nor would proton 
magnetic resonance be expected to be useful. The differences in the slopes in Fig. 1 are 
caused by the difference in the molar absorptivities of the dyes. 

This method of experimental determination of the exact sequence of ionization has been 
found to be easy and flexible and should be applicable to many similar problems. 
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Zusammenfassuug-In o,o’-Dihydroxyazofarbstoffen, die als Metallionenindikatoren verwendet 
werden, ist eine Hydroxylgruppe 104-mal saurer als die andere. Wo die saurere Gruppe liegt, 
war bisher ungeklart. Durch Methylierung der sauren Gruppe, Reduktion der Monomethyl- 
verbindung, Isolierung und Charakterisierung der bei der Spaltung entstandenen Methoxyamine 
und Hydroxyamine wurde die Lage der sauren Gruppe festgestellt. Unter den iiberpriiften 
Indikatoren waren Calmagit, EriochromschwarzT, Eriochromblauschwarz R und 4-(2-Pyridylazo)- 
resorcin (PAR). 

RkumP--Dans les indicateurs d’ions mitalliques colorants o,o’-dihydroxyazo, un groupe hydroxyle 
est 10J fois plus acide que l’autre. La localisation du groupe le plus acide itait un mystire. Par 
mtthylation du groupe acide, reduction du compost monomtthyld, isolement et caracttrisation de 
la m6thoxyamine et de l’hydroxyamine de coupure, on a itabli la localisation du groupe acide. Les 
indicateurs examints comprennent:Cahnagite, Noir Eriochrome T, Bleu Noir Eriochrome R et 
4-(2-pyridylazo) rtsorcinol (PAR). 
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Summary-h complexometric titrations various indicator electrodes may be employed for 
monitoring the course of titration and for detection of the end-point. Several of them, including 
the silver, mercury, bivalent cation membrane, calcium membrane and manganese dioxide 
electrodes were investigated and compared in their usefulness. As titrant, EDTA was mostly 
used. but results with similar chelating titrants were also obtained. The practical utility of the 
electrodes in titrations depends on their selectivity, magnitude of the end-point break and 
precision in determination of the end-point. For the electrodes studied, in some instances there 
is good correlation between the theoretical and experimental titration curves, but it is not always 
possible to predict the electrode response in the low activity range. In other cases poor correlation 
does not mean that reasonably good analytical results may not be obtained. 

A revolution in methods of calcium determination began over 20 years ago when 
ethylenediaminetetra-acetic acid was introduced as a titrant for metal ions. Since that time 
many visual indicators have successfully been used, and attempts have been made to use 
electrometric end-point detection, which should be less subject to personal error, and 
remove the necessity of finding a suitable indicator. Examples of application of amper- 
ometry, potentiometry and even chronopotentiometry may be found in the literature. 
This study is devoted to comparative investigation of various potentiometric methods of 
calcium titration. 

In potentiometry the crucial factor is the existence of a suitable indicator electrode. 
For many years no direct-indication calcium electrode was available, so the first 
procedures were based on indirect indicator-ion systems. Of this group the mercury,14 
silver’-’ and manganese oxide electrodes” were reinvestigated in our laboratory. The 
advent of ion-selective electrodes has resulted in the construction of liquid ion-exchanger 
electrodes for calcium and for bivalent ions. Each offers some advantages, but has its 
drawbacks. As reported earlier l1 the potential of these electrodes is measured indirectly 
on the basis of the exchange reaction 

W + CaY V Ca+WY, 

where W represents the indicator ion. This reaction directly 
according to the general equation 

influences the electrode 

derived by using the concept of conditional constants K’ and side-reaction coefficients M. 

599 
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It enables us to predict the shape of the titration curve, the end-point position and 
the smallest concentration of metal which can still be titrated. 

Silver electrode 

Because the calcium complex with EDTA is more stable than that of silver the titration 
curve is evidently asymmetrical. The smallest conditional stability constant in this system 
is that for the silver complex, and under the best conditions (borax buffer, pH 9-10) 
its value is 10”‘. The product of this constant and the calcium concentration defines 
the total potential change in the titration. About 100 mV change between titration 
fraction f = 05 and f= 2.0 corresponds to lo-‘M calcium solution and excellent 
agreement has been found between theory and practice.” 

ternary electrode 

Because many metal complexes are less stable than that of mercury the titration curve 
is symmetrical. This is not the case for calcium, however, because in the pH range 
9-10, the conditional mercury stability constant is about lo@‘, whereas that of calcium 
is nearly 10 “” When the total potential change is calculated by means of the equation: . 

AE0.5,2 = z ln(C,, * K’), 

where K’ is the smallest conditional constant in the system, the limiting concentration is 
found to be close to 10-‘&f. Further, in this case the agreement between theory and 
practice is not so good, because at potentials close to -0.05 V us. S.C.E. the presence 
of oxygen decreases the potential change, especially for larger titrand concentrations. 

Manganese dioxide electrode 

This electrode has been prepared by covering platinum with manganese dioxide.12 Its 
potential is dependent on the manganese(U) concentration in solution. It should be 
defined by an equation similar to that given previously, differing only by the presence 
of a pH-dependent term and the minus sign of the last term. 

E = E$,ozlMn2+ - y. pH - ‘$ In 

i 

K‘ cMfCaFj: K, . 
f&Cl 

MnY m 
CaY 

1 

The potential change during a calcium titration should depend on the calcium stability 
constant, which over the whole pH range is lower than that of the manganese complex. 
However, for this electrode the experimental potential changes are smaller than the 
predicted ones. This behaviour can be attributed to several factors: oxidation of the 
Mn(II) complex in solution, heterogeneous reaction between MnO, and the Mn(I1) 
complex, and to some extent to slow kinetics. The latter factor is probably responsible 
for the poor indication at very low calcium concentrations, but at slightly higher ones 
the electrode seems useful. 

Calcium and bivalent ion electrodes 

Some electrodes which are very useful in many practical applicationsr3-” have draw- 
backs which limit their use in titrations, the most im~rtant being insufficient selectivity 
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and the lower limit of response. ‘* The end-point error in complexometric titrations has 
been discussed by Schult~‘~ and by Carr.20 

The detailed mathematical treatment given by Schultzrg has led to the exact expression 
describing the electrode potential: 

where 

M= 
‘+ p2+(1+4;)K J 

2 

and 8JI-f)C 1 

II-rf)’ 

and C = concentration of titrand 
Ci, Cj = concentrations of interfering ions in the sample and titrand respectively 
K = stability constant of the complex 
Ki, Kj = selectivity coefficients of ions i and j, respectively 
r = dilution factor equal to titrand to titrant concentration ratio 
f = fraction titrated 
)t, 25, Zj = charges of determined and interfering ions, respectively 

From this equation the systematic titration error has been calculated for titration of 
calcium in the presence of interfering sodium ions in the sample and in the titrand. 

Assuming as an approximation that the conditional stability constant of the complex 
is much larger than the reciprocal of the calcium concentration: K& > l/Cc. the total 
potential change forf= 2 may be evaluated according to the equation: 

;F’ in ((%I + CNa ’ AE,, 2 = - 
. KNa)(l + 2r)* 

K~a(&a + 4C&,,, + T2) ’ 

where CNa and CNatt) represent the sodium concentration in the sample and in the 
titrand, respectively, and KN, is the selectivity coefficient. 

The most questionable value in this expression is the selectivity coe%cient, which for 
the same electrode may depend on the method of determination and concentration level 
for which it is calculated. For example, the Orion 92-20 calcium electrode may have a 
selectivity coefficient for sodium ions ranging from 10-4,2’ to 1O-2,22 or even 0.4Xz3 
The manufacturer’s value is given as @003, whereas for the Orion 92-32 bivalent ion 
electrode it is 0.015. If the potential change AEo. 2 has been calculated from the maker’s 
values the correlation between it and the experimental results is rather poor (Fig. 1). 
Changing those values to approximately 0.01 for the calcium electrode and 0.39 for the 
bivalent ion electrode gives a great improvement. The same effect is seen in Fig. 2 
where titration curves for the selectivity coefficient values indicated have been calculated 
theoretically. The experimental curve is still above the calculated one, suggesting the 
coefficient should have a value in the vicinity of 0.01. 

Another interesting result is shown in Figs. 3 and 4. The various amounts of sodium 
in the sample (bivalent ion electrode} and the titrant (calcium electrode) exert a 
significant effect on the titration curves. The experimental values are in sufhcient agreement 
with the calculated ones. though the differences are sometimes as large as 10 mV. This 
is to some extent attributable to insu~ciently reproducible measurements, this uncertainty 
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Fig. 1. Comparison of calculated and experimental values of LIE,., for ~omp~x5mctric titrations 
5f cakicium using cakium and bivaient ion indicator eiectrodes. 
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various selectivity c5eRicients and experimental complexometric titration 
curves of calcium with calcium indicator electrode. 
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Fig. 3. Effect of various contents of sodium in the sample on the titration curves of calcium with 
bivalent ion indicator electrode calculated curves for KNa = O-39 (solid fines). experimental curves 

at pK 9.5 (lines with points), 

Fig. 4, EKect of vaious contents of sodium in tke titrant on the t~~a~~o~ curves of calcium 
with cafcium indicator e&t&e. Calcufated curves for K,, = O-GO5 (solid lines) ex~~e~t~ 

curves (lines with points). 
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being greater for small calcium concentrations. A very important factor which has not 
been taken into account is the limit of electrode response. The manufacturer’s value 
for the Ca electrode is 5 x 10T6M. Our experiments show a value of .., lo- 5M and the 
corresponding potential value is approx. -0.11 V. On inspecting all the titration curves 
we see that in any case the titration curve goes below this value, being determined by 
the properties of the membrane. 

The important conclusion from these experiments and calculations is that a significant 
discrepancy exists between the theoretical and observed titration curves for calcium and 
that the calculated curve depends markedly on the selectivity coeficient used. 

The equations which describe the potential of the electrode may be used for calculation 
of the theoretical error. This is understood as the difference between the f-values for 
which the second derivatives of the theoretical and observed curves have zero value. 
The results given in Tables l-4 show that such errors are always much smailer than 
the real ones. The main factors responsible for this are the accuracy of the Gran method 
used for end-point determination (an account of distorted symmetry of the titration 
curve) precision of the potential reading (f0.2 mV) and probably other factors that 
are not yet fully understood. 

All these parameters seriously interfere in the determination of very small concentrations 
of calcium, e.g., of the order of lo- SM. Even when the electrode detection limit is 

Table I. Calculated and ex~rimenta1 titration errors for 
various conditional stabilities of the EDTA complex of 

calcium 

Electrode 

Ca’ + 

Titration error. y(, 

Calculated Experimental 

- 0.04 -0.1 
- 0.08 -0.5 

Me*+ 9.8 -@22 -0.8 
8.4 -0.62 -1.4 

Table 2. Calculated and experimentat titration errors at various initial 
sample concentrations of calcium and various dilution factors 

Electrode 

Concentration Titration error, Td 
of calcium Dilution 

M factor Calculated Experimental 

0001 0.1 -0-03 0 
Ca2+ 0.002 0.2 - 0.04 -0.1 

@004 0.4 -0.05 -0.6 

OGOI O-1 -0.20 - 1.2 
Me” 0.002 O-2 - 0.22 -0.8 

0.004 0.4 -0-24 - 1.1 
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Table 3. Calculated and experimental titration errors 
at various concentrations of sodium ions in sample 

Titration error ‘f > 0 
c Na 9 

Electrode M Calculated Experimental 

0 - 0.04 -0.1 
Cal + 0001 -0-04 -0.8 

0.01 -0.05 -0.8 
0.1 -0.15 -0.5 

0 -0.22 - 1.4 
0001 - 0.22 - 2.2 

Me” 0.01 - 0.24 - I.9 
0.04 -0.39 - 2.9 
0.1 -0.63 (- -6) 

Table 4. Calculated and experimental titration errors 
at various concentrations of sodium ions in titrant 

Titration error 9’ 1 0 
C Naw . 

Electrode M Calculated Ex~rimental 

0.037 -0.04 -@I 
Ca” 0.086 -0.08 -0.2 

0.24 -0.17 +0.7 

0.037 -0.22 -0.8 
Me” 0.086 -0.41 -2.9 

0.24 (+83) - 

sufficiently low the inevitable sodium content (and probably that of other common ~tions) 
suppresses the potential change in such a manner that estimation of a sufficiently precise 
and accurate end-point is impossible. 

Final conclusions 

On the basis of experiment and theoretical considerations it can be concluded that the 
end-point in titration of calcium with EDTA may be detected by means of several 
electrodes. For comparison, titration curves of 10m3M solutions under the best conditions 
are given in’ Fig. 5. None of the procedures is free from interferences and drawbacks but 
all can be used when the titrand concentration is not very low. To illustrate this, the 
results of calcium determinations, with different electrodes, are presented in Table 5$ for 
O.l-mmole amounts of metal. 

Comparison of the analytical characteristics of the electrodes shows without any doubt 
that the silver electrode gives the best end-point in pure solutions at the lowest 
concentrations (even below IO-“M). Its main drawback is the interference ofaccompanying 
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Fraction titrated Fraction titrated 

Fig. 5. Titration curves of 0.1 millimole of calcium with various indicator electrodes. 

substances. Only in some instances can other ions be masked’ (e.g., with sulphosalicylate, 
triethanolamine) and excess of ions precipitating or complexing silver may also interfere. 

The mercury electrode seems to be less subject to such interferences, because more 
masking agents may be used, but the potential change is seriously reduced by the presence 
of oxygen. This effect is difficult to predict, but the decrease is smaller at lower concentra- 
tions, so with some care lo-‘M calcium may be titrated. Deaeration of solutions is 
advantageous, but more troublesome in practice. 

The main objections to the manganese dioxide electrode are the slow reaction rate 
and the still unknown reactions of the Mn(I1) complex, especially after the end-point. 

The ion-exchange electrodes present quite a different problems. The factors which play 
a decisive role in determining the potential change during titration are the selectivity of 
the electrode and the response limit. 

The first of these factors is the most important for bivalent ion electrode, the second 
for calcium electrodes. The selectivity of the electrode permits in general the use of 
various masking agents, but the danger exists of introducing along with them other 
interfering ions, especially sodium ions. When the limit of detection with the electrode 
is as high as for the calcium electrode (5 x 10e6M16) it is not possible to titrate 
concentrations below 10e4M. In this respect the copper membrane electrode, tihich was 
not investigated in this study, probably presents many advantages.24*25 

This study was mainly devoted to the electrode effect in titration with EDTA, which 
is not the most convenient titrant. The advantages of other complexing substances are 

Table 5. Comparison of results of calcium determination by complexometric 
titration with various indicator electrodes 

Electrode Ag Hg MnO, Ca” Me”+ 

Amount of 0.0955 0.0957 0.0957 0.0554 0.0942 
Ca” found, mm& 0.0956 0.0954 0.0955 0.0953 0.0947 

0.0953 0.0950 O-0945 
0.0954 0.0955 0.0944 
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Fig. 6. Titration 

g 

i 
a” I-DCTA 56 

2-EDTA 5.9 
3-EGTA 6.2 
4-DTPA f-0 

Fraction titmted 

curves of calcium with various complexones using the silver 
pH = 9.2; half-saturated borax buffer, C,, = low6 M. 

indicator electrode: 

shown in Fig. 6, which shows DTPA as the best, the potential jump being nearly 50% 
greater than for EDTA. Nevertheless this effect of increased stability cannot be fully 
exploited with membrane electrodes. 

Acl;nol~iedge,nenr-We thank Mrs. Anna Jastrtebska (Zaklad Obhczen Numerycznych, University of Warsaw) 
for preparing the proprammes for computer calculations. 
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Zusammenfassung-Bei kompiexometr~schen Titrationen kann man zur iiberwachung des Titra- 
tionsverlaufs und zur ~stimmung des Endpunktes verschiedene Indikatorelektroden verwenden. 
Mehrere davon, darunter die Silber- und Quecksilberelektrode. Membranelektroden mit zweiwer- 
tigen Kationen und Calcium und die Mangandioxidelektrode wurden untersucht und in ihrer 
Niitzlichkeit verglichen. Als Titiant wurde meistens EDTA verwendet. aber es wurden such 
MeBergebnisse mit Bhnlichen chelatbildenden Titranten erhalten. Der praktische Nutzen der 
Ebktroden bei Titrationen hiingt ab von ihrer SelektivitSt, der HGhe des Sprungs am Endpunkt 
und der Genauigkeit bei der Endpunktsbestimmung. Bei den untersuchten Elektroden ent- 
sprechen sich in einigen FLllen die theoretischen und die experimentellen Titrationskurven gut. 
aber nicht immer ist es mogfich, das Ansprechen der Elektrode im niedrigen Aktivit~tsber~ich 
vorherzusagen. In anderen Fallen bedeutet eine schlechte Entsprechung nicht. daB keine 
ausreichend guten analytischen Ergebnisse erhalten werden konnten. 

R&urn&--Dans les titrages complexometriques on peut utiliser diverses electrodes indicatrices 
pour contrdler la marche du Wage et pour deceler le point final. Plusieurs d’entre elles. 
comprenant les electrodes ii argent, a mercure, ri membrane de cation bivalent. i membrane de 
calcium et i bioxyde de manganese ont ete etudiees et comparees dans leur utilite. En tant 
qu’agent de titrage, on a principalement utilise I’EDTA, mais on a aussi obtenu des resultats 
avec des agents de titrage chilatants similaires. L’utilite pratique des electrodes dans les titrages 
depend de leur silectivite, de la grandeur de la brisure du point final et de la precision dans la 
determination du point final. Pour les electrodes itudibes. il a dans quelques cas une bonne 
correlation entre les courbes de titrage theoriques et experimentales, mais il n’est pas toujours 
possible de p&dire la reponse d’electrode dans Ie domains de faible activite. Dans d’autres cas. 
une mediocre correlation ne signifie pas que des resultats analytiques sensiblement bons ne 
peuvent etre obtenus. 
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Summary-The antimonate, arsenate. tungstate. molybdate and selenite of titanium have been 
synthesized. Their composition and chemical and thermal stability have been determined. 
Effects of pH and tem~rature on ion-exchange capacity have been studied. Titanium antimonate 
was found to be the most stable. The utility of these ion-exchangers for analytical separations was 
examined by determining the distribution coefficients for 26 metal ions in some aqueous, non- 
aqueous and mixed solvent systems. Quantitative separations of Hg-Cd, Pb-Cu and Pb-Zn have 
been achieved on titanium tungstate columns, and La-Ba mixtures have been separated on a 
titanium arsenate column. 

Since the classical work of Amphlett,l numerous synthetic inorganic ion-exchangers have 
been synthesized and their properties studied. However, the methods of preparation of the 
same ion-exchanger by different workers are not always the same. It has been shown that 
selectivity of an inorganic ion-exchanger depends not only upon its composition but also 
upon the pH at which the precipitation is performed. It is important that the various 
;on-exchangers should be synthesized again under the same conditions and their properties 
studied. Szirtes2 made an interesting study of the phosphates of titanium zirconium and 
chromium and compared their ion-exchange properties. A comparative study of the 
~hromium(III~ salts has been made in our laboratory.3 We have therefore decided to 
investigate the various insoluble compounds of titanium.4-8 We have chosen to compare 
those samples of the particular exchanger which are reported to be the most stable. 

Another limitation in the earlier studies on inorganic ion-exchangers was the selection 
of eluents. Almost all were aqueous solutions of simple salts. The possibilities of 
enhancing and reversing selectivities of ion-exchangers by addition or exclusive use of 
organic solvents is receiving increased attention. The nature of the solvent affects the 
solubiiity, dissociation and solvation of the solutes and the behaviour of the ion- 
exchanger. Many separations have been improved by addition of organic solvents.‘.‘e 
We have therefore extended the investigation of the analytical properties of these ion- 
exchangers to mixed solvent systems and to less common aqueous systems. 

EXPERIMENTAL 

Titanium chloride f IS”, w% solution). antimony ~ntachloride (density 2.3 giml). sodium tungstate, 
sodium arsenate and sodium seienite were used. Reagents used were analytical-reagent grade whenever possible. 
In the determination of IId values either chlorides or nitrates of the cations were used with the exception 
of vanadyl sufphate. 

609 
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Table 1. Conditions for the synthesis of some titanium-based exchangers 

Exchanger 

Concentration Concentration Mixing 
of Ti(IV). of anionic. ratio 

M species XI Ti : A* PH 

Titanium tungstate 0.30 0.30 1 : 1 1 
Titanium antimonate 0.10 0.10 1:l 2 
Titanium arsenate 0.05 0.05 1 : 1 2 
Titanium selenite 0.05 0.0s 1:2 2 
Titanium molybdate 0.025 0,025 2: 1 1 

* A = anionic species 

Prepararion of the samples 

Five samples were prepared by mixing the solution of titanium(N) chloride with the sodium tungstate. sodium 
arsenate, sodium selenite, sodium molybdate or antimony pentachloride solutions: the conditions are given in 
Table 1. In the case of titanium antimonate the pH was adjusted with ammonia. The precipitates were allowed to 
stand for 24 hr at room temperature and then washed with distilled water by decantation. filtered off and 
dried at 40”. Only the titanium tungstate was dried at 80”. The dry product broke down into small particles wheh 
immersed in water. It was converted into the hydrogen form by treatment with ZM nitric acid and 
finally washed with demineralized water. All the samples were again dried at 40’ except titanium tungstate which 
was dried at 80”. 

The chemical composition of these ion-exchange materials was determined as described in earlier papers.*-‘ 

Chem~eai stability 

A 0+-g portion of the exchanger was shaken in a flask with 50 ml of the solution concerned, in a 
tem~rature~ontrolled shaker for 6 hr until equilibrium was reached. The undissoived portion of the exchanger 
was removed by filtration. Titanium, antimony, tungsten, arsenic, selenium and molybdenum were determined 
in the filtrate spectrophotometrically by the hydrogen peroxide.;’ Rhodamine B.*’ ammonium thiocpanate,i3 
molybdenum blue. iJ diaminobenzidene’s and ammonium thiocyanate16 methods respectively (Fig. 1). 

I10 

Ii 
0 4M HNO, 
x 3M HN03 

too d 2M HN03 

90 
A IM HNO, 

g 80 

5: 70 
\ 
F 60 

i .?z 50 

a 3 40 
B 
v) 30 

20 

10 

A$ Se MO Sb W 

Fig. I. SolLlbility of Ti(IV)-based exchangers 
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Table 2. Ion-exchange capacities and composition of same titanium-based exchangers 

61 I 

Exchanger 

Ion-exchange Reported 
capacity capacity 

rws me& Composition 
Reported 

composition 

Titanium tungstate 0.58 0.82 1 : 1.1 1 : 1.1 
Titanium arsenate 0.99 0.93 1 : 1.8 112 
Titanium antimonate 0.77 0.71 I : 1.4 1 : 1.4 
Titanium selenite 0.58 0.78 1 : 1.2 1 : 1.35 
Titanium molybdate 1.08 1.05 - - 

Ion-exchange properties 

RESULTS 

The ion-exchange capacity, determined by the standard method,” is given in Table 2. 
It was also determined at different pH values by the batch method. The results are 
plotted in Fig. 2. All the samples were heated at different specified temperatures for 2 hr 
and the ion-exchange capacity was determined in each case. The results are shown in Fig. 3. 

Distribution studies 

Distribution coefficients of 26 metal ions in water, nitric acid of different concentrations, 
O*lM ammonium nitrate, O.lM formic acid, and some acetone-nitric acid mixtures were 
determined. For this purpose 05 g of the exchanger was shaken with 50 ml of the 

I 90 r 

@ Thmium antlmonate 
0 Titanium seknite 

0 Titanium arsenate 
A Titowm tungstate 

Fig. 2. Ion-exchange capacity as a function of pH. 
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Fig. 3. Ion-exchange capacity as a function of temperature. 

-+- Titanium arsenate 
-o-- Titanium antimonate 
-Q- Titanium tungstate 
-A- Titanium seienite 

Table 3. ~js~r~butio~ co&kients (values given are Kd x lo- ‘) of metal ions on titanium antimonate in aeerone 
and acetone-nitric acid systems 

Acetone 
t O.lM HNO, 

Acetone 
+ O.lM HNOs 

Acetone 
+ O,lM HNOj 

Acetone 
+ 41M HNO, 

W(H) 0.79 I.0 16 N.A. N.A. 
Al(H1) 40 10 79 3.2 32 
Ca(KI) 4-o 6.3 79 0.08 N.A. 
V(V) 40 3.6 10 5.0 20 
Mn(II) 4.0 3.2 2-5 1.6 N.A. 
Fe(W) 0.8 3.2 4.0 20 1.3 
Coflff 25 2.5 6.3 1.3 1.6 
Ni(I1) 6.3 O-40 3-2 i-3 O-‘tQ 
CU(Hf IO 2-O 6.3 1.3 0.50 
ZnfII) 2.5 1.0 6~3 0~25 N.A. 
Ga(fIl) 7-9 5.0 5-O 3.2 0.50 
Srjlf) 40 1-O 2.5 N.A. N.A. 
Y(HI) 32 C.A. I.6 10 N.A. 
Zr(lV) 13 CA. 6.3 10 3.2 
Cd(H) 40 1.3 3’ I.0 N.A. 
In(II1) 3.2 3.2 6.3 2.5 0.25 
Ba(H) CA. 16 IO 0.30 N.A. 
La(IH) C.A. 32 Jo. 16 N.A. 
Ce(IV) C.A. 13 20 63 N.A. 
Pr(II1) C.A. C.A. JO C.A. 20 
Nd(IH) CA. C.A. 50 C.A. 30 
Sm(lI1) C.A. C.A. 20 C.A. 20 
Hf(IV) 4.0 CA. 79 C.A. 7.5 

H&f) 6.3 O-63 2-5 I6 ;o 
Pb(II) 40 13 10 6.3 I* 
ThjIV) 40 CA. 2s C.A. 3-2 

CA. = Complete adsorption. 
N.A. = Negligible adsorption. 
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soIution for 6 hr. The amount of cation in solution was estimated by EDTA titration and 
the I(, values were calculated from the expression 

I-F 50 
Kd = -jy-- x fi , 

where I is the volume of EDTA consumed by the original solution and F is the 
volume of EDTA consumed after equilibrium. 

Solutions of each cation were prepared in demineralized water for the determination 
of Kd values in all the systems studied. The loading of the cation was less than 3% of the 
ion-exchange capacity of the ion-exchanger. The results are given in Tables 3-7. 

Separahms 

Separations of Cd(H) from Hg(II), Ba(I1) from La(III), Zn(I1) from Pb(I1) and Cu(I1) 
from Pb(I1) have been achieved on the basis of the Kd values. The elution curves for the 
separations achieved are given in Figs. 4 and 5. 

Table 4. Distribution coefficients (Kd x lo-‘) of metal ions on titanium antimonate 

0.W HCOOH 

Mg(II) 
AI(II1) 
Ca(I1) 
V(V) 
Mn(I1) 
Fe(W) 
Co(I1) 
Ni(II) 
Cu(II) 
Zn(II) 

Ga(II1) Sr(I1) 
Y(II1) 
Zr(IV) 
Cd(I1) 
In(II1) 
Ba(I1) 

La(II1) Ce(IV) 
Pr(II1) 
Nd(II1) 
SmUII) 
HI(W) 
H_e(II) 
Pb(I1) 
Th(IV) 

10 0.10 N.A. N.A. 5.0 
40 10 N.A. 0.13 CA. 
1.3 0.32 0.10 0.63 CA. 
31 0.32 N.A. C.A. 
40 N.A. N.A. ;:g 16 
20 1.0 N.A. 1‘6 5.0 
16 0.10 N.A. 1.3 CA. 
40 0.10 N.A. 1.0 CA. 
13 0.40 N.A. 0.8 63 
2.5 0.03 N.A. 25 C.A. 

0.32 1 .o @3 4.0 40 0.03 0.13 25 cc:;: 
C.A. lft 0.40 2‘5 CA. 
C.A. CA. CA. CA. C.A. 
32 1.0 @lo 2.5 CA. 
10 1.3 N.A. 8.0 3.2 
13 040 1.0 50 CA. 

C.A. 16 16 6.3 C.A. 13 1.3 CA. :A. 
C.A. 6.3 I.3 16 CA. 
C.*A. 1.3 16 16 C.A. 
C.A. 13 1.3 16 100 
C.A. C.A. C.A. C.A. CA. 
10 63 0.80 16 CA. 
10 40 1 ,o 20 C.A. 
C.A. C.A. CA. C.A. C.A. 

C.A. = Complete adsorptIon. 
N.A. = Negligible adsorption 
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Table 5. Distribution coefficients (K, x lo-*) of metal ions on titanium arsenate 

M&W 
Al(III) 
Ca( II) 
V(II) 
Mn(I1) 
Fe(II1) 
Co(H) 
Ni(I1) 
Cu(II) 
Zn(II) 
Ga(II1) 
Sr(I1) 

Water 0*01&f HNO, 

0.15 N.A. 
0.32 0.32 
0.39 N.A. 
0.63 N.A. 
O-32 N.A. 
100 N.A. 
0.70 N.A. 
10 N.A. 
0.25 N.A. 
1.0 N.A. 
6.3 N.A. 
1.3 N.A. 

O.lM HNO, 

N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 

O.lM NHINOs O.lM HCOOH 

0.02 N.A. 
0.02 0.63 
0.02 N.A. 
0.12 N.A. 
0.05 N.A. 
0.25 7.9 
0.03 O-10 
0.03 0.10 
0.03 N.A. 
0.03 3.0 
0.03 2.5 
0.03 N.A. 

Acetone 
+ O.lM HNO, 

(9 : 1) 

N.A. 
I.0 
N.A. 
40 
0.39 
2.5 
0.39 
0.06 
0.39 
N.A. 
0.08 
0.03 

Y (iii) 7.9 
Zr(IV) 6.3 
Cd(H) 6.3 
InfIII) 2.5 
Ba(I1) 1.6 
La(II1) 100 
Ce(IV) 100 
Pr(II1) 3.2 
Nd(II1) 6.3 
Sm(II1) 100 

N.A. 
0.32 
N.A. 
N.A. 
N.A. 
0.20 
0.32 
N.A. 
0.20 
7.9 

N.A. @lo 1.3 
N.A. 2-O 10 
N.A. 0.10 3.2 
N.A. o-15 N.A. 
N.A. 0.03 0.32 
N.A. 0.63 3.2 
N.A. 4.0 13 
N.A. 0.03 2.0 
N.A. 1.6 6.3 
N.A. 3.0 060 

1.3 
N.A. 
N.A. 
N.A. 
1.6 
N.A. 
10 
1.3 
1.3 
0.39 

HffiV) 7.9 1163 050 CA. 5.0 1.3 
Hg(II) 5.0 1.6 N.A. 7.9 10 3.2 
Pb(I1) 63 1.6 N.A. 100 20 63 
Th(IV) 10 5.0 N.A. 7.9 32 1.3 

CA. = Complete adsorption. 
N.A. = Negligible adsorption. 

DISCUSSION 

A comparison of the chemical stability of the various ion-exchangers is given in 
Fig. 1. It is apparent that titanium molybdate is the Ieast stable and titanium tungstate 
is the most stable. It is clear from Fig. 2 that titanium arsenate has the highest ion-exchange 
capacity and therefore if we are interested in exchangers of high capacity we should 
choose the arsenates. 

Most inorganic ion-exchangers usually exhibit high thermal stability and it is worth- 
while to compare their performance after treatment at high temperatures. It follows 
from Fig. 3 that titanium antimonate has the highest thermal stability. Even after 
heating to 500” it shows sufficient exchange capacity and therefore can stiil be used as an 
ion-exchanger. Other materials exhibit only a negligible exchange capacity after heating 
to this temperature. 

It can be inferred from Fig. 2 that in almost all cases pH does not affect ion- 
exchange capacity significantly if it is below pH 10. However a sharp increase in 
exchange capacity is observed as the pH is raised above f0. This is probably due to the 
hydrolysis of the exchange materials at higher pH values. The ion-exchangers based on 
titanium behave like weakly acidic cation-exchangers, which differs from the findings of 
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Table 6. Distribution coefficients (K, x 1O-z) of metal ions on titanium tungstate 

615 

MS(H) 
Al(JJJ) 
Ca(JI) 

Acetone 
+ O.lM HNO, 

Water O.OlM HNO, 01M HN03 O.lM NH,NO, 0.1 M HCOOH (9: 1) 

I.6 N.A. N.A. 0.16 N.A. N.A. 
0.32 0.10 N.A. 0.16 63 N.A. 
l-6 0.04 N.A. 0.16 N.A. N.A. 

VW) 
Mn(JJ) 
Fe(IJ1) 
Co(IJ) 
Ni(IJ) 
Cu(I1) 
Zn(I1) 
Ga(JJ1) 
Sr(I1) 
Y(JJI) 

0.25 
S.0 
N.A. N.A. 
1.0 7.9 
10 N.A. 
1.3 N.A. 
5.0 0.25 
0.63 N.A. 
13 0.12 
0.63 N.A. 

N.A. 
0.25 

N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 

0.50 N.A. 
0.16 N.A. 
0.16 2.0 
0.16 0.16 
0.16 O-16 
O-16 0.16 
0.16 0.20 
0.16 3.2 
0.16 0.16 
0.10 063 

o-39 
N.A. 
6.3 
0.10 
7.9 
0.12 
N.A. 
0.50 
0.50 
1 .o 

Zi(JV) 10 1.3 N.A. 0.16 040 7.9 
Cd(IJ) 7.9 3.2 N.A. 0.16 N.A. 
Jn(iJIj 

N.A. 
N.A. N.A. N.A. 0.79 N.A. N.A 

Ba(J1) 7.9 N.A. N.A. 0.16 N.A. 0.31 
La(JJJ) 0.25 N.A. N.A. 0.63 0.20 160 
Ce(II1) 0.05 N.A. N.A. 0.16 0.25 N.A. 
Pr(JJI) 0.10 N.A. N.A. 0.16 0.10 N.A. 
Nd(IJ1) 0.25 N.A. N.A. 0.25 4.0 0.31 
Sm(JI1) 63 N.A. N.A. 0.16 O-12 O-1 
Hf(JV) 5.0 0.32 N.A. 6.3 7.9 3.2 
Hg(Jl) 32 0.10 N.A. 79 2.0 3.2 
Pb(I1) 25 @10 N.A. 16 6.3 4.0 
Th(IV) 0.12 0.25 N.A. 1.0 0.32 0.15 

X.4. = Negligible adsorption. 

Szirtes and co-workers.’ Phosphates of zirconium, titanium and chromium show a 
moderately strong-acid behaviour. 

A comparison of the & values of metal ions on these exchangers in demineral~~ 
water shows some outstanding features. Thus the antimonate has the highest ion uptake of 
the four exchange materials studied. This may be due to the fact that amorphous 
antimony oxide has the largest number of free exchange sites available for the metal ions 
to be adsorbed. Therefore the antimonates can be of use only at low pH values, 
where the ion uptake can be distinguished between various ions. The tungstate, 
arsenate and selenite on the other hand show high selectivities even in neutral medium. 
In the case of the tungstate the K, values vary from 3.3 x lo3 for Hg(I1) to zero for 
In(II1) and Fe(II1). This is a characteristic feature of titanium tungstate because all the 
other exchangers have a ,very high affinity for Fe(II1). In the case of the arsenate 
the highest Kd value is for Pb(I1) which shows high Kd values on almost all the 
exchangers. The lanthanides have the lowest fed values on titanium tungstate, their 
highest & values being for titanium antimonate as expected. 

The study of the effect of hydrogen ion concentration on the K, values reveals that 
when the hydrogen ion concentration is raised from 10-‘M to IO-‘A4 most of the metal 
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Table 7. Distribution coefficients (Kd x IO-‘) of metal ions on titanium selenite 

Mg(II) 
Al(II1) 
Ca(I1) 
V(V) 
Mn(I1) 
Fe(II1) 
Co(I1) 
Ni(I1) 
Cu(I1) 

Acetone 
+ O.l.\I HNO, 

Water 0,OlM HNO, O.lM HNOj O.lM NH,N03 0.1.U HCOOH (9: I) 

0.63 N.A. N.A. 0.02 N.A. N.A. 
1.0 0.10 N.A. 0.02 N.A. 0.10 
0.50 0.10 N.A. 0.02 N.A. 10 
0.50 N.A. N.A. 7.9 I.0 I.0 
1.0 N.A. N.A. 0.02 N.A. 0.19 
I.0 N.A. N.A. 0.10 3.2 6.3 
0.31 N.A. N.A. 0.02 N.A. N.A. 
I.0 N.A. N.A. 0.02 N.A. @25 
10 0.10 N.A. 0.12 N.A. I.0 

Zn(II) 
Ga(II1) 
Sr(I1) 
Y(iIi) 
Zr(IVl 
Cd(IIi 
In(II1) 
Ba(I1) 
La(III) 
Ce(IV) 

1.0 N.A. 
3.2 N.A. 
6.3 10 
1.0 0.10 
63 0.12 
2.5 N.A. 
1.0 0.03 
4.0 N.A. 
(7.9 N.A. 
7.9 N.A. 

N.A. 
N.A. 
N.A. 
0.10 
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 
0.15 

0.02 0.31 N.A. 
1.0 I.0 2.5 
O-02 N.A. 0.04 
0.12 1 .o I.6 
0.03 1.0 10 
1.0 0.12 0.79 
0.15 3.2 I.6 
1.0 0.19 2.5 
0.08 0.3 1 0.39 
0.25 3.2 0.06 

Pr(II1) 7.9 N.A. 0.19 0.10 1.0 0.12 
Nd(III) 10 N.A. N.A. 0.08 
Sm(IIIj 

0.25 0.19 
7.9 N.A. N.A. 0.25 0.25 0.12 

Hf(IV) CA. 0.50 0.19 0.03 I.0 CA 
Hg(II) 0.12 0.12 N.A. 3.2 IO 3.2 
Pb(II) 10 0.79 1.0 7.9 1.6 10 
Th(IV) C.A. 0.06 N.A. 10 7.9 1.0 

C.A. = Complete udsorprmn. 

N.A. = Negligible adsorptlon. 

ions show negligible adsorption on all the exchangers except titanium antimonate, which 
behaves peculiarly. At this hydrogen ion concentration most of the metal ions show very 
high uptake on titanium antimonate. Therefore the behaviour of metal ions at high 
concentrations of acid has also been studied in the case of titanium antimonate. At 
pH 2. Al(W), Zr(IV), Hf(IV), Th(IV), La(III), Ce(IV) and Sm(II1) have K, values of 
more than 103. This behaviour makes the titanium antimonate a promising cation- 
exchanger for some interesting separations. Thus Al(II1) can be separated from Ga(III), 
In(III), Zn(I1). Mg(II), Fe(IIT), Co(II), Ni(I1) and Mn(I1). 

Two important separations which may be achieved on titanium tungstate in O.OlM nitric 
acid are Cd(I1) from numerous metal ions, including Zn(I1) and Zr(IV) from numerous 
metal ions, including Hf(IV). 

Zr(IV) can also be separated from Hf(IV) on titanium tungstate in O.lM ammonium 
nitrate. 

A comparison of the Kd values on titanium antimonate in acetone and acetone-nitric 
acid media is very interesting. If we replace pure acetone by a solution which is 504; 
in acetone and 0.05M in nitric acid then there is very little difference between the Kd 
values in the two systems for almost all the metal ions, except Ba. La. Ce. Pr. Nd and 
Sm. which have exceptionally high values. On the other hand if the nitric acid 
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0 LCJ 20 50 40 50 60 74 80 90 100 110 120 

VObme of effluent, ml 

Fig. 4. Separation of Bafil) from La(W) on titanium arsenate and Cd(I1) from Hg(I1) on 
titanium tungstate columns. a. Acetone + OalM HNO, (9 : 1); 6, 2M HNOB ; c. @lM NH,N03 ; 

d 1M HNO,. 

concentration is increased from 0*05&f to 2M then a significant difference 
which shows a possibility of a number of important separations, The 26 
may be conveniently divided into two groups. 

is observed 
metal ions 

(1) Those which have almost zero I& values, i.e., Mg~II~. Ca(II), SrfII), &+@I), ZnfII>Y 
Cd(U). Mn(II), YfIII), Ce(IV) and La(IIif. 
(2) The rest. which have very high Kd values. 

Thus it is obvious from this classification that one of the ions in the first group 
can be separated from any one or a group of ions in the second group, e.g., 
Hg(X1) from Cd(II), Zr(II), Ba(II), Sr(II), Mg(I1) and Mn(I1); Ce(IV) or La(II1) from 
Zr(TV), Hf(IV). Th(IV), -Pr(III), Nd(II1) and Sm(II1). 

A comparison of the acetone -1-0.1 M nitric acid systems (1 : 9 and 9 : 1 ratios) shows 
that there is not much difference in the Kd values for most ions except Mg(II), Ca(II), 
Ce(lV) Sr(I1) and Ba(II). However, the selectivity sequence is altered for the group 
Mg(II}. Ca(II). Sr(IIf and Ba(I1). Thus in water we have Sr > Ba > Mg > Ca and in the 
aoctone-nitric acid systems (1 : 9) and (9 : 1) the sequences are Ba > Ca > Sr = Mg and 
Ca > Ba > Sr = Mg respectively. 

Various factorssuch as swefling, formation of complexes, nature of the chemical bond 
and solvent distribution may be responsible for this behaviour of the ion-exchanger. It is 
also apparent from Table 3 that on changing the composition of the aqueous acetone 
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0 IO 20 30 40 SO 60 70 60 90 100 110 

volume of effluent, ml 

Fig. 5. Separation of Zn(II) from Pb(I1) and Cu(iI) from Pb(I1) on titanium tungstate columns. 
a. Acetone + O‘IM HNO,; b. 0.lh-f formic acid: c. O.lM HNO,. 

media the preference of the ion-exchanger for various cations changes, hence enhancing 
the selectivity. It is also interesting to note (Tables 8 and 9) that the separation factor 
is generally higher in the mixed solvent media (aqueous and non-aqueous than in purely 
aqueous or non-aqueous media. As with organic ion-exchangers, the pores of inorganic 
ion-exchangers may play a significant role in exchanging ions. That is to say they can 
accumulate water in their pores, and this is accompanied by electrolytic sorption. Thus 
by change of the solvent system a new separation may become possible. 

Table 8. Separation factors (E) for Pb-Cu and Pb-Zn in various solvent systems 

Solvent 

Titanium 
arsenate 

G l”t”, 

Titanium 
tungstate 

$b C” 3;; 

Titanium 
selenite 

$? C” GI 

Titanium 
antimonate 

rp”, GR 

Water 
O.OlM HN02 
O.IM HNO, 
O.IM HN03 + acetone (I : 9) 
O.lM HNO, f acetone (9 : 1) 
O.lM HNO, + acetone (I : 1) 
4M HNO, + acetone (1 : I) 
Acetone 
0.1 M Formic acid 
(1.1 M NH,N03 

83 31 I6 4 >1 13 zl 70 
20 316 1 1 8 8 79 316 

>l >l >I >I 10 10 IO 10 
251 84 40 30 loo 10 4 I2 
- - - - - - 5 21 

- - - - >I >I 
-- - - - 33 IO 

158 6 
126 42 63 >2 16 5 2 1 
63 63 104) 100 loo 1110 >I 1 



Titanium(IV)-aid exchangers 619 

Table 9. Separation factors (u) for Hg-Cd and La-Ba in various solvent systems 

Solvent 

Titanium 
arsenate 

a% aI;:: 

Titanium 
tungstate 

@a & 

Titanium 
selenite 

a,“! & 

Titanium 
antimonate 

a:! & 

Water 32 16 32 66 4 71 
O+OlM HNO, 60 <I 32 I 1 i 6: 25 
O.lN HNO, <l <l <l <l tl <l <I <l 
O.lM HNO, + acetone (1 : 9) 19 16 19 52 2 8 r 1 32 
0.1&f HNO, + acetone (9: 1) - - - - - - 4 52 
~l~HNO~+acetone(l: 1) - - - - - - > 1 8 
4M HNO, + acetone (1 : 1) - - - - - - 10 1 
Acetone - - - 

0.1 M Formic acid >1 21 1000 6 -4 

- 5 1 

6 O.lM NH,NO, 32 6 32 3 62 >1 : >f 

The following conclusions can be drawn if we compare the distribution coefficients of 
metal ions on titanium antimonate in water and pure acetone. 
1. There is almost no change in the Kd values for Zn(II), Sr(II), Cd(II), La(III), 

Ce(IV), Pr(III), Nd(III), Sm(III), Pb(II), V(V) and Al(III) in the two systems. 
2. Kd values are higher in acetone than in water for Ga(III), Ba(I1) and Ca(II), Co(I1). 
3. Kd values are higher in water for in, Fe(III), Ni(II), Cu(II), Y(III), Zr(IV), 

Hf(IV), Th(IV), In(III), Hg(I1) and Mg(II). 
The decrease in & vaIues for a large number of metal ions in acetone media may be 

attributed to the fact that the mobilities of the counter ions in the exchanger are 
usually not as great as in aqueous systems because of the decreased dissociation.” Also 

Table 10. Possible separation on titanium-based exchangers 

Exchanger 
O.lM HNO, 

Solvent system 

O.lM NH,NOs 0.1 M HCOOH 

Titanium 
antimonate 

Mg-Ba; Zn-Hg; Mg-Zn,Sr.Cd,Pb, 
Ga-Al&i; AI,In,Ga,V, - 
P~Cu,Fe,Mn,Co,Ni,V~n,Mg rare earths 

Titanium 
arsenate - 

Zn-Hg,LaZr,Ce,Hf; Ca-La,Ba,Hg; 
AI-Hg; Pb-Ga; Mg-AI: In-Ga; 
Pb-Mn,Mg,Ca,Ba V-Pb; Mn-Pb; Cu-Fe; 

Hg-V.Mn 

Titanium 
Selenite 

Hf-La,Zr.Th.Nd. 
Sm; Pr-Nd.Sm,La: 
Fe-Cu.Co.Ni,In; 
AI-Hg 

Ba-Ca,Mg,Sr; 
Zn-Cd,Hg; 
Pb-Ni,Co,Mn; 
Al-Ga; V-Ni.Co 

Ba-Mg-Ca,Sr; 
Al-In,Ga 
Fe-In 

Titanium 
tungstate - 

V-Mn; Hg-Cd,Al, 
Cu,Ga.Fe.Co.Ni; 
Pb-Cd,Al,Ga.Fe, 
Cu.Co,Ni 

Zn-Mg,Ba.Sr ; 
Ca-Cd ; 
Fe-Cu.Co.Ni,Mn.In: 
In-Ga.Al 
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the swelling is insignificant and the particle diffusion is relatively slow. The higher ion 
uptake for Ga(III), Ba(II), Co(I1) and Ca(I1) in acetone may be due to ion-pair 
formation with anions in acetone. 

Ammonium nitrate solution (O.lM) is especially useful because in this solvent system 
large differences in Kd values are observed for similar ions. Thus, Sm. Nd and Pr can be 
separated on titanium arsenate columns. The difficult separation of Zr(IV) and Hf(IV) can 
be achieved on titanium tungstate columns. A number of possibilities exist for difficult 
analytical separations, which are summarized in Table 10. 

On the basis of the separation factors (Tables 8 and 9) four new quantitative separations 
have been achieved. with titanium tungstate and titanium arsenate columns. Figures 4 
and 5 illustrate the elution curves. 
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Zusammenfassung-Antimonat. Arsenat. Wolframat, Molybdat und Selenit von Titan wurden 
hergestellt. Ihre Zusammensetzung und ihre chemische und thermische Stabilitat wurden 
ermittelt sowie der EinfluR von pH und Temperatur auf die Austauschkapazitat untersucht. Es 
stellte sich heraus. daB Titanantimonat thermisch am stabilisten war. Der Nutzen dieser lonenaus- 
tauscher fur analytische Trennungen wurde durch Bestimmung der Verteilungskoeffizienten fur 26 
Metallionen in einigen wLDrigen. nichtwPl3rigen und gemischten Losungsmittelsystemen tiberpriift. 
Quantitative Trennungen von Hg-Cd, Pb-Cu und Pb-Zn wurden auf Titanwolframatsaulen 
erzielt; La-Ba-Gemische wurden auf einer Titanarsenatsaule getrennt. 

Resume-On a synthetise les antimoniate. arsiniate, tungstate. molybdate et selenite de titane. 
On a determine leur composition et leur stabilite chimique et thermique. On a etudie les 
influences du pH et de la temperature sur la capacite d&change d’ions. On a trouvi que 
I’antimoniate de titane est le plus stable thermtquement. On a examine lutilite de ces 
echangeurs &ions pour des separations analytiques en determinant les coefficients de partage 
pour 26 ions mttalliques dans quelques systtmes aqueux. non aqueux et melanges de solvants. On 
a realise des separations quantitatives de Hg-Cd. Pb-Cu et Pb-Zn sur des colonnes de 
tungstate de titane. et on a &pare des melanges La-Ba sur une colonne d’arseniate de titane. 
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Summary-A new combustion system for the oxidative coulometric determination of sulphur in 
liquid hydrocarbons is described. The conditions were selected so that the recovery as SO, was 
close to 100%. The relative standard deviation was c 1% for sulphur in the range 2-1000 mg/l., 
with thiophene in cyclohexane as a test substance. Thermodynamic data on the equilibrium 
between SO,, 0, and SOa were used to select the operating conditions. To increase the 
recovery of SO2 the combustion gas mixture was diluted with an inert gas to iower the partial 
pressure of oxygen. A temperature of looo” in the equilibrium zone resulted in a recovery of 
99%. The SOI was titrated with coulometricaiiy generated iodine, the concentration of which 
was controlled by a Pt-redox electrode. The response of this electrode has been examined. A 
rather high con~ntration of I- was used to suppress iodine losses during the analysis. The 
time of analysis was 2-5 min, and sample sixes were 3-7 4. An LKB 16300 Coulometric 
Analyzer governed the titration procedure. 

Petroleum and related compounds often contain substances like hydrogen sulphide, thiols, 
organic sulphides and thiophenes. Even small amounts of such compounds will give the 
product undesirable properties; an unpleasant odour, corrosiveness or catalyst poisoning. 
As a consequence, trace analysis for sulphur is of great importance in the field of product 
control and in desulphurization processes. 

A review of the most important methods for determining sulphur will be found in a 
recent volume in three parts by Karchmer. ’ One of the most general methods is the 
oxy-hydrogen Wickbold burner method with a calorimetric or turbid~etric titration of the 
sulphate formed. With careful work a reproducibility of (1.5 + 0*2OS) ppm can be 
achieved,’ where S is the sulphur content in ppm. The time of analysis will increase 
to about 2 hr for the low-ppm range as 50 g of sample must be burnt. 

Fensom cf ul.” modified Granatelli‘s Raney nickel method in which sulphur is reduced 
to hydrogen sulphide which is absorbed in alkali and titrated. They determined total 
sulphur in light petroleum distillate in the range 0.1-0.4 ppm w/v with a precision of 
& 97;. 

In a recent American Petroleum Institute report,5 the correlation programme carried 

out showed that the microcoulometric procedure, first proposed by Coulson and 
Cavanagh,6 had better precision and higher speed than some of the earlier methods, 
but that its usefulness was at present restricted to the lighter fuel oils. Dixon’ modified the 
method to determine sulphur in lubricating oil fractions and heavy fuel oils. In this 
method sulphur is oxidized to a mixture of sulphur dioxide and trioxide in a quartz 

621 
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tube at 700900”. The sulphur dioxide formed is titrated with iodine which is generated 
coulometrically. The practical limit of this method is 0.1 ppm of sulphur. Wallace and 
Kohlenberger* compared the oxidative and reductive methods for the microcoulometric 
determination of sulphur in hydrocarbons. They stated that the oxidative method is 
simpler to use and has lower interference from nitrogen. However, it suffers from 
interference by chlorine and heavy metals and a non-stoichiometric conversion of sulphur 
into sulphur dioxide. The recovery for a standard of thiophene in kerosene was 84% 
and the precision +0*3 ppm in the range 3- 12 ppm of sulphur. 

Several other authorsg-l2 have used the oxidative coulometric procedure and obtained 
recoveries varying between 65 and 95% sulphur dioxide, depending on temperature and 
combustion atmosphere used. The relative standard deviation for their methods is 2% or 
more. 

This paper describes a new oven construction in which the combustion conditions were 
selected to give a recovery of close to 100% sulphur dioxide after oxidation of the 
sulphur in a quartz tube. In earlier microcoulometric methods the main drawback was 
the varying recovery, and the present method gives much better reproducibility. 

HIGH TEMPERATURE EQUILIBRIA 

Sulphur dioxide may be oxidized to sulphur trioxide according to the reaction 

so2 + l/2 02 * soa. 

The thermodynamic equilibrium constant is given by 

K, = pso3 
Pso2'P#a2 ’ 

which can be written 

PsO2 1 

Pm2 + Pso, = 1 + K, P&/, 

AG” = -RT In K,, 

(1) 

(2) 

w 
(3) 

AG” is a function of temperature and for the temperature interval used in combustion 
analysis is given byi 

AG” = -22600 + 21.363 (cal/mol). (4) 

The theoretical recovery of sulphur dioxide in percent is given by equation (2a) if it is 
multiplied by 100. A higher recovery should thus be obtained at a lower partial oxygen 
pressure. As K, decreases with increasing temperature, a higher temperature will give a 
higher recovery. Figure 1 shows the recovery as a function of temperature and oxygen 
pressure. From this point of view complete conversion of sulphur into sulphur dioxide, at 
equilibrium and at a certain temperature, should be possible in a combustion, provided 
that the oxygen pressure in the final gas mixture is sufficiently low. In practice; however, 
there must be a rather high partial oxygen pressure to obtain complete combustion. 
Under these conditions only a fraction of the sulphur is present in the form of the dioxide, 
i.e., the recovery becomes less than lOO’/ If this fraction could be kept constant, a lower 
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Fig. 1. Theoretical recovery of SO, in equilibrium with O2 and SOS as a function of temperature 
(“C) and oxygen pressure (atm). 

recovery could easily be compensated for in the calculation of the result. High-temperature 
combustion of inorganic and some organic compounds can be arranged so that the 
recovery remains essentially constant, e.g., combustion at 1315” with Po, = 1 atm gives a 
recovery of 97’A.l The combustion of organic compounds may be more complicated, 
owing to reactions other than those considered above. If an oil contains less than OS% 
suiphur, high-temperature combustion may give erroneous results. Various low- 
temperature combustion methods have therefore been developed. When the temperature 
is lowered the reaction rate becomes important. The equilibrium, equation (4), is 
reached slowly up to about 800”, so the fraction of sulphur dioxide may be higher than that 
calculated according to equation (Za) because sulphur dioxide is the main product of 
combustion and equilibrium is never reached. Many substances, e.g., heavy metals, 
platinum, quartz, are known to catalyse the reaction, resulting in a closer approach 
to equilibrium. The recovery then becomes lower and is subject to large variations. 
Many of the dimculties reported in the papers referred to in the in~~uction were 
caused by vacations in recovery. At 900” or more the reaction rate is so high that 
equilibrium is normally reached in a combustion tube. 

EXPERIMENTAL 

Combustion trains 

Six electrically heated ovens were arranged as shown in Fig. 2. Ovens l-5 were provided with 
thermoelements coupled to electronic regulators. The temperatures of the ovens could be set on dials. The 
thermostats kept the temperature constant within lo”. The combustion tube was made from quartz. The 
inlet section was fitted into the tube oia a B14 ground joint. The outlet tube was also provided with a 
ground joint. The fast nitrogen flow N,(U) was purified as shown in the figure but the nitrogen could be 
used without purification in the slow flow N,(I). The gases were taken from high-pressure cylinders via 
reduction valves, needle valves and rotameters. The oxygen flow was rather critical and a unsent-flow 
controller. Brooks Instrument model 8744 A, was therefore used to regulate this gas flow. 

The ovens attained their operating temperatures about 10 min after the instrument had been switched on. 
The gas flow was adjusted and iodine was generated in the titration ceil to obtain a slight excess. After 
this the instrument was ready for operation. 
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Temperature regulated furnaces 20-I IOOT 

Rotatmg workmg electrode 

Fig. 2. Experimental arrangement, 

Sample introduction 

Samples were introduced via a silicone-rubber septum with Hamilton 701 N lo-p1 or 75 N 5-pl syringes. The 
procedure was similar to that described by Marsh. ” The sample was drawn into the syringe to a mark which was 
noted. The tip was wiped and the liquid was drawn back further until the air meniscus was at 1 ~1. The 
syringe tip was inserted into the pyrolysis chamber so that the sample in the tip was removed. The syringe 
was removed until the titration of the traces on the tip was completed. The syringe was then inserted again 
and normally a 3-7 ~1 sample was injected at a uniform rate which was less than 0.2 &sec. The syringe 
was withdrawn and the meniscus was again set to the 1 ~1 mark. The difference in plunger reading was 
taken as the volume of the sample. 

The relative standard deviation of a normal volume measurement with these syringes was found to be 
05-0~8%, depending on sample size. The standard deviation of the procedure described above was probably 
higher but it could not be differentiated from the standard deviation of the sulphur determination. The 
withdrawal of the meniscus into the barrel was necessary because there was a large fluctuation in the amount 
of solvent evaporated from inside the tip. 

Titration procedure 

The absorption medium was 30 ml of an aqueous solution containing 040% potassium iodide, 0.055% 
sodium azide and @68x acetic acid, taken in a Metrohm titration vessel EA 880-20. Iodine was generated 
electrolytically at a rotating platinum electrode. A platinum spiral was used as auxiliary electrode and was 
separated from the sample solution by a dialysis membrane. The anode reaction is 

21- - I, + 2e-, (5) 
which is followed by 

I, + I- = 1; (K = 710 I./mole). (6) 

The excess of iodine was determined potentiometrically with a platinum-foil indicator electrode as. a Radiometer 
K 601 Hg/Hg,SO, reference electrode. The electrode responds according to 

~=E’+RTIn-_L=E’+RTln ~~___. 11 1 Pi1 
2F [I-]* 2F K. [I-l3 

The electrodes were connected to an LKB-16300 Coulometric Analyzer which compares the redox potential 
of the indicating electrode with a preset value. This preset value corresponds to the desired iodine concentration 
in the absorption medium. If the actual iodine excess is too low, an error signal will be produced in the 
analyser. which causes a current to be passed through the generating electrode system so that more iodine 
will be produced. This will continue until the redox potential reaches the desired value. 

When sulphur dioxide enters the cell the following reaction will occur 

SO, + 2H,O + I; - SO:- + 31- + 4H+. (8) 

When [I;] decreases, generation of more iodine starts automatically so that sulphur dioxide is titrated 
continuously as it enters the cell. 

The amount of electricity required to titrate the absorbed sulphur dioxide was determined by electronic 
integration in the analyser. The integrator could be read to 2 x 10-i* equivalents. corresponding to 
1 x IO-” mole of SO,. 
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RESULTS AND DISCUSSION 

The reaction system is shown in Fig. 2. A sample is introduced through a septum 
into a pyrolysis chamber flushed with a slow nitrogen flow, N,(I). This flow was usually 
25 ml/min and the temperature of oven 1 was normally 400”. The vaporized and pyrolysed 
products enter the combustion zone through this jet. An oxygen stream (normally 9 ml/min) 
is passed into the combustion zone coaxially with the pyrolysis chamber. The combustion 
zone is normally kept at 700” by oven 2 but when a sample enters through the pyrolysis 
chamber a visible flame can sometimes be seen when the solvent burns, which indicates 
that the actual combustion temperature may be higher. The #mbustion products which 
contain the sufphur as a mixture of the dioxide and trioxide enter the equilib~um 
chamber through a nozzle. A fast stream of nitrogen (normally 190 ml/min)> preheated 
to iOO0” in oven 3, meets and dilutes the combustion products. The equilibrium zone 
is normally kept at the same temperature as the preheating zone, 1000”. In this zone 
the oxygen/nitrogen ratio decreases relative to that during the combustion. The temperature 
is so high that the sulphur oxides reach thermodynamic equilibrium. The flow-rates 
mentioned above will give a partial oxygen pressure of 0.04 kg/cm2. During combustion 
of a sample some oxygen will be consumed, resulting in a still lower partial pressure of 
oxygen. The results indicate that the actual oxygen pressure during the determina~on is 
about 0.01 kg/cm’, which according to Fig. 1 corresponds to 985% recovery. Still higher 
temperature for extended periods would result in a decreased life of the quartz tube. The 
diameter of the quartz tube decreases so that a high linear gas velocity is obtained 
when the gas enters the outlet zone which normally is kept at 500”. This temperature 
is so low that the reaction rate is negligible and the equilibrium attained at the preceding 
stage is not reversed. It is known from high-temperature equilibrium studies that 
equilibrium conditions can be frozen if the temperature is decreased rapidly. 

A short bent tube transfers the gas to the titration vessel. After 10 min the tube has 
been sufficiently heated by the gas to prevent condensation. This tube can be disconnected 
for cleaning, which may be necessary if combustion becomes incomplete. The tip of the 
outlet tube is drawn out so that small gas bubbles are dispersed into the medium 
2-3 cm below the liquid surface. The rotating platinum gauze anode disperses the bubbles 
further into the solution and the absorption of sulphur dioxide is quanti~tive up to a 
total gas flow of 250 ml/min. The sulphur dioxide is then titrated as described later. 

A number of parameters have been varied one at a time and the result will be 
discussed below. A solution of thiophene in cyclohexane, containing about 200 ppm of 
suiphur, was used as a test substance. The points in Figs. 3, 4 and 5 are each mean 
values of about 10 determinations. 

Figure 3 shows the recovery as a function of the temperature in the preheating and 
the equilibrium zones in ovens 3 and 4, for two different values of the oxygen partial 
pressure. At 900” there is a drop in recovery because the reaction rate becomes so high 
that equilibrium is reached. The points at 900 and 1000” correspond to the conditions 
shown in Fig. 1. At 1000” the recovery has increased somewhat because the ~uilibrium 
constant decreases with temperature. At 800” or below, equilibrium is not attained and 
the recovery is higher than that corresponding to the equilibrium shown in Fig. 1. The 
recovery will however depend on the combustion conditions and eventual presence of 
catalysts will decrease it. It was found that the standard deviations were higher than 
those of the determinations at 900” and 1000”. The recovery at 800” or below was also 
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Ts and T4 ‘C 

Fig. 3. Recovery of sulphur as a function of temperature ii~ zones 3 and 4. 
N,(I) = 25 ml/min, N,(H) = 190 ml/min, r, = W, T2 = 700”, Ts = 5004 

0 Q = 50 ml/min; A 0, = 9 ml/min. 

dependent on the way the sample was introduced, which further demonstrates the 
increased uncertainty of a method not operating at equilibrium conditions. 

The effect of variations in the flow-rate of nitrogen, N,(II), was next investigated with 
all ovens at normal operating temperatures. Two different oxygen flows were used and 
the results are shown in Fig. 4. Decreasing the nitrogen flow results in a higher partial 
oxygen pressure and as expected from Fig. 1 the recovery decreases, especially at the 
higher oxygen’flow. When the flow-rate is increased above 200 ml/min there is a slight 
decrease in recovery again, mainly because of less than 100% absorption in the titration 
vessel. There will also be a slight decrease in recovery at high flow-rates, owing to the 
way iodine losses arise. 

100 - 

95- 

s 
f go- 

t 

& 
; . 

.95- 

.90- 
00 200 300 400 

N,(II) cc/min 

Fig. 4. Recovery of sulphur as a function of the flow-rate of diluting gas, N,(H). 
N,(I) = 25 ml/min, T, = 400”. T2 = 700”, T, = T = IOOO”, T5 = 500”. 

A 0, = 9 ml/min; 0 0, = 50 m?/min. 
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Fig. 5. Recovery of sulphur as a functjon of combustion temperature T . 
7, = 4000, T3 = T, = looo”, T = 500”, 

A 0, = 4 ml/min; 
N (I) = 25 ml/min, N,(H) = 190 m?/min. 
<3 0, = 40 ml/min. 

Figure 5 shows the effect of temperature variations in the combustion zone, at two 
different oxygen flows. There is a decrease in recovery at higher temperatures and partial 
oxygen pressure, which probably involves the formation of a side-product con~i~ng 
sulphur. Further work to identify this side-reaction is in progress. A similar decrease in 
recovery with increasing combustion temperature was observed earlier.’ Figure 5, as well 
as Figs. 3 and 4, shows the importance of low oxygen pressure but there must be 
sufficient oxygen to facilitate complete combustion. If the combustion is incomplete 
there is a formation of products which consume iodine and give high results. By in~~u~ng 
the sample at a slow rate it is possible to obtain complete combustion even at a 
comparatively low oxygen flow. 

In selecting an end-point potential for the titration of sulphur dioxide with iodine, 
several aspects must be considered. It is advantageous to titrate to an end-point 
corresponding to an excess of iodine. If a large excess of iodine were selected there 
would be a need for a higher relative precision in the determination of the redox potential 
and in addition there would also be higher iodine losses if gases were blown through 
the. cell. Figure 6 shows another aspect which is important in selecting the end-point 
potential. A number of nmole of iodine were generated rapidly and the potential of the 
redox electrodes was read after 15 set, 2 min and 3 min. The figure shows that the 
electrode response is slow in the presence of small excesses of iodine, but that at higher 
excesses it becomes so rapid that the curves merge at around . - 145 mV. In normal 
operation a potential of - 140 mV OS. Hg/Hg,SO, reference electrode was used. The 
slope of the titration curve is only slightly influenced by the concentration of I-. 

Equation (6) shows that as the [I-] is increased the concentration of the volatile I, 
decreases and more I; is formed. In order to decrease the amount of iodine lost through 
evaporation a high concentration of I- should be selected. The selected iodide concentra- 
tion was 24mM which is about ten times that normally used in earlier micro~oulometric 
determinations of sulphur With 24mN I- 5.5% of the total iodine is present as I, and 
the rest as the non-volatile I;, If 24mM I- had been selected 37% of the iodine 

would have been present as I, and 63% as I;. The lower iodide concentration would 
thus have given a blank value about seven times higher at a given gas flow. Moreover, 
as the iodine concentration varies during a titration the blank correction would have 
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nmol I, 

Fig. 6. Pt-indicating electrode response at various iodine concentrations in 30 ml of 040% KI, 
O-055% NaN, and 0.68% CH,COOH solution. 

l Potential read after 15 set; A potential read after 2 min; 0 potential read after 3 min. 

been more difficult. The Coulometric Analyzer has a variable gain control which makes 
it easy to compensate for the lower slope of the titration curve obtained under the 
selected conditions. If an instrument with a lower sensitivity had been used this aspect 
would have had to be taken into account in determining the optimum conditions. 

The blank value is composed of iodine losses as discussed above and of impurities 
from the gases. By insertion of a combustion oven in the line carrying the fast nitrogen 
stream the sulphur blank value could be reduced from 1 x 10e9 mole/min to 
0.2 x lo-’ mole/min. This value will vary somewhat with time and from one gas cylinder 
to another. Over a period of 5 min the blank value was found to be stable within 
kO.01 x 10M9 mole/min. Purification of the other two gas streams would probably have 
decreased the blank value further. The purification train consisted of copper(I1) oxide 
and silver gauze at 480” followed by an absorption vessel containing 0.4M sulphuric 
acid/4mM hydrogen peroxide. The gas was dried with “Dehydrite” and entered the 
preheating zone uia a glass filter disc. 

Figure 7 shows the time~e~ndence obtained when a series of determinations was 
made. The samples were thiophene in cyclohexane. A recorder was connected to the 
coulometric analyser in order to display the titration. The result was always read from 
the integrator on the analyser, which had greater resolution and accuracy than the 
recorder plot. The time of a titration was of course longer when the sample introduction 
was slow, as in the present case where a large amount of hydrocarbons was consumed. 
Determinations of sulphur in water samples were also performed and then the injection 
could be made instantaneously, resulting in a short, high peak. The time of integration 
was noted in each case so that the blank value could be subtracted. 

Table 1 shows the results of a number of determinations. The relative standard 
deviations found are equal to those expected from the sample. 
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Fig. 7. Time-dependence in the d~ter~nation of four different amounts of thiophene in 
cyclohexane, 

A, 5-00 x lo-’ mole S; B, 4.00 x 10m9 mole S; C, 2.80 x 10y9 mole S; D, 0.84 x lo-* mole S. 

Table 1. Determination of sulphur in a test solution of thiophene in 
cyclohexane (3-7 d sample) 

S added, 

mS/l- 

0* 
1.92 

16.6 
245 
747 

S found, 
(mean value) 

Eli. n~~e~~i 

0.19 o#_Ki 
1.9, 0.060 

16.5 0,516 
242 7.55 
737 23,O 

Ref. std. 
No. of 

Recovery 
devn mean vafue 

dents. % % 

: - - 
0.4 99 

3 t.1 99.3 
5 07 99.1 
3 0.5 98.7 

* Cyclohexane alone. 
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Zusammenfasatmg-Ein neues Verbrennungssystem zur oxidativen coulometrischen Bestimmung 
von Schwefel in fltissigen Kob~enwas~rsto~en wird beschrieben. Die ~ding~gen wurden so 
ausgewlhlt, daB die SO,-Ausbeute nahe an lOOo/, lag. Die relative Stan~rdabweichung fiir 
Schwefel lag bei Z-1000 mg/l unter ix, mit Thiophen in Cyclohexan als Testsubstanz. Zur 
WahJ der Arbeitsbedingungen wurden die thermodynamischen Daten des Gleichgewichts zwischen 
SO* I 0s und SO3 herangezogen. Urn die Ausbeute an SO, zu erhiihen, wurde das 
Verbrennungsgasgemisch mit einem Inertgas verdiinnt, urn den Sauerstoffpartialdruck zu 
erniedrigen. Eine Temperatur von 1000” in der Gkichgewichtszone ergab eine Ausbeute von 99%. 
Das SO, wurde mit coulometrisch erxeugtem Jod titriert; dessen Konzentration wurde mit 
einer Pt-R~oxe~ek~ode kontrolliert. Das Anspr~hverhaiten dieser Elektrode wurde iiberpriift. 
Es wurde eine ziemlich hohe J--Konzentration verwendet, urn Jodverluste wi-ihrend der Analyse 
zu unterdrucken. Die Analysenxeit betrug 2-5 min, die ProbengriiDen 3-7 ~1. Ein coulo- 
metrisches Analysengerat LKB 16300 regulierte die Titration. 

R&me-On d&it un nouveau systeme de combustion pour le dosage coulometrique par 
oxydation du soufre dans des hydrocarbures liquides. On a stlectionne les conditions de 
man&e a ce que la recuperation a I’etat de SO, soit proche de lOOo/, L&art type relatif 
eat (1% pour It soufre dans le domaine 2-100 mg,/I, avec le thiophene en cyclohexane 
comme substance d’essai. On a utiiisi des donnCes thermodynamiques sur liquilibre entre 
SO,, 0s et SO0 pour s&ctionner les conditions op+ratoires. Pour accroitre la recuperation de 
SO,, le melange de gaz de combustion a et6 diluC avec un gaz inerte pour abaisser la pression 
partielle de l’oxygene. Une temperature de 1000° dans la zone d’equilibre a pour resultat une 
recuperation de 99%. Le SO, a it6 titre par de l’iode engendre coulomitriquement, dont la 
concentration a 6te contr~l&e par une electrode redox-Pt. On a examine la r&onse de cette 
&sctrode. On a utihti une co~nt~tion en I- plutBt &e&e pour supprimer les pertes diode 
pendant l’analyse. Le temps d’analyse a Cte de 2-5 mn, et les dimensions d%chantiIlon Ctaient de 
3-7 ~1. Un Analyseur Coulomltrique LKB 16300 reglait la technique de titrage. 
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awry-Addition of 1% of ammonium bifluoride successfully suppresses interference by diverse 
ions in the atomic-absorption determination ofchromium( If the sample solutions also contain 
chromium(III) addition of 1% of ammonium bifluoride and 0.2% of sodium sulphate is 
recommended for the suppression. 

Traces of chromium in rocks and minerals are usually determine s~trophotome~~lly’ 
after conversion of chromium(II1) into ~hromium{VI). More recently the technique of 
atomic-absorption spectrophotometry (AAS) has made chromium analyses easier and 
more rapid, However, chromium assay in rocks and minerals by AAS is rendered 
difficult by the fact that diverse ions interfere in the determination and several reagents 
have been used with varying degrees of success to suppress such interferences. Ammonium 
chloride2,3 was found to reduce the depressant effect of iron on the chromium 
absorbance, and pyrosulphate4*5 and persulphate6 were found to suppress interference from 
aluminium, iron and titanium. Lanthanum chloride’ was effective in eliminating inter- 
ference from aluminium and phosphate. Strontium chloride* was found to suppress 
interference from a number of elements. Sodium sulphate (1%) was used by Hurlbut and 
Chriswell’ for suppressing interference in the AAS deter~nation of chromium(V1) by 
1000 ppm of Ba, Ti, MO, Mn, W, Fe, Ni, Co, Cu, Ag, Cd, Hg, Al, and Ce but it failed to 
remove the interference caused by Ca, Mg, Sb, Sn, sulphuric, phosphoric and per- 
chloric acids and sodium hydroxide. It was also observed that 1% sodium sulphate was 
not quite effective in suppressing interferences by Ca, Mg, As, Pb, Zn, Sn, Ni, MO and Cd 
with chromium(II1) absorbance. Not all earlier workers have made an interference study 
for both oxidation states of chromium though both may be present in the resultant 
solutions when samples are decomposed with oxidizing acid mixtures. The behaviour of 
interfering ions differs with the oxidation state of chromium in the sample solutions, as 
stated by Suzuki and Takeuchi”’ who observed that Mn and Ni depress the absorption of 
chromium(II1) but not that of chromium(V1). It is thus clear from the literature that no 
single suppressing agent so far proposed can be satisfactorily used to eliminate interference 
for both chromium~III) and (VI). Therefore attempts were made to find such a suppressing 
agent. Several reagents which would either precipitate or complex the interfering ions 
have been tried. They include ammonium hydroxide, diammonium hydrogen phosphate, 
sodium carbonate, ammonium carbonate and ammonium bifluoride. Among these 
ammonium bifluoride was found to be highly effective for suppressing the interference 
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of diverse ions with CrfVI) whereas a mixture of 1% ammonium bifluoride and O-2:4 
sodium sulphate was found suitable when both oxidation states are present. 

EXPERIMENTAL 

Reagents 

Standard Cr(VI) solution, 1000 ppm. Prepared from potassium dichromate and demineralized water, and 
diluted to give 100 and 10 ppm standards. 

Standard Cr(lll) solution, ZOO ppm. Prepared by reducing 10 ml of lOOO-ppm chromium(V1) solution with 
a few drops of 30% hydrogen peroxide in 05M hydrochloric acid. The solution was diluted to 100 ml 
with 05M hydrochloric acid. Hydrogen peroxide does not have any deleterious effect. 

Ammonium &fluoride solution (I 0%). 
Sodium sulphare solution (2%). 
Analytical grade reagents and demineralized water were used. 

A mode1 AA 100 Techtron Atomic Absorption S~~ophotometer with HSL hollow~thode lamp was 
used. The most sensitive Cr absorption line (wavel~gth 357.9 nm) was used for measuring the absorbance 
values. The working conditions were as follows. 

Lamp current 10 mA 
Acetylene pressure 10 psig, flowmeter reading 6-65 (flow-rate 1.7 Kimin) 
Air pressure 15 psig (flow-rate 4 l./min) 
Fuel-rich flame 
Slitwidth 0.10 mm 
A standard IO-cm stainless-steel AB51 burner with a 05-mm wide slot was used. 

Calibration 

After adjustment of the height and angle of the burner to give maximum absorbance for the highest 
standard, absorbance values were measured for 0,0*5, 1.9230, 3.0, 5.0, 7.0 and 10.0 ppm chromium(VI) solutions 
containing 10 ml of lOo/Q ammonium bifluoride soiution in a total volume of 100 ml, and a calibration curve 
was drawn. When sodium sulphate was also found necessary in the analysis of samples a separate calibration 
curve was drawn with standards containing 0.2% sodium sulphate in addition to ammonium bifluoride. 

Procedure 

Different methods of treatment have been found necessary for different types of samples. 
Silicates. Weigh a 0*2-O+ g sample into a polythene beaker and treat it with 1 ml of cont. nitric acid and 

10 ml of 40% hydrofluoric acid. Digest the mixture on a water-bath and evaporate it to dryness. Repeat 
the process to ensure complete decomposition of the sample. Dissolve the residue in 10 ml of aqua regia and 
transfer completely to a 2SO-ml Pyrex beaker. Evaporate the solution nearly to dryness, then dissolve the 
residue in a minimal volume of 0.5-l.OM hydrochloric acid. add 2-4 ml of ammonium bifluoride solution and 
2 ml of sodium sulphate solution and dilute to 20 ml in a standard flask. Mix, allow to settle and 
measure the absorbance. 

Refractory muterials. Weigh a 0.1-O-2 g sample into a nickel crucible, mix it with 0.5-I g of sodium 
peroxide, and fuse at dull red heat till the sample is compietely decomposed. Cool the mass, extract it with hot 
water and make up to 100 ml. Take a suitable aliquot, add ammonium bifluoride solution. dilute to 20 ml 
and aspirate into the game. 

Suip~jde mineru~s, steels and ~1~0~s. Weigh a O,I-O,5 g sample into a dry 25-ml graduated cylinder (of a type 
which can be stoppered) and digest it on a hot plate with S ml of aqua regiu untii the solution is 
evaporated nearly to dryness. Extract the mass with 0*5-1M hydrochloric acid, add 2-4 ml of ammonium bi- 
fluoride solution and 2 ml of sodium sulphate solution. and make up to 20 ml with demineralized water. 
Measure the absorbance. 

RESULTS AND DISCUSSION 

EfSrct of air-acetylene ratio and lamp current 

The air-acetylene ratio has considerable influence on the chromium absorbance. It can 
be seen from Table 1 that maximum absorbance was attained with acetylene at a 
delivery pressure of 10 psig and a flow-rate of 1.7 I./mm and air at a pressure of 15 psig. 
From a series of experiments conducted separately, it was found that the lamp current 
has no significant effect. 



AAS determination of chromium 

Table 1. Effect of air-acetylene ratio on chromium absorbance in presence 
and absence of foreign ions 

633 

Air pressure 15 psig. acetylene delivery pressure 10 psig, 
10 ppm Cr(VI), 2500 ppm foreign ion 

Absorbance 

Foreign Acetylene 
ion flowmeter 

added setting 
4.5 5 55 6.0 6.5 7.0 

- 0 0.03 0.145 0.29 o-32 0.25 
Al 0.03 0.10 0.20 0.20 0.20 
Ca 0.025 0.13 0.28 0.27 0.24 
Mg 0.03 0.11 O-24 0.22 0.13 
Ni 0.03 0.10 0.165 0.22 0.20 
Mo(V1) 0.025 0.10 0.26 0.25 0.17 
Fe(III) 0.025 0.10 0.12 0.11 0.10 

Though there is no doubt that in the hotter fuel-lean air-acetylene flames interference 
effects are almost negligible, the sensitivity is too low to permit determination of traces 
of chromium (O-50 ppm) in rocks, minerals and soils. It is clear that there is a tenfold 
increase in sensitivity between the fuel-lean and fuel-rich flames corresponding to acetylene 
flowmeter readings of 5 and 6.5 respectively. It is because this is accompanied by an 
increase in interference that a suppressing agent is needed. 

Eflect of ammonium bijlluoride 

Ammonium bifluoride not only suppresses the interference from foreign ions but also 
enhances the absorption by chromium [either (VI) or (III)]. It can be seen from 
Table 2 that the presence of0.S3% (w/v) of ammonium bifluoride enhances the absorbance 
by 30% while at concentrations higher than 5% of bifluoride the absorbance value 
falls to that obtained without addition of bifluoride. It is necessary that an optimum 
concentration of bifluoride be maintained in sample and standard solutions. 

Table 2. Effect of ammonium bifluoride on absorbance of chromium (10 ppm) 

Ammonium bifluoride, “/,(w/o) 0 D5 1.0 2.0 3.0 5.0 7.0 
Absorbance 0.30 0.425 0.425 0.425 0.425 o-37 0.35 

E&t of acids and interference from diverse ions 

As most of the chromium samples require decomposition by acids or fusion with 
sodium peroxide it was necessary to study the effect of these reagents on the chromium 
absorbance (Table 3). While hydrochloric and nitric acids have no effect on both Cr(II1) 
and Cr(V1) absorbance. sulphuric, perchloric and phosphoric acids of 0.5-M concentra- 
tion act as depressants. Ammonium bifluoride eliminates the interference of sulphuric 
acid but not that of perchloric acids. Addition of calcium or potassium in addition 
to bifluoride and sodium sulphate is recommended where digestion procedures involve 
the use of phosphoric and perchloric acids respectively. The usual procedures recommended 
for attack of chromium-bearing samples involve the use of aqua regia, hydrofluoric plus 
nitric acid. or fusion with sodium peroxide. depending on the nature of the sample. 
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Table 3. Effect of acids and bases on chromium absorbance 

Acid or 
base 

IA4 HCI 
1M HNO, 
0.5M H2S04 
IM HC104 
1M H,PO, 
1M NH, 
1M NaOH 

Cr(V1) recovered, ppm 

No masking 
agent 

1% NH,HFI 
added 

9.9 9.8 
1OG 10.0 
8.2 9.7 
8.5 8.5; 9.6’ 
4.0 4.0; 9.6t 
9.2 9.8 
9.8 9.8 

Cr(III), recovered, ppm 

No masking 
agent 

1% NH,HF, 
added 

10.0 9.8 
10.0 10.2 
9.0 9.8 
9.9 10.1 
4.0 4.0; 9.6? 

P 
9: 

l 10000 ppm K and 0.2% Na,SO, also added. 
t 10000 ppm Ca and 0.2% Na2S04 also added. 
$ Cr(II1) precipitates. 

A study of the interference of diverse ions (Table 4) revealed that a large number 
of cations, viz. Fe(III), Al, Ca, Mg, Co(II), Ni, Mn(II), Mo(VI), W(VI), Hg(II), As(III), 
Ba and Cd interfere either by enhancing or depressing the absorbance of Cr(V1) or 
Cr(II1). Addition of ammonium bifluoride successfully eliminated interference by most 
of these ions except Ni and K. The presence of 500-1000 ppm Al in addition to ammonium 
bifluoride, and use of 0*5-1M hydrochloric acid medium, completely eliminates the 
interference by Ni. Ammonium bifluoride, though effective in suppressing interference 
by diverse ions in Cr(V1) determination, fails to do so in the case of Cr(II1) when 
K, Cu(II), Co(II), Ni and W(V1) are present [Table 41. As procedures involving acid 
digestion produce a mixture of Cr(II1) and Cr(V1) in sample solutions, addition of 0.2% 
of sodium sulphate as well as ammonium bifluoride is recommended for suppression 
of interference. While almost complete recovery of Cr(V1) could be achieved by using 
ammonium bifluoride alone as the suppressing agent [lo ppm of Cr(V1) in combination 
with a foreign ion mixture containing 5000 ppm of each ion] the recovery was low 
with Cr(II1) even if the concentration of individual ions in the mixture was only 
1000 ppm. A comparative study was made of the effect of ammonium bifluoride with 

Table 5. Recovery for Cr(V1) from mixtures containing loo0 and 5000 ppm each 
of Fe, Mn, Al, Ca, Mg, Co and Ni, in the presence and absence of masking 

agents 

Recovery, % 

Masking 
agent 

lOOO-ppm mixture 5OWppm mixture 

Cr Cr Cr Cr Cr Cr 
1 ppm 5 ppm 10 ppm 1 pm 5 ppm 10 ppm 

None 65 50 50 50 35 35 
1% NH,HF,* 100 100 99 100 99 98 
1’4, Na,SO, 90 80 80 75 45 40 
1% NH&I 100 88 82 75 50 50 
1% WzO, 100 100 99 75 50 45 

* 2% NH,HF* was used for the 5000-ppm foreign ion mixture. 
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Table 6. Analysis of standard samples 

Certificate Mean Standard Relative 
value,* Mean. deviation, deviation, standard 

Sample Cr found, ppm PPm PPm ppm PPm+ deviation, O0 

Granodiorite GSP-1 15, 13, 14, 15 13 14.2 0.8 I 7 
Basalt BCR- 1 15, 15, 17, 16 16 15.7 0.8 1 6 
Andesite AGV-1 12, 13, 13, 14 13 13.0 0.5 8 
Diabase W-l 125, 120, 120, 124 124 122 3 

:5 
2 

Peridotite PCC-1 3165, 3125, 3062, 
3OQO 2970 3078 47 83 2.7 

Dunite DTS- 1 4000,4150,4040, 
4020 4200 4086 58 75 18 

Diorite DR-N 30, 31, 33, 34 3: 32 1.5 2 6 
Basalt BR 350, 350, 360, 340 352 6 IO 2.9 
Serpentine UB-N 2500, 2587, 2512, 

2500 2500 2524 31 44 1.8 
Sulphide mineral SU-I 310, 310, 318, 310 340 312 3 4 I.3 

* References for certificate values: 

AGV-1, BCR-1, GSP-1, G-2, PCC-1 and DTS-1: F. J. Flanagan, Geochim. Cosmochim. Acta, 1969. 33, 81. 

G-l and W-1: M. Fleischer, ibid., 1969, 33, 65. 

SU-I: N. M. Sine, W. 0. Taylor, G. R. Webber and C. L. Lewis, ibid., 1969, 33, 121. 

UB-N and DR-N: H. de la Roche and K. Govindaraju, Geochimie A&., 1969,29. 

t Calculated from the range R by s = 0.48R. 

that of various suppressing agents recommended by earlier workers. The results in Table 5 
reveal that while none of the earlier reported suppressing agents could eliminate inter- 
ference by 5000 ppm of foreign ions, bifluoride could do so easily. This is probably 
because bifluoride not only complexes some of the metal ions [Fe(III), Sn(IV)] but also 
precipitates such ions as Ca, Mg, Ba, Pb, thereby reducing the total ion content of the 
sample solution. A number of international rock standards have been analysed for Cr 
by this method and the results given in Table 6 are in close agreement with the 
literature values. Good agreement was also obtained for a number of standard steels 
and alloys with certificate values. 

Acknowiedgement-We wish to express our sincere thanks to the United States Geological Survey, British 
Chemical Society, Canadian Association for Applied Spectroscopy and Centre de Recherches Petrographique 
et Geochimiques (France) for kindly making available to us their standards used in this investigation. 
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AAS determination of chromium 637 

Zusammenfassung-Die Zugabe von 1% Ammoniumhydrogenfluorid unterdruckt mit Erfolg die 
Storung durch verschiedenartige Ionen bei der Atomabsorptionsbestimmung von Chrom(V1). 
Wenn die Probenlosungen such Chrom(III) enthalten, wird zur Unterdriickung die Zugabe von 
1% Ammoniumhydrogenfluorid und 0.27, Natriumsulfat empfohlen. 

R&m&-L’addition de 1% de bifluorure d’ammonium supprime avec suc& I’interfirence 
de divers ions dans le dosage par absorption atomique du chrome (VI). Si les solutions 
d’6chantiIlons contiennent aussi du chrome (III), I’addition de 1% bifluorure d’armnonium 
et 0, 2 oA de sulfate de sodium est recommandte pour la suppression. 



o-(2-HYDR.~XY-5-DODECYLPflENYLAZO)- 
BENZOESAURE UND -ARSONSAURE ALS 

CWELATBILDNER FLijSSIGER IONENAUSTAUSCHER 

E. BLASIUS und H. J. FINKENAUER 
lnstitut fiir Analytixhe Chemie und Radiochemie der Universitlt des Saarlandes, 

66 Saarbriicken 15, West Germany 

(~ingegangen am 26. Oktober 1972. ~~ge~~~~n urn 22. Janwr 1973) 

~~~f~~-~if Synthesen der ~~~tbiIdn~ c-r-(2-Ifydroxy-5do~~p~e~yi~o~ 
benzoes;iure und -arsmslure werden bes&rieben. X&se warden, in Benzin bzw~ Chlor&mn gel&t. 
als fliissige lanenaustauscher zur Trennung ~~~II~/A~(III) bzw. ~~IV~/Hf~V~ erprobt. Beide 
ffiissigen Ionenaustauscher sind such zur Abtrennung von Fe(III)-Spuren aus Salzliisungen 
geeignet. 

In einigen vorhergehenden Veriiffentlichungen”-’ wird iiber o,o’-disubstituierte Azofarb- 
stoffe berichtet, bei denen einerseits der Alkylrest R, andererseits die Gruppe X variiert 
werden kann: 

R= -CH3, x== -COOH ergibt ein selektives Reagenz auf 3e[II), das %r die 
ExtraktioqI Polarog.raphiez und Fbotometrie3 heranzuzieben ist, 1st R ein pulymeres 
Geriist, lie@ ein fester Chelataustauscher var. Mit X = -COOH dient er u.a. zur 
Abtrennung voa Erdalkaliionen aus konzentrierten Alkalisalzlbungen,4 von Fe(III)- 
Spuren aus konzentrierten Salzliisunger? und zur Trennung ~(I~)/Al(~~I).6 Der feste 
Austauscher mit X = -As03H2 bindet Zr(IV) wesentlich stkker ais Hf(IV).7 

Ziel der vorliegenden Arbeit ist es, als R einen langen aliphatischen Rest (-C12HIJ) 
einzuffihren. Die Produkte, gel&t in einem mit Wasser nicht mischbaren organischen 
L~sungsmittel stellen fliissige I~nenaustauscher dar. 

EXPERIMENTELLER TEIL 

~-~decyIpheuo1 CU. 95-987; (BASFf; Anthran~~s~ure purum, 98% (Fit&a); PetroIeumbe~z~~ {Naphtha- 
benzin) Kp = 10%140’ (Merck); o-Arsanifs;iure F = 152°C ~~h~~rd~~~ 

Sat& in ~.a. Qua&& Al(gO,), - 9H,O rein, BeSO - hH,O rein& (Merck]; Hafnium 99,9‘&, (Fluka); 
ZrO(NO,),. Verunreinigungen Hf < 200 ppm, andere Metalle 15 ppm (HEK-GmbH), Darstellung von 
ZrOCi, + 8H20 und HfOCI, * 8H20 nach HBnigschmidt et al.” 

Leitisotope (Buchler): 7Be als Chiorid in 0.1M HCI (triigerfrei); 
i7s+1siHf als Chlorid in 7M HCI (8 mCiimg): 

S9Fe als Chlorid in 0,lM HCi (20 mCi/mg); 
“Zr als O~aiatokomplex in oxalsaurer Liisung ~tr~gerfrei). 

Die oberfiihrung des 95Zr in das Sulfat geschieht durch mehrmaiiges Abrauchen mit konz. H,SO,. 

pH-Messung. Schott- EinstabmeDkette mit angeschlossenem Rahrenvoitmeter der Fa. Knick. 
Po~urogru~~?j~c~~e AI~JJJ)-Be~~inlmtmg.9 ~lei~hstrompolaro~~aph, Typ Polariter PO 3 der Fa. Radiometer, 

Kopenhagen in Verbindung mit einer Quecksilbertropfeiekrrode und einer geslttigten Kalomet- 
Vergleichselehtrode. 
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Radiochemische Anuiysen. Bohrlochszintillationszlhler mit MeBplatz der Fa. Berthold (-Be, “Fe und 
r7s+*a’Hf). Lithium gedrifteter Germaniumdetektor. Typ Ge PC 10. der Gesellschaft fur Festkorperphysik 
mbH, in Verbindung mit einem Ortec-Verstarker. Model1 410 und dem 400-Kanal Impulshohenanalysator 
der Fa. Laben. Mailand (95Zr). 

Synthesen 

o-(2-Hydroxv_S-dodecylphenylazo)benzoes&ue.’0 

o-(2-ffydroxy-5dodecylphenylazo)arsonsilure 0, I Mol Arsanilslure in 50 ml Athanol unter Erwarmen 
gel& und mit 30 ml 37Qger HCl versetzt. Man kiihlt in einer Eis-Kochsalz-Mischung auf 0” ab; 
dabei verdiinnt man mit wenig Wasser so. daR die M&hung gut riihrbar bleibt. Nun tropft man eine 
konzentrierte wal3rige Losung von 0,105 Mol NaNO 
eine klare braune Losung. Nach 10 Minuten wird der 6 

langsam zu. Am Ende der Nitritzugabe erhalt man 
berschu5 an HNO, mit Amidosuifons~ure entfernt. 

Die LSsung von 0,075 MoI ~-~d~yip~enoi in 300 ml Athanol kiihlt man auf 0” ab, fugt auf einmal 
die diazotierte Arsanifs;iure hinzu und versetzt unter Rtihren mit einer Cam-Auf~hf~mmung [SO g 
Ca(OH), in 100 ml H&I]. Ca(OH), wirkt als Base und zugleich als Aktivator fiir die Azokupplung.” Man 
rtihrt noch etwa 3 Stunden und hi& tiber Nacht stehen. Nach Zugabe von etwa 100 ml H,O wird das 
Calciumsaiz der o-(2-Hydroxy-5dodecylphenylazo)arsons;iure abgesaugt. in 200 ml Athanol suspendiert und 
nochmals wie oben beschrieben mit diazotierter Arsanilsaure gekuppelt. 

Das abgesaugte, mit Wasser gewaschene Produkt kocht man nun in einem Becherglas mit HCI (1 : 1) bis 
sich eine dunkelrote, plastische Masse auf der ObertISiche abscheidet. Die wlRrige Losung wird verworfen, 
die Behandlung des Niederschlages mit HCl wiederholt. Die entstandene freie Siiure extrahiert man mit 
Benzol. Nach griindlichem Waschen der Benzolphase bis zur Chloridfreiheit wird das Liisungmittel abgedampft 
und die erhaltene zlhe Masse im Vakuumtrockenschrank von Losungsmittelresten bei 90” befreit. 

Aus den elementaranalytisch erhaltenen N- bzw. As-Werten und den Aquivalenzpunkten bei der pH- 
Titration ergibt sich fur o-(2-Hydroxy-S-dodecyiphenyiazojbenzoeslure ein 9O?/,iger, fiir o-(2-Hydroxy-5- 
d~ecylphenyl~o~rsons~ureein t%?/,iger Ablauf der Kuppiungsreaktion. Die Einwaagen der Chelatbildner zur 
Herstellung der fliissigen ionenaustau~her werden dementsprechend korrigiert. 

ERGEBNISSE 

~~rersuchu~gen der Eigensch~fte~ 

Die beiden fltissigen Austauscher FAT (= austauschaktive Substanz im organischen 
Losungsmittel) haben folgende Zusammensetzung: 

FAT I : 0,025 Mol o-(2-Hydroxy+dodecylphenylazo)benzoeslure bzw. deren NH: -Sal2 
in 1000 ml Benzin gel&t. 

FAT II: 0,0125 Mol o-(2-Hydroxy-5dodecylphenylazo)arsonstiure in 1000 ml CHCI, 
gel&t. 

Gleichgewichtsuntersuchungen. Die in Glas- bzw. Polyathylenflaschen befindliche 
wlrjrige Salztosung wird mit dem aus einer Burette dosierten fliissigen Austauscher durch 
einen Magnetr~hrer bei Zimmertem~ratur innig vermischt. Nach Einstellung des 
Gleichgewichtes werden die Konzentrationen des betrachteten K&ions in der wHDrigen 
und organischen Phase bestimmt. Eine etwaige Verteilung der Chelatbildner in der 
waBrigen Phase lgl3t sich durch spektrophotometrische Untersuchungen verfolgen. 

Phasvntrennung. Bei Kontakt der fltissigen Austauscher in der H+-Form mit Wasser 
und S8uren geht die Phasentrennung schnell vor sich. Die Chelatbildner verbleiben in 
der organischen Phase. Bei SBurekonzentrationen >3M bilden sich die protonisierten 
Formen aus. In FAT I flockt der Chelatbildner aus, FAT II ftirbt sich tiefrot. Im 
alkalischen Gebiet kann der Ubergang der Alkalisalze der Chelatbildner von der 
organischen in die wBBrige Phase durch geniigend hohe Alkalielektrolytkonzentration 
oder Anwesenheit komplexbildender Kationen unterbunden werden. Unter diesen 
Bedingungen ist bei Verwendung von Benzin bzw. CHC& als L~sungsmittel eine etwaige 
Emulsionsbildung am geringsten. Bei Kontakt mit alkalischen Medien entstehen in 
FAT II Triibungen, d-h. die Alkalisalze der u-(2-Hydroxy-5-docecylphenylazo)arsons~ure 
fallen im organischen Liisungsmittel aus. 
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Abb. 1. FAT I-Extraktionsk~ffizjenten von Be(H) ohne und in Gegenwart von Al(III) bei 
Anwesenheit von Fluorid. (a) Be(H); (b) Be(H) in Gegenwart von AI(II1). 1.25 * lOa Mol Be: 
2.5 . 10e3 Moi Al. Vor der F--Zugabe wird mit NaOH der Hydroxokomplex dargestellt. pH-wert: 
4.5 (HNO,). 
Bedingungen filr Abb. 1 und 2: 
Organische Phase: 50ml FAT I in NHf -Form (= I,25 x IO- 3 Mol)mit Benzin auf 100 ml verdiinnt. 
Wagripe Phase: 100 ml Salzlijsung der angegebenen Zusammensetxung 
Kontaktzeiten: 45 Minuten. 

Anwendung von FAT I 

FAT I kann zur Trennung von Be(I1) und Al(II1) und zur Abtrennung von Fe(III)- 
Spuren aus p-a* Salzlosungen herangezogen werden. 

~~(~~)/A~(~~~) T ~e~n~~g. Mit der Bildung der Be~II}-und Al(III)-Komplexe ab pH 23 
tritt eine deuthche Farb~nderung des FAT von rot nach orange auf. Die Gleichgewichts- 
einstellung ist bei Zimmertem~ratur nach etwa 30 Minuten beendet. Bei 40” verkiirzt 
sich die Zeit auf etwa 4 Minuten. 

Die Extraktionskoeffizienten von Be(I1) und Al(II1) sind bei Gegenwart komplex- 
bildender Anionen so unterschiedlich, daD bei einmaliger Gleichgewichtseinstellung eine 
Anreicherung bzw. Trennung erfolgt. 

Als Komplexbildner werden F-, C,Oi-, AeDTE und Tartrat eingesetzt. Bestimmt 
wird der Verlauf der Extraktionskoeffizienten von Be(I1) in Abhgngigkeit von der 
Anionenkonzentration mit und ohne Anwesenheit von Al(II1). In Abb. 1 und 2 sind die 
Extraktionskoeffizienten von Be(I1) gegen den Quotienten aus Anionenkonzentration 
und Konzentration der Summe der Metallionen aufgetragen. 

Da einerseits F- und C,O:-, andererseits AeDTE und Tartrat analoge Kurven 
hervorrufen, ist im folgenden nur der EinfluD von F- (Abb. 1) und AeDTE (Abb. 2) 
ntiher beschrieben. 
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Abb. 2. FAT I-Extraktionskoeffizienten von Be(H) ohne und in Gegenwart von AI(III) bei 
Anwesenheit von AeDTE (a) Be(II); (b) Be(I1) in Gegenwart von AI(II1). 
1,25 x 10e3 Mol Be; 23 x 10e3 Mel Al; 4330 x lo-’ Mol CH&OONH, und 1.00 x 10-l Mol 
KNO, . Kochzeit ZUT vol~t~ndi~n AusbiIdung der AeDTE-Kompiexe, 2 Minuten. pIi-Wert: 4,s 
(HNO,). 

Bei F- werden im Maximum der Kurve b (Abb. 1) 48% des Be(I1) und 0,73x des 
eingesetzten Al(II1) vom fliissigen Austauscher aufgenommen. Unter den Bedingungen des 
maximalen age(n) -Wertes wird das Be(I1) von einem 5-fachen Austauscher-Uberschul3 
[bezogen auf Be(H)] quantitativ extrahiert. Es ist mit 1,25x des eingesetzten Al(II1) 
verunreinigt. Mit C,O:- als komplexbildendem Anion in der waDrigen Phase gentigt 
zur quantitativen Be(II)-Extraktion der 2-fache Austauscher-Uberschub. Dabei werden 
3,3x des Al(II1) mitaufgenommen. 

Durch die Gegenwart von AeDTE werden die Extraktionskoeffizienten von Be(I1) 
wenig beeinflu~t. Die Aufnahme von Al(II1) wird jedoch verhindert. So ist bei einem 
der Kationenkonzentrationen entsprechenden 4-fachen Ae~TE-~berschu~ neben 56yj, 
des Be(I1) kein Al(II1) im fhissigen Austauscher nachzuweisen. 

Bei Anwendung von Tartrat liegen die Verhaltnisse Bhnlich. Bei einem 4-fachen 
Tartrat-Uberschul3 werden 35% des Be(I1) und kein Al(II1) mehr extrahiert. 

Fe(ZZl)-Spuren aus p.a. Sulzliisungen. Bereits ab pH 0,7 bildet die o-(2-Hydroxy-5- 
dodecylphenylazo) benzoesiure mit Fe(II1) Komplexe. Die Gleichgewichtseinstellung 
dauert bei Zimmertemperatur etwa 30 Minuten, bei 40” 10 Minuten. 

In einem Einstufenprozerj von 10 Minuten Dauer wird mit einer ca. O,OS%igen 
Losung des Chelatbildners in Benzin der Fe(III)-Gehalt von 0,lM Salzlosungen stark 
vermindert. In Abb. 3 ist der prozentuale Anteil der vom Hersteller genannten 
Fe(III)-Verunreinigung nach gewissen Kontaktzeiten mit FAT I aufgetragen. 

Auffallend ist die schlechte Fe(III)-Spurenabtrennung aus einer 0,lM NaCl-L~sung, 
die auf die Bildung anionischer Fe(III}-Chlorokomplexe zur~ckzuf~hren sein diirfte. 
Die Abnahme des Fe(III)-Gehaltes des NaClO, urn cu. 99% stellt einen Beweis hierf%r dar. 
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4 I 2 3 4 5 6 7 8 9 IO 

T, min 

Abb. 3. FAT I-Abtrennung von Fe(III)-Spuren aus 0,fM Salziiisungen (a) NaCl pa. (0,~2% Fe); 
(b) Al(NO& - 9&O rein (O,Ol% Fe); (c) NaC104 - H,O p.n. (0,~5 % Fe); (d) CH&OONH4 
~,a. (O.ooO5 “i: Fe) Organische Phase: 2.5 ml FAT I in NHf-Form; (= 6,25 x lo-’ Mel) auf 
50 ml verdiinnt WBDrige Phase: Jeweils 50 ml OJM &sung des genannten Salves. 

Anwendung von FAT I1 

FAT II bildet mit Zr(IV) und Hf(IV) noch aus 6M HCl Komplexe. Die Gleich- 
gewichtseinstellung bei Raumtemperatur dauert 40 Minuten. Abb. 4 gibt die Extrak- 
tionskoeffizienten in Abhangigkeit von der HCI-Konzentration wieder. 

Zr(IV) wird bevorzugt vor Hf(IV) von FAT II aufgenommen. Aus 0,09M WC1 erreicht 
der Trennfaktor einen Wert von 7. Die Abnahme der Zr(IV)-Extraktionskoeffizienten 
bei Hal-Konzentrat~onen <0,09M ist auf eine bereits beginnende ~ydrolyse des Zr~IV) 
zur~ckzu~hren. 

Auch FAT II bildet mit Fe(II1) bereits im sauren Medium Komplexe, wobei eine 
Farbanderung nach braungrtin auftritt. Die Gleichgewichtseinstellung nimmt etwa 30 
Minuten in Anspruch. Abb. 5 zeigt die Abtrennung von Fe(III)-Spuren aus 0,lM 
Salzliisungen. 

FAT II zeigt sich in der Befreiung der 0,lM Al(NO,), * 9H,O-Losung von Fe(II1) 
dem FAT I etwas tiberlegen. Wahrend bei FAT I noch 15% der Fe(III)-Ausgangskon- 
zentrafion in der Salzlosung verbleiben, sind es bei Anwendung von FAT II noch l,S% 

DISKUSSION 

Gegeniiber den Synthesen der entsprechenden festen Austauscher sind die der 
Chelatbildner fiir FAT I und FAT II recht einfach. Sie besitzen unter den gegebenen 
Bedingungen gute Liislichkeit in der organischen und geringe Loslichkeit in der wlBrigen 
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Abb. 4. FAT II-Extraktionskoeffizienten in Abhlngigkeit von der HCl-Konzentration; 
(a) Zr(IV); (b) Hf(IV). 
Organ&he Phase: 1 ml FAT 11 in der H+-Form (= 1.25 10-s Mol) auf 25 ml verdtinnt. 
WIBrige Phase: 1,25 x 10-s Mol HfOCI, 8HrO bzw. 1,25 x 10m5 Mol ZrOCl, 8H,O; 
l,OO. 10e3 Mol KNO,; Losungsvolumen: 25 ml XM HCl, x = 0,Ol bis 6. 
Kontaktzeit: 60 Minuten 

T. min 

Abb. 5. FAT II-Abtrennung von Fe(III)-SpurenausO,lM Salzlosungen (a) NaC1p.a. (O,OOOZ% Fe); 
(b) AI(NO,), .9H,O rein (0.01% Fe); (c) NaCIO, . H,O pa (O,OOOS% Fe); (d) CH,COONH, 
pa (0,0005% Fe). 
Organische Phase: 5 ml FAT II in H+-Form (= 6,25 x 10e5 Mol) auf 50 ml verdiinnt. 
WIDrige Phase: 50 ml 0,lM Losung des genannten Salzes. 
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Phase. Der Dodecyh-est reicht also zur Hydrophobi~ru~~ der ~he~atbi~de~den Gtuppen 
aus. Die Glei~hgewi~~te stellen sich im Gegensatz zu festen Ans~nschern sehon im 
M~n~ten~reich ein. 

Die Extraktionskoeffizi~nteu von Be(I1) und Al(II1) an FAT I kiinnen durch komplex- 
bildende Anionen so unter~hiedlich werden, da13 eine Aureicherung bzw. Trennung 
im Satzbetrieb miiglich ist. Ursache ist die hdhere Stabiiitat der entsprechenden Al(III)- 
Komplexe in der w%rigen Phase. Das erhaitene Maximum bei der Be~II)-~xtraktiou in 
Gegenwart von AI(III) und F- (Kurve b in Abb. 1) spricht fi_ir die BiXdung eines 
[AIF,]3--Komplexes. Das bei einer gleichartigen Trennung mit einem fliissigen Anionen- 
austauscher auftretende Maximum ist jedoch auf die Bildung von AIF, zur~~kzuf~hren.12 

Eine Zr~IV~~f~IV~-Tr~nnung mit FAT II ist bei einem Trennfaktor von 7 durch 
mu~tipl~kativ~ Verteji~ng m6ghch. Die Abtrennu~g von Fe~III~-~pnren gehngt mit beiden 
Riissigen Aus~u~h~~. Besonders vorteil~aft g~gen~ber einem ana~ogen festen Austaus- 
cher’ ist die schnelle Glei~hgewi~htseinste~~ung. Weiter ist die ~wendung von FAT I 
ff iissigen Austauschern. Besonders vorteilhaft gegeniiber einem anatogen festen Austau- 
scher5 ist die schnelle GIei~h~wicht~instellung. Weiter ist die Anwendun~ von FAT I 
Aufziehen von u-(2-Hydroxy-5-dod~ylph~nyiazo)b~nzoe~ure und -arsons&re auf 
hydrophobiertes Kieselgei, wori.iber in einer weiteren Ver~~entiichnng berichtet wird. 
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Summary-The syntheses of two new chelating agents a-(2.hydroxy-S-dodecylphenylazo)- 
benzoic acid and the corresponding arsenic acid, are described. Sotutions of these in benzine 
or in chloroform have been used as liquid ion~x~hangers for the separation of Be and AI, 
and of Zr and Hf. Both have proved useful for the separation of traces of FejIII) from solutions 
of salts. 

R&urn&--&t d&it les syntWses de deux ~ouv~u~ agents chelatants, l’acide o~-h~~ox~ 
5-dod~cy~pb~ny~~o~~nzo~que et l’acide arsonique cor~ponda~t. Les solutions de cem& 
dans ie ben&ne ou Se chloroforme ont et& utiiiscies comme ichangeurs d’ions Iiquides pour Ja 
separation de Be et Al, et de Zr et Hf. Tous deux se son& montr& utiles pour la separation de 
traces de Fe (III) de solutions de sels. 
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Summary-A gas-stabilized arc with aerosol supply has been used for emission spectrometric 
determination of Al, B, Be, Co, Cr. Fe, Ga, In, Mg, Mn, Ni, Pd, Rh and Zn, as impurities 
in high-purity gold. Two analytical procedures were compared: (a) direct aspiration of dissolved 
samples containing 2% of gold and 0.25M KCI as buffer, and (b) separation of impurities by 
ether extraction of gold from 1M HCI followed by impurity determination with a stabilized arc. 
Limits of detection, precision and recovery of the extraction procedure are given. 

Radioactive gold has been widely applied in medicine for diagnosis and therapy of various 
cancerous diseases. In achievement of better nuclear balance in 19sAu isotope production, 
the gold target purity is of great importance. 

Until recently, most analyses of impurities in gold were performed by emission 
spectroscopy or atomic absorption. However, both of these methods have inherent dis- 
advantages. Spectrographic analysis has poor precision and standard preparation is often 
rather complicated, while atomic absorption is not suitable for the determination of a large 
number of elements in a single sample, as it usually requires a separate hollow-cathode 
lamp for each element to be determined and its sensitivity may be unsatisfactory for some 
elements, especially when solid samples are analysed. 

The spectrographic methods based on sample dissolution in aqua regia and evaporation 
of the solution on graphite electrodes or graphite powder, followed by spectral 
excitation in a d.c. arc,1*2 or solution excitation by the rotating disc technique3 
have been described in the literature. Recently JHger described an emission spectrometric 
technique using a Grimm’s discharge lamp.4 As a technique suitable for solution analysis, 
atomic absorption has also been applied to gold analysis after dissolution of the sample 
in aqua regia.5,6 

In view of the disadvantages of existing methods, a new emission spectrometric 
technique has been developed for direct analysis of solutions. A gas-stabilized low- 
temperature arc described elsewhere’ has been applied to excitation of aerosol solutions. 
This excitation source has some characteristics that make it suitable for solution analysis: 
(u) it is sufficiently simple for routine analysis, (b) it shows low memory effect, as low as 
that found with a conventional slot-burner, and (c) its sensitivity is comparable to or 
better than that obtained with conventional flame methods. 

Gold samples were dissolved and the solutions obtained analysed directly, or after the 
gold had been separated by extraction. 

647 
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EXPERIMENTAL 

Apparatus 

Stabilized arc deoice. A slightly modified version of the arc device previously described’ was used. A 
cross-section of the essential part of it is shown in Fig. I. 

The device consists of metal segments, electrically insulated and water-cooled. The arc burns through the 
openings in segments 4-6. between graphite anode I (Ringsdorf Werke RW III) and carbon cathode 9 
(Ringsdorf Werke RW II); the latter is axially bored, 3 mm dia., to make possible the ignition of 
the arc discharge with an auxiliary graphite rod. 

The openings, 3 mm dia., in segments 4 and 6 are sufficiently narrow to eliminate the influence 
of the irregular wandering of the cathode and anode spots on the central part of the arc column. At these 
points the arc column is wall-stabilized, and there is no gas flow through these openings. The sample 
aerosol is introduced ~ngentially into the cavity of segment 5, to make the gas vortex needed for stabilization 
of the central part of the arc column. This segment, in contrast to the others, is not water-cooled. 
During the arc burning, the temperature of this segment is elevated, which prevents the deposition of the aerosol 
drops inside its cavity. To avoid consumption of the graphite electrodes, argon shielding-streams are 
introduced into the sections around them. 

5 - Aerosot 

InwkJtor ,cm, 

m Graphite 

Fig. 1. Stabilized arc. l-anode: Z-anode holder; 3, 4, 6 and 7-the metal segments, electrically 
insulated from oneanother and water-cooled; S-the central segment, not water-cooled; g-cathode 
holder; 9-cathode. The arc burns in the axial channel which consists of an opening in each 

segment. The analytical gap is between segments 5 and 6. 

Arc-qrnrrtrror. The arc supply is obtained from a source based on a three-phase rectifier giving 300 V on open 
circuit. At a current of 6 A, the voltage drop across the electrodes was about 90 V. Small current 
fluctuations caused by wandering of electrode spots were avoided by electronic stabilization of the arc current. 

Solution nebulizer. Solutions were aspirated into an argon stream with a chamber type nebulizer and the 
aerosol obtained was introduced into the cavity of segment 5. The argon flow-rate was 3 l./min and the solution 
uptake rate was I.5 ml/min. The nebulizer efficiency was estimated to be 3.4%. With this nebulizer and the 
arc current of 6 A. the minimum concentration of potassium buffer required for obtaining low-temperature arc 
conditions was 025M. 

~f~nochro~fo~. A 2-m plane grating spectrograph PGS-2 (Carl Zeiss. Jena) with an attachment for 
photoelectricdetection and having a singleexit slit (la~ratory made) was used as a monochromator. The entrance 
slit of the monochromator was illuminated with a three-lens system with intermediate image. For this purpose 
and to avoid spectral order overlapping an order-sorter (Carl Zeiss, Jena) was used. The arc portion between 
segments 5 and 6 (Fig. I) was imaged on the intermediate diaphragm of the order-sorter with a t50-mm 
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Table 1. Limits of detection 

Element Wavelength, 
nm 

Limit of detection, pg/m1 

Without KCI With KC1 

Be 

Al 

234.9 

396.2 

co 345.3 
Cr 

B 249.1 

357.9 
Fe 3720 
Ga 417.2 
In 451‘1 
Mg 2852 
Mn 403.1 

0.0077 0.021 

0.21 

0.23 

0@45 

0.028 
0.042 OQ32 

0.013 

0.11 

0.027 

O-013 
o-11 0.0073 
0.34 0@39 
O-035 O@O28 

- oQO3 
Ni 352.4 023 0.0063 
Pd 3404 O-063 0011 
Pt 265.9 1.1 059 
Rh 345.3 0.13 OQOl 
Zn 213.9 0.018 - 

achromatic lens. The dispersion plane of the order-sorter prism was horizontal, thus allowing the use of the 
full length of the entrance slit (about 14 mm). 

The grating (650 lines/mm) was blazed for 590 nm. and was used in the first order for wavelengths longer than 
370 nm, and in the second order for wavelengths shorter than 370 nm. The entrance and exit slits were 
0.1 mm wide giving a spectral band-pass of 0.08 nm in the first order and 0@4 nm in the second order. 

Light intensity ~neusuremenr. A photomuItiplier lP28 (RCA) operating at 1000 V was used as a detector. The 
anode current was measured with a potentiometric recorder BIG1 (Car1 Zeiss, Jena) which had a sensitivity of 
IO-’ A for full-scale deflection. The time constant was set to 1 sec. 

Preliminary investigations 

Limits ofdetection. Limits of detection were determined for all elements covered, with the procedure described. 
The limit of detection is taken to be the concentration of an element that gives a reading equal to twice the 
standard deviation near the blank level. The standard deviations was calculated from ten pairs of alternating 
sample-blank measurements. 

The results obtained are shown in Table 1. Column 3 shows the limits of detection obtained by aspiration of 
2o;d gold solution and column 4 gives the limits of detection obtained by aspiration of the solution 
containing 27; of gold and 0.25M in potassium chloride as spectroscopic buffer. It is evident that lower 
limits of detection are obtained for most elements in presence of potassium chloride, i.e., under Iow- 
temperature conditions of arc burning. This effect is in agreement with the previous investigation of this type 
of the stabilized arc.‘.* 

The effect of addition of potassium buffer could be ascribed to more favourable conditions being attained 
for the entry of aspirated elements into the arc column and to the suppression of ionization of easily ionized 
elements. 

For the elements of high excitation potential (e.g., zinc) and for elements forming stable oxides (e.g., 
boron and beryllium) the temperatures achieved in the low-temperature arc are not usually sufficiently high, and 
lower limits of detection are obtained in the absence of alkali metals as buffers. 

Extraction eficiency with ether. To find optimum conditions for the separation of gold by ether extraction 
a radioactive tracer technique with isotopes ‘**Au and 59Fe was used. It is already known that iron can be 
extracted with ether at higher concentrations of hydrochloric acid, and this was the reason for investigation 
of iron and gold extraction at various acidities. The results are shown in Table 2. Gold is efficiently extracted 
with OS-2M hydrochloric acid. However, with acid concentrations higher than Hi4 the degree of extraction of 
iron increases. Therefore. best conditions for extraction are achieved in the range from 05 to l-ON hydrochloric 
acid. 

Direct analytical procedure 

Two analytical procedures were used: (a) direct analysis of the solutions obtained by dissolving gold in 
aqua regiu. and (b) determination of impurities in the solutions after separation of gold by ether extraction. 
The direct procedure will be described first. 
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Table 2. Extraction of Au and Fe with ether 
at different ~oncentmtions of IX1 

[WI], M Au in ether, 9; Fe in ether, *,, 

0.1 88 0.15 
0.5 98-7 0.18 
1.0 98.4 0.33 
2.0 98.9 1.1 
3.0 97.1 
4.0 97.0 2z.i 
5.0 96.6 56.3 

Sampte pre~rut~~n. A gold sample (1 g) was dissolved in 5 ml of aqua regia and the solution obtained 
transferred into a 2%ml flask and made up to volume. An aiiquot of this solution was mixed with an equal voiume 
of O&W potassium chloride. For determination of most etements, the buffered solution was aspirated into the arc. 
but boron, berryilium and zinc were determined in a 27; solution of gold without potassium chloride addition. 

Sfu~~~~F~e~f~rjo~. Thestandards were prepared in a similar manner to the sample. Spectrographically pure 
gold (Johnson-Matthey) was dissolved in aqua regin and a series of solutions was prepared each 
containing 4% of gold, and the impurities in the concentration range from 0.05 to 10 ~gjml. It was taken into 
account that the composition of the standard solutions should be as similar as possible to that of the 
solutions to be analysed. An aliquot of the solution obtained was then mixed with an equal volume of 0.5M 
potassium chloride (or distilled water) and aspirated into the arc. 

Measurement. The blank and the solutions obtained as described above were aspirated with a chamber-type 
nebulizer and the measurement of the emission of corresponding spectral lines was simultaneously performed. 
Corrections for background emission were made. No internal standard was used. Analytical curves (Fig. 2) were 
obtained by plotting the recorder readings against the concentration on a logarithmic scale. In order to make 
the drawing clearer, some curves have been shifted along the intensity axis. 

Fig. 2. 

I 1 ,1/11l I I I I11111 I I f IIt! 
0.1 I IO 

Concentration, p9/mt 

Anafytical curves (to make the drawing clear, some of the curves have been 
the intensity axis). 

shifted along 
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Anulytical procedure with separation 

Sample preparation. The gold (lg) was dissolved in 5 ml of aqucl regio and the solution evaporated 
nearly to dryness in order to remove nitrate; the residue obtained was dissolved in 20 ml of 1M hydrochloric 
acid. The solution was transferred into a separatory funnel, 20 ml of ether were added and after being shaken 
for 2 min the mixture was allowed to separate into layers. The organic phase, containing the gold, was 
discarded. Two more extractions, each with 10 ml of ether, were performed. The aqueous phase was 
evaporated to small volume, transferred to a lo-ml flask and made up to volume. An aliquot of the solution 
was mixed with an equal volume of @5M potassium chloride (or distilled water) and the mixture aspirated 
into the arc. 

Standard preparation. A set of standard solutions, containing from O-03 to 3 pg/ml of each impurity, was 
prepared in the same way.as the sample except for the extraction being performed in the absence of the gold, 
in order to avoid contamination by gold impurities. The aqueous phase was evaporated to small volume and 
gold was added in the concentration which generally remained after the extraction procedure. Other details of the 
standard preparation were the same as those for the sample preparation. 

Meowement. The measurement procedure was identical to that used in the direct procedure. 

ANALYTICAL RESULTS 

To test the extraction procedure and subsequent impurity determination standard 
solutions containing gold and thirteen impurity elements were prepared. The analyses 
were made at two impurity levels. The solutions were analysed according to the procedure 
described above. The results are presented in Table 3, and do not show any significant 
systematic deviation. 

As a measure of precision relative standard deviation was used; some values are shown 
in Table 4. 

Table 3. Recovery by the procedure 

Element Added, Found, Recovery, 
&ml w/ml % 

Al 

B 

co 

Cr 

Fe 

Ga 

In 

Mg 

Mn 

Ni 

Pd 

Rh 

Zn 

0.1 0095 
0.3 0.28 
0.3 0.21 
1 0.94 
0.1 0.1 
0.3 0.27 
0.1 0.09 
0.3 0.32 
1.0 I.0 
3.0 3.1 
0.1 0.1 
0.3 0.33 
0.1 0.11 
0.3 0.31 
0.1 0.095 
0.3 0.3 
0.1 0.11 
0.3 0.34 
0.1 0.105 
0.3 0.27 
1 .o 1.15 
3.0 3.0 
0.1 0.1 
0.3 0.29 
1.0 1.0 
1.0 1.05 

95 
93 
90 
94 

100 

; 
107 
100 
103 
100 
110 
110 
103 
95 

100 
110 
113 
105 
90 

115 
100 
100 
97 

100 
105 
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Table 9, Precision of the determ~~~tio~ with 
the stabilized arc 

Element Concentration, Standard Relative 
~~~~ deviation, staridard 

&nf deviation, 7; 

0.25 0.016 
Al 0.5 0.01 : 

1.05 0.016 I.5 

0.25 0.005 2 
Fe 0% 0.02 3.9 

1HI PO2 2Q 

0+255 O-008 3.1 
Cr 0-5.5 003 5-4 

1.00 0.017 I.7 

The procedure developed allows quick determination of impurities’ in gold with 
satisfactory precision. The procedure employing separation of gold lowers the limits of 
dete~i~t~~~, but requires a longer time and reagents of high purity. 
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Zusammenfawmg-Ein gasstabilisierter Bogen mit Aerosolspeisung wurde zur emissionsspek- 
trometrischen B~t~rnrnun~ von AI, B, Be, Co, Cr, Fe, Ca, In, Mg, Mn, Ni, Pd, Rh und Zn 
verwendet, die als Veru~~ini8un~en in h~brejnem Gold vorlagen. Zwei anafytische Arbeitsvor- 
schriften wurden verglichen: a) direktes An~u8e~ gel&ter Proben, die 2% Gold und 0.25&f 
KCi afs Puffer enthielten. b) Abtrennung der Ver~nreinigungen durch Extraktion van Gold mit 
&her aus fN HCI, a~~h~ie~nd ~stimmuo8 der Yerunre~nigu~8en mit s~bj~is~ertem Bogen. 
Na~bweis8re~~~, ~naui8keit und Ausbeute des ~xt~ktionsverfahrens werden angegeben. 

R&mm&-On a utili& un arc stabi&& au gaz avec a&& ~~~~01 pour le dosage spectrom& 
trique d’emission de Al, B, Be, Co, Cr. Fe, Ca, fn, Mg, Mn, Ni, Pd, Rh et Zn, en tant qu’impur- 
et& dans l’or de haute puretti. On a cornpark deux techniques analytiques: (a) aspiration 
directe ~~hanti~lons dissous ~ontenant 2% d’or et KC1 0, 2SM comme tampon, et (b) 
stparation d’impureds par extraction B f’tther de I’or B partir de HCl 1Nsuivie par le dosage de 
I’impureti avec un arc stabilid. On donne les limites de d&&ion, la p&&ion et la r&up&a- 
tion de la technique d’extraction. 
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Summary-An improved apparatus has been constructed for zone-melting chromatography. 
An essential feature of the apparatus is that the length of the molten zone can be kept constant 
during a zone-melting operation, by employing heating and cooling compartments which are 
separated from each other by double partition plates. Each compartment is heated or cooled with 
jets of hot or cold air. The apparatus is suitable for organic materials melting in the range 
between 40” and 180”. The distribution of metal ion along the column after zone melting of 
copper acetylacetonate in 2-methoxynaphthalene was a smooth curve. The plot of the position 
of maximum ~ncentration, x_, against the number of zone passes, n, gave a relationship in 
accordance with theoreticai prediction.’ 

A few papers have been published on the chromatographic separation of mixtures 
by the zone-melting technique. Peaker and Robb,’ and Loconti and Cahill2 applied 
zone-melting chromatography (ZMC) to the fractionation of polymers, and Doron 
and Kirschne? applied this method to the separation of diastereomeric mixtures. 
However, their experiments were irreproducible and gave poor separations. A successful 
application of this technique was published by Plancher, Cogswell and Latham, who 
separated polycondensed aromatics, using induction heating, but their apparatus was 
expensive. 

The present authors6 have investigated the separation of mixtures of metal chelates 
on columns of organic solid solvents. The distribution of solutes was not reproducible 
owing to the inconstancy in the length of the molten zone during the operation, 

The present paper reports the construction of a ZMC apparatus which can keep the 
molten zone length constant, and includes some preliminary experimental results. 

EXPERIMENTAL 

The glass tube (sample container) is held at an angle of 30” from the horizontal for convenience of 
operation. and is drawn upwards. Diagrams of the apparatus are shown in Figs. 1 and 2. The sample 
container is a Pyrex glass tube 60 cm long and 0.6 cm dia., closed at its lower end with a silicone 
rubber plug. The iength of the molten zone is maintained at 5+l mm. Ten heating and eleven cooling 
compartments are placed one above the other alternately and are separated by eleven sets of double 

* Contribution No. 272 from the Department of Organic Synthesis, Kyushu University, Fukuoka, Japan. 
Part V-Taiarzra, 1971. 18. 807. 
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Cold air 

Hot air 

Cold oir 

Electric supply 

Hot air manifold 

- Pulling 

old air monifold 

Cooling wotef _ 

Fig. 1. Schematic diagram of ZMC apparatus. 

Double partition plotes 

ectric heater 

i i i 
I column t 1 

Fig. 2. Complete assembly of ZMC apparatus (dimensions in mm). 

partition plates. These consist of thin brass and mica plates each of O-2 mm thickness, O-8 mm apart. The 
sample tube passes through a round hoie bored at the centre of each partition plate with a clearance of 
@2 mm. Hot and cold air is introduced into the heating and cooling compartments through their manifolds 
at a constant flow-rate. Auxiliary heaters and coolers are built into the compartments for finer temperature 
control. The temperature of each compartment can be controlled independently by an individual air-flow 
regulator (located near the air nozzle) and a variable transformer for the auxiliary heater. The auxiliary 
heater and cooler are a sheathed nichrome wire ring, and a ring-shaped copper tube through which cooling 
water is circulated, respectively. 

The sample tube is rotated at a rate of 6 rpm, so that uniform heating can be achieved.’ The speed of 
zone travel can be adjusted to 49,27, 17 and 11 mm/hr. The compartments have gfass windows of width 5 mm 
at the centre of the front and back walls, so that the zones can be observed during an operation. 
The shape and length of a molten zone were determined by photography. The temperature and flow-rate 
of the hot and cold air as well as the power of the resistance heaters are adjusted according to the 
melting point of the column material. Temperature was measured by thermocouples fixed at each monitoring 
point, away from the walls of the apparatus. 
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The power supply for the entire apparatus was stabilized at 100 & 1 V. The flow-rates of the hot and 
cold air were measured with a gas flowmeter (Yazaki Keiki. Model V-5) with an error of _+3”/,. The 
preparation and operation of the sample column were the same as those described previously.6 

RESULTS AND DISCUSSION 

At the first stage of our ZMC study with this new apparatus, the functions of each 
component were investigated under various operating conditions. The ZMC process was 
then applied to a system containing a single solute, copper acetylacetonate, in a solid 
solvent, 2-methoxynaphthalene. 

Insulating efict of the double partition plates 

Table 1 lists the temperature measured at several points in the apparatus during the 
operation using 2-methoxynaphthalene (m.p. 72”) as a column material. The letters in 
brackets correspond to the points shown in Fig. 1. 

The temperature at the point (c) in a hot compartment is higher than the melting 
point of 2-methoxynaphthalene by about 60”, and that in the cold compartment (f) is 
lower than the melting point by about 30”. 

The thermal insulation efficiency of a thin brass plate, a thin mica plate and a thin 
brass plate covered with mica were compared, and they showed very little difference. 
Although the mica plate gave a slightly better effect than the metallic ones, a brass 
plate showed much better mechanical properties. 

If a single partition plate was employed in place of the double partition plates, the 
temperature difference between the two points, (c) and (f), was generally less than 
60” (regardless of the materials of the partition plates), and this temperature 
difference is not sufficient to give a successful result. With double partition plates, the 
gap of O-8 mm between the two plates gives enough thermal insulation to maintain the 
required temperature difference of about 90”. 

Constancy of zone length during operation 

If the column was rotated without being raised the mean zone length was 5.18 mm with 
a relative standard deviation of 36%, when the zone length was measured every hour 
during a 15-hr operation. At a zone-travel speed of 49 mm/hr, the corresponding 
values were 5.01 mm and 4*1’/& respectively, when measured every 30 min during an 
8-hr operation. 

Table 1. Operational conditions on a 
2-methoxynaphthalene column 

Point at which temperature 
is measured Temperature, “C 

In the hot blast generator 
At a hot blast nozzle $,” 160-190 
In the neighbourhood of the column 

in a hot compartment about 130 
In a cold blast generator 
At a cold blast nozzle 

1 ;E 
e 

In the neighbourhood of the column 
in a cold compartment (f) about 45 

* See Fig. 1 for positions 
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Portition plotes. 

RI RI II II 
O-8 0.8 0.8 

II II 

Fig. 3. Shape of the molten zone [dimensions in mm). 

Shape of the Alden zone 

Both freezing and melting interfaces of the molten zone were flat unless the molten 
zone travelled. If the zone travelled at 49 mm,&, the melting interface became 
slightly convex (Fig. 3) and the freezing interface was probably concave. At the 
lower speed of 27 mm/hr, both interfaces were flat, and remained within the gap of the 
double partition plates. 

Temperature range of eficient operation 

In order to establish the working conditions, the apparatus was operated with several 
organic compounds melting in the range 44-177” as column materials. The results are 
summarized in Table 2. The temperature of the cooling water determines the lower 
limit for the melting point of a column material, the upper limit being determined 
by the heater power. 

The apparatus works satisfactorily when the temperature of the heating compartments 
is 40” higher than the melting point of the column material and of the cooling 
compartments 30” lower. 

Table 2. Operating conditions for various solid solvents 

Cotd blast Hot blast 
Compartment 

temperature. ‘C 

Solid solvent m-p., Velocity, Temp., Velocity, Temp., Cold Hot 
“C l./tnin “C I./min ‘C 

Laurie acid 
Maleic acid 
Palmitic acid 
2-Methoxynaphthalene 
Naphthalene 
pDibromobenzene 
Phenanthrene 
Acetoanilide 
Dimethyltere- 

phthaiate 
Camphor 
Anthracene 

44 
53 
64 
72 
80 
a7 

101 
114 

140 
I77 
220 

116 
108 
101 
80 
84 
78 
53 
39 

66 
38 

14‘0 
14.7 
15.0 
13.5 
13.2 
13.3 
24 
20 

26 
26 

88 95 35 55 
80 120 34 90 
78 170 45 112 
78 180 45 130 
86 190 54 140 
83 230 60 145 
83 230 70 145 
78 270 7s t55 

80 400 95 187 
60 480 145 220 

(Temperature of cooling water I3- 15°C). 
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x, cm 

Fig. 4. Distribution of copper concentration on a 2-methoxynapbthaien~ column after various 
numbers of zone passe5 

Initial concentration, Ci = IOOO-i5OO ppm 
Number of zone passes: Q n = l0, @ n = 20. 0 n = 30, 0 n = 40. 

Distribution of the solute on the coluvnn 

The ZNC process was applied to the system of copper ~~ety~~~touate and 2- 
meth~x~naphthalene. One zone length of solid solution of the copper chdate in 
2-methox~naphtha~ene was placed on the top of a column of the same solvent, 
and the entire column was subjected to a ZMC operation. Figure 4 shows some typical 
examples of the distributor of a solute after the ZMC process. The concentration of the 
solute is shown in terms of the copper ion concentration. 

The ratio of the metal concentration, C,(x), at a distance x from the column top, to the 
initial ~o~~eutrat~on, Ci, is plotted against the distance X. 

The results shown in Fig. 4 were obtained with an initial chelate concentration, Ci, 
in the range 1000-1500 ppm (capper ion), and the number of zone passes was varied from 
10 to 40. It is to be noted that as the number of zone passes increases, the 
maxima in the djs~jbutio~ curves shift towards the lower end of the column, whife 
the peak height is reduced and the peak width increases. 

Fig. 5. Peak shifts 

R 

of d~s~r~bu~ion curves 
Injtial concentration, fi: 0 SO0 ppm, c1 MB ppm, @ f3@ Ppm. El f200 Ppm, 
0 1000 ppm. 0 690 ppm. 0 340 pjpm 
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Figure 5 shows the relationship between the position of the maximum solute concen- 
tration, x,_ , and the number of zone passes, n, observed in 12 experiments. The 
plot was a good straight line, which can be expressed by the equation: 

x,,,(n) = 04on - 0.45 

The value of x,,, seems to be determined only by the number of zone passes, being 
independent of the initial concentration. This result is in accordance with the theoretical 
prediction that, assuming ideal conditions,’ the position of a chromatographic peak 
moves linearly with increase in the number. of zone passes except near the top of the 
column.’ 

The present apparatus overcomes the difficulties of holding the zone length constant, 
and provides reproducible data in accordance with theoretical predictions. 

Acknowledgement-The authors wish to thank the Ministry of Education, Japanese Government, for a grant-in-aid 
for this scientific research. 

REFERENCES 
1. F. W. Peaker and J. C. Robb, Nature, 1958, 182, 1591. 
2. J. D. Loconti and J. W. Cahill, .I. Polymer Sci. (A), 1963, 1, 3163. 
3. V. F. Doron and S. Kirschner, Inorg. Chem., 1962, 1, 539. 
4. H. Plancher, T. E. Cogswell and D. R. Latham, Purifcarion of Inorganic and Organic Materials, ed. M. Zief, 

p. 285. Dekker, New York, 1969. 
5. W. G. Pfann, C. E. Miller and J. D. Hunt, Rev. Sci. Instr., 1966, 37, 649. 
6. N. Fukuda, H. Kobayashi and K. Ueno, Talunta, 1971, 18. 807. 
7. W. G. Pfann, Anal. Chem., 1964, 36, 2231. 
8. S. Maeda, H. Kobayashi and K. Ueno, unpublished results. 

Zusammenfassung-Ein verbessertes Gerlt zur Zonenschmelzchromatographie (ZMC) wurde 
konstruiert. Ein wesentliches Merkmal des Gerlts ist, da5 die Lange der geschmolzenen Zone 
wlhrend der Zonenschmelzoperation konstant gehalten werden kann. Dies wird durch die 
Verwendung von Heiz- und Kiihlabteilen erreichf die durch doppelte Trennwande voneinander 
abgeteilt sind. Jedes Abteil wird mit Strahlen von he&r oder kalter Luft geheizt oder 
gekiihlt. Das Gerlt ist fir organische Stoffe geeignet, die zwischen 40” und 180” schmelzen. Die 
Verteilung von Metall entlang der SHule war nach dem Zonenschmelzen von Kupferacetyl- 
acetonat in 2-Methoxynaphthalin eine glatte Kurve. Die Auftragung der Stellung der maximalen 
Konzentration x,,, gegen die Anzahl der Zonendurchgange n gab eine Beziehung, die mit der 
theoretischen Voraussage iibereinstimmte. 

Resume-On a construit un appareil ameliore pour la chromatographie par fusion de zone 
(ZMC). Une caractbristique essentielle de I’appareil est que la longueur de la zone fondue peut 
itre maintenue constante durant I’operation de fusion de zone, en employant des compartiments 
de chauffage et de refroidissement qui sont dpares l’un de l’autre par des doubles plateaux 
de partage. Chaque compartiment est chauffe ou refroidi par des jets d’air chaud ou froid. 
L’appareil convient pour des substances organiques fondant dans le domaine compris entre 
40” et 180”. Le partage de l’ion mitallique le long de la colonne apres fusion de zone de 
l’acetylacttonate de cuivre en 2-methoxynaphtalene a ete une courbe continue. Le trace de la 
position de la concentration maximale, x,,,.~. par rapport au nombre de passages de zone. n. a 
donnt une relation en accord avec la prevision theorique. 
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Summary-Selenocysteine, formed by reduction of selenocystine at the DME at about 
-0.6 V in an ammoniacal buffer, produces a pre-sodium catalytic hydrogen wave. The effects 
on this wave of variation of several physico-chemical parameters such as selenocystine con- 
centration, mercury column height, buffer capacity and concentration, and ionic strength, have 
been studied. The results obtained all support the conclusion that the wave is of pre-sodium 
type. The partially protonated species of selenocysteine seem to be catalytically active. An 
analytical determination of selenocystine in the presence of selenocysteine, based on this 
study. is proposed. 

Polarographic studies on the cystine-cysteine system have revealed the existence of 
a typical catalytic hydrogen reduction wave. As the reduction potential for cystine is 
relatively low (E,,, = -0.79 V)l it is reduced to cysteine at more negative potentials, and 
it is this which causes the catalytic waves, which may be due to: (1) catalytic hydrogen 
discharge of pre-sodium type; (2) catalytic pre-waves of cobalt and nickel; and (3) 
catalytic hydrogen discharge in the presence of cobalt or nickel ions. A review of this 
subject has been published by Calusaru.’ The selenium analogues of cystine and cysteine 
follow similar oxidation-reduction processes to the sulphur compounds3 The catalytic 
cobalt4 and nickel’ pre-waves of the selenium compounds have been studied. Similar 
catalytic pre-waves are exhibited by the analogous sulphur compound,6 but in con- 
trast with sulphocystine, in the case of selenocystine the equilibria are established more 
rapidly. The cobalt and nickel pre-waves, well separated from the diffusion waves of the 
same ions, are formed without delay after the preparation of the solutions. Cobalt 
complexes with selenocysteine, resulting from reduction of selenocystine, do not form 
the catalytic hydrogen waves of the BrdiEka type in ammoniacal solutions, which are very 
characteristic in the case of the sulphur compounds.‘,2 

We have found that at very negative potentials selenocysteine forms catalytic hydrogen 
waves of pre-sodium type in ammoniacal and other buffers. This paper describes the 
results of an experimental study of this catalytic hydrogen wave. 

EXPERIMENTAL 

The synthesis of selenocystine has been described$ it is based on Painter’s method’ using serine as 
starting material. Only freshly preparated solutions were used. obtained by dissolution of the solid substance 
in water. without other solvents. The stability conditions. previously mentioned,4 have been considered. 

A type LP60 polarograph was used with cells as described by Smo1er.s having a saturated calomel electrode 
as anode. The capillarv constants were: hi = 2.64 mgsec. t, = 356 set and h = 56 cm, in open circuit and 
O.lM ammonium chloride01M ammonia as electrolyte. 
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Fig. 1. Polarographic waves of selenocystine, 5 x 10+&f, in ammoniacal buffer, NH,Cl/NH,, 
O.tM. Start potential 0 V; anode, S.C.E. 

Polarography of selenocystine in absence of cobalt and nickel ions 

Figure 1 shows the polarogram of a 5 x lo-“M selenocystine solution in ammoniacal buffer (NH,CI/NH,, 
O.lM). Several cathodic processes can be distinguished on this curve. The first wave, with half-wave potential 
-0.6 V corresponds to the two-electron reduction of selenocystine to selenocysteine. This wave has been 
described in a paper by N;giird.3 The half-wave potential is dependent on the pH: -0.374 V at pH = 1.25 
and -0.680 V at pH = 126. In Fig. 1 can also be seen a post-wave (between I and II) which is sometimes 
found in the case of other seleno-compounds.’ 

At very negative potentials a catalytic hydrogen wave of pre-sodium type’ is formed. with half-wave 
potential - 1.81 V. Since at the potentials greater than -0% V the selenocystine is completely reduced 
to selenocysteine, the catalytic wave is produced by this last substance. as in the case of the sulphur 
compounds.’ 

Ej@ct of sele~cysti~e concentration 

In Fig. 2 the polarograms corresponding to different selenocystine concentrations in the range from 
05 x 10e4 to 5 x IO-‘&f are given. The plot of the wave-height us. selenocystine concentration gives a 
curve, tending slowly towards a limit (Fig. 3). The deviation from linearity is generally more pronounced 
for catalytic reactions than is indicated in Fig. 3. The difference may be explained by taking into account 
the enhancement of the catalytic wave’ caused by the preceding reduction of selenocystine: as the selenocystine 
concentration is increased so is the height of the reduction wave which in turn enhances the catalytic wave. 
This effect is significant because the heights of the reduction and the catalytic waves are comparable. Therefore 
the current is enhanced at high selenocystine concentrations and the non-linearity of the calibration is 
reduced. 

Fig. 2. Waves of catalytic hydrogen discharge of pre-sodium type in presence of selenocystine. 
Start potentials, - 140 V; anode, S.C.E.; NH,Cl/NH,, O*lM. Selenocystine concentration: 
I- 0.5 x 10-6M; 2 - 1 x 10-4A4: 3 - 2 X lo-JM: 4 - 3 x IO-J&f; 5- 4 x 10-*&f: 

6-5 X IO-*M. 
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Fig. 3. Variation of the catalytic pre-sodium wave as a function of selenocystine concentration 
in ammoniacal buffer. NH4CI/NH3. O.lM. 

Effect of mercury reservoir height 

In contrast with diffusion-controlled waves which increase as the height of the mercury column is 
increased, the catalytic waves in the presence of Co*’ and NiZ’ are invariable, and the pre-sodium type 
waves decrease with increasing height of mercury column.“‘~” 

The variation in the catalytic-wave height for selenocystine as a function of Jh is given in Fig. 4. This 
behaviour is very similar to that shown by cycloserine.” and is an important empirical indication of a 
catalytic pre-sodium wave. 

Eflect C$ bufer capacity 

Only. the proton in the catalyst molecule is discharged during the catalytic hydrogen-evolution step. 
After its elimination a proton from the solution takes its place in the catalyst molecule; it is generally 
accepted that protonation may sometimes be the rate-determining step for catalytic hydrogen discharge.’ But 
the protonation rate is influenced by the buffer capacity, which is why the catalytic wave increases with the 
increase in the buffer capacity. This variation is considered one of the most characteristic properties of 
catalytic waves. 

In Fig. 5 the variation of the wave height as a function of buffer capacity is given for the buffer 
component ratio NH&I/NH, = 1. The shape of the curve is typical for a pre-sodium catalytic wave. 

Eficr 01 ammonium chloride concentration 

Figure 6 shows the effect, on the height of the catalytic wave, of varying the ammonium chloride 
concentration at two different ammonia concentrations. Of course both the pH and the buffer capacity are 
altered. the latter increasing at higher ammonium chloride concentration. Another effect on the pre-sodium 
Have produced by variation in the ammonium chloride concentration is the modification of the half-wave 
potential value: at higher concentrations the shift is towards more positive potentials. 

Fig. 4. Catalytic wave height L’S square root of mercury reservoir height. Electrolyte: NH&I, 
O.lM: NH3. O.OlM: selenocystine, 5 x IO-‘M. 
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0 0.2 O-&M 

NH&I/NH,OH=l 

Fig. 5. Effect of the buffer capacity on the catalytic wave height. Selenocystine concentration. 
5 x 10-4M. 

Fig. 6. Effect of NH,Cl concentration on catalytic wave height. Electrolyte: selenocystine. 
5 x l~~-‘.%f; NH, : 0 0.05M; 0 O.lM. 

I I 
0 0.1 0.2 

[NH~OH], M 

Fig. 7. Effect of ammonia concentration on the catalytic wave. Selenocystine, 5 x IO-‘M; 
NH,CI, O.lM. 
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Fig, 8. ERect ofammoniacon~ntration on half-wave potential of thecatalytic wave. Selenocystine, 
5 x 10-4M; NH&l, O.lM. 
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Variation of the ammonia concentration affects both the wave height (Fig. 7) and the half-wave potential 
(Fig. 8) of the catalytic wave. At lower concentrations (lower pH) the wave height decreases sharply, 
while at higher concentrations the wave height tends towards a limiting value. 

Behaoiour in acid media 

When an acetate buffer is used instead of the ammonium buffer and the pH value is lowered below 7, 
selenocystine does not form pre-sodium hydrogen waves. However, more complex catalytic waves appear in 
presence of certain metal ions. This problem will be dealt with in another paper. 

Both ion-dischargf and adsorption processes are modified by changes in the ionic strength. The pH value 
is also changed. It IS therefore to be expected that changes in the strong el~troi~ concentration would 
have a complex effect on catalytic waves where electron transfer, adsorption phenomena and protonation 
reactions are involved. 

The effect of strong electrolyte concentration on the selenocystine pre-sodium wave is shown in Fig. 9. 
Several salts have been used: NaClO,, LiCl, NaCl, SrCl, and BaCl, . In all cases a decrease in the wave 
height with increase in concentration is obtained: LiCl has the weakest effect, while &Cl, and BaC1, produce 
the strongest. This behaviour is similar to that observed for other catalytic processes such as the catalytic 
nickel pre-wave5 and the catalytic hydrogen wave in the cobalt-cycloserine system.‘* 

0 1 2 

c* N 

Fig. 9. E&ct of the ionic strength on the catalytic wave. EIectroIyte: NH,Q @f&f; NH1\, 
OQIM: seleuocystine. S x IO-&M; m NaClU, ; 0 LiCf; D N&l; V SrCi, ; A B&l2 ~ 
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DISCUSSION 

Although in the first.paper on the polarography of selenocystine no catalytic processes 
were reported,j subsequent studies revealed several catalytic phenomena including cobalt 
and nickel pre-waves at very low selenocystine concentrations.~.~ In the present paper 
another catalytic process, the catalytic hydrogen discharge of pre-sodium type, is reported. 

It is of special interest to compare the processes occurring with the sulphur and 
selenium compounds, in view of the well known role of the -SH groups in catalytic 
hydrogen discharge. From this point of view the main difference between sulpho- and 
selenocystine lies in the absence of BrdiEka-type catalytic waves for the selenium 
compound in the presence of cobalt or nickel ions and an ammonical buffer. This 
fact indicates that there is not a direct correlation between the metal ion pre-wave and 
the BrdiEka-wave, as has sometimes been suggested. 

For the interpretation of the selenocysteine pre-sodium wave we refer to the pro- 
tonated forms of this substance. As in the case of cysteine, four forms may be 
considered :4 

H,C- CH-COO- 
I 

Se- TJJH, 

H,y-YH-COO- H,C 
I 

-CH-COO- H,y-YH-COO- 

HSe NH, Se- NH; HSe NH: 

(4 (6) (c) (4 

The form (a) is stable only in very alkaline media and the form (d) in acid solutions. 
For the equilibrium reaction between the forms (c) and (d) p& was found to be 5.7 by 
NygHrd.3 Therefore for the pH range used in the present work it is possibte to 
consider that mainly the forms (b) and (c) were present and responsible for the 
hydrogen discharge in the region of the catalytic pre-sodium wave. Taking into account 
the strong decrease of the wave height in concentrated ammonia solution media it is 
possible to consider that the form (a) has no catalytic effect. The decrease in wave 
height with increase in pH can be explained by the equilibrium displacement of the 
protonation reaction from the forms (b) and (c) to the inactive or less active form (a). 

Several interpretations of the mechanism of the catalytic hydrogen discharge of pre- 
sodium type have been proposed.’ More recently Mairanovskii considered the bimolecular 
reaction : 

2BH-2BtH, 

as the main step in this process.” BHf represents the protonated form of the catalyst B. 
Biezina and KStovag discussed this scheme in connection with the catalytic waves 
formed in the presence of an organic and inorganic depolariser. Owing to the enhancement 
effect on the hydrogen wave produced by the preceding reduction reaction, too close an 
agreement between experiment and theory cannot be expected. In the selenocystine system. 
studied in the present work, the preceding reaction is represented by reduction of 
the -Se-Se- bridge, as we have previously emphasised. There are also other factors which 
can affect the height of the catalytic wave, such as catalyst adsorption, electrolyte stirring 
at the mercury drop surface, and modification of the double-layer composition. The last 
of these may be achieved by changing the concentration of strong electrolyte, a technique 
often used in electrochemical studies. The results presented in Fig. 9 showing the 
decrease of the cataIytic-wave height with increase in supporting electrolyte concentration 
are in good agreement with the behaviour of the pre-sodium wave formed in other 
systems.’ O 



Prc-sodium type catalytic hydrogen wave 665 

ANALYTICAL APPLICATIONS 

The results of this study suggest a possible method for the determination of selenocystine 
in the presence of selenocysteine. From Fig. 1 the wave with E,,, = -0.60 V corresponds 
to reduction of selenocystine and may be used for a normal polarographic determination 
of this compound. 

It is also possible to determine polarographically selenocysteine in the presence of 
selenocystine. For this purpose the catalytic pre-sodium wave at - 1.81 V must also be used. 
It is necessary to construct two calibration curves: (1) wave III us. wave (I + II) 
(Fig. 1) in a solution containing selenocystine only; (2) wave (III) us. concentration in a 
pure selenocysteine solution under the same conditions as for Fig. 1. In the sample to be 
analysed, containing both substances, the pre-sodium wave (III) will be higher than 
would correspond to a pure selenocystine solution, but by use of the wave at -0.60 V and 
the calibration curve (1) the pre-sodium wave height corresponding to the selenocystine 
concentration can be determined. From the difference between the pre-sodium wave 
height for the sample and that predicted from calibration curve (1) the concentration of 
selenocysteine can be determined from the calibration curve (2). 

Although the waves of cystine or cysteine interfere with the waves of the corresponding 
seleno-compounds, it is possible to determine qualitatively the presence of the sulphur- 
compounds, since they give rise to a catalytic hydrogen wave at more positive potentials 
(about 200 mV) in the presence of cobalt and in an ammoniacal buIfer,1.2 and the 
selenium compounds do not. 3-5 However, it should be pointed out that a number of 
other substances also give rise to pre-sodium waves, lv2 The error in the determinations 
lies in the range _t2-3% for concentrations of 0.5-6 x 10P4M. 

In view of the increasing interest in organoselenium compounds-in particular the 
selenocystine-selenocysteine system-this method may prove useful for control of purity 
of selenocysteine prepared by reduction of selencystine. 
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Zusammenfassung-Selenocystein, das sich in einem ammoniakalischen Puffer bei etwa -0.6V 
durch Reduktion von Selenocystin an der Quecksilbertropfelektrode bildet, zeigt vor der 
Natriumstufe eine katalytische Wasserstoffstufe. Der EinfluB der Veranderung mehrerer 
physikalisch-chemischer Parameter wie Konzentration von Selenocystin, HGhe der Quecksilber- 
same. Pufferkapazitat und -konzentration sowie der Ionenstarke auf diese Stufe wurde untersucht. 
Alle Ergebnisse unterstiitzen den SchluB. daf3 die Stufe vom Prlnatriumtyp ist. Die teilweise 
protonierten Spezies von Selenocystein scheinen katalytisch aktiv zu sein. Auf Grund dieser 
Untersuchung wird eine analytische Bestimmung von Selenocystin in Gegenwart von Selenocystein 
vorgeschlagen. 



666 V. Vorcuand A. CALUSARU 

R&me-La dltnocysdine, formee par reduction de la stlenocystine a l’electrode a goutte de 
mercure a environ -0.6V dam un tampon ammoniacal, produit une vague hydrog&ne cataly- 
tique p&-sodium. On a ttudid les influences sur cette vague de la variation de plusieurs parame- 
tres physico-chimiques tels que la concentration en seknocystine, la hauteur de la colonne de 
mercure, la capacite et la concentration du tampon, et la force ionique. Les resuhats obtenus 
sont tous en faveur de la conclusion que la vague est du type pre-sodium. L’espke partiellement 
protonee de la sefCnocyst6ine semble etre catalytiquement active. On propose un dosage an- 
alytique, base sur cette etude, de la seldnocystine en presence de seknocystdine. 
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Resume-La mtthode d&rite comporte une combustion &lair du prelbvement analytique dans 
une chambre de combustion en silice a 9%1050”, sous courant d’oxygine de 60 ml/mn. Cette 
combustion en phase gazeuse est complttke par une oxydation des gaz de combustion primaires, 
sur oxyde de cuivre a 850”. Les produits d’oxydation porteurs d’halogtnes et de soufre sont retenus 
sur alumine argentee a 750-800”. Lkau de combustion contenant I’oxyde et l’hydroxyde de 
deuterium est &pa&e des autrcs gaz de combustion sous forme de glace, dam un piege sp&al, 
refroidi par un dispositif cryogkne et pourvu de deux robinets a 5 voies qui permettent I’koulement 
simuhane d’oxygene et d’hydrogdne. Ce dernier est utiiid comme gaz vecteur. en aval du piege. 
La glace est ensuite vaporisee par chauffage sous tiourant d’hydrogene de 30 mi/mn et Ia vapeur 
rkiuite par du magnbium B 600”. Le deutbium passe sous forme d’hydrure de deutkrium HD 
au sein du courant d’hydrogine; ii y est do& par mesure d~ff~~tiel~e de Ia conductibihte 
thermique du systeme gazeux. La durQ d’une analyse, dans une serie, est d’environ 15 minutes. 
La precision des rk&ats correspond a l’ordre de grandeur ciassique, en microanaiyse organique. 

L’idee directrice du present travail est de mettre en oeuvre les methodes de la microanalyse 
organique Climentaire moderne pour les appliquer aux dosages du deutbium et, par 
consequent, d’eviter de recourir A des appareils lourds et couteux (spectrometre de masse, 
par exemple). 

La microanalyse organique Clkmentaire comporte, en general, deux phases: la production 
de la molecule chimique quantitativement representative de I’element a doser, usuellement 
d&nomm&e miniralisation, et le dosage proprement dit ou mesurage de la quantitk de 
cette molkcule. La methode de mesurage susceptible d’&re retenue condition~nt la 
min~rali~tion, il importe de la selectionner en premier lieu. 

Les methodes le plus souvent utiliskes, a cette fin, ont tti btudiQs et comparkes entre 
elles par plusieurs auteursP6 

Le mesurage differentiel, a l’aide dun catharometre, de la variation de la conductibihti 
thermique d’un systtme gaz vecteur produits (de la mineralisation) en fonction de la 
concentration du solute, a paru convenir a notre objectif. Son application implique la 
possibilite de produire, par mineralisation, une molecule deutCriQ approprike et le choix 
du gaz vecteur correspondant. 

La mineralisation par combustion dans l’oxygtne dun compose organique deuterie 
fournit de l’eau deuterike contenant de I’oxyde d’hydrogene H,G, de l’oxyde de deuterium 
D,O et de l’hydroxyde de deut~rium HDO en kquilibre suivant la reaction: 

H,O + D,O X 2HD0 (I) 

667 
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Sans prejudice d’autres difficultts, les faibles differences des conductibilities thermiques 
de ces trois molkcules, sont defavorables au choix de D,O ou de HDO comme solutes 
mesurables. 

D’aucuns ont tourne cette difficult6 en rtduisant les eaux deutiriees en vue d’obtenir 
le deuterium D ou son hydrure HD qui peuvent, par ailleurs, Ctre engages dans la 
reaction d’kquili fo re: 

HZ + D, = 2HD (II) 

dont la con&ante est fort heureusement peu variable en fonction de la tempkrature;’ 
les conductibilit~s thermiques de D, ou HD different, en effet, plus sensiblement de celte 
de H, que Ies ~onductibilit~s de DzO et HDO de celle de H,O. 

Les principaux riducteurs utiIisQ pour le traitement des eaux deutkiies ou de composts 
deuterits simples sont Ie magnQium,*-” l’uranium,12-‘4 te zinc,r5 le zinc platine,=‘6~‘7 
le fer,‘8-22 l’hydrure de calcium, 23-2s l’hydrure de lithium-aluminium.2J 

L’examen des publications montre, cependant, que les reducteurs cites ne sont pas 
tous susceptibles d’ttre utilises dans le cadre de notre travail; c’est ainsi que le zinc, 
m&me platine, donne lieu a des reductions trop lentes, que le fer necessite d’operer, en 
plusieurs &apes, sous pression rtduite, que l’hydrure de calcium doit Ctre renouvele, entre 
chaque dosage et qu’en outre, il donne lieu a une reduction qui peut n’etre pas 
quantitative;26 quant a i’hydrure de lithium-aluminium, ii est simplement mention& 
mais doit, selon toute vraisemblance, etre inactivk, a l’instar de f’hydrure de calcium, 
par formation su~~ciel~e d’oxydes; seuls le magn~ium et l’uranium semblent prksenter 
des caractkristiques appropriQs & notre propre etude, sous r&serve d’effectuer les reductions 
sous courant d’hydrogkre, gaz vecteur, dont la presence, en excis, d&place la reaction 
d’equilibre (II) vers la formation pratiquement exlusive de HD. 

Nous avons Cprouve ces caracteristiques au tours d’essais qui ont conduit aux 
resultats dont il est fait Ctat ci-apt&. 

Reduction par Puranium 

Des essais priliminaires ont fait l’objet dun stage2’ effect& par l’un d’entre nous 
(Mme. D. Girard) a la Section des Isotopes du Centre d’Etudes Nuclbires de Saclay, 
dirigee par M. Dirian, sous l’autorite de Mme. Batter, nous permettant ainsi de benkficier 
dune experience deja acquise ; ’ 2-1 3 ces essais ont Porte sur la reduction des eaux deutCriCes 
par ~uranium g 625~650”, et ont conduit Q des rksultats positifs encourageants, a savoir: 
Ia rkiuction q~ntitative de l’eau, la IinQritC de la courbe d’etalonnage pour des masses 
de deutirium comprises entre 9 et 440 pg, un faible effet de mCmoire et une rkpktabilitk 
des rkwltats satisfaisante a ce stade de t’etude. Par la suite, diverses anomalies, dont les 
suivantes, sont apparues au tours du dosage du deuterium sur des composes organiques 
et des eaux deuteriees: obtention, a l’enregistrement du signal du catharometre, de deux 
pits et non pas, comme il Ctait attendu, dun seul pit correspondant a la presence 
exclusive de HD dans l’hydrogene (gaz vecteur), lorsque les gaz, apt& reduction, ont 
traverse un tamis molkculaire 5A; obtention de signaux differents, pour une meme masse 
de deuterium, selon que les composes analyses sont partiellement deuteriis ou perdeutiries. 
Ces anomalies n’ont pu &tre &IiminQs au tours d’essais portant sur l’influence des 
variations de param~tres tels que tempkature et Ctat de division de l’uranium, d’une 
part, debit de I’hydrogene, d’autre part. Elles nous ont conduits a envisager le rempla~ement 
de l’uranium par le magntsium. Ce dernier semblant devoir donner satisfaction, Ies 
travaux sur I’emploi de I’uranium ont etk suspendus. 
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Reduction par le magntsium 

L,e magnksium a &C utilisk, au cows de multiples essais, sous forme de rubans ou de 
copeaux. Les prklkvements analytiques d’eaux deuttrikes ont itC introduits dans l’appareil 
A reduction par injection ti l’aide de seringues; ils Ctaient caractirisks par deux paramktres: 
leur volume (de 0,2 B 10 ~1) et le taux isotopique* des eaux deuttrikest (10 taux diffkents). 
Huit cents dosages de deuttkium ont pu ttre ainsi effect& sur les gaz de rkduction des 
prtlkements d’eau par une m&me charge de 5 g de magntsium. 

11 est apparu que l’emploi du magrksium permet non seulement d’obtenir les mCmes 
rksultats que ceux qu’avait fournis initialement I’uranium (rfkluction quantitative, linkarit$ 
faible effet de mkmoire, r$Ctabiliti des rksultats), mais en outre, lors d’une itude plus 
pousske, qu’il ne donne pas lieu comme celui de l’uranium, g l’apparition d’un double 
pit au sortir des gaz de rtduction d’un tamis molkculaire 5A. 

La rkpltabilitt des rtkultats est satisfaisante: c’est ainsi, par exemple, que les &carts 
relatifs estimks g partir d’une dizaine de dosages portant sur des prklivements d’eau de 
2 ~1, sont de 0,5x pour une eau d’un taux isotopique de 99,7% (masse de deutCrium 
dans 1 1.11 d’eau: 0,22 mg), de +1,5x dans une eau de taux isotopique de 10,8% (masse 
de deutkrium dans 1 ,~l d’eau: 0,022 mg) et de ?2,5% dans une eau de taux isotopique 
de 1,676 (masse de deutkrium dans 1 ~1 d’eau: 0,0032 mg). 

Le magnksium a done CtC finalement retenu, en vue du dosage microanalytique du 
deukrium, dans les composts organiques, fondt: sur la variation de conductibilitt 
thermique du systkme H,-HD. A cette fin, les eaux, form&es lors de la combustion prkalable 
dans l’oxygkne des prCl&vements analytiques, sont traitkes comme il est indiquk ci-aprts. 

Principe 

Le prkkvement analytique (1,5 g 10 mg) est brQli quasi instantankment, sous courant 
d’oxygkne d’environ 60 ml/mn, dans une chambre de combustion port&e B la tempkrature 
de 950-lOOO”, suivant une technique d&rite par Ingram2’ et modifike par Fraisse.2g Les 
gaz de combustion sont entrainis par l’oxygbne sur une garniture d’oxyde de cuivre en 
fils, maintenue B 750-850”, oh s’achke leur oxydation, puis sur une garniture d’alumine 
argentke g environ 750” et un tampon de laine d’argent g environ 720” oti sont retenus 
les produits contenant du soufre et des halogenes (y compris le fluor). L’eau de combustion 
deutkriCe est condenke quantitativement dans un piige dit “piige $ eau,” refroidi I 
environ -4o”, tandis que les autres gaz de combustion, tels que le dioxyde de carbone, 
et, dans le cas de l’analyse des composks azotis, l’azote et certains oxydes de l’azote, 
sont balayks vers l’atmosphkre par le courant d’oxygine (le peroxyde d’azote, s’il se forme, 
peut cependant Ctre retenu dans le pikge). 

G&e ti un systkme approprit g deux robinets, le pitge contenant l’eau deutkrike est 
tout d’abord isolt du tube ti combustion, balayk par un courant d’hydrogine pour 
chasser l’oxygtne prisent, puis mis en communication avec le tube g reduction. Les 
eaux sont alors vaporistes par rkchauffage du pibge et entrainkes par le courant 
d’hydrogkne vers une garniture de copeaux de magnksium maintenue B la tempkrature de 
600’. En presence d’un grand exds d’hydrogkne (la concentration de l’eau deutirike dans 

* Taux isotopique = __ 
nombre d‘atomes D nD 

nombre d’atomes H + nombre d’atomes D 
=- 

nH t 11~ 
t Les Cchantillons d’eaux soumis ti I’analyse ont it6 priparks par addition de quantitts peskes d’eau lourde 

de taux isotopique de 99.7”, B des quantitks pestles d’eau naturelle distillie. les taux isotopiques des eaux 
deutkriies ainsi priparkes variant de 1.07 g 70.8’“. 
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l’hydrogtne atteint au maximum 2% en volume), l’eau deuteriee qui est susceptible de 
contenir les molecules H20, D,O et HDO en proportions variables [cf: reaction 
d’kquilibre (I)] est rkduite par le magnesium en donnant naissance exlusivement a H, 
et HD [c$ reaction d’equilibre (II)]. 

L’hydrure de deuttrium ainsi forme est ensuite entraine par le c&rant d’hydrogene 
vers le site de mesurage. 11 traverse la cellule de mesure dun catharometre tandis qu’un 
courant d’hydrogene pur traverse la cellule de reference. La quantite de deuterium a 
doser est mesurke a l’aide dun systime catharometre-pont de Wheatstone-integrateur 
(ou enregistreur).* 

PARTIE EXPERIMENTELLE 

Appareillage 

L’appareillage (figure 1) comporte 4 sections principales caracterisbs par leurs fonctions: mineralisation des 
composes organiques, piegeage et transfert de l’eau de combustion, reduction de l’eau de combustion et mesurage. 
II est complete par divers annexes et accessoires qui sont decrits ci-aprts. 

Miniralisation des composds organiques 

L’appareil de mineralisation est en tout point comparable a celui d&it par Fraisse.29,30 Rappelons que 
le courant d’oxygene, issu d’un tube de gaz comprimt pourvu dun manodetendeur, traverse, dans l’ordre, un 
regulateur de pression et un rotambtre (1, figure I), prealablement etalonne; son debit est tixt entre 50 et 
70 ml/mn. II est ensuite purifie sur une garniture d’oxyde de cuivre en lil (2, figure I) Porte a 750” dans un 
four tubulaire suivi de tubes absorbeurs (3, figure 1) comportant une garniture d’amiante sodi (ascarite) et de 
perchlorate de magnesium (anhydrone). 

Le tube a combustion3’ en silice transparente, comprend une chambre, une partie tubulaire pourvue dun 
ajutage lateral (4, figure I) et un systeme d’introduction non represent6 sur la figure (ct Ingram2* et Fraisse).” 
La chambre de combustion est ported a looo” et la partie tubulaire contenant les rtactifs (oxyde de cuivre et 
laine argentb) a 800”.‘* 

PiOgeage et transfert de I’eau de combustion 

Le dispositif mis en oeuvre est identique a celui decrit par Fraisse. 29 II a ici pour objets le piegeage 
momentani de toute l’eau de combustion entrait& par le courant d’oxygtne et le transfert ulterieur de cette 
eau aprb rechauffage. vers le site de reduction, sous courant d’hydrogene. 

Rappelons qu’a cette double fin, il se compose de deux robinets A et B accouples comme le montre la figure 2 
et dont chaque clt comporte 3 voies et chaque boisseau est pourvu de 5 branches tubulaires dont trois realisent 
I’accouplement, par soudage. La branche I raccorde le dispositif au tube a combustion (c$ figure I). la branche 
5 permet I’adduction du courant d’hydrogene, la branche 7 conduit les gaz, vers la sortie de l’appareil. dans 
I’atmosphtre, et la branche 6 raccorde le systeme au dispositif de reduction des eaux (c/l figure I). 

Cet ensemble permet l’ecoulement simultane des courants d’oxygtne et d’hydrogene. En effet. dans un premier 
temps, correspondant a la combustion du prilivement analytique et au piegeage de l’eau de combustion. le 
courant d’oxygtne, charge des gaz de combustion, penetre par la branche 1, traverse la branche 3. qui constitue 
le piege proprement dit, et s’ecoule vers l’atmosphtre, par la branche 7: simultanement. le courant d’hydrogene, 
issu de la cellule de reference du catharometre. entre par la branche 5. traverse les branches 4 et 6, balaie le 
tube a reduction et enfin la cellule de mesure du catharometre; dans un deuxieme temps. la rotation de 90’ 
du robinet A, dans le sens inverse des aiguilles dune montre, interrompt le courant d’oxygene tandis que le 
courant d’hydrogene traverse la branche dite “pibge” 3 et s’ecoule vers l’atmosphere; dans un troisieme temps. 
la rotation du robinet B de 90”. dans le sens des aiguilles dune montre. retablit et le courant d’oxygene par 
les tubulures I, 2 et 7 et le courant d’hydrogene par les tubulures 5. 4 et 6 vers la cellule de mesure. La 
tubulure 3, qui permet le piegeage de I’eau de combustion. comporte. 6 cette fin. une partie tubulaire mediane. 
en verre “Pyrex,” garnie dun faisceau de lils d’or. en vue d’ameliorer les tchanges thermiques.. L’eau de 
combustion peut etre gel&c. dans ce piege. par refroidissement a I’aide dun manchon forme de deux coquilles 
hemicylindriques, prealablement refroidi par immersion au sein de neige carbonique.3’ L’eau de combustion 
gelee peut Ctre vaporisee par rechauffage ilectrique. par effet Joule. grace a un bobinage de fil resistant en 
nickel-chrome. 

* L’incorporation de I’rnregistreur dans I’appareil n’est necessaire que pour I‘etude proprement ditc: elle 
devient superHue dans I’appareil de dosages en serie. 
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1 - Rotametre. 
Fig. 1. Schema de l’appareillage. 

2 -Tube en silice transparente, qualite &i&e (diambtres: 11/8 mm, longueur: 240 mm) 
pourvu dun joint conique rode femelle RIN 00 et prolongt par un tube abducteur (diamitres: 
7/2 mm, longueur: 80 mm) termint par un joint conique rode male RIN 00; longueur de la 
garniture d’oxyde de cuivre: 160 mm; ce tube est raccordt au rotametre par un robinet 
comportant deux joints coniques rod& m&le RIN 0 et RIN 00. 

3 - Tube en verre “Pyrex” (diametres: 28/2 mm, longueur: 210 mm) pourvu dun joint conique 
rode femelle RIN 00 et dun tube abducteur comportant un robinet et un joint conique rode 
femelle RIN 0; un joint conique rode femelle RIN 1 fermt par un bouchon conique rode 
femelle RIN 1 permet I’introduction de la garniture d’amiante sode (longueur: 100 mm) et de 
perchlorate de magnesium (longueur: 100 mm). 

4 - Tube a combustion en silice transparente, qualite &irk.. 
5 - Dispositif de piegeage et de transfert des pax. 
6-8-Refrigerants en laiton a circulation d’eau. La temperature de l‘eau est comprise entre 

15 et 20’. 
7 - Tube en alumine frittk 
9 - Raccord verre “Pyrex” - alliage Kovar-tube en acier inoxydable, pourvu dun joint 

conique rode femelle RIN l/2. 
10 - Tube retardateur en acier inoxydable (diamdtres: 3,2/2 mm, longueur: 5 m). 
11 - Enceinte a thermostat contenant le detecteur. 
12 - Robinet a 3 voies en acier inoxydable. 
13 - Manomttre a mercure en verre “Pyrex.” 
14 - Robinet d’arrtt. 
15 - Rotametre. 
16 - Dispositif de dkclenchement du systbme de s&rite a cellule photoelectrique et source 

lumineuse. 
17 - Tube semi-capillaire en acier inoxydable (diametres: 2/0,5 mm, longueur: 5 m). 
18, 19 - Electrovannes refroidies par un courant d’air cornprime. 
20 - CJ 14. 
21 - Rtgulateur de debit a pression diffirentielle. 
22 - Rotamttre. 
23 -Tube en acier inoxydable pourvu dun joint conique rode male RIN 00 en laiton 

(longueur: environ 2 m). permettant le raccordement du detecteur au dispositif de piegeage. 



672 DANIEL FRAISE. DENISE GIRARD et ROGER LEVY 

Fig. 2. Dispositif de piegeage et de transfert de l’eau de combustion. 

Rkduction de Peau de combustion 

L’eau de combustion gel&s puis vapori& dans le piege est entrain&e sous courant d’hydrogtne jusqu’au 
dispositif de reduction. 

Celui-ci comprend un tube en alumine frittee Desmarquet AF 975 (1, figure 3) pourvu, a chaque extremite. 
d’un joint conique rode male permettant son raccordement au pi&ge, dune part, et a la cellule de mesure, 
d’autre part; bs joints coniques rod& sont graissC avec de la graisse Apiezon H et fixes par des ressorts 
metalliques sous tension. Le tube a reduction comporte une garniture de 55 g de magnesium en copeaux 
(5, figure 3) qui constitue une colonne de 250 mm. I1 est pla& dans un four tubulaire de 360 mm d’e iongueur 
qui permet d’obtenir une temp~ature stable comprise entre 5gO et 600” sur toute la longueur de la garniture 
de magnesium (c$ Fraisse et Levy). 31 La temperature du four est rep&b B l’aide dun thermo-couple 
platine-platine rhodih a 10% dispose verticalement dans le tube laboratoire du four. Atin d’hiter un ditassement 
de la garniture de magnesium provoqut par la formation d’oxyde de magnesium pulverulent, le tube a reduction 
est place verticalement; un petit tampon de toile de nickel-chrome (6, figure 3) permet de maintenir la 
garniture dans la zone de temperature convenable. La proximite du four et des joints coniques rodb graissb 
peut etre la cause de fuites; pour maintenir l’etancheite, deux r6frigerants, a circulation d’eau (2,, 2,) figure 3). 
en laiton, form&s chacun de deux coquilles htmicylindriques, sont places autour du tube d’alumine, a chaque 
extremite du four. 

22 32 6 5 4 31 2, 1 

Fig. 3. Dispositif de reduction (totes en mm). 
1 - Tube en alumine frittee (diametres 12/8 mm, longueur: 500 mm) pourvu a chaque 

extrbmite dun joint conique rode male RIN l/2. 
2 - Refrigerant en laiton B circulation d’eau forme de deux coquilles creuses hemicylindriques, 

serrees autour du tube en alumine. 
2, - Refrigerant sup&eur (epaisseur: 15 mm). 
2, - Refrigerant inferieur (epaisseur: 30 mm). 
3 - Plaque d’amiante assurant un isolement thermique entre fe four et les deux refrigerants. 
4 - Four tubuiaire. 
5 - Garniture de magnesium (hauteur: 250 mm). 
6 - Tampon de toile de nickel-chrome (hauteur: 20 mm). 
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Mesurage 

L’appareil utilist est un detecteur (catharometre), du type Pretzel 9285 (GOW-MAC Instruments Company, 
Madison, New Jersey, U.S.A.), a quatre cellules dont les filaments, en tungstene rhenit W2X constituent les 
quatre branches dun pant de Wheatstone. Ce demier est aliment& par un courant stabilise fourni par une 
alimentation du type 40-05C (GOW-MAC). 

La variation de l’ecart de conductibilite thermique entre l’hydrogene pur et l’hydrogene charge d’hydrure de 
deutirium produit dans le tube ii reduction donne lieu A la variation de la tension de desequilibre du pont 
en fonction du temps. L’integration correspondante est effect&e, a l’aide d’un int~rateur electronicme ou 
Clectrom&canique, auquel peut btre adjoint un enregistreur potentiombtrique. Le detecteur est place dans une 
enceinte thermostatique dont la regulation de temperature est assume a un dixieme de degrt pris. L’hydrogene 
issu dun tube de gaz cornprime pourvu d’un manodetendeur traverse, dans l’ordre, une electrovanne, 
(19, figure 1) dont le rc?le est precise ci-apres, un robinet da&t, type Ugine V3 (DAM-SETARAM, Lyon, 
France), permettant la fermeture de l’appareil en p&ode d’arret prolonge (20, figure 1), un riguiateur de debit 
a pression differentielle type 8844 (Brooks Instr. N.V. Veenendaal, Pays&as) (21, figure 1) et un rotambtre 
(22, figure 1) pour le rep&rage du debit. La connexion des appareils est r&ah& par des tubes d’acier 
inoxydable de diamttre 2 et 3,2 mm directement bra&s ou assembles par raccords “Swagelock.” Le courant 
d’hydrogtne traverse ensuite les deux premieres cellules du catharometre (11, figure 1) dont les filaments sont 
les resistances de reference du pont de Wheatstone, avant de penetrer dans It dispositif de pibgeage de l’eau 
de combustion (5, figure I), par l’interm&liaire dun tube en acier inoxydable (23, 8gure 1) puis, successivemenf 
dam le tube a reduction (7, figure 1) et dans les deux autres cellules du catharombre dont les filaments 
sont les resistances de mesure du pont de Wheatstone. Le raccordement du tube it reduction au catharometre 
est assure par un serpentin retardateur (10, figure 1) qui est reali& en tube d’acier inoxydable termint par un 
tube de raccord metal-verre (9, figure 1); ii a pour object de retarder &environ I mn 30 s l’arriuke, dam les 
celiwles de mesure, de Phyd~Te de de&rim entraini par le courant ~hydrog~ne; ce laps de temps permet au 
pont de Wheatstone d’atteindre a nouveau son cjquilibre momentanement rompu lors du balayage du piege, par 
l’hydrogene, vers l’atmosphere (cf: Pihgeage et transfert de feau). 

A la sortie des cellules de mesure, le courant d’hydrogene traverse un robinet a trois voies (12, figure l), 
auquel est raccorde un manomttre a mercure (13, figure 1), un robinet d’arret permettant la fermeture de 
l’appareil (14, figure l), un rotametre (15, figure I), et enfin un tube semicapillaire, en acier inoxydable, 
(17, figure I), dont la fonction est de crbr une perte de charge sufhsante, en sortie de l’appareil, et ainsi, 
de minimiser l’influence des variations de pertes de charge au sein de l’appareil, sur le debit d’hydrogene. Un 
dispositif de securite (Crawford Fitting Co., Cleveland, U.S.A.), asservi au debit du courant d’hydrogine, 
complete l’appareil; il permet la substitution dun courant d’hblium au courant d’hydrogene. A cette fin, une 
cellule photoelectrique (16, figure 1) re9oit le faisceau lumineux emis par une lampe B travers le tube du 
rotametre (15, figure 1). L’interruption accidentelle du courant d’hydrogene donne lieu a la chute de la bille 
du rotamhtre, ce qui provoque la coupure du faisceau lumineux et le dhlenchement du systeme de s&rite, 
a savoir, la fermeture de I’tlectrovanne (19, figure 1) qui coupe l’arrivk de l’hydrogene dans l’appareil et, 
simultanement, l’ouverture dune autre electrovanne (18, figure 1) qui le fait balayer par un courant d’helium. 
En tours d’analyse, le systeme de sicurite est mis hors circuit. 

Min&afisation. - Oxygene de qualite N 45 (“Air Liquide”). 
- Oxyde de cuivre en fil tamise (module 29-31, norme NF X11-501) calcint ii l’air (Prolabo no 23 150). 
- Amiante sode (8-20 mesh): Ascarite (Arthur H. Thomas Company, Philadelphia, Pa., U.S.A.). 
- Perchlorate de magnesium (10-20 mesh): Anhydrone (G. Frederick Smith Chemical Co., Colombus, 

Ohio, U.S.A.). 
- Alumine argentee. La preparation est effect&e suivant Ie mode operatoire d&it par Zimmermann32 

pour la pence argentk. 
Matitres premieres: 
- Alumine “Alcel” en grains de 1 mm environ (Desmarquet, France), 
- Nitrate d’argent pur cristallise. 
- Argent vierge en fils (diametre: 0,05 mm) (Lyon-Alemand, France). 
- Graisse Apiezon H (Apiezon Products Ltd., London). 
- Lut de Kronig prepare en fondant ensemble une partie de tire blanche et quatre parties de colophane, 

puis coule sous forme de batonnets. 
Rkducrion. - Hydrogtne de qualite U (“Air Liquide”). 
- Helium de qualite U (“Air Liquide”). 
-Magnesium a 995; en copeaux de 0,5 mm d’epaisseur (~huchardt~ ces copeaux sont coupes en 

morceaux d’environ 5 mm de c&C. 

Mode opt+atoire 

Mise en condition de l’appareil. - Rtgler le debit du courant d’oxygene a 60 + 10 mlimn. 
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- Rkgler le d&bit de l’hydroghne g 30 i 2 ml/mn. Ce d&bit est mesuri B la sortie du tube semi-capiliaire 
(17. figure I) avec un dkbitm&tre g film de sawn, 

- Contraler l’CtanchCit6 du circuit de l’hydrog&ne: B cette fin, fermer le robinet d’aval (14, figure 1); il en 
rksulte une augmentation de pression dans l’appareil provoquant, dans le manomttre (13, figure 1). une 
dknivellation d’environ 300 mm de mercure; attendre l’kptilibre et fermer le robinet d’amont (20. figure 1). 
Si l’appareil est ttanche, la denivellation doit rester constante. 

- R6tablir le courant d’hydrogkne. 
- Rkgler l’intensiti: de chauffage des filaments du detecteur & 150 mA. 
- Mettre en fonctionnement l’enregistreur et l’intkgrateur. Lorsque l’tquilibre du pont de Wheatstone est 

atteint, l’appareil est pr& zi fonctionner. 
Afin de rtduire au minimum le temps de mise en condition de l’appareil, le circuit de mesure est laissk 

constamment sous courant d’hydrogkne, les fours restant sous tension. Lors d’arrcts prolong& (plusieurs jours), 
Ies fours sent laiss6s sous tension et l’appareil, sous pression d’hydrogtne, est isol& par la fermeture des 
robinets prhus B cette fin (14 et 20, figure 1). 

La mesure de la quasltitk de deutkrium qui traverse le catharombtre imptique un Ctalonnage prkalable. 
Pratiquement cet &alonnage est effectuk k partir de substances-types, B teneurs connues en deutkrium, pour 
Pensemble des opkations du dosage (min~~li~tion, pikgeage, mesurage) et pour un appareil don& 

Plusieurs parambtres contribuent g modifier I’Ctalonnage de l’appareil: dkbit, pression, vieillissement des 
rkactifs. Avant chaque sCie d’analyses, il est nkssaire de prockder B l’analyse de plusieurs substances-types 
telles que: l’anthracbne-D,: D% = 1,18; l’anthrackne-D,O: D% = 10,52; le polytthyltne perdeuttrii: D “‘, = 
24.67. Chaque substance-type fournit une valeur du coefficient k d%talonnage qui se calcule d’aprk la formule: 

dont les symboles sent d&finis ci-aprts: 
S: signal numkrique fourni par l’inttgrateur. proportionnel B la masse du deutkrium contenue dans la 

substance-type. 
m: masse du pr&%ement analytique (exprimke en milIigramme). 
C: teneur cent&male en deutkrium de la substance-type. 
I.;1 moyennc dez v;tleurs trouvkes est adopt&e comme coefficient d’ktalonnage; l’kart entre Ies valeurs extremes 

du rapport k ne doit pas excider 1O-6 mg de deutkium par unitk de comptage de l’intkgrateur. Du fait 
de I’existence d’un effet de memoire (cf: “Discussion”, ii convient de faire prkcider toute skie de mesures du 
coefficient d’italonnage ou de dosages par une analyse preliminaire compltte effect&e sur une substance 
deuttrike (pesQ ou non) et comportant toutes les optrations des dosages (mintralisation, pikgeage. mesurage). 

Analyse proprement dite 

Dans une sbrie, certaines opkrations analytiques viennent s’imbriquer dans les d&terminations successives. 
Ainsi, les optrations ci-aprb doivent avoir itt effectukes pendant la dttermination prtckdente: la nacelle 
contenant le ptiltvement analytique (1.5 B 10 mg) prkalablement pesk a btt disposie dans l’hklice de platine 
du poussoir (cf: Ingramz8), le manchon de refroidissement a Ctt plact sur le pikge B eau proprement dit 
(3, figure 2) et les robinets A et B du dispositif de pikgeage et de transfert de l’eau ont ttC mis dans les 
positions qui permettent, d’une part, au courant d’oxyg&e issu du tube B combustion de traverser successive- 
ment les tubulures 1, 3, 7 (figure 2). d’autre part, au courant ~hydrog~ne, les tubulures 5. 4 et 6 et le circuit 
de mesure. 

Mode op~ruto~re ~~op~e~nt dite. - Introduire Ie poussoir magnktique dans la chambre de combustion de 
faGon que la nacelle contenant le prklkvement analytique se trouve au point le plus chaud; r$ler B z&o un 
chronomttre. 

- Au temps t = 3 mn: tourner le robinet A (figure 2) de 90” dans le sens inverse des aiguilles d’une montre; 
le pihge proprement dit (3, figure 2), dans lequel l’eau de combustion est condensie (glace), est alors purgk de 
toute trace d’oxygene par le courant d’hydrogkne. 

Dans le mZme temps, retirer le poussoir magnttique de la chambre de combustion et le replacer dam le 
logement prtvu g cet effet (cc Ingramz8), le refroidir par soufflage extkrieur d’air cornprime ou par ventilation. 

-Au bout de 30 s: tourner le robinet B (figure 2) dans le sens des aiguilles d’une montre: le courant 
d’hydrogtne parcourt B nouveau lecircuit de mesure. L’interruption du courant d’hydrogine dans le catharomttre 
dk&quilibre le pont de Wheatstone et il est nkessaire d’attendre environ 2 mn pour que I’bquilibre soit rktabli. 

-Au temps I = 5 mn 30 s: enlever le manchon de refroidissement et mettre sous tension la rksistance 
chauffante du tube B condensation. 

- Au temps t = 12 mn: introduire un nouveau pr&%vement analytique dans l’hklice de platine du poussoir 
et placer le manchon de refroidis~ment sur le pikge B eau proprement dit. 
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- Au temps I = 15 mn: tourner les robinets B puis A, de faqon B faire suivre aux courants d’oxygkne et 
d’hydrogkne les mimes soies qu’au d&but de I’analyse et introduire imm~diatement ta nouvelle nacelle dans 
le four. 

Le pesage du prClivement a it& effectue pendant le dkroulement du dosage prktdent. 

DISCUSSION 

Un effet de memoire se constate en procedant au dosage du deuttrium sur un compose 
organique enrichi en deuttrium, de teneur en deuterium Clevee, et connue, et en le faisant 
suivre de celui dun compose organique non enrichi. 11 est Cvalue numeriquement par 
Ie calcul du rapport 

E=$ X 100, 
D 

dans lequel S, et Sn sent les nombres, affiches par l’integrateur, correspondant respective- 
ment aux dosages du deuttrium dans le compose non enrichi et dans le compose enrichi. 
L’exptrience montre que la valeur du rapport E, faible lors de la mise en service dune 
nouvelle charge de magnesium (inf~rieure ou &gale a 1%) croit progressivement au fur 
et a mesure de son vieillissement; elle atteint 2% apris 160 analyses, 3% apres 250 
analyses et 5% aprts 400 analyses. Cette augmentation autorise a penser que l’effet de 
mtmoire se situe au niveau de la charge de magnesium et est vraisemblablement lie a une 
adsorption chimique (formation dun hydroxyde de magnesium) ou physique sur la 
magnbie. 

Maintenance de rappareil 

Afin de maintenir l’appareil en parfait &at de fonctionnement, il est recommandable 
de ne pas attendre l’ipuisement des rbctifs et la degradation des matiriaux pour proceder 
a leur remplacement. Le tube a combustion et ses garnitures sont renouveles systematique- 
ment tous les mois; toutefois, l’analyse de composes organiques contenant des quantitb 
importantes d’halogene ou de soufre peut conduire a un renouvellement plus frequent. 

La garniture de magnesium est renouvelee des que la valeur de l’effet de m&moire 
depasse 3”,. Le tube en alumine peut Ctre reutilise plusieurs fois aprb nettoyage avec une 
solution d’acide nitrique a 5O”i, suivi d’un rinc;age a l’eau distill&z et d’un sechage. Dans 
ces conditions. I’influence de l’effet de mimoire est negligeable lorsque les masses en 
deuterium de deux prtlivements analytiques successifs, varient du simple au double ou 
inversement. En consequence, if est souhaitable de grouper les produits soumis a l’analyse 
d’aprb leurs teneurs en deutirium. 

Ilrflwnce du de&r ~h~drogBiie--drw?e June arzalj*se 

Le debit du courant d’hydrogene doit etre tel que soient suffisants: 
- Ie temps de contact des corps reagissants (eau de combustion, hydrogene, magnesium). 

d’une part. 
- l’exces d’hydrogine assurant la conversion quantitative de l’eau. deuteriie en hydrure 

de deuterium. d’autre part. 
Un debit de 30 ml ‘mn concilie ces deux conditions. 11 lui correspond une durke 

d’analyse d’environ 16 mn par dosage. dans une serie. 
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IntCgration 

L’allure des variations de la tension de desequilibre du pont de Wheatstone est tres 
differente suivant qu’elles correspondent a l’analyse de composes organiques perdeuterib 
ou dont les taux isotopiques sont Clew% ou faibles. A priori, il Ctait permis de penser 
que, quels que soient les composes analyses, leur eau de combustion &ant condensee par 
piegeage avant tout traitement, sa vaporisation et son Clution simultanee par Phydrogene 
suivies de sa reduction par le magnesium conduiraient a l’obtention de pits sensiblement 
gaussiens, de surfaces proportionnelles a la quantite d’hydrure de deuterium a doser. Or, si 
les composes perdeuteries ou les composes a taux isotopiques &eves fournissent effective- 
ment de tels pits, il n’en est pas de mime pour les composes a faibles taux isotopiques. 
En effet, dans ce dernier cas, l’hydrure de deuterium resultant de la reduction des eaux 
par le magnesium se trouve dilue dans un tres grand volume d’hydrogine de sorte que 
les enregistrements obtenus presentent des paliers plus ou moins longs mais dont les 
hauteurs maximales ne varient que de quelques dixibmes de millivolts, suivant l’importance 
des prelevements analytiques, pour un courant d’alimentation du pont de Wheatstone de 
150 mA. 

11 en rbulte que le choix de l’integrateur a employer est tres important; c’est ainsi 
que certains integrateurs trb perfectionnb, couramment utilises en chromatographie, ne 
sont pas les mieux adapt& a nos besoins et qu’il est preferable de mettre en ceuvre des 
appareils qui, aprbs l’amplification des signaux du pont de Wheatstone, donnent lieu 
a un comptage Clectromecanique proportionnel. 

Domaine dapplication de la mithode 

L’application de la methode d&rite permet le microdosage du deuterium dans les 
composes organiques contenant les elements suivants: hydrogene, oxygbne, azote, 
halogenes (dont le fluor) et soufre. Le defaut de substances-types deuteriees contenant 
ces differents elements nous a conduits a experimenter leurs effets sur le dosage du 
deuterium par addition de composes organiques porteurs de ces elements aux prelevements 
analytiques de composes deuthies. 

Pesage des prBlhvements analytiques 

Les prelevements analytiques sont pesb sur microbalance Mettler M5. Les composes 
organiques solides stables sont peses en nacelle de platine. Les liquides sont preleves en 
ampoules de verre “Pyrex ” dont le corps, d’environ 2 mm de diamttre interieur et 10 mm 
de longueur, est prolong6 par deux capillaires d’environ 10 mm. L’emploi de ces ampoules 
a ete decrit par Fraisse. 3o (Rappelons que dans le cas des composes liquides stables, a 
faible tension de vapeur, l’un des capillaires de l’ampoule, qui contient le prelevement 
analytique pese, est brist avant son introduction dans l’helice de platine rhodie de la tige- 
support du tube a combustion, tandis que dans le cas des composes volatils, l’ampoule, 
dont les deux capillaires restent scelles, est introduite telle quelle dans la chambre de 
combustion ou elle &late.) 

RESULTATS ET CONCLUSION 

La methode d&rite a CtC eprouvk. avec succes par l’analyse de composes organiques 
perdeuteries ou partiellement deuteries. Les resultats obtenus sont report& dans le tableau 1 
qui montre, simultantment, l’ordre de grandeur des masses des prelevements analytiques; 
leur precision a l’ordre de grandeur classique en microanalyse. 
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En we de mettre en evidence l’influence de plus grandes variations du taux isotopique 
nu/(n,, + Q,) sur les rtsultats de dosage du deuterium, nous avons effectut de multiples 
determinations sur des melanges en proportions variables d’anthracine-D, (D% = 1,18) 
et de substances-types perdeuterites (anthradne-D,, , phenanthrene-D,,, acenaphtene- 
D,e, polyethylene perdeutkie). Sur de multiples melanges dont les taux isotopiques ont 
varie d’environ 0,03 a 0,60 aucun effet n’a Ctt constate: les resultats de dosage du 
deuterium conservent, en effet, la mime precision que ceux du tableau 1. 

L’Etude de l’influence de la presence d’heteroeknents (N, Cl, 1, F) ou de la presence 
simultanee de certains d’entre eux (N + Cl, N + S, N + Cl + S) sur les resultats de dosage 
du deuterium nous a conduits a effectuer nombre de determinations sur des melanges 
d’anthractne-D, 0 et de composes porteurs de ces heteroeltments (uree, hexambthylene- 
tetramine, a&amide, nicotinamide, pyramidon, hydroxyquinoleine, chlorure de picryle, 
sulfanilamide, dichlorodinitrobenzene: chloroacitamide, chlorure de S-benzyle iso- 
thiouronium, acide iodobenzoi’que, acide trifluorobenzoique). Sur ces melanges aucun 
effet de la presence desdits heteroelements n’a tte constate; les risultats de dosage du 
deuterium conservent encore la m&me precision que ceux du tableau 1. 

Le dosage du deuterium, dans des prelkements analytiques contenant des quantites de 
deuttrium tres differentes, montre qu’en deca de 60 pg de deuttrium, les resultats 
manquent de reproductibilite et sont entachts d’une erreur systtmatique par exces; cette 
erreur est vraisemblablement due a deux causes: dune part, a un dtfaut de linkarite du 
catharometre, et, d’autre part, a un signal trop faible. Ces. remarques sont egalement 
valables lorsque les masses de deuterium sont superieures a 1 mg. En consequence, nous 
avons limitt le domaine d’application de la methode au dosage de masses de deuterium 
comprises entre 60 et 500 pg, ce qui conduit a des prelevements analytiques variant de 
1,5 a 6 mg pour des teneurs centesimales en deuterium courantes. Pour des composes 
organiques dont les teneurs en deuterium sont inferieures a l%, les masses des prelivements 
analytiques peuvent etre porn&s a 10 mg. 

Tableau 1. Dosage du deuterium dans divers composes organiques, solides ou hquides 

Composes 

D% 

m*/. mg Calcule Trouvi Composes 

D% 

,*, nlg Calcult Trouvi 

5.880 1.20 0,924 24.67 24.72 
Anthracene-D, 10.183 1.18 1.18 Polyethylene perdeuterie 1,103 24.80 

7.997 1,16 1,258 24.65 

3,225 10.52 10.54 2,881 7,86 7.78 
Anthracene-D,, 2.025 10.38 Nitrobenzene-D, (liq.) 3,988 7.75 

2,352 IO.55 4,055 7.88 

1.813 10.65 10.80 3,189 11.90 12.02 
Phenanthrene-D,, 1.043 10.84 Pyridine-D, (liq.) 2,265 11.72 

2.094 10.52 1,839 12,08 

2.711 12.17 12.30 2,48 1 15.73 15.63 
Acenaphtene-D,, 2.818 11.94 Toluine-D, (liq.) 1,251 15,58 

2.239 12.07 3,921 15,89 

* Masse du prilevement analytique 



678 DANIEL FRAME, DENISE GIRARD et ROGER LEVY 

Dans ces conditions, la prkision du dosage du deuttrium dans les composks organiques 
est tout A fait comparable A celle obtenue par la mise en ceuvre de mkthodes d&rites 
dans la littbature’j (densimktrie, spectromktrie infra-rouge et spectromktrie de masse). En 
outre, la mkthode microanalytique d&rite est simple et fiable et l’appareillage mis en 
oeuvre n’exige pas un investissement Clevt. 
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Summary-A simple method is described for the microdetermination of deuterium in organic 
compounds. It involves a flash combustion of the weighed sample in a hot empty chamber at 
950-1050” and swept by oxygen at 60 mlimin. Together with this combustion in the gaseous 
phase, an oxidation of the primary combustion gases on cupric oxide at 850. is necessary. 
Oxidation products containing halogens and sulphur are retained on silvered alumina at 750-800’. 
Combustion water containing deuterium oxide and hydroxide is frozen out from the combustion 
gases in a special trap with two five-way stop-cocks which make possible the simultaneous Row 
of oxygen and hydrogen: the latter is used as a carrier-gas in the apparatus from the trap 
downwards. The frozen water is then vaporized by heating in a hydrogen flow of 30 ml’min 
and reduced on magnesium at 600”. Deuterium is obtained as deuterium hydride in hydrogen: 
it is measured versus pure hydrogen, with a thermal conductivity detector. A determination within 
a series can be completed in 15 min. The precision of the results is that obtained in classical 
organic microanalysis. 
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Zuaammenfasaung-Eineeinfache Methode zur Mikrobestimmung von Deuterium in organischen 
Verbindungen wird beschrieben. Dabei wird die gewogene Probe in einer he&en leeren Kammer 
bei 950-1050” schnell verbrannt und mit 60 ml/min SauerstolT ausgesptilt. Zusammen mit dieser 
Verbrennung in der Gasphase ist eine Oxidation der Primarverbrennungsgase iiber 
Kupfer(II)oxid bei 850’ notwendig. Halogen- und schwefelhaltige Oxidationsprodukte werden 
an Silber auf Aluminium-oxid bei 750400” zuruckgehalten. Das Verbrennungswasser, das 
Deuteriumoxid (D,O) und -hydroxid (HDO) enthllt. wird aus den Verbrennungsgasen in einer 
Spezialfalle ausgefroren. Diese tragt zwei Fiinfweghghne, die das gleichzeitige FlieDen von 
Sauerstoff und Wasserstoff ermoghchen; letzterer wird in der Apparatur stromabwarts von der 
Falle ais Triigergas verwendet. Das ausgefrorene Wasser wird dann durch Erwarmen in einem 
Wasserstoffstrom von 30 mI/min verdampft und bei 600” iiber Magnesium reduziert. Man 
erh&h Deuterium als ~uterium-hydrid in Wasserstog; es wird mit einem ~rmeIeitf~higkeits- 
detektor gegen reinen WasserstofT gemessen. Eine Bestimmung innerhalb einer Serie kann in IS 
min erledigt werden. Die ~nauigkejt der Ergebnisse ist die der klassischen organischen 
Mikroanalyse. 



SHORT COMMUNICATIONS 

USE OF VITREOUS CARBON AS A WORKING ELECTRODE 
IN COULOMETRIC TITRATION OF POTASSIUM HYDROGEN 

PHTHALATE 

(Received 6 November 1972. Accepted 29 Januury 1973) 

Previous work has shown that vitreous carbon may be used to make a working electrode for electrogenerated 
bromine titrations.’ The present paper describes the use of a vitreous carbon electrode for the coulometric 
generation of hydroxyl ions in the titration of potassium hydrogen phthalate (chosen as titrand because it 
is obtainable at a specified purity of 1OOQ -1_ O.lo/;, and has been titrated coulometrically with high precision, 
using a platinum working electrode2). 

It was not considered necessary to repeat the platinum electrode work, but it was considered of value 
to compare the current-potential curves obtained with platinum and vitreous carbon cathodes. As the presence 
of dissolved gases such as carbon dioxide leads to positive errors. the effect on the current-voltage curves 
of displacing it with nitrogen was examined. 

EXPERIMENTAL 

Reagem 

Ah chemicals were of analytical reagent grade, unless stated otherwise. Potassium hydrogen phthalate 
solution was prepared by dissolving about 5 g of solid, accuratety weighed and previously dried at 110” for 
1 hr. and diluting to 508 ml in a grade-A fiask at 20”. A l-ml portion of this solution (0~855~) was added 
by grade-A pipette to the titration cell for each titration, and was equivalent to 9.915 mg of solid and 
required 4.684 C for coulometric titration. 

Apparatus and titration procedure 

A Thorn coulometric titrator TE 110 was used to provide a constant current of 5 mA. The current 
values were determined during each titration by measuring the potential drop across a .%-Ohm (*@OS %) 
resistor to 0.1 mV with a Beckman Research pH meter. The mean current was 4.993 mA, with variations 
up to 0.1:;. 

The titration cell was a 50-ml Pyrex beaker. The vitreous carbon cathode was a 3-mm dia rod, 
grade V25, supplied by Le Carbone (Great Britain) Limited. The active surface area exwsed to the catholvte 
solution was about 1. cm’. The counter-electrode was a coil of 130 cm of 28-swg *pure silver wire, and 
separated from the cathode solution by a sintered-glass disc, porosity 4. The anolyte and catholyte solutions 
were both lM potassium chloride, with volumes of 15 and 30 ml respectively. The catholyte solution was 
stirred with a magnetic stirrer. 

Titration end-points were indicated by the colour change of one drop of 05% methanolic phenoIpht~lein 
solution (added as indicator) from colourless back to a standard pink corresponding to a solution of pH 8.5 
and an absorbance at 555 nm of 0.04 in a 25-cm cell. A correction was applied for the indicator blank. 
It was found possible after a ‘blank’ titration to determine up to eight successive l-ml aliquots of 0.05&f 
potassium hydrogen phthalate before the end-point colour change became indistinct. 

For the determination of current-potential curves a platinum foil electrode (area 0.91 cm’) and a vitreous 
carbon electrode (ares 0.87 cm2) were used, placed close to a saturated calomel electrode, and their potentials 
were measured with the high-impedance potentiometer of the Thorn coulometer (range O-2 V). The current- 
potential curves were obtained in phthalate, phosphate and borate buffer solutions with DH values of 3.7, 
6.5 and 9.0 respectively. in the presence of dissolved carbon dioxide and oxygen from the atmosphere. or 
while ‘White Spot’ nitrogen gas was bubbled through a coarse glass frit into the solution. Each buffer 
solution was made 1M in potassium chloride. The solutions were stirred magnetically. 

Curre~f-t!olrage curces 

RESULTS AND DISCUSSION 

Figures 1 and 2 demonstrate that. compared with platinum, vitreous carbon has an overpotential for 
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the overall electrochemical reaction. The passage of nitrogen through the solution alters the potential of 
either the platinum or the vitreous carbon for a given current density. It is thus probable that any dissolved 
oxygen is reduced. Although this reaction involves hydrogen ions according to the equation. 

O2 + 4H+ + 4e = ZH,O, 

the effect would be unnoticed in the titration results discussed in the next paragraph. 

-2 

> 

-J 

I- IO - IO IO IO' 
Current density, mA/cm2 

Fig. 1. Current-voltage curves for vitreous carbon and platinum as working cathodes in the 
generation of hydroxyl ions. Carbon dioxide present. 
1, vitreous carbon pH 3.7; 2, platinum pH 3.7; 3, vitreous carbon pH 6.5; 4, platinum 

pH 65; 5, vitreous carbon pH 9.0; 6, platinum pH 9.0. 
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Fig. 2. Current-voltage curves for vitreous carbon and platinum as working cathodes in the 
generation of hydroxyl ions. Nitrogen gas bubbled through the solution to remove dissolved 

oxygen. Curves numbered as in Fig. 1. 

Titration results 

When no attempt was made to remove dissolved carbon dioxide there was an overall mean error of 
+O-6%; when nitrogen gas was bubbled through the solution the blank value was reduced by a factor of 
two, suggesting that a volatile acidic component had been removed (Table 1). There was a mean error 
of -0.4%. but a decrease in precision (the relative standard deviation increased from 0.3 to 0.8%). 
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Table 1. Coulometric titrations of I-ml aliquots of 004855&f potassium hydrogen phthalate 
(equivalent to 9.92 mg of solid) 

CO, present 
Titration time. set 

Found, mg 

CO, displaced by N, 
Titration time, set 
Found, mg 

32 940 945 939 946 945 945 

Blank 9.93 9.99 9.92 1oQo 9.99 9.99 
Mean 9.97 mg Error +06x 
Relative standard deviation 0.3% 

15 927 931 933 937 932 945 
Blank 9.80 9.84 9-86 9.91 9.87 10.01 
Mean 9.88 mg Error -@40,, 
Relative standard deviation O*S% 

N2 atmosphere (series C) 
Titration time, set 27 939 934 934 936 941 929 936 936 
Found, mg Blank 9.92 9.87 9.87 9.89 9.95 9.82 9.89 9.89 

Mean 9.89 mg Error -@3?; 
Relative standard deviation @4% 

It was thought that the loss in precision could be due to loss of titrand in the form of a fine spray 
caused by nitrogen bubbling. To avoid this and still reduce carbon dioxide absorption during the titration, 
experiments were done with an atmosphere of nitrogen maintained over the surface of the titrand. Table 1 
shows the results from one such series and Tabte 2 a summary of results from three series. The latter table 
shows a mean error of -0.2”, and a mean relative standard deviation of 0‘4%. 

Table 2. Coulometric titration of 9.92 mg of potassium hydrogen 
phthaiate, nitrogen atmosphere 

Series A B C 
No. of results 7 8 8 
Mean found, mg 9.91 9.88 9.89 
Relative standard deviation. T’, 0.5 0.3 0*4 
Error, “0 -0.1 -0.4 -0.3 

In view of the expected error in measuring the volume of the potassium hydrogen phthalate solution 
titrated. locating the end-point and measuring of the quantity of electricity used, Table 2 shows that 
vitreous carbon behaves satisfactorily as a working cathode for the cou~ometric titration of ~tassium 
hydrogen phthatate. 

V. J. JENNINGS 
A. DODSON 
G. TEDDS 
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Summary--The use of a vitreous carbon electrode as a cathode in the amperostatic coulometric 
titration of aqueous potassium hydrogen phthalate solution is described. It is shown that 10 mg 
of the phthalare can be titrated with a precision better than O+,. Current-voltage curves for 
platinum and ynreous carbon cathodes show thar there is an overpotential on the latter relative 
to rhr former. 
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Zusammenfassung-Die Verwendung einer glasigen Kohlenstoffelektrode als Kathode bei der 
amperostatisch-coulometrischen Titration von wll3riger Kaliumhydrogenphthalatlosung wird 
beschrieben. Es wird gezeigt. dal3 10 mg Phthalat mit einer besseren Genautgkeit als OY, 
titriert werden kotmen. Stromspannungskurven fur Platin- und glasige Kohlenstoflkathoden 
zeigen, daB relativ zu den ersteren an den letzteren eine ijberspannung auftritt. 

R&m&--On dkcrit I’emploi d’une electrode en carbone vitreux comme cathode dam le 
titrage coulomktrique amptrostatique d’une solution aqueuse de phtalate acide de potassium. 
On montre qu’on peut titrer 10 mg de phtalate avec une precision meilleure que 0, 5%. Les 
courbes intensite-tension pour les cathodes de platine et de carbone vitreux montrent qu’ily 
a une surtension sur la seconde par rapport A la premibre. 

SPECTROPHOTOMETRIC INVESTIGATION OF THE 
REACTION OF CL@) AND CL+) WITH 

1-~SONITROSO-(1,2,3,4)-TETRAHYDROPHENAZINE 

(Received 12 October 1972. Accepted 14 December 1972) 

Many authors’-’ have studied the capabihty of some substituted phenazines of forming chelates with metal 
ions, mainly the mono and dioxyphenazin~. In this paper the reactions of Cu(I1) and Cu(1) with 
~-isonitroso-(1.2,3~4)-tetrahydrophenazine (HITF) are studied. The reagent is specific for Cu(i) determination. 

EXPERlMENTAL 

Reagents 

We prepare HITF according to Cookson.’ 

After crystallization from ethanol it melts at 213”. It is slightly soluble in neutral medium, but we may obtain 
an 8 x lO-J:M solution at pH 9, which is stable for over one month if kept in the dark and out of contact 
with air. 

The solutions of the metal ions studied were prepared from the perchlorates. 

HlTF acid-base equilibrium 

HITF in the range of pH between 0 and I2 shows three acid-base forms in equilibrium (Fig. I). Between 
pH 2 and 10 the free base (HITF) is stable and characterized by two peaks at 257 and 350 nm. The anion 
(ITF)- is formed at pH > IO, showing peaks at 262 and 375 nm with the respective isosbestic points at 
262 and 308 nm. The (H,ITF)+ cation appears at pH < 2 and has peaks at 260 and 380 nm with isosbestic 
points at 294 and 358 nm. 

Solutions at pH <05 are not stable: the (HJTF)’ decomposes rapidly. as may be found from absorbance 
curves of solutions kept for some hours in acid medium and afterwards brought to the pH range for existence 
of the free base. 

The plots of absorbance against pH, at the wavelengths of the peaks of the three forms are given in Fig. 2. 
The dissociation constants at ionic strength adjusted to O.tM with sodium perchlorate are, at 25 + 0.2’. 

prC,, = 1.7 for (H,iTF)+ G HtTF+H+ 

and 

pK,, = IO.25 for HITF X (ITF)- + H’. 
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Fig. 1. Transmittance curves of 4 x IO- SM HITF as a function of pH. 
1= pH 7,90 4 = HCIO, 0,lO M 
2 = pH 1.22 5=pH 11,90 
3 = pH 9,84 

04001 I I I 
0 4 8 I2 

PH 

Fig. 2. pHiabsorbance plots for 2.8 x 10wsM HITF 

1. 375 nm ; EITF- = 1.20 X lo4 Lmole-’ . cm-‘. 

~380 nm ; %,ITF- = 1.40 x lo4 l.mole-’ . cm-‘. 

j-350 nm : &HITF = 9.20 x lo3 Lmoie-’ . cm-‘. 

TALVol. ?O No 7-G 
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the second equilibrium being calculated from the absorbance at 375 nm and the Hurst from that at 350 and 
380 nm. Chloride and phosphate buffers were used. The constants were calculated both by the direct method 
and graphically. 

Reaction between HITF and Cu(ll) 

We studied spectrophotometrically the reaction between HITF and Cu(II) at different pH values both for 
excess of HITF-and excess of Cu(I1). In both cases we found formation of a single complex with a peak at 
400-405 nm and 1 : 2 composition (Cu : ITF) (Yoe-Jones method). The complex formation starts at pH >4. 

The transmittance of HITF solutions at constant concentration with increasing quantities of Cu(I1) added. 
at pH 5, is given in Fig. 3: the peaks at 400-405 and the isosbestic point at 365 nm are shown. The 

I I _ 
5 425 525 

X, nm 

Fig. 3. Transmittance curves for 1 x 10e4M HITF containing Cu(II) at pH 5. 

[Cu]: (1) 0, (2) 1.2 x IO-‘M, (3) 2.5 x 10-5M. 

(4) 4 x lo-sM, (5) 6 x 10-s and 7 x IO-‘M. 

equilibrium constant for formation of the chelate was determined by the Sommer method.‘.” For the reaction 

Cu(I1) + ZHITF e Cu(ITF), + 2H+. 

we obtained, at p = O.lM (NaCIO,) and temperature 25” + 0.2”. log bz* = -0.7, where 

&* = [CU(ITF),][H+]~/[CU(II)][HITF]~. 

Taking & = [Cu(ITF),]/[Cu(II)][ITF-1’ = /12*/KnXz, we have log b = 19.8. Plotting the pH-dependence of 
log{AA/(s,,,,[Cu(I1)], - AA)} (where [Cu(II)], is the total copper(I1) concentration, AA = A - E,_ CL, A being 
the absorbance), we obtain a straight line with slope 1.96. The chelate may be extracted into carbon tetrachloride. 

For the chelate E = 9.85 x IO3 Lmole-i cm-‘. 

Reaction between G(l) and (HITF)+ 

Copper(I) chloride solutions in 10 -2M hydrochloric acid become deep red on addition of an excess of 
ligand; in air they quickly discotour and turn yellow, depending on the pH, and give the same spectra as 
those for Cu(I1) and HITF. In the presence of the maximum amount of ligand soluble in acid media (not more 
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than 2.5 x lo-‘M) and in a nitrogen atmosphere. the solutions are stable for a longer time. Reducing agents 
such as hydrazine, hydroxylamine and ascorbic acid keep the red solution stable for some hours. For the 
reduction of Cu(I1) to Cu(1) these reagents show the same efficacy: we prefer ascorbic acid. as under our 
conditions it does not interfere in any way with HITF whereas the other two reducing agents give small 
variations in the spectra of the reagents after a few hours. 

We have analysed spectrophotometrically at dilferent pH values solutions of Cu(I1) in 0.1% ascorbic acid 
[i.e.. of Cu(I)] containing at least a IO-fold excess of HITF. At pH > 1 the solution gives a peak at 505 nm, 
the absorbance of which increases with pH up to a maximum value of 1.08 x lo4 l.mole-’ cm-’ at pH >2. 
According to the Yoe-Jones and Job methods the complex has a 1 : 2 metal : ligand ratio. The conditional 
stability constant of the complex stable in the presence of O.lU,;, ascorbic acid and at p = O.lM (sodium 
sulphate-sulphuric acid) has been calculated at pH = 3 from the c value and absorbance at 1 : 2 molar ratio 
of metal to ligand, and is log flZ = 9.75. 

Analysis of the ascending part of absorbance/pH curves (with ligand in excess) gives for the reaction 

Z(H,ITF)+ + Cu(1) = Cu(HITF); + 2H + , 

at p = O.lM (Na,SO,-H,SO,) and 0.1% of ascorbic acid, log j2* = 6.3. Taking 

pz = [CU(HITF);]/[CU(I)][H,ITF+]~, 

we have log p2 = 9.7. The straight line log A(1 + K.,~H+])‘/(L-~,,,~~ [Cu], - A) gives a slope of 2.05. 

Preparation qf Cu(I) complex 

The red complex was isolated from perchioric acid medium; 111 mg of HITF were dissolved in the 
minimum quantity of sodium hydroxide and the solution was diluted to 250 ml with water. Then a copper(H) 
solution in perchloric acid was added to give a 1 : 2 metal : ligand ratio, followed by 2.5 ml of IO-‘M 
ascorbic acid and the solution was brought to pH 4 with perchloric acid. The solution was left in a nitrogen 
atmosphere and the precipitate formed was filtered off and washed (all operations under nitrogen). 

20. I I 
325 425 525 

c 

x, “Ill 

Fig. 4. Transmittance curves for 4.8 x 10V5M HITF and copper at pH = 4, in presence of 0.1% of 
ascorbic acid. 

[Copper]: (1) 2 x 10m6M. (2) 9 x 10e6M, (3) 1.7 x 10e5M, 

(4) 2.2 x lo- 5 and 3 x lo- ‘M. 
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After drying at 1~110” a red-brown product was obtained, m.p. >340’. It was very stable and soluble 
in water with difficulty. In 20% ethanol solution it gave the same spectrum as the solutions of Cu(I1) + ITF 
+ ascorbic acid previously described. 

The copper(I) in these solutions quickly oxidizes to Cu(II) so the spectrum becomes the same as for HITF 
because Cu(II) at pH ~3.8 does not react with ITF in this ratio (1 : 2). The analysis of the complex is in 
agreement with Cu(HITF), . Clod. Found: Cu = 10.6%; N = 14.296; Cl = 6.0”,; talc.: Cu = 10,79”,,: 
N = 14.27%; Cl = 6.01%. The existence of the ion Cu(HITF); was confirmed by electrophoresis. 

Quantitative determinations 

It is possible to use HITF as an analytical reagent for quantitative determination of Cu(I), with few 
interferences, at 505 nm. pH 3-4. in presence of 0.1’; ascorbic acid. The lowest measurable limit is 
2 x IO-% (0.12 ppm), the highest 5 x 10e5M (because of the slight solubility of the ligand at the pH used) 
With aqueous alcohol solutions of reagent we may use HITF concentrations up to 5 x lo-“A4 in 20”; ethanol 
and copper is measurable up to 10e4M. Ca(II), Zn(II), Cr(III), AI(III), Mg(II), Mo(VI), V(V), W(VI). Fe(III) 
do not interfere even at concentrations 100 times that of copper. Cd(H), Pd(II), Sn(II) and Ni(I1) do not 
interfere if their concentrations are not more than 30 times that of the copper. 

Isrituto di Chimica Genera/e 
Dell’UniversitLi di Pavia 
27100 Pavia 
Viele Teramelli 12 
Italy 

CARLA YERTOGLIO RIOLO 
TERESA FULLE SOLDI 
GIOVANNI SPINI 
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Summary-The reactions of Cu(II) and Cu(1) with I-isonitroso-( 1,2,3,4)-tetrahydrophenazine 
(HITF) have been studied spectrophotometrically. Both ions form complexes with metal/ligand 
ratio 1 : 2. The complex of Cu(I) and ITF can be used for copper determination in the range 
2-50 x 10m6M, and has been separated as the perchlorate in crystalline form. The spectrophoto- 
metric characteristics and the equilibrium constants for the ligand and for the complexes are 
reported. 

Zusammenfassung-Die Reaktionen von Cu(I1) und Cu(I) mit I-Isonitroso-(1,2,3,4)-tetrahydro- 
phenazin (HITF) wurden spektrophotometrisch untersucht. Beide Ionen bilden Komplexe mit 
dem Metall : Ligand-Verhlltnis 1 : 2. Der Komplex von Cu(I) und ITF kann im Bereich 
2-50.10-6M zur Kupferbestimmung verwendet werden und ist als Perchlorat in kristalliner Form 
abgetrennt worden. Die spektrophotometrischen Eigenschaften und die Gleichgewichtskonstanten 
des Liganden und der Komplexe werden mitgeteilt. 

R&sum&On a ttudie spectrophotometriquement les reactions de Cu (II) et Cu (I) avec la 
I-isonitroso (1,2,3,4)-tttrahydrophtnazine (HITF). Les deux ions forment des complexes avec un 
rapport mttal/ligand 1 : 2. Le complexe du Cu (I) avec I’ITF peut 6tre utilisi pour le dosage du 
cuivre dans le domaine 2-50 x 10m6M, et a 6te s&pare a retat de perchlorate sous forme 
cristalline. On rapporte les caracteristiques spectrophotomitriques et les constantes d’tquilibre 
pour le ligand et pour les complexes. 
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SPECTROPHOTOMETRIC MICRODETERMINATION 
OF HYDROXYTRIAZENES* 

(Received 1 August 1972. Accepred 2 Seprember 1972) 

In an earlier paper.’ a spot test for hydroxytriazones was reported. It has now been made quantitative. 

Procedure 

EXPERIMENTAL 

Take 25 ml each of glacial acetic acid solutions of a-naphthylamine (5 x 10h3M) and hydroxytriazene 
(- 5 x lo-“M) in a beaker, add 5.0 ml of glacial acetic acid to prevent precipitation on dilution, and 100 ml 
of water. Adjust the pH to the desired value with 5M sodium hydroxide. Heat the solution over a water-bath 
at 65-70’ for 30 min, cool and make up to 25 ml with water. Measure the absorbance at 535 nm, using a 
l.O-cm cell and a-naphthylamine solution as blank. 

RESULTS AND DISCUSSION 

Properties and general charucrerisrics of the 3-h~~droxy-I ,3-diphenyltriazene (HDPT) a-naphthylamine complex 

The absorption spectra of HDPT and its a-naphthylamine complex are shown in Fig. 1. The absorption 
becomes constant after 3 hr and remains constant for 24 hr. A wavelength ol’ 535 nm was selected for the 
measurement of the complex, because HDPT exhibits no absorbance at this wavelength. The reaction can be 

O- 
35r 

Fik. 1. Absorption spectra of (A) 1 x 10m3M 
HDPT (3-hydroxy-1.3-diphenyltriazene) and 

(B) 1 x 10-3M HDPT + 1 x lo-‘M 
z-naphthylamine. 

Fig. 2. Efiect of pH on absorbance of 5 x lo-‘M 
HDPT + 5 x lo-‘M a-naphthylamine. 

* Presented at the International Congress on Analytical Chemistry, Kyoto. Japan, 3-7 April 1972 
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completed more rapidly by heating the solution at G-70” for 30 min. For complete colour development 
at least a tenfold molar excess of z-naphthylamine is required. The influence of hydrogen-ion concentration is 
shown in Fig. 2; the optimum pH range for the determination of HDPT is 2.0-X. 

Beer‘s law is obeyed up to 2 x iO-‘M HDPT. The SandelI sensitivity is @028 ng.cm’ for an absorbance 
of O@?l, the molar ab~~tivity 7.5 x i03 I.moIe-’ cm- ‘. A continuous-variation study showed that HDPT 
and ~-uaphthy~amine react in 1 : I molar ratio. 

Orher hydroxytriazenes 

The results of similar investigations for the other hydroxytriazenes studied are reported in Table 1. 

Table 1. 

Compound m.p. 
;c 

Colour 
of complex 

Beer’s 
law, 
ppm 

PH Sandell’s 
sensitivity 

pg:cm’ 

C,H,N(OH) . N===N-+H, 127 Pale yellow O-4-400 2@-2.5 0028 
C,H,N(OH) . N=N-C6H,. COOH(pf 184 Pale yellow 0.2-13 2.3-2.5 0.022 
~~HsN(OH) . N=N-C6H, . Cl(o) 78.5 Light greenish O-25-90 3%.4.3 0+X36 

yellow 
CBH,N(OH) . N=N-C,H,. Cl(p) 148 Light greenish 0.75-20 2.1-2.5 0.035 

yellow 
C,HsN(OH) . N-N--C&H., . Br(g) 154 Light green 0.6-18 2.5-2.8 0.022 
CH,N(OH) . N-N-C,Hs 69 White 1.5-90 2.3-3.2 0.076 
C,H,N(OH). N-N-C,Hs 445 White 1.0-53 24-2.7 0066 
C,H,N(OH) . N=N-Ce,H, 61 White 3.6 11 2.2-23 0.2 1 
@IHa. C,H,N(OH) N-N--C,H, a(o) 101 Pale yellow 4.6-130 2.5-3.0 0.23 

DISCUSSION 

The pink colour formed by HDPT and other hydroxytriazenes by reaction with a-naphthylamine may be 
explained in the following manner. It is proposed that HDPT forms a condensation product with 
~-naphthylamine with elimination of one molecule of water, forming a tetrazene or a cyclic tetrazene: 

C,oH,*NH2 + HO-Y-R 

Y” 

= H,O f R’--N-N-~-NH.CIpH, 

R 
R’ Tetrazenc A 

R’ 

Or c H j=[ R Cyclic tettazene B 
10 7- - - 

H+ 

Our attempts to isolate the pink compound were not successful. However, it would be reasonable to assume 
that the product has structure B. Our suggestion is supported by the fact that MaecoIl on the basis of 
valence-bond theory predicted the absorption maximum of i,2,3,4-tetrazene to be 530 nm, which may be 
compared with the 53.5 nm found by us. 
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Cumami, Venezuela 
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Summary-A method is reported for the determination of hydroxytriazenes, based on development 
of a pink colour by the reaction of hydroxytriazenes with a-naphthylamine. The method is 
general and can be used for the determination of any hydroxytriazenes. 

Zusammenfassung-Ein Verfahren zur Bestimmung von Hydroxytriazenen wird angegeben; es 
berdht auf der Entwicklung einer Rosafarbung durch die Reaktion von Hydroxytriazenen mit 
a-Naphthylamin. Die Methode ist ailgemein und kann zur Bestimmung jedes beliebigen 
Hydroxytriazens verwendet werden. 

Resume-On rapporte une methode pour le dosage d’hydroxytriazenes, basee sur le developpement 
d’une coloration rose par la reaction des hydroxytriaztnes avec l’a-naphtylamine. La methode 
est generale et peut etre utilisee pour le dosage d’hydroxytriazenes quelconques. 

Tohla. Vol. 20. pp. 691-694. Pergamon Press. 1973. Prmred m Great Bntam 

ATOMABSORPTIONSSPEKTRALPHOTOMETRISCHE A.A.S.) 
BESTIMMUNG VON CHROM IN ELEKTRODENK b KS 

(Eingegangen am 13. November 1972. Angenommen am 28. Januar 1973) 

Zur Kontrolle des Gehaltes von Chramverunreinigungen in fur Elektroden hergestellten Koks wurde von uns 
eine A.A.S. Bestimmungsmethode adsgearbeitet. In der Literatur wurden einige Chrombestimmungsmethoden 
beschrieben, bei denen das Chrom meist in verdiinnten wlDrigen Losungen vorlag.r-’ Die Bestimmung des 
Chroms im Elektrodenkoks ist verbunden mit Untersuchungen von Matrix- und Mediumeinfltissen, da 
infolge von AufschluBprozessen relativ konzentrierte Salzliisungen zum Einsatz kommen miissen. 

Geriite 

EXPERIMENTELLER TEIL 

Verwendet wurde ein Eigenbau-Atomabsorptionsspektralphotometer, welches aus folgenden Teilen bestand: 
Spiegelmonochromator SPM 2 mit Quarzprisma (VEB C. Zeiss, Jena) 
Sekundarelektronenvervielfacher Ml2 FQS 35 (VEB C. Zeiss, Jena) 
Kompensationsbandschreiber G 1 B 1 (VEB C. Zeiss, Jena) 
Hochspannungsversorgungsgerlt fur SEV (PGH Statron) 
Vorkammerringspaltzerstiiuber (Eigenbau) 
gekiihlter Schlitzbrenner (120 mm) (Eigenbau) 
Hohlkathodenlampe (Eigenbau) 
Kathode Chromstahl (Cr 25%) 
Neondruck 4 Torr 

Als optimale Bedingungen ergaben sich fur die Chrombestimmung: Wellenllnge: 357,9 nm, Lampenstrom 
20 mA, Spaltbreite 0,15 mm, Acetylen: 70 I./h (90 mm WS), Luft: 50 1./h (3,9 at), Zusatzluft: 200 1./h, 
brennstoffreiche, reduzierende Flamme, Losungsverbrauch 2,6 ml/mini Strahlendurchgang: 8 mm oberhalb des 
Brenners. 

Reagenzien 

Standard-Chromlosungen: Cr 1 g/l. Cr(NO&, 
CrCl, , 
K,Cr,O,. 

Schwefelsaure p.A.. Kaliumhydrogensulfat p.A. 

Besfimmutlgsvorschrift 

In einem Quarztiegel werden 5 bis 10 g Koks (je nach Aschegehalt) eingewogen und im Muffelofen, 
durch den ein Luftstrom von 25 1./b geleitet wurde, bei 800” 8-12 Stunden langsam verascht. Von der 
erhaltenen Koksasche werden 5 mg in Anlehnung an einen Aufschlug fur Ton und Kaolin6 in einem 
Quarzreagensglas mit 100 mg Kaliumhydrogensulfat bis zur klaren Schmelze gegltiht (ca. 1,5 min). Die abgektihlte, 
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erstarrte Schmelze wird in 1 ml IN Schwefelsaure aufgenommen. Man la& 1-2 Stunden stehen und verwendet 
die klare Losung nach Absetzen der Kieselsaute direkt zur A.A.S. Chrombestimmung. Es ist zu empfehlen. 
drei Parallelbestimmungen fur eine Kokssorte durchzuftthren. Mit Hitfe einer Eichkurve ermittelt man aus 
den gemessenen Extinktionswerten die Konzentration. 

ERGEBNISSE UND DlSKUSSlON 

Untrrsuchung w$riger Chromliisungen 

Liisungen von Chrom(III)-chlorid, Chrom(III)-nitrat und Kaliumdichromat(VI), die gleiche Chrommengen 
enthaiten. Iiefern gleiche Extinktionswerte. Zwischen 0 und 20 fig/ml Chrom ergibt sich ein etwa linearer 
Anstieg der Extinktion, ab 20 pg/mt ist eine deutliche Kriimmung der Eichgeraden zur Konzentrations- 
koordinate feststellbar. 

Eit~~lI~ con Sckwe~ls~ure &die Cbro~bsor~tion 

Die Steilheit der Eichkurven nimmt mit zunehmender ~hwefels~urekonzentratio~ ab (siehe Tabeile !). 
Etwa 20 Prozent der Extinktionsabnahmen sind auf die Vergrogerung der Viskositlt der schwefelsauren 

Tabelle 1. AbhPngigkeit der Absorption von 
den Schwefelslure- und Kaliumhydrogen- 

sulfatkonzentrationen 

Extinktions- 
[H $‘.I- W-N%], einheiten 

mslmI M pro 10 pg 

o,oo - - 0.208 
0,25 - - 0,175 
0.5 - - 0,170 
0.75 - - 0,163 
LO - - 0,156 
- 

500 
0.00 0,211 

- 0.37 0,197 
- 100 0.75 0,180 

0.00 0 0.00 0,208 
0.5 0 0,5* 0,173 
035 50 0,8? 0,201 
0,s 100 1.25’ 0.189 

* Gesamtsuifatkonzentration. 

gegeniiber der wlgrigen LGsung, die eine verminderte Zerst~ubungsge~hwindigkejt und ein anderes 
Tr~pfchens~ktrum zur Folge hat, zur~ckzu~hr~n. Der gr&ere Teil der Extinktion~bnahme wird verursacht 
durch eine verminderte Konzentration der Chromatome im Plasma infolge der gegeniiber Chrom(IlI)-chlorid 
und Chrom(III~-nitrat schwereren Verdamp~arke~t von Chrom(III)-suifat. 

Einjuj? des Kuiiumhydrogen~u~tes 

Dar Aufschlug der Koksasche mit Kaliumhydrogensulfat bietet den Vorteil, daR nach L&en der Schmelze 
in Schwefelsaure die Kieselslure aust’iockt und die Chrombestimmung nicht stiirt. Die Abnahme der Absorption 
ist zuriickzufiihren auf die Sulfatanionen. Es ist jedoch festzustellen, daB der EinfluR des Kaliumhydrogensulfates 
geringer als der der Schwefelsaure bei gleicher Sulfatkonzentration ist. Setzt man zu schwefelsauren Losungen 
Kaliumhydrogensulfat zu, so erhoht sich trots erhohter Sulfationenkonzentration die Absorption. Die Ursache 
fur die Erhohung der Extinktion ist einmal das leicht ionisierbare Kaliumatom (Erhohung der Chromatomkon- 
zentration im Plasma infolge Zuruckdrgngung der Chromionisation). Da jedoch nach Woodward bei 2550 
nur 0,3% der Chromatome ionisiert vorliegen,’ kann die Ionisationsverminderung nicht der einzige Grund fur 
die Extinktionszunahme sein. Eine zweite Ursache sehen wir in den veranderten Verdampfungsbedingungen. 
Kaliumhydrogensuifat verdampft relativ leicht, auOerdem gibt es bei hljheren Temperaturen zuerst Wasser, 
dann Scbwefeltrioxid ab. Die im Ka~iumhydrogensulfat ~findljchen Chrom(III)-sulfat-oder Chrom(III)-oxid- 
Partikel liegen dadurch feiner verteilt vor und verdampfen ebenfalls schneller. Dies fuhrt zur Erh~hung der 
Chromatomkonzentration im Plasma. Mit zunehmender KaliumhydrogensuIfatkon~entration nimmt die 
Chromatomkonzentmtion wieder ab. Dies ist auf die schlechtere Verdampfung relativ grol3er Teilchen 
zurtickzuWhren, die bei hoheren Salzkonzentrationen vorhanden sind. 
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Neben Siliziumdioxid enthalt die Koksasche zwischen 5 und IO:/, Eisen, Calcium und Aluminium, 1 und 2”/;, 
Magnesium, 0.1 und 0,5;, Titan und Mangan und unter O.lT,; Zink. Vanadin. Nickel. Kupfer bei einem 
Chromgehalt von 0.1 bis 1”~. 

Es ist bekannt, daD Eisen(Ill)-ionen und Aluminiumionen-besonders in reduzierenden Flammen-die 
Absorption durch Chromatome stark vermindern. * 9 Dies wird auf die Bildung von schwer verdampfbaren 
Mischoxiden vom Spinelltyp zuruckgefuhrt. Rubeska”’ verwendet Ammoniumchlorid zur Behebung dieses 
Einflusses. Hurlbut und Chriswell ” beschreiben eine Verminderung dieses Einflusses durch Natriumsulfat und 
Husler” unterdruckt die Absorptionsbeeinflussung durch IO mg K’ pro ml (als KCI). In rein wPRrigen, 
eisenfreien Losungen erzielt er hiermit sogar eine Absorptionssteigerung. Dies stimmt mit unserem Ergebms 
iiber den gegenuber Schwefelsaure verminderten Einflug des Kaliumhydrogensulfates iiberein. 

Bei unseren Untersuchungen stellten wir lest. dal3 die genannten Begleitelemente keinen Einflul3 auf die 
Absorption durch Chromatome hatten. Die Ursache fir dieses Verhalten sehen wir darin, da0 sich beim 
Verdampfen des Losungsmittels Wasser in der Flamme feste Teilchen bilden, die vorwiegend aus Kalium- 
hydrogensulfat bzw. Kaliumpyrosulfat bestehen. Die sofortige Bildung von Mischoxiden ist dadurch behindert. 

Aujsfellung einer Eichkurw und Getuuigkeir de.5 Ve~fohrerts 

Zur Aufstellung einer Eichkurve wurden Losungen hergestellt. die 11%’ an Schwefelslure waren. 0, 1, 2, 
20 pg Chrom und 100 mg Kaliumhydrogensulfat pro ml enthielten. Es wurden jeweils 10 Losungen eines 
Chromkonzentrationswertes untersucht. Die erhaltenen Werte wurden mittels der Ausgleichsrechnung in eine 
Geradenfunktion umgewandelt. Urn festzustellen, ob der Funktionsansatz (y = ax + h) Berechtigung besitzt, 
wurden erstens die Werte zwischen 0 und 10 pg/ml, zweitens die Werte zwischen 10 und 20 pg/ml und 
drittens die Werte zwischen 0 und 20 pg/ml ausgeglichen. Die a-Werte betrugen 0.0202. 0,019s bzw. 0.0198. 

Daraus geht hervor, dal3 die Gesamtgerade eine kleine Krummung aufweist. Ermittelt man die Standard- 
abweichungen der Teilgeraden, so liegen diese mit 0,008 niedriger als die Standardabweichung der Gesamtgeraden 
von 0.010. Die Nachweisgrenze, nach dem 3a-Kriterium ermittelt, betragt 0.4 pg/ml. Der Variationskoeffizient 
an der Nachweisgrenze liegt bei +47%, bei I pg/ml bei +26%, bei 10 pg/ml bei *4% und bei 20 fig/ml bei 
?2”& Der gemessene Blindwert ist auf Lichtstreuung zuriickzufuhren. 

Tabelle 2. Ergebnisse der atomabsorptionsspektralphotometrischen Bestimmung von 
Chrom in Elektrodenkoks (5-g Proben) 

Chrom 

Koks 
Art 

dotiertes Chrom 

bezogen 
auf Koks, 

/%? PP”’ 

Chrom* gegeben 
gefunden Dotier. 
pro 5 mg und 

Asche, Grundwert, gefunden Abweichung, 
PS Ppm PPm % 

I - - 

I 41.7 8,3 
I 125.0 25.0 
2 - - 
2 3.4 0.7 
2 13.4 2,7 
3 
3 38.1 1;7 
3 92.7 19.3 
3 145,3 29.1 

4.1 - 7,5 
935 15.8 16,l 

17,9 32.5 32,3 
3.8 - 5.7 
4.4 6.4 6.9 
9.4 8.4 9,9 
654 - 11,l 

10.8 18.8 18,6 
11.2 30,4 30.5 
24.2 40.2 4030 

- 
+2 
-0,6 
- 
+l 

+18 
- 
-1 
+0,3 
-0.5 

* Durchschnittswert von 3 Ascheaufschlussen. deren Variationskoeffizient zwischen 5 und 
14 Prozent lag. 

~herprijfutlg der .4r~wedt&krir t/es C;e$dwens 

Da kein garantiert chromfreier Koks vorhanden war, und Chromspuren aul3erdem die unangenehme 
Eigenschaft besitzen. durch Adsorption an Glaswanden u.l. zu verschwinden, muDte das Verfahren durch die 
Zusatzmethode iiberpriift werden. 
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Zur Uberpriifung wurde Koks homogenisiert, in mehrere Teiie geteiit, in Quarzbechergllser eingewogen 
und z.T. mit unterschiedlichen Chrommengen, die in einem Methanol-Wasser-Gemisch (zur besseren 
Benetzung des Kokses) geiost waren, versetzt. Unter einem IR-Strahier wurde zur Trockne eingedampft und 
der Koks nach der gegebenen Vorschrift verascht. Es wurden jeweiis drei Paraiieibestimmungen mit je 5 mg 
Asche durchgefuhrt. Aus der Tabelie 2 ist ersichtiich, daD kein Chrom verioren geht und eine gute 
Ubereinstimmung zwischen den vorgegebenen und gefundenen Chrommengen erzieit wurde. 

Es ergibt sich, da8 die Methode bei einer Einwaage von 10 g Koks bei einem Aschegehait von mindestens 
0,15x und der Voraussetzung, da8 zur Erhohung der statistischen Sicherheit und Verbesserung des 
Vertrauensbereiches Dreifachbestimmungen durchgefuhrt werden, fur die Bestimmung von 0.1 bis 2 ppm 
Chrom bezogen auf Koks anwendbar ist. Erhiiht sich der Aschegehalt sehr stark, so vermindert sich die 
Nachweisgrenze, da mehr als 10 mg Asche pro AufschiuD nicht eingewogen werden konnen. 

Sektion Chenrie der Karl-~arx-~nj~rs~r~~ Leipzig 
701 Leipzig 
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Zusnmmedalrsung-Es wird eine AAS Bestimmung von Chrom in Eiektrodenkoks beschrieben. 
Die Methode ist anwendbar fbr 0,l bis 2 ppm Chrom in Koks bzw I bis 20 pg/mi zerstlubter 
L&sung. Die Nachweisgrenze iiegt bei 44 pg/ml, die Standardabweichung bei 0,008 Extinktions- 
einheiten und die Empfindiichkeit bei etwa 0.02 Extinktionseinheiten pro Mikrogramm. Der 
EinBuD von Schwefeislure und Kaiiumhydrogensuifat wird diskutiert. 

Summary-A method is described for the determination of chromium in electrode-grade coke 
in the range 0.1-2 ppm (or l-20 pg/mi in solution). The limit of detection is 0.4 pg/ml, the 
standard deviation is OM)8 absorbance units and the sensitivity is 0.02 absorbance units per pg. 
The influence of suiphuric acid and potassium hydrogen suiphate concentrations is discussed. 

Resum&Gn d&it une methode pour ie dosage du chrome dans fe coke de quaiiti! 6iectrocie 
dam ie domaine 0, l-2 p&m_ (ou l-20 &ml en solution). La limite de d&ection est 0, 4 
pg/mi, T&art type est de 0,008 unites d’absorbance et la sensibiiid est de 0,02 unit& d’absor- 
bance par pg. On discute des concentrations de I’acide sulfuriqw et du sulfate acide de 
potassium. 

Talantu. Vol. 20. pp. 694-696. Pergamon hers. 1973. Prmtcd in Great Bntam 

DETERMINATION OF IRON II WITH BIPYRIDYLGLYOXAL 
DITHIOSE hi& I ARBAZONE 

(Receiued 12 December 1972 Accepted 22 January 1973) 

In a previous paper’ we described the synthesis and properties of bipyridyigiyoxai dithio~mi~rbazone 
(BGT) and its reactions with some cations. We have now applied the reagent to photometric estimation of iron. 

The reaction of BGT with transition metal ions is complex, and not only the thiosemicarbazone group 
plays a part. The reagent has two ‘ferroin’ groups and its reactivity with the transition metals, 
especially iron, is remarkable. 
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The complexes formed by Fe(I1) and Fe(III) with BGT and picolmaldeyde thiosemicarbazone (PAT)’ 
are similar. Both reagents give a red colour with Fe(H) at pH 1-3. characteristic of ‘ferroin’ complexes, 
but the BGT complex is the more stable. and allows the photometric estimation of iron in acid solution. 

EXPERIMENTAL 

Reagents 

BGT solutions in ethanol. 0.1 and 0.25 Y/i. 
Standard solutions of Fe(ff) and Fe(III) sulpnates. 
Buffer solutions. Acetic acid/sodium acetate, pH 51); ammonia/ammonium chloride, pH 104; potassium 

hydrogen phthalateihydrochloric acid, pH 25. 
Ascorbic acid. 

All reagents were analytical grade. 

Procedures 

homogeneous medium. Samples were prepared in SO-ml volumetric flasks by taking 100-800 s of iron. 
10 ml of 0.1 or 0.255; reagent solution, 0.1 g of ascorbic acid, 20 ml of buffer solution, and diluting to 
volume with water. After I hr. the absorbances were measured against a reagent blank. 

Extracrion. The complex was developed as above in IOO-ml separatory funnels, with ammonia/ammonium 
chloride buffer. After 30 min. the mixture was extracted four times with j-ml portions of chloroform and 
the organic extracts were diluted to 25 ml. After 1 hr the absorbance was measured against a reagent 
blank similarly prepared. 

RESULTS AND DISCUSSION 

Formation of the iron complexes 

BGT forms a yellow chelate with Fe(III), the solution of which is stable and has I,,, at about 400 nm. 
The reagent forms strongly coloured complexes with Fe(II), which absorb between 500 and 600 nm; the 
formation of these complexes is strongly pH dependent. Because of the position of the absorption bands 
we have attached more importance to the ferrous complexes. 

To ensure that the iron remained in the lower oxidation state we used ascorbic acid; in the absence of 
reducing substances. the Fe(H) complexes are transformed slowly into the Fe(iI1) complex. 

fnfiuence ojpff and sobent. A red-violet iron(H) complex is formed in acid solution (pH < 25, J,,,,, 550 nm) and 
a green-blue in alkaline solution (pH > 6; i,,, 610 nm). At intermediate pH both complexes occur. The range of pH 
in which either complex is formed is influenced by the alcohol concentration in the solution. Owing to the 
lower dielectrical constant of the solvent, the complexes are more stable and their colours are purer in 
ethanol. but in the analysis of most samples the formation of insoluble products may be expected if 
ethanol is used, and it is preferable to dilute the samples with water. 

Redox behauiour. The aerial oxidation of the ferrous complex takes about 45 min for 7 ppm of Fe(I1) 
at pH 2.5 or 50 and is slower at higher pH. 

On addition of H,O, an orange colour appears with a new absorption band, which is not stable, at 
475 nm. The oxidation is slow and does not stop at the ferric complex. In alkaline medium the oxidation is 
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Ana/!,tica/ applications qf the ferrous complexes 
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absorptivity is 5.58 x lo3 I.mole-L.cm- ‘. The relative error (95% confidence level) is 1.40/,. 

With a 6 ppm of Fe(H), 6 ppm of Ni, Cu or Pt(IV) give’errors not above 8%; Co(H) may be present only up 
to 12 ppm: 100 ppm of Zn. Pb. Al, Be. Mp, Ca. Ba, UO,(II) and V(V) give errors < 44;. 

Greeri-h/ire coinp/es. The optimal conditions for homogeneous medium are 15 ml of 0.4% reagent solution, 
0.2 g of ascorbic acid and 20 ml of ammonia/ammonium chloride buffer, pH lob. and measurement at 
610 nm. Beer’s law is obeyed from 2 to 75 ppm of Fe(H). The molar absorptivity is 7.14 x IO3 I.mole-‘.cm-‘. 
The relative error (95”, confidence level) is 0590. 

For 4 ppm of Fe(H) there is less than 2.50, error with I2 ppm of Ni, Co(II), Pt(TV). Mn(II) and Ce(IV); 
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100 ppm of UO,(II) or V(V) interfere seriously. 
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Extraction of the green-blue complex into chloroform reduces the interferences. The absorbance is 
measured at 630 nm. Salting-out agents do not improve the extraction. The extracted complex is stable for 
at least 5 hr. Beer’s law is obeyed from 2 to 8 ppm of Fe(I1). The molar absorptivity is 660 x 10’ I.mole- i.cm- i. 
For 3.7 ppm of Fe(H) the error is < 2.5% with 200 ppm of Li, Na, K, Rb, Mg, Ca, Sr, Ba, Zn, Sn(II), La. 
V(V), Cr(VI), OS(W), Pt(IV) and MO(W). Up to 100 ppm of Cd may be present. Errors are below 44; for 
16 ppm of Cu(II) or Ni, 32 ppm of Co(H), 100 ppm of H@;(I) and 200 ppm of AI or Mn(I1); Ag(f) is reduced. 
to elemental silver. 

DISCUSSION 

In acid medium, pH 2.5, BGT behaves like the ferroin reagents. In basic medium, pH 10.0, it forms with 
Fe(H) a chelate with four pentagonal rings partially conjugated, agreeing with the formulae proposed by 
French and Blanz.3.4 with the sulphur atom taking part in the co-ordination. 

The complexes may be stabilized indefinitely by addition of a reducing agent. Ascorbic acid or hydroquinone 
may be used, but not hydroxylamine, which displaces the thiosemicarbazone groups, giving rise to the oxime 
(c$ ref. 5). Sodium sulphite cannot be used either, probably because of to its ability to add to carbonyi groups 
and double bonds, and hence destroy the chromophore groups of the reagent. 
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Summary-Bipyridylglyoxal dithiosemicarbazone reacts with iron(H) or (III). The Fe(II1) complex 
is yellow (A,, 400 nm). Fe(I1) forms a red-violet 1 : 2 complex at pH 25 (&,,., 550 nm) 
and a green-blue 1 : 1 complex at pH 5-10 (A,_ 590-610 nm). Both ferrous complexes can be 
oxidized to the ferric complex; this reaction is reversible. The q~nti~tive application of the 
ferrous complex has been studied. 

Z~~~~~-Dipyridylglyoxa~ithiosemicarb~on reagiert mit Eisen(I1) oder -(III). Der 
Fe(W)-Komplex ist gelb (&,,,, 400 nm). Fe(I1) bildet bei pH 2.5 einen rotvioletten 1 : 2-Komplex 
(&,,_ 550 nm) und bei pH 5-10 einen griinblauen 1: 1-Komplex (&, 59&610 nm). Beide 
Eisen(II)-Komplexe kijnnen zum Eisen(IiI)-Kompiex oxidiert werden; diese Reaktion ist reversibel. 
Die quantitative Verwendung des Eisen(II)-Komplexes wurde untersucht. 

R&urn&La bipyridyglyoxal dithiosemicarbazone r6agit avec le fer (II) ou (III). Le complexe 
de Fe (III) set jaune (h,., 400 nm). Fe (II) forme un complexe 1: 2 rouge-violet a pH 2, 5 
(X,,. 550 nm) et un complexe 1: 1 vert-bleu ;1 pH 5-10 (A,., 590-610 nm). Les deux com- 
plexes ferreux peuvent btre oxydes en complexe ferrique; cette r&action est reversible. On a 
dtudie l’application quantitative du complexe ferreux. 
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DICHLORAMINE-T AS A NEW OXIDIMETRIC TITRANT IN 
NON-AQUEOUS AND PARTIALLY AQUEOUS MEDIA-II* 

POTENTIOMETRIC DETERMINATION OF HYDROQUINONE. HYDRAZINE, 
OXINE, CINNAMIC ACID, Sn(I1). Sb(III), TI(1) AND FERROCYANIDE 

(Received 21 September 1972. Revised 31 January 1973. Accepted 8 February 1973) 

In an earlier communication, potentiometric determinations of ascorbic acid. iodide, arsenic(II1) and iron(H) 
with dichloramine-T (DCT) in giacial acetic acid medium were described. The behaviour of DCT towards 
eight other reductants, viz. hydroquinone, hydrazine, oxine, cinnamic acid, Sn(II), Sb(II1). Ti(1) and ferro- 
cyanide has now been examined. 

* Part 1: Tulunta, 1972, 19, 347. 
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EXPERIMENTAL 

The apparatus and DCT solutions were the same as described earlier. ’ Solutions of hydr~uinone, oxine 
and cinnamic acid were prepared in glacial acetic acid as well as in water. whereas standard solutions of 
the remaining reductants were prepared in water only. and all were standardized by the usual methods.’ 
Ail reagents were of analytical or guaranteed reagent grade. 

Darermination of hydroquinone 

The experiments with aqueous hydroquinone solutions corresponded to titrations in aqueous-organic 
medium and those with glacial acetic acid solutions to titrations in purely non-aqueous medium, sufficient 
acetic anhydride being added to remove water when necessary. 

Direct titration with DCT gave no potential break, and the reverse titration, though giving a potential 
break. gave very premature end-points with variable stoichiometries. The addition of perchloric acid was 
tried for reasons explained earlier. ’ but did not do any good. However, addition of a little potassium bromide 
made the direct titration successful. Further, small amounts of water were found to be necessary. 

~e~o~~e~~e~~ procedure. Take 5 ml of the sample solution and add 5-10 ml of glacial acetic acid, about 
OS g of finely powdered potassium bromide and about 2 ml of water (if not already present). Titrate 
with DCT solution from a microburette. {Potential break 300 mV per 0.1 mf of O.lN oxidant.) 

Table 1. Potentiometric titrations with dichloramine-T 

Reductant 
Taken, DCT consumed, 
mmole meq. 

DCT (equiv) 

Reductant (mole) 

Reductant 
found, 
mniole Error “/, 

Hydroquinone 0.2999 O-5998 
0.3599 
0.5380 
0.1287 
01574 
0~3590 
0.4307 
04695 

0.7163 
1 W3 

Hydrazine 

Oxine 

Cinnamic acid 

Sn(I1) 

Sb(III) 

ThI) 

Ferrocyanide 

0.1039 
0.1444 
0.1650 
0.1626 
0.3253 
0.2267 
0.2900 
0.1614 
0.2260 
0.2203 
0.3525 
0.3965 

0-5163 
0,6273 
1,438 
1.724 
I g78 
O-2078 
0.2885 
0.3302 
0.3242 
0.6530 
0.4539 
@5790 
0.3225 
0.4516 
0.2223 
0.3521 
0.3983 

2000 
I.990 
1.995 
4.012 
3,986 
4QOs 
4.002 
4GOi3 
2QOo 
1.998 
2.001 
I.994 
2.007 
2.002 
1.996 
1.998 
1.998 
lGO9 
0.9988 
l@oS 

0.2999 
0.3582 
0.5365 
0.1290 
0.1568 
0.3594 
0.4309 
04695 
0.1039 
0.1443 
0.1651 
0.1621 
03265 
0.2270 
0.2896 
O-1613 
0.2258 
0.2223 
0.3521 
0.3983 

0.0 
-0.5 
-0.3 
+ o-2 
-0.4 
+O.f 
+O.l 

0.0 

-;.‘: 
+0,1 
-@3 
+ 0.4 
+0.1 
-0.1 
-0.1 
-0.1 
+ 0.9 
-0.1 
+OS 

Derermination if hydrazine 

Direct titration with DCT gave belated end-points owing to the slowness of the reaction. This could be 
remedied by addition of perchloric acid (5 ml of 7OY.b solution). Addition of acetic anhydride completely 
spoils the titration. possibly because of acetylation of hydrazine. Addition of potassium bromide gave faster 
equilibration of the potential. 

Recommended procedure. To 5 ml of hydrazine solution add 5 ml of 7072 perchloric acid solution and 
0.5 g of potassium bromide. and about 2 ml of water (if not already present). Titrate with DCT (potential 
break 300 mV per 0.1 ml of OGN oxidant). 

Dererminar ion of oxinf 

Direct titration gave no potential break, which is not surprising in view of the Iack of any simple 
oxidation mechanism under these conditions. Addition of perchloric acid did not help. Oxine is conventionally 
determined by bromination.* Hence. the possibility of potentiometric titration in presence of bromide was 
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explored and found to work. The presence of perchloric acid is unnecessary. Acetic anhydride should not 
be added, because of possible complications caused by acetylation of the oxine. 

Recommended procedure. To 5 ml of the sample solution containing not more than O-5 mmole of oxine. 
add 5-10 ml of glacial acetic acid, 0.5 g of potassium bromide and 2 ml of water (if not already present). 
Titrate with DCT (potential break 100 mV per 0.1 ml of @iN oxidant). 

Determination of citmamic acid 

Direct or reverse titrations were unsuccessful in either non-aqueous or mixed media. except when bromide 
was also present. Potential equilibration was very slow, but could be speeded up by addition of 5 ml of 
cone hydrochloric acid. 

Recommended procedure. To 5 ml of cinnamic acid solution add 10 ml of lo’, aqueous potassium bromide 
solution and 5 ml of cone hydrochloric acid. Titrate slowly with DCT (potentiai break 200 mV per 0.1 ml of 
O.lN oxidant). 

Determination afSn(lf), Sb(lfl) and T/(l) 

Direct titration worked for Sn(I1) and Sb(III), though attainment of steady potentials was slow, but not 
for TI(1). Addition of perchloric acid made no difference, but bromide improved matters. The presence of a 
small amount of water made attainment of steady potentials faster. It is advantageous to have an atmosphere 
of carbon dioxide during titration of Sn(II), but it is not essential if the titration is done fast enough. In the 
titration of TI(I) a white precipitate of TIBr forms on addition of bromide but dissolves during the titration 
as it is converted into TlBr,. 

Recommended procedure. To 5 ml of the reductant solution add 0.5 g of potassium bromide and 2 ml of 
water (if not already present). Titrate with DCT. Potential breaks per 0.1 ml of O.lN oxidant are: Sn(II), 
400 mV; Sb(III) or Tl(I) 200 mV. 

Determi~tion offrrocyanide 

Direct titration in non-aqueous medium was unsuccessful except in the presence of potassium bromide 
and a small amount of water. 

Recommended procedure. To 5 ml of the aqueous ferrocyanide solution add 0.5 g of potassium bromide 
and titrate with DCT (potential break 400 mV per @1 ml of O.lN oxidant). 

RESULTS AND DlSCUSSlON 

Typical results are presented in Table I. The equivalence points were obtained from potentiometric titration 
curves and were checked by calculations employing the Wostetter-Roberts equation.3 Under the condition 
specified. DCT oxidizes hydroquinone to quinone, hydrazine to nitrogen, Sn(II) to Sn(IV), Tl(1) to TI(III), 
Sb(III) to Sb(V), cinnamic acid to dibromocinnamic acid and oxine to dibromo-oxine. 

All the titrations proceed smoothly only in presence of Br-. It is conceivable that Brz, formed as an 
interm~iate product by the oxidation of Br- by DCT, could act as a catalyst. 

4Br- + RNClr + 2H’ -----+ RNH, + ZBr, i- ZCI- 

Br, f [Red] F ZBr- + [Ox]. 

In the case of oxine and cinnamic acid, bromine produced in situ may be looked upon as a reactant. since 
the final products here are bromo-derivatives. 
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Summary-Potentiometric titration procedures are described for the determination of hydro- 
quinone, hydrazine, Sn(II), Sb(III), Tl(l), oxine, cinnamic acid and ferrocyanide, with dichlor- 
amine-T dissolved in glacial acetic acid. 
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Zusnmmenfasung-Zur Bestimmung von Hydrochinon, Hydrarin. Sn(II). Sb(lI1). Tl(l), Oxin, 
Zimtsaure und Ferrocyanid mit Dichloramin-T in Eisessig werden potentiometrische Titra- 
tionsvorschriften beschrieben. 

Resume-On decrit des techniques de titrage potentiomttrique pour le dosage d’hydroquinone, 
hydrazine, Sn (II), Sb (111). TI (I). oxine. acide cinnamique et ferrocyanure. avec la dichloramine-T 
dissoute en acide ncetique glacial. 

Tctkmttr. Vol. 20. pp 699-701 Perpnon Press 1973. Printed in Great Bntam 

THIN-LAYER CHROMATOCRAPHIC METHOD FOR 
SEPARATION AND DETERMINATION OF PAPAVERINE AND 

ITS OXIDATION PRODUCTS 

(Received 16 Ocrober 1972. Accepred 31 January 1973) 

Many investigators have tried to determine why the colour of papaverine hydrochloride in ampoules often 
changes with time from colourless to yellow. Some authors have attributed this change to the presence of 
papave~ldine, the hydr~hloride of which is known to be yellow; this was proved by paper chromatographjc 
separation of the components in a coloured sample.‘.2 Pawelczyk and Hermann showed that in coloured 
samples eight unidentified compounds were present besides papaverinol and papaveraldine. 

The separation of papaverine from other alkaloids, either from opium tincture or different pharmaceutical 
preparations, by TLC has been investigated from 1960 onwards. 4 23 Only paper chromatographic methods 
were reported for the separation of pa’paverine. papaverinol and papaveraldine. ‘-3.24 Separation of papaverine 
from papaverinol was achieved by 2-dimensional chromatography on alumina.*” 

A review of the published work shows the need for a rapid and sensitive method for the estimation of 
papaverine in opium extracts and in drugs, with special attention paid to elimination of interference by the 
oxidation products of the alkaloids. The main object of this work was to develop a TLC method for the 
separation of papaverine, papaverinol and papaveraldine so that any of these compounds could be easily 
determined by a spectrophotometric and/or polarographic method. 

EXPERIMENTAL 

Materials 

P~pffver~ne base. Prepared from a solution of papaverine hydrochloride in water by addition of dilute 
ammonia solution,‘6 and recrystallized from an alcohol-ether mixture.” M.p. 147’. 

Papuverinol base. Prepared according to Ctvrtnik and Sapara” 
Papaveraldine base. Prepared by the method of Meno@ 

and recrystallized from ethanol. M.p. I37-8”. 
and recrystallized from benzene. M.p. 210’. 

All reagents used were of analytical reagent grade. Methanol and chloroform were redistilled before use. 

flares, adsorbent and soluenr sysrem 

The plates. 20 x 20 x 0.3 cm, covered with a 0.25-mm thickness of fluorescent sibca gel G, were 
activated at I IO”, then developed at room temperature (25”) in a chamber saturated with the solvent 
(chloroform saturated with ammonia). The filter-paper lining of the chamber was soaked with ammonia 
solution. 

The dried developed plates were either viewed under ultraviolet light (254 nm), or sprayed with Dragendorffs 
reagent” which gave the spots an orange colour. 

R@rence solwions 

Papaverine (IO mg) was dissolved in 1 ml of glacial acetic acid, followed by 2 ml of hydrochlorjc acid 
(sp.gr. I.I8). Papaverinol and papaveraldine were treated similarfy. The reference mixture contained 5 mg 
of each compound in 3 ml of the acid solution. 

Methods 

Spectrophorometry. Calibration curves were constructed by using 2-14 ~1 of a solution of 45 mg of 
papaverine in 25 ml of glacial acetic acid and 5 ml of hydrochloric acid for chromatography. Each spot 
was removed as well as an equivalent area of the blank. and all were quantitatively transferred to separate 
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glass-stoppered centrifuge tubes. A total of 5 ml of methanol (2 ml then 2 x 1.5 ml) was used for 
extraction, with vigorous shaking for 1 min and centrifugation for 30 sec. Methanol proved to be much 
better than other solvents, 974;; of the alkaloid being extracted by the first 2 ml. The methanol extracts from a 
spot were collected in a IO-ml volumetric flask and diluted to the mark with hydrochloric acid and methanol 
so that the final acid concentration was i&f. Papaverinoi and papaveraldine were treated similarly. 

The absorbances of the methanol solutions were measured at 2537 and 31 I nm for papaverine. 253.4 and 
312 nm for papaverinol and 247.0 and 332 nm for papaveraldine. Beer’s law was obeyed between 0.4 and 
12.0 pg/ml at the shorter wavelength, which was chosen for further work because at this wavelength the 
molar absorptivities were higher. The means from five different experiments for each compound were used to 
prepare the standard curves. 

Polurography. According to the literature, papaverine can only be polarographically reduced in a quaternary 
ammonium base medium.“-” Moreover, the catalytic wave of papaverine interferes completely with the 
reduction wave in acid medium and prevents the use of the reduction wave for quantitative analysis. 
Naturally the same would apply for papaverinol. On the other hand, papaveraldine can be ~larographically 
reduced in different buffers and at different pH values, since the carbonyl group conjugated with the rings is the 
group to be reduced.3z-35 

The chromatography and extraction were done as before. Gelatin solution (0.23;. ca. 0.1 ml) was added to act 
as maximum suppressor, the volume was made up to IO ml with Britton-Robinson buffer, composed of 
0@4M solutions of phosphoric, acetic and boric acids, adjusted to pH 4.1 with 0.2M sodium hydroxide. the 
solution was transferred to the polarographic cell, and deaerated for 2 mln with pure nitrogen. The 
polarogram was recorded starting at -0.4 V cs. SCE. The half-wave potential of papaveraldine was 
-0645 V, in close agreement with the reported values for the pH range 4-61.~‘.~~ The wave height was a linear 
function of papaveraldine concentration over the range 06-24 pggjml. 

Ampoule analysis 

The papaverine hydrochloride ampoules tested contained 30 mg of the comwund in I ml of solution. 
The contents of a I-ml ampoule were made up to 5 ml with acetic-hydrochloric acid mixture (I : 2) and 10 ~1 
were applied to the TLC plate; the rest of the procedure was as above. 

The method was practicable for the detection of down to 1% of papaveraldine in aged ampoules. 

RESULTS AND DISCUSSION 

The R, values of the compounds were: papaverine 0.53, papaverinolO44 and papaveraldine 0.63. The precision 
and accuracy of the method were calculated from the results for five analyses of known mixtures (Table 1). 

Table 1 

Compound 
Weight taken per Relative std. Systematic 
5 ml of acid soln., devn., error, 

mg 
0, 
30 a/* 0 

Papaverine 

Papaverinol 

Papaveraldine 
(spectrophotometric) 

Papaveraldine 
(~larographic) 

3.0 24 i-O.7 
90 23 -0.2 

24.0 0.1 +O*l 
3.0 3.8 -0.6 
9.0 15 -0.6 

21.0 1.0 +0.7 
3.0 1.7 + 1.4 

12.0 1.3 -@4 
21.0 0.6. -0.1 

3.0 1.2 -0.9 
12,o 0.4 0 
21,o 0.6 +0*2 

* Difference between mean found and amount taken, relative to amount 
taken. 

The results indicate that papaveraldine is preferably determined ~larographically. The conventionai 
methods for papaverine determination depend upon its extraction before its determination: papaverinol and 
papaveraldine could easily be extracted along with papaverine and hence be determined with it. especially 
if a spectrophotometric method was used. 
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The papaverine must be separated from its oxidation products before its determination, if interferences are to be 
overcome. The TLC method given here is very rapid, suitable for this purpose, and is sensitive and 
reproducible. 
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Summary-A method is presented for the separation of papaverine, papaverinol and papaveraldine 
by TLC on silica gel with chloroform saturated with ammonia as the solvent system. The 
spots are extracted with absolute methanol and each compound determined spectrophotometrically 
in 1 M hydrochloric acid. Papaveraldine is also determined polarographically in Britton-Robinson 
buffer, pH 4.1. after its separation and elution. The method is rapid and sensitive and 
permits the determination of papaverine. after its extraction from drugs, without interference by 
papaverinol and papaveraldine. 

Zusammenfassung-Ein Verfahren zur Trennung von Papaverin. Papaverinol und Papaveraidin 
durch Diinnschichtchromatographie auf Kieselgel mit ammoniakgeslttigtem Chloroform als 
Losungsmittelsystem wird vorgelegt. Die Flecken werden mit absolutem Methanol extrahiert 

* Present address: Bionucleonics Department. School of Pharmacy and Pharmacal Sciences. Purdue 
Universitl. W. Lafavette. lndiana 47907. 1J.S.A. 
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und jede Verbindung s~ktrophotome~i~h in I M Salzsaure bestimmtl Papaveraldin wird such 
nach seiner Abtrennung und Etution ~larographi~h in Britton-Robinson-Purer pH 4.1 bestimmt. 
Die Methode ist rash und empfindlich und ertaubt die Bestimmung von Papaverin nach dessen 
Extraktion aus Drogen ohne Storung durch Papaverinol und Papaveraldin. 

Ream&---On presente une mCthode pour la siparation de la papaverine, du papaverinol et de la 
papaveraldine par chromatographie en couche mince sur gel de silice avec le chloroforme saturt 
d’ammoniaque comme systeme solvant. Les taches sont extraites au methanol absolu et chaque 
compose est determint s~trophot~m~~iquement en acide chlorhydrique 1 M. La papa~ald~ne 
est aussi d&tern&be ~Iarogmphiquement en tampon Britton-Robinson, pH 4,1, apt& ses 
separation et Plution. La methode est rapide et sensible et permet le dosage de la papaverine, 
aprts son extraction de medicaments, sans interfkrence du papaverinol et de la papaveraldine. 

NATIVE FLUORESCENCE OF ANALGESICS DERIVED 
FROM N-PHENYLANTHRANILIC ACID 

(Received 18 January 19’73. Accepted 31 January 1973) 

Certain ~-phenylanthranilic acid derivatives such as mefenamic acid (I), gufenamic acid (II), and meclofenamic 
acid (III) are used as analgesics and anti-inflammatory agents. The investigation of the fluorescences of these 
compounds, in the present work, showed that all three demonstrate native fluorescence in organic solvents. 
This property could be useful for their detection and determination. 

Table 1. Fluorescence data for mefenamic, flufenamic and meclofenamic 
acids 

Drug Solvent 
Wavelength 

combination,* 
nm 

Limit of 
detection, 

M 

Mefenamic acid Dioxan 350/440 -5 X lo-’ 
Ethanolt - 
Chloroform 3651460 *IO-” 

Flufenamic acid Dioxan 334/4lO -3 X lo-’ 
Ethanol? - - 
Chloroform 340/430 -2 x to-’ 

Meclofenamic acid Dioxan 3341390 -. 10-s 
Ethanol 340/410 -5 X 1o-6 
Chloroform 340/406 -2 X 10-T 

* Wavelengths of maximum excitation/emission. 
+ Fluorescence in this solvent is too weak to be analytically useful. 
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Fluorimetric methods have been reported for these drugs. Is2 based upon the conversions of the substituted 
N-phenylanthranilic acids into substituted acridones with concentrated sulphuric acid or into substituted 
N-phenyl+oxo-1.2-dihydro-3.1,4-benzoxazines with formaldehyde. in the first of these reactions, two isomeric 
trifluoromethyacridones. with differing fluorescence properties. may be formed from (II), thereby further 
complicating analysis. In our opinion, fluorimetric analyses of (I)-(Ill) by means of their native fluorescences 
are simpler, quicker and as sensitive, as, or in some cases, more sensitive than the fluorimetric methods 
entailing fluorogenic derivative-formation reactions. 

The fluorescence was investigated in distilled water, O.lN sodium hydroxide, O.lN sulphuric acid, dioxan, 
959; ethanol and chloroform. The drugs showed fluorescence only in organic solvents having a low dielectric 
constant. The limit of detection was taken as that concentration which gave a signal equal to twice the 
value for a solvent blank under identical instrumental conditions. Fluorescence spectra were taken on a 
Baird-Atomic Fluorispec, Model SF-i. The drug substances were obtained from Parke Davis Company, 
Detroit. Michigan. The results are summarized in Table I. 
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Summary-The native fluorescence of mefenamic. flufenamic and meclofenamic acids is more 
useful for determination of these drugs than is the fluorescence of the derivative substituted 
acridones and benzoxazines obtained from these drugs by treatment with sulphuric acid or 
formaldehyde respectiveIy. 

Zusammenfasaung-Die Eigenfluoreszenz von Mefenamintiure (2,3-Dimethyldiphenylamin-~- 
carbon&Ire), Flufenamindure (3-Trifluormethyldiphenylamin-2’-carbons;) und Medofena- 
minsaure ist zur Bestimmung dieser Drogen von grX+erem Nutzen als die Fluoreszenz der 
davon abgeleiteten substituierten Acridone und Benzoxazine, die man aus den genannten Drogen 
durch Behandlung mit Schwefelslure bzw. Formaldehyd erhllt. 

R&urn&-La fluorescence native des acides mefenamique. flufenamique et meclofenamique est plus 
utile pour le dosage de ces produits pharmaceutiques que ne I’est la fluorescence des acridones 
et benzoxazines substituees derivees obtenues B partir de ces produits pharmaeeutiques par 
traitement a I’acide sulfurique ou au formaldehyde respectivement. 
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Summary-The present situation in the preparation of.new papers on atomic-absorption 
spectrometry is discussed. The different types of papers published in this field are reviewed, and 
details given of the topics that must be dealt with in writing such papers. Particular attention 
is given to experimental papers dealing with new instrumentation, study of the analytical 
behaviour of analytes. and new procedures for specific analytical applications. 

Perhaps one of the abilities most difficult to teach scientists is the ability to write their 
own scientific papers. They will learn how to search for new scientific information, to 
develop new working procedures, and to invent new devices to perform the work better, 
but they will have a hard time when the moment of writing down findings, methods 
or disclosures comes. 

The final version of a paper should contain all the necessary information which has 
to be submitted to the attention cyf readers, but, at the same time, the contents 
should be concise without losing clarity, organized without losing the personality of 
the author, and visually attractive without losing text in favour of a multiplicity of 
graphs, tables, diagrams and photographs. Very few scientific papers reach maximum 
performance in all these characteristics, even if the title and subject attract the attention 
of readers, and they are read and used. The other papers, even when printed, are seldom 
read, referred to and used. They fall in the category of average printed and forgotten 
papers, with no other life than the space of a few pages in a journal, a few lines in 
an index, and a few entries in one or several journals of reviews and abstracts, waiting 
there for some reader, some day, in the years to come. 

In former times (perhaps until the last decades of the first half of this century) journal 
space was not a grave problem because the number of writers was not so high. Later, 
a slow increase in the number of journals without much increase in the number of pages 
available, and an overwhelming increase in the number of writers, led to establishment 
of selective policies in terms of interest of the subject, novelty of the contribution, extent 
(the cold measurement of number of printed lines or number of pages of the manuscript), 
and usefulness qf conclusions derived from the contribution. 

The time for short papers came: short contributions, short communications, preliminary 
communications, short papers, notes, letters to the editor (many letters were never 
fotlowed by a formal paper). Patterns were established to give all the information in a 
standardized manner, within narrow presentation limits for each precast section: 
introduction, Experimental, Results and ~on~~~sions. References were reduced in extent 
(even the names of the journals were abbreviated), and condemned to small print, at 
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the end or in footnotes. The number of figures and tables was reduced to a minimum 
and two columns of text were used instead of one, three instead of two. Summaries 
were kept short and only a few key words were given, if any at all. 

Time (time to read) was also a decisive factor. Multiplicity and plurality of papers 
made the task of readers difficult. There was too much to read and not enough time 
to do it. The number and extent of index publications increased; collections of abstracts 
appeared everywhere; lists of titles of current papers were printed; organized retrieval 
services were established. 

In this situation, from time to time, a new field, a new method, a new technique 
comes and demands printed space in journals to explain to the scientific world that 
this innovation exists, what it is, how it works, and how it may be applied. The 
pressure of print restrictions relaxes a bit: general papers, informative papers, even 
‘popular’ science papers appear, later followed by collective papers, reviews, updating 
contributions, compilation articles, none containing much that is new, but just putting 
things together. At this point books begin to appear, which will also be compilations, 
but with the old, traditional, and always appreciated taste of a book (comprehensive, 
clear, organized, and collecting the references; easy to read; giving a lot of information, 
at hand, on the desk, in a single volume). 

There comes a moment at which readers again go to journals to search for general 
papers to update a little their collection of reprints, photocopies and books. They have 
been learning and increasing their knowledge, and consider that they are saturated up to 
some given level, and their attention decreases. But production of papers by writers 
does not decrease or stop. It increases (applications, modifications, small features, more or 
less brilliant improvements). More and more papers are printed on the new subject, which 
enters in its turn into the established system. Once in a while a new review article 
appears, but is so often a condensed collection of names and reference numbers. 
Readers wait for some new book that does not repeat the same concepts already read in the 
earlier ones, and which might actually be considered as new. The task of looking for 
titles, abstracts, and computer-retrieved lists and summaries once again arrives. 

In atomic-absorption spectrometry (AAS) this type of cycle has occurred and is going on 
at present. 

By examining porn outside the development of AAS it is easy to see that the method 
has reached some kind of a plateau of performance with slight modifications due to 
specific improvements introduced from time to time. This status influences the applicability 
of the method as an established analytical method, fully accepted today, and also 
influences the trends in the AAS literature by leading to an increase in the number 
of papers dealing with new studies on analytical response of analytes and on specific 
applications. 

If at this point the question arises of how to write a paper on AAS, any writer 
finds himself again inside the narrow circle of imposed limitations: novelty of contribution, 
scope, and positive gains derived from the experimental effort to be communicated. Many 
papers are presented orally at meetings, symposia and conferences, and only a few 
of them are seen later in printed form. Why? Lack of novelty? Simply rejected because they 
were too long? Poor positive contributions to the established method? Too commercial 
in aspect, remote from the academic pattern of a scientific communication? Some kind 
of prejudice because in the 70’s the AAS methods can no longer be considered as recently 
invented? 

Will this situation not discourage new and old writers from preparing and submitting 
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the written presentation of new and valuable experimental findings just because they are 
afraid that their contributions might be rejected? Does this situation not jeopardize the 
rights of readers to have access to new findings encountered through the honest and 
patient work of some AAS scientist in some hidden corner of the world? 

Rejection is not necessarily the result of prejudice on the part of editors and 
editorial boards. The fundamental reason should rather be sought in the contents and 
presentation of each paper. 

To write is difficult. To write in scientific terms is still more difficult. Courses in 
universities, colleges and commercial enterprises, seminars, lectures, as well as several 
books on scientific writing do not seem to have done the job properly. Contents and 
presentation of papers are still poor, and frequently on the borderline of rejection. 

If at this point the question of how to write a paper on AAS is raised, it is necessary to 
consider that today is not yesterday. The contents of papers not only have to satisfy 
generally established standards, but have also to offer the information which is actually 
needed today. 

To write a paper on AAS it is necessary to have a good knowledge of AAS, a good 
knowledge of scientific writing, and some kind of feeling for and knowledge of what is 
really needed or desired by potential readers interested in AAS topics. 

This article will be devoted to the third aspect, the most vital one today, perhaps. 
No lessons on AAS are given here, since AAS has been fully and clearly discussed in 
several articles and a few books. No lessons are going to be given here about 
scientific writing since many others have dealt with this. No attempts will be found to give 
instructions about personal style or grammar (and any errors in this paper are undoubtedly 
the editor’s fault!). First of all, style in writing is such a personal characteristic that 
any attempt to standardize it is against the precious freedom of a scientist to express 
himself in his own way. Trying to include rules of grammar can only lead to repetition of 
concepts given and discussed by well-known authorities. In any case, a good editor will see 
to it that grammar is correct and ambiguity avoided. 

Concepts and topics pertaining to AAS are not defined or discussed here because they 
have been explained in detail in the author’s book Atomic-Absorption Spectroscopy.’ 

The author has preferred not to illustrate the discussion by reproducing sections of 
articles in the current literature and does not include references to examples, because 
whichever good examples are given many other worthy papers have to be ignored, and this 
type of discrimination seems unfair. On the other hand, if one or two are shown as 
bad examples, this is very discouraging for their authors. A few references to the 
author’s papers are included, not because they should be considered as examples, but 
because they describe topics mentioned in this contribution and not described in the above- 
mentioned book. 

The matter of nomenclature in AAS deserves more than a paragraph in a review article, 
This is a matter of vital importance. Fortunately committees of specialists in AAS are 
preparing recommendations on nomenclature on behalf of I.U.P.A.C. and other 
organisations. The reader interested in this topic should consult the collections of 
recommendations prepared by these groups of scientists. 

DIFFERENT TYPES OF PAPERS 

Not all papers on AAS can be considered in the same way. Many categories of papers 
are printed in scientific journals. The main categories are summarized in Table 1, and 
will be discussed below. 
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Table 1. Papers on atomic-absorption spectrometry 

1. Review Papers 
1.1. General papers. 
1.2. Recent advances. 
1.3. Reviews on selected fields. 

2. Theoretical Papers 

3. Experimental Papers (Normal and short communications) 
3.1. On instrumentation. 
3.2. On individual analytes. 
3.3. On specific sample applications. 
3.4. On aids to the flame photometrist. 

Review papers 

Readers expect to find review papers exhaustive, i.e., compilations prepared to save 
them the trouble of going to the library to look for details of a general subject or of a 
definite field of that subject; This is not the reality. There is too much to review. 
Review papers and articles, unfortunately, are also limited in space, and that means, 
immediately, limitation in information. Review papers try to be small-size books of a few 
pages only, with similar organization to that used for books, but with encapsulated 
contents. 

The main weaknesses in review papers are that: (a) they are too personalized, much 
more than books are, according to the taste and inclinations of the author; 
(b) references are hardly exhaustive (some selection criteria are used by the author); (c) 
references are handled in the standard way, eliminating the title of journal articies 
(readers can perhaps form an idea of the contents from a passing mention in the text, 
but cannot obtain more without reading an abstract or the original); (d) procedures, 
modifications and applications are announced in single-sentence style, with or without 
mentioning the author in the text, and accompanied by a single or multiple reference 
entry, sometimes even less than that-no text, just a place in a large summary tabie, 
where reference numbers are included in the last column; and (e) lack of comments, 
comparisons, evaluations, or criticisms, and only some plain information letting the 
reader know that some work has been done. 

Selection criteria greatly decrease the interest of a review article. The main 
selection criteria used by authors are as follows. 

Topic. The author leaves untouched some areas which may be of interest to readers 
in order to give more space to areas of his own particular interest. Consequently 
references corresponding to the omitted areas do not appear. 

Language. The author eliminates niany interesting papers because they are written in 
Japanese, Russian, Italian, etc. The fact that the author has difficulty in reading these 
languages does not mean that all readers will have the same language limitation. 

Commercial literature. Many interesting contributions appear in journals supported by 
commercial enterprises. That the commercial enterprises are profit-oriented is irrelevant; 
these scientific contributions have an informative and formative value that should not be 
eliminated and ignored. 

Country of origin. Valuable contributions may come from any country, even if the 
research media available are not so advanced as those used in leading scientific research 
countries. 
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Accessibility. No limitation should be imposed on the supposition that certain 
publications are not easily accessible to readers (unless they are government or industrial 
classified papers or special proprietary methods or reports). It might be understood that 
some information was not accessible to the writer at the time of preparation of the 
manuscript, but it should at least be mentioned for the convenience of the reader. The 
present author has tried successfully the idea of including the addresses of authors 
whose work was included in the review, in the collection of periodic reviews published 
in the Spanish journal ~nformucibn de Quimica Analitica. This has allowed many readers 
from Spain and Spanish-spiking countries to obtain reprints and copies of papers of 
inaccessible journals. 

Some of these defects are found, paradoxically, in some books, where bibliographic 
references are accumulated in some chapters, leaving the reader the heavy task of going 
to the library even to discover the titles of a collection of papers and the real 
contents of each one of them. 

General papers, in principle, should begin at the beginning, from fundamentals and 
theory to the particularities of analytical applications. Although this was useful at the very 
beginning, it is not so now, when most analysts are aware of fundamentals and 
generalities on instrumentation and operation. Even those not so well informed will 
prefer to go to books, where wider information is supposed to be found. Ifowever, 
from time to time, authors have again to prepare general reviews from the beginning 
to the end, as complete subject con~ibutions, since these manuscripts are scheduled to be 
included as specialized chapters in multi-author books. Maximum care should be devoted 
to the preparation of such general papers or specific chapters to avoid unnecessary 
repetition of topics already dealt with many times before. 

If for some reason the paper cannot be exhaustive and the text (and, thus, references) 
must be kept within limits, topics could be chosen from the following ideas. 

(a) Books, general reviews and special reviews. 
(b) Up-to-date bibliographies. 
(c) Theoretical contributions which have solved or explained some key aspects of the 

method. 
(d) Studies of particular aspects (errors, precision, sensitivity, etc.) 
(ef Major developments in instrumentation which have produced a signifi~nt change 

in the general philosophy of the method. 
(S) Major techniques which extend the method (nitrous oxide-acetylene flame, graphite 

furnace, evolution methods, Delves cup, among others), opening new applications, 
especially if involving some changes in the general philosophy of the method. 

(g) fz$niEni;;eontributions to knowledge of the behaviour of analytes, including 

(h) Significant contributions in the field of sample analysis, including new approaches 
to sample preparation (new single or multi-element extractions for instance). 

At the present stage of development of AAS, reviews of recent advances would be 
much appreciated, since they give an up-to-date view of the latest developments in 
instrumentation, specialized techniques, sample preparation procedures, applications, etc. 
Some care is necessary in the preparation of the introduction in such reviews in order 
to help the reader to make a smooth transition from known areas-or areas 
supposed known-to the new ones. 

The rapid increase of new contributions to the field makes it very difficult to prepare 
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good reviews on developments and advances, especially in the field of applications. The 
most recently published applications will not reach the writer in time and will not be 
mentioned in the review. Others will not be mentioned because of selection criteria 
(mainly on account of space limitation). This is why the most appreciated reviews will be 
those restricted to selected fields (e.g., instrumentation, trace analysis, environmental 
analysis, biological analysis, non-flame methods). All the available space can be used for 
a very restricted topic and information will be not so ‘dry’ as it usually is in review 
papers, and the author, if a specialist in that area, will try to offer as much as is available 
and known without rejecting or simply ignoring too many papers. 

Theoretical papers 

Theoretical papers have been, are, and will be one of the most valuable kinds of 
paper on AAS because they explain and justify by mathematical expressions all phenomena 
involved in the method: spray characteristics, influence of geometry of burners in flame 
stability, flame equilibria, formation and decay of absorbing species, and so many other 
important and basic topics which need to be known, and knowledge of which really 
makes AAS considered a part of Analytical Science, and not just a simple analytical art. 

Many advances used today in AAS laboratories are due to theoretical studies by 
prominent AAS scientists, whose papers help each day in the understanding of a diversity 
of phenomena encountered by users of AAS in laboratory work. These contributions are the 
builders of AAS as an analytical method. However, the number of users of AAS as an 
‘analytical tool’ can be counted by thousands, and the flame specialists involved in 
theoretical studies represent a much smaller number. Users, in general, cannot find an 
immediate and direct benefit from these contributions in planning the routine determination 
of a given analyte in a given type of sample. They look for procedures, experimental 
conditions and working recipes, i.e., something that normally is not found in theoretical 
papers. Readers of theoretical papers are not numerous, and some papers are not used to 
full advantage, since they receive the attention only of other specialists, some manufacturers 
searching for clues to improve instrumentation, and beginners interested more in theoretical 
aspects at academic level than the every&y use of AAS as an applicable analytical 
methodology to solve specific problems. 

Theoretical papers have one or more of the following purposes. 
(a) To study fundamentals of atomization processes. 
(b) To study fundamentals of aerosol formation processes. 
(c) To study equilibria in games, including compound formation, ionization phenomena 

and distribution of absorbing species. 
(d) To study spectral aspects related to atomic lines (profiles, oscillator strengths, 

broadening effects and related topics). 
(e) To study flame characteristics. 
(f) To study optical characteristics which may lead to future improvements of the 

optical system. 
(g) To study electronic characteristics which may lead to future improvements in the 

electronic and detection systems. 
(h) To study factors involved in spectral emitters. 
Not many suggestions can be given for preparation of theoretical papers, except to 

advise that concepts, mathematical treatments and conclusions be made as clear as possible, 
so as to attract readers who are users of AAS, thus avoiding the danger that these 
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interesting contributions will be read only by specialists. Not only the equations and 
mathematical derivations should be given but also some indication of how to use the 
findings in practice. 

Some papers might be classified as theoretico-practical papers, because without going 
into a deep theoretical treatment they try to study some particular phenomena, processes, 
or analytical characteristics on the basis of experimental data. Examples are papers on 
sensiti~ty in AAS, concentration range, con~n~ation and dilution processes, computer 
handling of data, accuracy, precision, selectivity, addition methods, errors in AAS work. 
Not many suggestions can be given for this type of contribution either, since many of them 
are a consequence of long experience of the author in AAS and contain a treatment of an 
impor~nt field of AAS from another angle. It might be desirable, however, that such 
treatments should be sufhciently general for many users to be able to take advantage of the 
findings, new approaches and recommendations. 

Experimental papers form the majority of AAS papers appearing in scientific journals 
and are the most searched for by users, who try to find in them other colleagues’ 
experiences, new results, new methodoiogies, and always some practical recommendations 
that may be used in their own analytical problems. 

Analytical chemists and chemical analysts search for new papers primarily in terms of the 
analyte and ~e~i~~ or analyte ad sample type they are concerned with, and only 
secondarily in terms of ~e~~o~. Medico in this case is the prepared sub~mple 
containing the analyte under the conditions to be used for measurement by the 
instrument. Thus the concern may be in the one case with chromium in very acid 
solutions or calcium in the presence of phosphate, and in the other case be lead in 
pottery, zinc in serum or iron in brass. When such a paper has been found it will be 
searched to find how to do the determination. It frequently happens that instrumentation 
innovations are sought to solve some given analyte/medium or analyte/sample problem, 
and then experimental papers dealing with new instrumen~tion developments 
(instruments and/or accessories} and new procedures (element or sample applications) are 
constantly searched for and read. Papers of this kind are expected to be exhaustive in the 
treatment of a specific subject because they are speciJic papers on a single subject. 

Ex~rimental papers, in general, have one or more of the following purposes. 
(a) To look for the most convenient atomi~tion process for a given analyte (increase 

of sensitivity, thus lowering the concentration limits and eliminating the conditions 
giving low release of absorbing species). 

(h) To look for the most convenient instrumental operating conditions (trying to lower 
the noise, decrease identification concentration limits, improve linearity, control the 
contribution of the shape of the emission lines from the source, etc.) 

(c) To search for. study and control factors which can contribute to disturbance of 
precision and accuracy, especially those factors classified as physical and chemical 
interferences. 

Id) To search for, study and test the treatment of samples that is necessary to bring the 
anaiytes in a suitable form to the instrument in order to achieve better sensitivity, 
accuracy and precision. 

Papers presented under a title which refers to the study of the analytical behaviour 
of a given element, with no attempt to determine it in specific samples, will be expected 
to fulfill purposes {a), (b) and (cf in part or in full. 
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GENERAL ORGANIZATION 

If the intention of this paper is to discuss the contents of papers, leaving aside 
personal style, perfection of grammar, and limitations normally imposed by journals, it 
seems that recommendations should be given about what to include in the final manuscript. 
However, it is necessary to consider that any planning of a paper is preceded by planning 
to do the experimental work and by the laboratory work necessary to accumulate 
information and results. It has been advised many times that when the moment of writing 
comes, the writer should begin by writing the experimental part, then the discussion, and at 
the end the conclusions and introduction. 

On the other hand, this paper might be expected to be a collection of suggestions 
on how to conduct research in AAS. In practice, both aspects must necessarily go hand in 
hand. Recommendations for the contents of a paper can be used as recommendations on 
experimental areas which have to be studied in the laboratory. 

The various instructions to authors that are given by journals are generally agreed 
that any experimental contribution should be cast in four main sections. 

(a) Introduction. 
(b) Experimental. 
(c) Results. 
(d) Conclusions. 
By fusion of (b) and (c) we arrive at the three main parts of any oral or written 

communication. 
(a) Opening (Introduction). 
(b) Body (Experimental + Results, and corresponding discussion). 
(c) Close (Conclusions). 
This is an accepted distribution of manuscripts, recommended and followed everywhere, 

with slight variations in wording, subheadings, and contents of each subsection. 
Subheadings and subsections are a great help, since some authors include recommendations 
before or after conclusions, discussions interspersed with or separate from results, 
notes in the text as separate subsections, statistical treatment of data as results or as 
discussions, and descriptions of computer programmes as part of the experimental 
section or as an appendix. Footnotes and references are addenda to the various 
parts of the paper. 

The space available has then to be distributed between these three main parts and the 
best way found for imparting the necessary information to readers. The space 
distribution for experimental papers on instrumentation and applications might be as 
shown in Fig. 1. 

Although the relative lengths of the three sections may be varied, the main fraction 
of available space should be devoted to the body (Experimental + Results). Depending 
on the nature of the paper, the main differences in distribution of space .will be in theppening 
and close. If possible a climactic order shouid be observed in the general presentation of the 
paper: (a) background, (b) statement of the problem, (c) description of the equipment, 
(d) discussion of the experimental procedure, (e) statement of results, (f) discussion of 
results, and (g) conclusions. This order maintains the attention of the reader in 
crescendo through the paper. 

Since readers will look for different types of information in papers devoted to instru- 
mentation and in papers devoted to applications, different presentations should be 
followed by the writer as discussed in the following subsections. Recommendations 
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IllIln Appllcotions 

Fig. 1. Distribution of space devoted to different main sections in papers on instrumentation 
and applications. 

included here can never be taken as fixed rules. Some flexibility is necessary. Some 
parts may be omitted completely, especially if some of the information has been given 
in earlier contributions and is still valid. 

Papers on instrumentation 

The author’s attention should be focused on presenting the information in such a way 
that readers should even be able to construct the instrument or instrumental accessories 
described. This especially applies to home-made instrumentation. It does not normally 
apply to commercial instrumentation, which is readily available, but papers describing the 
performance of commercial instruments should provide the readers with enough results 
to help them to judge the real value of the instrumentation described. 

Appropriate contents of a paper on instrumentation might be as follows. 
Introduction. A short introduction. Advantages of the instrument or accessory should not 
be presented here, but later, after enough data have been given to be used as a basis 
for discussion. The introduction may include: unsolved problems with present 
instrumentation; need for new instrumentation; basic criteria used to develop new 
instrumentation; advance notice of tests done to solve other problems with the newly 
developed instrumentation. 
Experimental + Results. As this is the body of the paper, it is necessary to use a 
logical order rather than a chronological exposition of tests performed. This helps 
to avoid backwards and forwards references to the text. Headings should be used as a 
help, but not as indispensable items in the understanding of the text. In this section, 
the author should explain what may be deduced from tables and graphs without 
expecting the reader to extract this information for himself. These recommendations are 
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valid for all types of experimental papers, whether dealing with inst~mentation or not. 
This section should include the following. 
(a) Description of the instrument. 

Construction of the instrument (not recommended as standard for papers dealing 
with commercial instruments). Drawings and photographs might be included here. 

Description of principal parts. 
Commercially available parts used, if any. 
Functioning. Block diagrams and electronic diagrams might be included here. 
Speci&zations. 
Controls. Range of controls. 
Installation. 

(b) Chemicals and solutions. 
(c) Analytical performance. 

Operating conditions. All settings given and justified, if necessary. 
Linearity (graphs). 
Precision (repeatability and reproducibility). Recordings and tables can be included 

here. 
Accuracy (tables). 
Sample handling (con~nt~tion range, work at low concentration levels, sensitivity, 

concentration limits, tables). 
Versatility. 
Speed in analysis. 
Cost per unit analysed if necessary. 
Practical examples (graphs or tables). 

Conclusions. A long section is advisable here. Conclusions in this case should state 
clearly the significant and new information included in the text. They should state 
decisions taken and justify them, if they were based on the results obtained. They 
should clearly indicate the nature of additional work necessary if the results obtained 
show the need for new research projects. These rules also apply to other kinds of 
experimental papers. Conclusions, in the case of papers on instrumentation should 
include the following. 

Capabilities (sensitivity, accuracy, precision, speed handling, versatility and reliability). 
Resolution of present problems. 

Advantages over similar existing instrumentation, if advisable (in the case of 
commercial instruments ethics may dictate avoidance of com~~sons). 
Future possible developments. 

Papers on individual analytes 
This type of paper should be written in such a way that readers can reproduce the work 

described, even with different instrumentation, since well-oriented laboratory work can be 
presented in a manner that lets an intelligent reader make the necessary adjustments to 
suit his own sit~tion. The contents of a paper on individ~l analytes might be as 
follows. 

Introduction. A long introduction may be- helpful, because it could contain an advance 
review of the new procedures and tests at the same time as giving an idea of other 
authors’ work. This lets the reader compare prior contributions with the new work. 
The in~oduction might contain: 
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Reasons for studying the problem. 
Bibliographic revision (as short as possible). 

Summary of results achieved by other authors. 
Experimental planning. 

Experimental + Results. This section should contain: 
(u) Solutions and instrumentation. 

Chemicals. 
Solutions (stock and working solutions). 
Instrument (home-made or commercial). 
Auxiliary equipment. 
Experimental conditions. 

(b) Tests. 
Linearity (graphs). 
Precision (repeatability and reproducibility). Recordings and graphs can be included 

here. 
Accuracy. Recovery tests (tables). 
Sensitivity. Concentration limits (tables). 
Selectivity. Interferences. Possible correction of interferences. 

(4 D iscussion. 
Advantages of conditions proposed. 
Inconveniences. 
Possible modifications. 

Conclusions. In this type of paper, conclusions may be short. 
Achievements. 
Applicability of conditions proposed. 

Papers on specijic sample applications 

In this case also the author should try to prepare the paper so as to allow the reader to 
reproduce the findings by following the sample preparation and practical procedures 
advised, with due adjustment for differences in instrumentation. The contents of these 
papers should be as follows. 

Introduction. Again long enough to let the reader judge earlier work along with the new. 
The introduction might contain : 

Fundamentals of the study. 
Bibliographic review (as short as possible). 
Summary of results achieved by other authors. 
Reasons for looking for a new method. 
Preliminary tests (briefly described). 
Experimental planning. 

Experimental + Results. This section should include: 
(a) Solutions and instrumentation. 

Chemicals. 
Solutions (Stock and working solutions). 
Instrument (home-made or commercial). 
Auxiliary equipment. 
Experimental conditions. 

(b) Preliminary tests (including analytical behaviour of the analyte). Linearity (graphs). 
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Optimum concentration range (working concentration range). 
Precision (repeatability and reproducibility). Recordings and graphs may be intro- 

duced here. 
Accuracy. Recovery tests (tables). Standardized samples (tables). Certified analysed 

samples (tables). Addition method (tables). 
Sensitivity. Concentration limits (tables). 
Selectivity. Interferences (due to the matrix; due to sample preparation). 
Correction of or compensation for interferences. 

(c) Subsequent tests. 
Final reproducibility tests (tables). 
Comparison with other methods (tables). 
Collaborative work (tables). 
Statistical treatment of results (tables). 

(d) General discussion. 
Advantages. 
Inconveniences. 
Modifications introduced as improvements. 
Applicability to other types of similar samples. 

(e) Recommended procedure. 
Sample treatment. 
Preparation of standards and blanks. 
Instrumental procedure. Recommended settings. 
Automation techniques (if applicable). 
Data handling. 

Conclusions. A short section devoted to conclusions might contain: 
Usefulness of the method. 
Agreement with other methods. 
Agreement in collaborative work (if done). 
Other samples to which the method can be applied. 

Short notes, aids to the flame photometrist, and similar short contributions 

Normally it is advised to present the manuscript without the headings and subdivisions 
which are standard in full papers. However, a summarized introduction will help, as well 
as some indispensable references. The body of the contribution might be a summarized 
version of what would appear in a full paper. The directions already given may be 
applied here. Recommendations, if any, should be strictly limited to emphasize some 
points of the procedure, attachment or modification described. If a full paper is to follow, 
dealing with the same subject, this should be indicated, with the name of the journal 
in which it will appear (if known). Photographs, graphs and/or tables, if really 
necessary, should be kept to a minimum. The laboratory work for a short- paper 
probably follows the same steps used for a full paper. In preparation of the manuscript 
only the really important topics and results should be chosen. 

AUXILIARY SECTIONS OF THE PAPER 

Only a few comments will be made here on these sections. References will not be 
discussed, because every journal has its own style which is clearly specified and easily 
discovered by inspection. 
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These should be not too general, but informative, more than a list of topics, and less 
than an introduction. They should be prepared by thinking that reading them might be 
a substitute for reading the paper itself. Actually summaries and abstracts often help 
to decide whether the paper should be read or not. Busy readers will use it to extract the 
spe~i~c_info~ation given. Jf the reader has the time to read the paper, abstracts and 
summaries may help him to follow the text more intelligently. It is best not to repeat the 
title in the summary or abstract, and to keep it short (Xl-150 words, with a maximum 
of 250, if necessary). The nse of complete sentences is also advised. They may include 
results if these are principal findings. They should not mention projected work for the 
future or parts of the project planned but not accomplished in the laboratory work. 

In the case of experimental papers, they should list the analytes studied and/or samples 
tested, if they have not been announced in the title. Si~i~~a~t working conditions should 
be mentioned. The same applies to data on sensitivity, accuracy and precision if they are 
significant or representative, 

Key words 

A list of key words is required by some journals. If such a list has to be prepared, the 
reader should place himself in the situation of a person looking for the isolation 
contained in the paper, and include all words he might be searching for when consulting 
the index. 

Words contained in the title should be included. Analytes, samples, flames, pre- 
concentration (if used), extraction (if used) and words related to main steps of the 
experimental procure should be included. Also words such as flame, atomic- 
absorption, spectrometry, spectroscopy, s~trophotometry should be added, plus related 
words and words of higher and lower rank in connection with topics described or 
discussed. 

ff the author does not wish to use key words he should choose an appropriate journal, 

If any person helps the author in the preparation of the paper (laboratory work 
and/or manuscripts), the author should mention this person. It is so nice to give thanks. 
In any case, giving thanks does not decrease the recognition due to the author or 
authors. Any assistant who has done the major part of the practical work should be 
considered as a co-author. 

COMMENTS ON SPECIFIC TOPICS IN EXPERIMENTAL PAPERS 

A few comments will be added here on some topics included in the lists given above for 
different types of experimental papers. These comments refer to particular details that 
should be included in the experimental sections to give the reader better i~fo~ation. 
Consequently, they cover information that it would be advisable to obtain from the 
experimental work, and that should be included in the planning of the work. 

If all this information is included it may make the paper too long. If some of it is 
already available in other publications it can be omitted if the necessary references are given. 
The author should carefully judge what to transfer from the laboratory to the manu- 
script by thinking of what the reader would like to find in a new ~on~ibution. 
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Solutions 

With the exception of some special techniques in which the sample is fed into the 
instrument in solid or gaseous form, in most cases liquid samples and subsamples are 
used. Detailed inforination on solutions used should be given. 

Chemicals used to prepare solutions, and their purity. 
Type of water used for dilution (demineralized, doubly demineralized, distilled). 
Solvents other than water. 
Acids (reagent grade or specially purified). Residual acids in solution. 
Salinity of solutions, in terms of solid contents in salt form. 
Additives (alcohols, su~a~~n~, etc., and order of addition). Concentrations added. 
Releasing and protecting agents, Concentrations added. 
Buffers (chemical and spectral). Concentrations added. 
Temperature of solutions brought to the instrument (at room temperature or 

preheated). 
Viscosity (especially applicable to syrups, oils and oil solutions). 
Stability of solutions. It should be clearly stated when solutions should be freshly 

prepared, if solutions should be kept in the dark, and if they should be kept under 
refrigeration. 

Working conditions 

A clear statement of working conditions is of capital importance, even if readers 
may have to try the procedures with another type of instrumen~tion. Even more, two 
instruments of the same manufacturer’s model may show slight differences, and in this 
case also a careful checking of conditions is mandatory. 

Information desired is as follows. 
Emission system 

Lamp (make, single or multi-element). 
Lamp current. Lamp current will influence the quality of the emission spectrum. 

Atomization system 
Burner (type, cold or hot operation). 
Spray rate (in ~/min). Its. influence on sensitivity. 
Plame (gases, and quality: lean, rich). 
Gases (quality, at room temperature or preheated). 
Flow-rates (in metric units). 
Pressures (in metric units). If the instrument is calibrated in terms of set pressures, 

some indication of flow-rates will be advisable. 
Rotation of the burner. 
Burner elevation (in mm). Related to flame profiles and sensitivity. 
Number of light-passes through the flame. 

Selection system 
Slit-width (in mm) if only slit-width is known as an operational setting. 
Nominal spectral band-pass (in nm) if known. it is more useful than the slit- 

width to operators using other instrumen~tion. 
Analytical wavelength (in nm). If lines other than those which permit the operator 

to achieve the maximum sensitivity are used in the work, the author should 
explain why. 
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Photodetection and reading system 
Time constant (in set). Related to noise level. 
Scale expansion. Related to real signal size. 
Phototube. Different multiplier phototubes may be used and explanations should be 

given if a particular one is used. 
Dynode voltage. If the instrument is double-beam type, probably the dynode 

voltage is automatically adjusted. However, a knowledge of its value gives a basis 
for evaluating the noise level. 

Linearity tests 

Some journals do not print straight-line calibration or working curves. Equations 
representing these curves are useful, especially if the fit has been calculated (manually 
or by computer) by the method of least squares. Non-linear curves may give a good 
idea of the tendency of response of standards. Simple lines can be used, but lines with 
experimental points shown are more significant, as they show the distribution of 
experimental readings. It is even more useful if the range of variability is marked for 
each experimental point with vertical lines limited by the limits of spread. 

Authors should try to avoid exaggeration of scales, if searching for a way of showing 
better signal/concentration response. As a matter of fact, the size of the scale unit does 
not change the sensitivity at all. 

Ways used to improve linearity should be explained (instrumental curvature correction 
or rotation of burner, even if in this way some sensitivity is lost). 

Repeatability and reproducibility 

Tests should be done with freshly prepared solutions. These tests are important to 
give an impression of the reliability of the methods described. Information needed is: 

Number of readings. 
Standard deviation. 
Relative standard deviation. 
Range. 
Relative spread of results (%). 
A number representing relative standard deviation (or coefficient of variation) has 

not much meaning for instance, unless the reader knows the number of readings 
examined and the formula used for their interpretation. 

Sensitioity 

A lot of confusion exists about reporting of sensitivity values in AAS. According to 
the well-established principles of analytical chemistry, sensitivity is nothing else but a 
relation between signal and concentration (response/stimulus). Thus sensitivity cannot be 
a concentration and cannot be expressed in concentration units of any kind. Sensitivity 
is related to the slope of a calibration or response curve. Concentration limits can be 
expressed in concentration units. For this reason, sensitivity level has often been numeric- 
ally represented by means of the corresponding concentration limit (in ppm or any 
other concentration unit) necessary to obtain an absorption signal of 1% absorption. 
Sensitivity in this case should be understood as not equal to the concentration limit, 
but functionally related to it. 

Details on sensitivity are necessary in AAS papers since sensitivity can be varied by 
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a series of factors (among them: lamp current, flame conditions, slit-width, spray rate, 
elevation of the burner). If studied, it should be mentioned in the paper, and it is 
best to check it in order to be able to report it. 

A study of the sensitivity as a function of burner elevation has given origin to flame 
profiles. Planar flame profiles correlate the variation of signal (sensitivity is correlated 
with signal at a given concentration) and burner elevation. Three-dimensional flame 
profiles correlate signal, burner elevation and concentration, showing surface variations 
along wide ranges. If available, they should be reported. 

Calculation of identification concentration limits. If these are calculated, conditions of 
scale expansion and time constant (noise suppression used) should be reported to be 
sure that the reader will have some confidence in the values reported. If some particular 
criterion is used to define the limits, this should be clearly stated. This refers especially 
to the so-called ‘detection limits.’ Signals can be much better identified if limits are given 
as concentrations producing signals equal to four standard deviations (4s). Concentration 
limits reported in this way seem to be higher (worse) than those reported as a function 
of 2s. This is only an apparent difference, since s remains the same and it is the 
interpretation that is different. Values calculated on the basis of 4s are more realistic. 

Interferences 

Results of interference studies will be most appreciated if they correspond to widely 
varied conditions. Any species expected to produce interferences should be tested, if the 
report is intended to be complete. 

Several cases may be distinguished. 
(a) Single concentration of analyte/single concentration of interferent. This case produces 

single results. It might be useful in cases of almost constant sample composition. 
(b) Multiple concentrations of analyte/single concentration of interjhnt. This case 

corresponds to invariability of matrix with variable contents of analyte. Curves or 
tables can be used to report interference effects. 

(c) Single concentration of analyte/multiple concentration of interferent. Studies 
corresponding to this combination are useful to calculate limiting ratios of 
interferent/analyte at which interference begins. Curves or tables are useful for 
presenting results. 

(d) Multiple concentration of analytefmultiple concentration of interferent. This is the 
most complete case, and gives a complete picture of the general system. 
Representation may be complicated if graphs are preferred. 
1. Families of curves can be used, the variable parameter being the concentration 

of interferent or the concentration of analyte. 
2. Three-dimensional representations can be used, such as those published by 

Ramirez-Mufioz and Roth.’ On one axis the signals are given, and the other 
axes are used for concentration of analyte and concentration of interferent. 
Authors using this type of representation will show the reader a surface repre- 
senting distribution of the variation of the interference phenomena. 

3. Sensitivity diagrams can also be used, as proposed by Ramirez-Mufioz.3 
Sensitivity is calculated for each analyte concentration at given interferent 
concentration. A planar representation is obtained in which the variation of 
sensitivity is shown as a function of the concentration of interferent. 
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Authors should be careful when reporting interference results, to give a clear indication 
of the level at which interferences really begin to be noticed. As a general rule, interference 
does not exist if error encountered and supposed due to interferences is consistently 
less than 2s calculated for the absorbance values for a pure solution (analyte without 
interfertint component). 

A particular case that might be reported is the simultaneous effect of both an 
interferent and a releasing agent. This pattern can be represented in three dimensions, 
as described by Ramirez-Mufioz3 and called space diagrams. 

Both high and low concentrations of interferents should be studied, since an interferent 
may act as an enhancing agent at one concentration and a suppressant at another. 
Concentration ratios of interferent to analyte should cover the ranges likely to be met 
with in practice. 

CONTRADICTIONS AND DISCREPANCIES 

Contradictions and discrepancies are frequent in experimental papers on AAS. They 
arise from different causes. 

(a) Use of different instruments. 
(b) Use of different operating conditions, even with identical instruments (flame 

conditions, burner elevation, hollow-cathode lamp, among other causes). 
(c) Different ways of controlling or overcoming interferences. 
(d) Different nature of standards and final prepared subsamples. 
(e) Different criteria used in presenting results (especially sensitivity values). 
(.f) Different nomenclatures. 
(g) Lack of clarity in the description of test done and in the discussion of results 

achieved. 
(h) Misinterpretations. 
The existence of discrepancies and contradictions has always made difficult the task 

of the reader when trying to choose a method for his own problem, and it has always 
made very difficult the task of a reviewer when preparing a review paper, if he intends 
to be critical and not only informative. As a result of this situation, some authors of 
reviews limit themselves to presenting the information available without discussing the 
reason for discordant findings by different researchers. 

Misinterpretation is a cause which cannot be excluded. Scientists are subject to human 
errors, as other professionals are, and these errors can be reflected in their findings 
and discussions. Fortunately many errors are discovered by editors and referees through 
their patient and careful reading, study and reconsideration of manuscripts. If any error 
escapes through this fine and delicate scientific filter (and if not corrected by a later 
note), it will remain For ever in some page of some journal, always prepared to produce 
confusion and doubts in present and future readers. 

Readers should be prepared to use their own judgement to read newly printed papers 
discriminatingly in order to discover-and perhaps to forgive-these involuntary errors, 
Anyway, mistakes of today are open doors for new researchers of tomorrow, who with 
more preparation, better work and more knowledge, will discover the truth. Books and 
bound volumes of journals get outdated, and are complemented by new contributions. 

This general phenomenon, which is essential as an inherent part of the active life of 
science. must also occur in AAS, since that has been a part of scientific knowledge 
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for several years. If this renewal of ideas, concepts and methods did not exist, AAS 
would have become a static scientific field. Fortunately, AAS is alive, changes, grows 
and improves. 

CONCLUSIONS 

Given that the author may use a personal writing style, and that the paper will be 
prepared according to rules established by the chosen journal the contents of a new 
paper on AAS should be carefully planned to satisfy the needs of contemporary readers 
for information. This is especially so with experimental papers which present improvements 
in instrumentation, studies of the analytical behaviour of particular analytes, or the 
application of the method to a given analytical system. 

Since thousands of analytical chemists and chemical analysts are today using atomic- 
absorption spectrometers and may be supposed to already have the necessary knowledge 
about fundamentals and usage of the method, new papers should go directly to facts, 
conditions, procedures, results, and justified recommendations. Information given should 
be clear enough, not only to be understood, but to be repeated and adopted, if 
found convenient. Lack of details may lead to rejection of the paper by some sector 
of readers. If necessary, procedures should be presented in recipe style so as to reach 
even semi-skilled laboratory operators (professionals will understand why, and will forgive 
any excess of detail). On the other hand, lack of detail may lead to unnecessary 
duplication of effort if readers have to repeat the investigation to discover how to do 
some kind of work. 

More freedom is allowable in reviews and theoretical contributions, but even in this 
case, the personal taste or preference of authors should be subordinated to the demands 
of readers. These papers should be useful, not a mere presentation of references or 
equations. They should be critical if reviewing and applicable to practice if studying 
theoretical aspects. 

Readers today are more demanding because they know more. Writers should not 
write just for pleasure, but to satisfy other people’s needs, and to help their colleagues 
in atomic-absorption work, offering them clear information, well-tested results, and 
reproducible working procedures. 

Writers should understand that if they are granted the privilege of publication of 
their manuscripts, they do not receive this opportunity as a personal favour, but as a 
serious responsibility: the responsibility of serving the new-and every day increasing- 
atomic-absorption analytical population. 
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Zusammenfasatmg-Es wird der derzeitige Stand bei der Abfassung neuer Publikationen iiber 
Atomabsorptionsspektrometrie diskutiert. Es wird eine Ubersicht iiber die verschiedenen Typen 
von Arbeiten auf diesem Gebiet gegeben und einzelne Gesichtspunkte angegeben, die in solchen 
Arbeiten behandelt werden tnijssen. Resonderer Wert wird auf experimentelle Publikationen 
gelegt, die sich mit neuen Instrumenten befassen, mit dem analytischen Verhalten von Analyten 
und neuen Arbeitsvorschriften fur spezielle analytische Anwendungen. 
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Resume-On discute de la situation presente dans la preparation de nouveaux memoires sur la 
spectrometrie d’absorption atomique. On passe en revue les differents types de mtmoires 
publies dans ce domaine et I’on donne des details sur les questions dent il doit etre trait& lors de la 
redaction de tels mtmoires. On Porte une attention particuhere aux memoires exptrimentaux 
traitant d’instrumentation nouvelle, d’etude du comportement analytique d’analytes, et de nouvelles 
techniques pour des applications analytiques spkcifiques. 
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Summary-The range of concentrations covered by an analytical method is an important 
performance-characteristic, and suggestions are made for definition of this range. The ability to 
detect small concentrations are also considered, and it is suggested that the standard deviation 
of blank determinations be quoted as the performance-characteristic relevant to the power of 
detection. 

This part of the series is concerned with the range of concentrationst covered by an 
analytical method. This range is an important performance-characteristic but there appears 
to be no general agreement on how its upper and lower limits should be defined. As 
with other performance-characteristics, this lack of agreement leads to difficulty in 
comparing analytical methods. The purpose of this part is to consider these limits and 
to suggest how they should be defined. An important aspect of these considerations is 
the detection of small concentrations; this problem is also discussed and a recommendation 
is made on the definition of a relevant performance-characteristic. 

Upper limit of the concentration range 

However the upper limit is defined, it may usually be increased by: (1) simply 
diluting the sample; (2) using a less sensitive response parameter (e.g., a less intense 
spectral line in emission spectrography). This first part’ of this series stressed the need 
for complete and unambiguous specification of all experimental conditions for an 
analytical method, and on this basis it is better to regard approaches (1) and (2) as 
leading to different, though related, analytical methods. Accordingly, the following dis- 
cussion is concerned solely with the upper concentration limit of a completely-specified 
method. Of course, should special considerations arise when approaches (1) or (2) are 
used, they should be mentioned in the published paper describing the method. 

There are several ways in which the upper limit can be defined, for example: 

(a) the greatest concentration specified for preparing the calibration curve; 
(b) the concentration above which a theoretical relationship between analytical response 

and concentration ceases to hold; 

* Part II-Talanra. 1970. 17. 31. 
t For simplicity. throughout this paper analytical results are spoken of as in units of concentration: the 

arguments apply equally if other units (e.g.. mass. volume) are used. 
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(c) the greatest concentration allowing a defined relative standard deviation to be 
achieved; 

(d) the greatest concentration for which quantitative tests of the precision and bias 
of analytical results have been made. 

Of these possibilities, (a) is in itself quite arbitrary and (b) is not universally applicable, 
because analytical methods can be valuable even when the calibration curve follows no 
theoretical relationship. Possibility (c) seems more useful but it also suffers from the 
need for some arbitrary decision on the relative standard deviation to be used. Therefore 
(d) is preferred because it involves no arbitrary elements, it represents a simple factual 
statement based on experimental evidence, and it also implies no claim that stated 
performance-characteristics remain constant at concentrations greater than the maximum 
tested experimentally. This last aspect is important as the precision and bias of analytical 
results may depend markedly on the concentration of the determinand. For example, 
results from absorptiometric methods may show negative bias that increases rapidly with 
increasing concentration of the determinand when large proportions of the chromogenic 
reagent are consumed by reaction with other species present in the sample. Precision 
(as measured by standard deviation) often worsens rapidly with increasing concentration 
of the determinand above some value, e.g., in absorptiometric and emission spectrographic 
methods. 

Therefore, when performance-characteristics are being defined, it is recommended that 
the upper limit of the concentrationrange of an analytical method should be the greatest 
concentration for which detailed investigations have been made of the precision and bias 
of analytical results. Of course, methods may well allow perfectly acceptable results to 
be obtained in particular applications at greater concentrations, but this is irrelevant. 
Performance-characteristics must be based on quantitative evidence, and adoption of the 
recommendation above would not prevent analysts from considering use of methods at 
concentrations greater than the stated upper limit. 

Lower limit of the concentration range 

The lower limit can also be defined in several ways, for example: 

(a) the smallest concentration that can be detected; 
(b) the smallest concentration specified for preparing the calibration curve; 
(c) the smallest concentration that can be determined with a defined relative standard 

deviation; 
(d) the concentration below which a theoretical relationship between analytical response 

and concentration ceases to hold; 
(e) the smallest concentration for which quantitative tests of the precision and bias 

of analytical results have been made. 

Of these possibilities, (a), (b) and (c) all involve arbitrary decisions; (u) because, as will 
be seen later, a statistical confidence level must be chosen, and (c) because the relative 
standard deviation. must be chosen. Possibility (d) is undesirable for the same reason as 
when the upper limit was considered. Thus possibility (e) is preferred because it contains 
no arbitrary elements, and it represents again a simple factual statement based on 
experimental evidence. 

Therefore, in defining performance-characteristics, it is recommended that the lower 
limit of the concentration range of an analytical method should be the smallest 
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concentration for which detailed investigations have been made of the precision and 
bias of analytical results. When this definition is used, the lower limit will often be 
zero when the experimental design .for estimating precision is as recommended in the 
second part2 of this series. It is important to note that this definition does not imply 
that the method allows infinitely small concentrations to be detected and measured. 
The range of a method, defined as above, merely states the range of concentrations 
over which experimental tests of precision and bias have been made. Other considerations 
are required to define the smallest concentration that can be determined, and this topic 
is discussed in the next section. 

Detection of small concentrations 

There are two important aspects* of the detection of small concentrations: (1) the 
criterion used by an analyst to decide whether or not a particular analytical result 
justifies a claim that the determinand has been detected; (2) the smallest concentration 
that an analyst can claim to be capable of detecting. Such parameters have been and 
are determined in a variety of ways. For example, an analyst may decide (when an 
absorptiometric method is involved) that analytical results equivalent to absorbances 
less than 0.01 are so unreliable as not to justify reporting a positive result. This type 
of approach, although still in rather widespread use, has been increasingly recognized 
as subjective and ambiguous, and there now seems to be growing acceptance of the need 
to use statistical considerations in defining parameters such as the limit of detection. 

Sillars and Silver4 are the first authors known to me to introduce (in 1944) statistical 
concepts to determine the smallest concentration that could be regarded as significantly 
different from zero. They suggested that this concentration be called ‘the significance 
range,’ and even briefly suggested that this concept could be applied to any analytical 
measurement. Although the precise statistical techniques used by these workers were 
incorrect, the general approach was clear but was not taken up as a means of generally 
defining parameters such as the limit of detection. Kaiser’ appears to have first used 
statistical concepts for a general definition of the limit of detection of spectrographic 
methods. Later, Kaiser and Specker6 suggested the same approach for all analytical 
methods, and since their papers there have been many contributions to the subject by 
different authors. In this paper, there is no need to trace the historical development 
of the concepts; useful reviews have been given by Kaiser’** and by Currie,g who stresses 
the large number of different definitions and terms that have been proposed. 

The statistical approach is summarized below because it will be used as the basis 
for a suggestion on how aspects (1) and (2) above should be quantified in a unified 
statement of performance-characteristics. This suggestion does not need detailed knowledge 
of the methods of statistical inference and significance testing; the papers by Kaiser’** 
and Currieg should be consulted by those requiring more detail. 

Criterion of detection. To illustrate the need for a statistical approach, consider an 
analytical method in which the final result is obtained by subtracting the result for a 
blank determination from the results for a sample. Even if the sample contains none 
of the determinand, it does not follow that the analytical result will be zero. The 
random errors of sample and blank determinations will cause the results from repeated 

* Roos3 appears to have been the first to distinguish these. 
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analyses of such a sample to vary both in sign and magnitude. Thus, a positive result 
is not alone sufficient to justify the analyst in claiming to have detected the determinand. 
However, as the magnitude of a positive analytical result increases relative to the size 
of the random errors, so it becomes more and more likely that the sample contains 
the determinand. Therefore, some criterion is required for deciding when a result is 
sufficiently large to justify a claim for detection of the determinand. Such a criterion 
must clearly be based on the magnitude of the random errors, and must therefore be 
deduced statistically. 

Suppose that portions of a homogeneous sample are analysed, and that the sample 
contains none of the determinand. Assuming that the analytical results are free from bias, 
they will be distributed about zero. If the nature of this distribution is known, the 
probability of obtaining a result greater than some particular value can be evaluated. 
For example, if the results follow a normal distribution with a standard deviation, co, 
5% of the results will, on average, exceed the value 1*65ao.* Thus, if a result just 
greater than 1.65ao, is obtained, there is less than a 5% probability that it came from 
a sample with zero concentration of the determinand. In other words, there is at least 
a 95% probability that the sample contained the determinand at a concentration greater 
than zero, i.e., the determinand has been detected (95% confidence level). Thus, if an 
analyst were satisfied with a confidence level of 9574 he would use the parameter 
1.65~~ as the criterion to judge whether or not he was justified in claiming to have 
detected the determinand. Following Roos, 3 the term ‘criterion of detection’ seems an 
admirable term for this concept and it is recommended for general use. The ‘criterion 
of detection’ corresponds to the critical level, L,, in the terminology used by Currie.g 

This method of defining a criterion is quantitative and objective, and is preferable 
to arbitrary detiitions based on subjective decisions such as the number of scale 
divisions that can easily be read on an instrument or some intuitive notion of the 
reliability of results. 

To calculate the criterion of detection for any particular application, three parameters 
must be known: (1) the confidence level required by the analyst; (2) the type of frequency 
distribution followed by results for samples with zero concentration of the determinand; 
(3) the standard deviation of the distribution (or an estimate of this parameter). The 
first parameter will, in general, vary from one application to another for two reasons. 
First, different analytical requirements may call for different confidence levels. Secondly, 
greater confidence levels than would otherwise be necessary may be used to counteract 
uncertainty caused by lack of precise knowledge of the nature of the frequency distribution. 
There is, therefore, no valid reason why any one confidence level should be used 
universally. Thus the many proposals that have been made to define the criterion of 
detection as a fixed multiple of the standard deviation seem both undesirable and 
unnecessary. It is recommended therefore that the criterion of detection should not be 
regarded as a fundamental performance-characteristic. The safest and least ambiguous 
technique for reporting performance is to quote information relevant to parameters (2) 
and (3) above. Any analyst may then make any calculations he wishes from such data. 

*The use of the term 165~~ may be unexpected by those accustomed to associating 95% confidence 
limits with the term 1~96~~. The factor 1.65 arises because we are concerned only with the chance of a 
result exceeding a certain value. Thus, from the properties of the normal distribution, 10% of results, on 
average, fall outside the range f 1.65~~. The distribution is symmetrical, so 5% of results exceed + 1,65a, 
and 5% are less than - 1.65ae. 
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Evaluation and reporting of parameters (2) and (3) is considered in more detail after the 
next section. 

Limit of detection. The second aspect of the detection of small concentrations is the 
smallest concentration that the analyst can expect to detect with a given degree of 
confidence. This concentration, again following ROOS,~ may be termed the ‘limit of 
detection’ which corresponds to the ‘detection limit, LD’ in the terminology used by 
Currie.q The difference between the criterion and limit of detection can be illustrated 
by considering the analysis of a sample .having a true concentration, C,, equal to the 
criterion of detection. In this situation (and assuming a symmetrical frequency distribution 
of results), results exceeding the criterion would be obtained, on average, on 50% of 
occasions. The analyst would therefore have 50% confidence in claiming that he is able 
to detect a concentration C,. To achieve a greater confidence, the analyst would have 
to quote a greater concentration so that the chance of obtaining a result less than C, is 
reduced. This greater concentration is the limit of detection, CL, and can again be 
calculated statistically. For example, if the standard deviation is independent of concentra- 
tion and the frequency distribution is symmetrical, Ci is twice C, if the analyst requires 
equal confidence levels for the criterion and limit of detection. 

It should be emphasized that concentrations smaller than the limit of detection will 
sometimes be detected, i.e., the results will exceed the criterion of detection. In this 
sense, the term ‘limit of detection’ is rather misleading for it suggests that smaller 
concentrations will not be detected. However, without marked expansion of the term, 
it is impossible to convey in one simple title all the statistical and analytical implications. 
Accordingly, no alternative term is suggested. 

To calculate the limit of detection, one must know the same three parameters stated 
above for the criterion of detection. For the same reasons, it is also recommended 
that the limit of detection should not be regarded as a performance-characteristic. As 
with the criterion of detection, all that is necessary is to quote information on the 
nature and standard deviation of the frequency distribution followed by analytical results. 

Dejning the random error at low concentrations. The nature of the frequency distribution 
followed by analytical results at low concentrations is important in that it affects the 
quantitative interpretation of standard deviation as a measure of the ability to detect 
low concentrations. The frequency distribution should therefore be regarded as a 
perfor:u.-tnce-characteristic. Unfortunately, rather large numbers of results are required 
to define frequency distributions closely, and analysts will seldom have sufficient results 
to allow this. In this situation, it seems reasonable at present* to assume that the 
normal distribution is followed at least until contrary evidence is obtained. Experimental 
results should therefore be analysed statistically to decide whether or not they are 
consistent with the assumption of a normal distribution.? 

As discussed above, the standard deviation relevant to the criterion of detection is 
that for a sample containing none of the determinand and analysed exactly as described 

* Future investigations may indicate that a log normal or some other type of distribution is more generally 
useful in considering the detection of small concentrations. Until such evidence is available, there seems no 
point in generally assuming any distribution other than the normal, the properties of which are well 
documented and easily interpreted. 

t When sufficient experimental results are available to allow other types of distribution to be distinguished, 
the relevant distribution should be quoted as the performance-characteristic. For example, Hobbs and Smithlo 
have reported a log normal distribution at small concentrations when certain emission spectrographic 
methods were used. 
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by the analytical method. The standard deviation relevant to the hniit of detection can 
be estimated if the dependence of precision on concentration of the determinand is 
known. These two standard deviations will often be essentially the same, and the 
remaining discussion rests on the basis that the standard deviation at zero concentration 
is the fundamental performance-characteristic requiring definition and evaluation. There 
are a few practical points of importance in the experimental design and interpretation 
of results for the estimation of this parameter. 

It follows directly from the above that the required standard deviation should be 
estimated from the results of repeated analyses of a sample containing essentially none 
of the determinand and analysed exactly as described in the method for normal samples; 
the sample used for this purpose should reproduce all those properties of normal samples 
affecting precision. Departures from these .principles, though sometimes making for con- 
venience, should be avoided whenever possible for two main reasons. First, the sample 
matrix may have an important effect on precision. For example, in gas~hro~toEraphi~ 
techniques, the random noise of the base-line when only carrier-gas is flowing may not 
be a valid measure of the precision obtained when samples are injected into the chromato- 
graphic column. Secondly, the method of computing analytical results from the observed 
analytical response may markedly affect the estimates of precision. Thus, the method 
itself must be very exactly defined and must be rigorously followed; otherwise the 
interpretation of the quoted standard deviation will be ambiguous. This aspect is 
particularly important for analytical systems for which the response is observed on a 
chart-recorder. The length of time for which a sample is analysed and the method 
used to compute a result from a length of recorder-trace showing random variations 
may both have marked effects on the calculated standard deviation.* The method 
must therefore describe both these aspects very clearly and precisely. 

In many analytical methods, blank determinations are specified as a meansof determining 
the analytical response corresponding to zero concentration of the determinand. Thus, 
repeated analysis of blanks is a suitable means of estimating the standard deviation 
at zero concentration provided the sample and technique used for the blank satisfy the 
principles in the preceding paragraph. Thus, the standard deviation of blank determinations 
is of fundamental interest in the detection of small concentrations. When methods do 
not specify a blank determination or the sample and/or technique for the blank’differ 
from those for normal samples, consideration should be given to obtaining results from 
special samples and/or determinations aimed at estimating the standard deviation obtained 
when the normal analytical technique is applied to samples with zero concentration of 
the determiMnd. 

As discussed in Part II, the standard deviation of .a set of analytical results will 
usually tend to increase as the period of time in which the results were obtained 
increases. This will often be particularly true for blank determinations which can be subject 
to systematic changes with time that do not affect analytical results for samples. Part II 
described the concept of within- and between-batch variations, and this concept is also 
usefully applied to the blank. Which of the corresponding standard deviations is relevant 
depends on the method. For example, if the method prescribes.a blank determination 

* In passing, it is worth noting that the rather common practice of defining the limit of detection for 
certain techniques solely in terms of the peak-to-peak noise of the trace on a recorder-chart takes no 
account of the reduction of the effect of random errors by the averaging process used in computing a result 
from a length of recorder-trace. 
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with every batch of sample determinations, only the within-batch standard deviation is 
of direct interest because variations of the blank between batches will have no effect on 
analytical results. On the other hand, if a blank determination is not made in every 
batch, then it is the total standard deviation, CT,, * that is of importance. By following the 
experimental design and analysis of results given in Part II, (T,,,, ob, TV, can all be 
estimated and quoted, and this approach is generally recommended. In this experimental 
design, any samples used for the blank must contain a sufficiently small concentration 
of the determinand for the estimated standard deviations to apply to zero concentra- 
tion. So long as this is so, the presence of the determinand in the blank is unimportant. 
If it is impossible to obtain samples complying with this condition, it is best, in quoting 
performance-characteristics, merely to quote the experimentally-measured standard 
deviations and not to quote for zero concentration any estimates obtained by extrapolation. 

CONCLUSIONS 

In quotation of performance-characteristics of analytical methods, the range of a 
method should be defined by stating the smallest and greatest concentrations for which 
experimental tests of precision and bias have been made. 

In connection with the ability to detect small concentrations, the precision of blank 
determinations is of fundamental importance. It is suggested that it be assumed that 
blank determinations follow the normal distribution until evidence to the contrary is 
obtained. On this basis, it is necessary only to quote experimental estimates of the 
standard deviation of blank determinations. The experimental design suggested in Part II 
is generally recommended for estimating precision, and the within-batch, between-batch 
and total standard deviations of the blank should all be quoted as performance- 
characteristics. 
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Zusammenfassung-Der durch eine analytische Methode erfaDte Konzentrationsbereich ist eine 
wichtige KenngrGBe fir ihre Leistungifghigkeit. Zur Abgrenzung dieses Bereichs werden Vorsch- 
llge gemacht. Die MGglichkeit des Nachweises kleiner Konzentrationen wird ebenfalls betrachtet; 
es wird vorgeschlagen. die Standardabweichung der Blindbestimmungen innerhalb eines Postens 
als die fir die Leistungsfihigkeit des Nachweises wesentliche KenngrGBe anzugeben. 

* q2 = a,.* + aD*, 
Where 0” = within-batch standard deviation, ob = between-batch standard deviation, so that 6, is the standard 
deviation of any result in any batch. 
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R&sunk- Le domaine de concentrations couvert par une methode analytique est une importante 
caracttistique de performance, et l’on fait des suggestions pour la definition de ce domaine. 
On considtre aussi la facultt de dbceler de petites concentrations, et l’on suggere que I’kcart 
type de determinations de tbrnoins soit foumi en tant que caracteristique de performance 
correspondant au pouvoir de detection. 
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Summary-From a mathematical treatment, it has been proved that a family of formation curves 
shows a real cross-over point in the following cases: (a) a mixture of mononuclear complexes BA, 
BA, BA, and polynuclear complexes of general formula (B,A,),, provided that p/q i N; 
(b) a mixture of homonuclear complexes Be A,,, where Q is constant, and mononuclear complexes 
shows at least one cross-over point if the maxrmum value for p is smaller than NQ and at least 
two cross-over points if NQ lies between the minimum value and the maximum value for p. 
Curves calculated for three different examples are in perfect agreement with the theory. 

The formation function Z is a versatile tool in identifying the complex species present in 
solution and determining their stability constants,‘v2 especially in studying mononuclear 
complexes and polynuclear complexes of the ‘core + links’ type B(A, B)“, where B is the 
metal ion and A the ligand. However, in the case where neither coinciding curves nor a 
family of equidistant formation curves are found, it is not easy to interpret the experimental 
results by means of a graphical analysis. In this series of papers a number of special shapes 
of the family of Z (log a), curves (where a is the concentration of uncombined A and the 
total metal ion concentration B is constant) will be discussed in order to enhance the 
possibility of interpreting the formation function. This is important when nothing is 
known about the composition of the complexes in solution, since difficulties may arise when 
the experimental results are treated by a computer programme based on a least-squares 
procedure. In that case it is convenient to have at least some idea about the possible 
composition of the complexes present. 

A special form of the formation function is encountered when the Z (log u)a curves 
show a cross-over point: all formation curves intersect at one point. We can distinguish 
between a real cross-over point and a pseudo cross-over point, i.e., when all formation 
curves intersect one another in so small a range that this can hardly be distinguished 
from a single point. In this paper only the real cross-over point will be discussed. 
The main question that will be answered is what is the composition of the complexes that 
gives rise to a cross-over point? There is some controversy in the literature about this 
question. The cross-over point in acid-base systems, called the isohydric point by 
Carpeni,3,4 would according to this author5 be found at a acid-base ratio equal to 
(Z/II), . Z being the charge of the ion, n the number of atoms of the central element in the 
most probable species and m an integer. A similar relation is given by MacBryde.6 On the 
other hand Bye’ and Souchay* are convinced that the cross-over point is due to equilibria 

733 



734 L. C. VAN POUCKE and H. F. DE BRABANDER 

between species of two different degrees of condensation. Rossotti and Rossotti’ reported 
that an ~uilibrium of mononuclear complexes BA, and a set of B, A, complexes, with 
constant Q and varying p, can give a cross-over point. 

MATHEMATICAL TREATMENT 

There are two conditions for a cross-over point. (a) (aZ@B), = 0 for a fixed value of Z 
and a finite value for a. B is the total concentration of metal ion, and a the free 
ligand concentration. (b) The sign of (dZ/JB), must change at the cross-over point. 

Z can be expressed as: 

C C p8qPbq-1ap 
’ = 1 : i C qfiqpbQ%P' (1) 

where b is the con~ntration of free meta; ih and flqP is the stability constant of B, A,, 
defined as 

p 
” 

-RAPI, 
bq . ap 

The mass-balance equation with respect to B is given by 

B = b + c c q/l,, bqaP. 
4 P 

(4 

From equation (2) the following equation can be obtained: 

(3) 

Differentiation of equation (1) and insertion of equation (3) into the expression obtained 
gives 

az 0 ( 

fcr - MP - ~qMq,b4-Z~P 

aB,= (1 i- c c q~qPbq-‘ap)’ (4 

4 P 4 P 

The denominator of equation (4) is always positive, so the sign of the numerator will 
determine the sign of (aZ/aB),, and therefore the function $A is defined as: 

ff/A = c c (4 - l)(P - Zq)Pq,bq- ‘c+‘. 
9 P 

(5) 

If only mononuclear complexes are present, $A will be zero for all values of 2: all 
fo~at~on curves will coincide. ifiA will also be zero for polynucl~r complexes B, A, for 
a fixed value of 2, if the ratio p/q is constant and equal to that fixed value. 
However, when only polynuciear complexes exist in solution, this value of Z will be obtained 
for an infinite value of a. If there are also a number of mononuclear complexes BA, 

BAN and N is greater than p/q, 
,“p,: Moreover *A and consequently (aZ/aB), 

2 will be equal to p/q for a finite value 
will be positive for Z smaller than p/q, and 

negative for Z greater than p/q. This means that all conditions for a cross-over 
point are fulfilled. Thus a system composed of mononuclear complexes BA, BA, , . . . BA, 
and a series of polynuclear complexes with formula (B, A,), will always give a cross-over 
point, provided that N is greater than p/q. Mononuclear complexes with one polynuclear 
complex can be considered as a special case of the system described above and will give 
a cross-over point if N > p/q. 

When a series of mononuclear complexes BA, coexists with a series of homonuclear 
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complexes B, A,, there is also a possibility of a cross-over 
Rossotti and Rossotti.’ The function $A then becomes 

$A = (Q - I)@ - * 1 (P - QW,,~"~ 
P 

Let the functions $o and ijM be defined as: 

c PfiQ, ap 

@a= (G~pQpap9 

1 Ldf 

&= 1 ;xplnan. 
?I 
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point, as discussed by 

(6) 

(7) 

(8) 

It can easily be proved that according as It/M is smaller than, equal to or greater than 
+o, Z will also be smaller than, equal to or greater than +o . 

The functions tiM and +o are continuous and increasing with increasing a, except when 
only one polynuclear complex is present. ijM tends from zero for very small values of a 
to N for very large values of Q. $o goes from p,irJQ to p,,JQ, pmin and pmax being 
respectively the minimum and the maximum value for p. The following cases can be 
differentiated. 

(a) p,,JQ c N. The functions I&,., and t&o will always have at least one intersection 
point for a finite value of a. At that point +o will be equal to tiM and thus equal to Z, 
and $A will be zero. If a is smaller, $o will be greater than eM and consequently Z 
will be smaller than $o, and eA positive. At higher a, tjo will be smaller than ijMvr, 
Z will be greater than \cIo, and $A negative. So the conditions for a cross-over point 
are fulfilled. The value for Z where the cross-over point will be found, lies between 
P,iJQ and p,,JQ and is dependent on the values of the stability constants. 

(b) p,i~Q > N. There exists no intersection point between tiM and $o and consequently 
no cross-over point will be found. 

(c) p,i~Q < N < p,.,JQ. It is possible that ijr,,, and $o do not intersect one another. 
In this case no stable mononuclear complexes are present. Otherwise at least two inter- 
section points will be found. The same reasoning holds as for case (a) with the result 
that (dZ/%), will be positive before the first intersection point, zero at it, negative 
between the two intersection points, zero at the second intersection point and positive 
after the second intersection point, etc. The two cross-over points will be found between 
P,iJQ and N and their positions will be dependent on the values of the stability 
constants. The formation curves tend to p,JQ. 

It should be noted that it is not necessary, in studying complex systems showing 
a cross-over point, to keep the total metal ion concentration constant. 

THEORETICAL CURVES 

Theoretical curves were calculated by using the computer programme ALTH written 
in Fortran IV. This programme calculates and plots the Z(log c.x)~ curves obtained from 
the equations 

B-b-~~qfi,,b*aP=O, 

i f: pfiqp bqaP 
z=qpg (10) 



736 L.C. VAN POUCKE~II~ H.F. DE BRABANDER 

69 7,o 6.0 so 4-o 3.0 , 

PO 

Fig. 1. Theoreticai curves for four complexes; BA, , B,A, , B,A, , BdAp . 
@I A, 2 = 12-o; log & 3 = 22-o; log p.+, 6 = 346; log #$j. 9 = 460. 

0 

The most efficient method for solving this problem is to start with various given values 
for B and a, for an appropriate set of values of &, solving equation (9) for b by 
means of a “regulu j&i” method, and calculating 2 from the given values for B and u 
and the calculated value of b. Instead of a, pa = -log a was varied, since this gives a more 
regular spread of the points of the formation curve. At the beginning of the programme 
a search was made for an upper limit for pa by starting with a high value (e.g., 20) 
and reducing it successively by 1 until the calculated 2 value was greater than 001. This 
pa value, increased by 1, was chosen as the start value for pa, which was then 
systematically changed over a range of 6 or 7 units. 

A large number of Z(log a)e curves were calculated for various sets of possible 
complexes. Three examples are given here. In Fig. 1 the formation curves for a mixture 
of a mononuclear complex and polynuclear complexes B,A3, B,AB and BsA9 are shown, 
The cross-over point falls exactly at a Z value of 15. Varying the constants does not 

I- 

2 

I 

9.0 8.0 7.0 6.0 4.0 

PO 

Fig. 2. Theoretical curves for three complexes; BA2, B,A, , B,A, 
log /?I. 1 = 12.0; log & * = 16+0: log pt. 3 = 18.0. 

0 
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t 

9.0 6.0 6.0 4.0 

PO 

Fig. 3. Theoretical curves for three complexes; BA, , B,Aa , &A,. 
Log 81.2 = 120; log /?s, r = 16-O; log & 6 = 36Q. 

change the place of the cross-over point, In Fig. 2 an example of a cross-over point 
encountered with a mixture of mononuclear complexes and homonuclear complexes with 
N > p,,.JQ is given. A cross-over point is found as predicted by the theory. An example 
with two cross-over points is shown in Fig. 3 for a mixture of one mononuclear complex 
BA, and two polynuckar complexes B,Az and BzAs . 

The calculations and plots were performed by means of an IBM 360/30. 
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Zusammenfassung-Aus einer mathematischen Verhandlung wird bewiesen da& in den folgenden 
Fallen, eine Schar Bildungskurven einen echten “cross-over” Punkt vorxeigt: 
(a) Eine Mischung von mononuklearen Komplexen BA, BAr . . BA, und polynuklearen 

Komplexen (B, A,), unter der Bedingung da13 p/q < N. 
(b) Eine M&hung von mononuklearen Komplexen und homonuklearen Komplexen Bo A, mit 

konstantem Q. Wenn der Hochstbetrag fiir p kleiner ist als N.Q gibt es wcnigstens einen 
“cross-over” Punkt. Liegen die N.Q Werte xwischen dem Mindeswert und dem Maximumwert 
von p dann sind wenigstens zwei “cross-over” Punkte vorhanden. 

Theoretische Kurven werden fur drei verschiedene Beispiele berechnet. Die Ubereinstimmung 
mit der Theorie ist vollkommen. 

R&urn&-On a demontre math~~tiquement qu’un rbseau de courbes de formation possede un 
point isohydrique rki dans les cas suivants: 
(a) Un melange de complexes mononuclCires BA, BA, . . . BAN et de complexes polynucl&res 

(B, A&, i condition que pig <: N. 
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(b) Un mtlange de compkxes homonuckiies Bp Apr Q &ant constant. et de complexes mono- 
nudbaires postMe au moins un point isohydrique quand la valeur maximale de p est plus 
petite que N.Q ct au twins deux points isohydriques quand la valeur de iV.Q se situe 
entre la vakur minimale et la valeur maximale de p. 

Les courbes Moriques, calcubs pour trois exempks, corr~pondent pa~aitement avec la 
thborie. 
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Summary-Zinc forms fluorescent complexes with 8-hydroxyquinoline+sulphonic acid (HQS) 
in the pH region 7-10. The stability of these complexes is such that two different titration 
procedures are possible: the titration of zinc with HQS and the titration of zinc with EDTA 
in the presence of HQS. For both procedures the choice of the titration conditions is 
described. Also two separation procedures for zinc are described, especially suitable in connection 
with the EDTA titration. The practical results show that zinc in concentrations larger than 
10e6M (0.05 pg/ml) can be titrated with good precision. 

In a previous paper’ we derived some new formulae relating the fluorescence intensity 
to the concentration of the fluorescent species. From these formulae conditions have been 
derived for which the fluorescence intensity is linearly dependent on the concentration. 
In this paper it will be shown how these conditions can be fulfilled in practice. First, 
however, the relevant chemical equilibria will be discussed. In doing so, formulae will 
be given in which L denotes HQS, and Y represents EDTA. Unless otherwise stated, 
values for the stability constants are taken from Sillin and Martell.’ Conditional 
constants, etc., will be represented according to the conventions used by Ringbom.3 

Chemical equilibria 

HQS is a dibasic acid. The stability constants of the acidic forms are given by 
log K, = 8.4 and log K, = 3.8. HQS can therefore occur in three different forms: H,L, 
HL and L (charges are omitted). Figure 1 shows a distribution diagram for the three 
forms as a function of pH. 

HQS forms two complexes with zinc, of composition ZnL and ZnL,. The stability 
constants for the complexes are given by log K, = 7.5 and log K, = 6.8. In Fig. 2 the 
conditional constants K,’ = KMrLcMLj, K,’ = KcMLJLf(ML,j and j12’ = K,' . K,’ are given 
as functions of pH. It should be noted that a&,(b”eer) is not taken into account. As can be 
seen from Fig. 2 the conditional constants have a maximum at pH 8.8. Titration of zinc 
with HQS is therefore preferably carried out at this pH. 

The chemistry of the system containing zinc, HQS, EDTA and buffer is best described 
graphically. This can be done by using diagrams such as were introduced by Kragten.4y5 
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PH 

Fig. 1. The relative abundance of the forms of HQS as a function of pH (log K, = 8.35; 
log K* = 3.84). 

PH 
Fig. 2. The conditional stability constants of the complkxes of Zn2+ with HQS (log K, = 7.5; 

log K* = 6.8): 

The following quantities are plotted us. pH (Fig. 3). 

included. Log KznY’(znY) . Side-reactions of Zn are not 
Log azn(x,).. The side-reaction coefficients for the side-reactions of zinc with Xi. Also 
the total side-reaction coefficient is plotted as log aZn. 

Logx2 = 1% CL2 . PZnL’(ZnL,)- CL is the analytical concentration of HQS. 

LogiK = log KZnYyZnY) 

x2 
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PH 

Fig. 3. The chemistry of the system Zn2*/HQS/EDTA/buffer. Conditions: CL = lo-“M; [NH,] 
= O.lM; [AC-] = O.lM. Values needed for the construction of this diagram were taken from 

Sill&n and Martell’ and from Ringbom.3 

Titration of zinc with EDTA with end-point indication by means of the complexes 
of zinc with HQS is feasible, if near the equivalence point either ZnL or ZnL, 
predominates, and if some other conditions are fulfilled. It can be shown that the type of 
titration in which ZnL, predominates allows the determination of much lower zinc 
concentrations than the type in which ZnL predominates. The conditions which should be 
met in this case are, according to Kragten:’ 

log Kz - log Cl& > 1. (I) 

log C,” - log 4K > 3.5. (2) 

log +L)L,(z~L,) - G. ’ 1. (3) 

cl_ ’ G”. (4 

Conditions (1) and (2) are necessary to obtain an end-point with a systematic error 
smaller than 0.5 %. Conditions (3) and (4) are necessary to ensure that ZnL, predominates 
over ZnL in the vicinity of the equivalence point. The pH values for which conditions 
(1) and (2) are fulfilled are indicated in Fig. 3. Also, the lowest and the highest 
zinc concentrations that can be titrated are plotted as pC,,(min) and pC,,(max). 

EXPERIMENTAL 

Apparatus 

Absorption spectra were recorded with a Unicam SP700 spectrophotometer and a Honeywell record.er, or 
plotted manually from measurements on a Zeiss PMQ II equipped with an M4Q III monochromator. 
Excitation and fluorescence spectra were obtained with a Jobin et Yvon type Bearn spectrofluorimeter. The 
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light source was an Osram XBOlSOW/l high-pressure xenon arc. A Goerx Servogor RE 511 recorder was used. 
Some titrations were performed manually on the Jobin.et Yvon spectrofluorimeter. For most titrations, 

however, a semiautomatic equipment was used, consisting of the Zeiss PMQ II spcctrophotometer with 
M4Q III monochromator and ZFM4 fluorescence attachment, a Hanau St 41 mercury vapour lamp in 
combination with interference filters as a light-source, a Philips PM8000 recorder with a stepping motor in 
place of the original motor, a Metrohm E 457 burette, also equipped with a stepping motor, and a unit 
for synchronizing the motors of the burette and the recorder, developed by Poppe.’ 

Reagents 

Chemicals of reagent grade were used throughout. 

Optical data 

Knowledge of the optical properties of the components present during the titration is necessary for the 
choice of excitation wavelength and wavelength of fluorescence measurement. This knowledge also serves 
another purpose: it has been shown’ that the relation between fluorescence intensity and concentration 
of a fluorescent compound is linear only if the absorbance of the sample is constant both at the excitation 
wavelength and at the wavelength of fluorescence measurement. If the absorbance at either wavelength is not 
constant during the titration, deformation of the titration graph occurs, which results in a systematic titration 
error. As the magnitude of this error is related to the change in absorbance, and accordingly to the 
concentration of the substance to be titrated, knowledge of the optical properties serves in this case to set an 
upper concentration limit at which titration is still possible with an acceptable systematic error. 

In the wavelength region from 330 to 650 nm, Zn, EDTA, ZnY and the (ammonia) buffer do not 
absorb significantly. Therefore, only the absorption spectra of HQS (in the forms H,L, HL and L), ZnL 
and ZnL, need be given. The absorption spectra of ZnL and ZnL, cannot be measured separately. 
Therefore, the spectra of two different mixtures of zinc with HQS were taken. From the known stability 
constants the compositions of these mixtures were computed. At any wavelength this resulted in two equations 
both containing EZ,,L and EZ,,L . These equations were then solved for eznt and sznL . The absorption spectra 
of L, ZnL and ZnLs are iden&al, but at any wavelength the molar absorptivity o{ZnL, is twice the molar 
absorptivity of ZnL, and that of L (Fig. 4). This kind of behaviour of oxinates has been reported before.‘-lo 
HQS does not exhibit fluorescence in any of its forms (in aqueous media). Therefore, in Fig. 5 excitation and 
fluorescence spectra are given for ZnL and ZnL, only. The excitation and fluorescence spectra of ZnL and ZnL, 
were separated in the same way as the absorption spectra of ZnL and ZnL, . From the known absorbances 
and the excitation and fluorescence spectra it can be found that the ratio of the fluorescence efficiencies 
of ZnL and ZnL, is %,,L : %,,L, = 1 : 0.9. This ratio differs from the one found by Bishop:” eZnL : eZnt, = 
0 : 1, but it is comparable to the findings of Ballard:if %,,L : (qn~, = 1 : 1. 

A. nm 

Fig. 4. The absorption spectra of HQS, ZnL and ZnL,. Conditions: HsL, pH = 2; HL-, 
pH = 6.2; L2-, pH = 10. The spectra of 10m4M and 5 x lo-‘M ZnL, are identical with that of 

10-4M L. 
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Fig. 5. The excitation and fluorescence spectra of ZnL and ZnLl (uncorrected). For I, an 
arbitrary scale is used. 

The titration of zinc with HQS 

This titration is based on the reactions (charges are omitted): 

Zn + L e ZnL (5) 

ZnL + L = ZnL, (6) 

As both ZnL and ZnL, exhibit fluorescence the end-point indication depends on both. Since HQS 
is added, the absorbance of the sample at the excitation wavelength changes during the titration. Zn, ZnL, 
Znt, and L do not absorb at the wavelength of fluorescence measurement. Therefore the measured 
fluorescence intensity can be written as: 

1~ = k{[ZnL] + 0.9[ZnL,]). f(A,,) 

where k is a constant and f(&) is a function of the absorbance at the excitation wavelength. A 
discussion of this function is given elsewhere.‘e6 

Two limiting cases can now be distinguished. 
1. At low concentrations of zinc the factorf(d,,) in (7) is nearly constant during a titration. Therefore, the 
lowest concentration of zinc that can successfully be titrated is determined by the values for the stability 
constants for reactions (5) and (6). For a more complete discussion of this limit see Freese and den 
Boef. 1 3 
2. At higher concentration of zinc the influence of f&J on the titration graph becomes appreciable: 
extrapolation of the quasilinear branches yields false results. 

From computer computations6 It appears that the lower limit for the concentration of zinc is about 
5 x 10e6M, and the upper limit (for the apparatus used, and with excitation at 365 nm) is about IO-‘M for a 
systematic error of 1% in the end-point. Both values were computed for pH 8.8. 

Procedure. A lo-ml sample, containing l-15 pg of zinc and buffered to pH 8.8, is transferred by pipette 
into a cell. The cell is placed in the fluorimeter, and the sample is titrated with HQS. Excitation is at 365 nm, 
the fluorescence is measured at 520 nm. 

The results of typical titrations are reported in Table 1. The results are accurate over the concentration 
range from 2 x 10e6M (1.268 pg) to 10e5M (6.34 pg). This range is slightly larger than the predicted range, 
the lower concentration limit being lower than predicted. It seems that the conditional stability constants for the 
zinc complexes are somewhat larger than those calculated from the values given in the literature. This effect 
can be seen even more clearly if a computed titration graph is compared with an experimental graph. 

Zinc has also been titrated with HQS in the presence of a number of other metal ions. It was found that 
nearly all these metals interfered with the determination of zinc (14 metals tested, only a 5-fold excess of 
calcium did not interfere). It must therefore be concluded that as a test for the theory of end-point 
indication by fluorescence the titration has been successful, the upper concentration limit being accurately 
predicted. but that the titration has rather little practical value. 
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Table 1. Results of the titration of zinc with HQS 

Relative No. 
Zn taken, Zn found Zn found, Difference, std. devn., of detns. 

M &I* wt %# “0: / 

0 1.14 4.0 6 

@634 1.41 0.27 -57 3.6 1.268 240 1.26 -0.6 1.6 : 
3.17 4.35 3.21 +1.2 25 5 
6.34 7.55 6.41 + 1.1 0.7 5 
9.51 1044 9.30 -2.3 1.2 6 

1268 1340 12.26 - 3.3 0.9 5 
15.85 16.07 14.93 -5.8 0.7 5 

* &fore correction for blank. 
t After correction for blank. 
Q Relative to Zn taken. 
$ Relative to the uncorrected value of Zn found. 

The titration ofzinc with EDT,4 in the presence of HQS 

Zinc can be titrated with EDTA according to 

Zn+Y e ZnY. 

This reaction is not self-indicating, and an indicator has to be added. We have investigated the use of HQS 
as the indicator. It is necessary that one of the complexes of HQS with zinc should predominate in the 
titration system. This condition is most easily fuffilled for the complex ZnL,. A titration is then feasible, if 
conditions (l)-(4) are fulfilled. Condition (1) is fulfilled for a certain minimum value CL of the concentration 
of HQS, which depends on aZn and therefore on the buffer. An ammonia/ammonium salt buffer of pH 8.8 is 
chosen, with?Hsl. = O-1M. Condition (1) is then satisfied if log CL > - 5.1. Titrations can be performed with 
Cays = 10 M. Wtth this value of CL condition (3) is also satisfied. Conditions (2) and (4) are fulfilled if 
lo- M < C, < 10-sM. 

A peculiarity of the indication reaction is that the absorbance of the sample is constant during the 
titration (changes in volume being neglected), because the absorptivity per mole of ligand is the same for L, 
ZnL and ZnLs, and the total concentration of HQS is fixed. Therefore, the fluorescence intensity is linearly 
related to the concentration of the zinc complex. 

Procedure. To a sample add pH 8.8 buffer and HQS. Take a lo-ml aliquot in a cell and place the 
cell in the fluorimeter. Titrate with EDTA, measuring the fluorescence at 520 nm, with excitation at 365 nm. 

The results of titrations in the absence of other ions are given in Table 2. Owing to the rather high blank, 
titrations of less than 0634 fig of zinc (10e6M) would have been quite inaccurate. Such. titrations were 
therefore not attempted. 

Table 2. Titration of zinc with EDTA in the presence of HQS 

Relative No. 
Zn taken, Zn found, Zn found, Difference, std. devn., of detns. 

Kl KJ* wt %§ %$ 

0 048 3-o 15 
0.634 1.14 066 +4.1 3.1 15 
1.268 1.74 1.26 -0.6 1.0 15 
3.17 3.64 3.16 -0.3 1.2 15 
634 6.82 6.34 0.0 1.5 15 

* Before correction for the blank. 
t After correction for the blank. 
4 Relative to Zn taken. 
3 Relative to the uncorrected value for Zn found. 
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The results of titrations in the presence of various ions are given in Table 3. All titrations were performed 
on samples containing 1.268 pg of zinc (2 x 10m6M). From Table 3 it is apparent that the zinc titration 
is not very selective. To improve the selectivity the zinc should be separated from the interfering ions. Two 
separation schemes have been investigated? separation by means of anion-exchange in a medium containing a high 
concentration of iodide,i4 and extractive separation with dithizone in carbon tetrachloride.‘s 

Separation by means c$ ion-exchange 

Several metal ions, notably Hg(II), Pb, Cd, Tl(I), Bi and Cu(II), form iodo-complexes with a negative 
charge. Zinc does not form such complexes in aqueous media. It is therefore possible to separate zinc from 
the iodo-complexes by using an anion-exchanger. 

Procedure. Prepare a 10 x 200 mm column of Dowex l-X2. Bring the resin into the iodide form by passing 
100 ml of O.lM potassium iodide through the column. To a sample containing 5-50 pg of zinc add 1.5 g of 
potassium iodide, 0.1 g of ammonium acetate and 0.1 g of sodium thiosulphate. Dilute to 100 ml. Pass this 
solution through the column. Reject the first 25 ml of the eluate, and collect the remainder for either further 
separation with dithizone, or, if no further separation is needed, for titration of a lo-ml aliquot. Regenerate 
the column by passing successively 100 ml of 2M nitric acid, 100 ml of distilled water and 100 ml of O.lM 
potassium iodide through it. 

Several samples were subjected to this separation procedure. They did not need further separation. The 
results obtained are given in Table 4. 

Separation by means of dirhizone 

Several metal ions, notably Cu(II), Ag and Hg(II), are completely extracted from aqueous solution at pH 1 by 
dithizone in carbon tetrachloride. Bi(II1) is partially extracted. Zinc is not extracted under these conditions. 
At pH 5, and in the presence of 2M iodide, Zn, In(II1) and Sn(I1) (partially) are extracted by dithizone 
in carbon tetrachloride.6 The following extraction scheme therefore suggests itself: extraction at pH 1; extraction 
at pH 5 in the presence of 2M iodide; stripping at pH 1 from the second extract. The last two steps could be 
repeated to ensure a complete separation of zinc with appropriate phase-volume ratios if a concentration step 
is desired. After the final stripping the pH of the sample is adjusted to 8.8 with ammonia and a lo-ml portion is 
titrated. Typical results are given in Table 5. 

Table 3. Titration of zinc with EDTA in the presence of HQS and diverse ions 

Foreign CXICZ” Zn found, Difference, Relative No. 
ion (X) std. devn., of detns. 

KJ* KJt %§ %$ 

Cu(I1) 2.5 1.17 -0.10 - 7.9 6.4 9 
Cu(I1) 5.0 1.12 -0.15 -11.8 5.9 9 
Ni(I1) 2.5 0.97 -0.30 - 23.6 25 9 
Co(I1) 5.0 1.18 -009 -7.1 3.2 9 
Fe(II1) 2.5 1.01 -0.26 -20.5 5.9 9 
Cr(II1) 50 1.14 -0.13 - 10.5 8.0 9 
Ag(I) 2.5 1.08 -0.19 - 15.0 2.9 9 
Ba(I1) 2.5 1.84 +0.56 +44 6.4 9 
Ca(I1) 2.5 1.53 +0.26 + 20.5 9.3 6. 
Mg(II) 2.5 c 3 

E$’ 
1.0 2.51 + 1.24 +97 48 3 

lo5 1.28 +0.01 +0.8 3.0 9 
R(I) lo5 1.29 + 0.02 +1.6 3.2 9 
HPO;- 500 1.26 -0.01 -0.8 49 9 
F- 500 1.29 + 0.02 +1.6 4.1 9 
I- lo6 1.27 0.0 0.0 2.8 18 
Cl - lo5 1.29 +0.02 +1.6 3.1 18 
co:- 500 1.24 -0.03 -2.4 4.3 9 
Cd: I- 1: 106 1.74 + 0.47 +37 9.7 3 

* After correction for blank. 
t Between Zn found and Zn taken. 
0 Relative to Zn taken. 
: Relative to Zn found. 
c No equivalence point could be obtained 
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Table 4. Results for separation by ion-exchange 

Zn taken, 

fig* 

Foreign 
ion (X) 

CxKz, Zn found, 

Mst 

Zn found, Difference, Relative No. 
std. devn., of detns. 

Ilsg %$ %B 

0 
6.34 
6.34 
6.34 
6.34 
6.34 
6.34 
6.34 
6.34 
6.34 
6.34 
6.34 
6.34 
6.34 
6.34 
6.34 
634 

- - 0.70 
Cd(II) - 10 6.99 7.05 

::{::I 500 100 7.11 7.85 
Cd(I1)’ 500 7.09 
Pb(I1) 1 690 
Pb(I1) 10 7.80 
Pb(II)# 10 6.98 
Pb(II}” 1OO 7.34 
Hg(II) 10 7.13 

~~~ 500 100 7.05 7.02 
Cu(I1) 1 7.08 
Cu(I1) 10 704 
Cu(II) 50 7.05 
Cu+Hg”t 10+100+ 7M) 
Pb+Cd 10+100 

- 
6.35 
6.29 
6.41 
7.15 
6.39 
6.20 
7.10 
6.18 

t:: 
6.35 
6.32 
6.38 
6.34 
6.35 
6.30 

- 
f0.2 
-0.8 
+1*1 

+ 12.8 
+08 
-2.2 

+ 12.0 
-25 
+4.7 
il.4 
-t-e2 
-0.3 
f0.6 

0.0 
+0;2 
-0.6 

25 
0.7 
0.5 
0.6 
0.5 
0.8 
0.9 
1.2 
@4 

:zl 
O-6 
0.6 
0.3 
0.1 
0.2 
0.4 

* Amount of zinc present in aliquot titrated. 
t Before correction for blank. 
8 After correction for blank. 
$ Relative to Zn taken. 
fl Relative to the uncorrected value of Zn found. 
# Samples passed through the column twice. 

Table 5. Results for extractive separation with dithizone 

Zn taken, Foreign CJC,. Zn found, Zn found, Difference, Relative No. 
ion (X) std. devn., of detns. 

H% M9’ wt %S %$ 

0 
0.634 
1.268 
3.17 
6.34 
6.34 
6.34 
6.34 
6.34 
6.34 
6.34 

- 
- 
- 

- 
- 
- 
- 
- 

loco 
1000 

10 
10 
10 
50+ 
SO 

B85 - - 
1.47 062 -2.2 
2.12 I.27 +0*2 
3.98 3.13 -1.3 
7.12 6.27 -1.1 
7.21 6.36 +0.3 
7.09 6.24 - 1.6 
700 6.15 -3.0 
7.15 6.30 -0.6 
9.22 8.37 f32 
6.42 5.57 - 12.2 

2.5 
2.9 
1.9 
0.9 
2.0 
3.6 
0.4 
0.8 
6.2 

9 
9 
9 
9 
9 
9 
9 

; 
9 
9 

* Before correction for blank. 
t After correction for blank. 
5 Relative to Zn taken. 
t Relative to the uncorrected value of Zn found. 
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CONCLUSIONS 

Samples containing 05-5 pg of zinc per IO-ml aliquot can be titrated successfully with 
EDTA in the presence of HQS at pH 8.8. Many metal ions interfere in this titration, 
but the interferences can be eliminated by a separation with an anion-exchanger 

[Cd, Pb; HgUI), Ct.@)], or by an extraction procedure using dithizone. If the dithizone 
separation is used, an enrichment of the sample should be possible. However, this 
possibility was not investigated. 

Acknowledgement-The authors wish to thank Miss A. L. M. van Egmond for carrying out much of the 
experimental work. 
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Zusammenfassung-Zink bildet mit 8-Hydroxychinolin-5-sulfonslure (HQS) im pH-Bereich 7-10 
fluoreszierende Komplexe. Die Stabiht;it dieser Komplexe ist derart, daB zwei verschiedene 
Titrationsmethoden miighch sind: die Titration von iink mit HQS und die Titration von 
Zink mit EDTA in Geeenwart von HOS. Fur beide Nethoden wird die Wahl der Titrations- 
bedingungen beschrieben. Ferner werden zwei Abtrennverfahren fur Zink beschrieben, die in 
Verbindung mit der EDTA-Titration besonders geeignet sind. Die praktischen Ergebnisse zeigen, 
dat3 Zink in Konzentrationen tiber 10e6M (0,05 pgg/ml) mit guter Genauigkeit titriert werden 
kann. 

Resume---Le zinc forme des complexes fluorescents avec I’acide 8-hydroxyqujnol~ine 5-suifonique 
(HQS) dans la zone de pH 7-10. La stabilite de ces complexes est telle que deux techniques de 
titrage differentes sont possibles: le titrage du zinc par HQS et le titrage du zinc a I’EDTA en 
la presence de HQS. On dtrrit le choix des conditions de titrage pour les deux techniques. 
On dbrit aussi deux techniques de separation pour le zinc, particulierement adaptees en liaison 
avec le titrage a I’EDTA. Les risultats pratiques montreni que le zinc en concentrations 
superieures a 10-“M (0,05 pg/ml) peut itre dose avec une bonne precision. 
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A STUDY OF THE COMPOSITION AND PROPERTIES 
OF THE ION-ASSOCIATION COMPLEX OF 

RHODAMINE B WITH SILICOMOLYBDIC ACID, WITH 
A VIEW TO ITS ANALYTICAL APPLICATION 
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Department of Analytical Chemistry, Institute of Nuclear Research, Dorodna 16, 

03-195 Warsaw, Poland 

(Received 25 July 1972. Accepted 23 February 1973) 

Summary-The composition of the ion-association complex of Rhodamine B with silicomolybdate 
has been examined by Job’s method and spectrophotometric titration, The ratio of Rhodamine B 
to silicon in the complex is 4 : 1. The same ratio is obtained by analysis of the crystalline 
complex. The composition of the complex is identical in aqueous medium an organic solvent 
(ethanol) and in the crystalline state (C1sHJoNt01)rSiMo12040). The complex is stable in the 
organic solvent and has its absorption maximum at 555 nm and a molar absorptivity of 
5 x 10’ l.mole-‘cm-‘. The complex can be advantageously used for the determination of silicon. 

Basic xanthone dyes, including Rhodamines, are monovalent cations which’occur in the 
form of salts in aqueous solution. They tend to form ion-pairs (ion-association 
complexes) with metal-compiex anions and are advantageously used for separation and 
extractive-photometric determination of a number of elements. According to Kuznetsovl 
Rhodamine B forms ion-association complexes only with anions of molecular weight 
above 200, e.g., WOi-, SbCl;, Zn(SCN):-, AuCl;, TlCl;, CdI:-, heteropoly complexes. 
These complexes are extractable with organic solvents, e.g., benzene, toluene, isopropyl 
ether, while the excess of the dye usually remains in the aqueous phase. According to 
Noelting and DziewonskP Rhodamine B occurs in two principal forms: 

the lactone form RHX salt 

Ramette and Sandel13 showed that in aqueous solutions other forms occur, i.e., R” 
(a colourless lactone form), R + - , RH+, RN;+, RHz+. The equilibrium between these forms 
is dependent on pH. Colourless solutions of Rhodamine B in benzene and ether contain 
the lactone form R”, which in polar solvents, e.g., alcohol, acetone, water, shows a strong 
tendency to open the lactone ring, forming a violet amphoteric form R*- at pH 4-13. 
At pH < 4 the carboxyl group is protonated, giving RH+. At pH 6-l an amino 
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nitrogen atom is protonated, giving the orange RH2 2+. The further protonated yellow 
form RHif occurs only in concentrated sulphuric or perchloric acid medium. 

According to Blyum et al. 4*5 the optical properties of compounds of a given dye with 
various anions are dependent only on the amount of the dye combined with the anion, and 
on its molar absorptivity, and are similar to those of an aqueous solution of the dye 
containing mainly the univalent form RH+. This suggests that only the univalent form of 
Rhodamine B, RHf, can react with anion complexes. It follows then that the presence 
of this form of Rhodamine B is indispensible for the formation of ion-association 
compounds with anions in solutions. 

In the formation of an ion-association complex the interaction between the cation of 
the dye and the anion of the solvent (water) diminishes considerably, resulting in 
precipitation of the compound formed. 

We have dealt earlier6*’ with the determination of trace amounts of silicon as the 
silicomolybdic acid complex with Rhodamine B. The high molar absorptivity of this 
complex seemed to be interesting enough to justify further investigation of its analytical 
properties and composition. 

EXPERIMENTAL 

Reagents 

Standard silicon solutions, 10m2, lo-” and 10e4M. 
Sodium molybdate (analytical reagent grade) solutions, 0.1 and 0.012M (pH 1.3). 
Rho&mine B solutions, lo- 3 and 10-‘M. Prepared from dye recrystallized from ethanol. 
Nitric acid (spectrally pure), 5M. 
Water. Redistilled in quartz apparatus. 

Preparations 

The Rhodamine B silicomolybdate complex (RB-StMo) in aqueous solution. Sodium molybdate solution 
(0012M, 1 ml) was added to a lo-ml volumetric flask containing sodium silicate solution. The contents 
were mixed and after 10 min, 1 ml of 5M nitric acid was added. The mixture was diluted to 8 ml, a 
suitable amount of Rhodamine B (RB) solution was added and the solution diluted to the mark and mixed. 
The absorbance was measured 10 min later. 
Separation of R&Si-Mo by jotation. An aqueous solution of the complex was prepared as above, and 1 or 2 
ml (according to the silicon concentration) transferred to a separatory funnel; 2 ml of di-isopropyl ether were 
added and the mixture was shaken for 15 sec. The RB-Si-Mo complex precipitated as a thin layer on the phase 
boundary. The aqueous phase was separated, and the ether and adhering precipitate were washed with 2 ml 
of water. The water was separated, the ether removed, and the precipitate was dissolved in ethanol. For 
determination of uncombined Rhodamine B the absorbance of the aqueous solution and washings was 
measured at 555 nm (J.,,, for RB) in l-cm cells. 
Crystalline RB-Si-Mo. Sodium silicate solution (@OlM, 20 ml) and 200 ml of 0.024M sodium molybdate were 
transferred to a 1-litre separatory funnel. After 10 min, 100 ml of 5M nitric acid and 400 ml of OOlM RB 
were added, and the solution was diluted to 1 litre and shaken vigorously. A violet precipitate of RB-Si-Mo 
was formed. After 15 min 50 ml of di-isopropyl ether were added and the mixture was shaken for 15 sec. 
The complex accumulated at the phase boundary. The aqueous phase was separated and the ether phase 
plus precipitate was washed several times with water to remove uncombined RB completely. The precipitate was 
filtered off and dried at 1 lo” to constant weight. 

RESULTS AND DISCUSSION 

Absorption spectra 

The spectra of the complex and of Rhodamine B in ethanol solution are shown in Fig. 1, 
and those for aqueous media are shown in Fig. 2. The spectrum of the complex in aqueous 
medium is very similar to the spectra of crystals of Rhodamine B and the complex de- 
posited on quartz plates. This suggests that in aqueous solution, even before precipitation, 



Complex of Rhodamine B with silicomolybdic acid 
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Fig. 1. Absorption spectra 
I-crystalline complex in ethanol, [RB-Si-Mo] = 1.39 x 10e6M; 
2-RB in ethanol, [BB] = 5.6 x 10m6M; 
3-Si-Mo in ethanol, [Si] = 1.5 x 10e6M, [MO] = 18 x 10m6M. 

I I I I I I\. I I 
500520540 560560 600620640 

x, "In 

Fig. 2. Absorption spectra 
I-complex in aqueous solution (0%4 HNO,), [Si] = 2 x lo-‘M, [RB] = 8 x IO-‘M, [MO] = 

1.2 x 10-3M; 
2-RB in aqueous solution (05M HNO,), [RB] = 8 x 10m6M; reference water; 
3-crystalline RB; 
I-crystalline complex. 
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the complex forms agglomerates of a structure similar to that of the crystalline 
material. If just enough alcohol to prevent precipitation is added to this solution the 
spectrum of the complex becomes identical in shape with that of Rhodamine B. This fact 
confirms the suggestion. 

Composition of the RB-Si-Mo complex 
Job’s method and spectrophotometric titrations were used to determine the composition 

of the complex. The absorbance of free Rhodamine B in the aqueous solution was measured 
after separation of the complex by flotation. 

All the Job and titration curves show an apparent combining ratio of Si : RB = 1 : 6. 
However, the shape of the Job curve indicates that interfering reactions occur and reduce 
the effective concentration of Rhodamine B, resulting in a shift of the maximum. This type 
of interference was discussed by Asmus.’ Taking into account that at the break-point 
of the curves about 20% of the Rhodamine B is not combined in the complex but 
remains in the aqueous solution, and that some Rhodamine B in the lactone form 
dissolves in d&isopropyl ether during the flotation process, the ratio Si : RB must be 
corrected. When this is done the ratio Si : RB is about 1 : 4. 

Analysis of crystalline RB-Si-Mo for molybdenum by the thiocyanate method,g silicon 
by the molybdenum blue method” and carbon, hydrogen and nitrogen by microanalysis, 
gave the results MO 32.15 %, Si 0.78 %, C 37*1x, H 3+5x, N 3.1%. (RB)$iMo12040 
requires MO 32.10 %, Si 0.78 %, C 37.45 %, H 3.43 %, N 3.12 %. 

The composition is further confirmed by the congruence of the visible-region absorption 
spectra of ethanol solutions of RB and of the complex (Fig. l), the molar concentration of 
RB being four times that of the complex (calculated on the basis of the postulated 
composition). 

Properties of RB-Si-Mo 
The best solvents for the RB-Si-Mo complex are alcohols and ketones, but they cannot 

be used for extraction of the complex because Rhodamine B is also extracted. Ethers and 
hydrocarbons (e.g., xylene, hexane, cyclohexane) do not dissolve the complex but can be 
used for flotation of the precipitate from water. 

The spectrum of the dry crystalline complex dissolved in ethanol is identical with that 
of an ethanol solution of Rhodamine B (Fig. 1) and has its absorption maximum at 
543 nm, but is shifted towards shorter wavelengths relative to the spectrum of the 
complex dissolved in ethanol directly after flotation from aqueous solution (Fig. 3, curve 
6) which has its absorption maximum at 555 nm. This shift is connected with the 
dependence of the spectra of the complex and of Rhodamine B on pH. The effect of 
nitric acid on the shape of the spectra is shown in Fig. 3. Small amounts of nitric acid 
(5M, 0.05 ml) shift I,, of the RB solution from 543 to 555 nm, and also increase the 
absorbance. A slightly larger amount of acid (0.2-l ml) causes only a slight decrease in 
absorbance (curves 2, 3). At very large amounts of the acid*(curve 4) the univalent form 
of Rhodamine B begins to pass into the bivalent form (curve 5). 

The molar absorptivity of the dry complex dissolved in ethanol is 3.6 x 10’ 
l.mole- ‘.cm- ’ (at 1, 543 nm) and of Rhodamine B 8.3 x 104. The value for the 
complex is slightly higher than that expected from the composition (4 x 8.3 x 104). 
This may be because free Rhodamine B in ethanol occurs partly in the lactone form. 
Slight acidification increases the molar absorptivities to 4.6 x lo5 and 1.1 x 10’ 
l.mole-‘.cm-’ respectively, suggesting a shift of the equilibrium from R” to RH+. 
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Fig. 3. The effect of nitric acid on the spectrum of RB in ethanol, [RB] = 56 x 10e6M. 
I-RB in ethanol; 2-S-RB in ethanol after addition of 5M HNO,: 2-045 ml; 3-l ml; 

4-S ml; 5-8 ml; 6-complex dissolved in ethanol directly after separation from aqueous 
solution formed in the presence of excess of RB, [Si] = 1.3 x lo-“M. 

The molar absorpti~ty of the complex produced under optimum analytical conditions 
and dissolved in ethanol directly after separation by flotation is 5 x lo5 Lmole-‘.cm-’ 
(A,,,,, 555 nm). The complex is formed in acid aqueous medium and contains ,only the 
intensely coloured form RH’. Moreover it is presumably solvated with acid molecules, 
which protect it from the influence of ethanol. 

The identity of the spectra of crystalline RB-Si-Mo and Rhodamine B dissolved in 
ethanol implies that an ionic bond occurs between RB and silicomolyb~te and that the 
structure of the dye molecule is not affected by the formation of the complex. The similarity 
of the spectra of crystalline RB-Si-Mo dissolved in acidified ethanol and of the complex 
dissolved in ethanol directly after flotation suggests identical structure and composition 
of the complex in the solution and in the crystalline form. 

The sharp break-points on the spectrophotometric titration curves and the Job curves 
suggest that the complex is very stable. 

In view of these and earlier results’ the RR-Si-Mo complex can be advantageously 
used for determination of traces of silicon, by two methods. 
(1) The complex RB-Si-Mo formed under optimum conditions of acidity (05M nitric 

acid) in the presence of an excess of RB is separated by flotation with di-isopropyl 
ether, and dissolved in ethanol, and its absorbance at 555 nm is measured. 
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Silicon can be determined directly by measurement of the absorbance of an aqueous 
solution of the complex at 590 nm, where absorption by RB is insignificant. Because 
of the low solubility of the complex this method can only be used for the determination 
of Si at concentrations below 30 ng/ml. 
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Zrmammenfassung-Die Zusammensetzung des Ionenassoziationskomplexes von Rhodamin B mit 
Silicomolybdat wurde nach der Job&hen Methode und durch spektrophotometrische Titration 
untersucht. Das Verhaltnis Rhodamin B: Silicium im Komplex betrlgt 4: 1. Dasselbe Ver- 
hahnis erhalt man durch Analyse des kristallinen Komplexes. Die Zusammensetzung des Kom- 
plexes ist dieselbe in wlgrigem Medium, einem organ&hen Losungsmittel (AthanoI) und im 
kristallinen Zustand ((CzsH,oN,0,),SiMo,2040). Der Komplex ist in dem organ&hen 
Losungsmittel stabil und hat ein Absorptionsmaximum bei 555 nm mit dem molaren Extink- 
tionskoefhzienten 5 . lo5 1 mol-icm-l. Der Komplex kann mit Vorteil zur Siliciumbestimmung 
verwendet werden. 

R&sum&-On a examine la composition du complexe d’association ionique de la Rho&mine B 
avec le silicomolybdate par la methode de Job et le titrage spectrophotomttrique. Le rapport 
entre la Rhodamine B et le silicium dans le complexe est 4: 1. Le mtme rapport est obtenu 
par analyse du complexe cristallin. La composition du complexe est identique en milieu aqueux, 
dans un solvant organique (ethanol) et P T&at cristallin (C,sHs,N20&SiMoi20,,,. Le 
complexe est stable dans le solvant organique et a son maximum dabsorption a 555 nm et un 
coefficient d’absorption molaire de 5 x 10” Lmole- 1 cm- ‘. Le complexe peut etre avantageusement 
utilid pour le dosage du silicium. 
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EVALUATION OF A CARBON-ROD ATOMIZER FOR 
ROUTINE DETERMINATION OF TRACE METALS BY 

ATOMIC-ABSORPTION SPECTROSCOPY 

APPLICATIONS TO ANALYSIS OF LUBRICATING OIL 
AND CRUDE OIL* 
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Summary-A carbon-rod atomizer (CRA) fitted with a ‘mini-Massmann’ carbon rod was 
evaluated for routine analysis of petroleum and petroleum products for trace metal content by 
atomic-absorption spectroscopy. Aspects investigated included sensitivity, detection limit, effect 
of solvent type, and interferences. The results of analysis of oil samples with this technique 
were compared with those obtained by other techniques. Metals studied were silver, copper, 
iron, nickel, and lead. Sensitivity and detection limit values obtained with the CRA were 
similar to those obtained with the carbon-filament atomizer. Strong ‘solvent effects’ were 
observed as well as interference by cations. On the basis of this study, design changes for the 
CRA are suggested, with the object of minimizing ‘solvent effects’ and interferences, increasing 
the atomization efficiency, and increasing the residence time of the atomic vapour in the 
optical path of the instrumental system. 

The development and application of non-flame atomization techniques utilizing carbon 
rods or tube furnaces of various designs have yielded a powerful tool for trace-metals 
analysis which overcomes many of the limitations imposed by flame atomization in 
atomic spectroscopy. I-” Non-flame atomizers generally give better sensitivities and 
detection limits than do conventional flame techniques. Also, such devices provide a 
reducing atmosphere created by the graphite rod of the atomizer, an inert gas (argon 
or nitrogen) sheath enveloping the sample-cell cavity, and a high rod temperature 
(up to 3000”).* Kirkbright has reviewed the earlier development of these devices.’ 

The various tube furnace designs, as developed by L’vov,~ Massmann, and 
Woodriff.” are in general more sensitive, achieve lower detection limits, and are less 
prone to interferences than the geometrically simpler ‘mini-Massmann” carbon-rod 
atomizer (CRA) and ‘West-type’ carbon-filament atomizer (CFA) configurations. 
However, because of the complexity of the furnace designs, more stringent power and 
instrumentation requirements, and the increased time needed for analytical measure- 
ments, more emphasis for routine applications has been placed on the simpler and 
easier to use CRA and CFA. 

* Presented at the 55th Conference and Exhibition of the Chemical Institute of Canada, Quebec City, 
Quebec. Canada. 5-7 June 1972. 

+ Present address: Bureau of Community Environmental Management, 550 Main Street, Cincinnati, Ohio 
45202. U.S.A. 
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West and co-workersil-ig developed the CFA and studied its applicability to a wide 
range of metals, using atomic-absorption and fluorescence spectroscopy. They found 
that, in general, there was no change in sensitivity for copper, silver, zinc, cadmium, 
iron, and lead with changes in complexing agents or salts, and for metal complexes 
extracted into organic solvents. A number of cations were found to interfere, but the 
extent of the interference could be reduced by restricting the place of measurement 
to the area immediately above the graphite rod. Amos et al.,’ studied the clinical 
application of a CFA and found interferences; these were reduced by the addition of a 
hydrogen diffusion flame about the carbon rod. 

MatouSek and Steven@ applied a CRA to biological systems. They used standard 
solutions of about the same composition as that of the samples, thereby compensating 
for interferences and also allowing for similar penetration of the standard and the sample 
into the graphite rod. Rosenz5 and Kubasik, Volosin and Murray26.27 have demonstrated 
the applicability of a CRA to the routine determination of lead in whole blood. 

Brodie and Matoubk’ demonstrated the applicability of a CRA to analysis of 
synthetic lubricating oils for various metals, using aqueous standards, but the rod had 
to be pretreated with xylene to prevent penetration of the aqueous solutions into the 
rod. Bratzel and Chakrabarti” applied a CRA to the analysis of various petroleum 
products for lead; the sensitivity for lead was the same for the different solvents 
employed and no interference was noted from NO-fold amounts (relative to lead) of a 
number of cations. Winefordner and co-workers,22-24 reported the use of a CFA for the 
routine determination of ‘wear’ metals in used engine oils. Solutions of organometallic 
compounds in neutral base oil were used as standards. The results showed a high 
correlation coefficient with average values obtained by up to fifty U.S. military laboratories 
by flame atomization. Alder and West” reported the determination of silver and copper 
in lubricating oils, using organometallic standards in neutral base oil. 

In the analysis of used lubricating and reciprocating oils for wear metal content, dis- 
crepancies in results28*29 are usually attributed to the metal being present in particulate 
rather than in dissolved form.30731 Golden3’ and Taylor et a1.,33 have studied the 
effect of various instrumental factors, including flame temperature and composition, as 
well as the effect of particle size, on the efficiency of nebulixation and atomization of 
particulates containing iron, copper, magnesium, chromium, and lead. In general, they 
found that the particle size was important and, for iron, the fuel-to-air ratio. Solutions 
of organometallic standards proved satisfactory as reference solutions only when the 
particle size was small and the particulates could therefore be atomized in a Ilame to a 
degree similar to that of dissolved metal species. The use of high-temperature and low- 
velocity flames as well as of the standard-addition technique solved some, but not all, of the 
problems. Winefordner and co-workersz4 reported that a better atomization efficiency and 
correlation coefficient were obtained when a hotter flame was used. 

Because of the advantages (better sensitivity and detection limit and smaller sample 
volume) of the CRA over flame techniques, and of the promise of minimal solvent and 
interference effects, a CRA was evaluated for its applicability to routine trace analysis 
for metals in petroleum matrices. Our earlier work” with the CRA on lead in 
petroleum samples was expanded and extended to silver, nickel, copper and iron. Samples 
analysed were used jet-engine lubricating oil and crude oil. The metals chosen ranged from 
lead (easy to atomize) to nickel (difficult to atomize); iron was chosen because of its 
anomalous behaviour in a flame ,33 Effects of various solvents (xylene, MIBK, butyl 
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acetate, carbon tetrachloride, and 40% v/v nitric acid) were studied. The 40% v/v nitric 
acid medium was chosen because no pretreatment was required to prevent penetration 
of the solvent into the carbon rod. lo Both calibration curves and the standard-addition 
technique were used. Sensitivity and detection limit were determined for each metal, and 
compaied with those determined by the same or similar techniques. The applicability of the 
CRA to routine analysis of oil samples was evaluated, and design modifications were 
suggested to overcome problems and limitations encountered in application to trace metals 
in general. 

EXPERIMENTAL 

Apparatus 

The instrumentation was that used previously.6-‘0~25*26 A n Elektronik 194 (Honeywell) fast-response 
millivolt recorder was used to register the absorbance signals detected with an R-213 photomultiplier tube. 
The CRA was sheathed with argon to prevent entry of atmospheric air. There was provision for bleeding 
hydrogen into the argon line to provide a small hydrogen diffusion flame around the CRA. The monochromator 
slit-width was 0.100 mm, corresponding to a spectral bandpass of 0.33 nm. The atomic-absorption lines 
used for analysis were 328.07 nm (Ag), 324.75 nm (Cu), 248.33 nm (Fe), 232m nm (Ni), and 283.31 nm (Pb). 

Standards and reagents 

The following standards of known metal content were used: silver nitrate (Anachemia Chemicals, Ltd., 
Montreal, Quebec), nickel cyclohexanebutyrate (Ni-CHB) (Eastman Organic Chemicals, Rochester, New York 
14650), nickel naphthenate (Harshaw Chemical Company, Cleveland, Ohio), lead cyclohexanebutyrate 
(Pb-CHB) (Eastman), tetraethyl lead (TEL) (Ethyl Corporation, New York, New York 10017), 
tris(l-phenyl-1,3-butadione)iron (Fe-TPB) (Eastman), copper cyclohexanebutyrate (Cu-CHB) (Eastman). 
Tri-iso-octyl phosphorothioate (TOTP) (Mobil Chemical, 801 East Main Street, Richmond, Virginia 
23208) of analytical reagent grade purity was used as the complexing agent for the preparation of the 
organosilver standard. The 40% v/v nitric acid solutions of the metals were prepared from the pure 
metals. Other reagents used were analytical-reagent grade. Distilled water was demineralized before use. The 
crude oil samples were supplied by Imperial Oil Ltd. (Montreal, Quebec), and the used U.S.A.F. jet-engine 
lubricating oils by Dr. J. D. Winefordner (Department of Chemistry, University of Florida, Gainesville, 
Florida 32601). 

Preparation of standard solurions 

Nickel naphthenate and TEL were diluted directly with the appropriate solvent. Ni-CHB, Pb-CHB, Cu-CHB, 
and Fe-TPB were dissolved in the appropriate solvent. Silver nitrati was dissolved directly in the appropriate 
organic solvent with about 10% v/v of TOTP added; the silver was then present in solution as a stable 
TOTP complex.34*35 The appropriate solvents are shown in Table 1. All stock solutions were prepared to be 
about 500 pg/ml; dilutions were made immediately before use. 

Table 1. Effect of solvent on absorbance signals (coefficient of variation 5%) 

Absorbance relative to 1.00 for MIBK 

Xylene cc14 
Metal, Compound 40% HNO, , Butyl acetate, 
PS.‘rnl or complex peak height Peak height Integration Peak height Integration peak height 

Ag. 0.173 N03-TOTP - 0.79 0.88 046 0.95 - 
cu, 1.88 CHB I.05 062 0.62 1.31 1.12 - 
Fe, 1.12 TPB 106 0.74 0.75 0.76 0.73 - 
Ni, 1.78 CHB 0.78 0.86 0.94 1.16 1.16 - 

Pb. 0.202 TEL 1.05 100 1.04 1.56 1.48 0.73 

Carbon rod operating conditions: argon-sheath gas flow = 1 l./min. hydrogen diffusion gas flow = 0.5 l./min, 
sample volume = 2 ~1. 
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Procedure 

An argon flow for 1.0 l/mm and a hydrogen flow of 0.5 I/min were used for all studies; the flow-rates 
were not critical. The oil samples required no preparation except dilution with xylene when the metal 
concentration was too high. Calibration curves were prepared by use of synthetic standards of the appropriate 
metal, and the standard-addition technique was also used. A 2-d sample was placed in the sample cell of the 
CRA and subjected to the dry, ash, and atomize cycle, typical cycle-times being dry-10 sec. ash-15 set, 
atomize-2 sec. The time and voltage settings in the cycle are dependent on the solvent, the sample matrix. 
and the metal determined. The voltage was adequate to ensure complete removal of the sample in one 
firing. The peak height was generally taken as the measure of the absorbance signal but sometimes the 
absorbance signal was integrated. Although duplicate determinations gave satisfactory agreement, from 4 to 6 
determinations were peribrmed on each solution; the relative standard deviations for the standards and the 
samples were less than 5%. Solvent blanks showed no signal. Correction, by means of a hydrogen-lamp 
source, for molecular absorption and/or scattering was found to be unnecessary under optimum experimental 
conditions for both the samples and the synthetic standards. 

RESULTS AND DISCUSSION 

Solvent effect 

A comparison of the absorbance signals when different solvents were used is presented 
in Table 1. 

Brodie and MatouSek” observed that aqueous solutions of silver, aluminium, copper, 
chromium, magnesium, nickel, lead, vanadium and zinc could be used as standards for 
analysis of synthetic oil samples. Aggett and West,is in their atomic-absorption studies 
with the CFA, found no change in the signals for silver, cadmium, copper, lead and 
zinc, whether the metals were extracted as complexes into benzene, chloroform, carbon 
tetrachloride or MIBK, or analysed directly as aqueous solution. However, our studies with 
the CRA indicate a rather large ‘solvent effect’ which is much the same whether the peak- 
height or the integrated absorbance is measured. The absorbance signals for xylene and 
MIBK solutions are generally similar in shape and peak half-width (indicating similar 
times of atomization) but that for carbon tetrachloride is broader and generally occurs 
later in the atomization cycle than that for xylene or MIBK, indicating a slower rate of 
vaporization and atomization. The variation in integrated peak area with change of solvent 
indicates a definite solvent effect, perhaps due to different degrees of penetration by the 
solvent (and hence, the analyte) into the porous carbon rod when the sample is placed 
on the rod, and the relative ease of release as vapour from the pores. This penetration by 
solvent may be eliminated by impregnating the rod with an immiscible solvent,**25.26 or by 
using non-porous pyrolytic graphite. ‘J**’ The absence of a solvent effect with the CFA” 
is probably largely due to the design, which allows a relatively large beam of radiation to 
pass higher above the carbon filament, thereby allowing more time for the drying, ashing, 
and atomization processes to become complete. However, with the CRA, the radiation 
passes through a 15mm hole in the rod, and the incident beam is small and at a lower 
height above the sampling area, allowing less time for these processes; therefore, the 
larger the degree of solvent penetration the smaller the amount of vaporized sample 
available for analysis. Thus, with the CRA there exists a solvent penetration effect. This was 
minimized by Brodie and MatouSek,* by injecting the sample into the carbon rod during the 
drying cycle, i.e., while the rod was warm so that the solvent evaporated quickly 
before significant penetration, or by impregnating the rod with xylene before injecting 
the sample into the cold carbon rod and then following the usual cycle of operation. 
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Salt effect 

The sensitivity for lead had already been found to be the same for Pb-CHB and TEL 
dissolved in xylene. lo In the present study solutions of Ni-CHB and nickel naphthenate 
were also found to give equal sensitivities. These results are in agreement with those of 
Brodie and MatouSek* for aqueous solutions of metal nitrates or sulphates and for 
organometallic salts in oils, with the CRA. They also agree with those of West and co- 
workers’ ‘J for various metal chelates and organometallic compounds in organic solvents 
and metal ions in aqueous solution, with the CFA; however, West and co-workers 
reported that results with organometallic compounds are low unless carefully controlled 
pyrolysis precedes the atomization. 

Sensitivity and detection limit 

The sensitivities (weight of metal giving 1% absorption) for MIBK med.ium are given in 
Table 2 along with those reported by MatouSek and Stevens for an identical system, 
by West and co-workers for a CFA, and by L’vov for his graphite furnace. In 
general, the sensitivities obtained with a CRA or a CFA are similar; small differences 
may be attributed to difference in design and instrumental components. However, these 
results are significantly poorer than those obtained by L’vov, by a factor of at least ten. 
The L’vov furnace appears to possess a higher atomization efficiency, probably because of 
its design, in which the sample is confined long enough within a cell in a highly 
reducing atmosphere for equilibrium to be attained; also the sample cell is made of or 
lined with pyrolytic graphite, which is impervious to solvent, thereby allowing the sample 
solution to remain on the surface of the cell, and the temperature attained is higher, so the 
atomization is more complete. 

Detection limits (defined as signal : root-mean-square noise = 2) for MIBK medium 
are also presented in Table 2 and compared with those of Brodie and MatouSek for an 
almost identical system, and those obtained with a CFA. The CFA and the CRA give 
similar sensitivities and detection limits, and neither has a clear advantage. 

interferences 

The effect of addition of lOO- and lOOO-fold w/w ratios of other cations is presented 
in Table 3. In several cases, the interference of 1OOGfold amounts of foreign species 

Table 2. Sensitivities and detection limits (8) (operating conditions as in Table 1)’ 

Metal 

This study CRA CFA Furnace 
Wavelength. 

s LD S LD S LD S nm 

Ag 1 x lo-‘*(g) 2 x 10_“(9) 2 x 10-l)(8) 1 x 10-‘2(11) 1 x 10_‘2(7) 1 x lo-‘“& 2) 328.07 
13 x 10_‘2(17) 2 x lo-~‘(ls) 

cu 4 x lo-” 1 x 10-11 2 x 10-l’(6) 1 x lo-“(8) 3 x 10-“(l) 2 x IO-“(7) 6 x lo-‘“(1.2) 324.75 
22 x lO_l’(17) 5 x lo-“(15) 

Fe 2 x lo-” 9 x 10-12 9 x lo-“(6) - 3 x 10_‘2(19) 1 x 10_“(7) 1 x 10-‘2(1,2) 248.33 
6 x 10-‘2(19) 

Ni 9 x 10-J’ 2 x lo-‘] - 1 x lO“‘(8) 9.5 x IO-“(18) 2 x lo-“(18) 9 x 10-‘2(1, 2) 232.00 

Pb 1 x lo-“(10) 2 x 10-‘2(10) 5 x IO-l*(6) 5 x lo-12(8) 7 x 10-‘2(1) 2 x 10_“(7) 2 x 10_‘2(1.2) 283.31 
4 x lo-‘~(ls) 

* S = sensitivity: LD = limt or detection: references are given in parentheses. 
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Table 3. Effect of foreign cations on absorbance signals (xylene as solvent, operating conditions as in Table 1) 

Relative absorbance in presence of foreign cations added in 
ratio shownt 

Ag cu Fe Ni Pb 
Concentration, Absorbance of 

Metal* /Weld analyte alone 100 1000 100 1000 100 1000 100 1000 100 1000 

4 0.120 0.209 1.23 1.08 1.71 1.12 1.30 1.18 1.01 0.92 
cu 2.25 0.343 1.46 - 1.67 - 1.30 - 100 - 
Fe 1.12 0.278 1.33 - - - 1.28 - 0.99 - 
Ni 224 0.162 0.98 - 1.08 - 1.10 - 1.02 1.11 
Pb 0.202 0.120 0.9 1 060 0.92 0.68 0.91 - 1.13 0.65 

* Compounds used are given in Table 1. 
t Relative to value of 1GO for each metal solution with no foreign cations added. Coefficient of variation, 

100 
5% calculated from s I= 

2 (j?- x,)2 

X J (n-l) %. 

is greater than that of 1000-fold amounts. There may therefore be more than one source 
or type of interference, acting in opposition, so that the observed effect is the resultant 
of these interferences. 

Alkemade” classified interferences in games into two categories. The first includes 
all effects based on the formation of a chemical compound by the analyte with the 
concomitant in the condensed phase, resulting in signal depression or enhancement. 
The second includes all effects based on occlusion of the analyte in a less volatile 
matrix (resulting in signal depression) or dispersion in a more volatile matrix (resulting 
in signal enhancement). This interpretation may be used as .a basis for discussing the 
interferences observed with the CRA. With the CRA, the times at which the analyte and the 
concomitant are vaporized depend on the relative rates of their vaporization, and if the 
concomitant is vaporized significantly faster than the analyte, there should be no 
interference provided the analyte is dissociated in a time which is small compared with 
its residence time. For example, lead, as TEL which is more volatile, would be expected to 
produce little interference with less volatile systems, and this was borne out experimentally 
(Table 3). 

The general enhancement by a lOO-fold amount of interferent may be due to a chemical 
reaction in the condensed phase before atomization (the first category above), or the 
presence of the foreign species (the concomitant) may affect the penetration of the sample 
into the carbon rod, resulting in an effect similar to the solvent effect discussed above. 

The relative volatility of the five species studied is Pb > Ag > Fe > Cu > Ni, On the 
basis of volatility alone, a sample dispersed in a volatile lead matrix should give a larger 
absorbance signal, and a sample dispersed in a nickel matrix a smaller. signal. 
However, enhancement due to the dispersion of the analyte in a more volatile matrix 
(the second category above) has not been observed, possibly because of the simultaneous 
existence of other opposing and competing factors. 

Measurements on the atomic vapour produced in the sample cell of the CRA and the 
CFA indicate that relatively low vapour temperatures may exist,” that equilibrium is not 
attained, and that occlusion of the analyte metal is a distinct possibility. The absorbance 
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Table 4. Analysis of oil samples 

Sample Metal This study* FAF-FAEt FAA$ 

68-l 
70.2A 
70-3A 
Guanipa 
T.V. 102 

68-l 
.70-2A 
70-3A 
Guanipa 
T.V. 102 

68-l 
70-2A 
70-3A 
Guanipa 
T.V. 102 

68-l 
70-2A 
70-3A 

T.V. 102 

68-l 
70-2A 
70-3A 
Guanipa 
T.V. 102 

Ag 
AS 
& 
& 
Ag 
cu 
CU 
ClJ 
cu 
CU 

Fe 
Fe 
Fe 
Fe 
Fe 

Ni 
Ni 
Ni 
Ni 
Ni 

Pb 
Pb 
Pb 
Pb 
Pb 

0.83 f 0.09 
0.96 + @ll 
0.45 + 0.04 
5 O@OOl 
IOWX 

11.5 f 0.2 
7.2 k 0.1 
6.2 f 0.1 
0.24 + 0.03 
0.38 + 0.04 

29.2 f 1.2 
38.4 2 1.2 
20.1 &- 1.6 

2.6 + @2 
1.6 i @l 

1.6 + 0.1 
1.3 f 0.1 
o-61 + o@t 

27.9 * 20 
58.7 * 5.0 

11.9 * 0.3 
44 f o-1 
3.1 f 0.1 
0.31 f 0.02 
017 f 0.02 

2.13 0.6 
26 + 0.2 

- 
- 

- 
8.2 + I.9 
66 + 1.6 

- 
- 

- 
138 f 1.9 
8.3 * 0.8 

- 
- 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

0.5 + 0.2 
0.6 + 0.5 
0.2 f 0.2 

- 
- 

4.6 + 0.9 
2.2 f 0.6 
10 + 0.1 

- 
- 

13-9 + 2.4 
20.3 f 2.3 
9.1 f l-8 

- 
- 

1.0 * 0.4 
O-8 f 0.7 
0.5 * 0.3 

- 
- 

10.8 
2.4 k 1.3 
2.2 * 1.0 

- 
- 

* The figures shown as f are standard deviations. For samples 
68-1, 70-2A and 70-3A concentration is in pg/ml; for Guanipa 
and T.V. 102 it is in pg/g. 

t FAF = flame atomic-fluorescence; FAE = flame atomic- 
emission. Values for 70-2A and 70-3A from refs. 28 and 29; for 
68-l from refs. 28 and 38. 

0 FAA = flame atomic-absorption. 

signals are a complex function of the nature and concentration of the analyte and the 
concomitants, the geometry of the sample cell (dete~ining the residence time and the 
con~ntration of atoms), and the temperature of the vapour phase. 

Analysis of samples 

The results of analysis of used jet-engine lubricating oils (68-1, 70-2A, and 70.3A) and of 
Venezuela crude oils (Guanipa and T.V. 102) for trace-metals content are shown in Table 4 
and compared with those obtained by flame atomic-fluorescence, atomic-emission and 
atomic-abso~tion techniques. Calibration curves were used in the analysis, but because 
of the pronounced interferences and the solvent effect, sample 70-3A was also analysed for 
silver, iron, copper and lead, and 68-l for iron, by the standard-addition technique. 
Results obtained by the two methodsagreed within 10%; the coefficient of variation for each 
determination was also about 10%. The effect of physical properties of the liquid 
samples and of foreign species in the samples was minimized by dilution with xylene. 
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The interferences reported in Table 3 were not noticeable because the species were 
either not present or at too low a concentration; at any rate their effect was below 
the level of the statistical variation. The dilution with xylene may have assisted in this, 
and also produced samples of uniform matrix, much easier to handle by syringe, and gave 
better precision (the precision was significantly better than that of the results of other 
workers reported in Table 4). 

Agreement of our results with those of others is as good as can be expected in view of the 
reported behaviour of particulates in analytical systems.32*33 In general, our values are 
equal to or higher than those of others. The higher values may indicate that the 
atomization of particulates is more complete with the CRA than with conventional 
flames, especially since the results obtained by standard addition and by calibration curve 
(prepared with synthetic standards) agree. 

Analyses of the crude oils by independent techniques are not available. However, with the 
CRA no effect should be expected from the bulk of the sample matrix, because of its 
complete removal during the drying and ashing cycles before atomization. Also, on the 
basis of the salt effects found in this and other studies,“.” the form in which the 
metal exists in the crude oil sample should be unimportant. Therefore, it may be 
considered that these values are acceptable measures of the metal content of these oils, 
and that the CRA is applicable to this type of sample. 

CONCLUSIONS 

Both the CFA and the CRA give comparable sensitivities and detection limits. The 
CFA offers advantages over the CRA in that there are apparently no solvent or salt effects, 
but it also has a disadvantage: the temperature of the atomic vapour above the carbon 
filament is relatively 10w,~’ probably because the sample cell is more open to the 
ambient atmosphere, and provides less contact area with the incandescent carbon. The 
CRA, on the other hand, generates a higher atomic vapour temperature (although the 
temperature of the carbon itself is about the same for both atomizers) because the 
sample cell is surrounded by the incandescent carbon; the design also produces a more 
reducing atmosphere. However, the small diameter of the sample cell limits the sample 
size, the sensitivity, and the detection limit. 

This study has demonstrated the applicability of the CRA to the analysis of used 
oil samples for wear metal content and of crude oil samples, by use of either synthetic 
standards or the standard-addition technique; however, the present design of the CRA 
(Model 61) has limitations, and certain modifications are suggested. 

Solvent effects and interferences may be avoided by proper choice of construction 
material for the carbon rod and of the dimensions of the sample cell. The spectro- 
graphic grade graphite used to make the carbon rod is generally porous and exhibits 
different porosity toward different solvents, although there is no correlation between the 
analytical signal, the surface tension, viscosity, or density of the solvents used; The 
use of non-porous pyrolytic graphite for construction of the sample cell should reduce 
the magnitude of the effects observed in this study. Pyrolytic graphite would also prevent 
diffusion of atomic vapour through the walls of sample cells, thereby enhancing 
sensitivity. Also, redesign of the CRA sample cell to accommodate a larger sample 
and to provide longer sample residence time in the optical path should reduce solvent 
and interference effects. Preheating the sheathing gas should also result in a higher atomic 
vapour temperature and hence a more favourable equilibrium position. Such changes 
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would provide a system more similar to the graphite tube furnace, which would give 
a higher atomization efficiency while retaining the simplicity and advantages of the CRA. 

Since the completion of these studies, the manufacturer of the CRA has marketed 
a new model (Mode1 63) of the CRA incorporating the modifications suggested above, 
thereby-removing some of the limitations of the earlier CRA (Model 61). 
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Zusammenfassung-Die Eignung einer Kohlestab-Atomquelle (CRA) mit eincm “Mini-Mass- 
mann”-Kohlestab zur Routineanalyse von Petroleum und Petroleumprodukten auf ihren Gchalt 
an Spurenmetallen durch Atomabsorptionsspektroskopie wurde beurteilt. Gepriift wurden 
Emp~ndlichkeit. Nachweisgrenze. EinfluB der Liisungsmittelart und Stiirungen. Mit diesem 
Verfahren erhaltene Analysenergebnisse von dlproben wurden mit auf andere Weise erbaltcnen 
verglichen. Die untersuchten Metalle waren Silber, Kupfer, Eisen, Nickel und Blei. Mit dem 
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CRA erzielte Empfindlichkeiten und Nachweisgrenzen waren lhnlich denen, die mit einer 
Kohlefaden-Atomquelle erhalten wurden. Es wurden starke “LGsungsmitteleffekte” und Stijrungen 
durch Kationen beobachtet. Auf Grund dieser Untersuchung werden Konstruktionslnderungen 
am CRA vorgeschiagen, urn “LSsungsmitteleffekte” und StGrungen maglichst klein zu halten, die 
Ausbeute an Atomen zu erhiihen und die Verweilzeit des atomaren Dampfes im Lichtweg des 
Instruments zu erhiihen. 

R&sum& On a evalue un atomiseur g tige de carbone (CRA) tquipC d’une tige de carbone 
“mini-Massmann” pour I’analyse de routine du p&role et de produits pitroliers pour la teneur 
en mttaux B Wat de traces par spectroscopic d’absorption atomique. Les aspects ttudib com- 
prennent la sensibilith la limite de detection, l’influence du type de soivant et les interfbrences. On 
a compare les rbultats d’analyse d’bhantillons d’huile par cette technique avec ceux obtenus 
par d’autres techniques. On a etudit les mttaux suivants: argent, cuivre, fer, nickel et plomb. 
La sensibilite et les valeurs limites de detection obtenues avec le CRA ont ttb similaires B celles 
obtenues avec l’atomiseur $ filament de carbone. On a observe de forts “effets de solvant” 
ainsi que des interfkences par cations. Sur la base de cette 6tude, on suggbre des modifications 
de conception pour le CRA, avec pour but de rCduire au minimum les “effets de solvant” et 
les interfkrences, d’accroitre I’efficacitb d’atomisation, et d’accroitre le temps de sqour de la 
vapeur atomique dans le trajet optique du systeme instrumental. 
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APPLICATION OF AN OXYGEN-SHIELDED 
AIR-ACETYLENE FLAME TO ATOMIC 

SPECTROSCOPY 
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Summary-A burner has been designed which provides an oxygen-shielded air-acetylene flame 
for atomtc-absorption work. The chemical reducing properties of the oxygen-shielded flame 
operated under fuel-rich conditions are enhanced by the higher C: 0 ratio obtainable in the 
flame and by the higher flame temperature just above the reaction zone. The flame is 
inherently essentially free from the risk of flashback, and is offered as an alternative to the 
nitrous oxide-acetylene flame for use with certain types of equipment and for particular 
applications. 

Previous work with premixed oxygen-acetylene flames’-’ has shown such systems to 
offer a high temperature and a chemically reducing environment, and therefore to be 
very suitable for the purposes of analytical atomic spectroscopy. The properties of 
high temperature and reducing nature mean that the oxygen-acetylene flame is particularly 
suited to the determination of those elements capable of forming oxides that are 
thermally stable in the vapour phase, as well as to specific cases where chemical 
interference effects may be encountered. Although these inherent advantages have been 
successfully employed for both atomic emission and absorption studies,14 its high 
burning velocity and corrosive nature6 have tended to restrict any widespread application 
of the premixed flame. 

The present work describes a burner capable of shielding a premixed air-acetylene 
flame from the atmosphere by a laminar oxygen flow. Thus oxygen rather than air 
entrainment occurs at the base of the flame, to give an oxygen-supported diffusion 
zone. Preliminary studies carried out with this flame show it to have a temperature’ 
maximum in excess of 2900 K, and to be chemically reducing in nature. Some degree 
of comparison has accordingly been made between the oxygen-shielded flame and its 
premixed counterpart (although such a comparison can never, of course, be absolute, 
owing to the differing mechanisms of nitrogen entrainment operative in the two systems). 
Since the burner described in this communication permits only oxygen entrainment, rather 
than premixing the reactant gases. the problems of corrosion and flashback associated with 
the premixed flame are automatically overcome. Thus the technique of oxygen-shielding 
is felt to offer a practicable method of applying the analytically useful characteristics 
associated with oxygen-acetylene combustion for the purposes of atomic spectroscopy 
without suffering the operating hazards of the premixed flame. 

At the present time. the nitrous oxide-acetylene flame is generally used in preference 
to oxygen-supported flames, since it provides a high temperature and good chemical 
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reducing characteristics leading to good atomization efficiency, and hence useful analytical 
sensitivity, for all but the most stable refractory-oxide-forming samples.‘.* At the same 
time, the nitrous oxide-acetylene flame. has a very much lower burning velocity than 
the oxygen-acetylene flame, and can therefore be more readily supported on the long- 
path burners required for atomic-absorption spectroscopy. However, the nitrous oxide- 
acetylene flame has recently been shown to have a maximum burning velocity of 
285 cm/~ec,~ considerably exceeding the 150 cm/set of the air-acetylene flame, and 
giving rise to a risk of flashback during operation.g The burning velocity of the oxygen- 
shielded flame was not observed to differ drastically from that of the air-acetylene 
flame, and the risk of flashback during its operation is therefore regarded as minimal. 
Thus, for example, it was found in the present studies that the shielded flame could 
be directly extinguished with complete safety even at very reduced gas flow-rates, a 
procedure which could not be attempted with nitrous oxide-acetylene under any 
circumstances with the burner described. In view of this, and since the oxygen-shielded 
flame offers other potential advantages, such as the capacity to utilize long-path burners 
and the elimination of a high CN background, as well as a significantly greater 
economy of operation, the system is felt to warrant an examination as a possible 
alternative to the nitrous oxide-acetylene flame for the purposes of analytical spectroscopy. 

EXPERIMENTAL 

The experiments were done with a Varian A A 5 spectrometer. The apparatus was operated in a fully 
conventional manner for both game-emission and atomic-absorption work, with the exception of the burner 
and nebulizer assembly. The standard burner was replaced by the shielded unit described below. The A A 5 
nebuhzer was used in conjunction with the shielded burner, but was removed from its housing and 
coupled to the burner via a 6-in. length of g-in. bore “Tygon” tube. The separation of burner and 
nebuhzer thus achieved permitted the water and oxygen inlets of the burner to be mounted clear of the 
optical rail of the spectrometer, facilitating the mechanical lay-out of the system. 

The solutions required both for temperature measurements and for the atomic-absorption studies below 
wem made up in water, from either the metal chloride or by dissolution of the metal itself in a minimum 
of hydrochloric acid. The atomic-absorption studies were carried out with standard Varian hollow-cathode 
lamp sources, operated at the recommended lamp-currents and monochromator slit-widths for the individual 
elements, except where otherwise stated. The lamps were electronically modulated at 285 Hz; a Hamamatsu 
R213 photomultiplier was used for detection. 

Burner design 

The burner used is shown in Fig. 1. A burner slot 40 cm in length and O-34 mm in width was used 
to permit stabilization of either air-acetylene or nitrous oxide-acetylene flames under a variety of conditions. 
The burner was constructed from &-in. brass sheet, to provide good heat conduction from the edges of 
the slot, and was water-cooled. The internal joints of the burner were sealed with silver solder; the 
outer joints (around the oxygen shield) were sealed with epoxy resin. The oxygen shielding-gas was 
passed around the outer part of the cooling jacket and directed horizontally across the top of the burner 
head by suitably positioned steel deflecting plates (Fig. 1). Observation of the enhancement of the CO + 0, 
continuum in the outer zone of the flame due to oxygen-shielding showed oxygen entrainment to begin at 
the base of the primary reaction zone. The entrained oxygen did not appear to penetrate to the reaction 
zone itself, and entrainment is therefore considered to be confined to the outer region of the flame. Observation 
following smoke injection into the shielding gas showed no visible turbulence of the oxygen flow at the 
point of entrainment despite the changes of flow direction induced by this design; hence it was assumed that 
game turbulence due to turbulence of the shielding gas was of minor importance only. Correct positioning of 
the deflecting plates was, however, necessary; for the present purposes their position was established empirically 
at the alignment giving visually optimum flow conditions. 

The oxygen shielding-gas was passed through a bed of ceramic chips to smooth the initial flow. Ceramic 
was used rather than, for example. crimped steel strip, which could be oxidized in a manner analogous 
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Fig. 1. The oxygen-shielded burner. 

to that used in a “thermal lance,” an effect which was observed to occur in the event of a local overheating 
of the burner. and one which necessitated the provision of the adequate cooling precautions, already 
mentioned. for the burner head itself. 

RESULTS 

EfSect of oxygen-shielding on flame temperature and composition 

Figure 2 shows the vertical temperature profiles of the air-acetylehe flame, observed 
at increasing oxygen-shielding flow-rates. The profiles were measured through the centre 
of the flame, from a point just above the reaction zone to a maximum height of 30 cm, 
where air entrainment effectively reduced the flame temperature back to the non-shielded 
level. The temperature measurements were done on fuel-rich flames, at an air flow-rate 
of 5.6 l/min,* and with the acetylene flow adjusted so that emission from luminous 
carbon particles was just apparent. Flame temperatures were determined by the two-line 
method, using the iron emission lines at 373.33 and 374.95 nm for temperatures between 
2400 and 2600 K, and the lines at 383.42 and 392.03 nm at higher temperatures.” The 
maximum temperature increase thus observed was 520 K, occurring at a point 1.6 cm 
above the reaction zone. The two main effects responsible for this temperature increase 
are thought to be (1) the increased rate of reaction in the diffusion zone, due to the 
increased rate of oxygen entrainment, and (2) the exclusion of atmospheric nitrogen, 
with its associated cooling effect on the flame as a result of molecular dissociation etc. 

The effect of oxygen-shielding on flame composition is illustrated by Fig. 3, which 
shows the dependence of the acetylene flow-rate needed to give a flame that was just 
luminous, on oxygen flow-rate. The experimental conditions were the same as for the 
temperature studies. Figure 3 shows that the fuel-rich (luminous) iimit of the reactant 
gas composition can be raised to a previously unattainable carbon to oxygen (C: 0) 
ratio by shielding the flame. This can be attributed either to oxygen entrainment at the 
base of the flame, causing an increased fuel combustion rate, or else to an enhancement 
of the effective C : 0 ratio which can be maintained by the flame, owing to the increased 

* All flow-rates are quoted for ZO’C and 1 atmosphere pressure. 
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Fig. 4. Spectra of the reaction zone of the shielded and non-shielded flames. 

flame temperature after shielding. Under the experimental conditions described here it is 
considered that the latter mechanism is dominant, for reasons which are discussed at 
greater length below. 

Figures 2 and 3 show “oxygen saturation” of the flame to be achieved at a flow-rate of 
about 2.5 I/min. Except where otherwise stated, the oxygen flow-rate was therefore preset 
to this value during all subsequent experiments. However, since both the flame 
temperature and composition showed only a slight dependence on oxygen flow-rate at this 
level, and gas turbulence did not become apparent until much higher flow-rates were 
used, the adjustment was not considered critical and slight variations in oxygen delivery 
rate could readily be tolerated. 

Eflect of oxygen-shielding on Jlame ba~~roun~ 

Figure 4 shows the spectra of the reaction zones of shielded and non-shielded air- 
acetylene flames. Regions of the spectrum shown are those covering the CO ‘fourth 
positive’ bands between 200.0 and 210.0 nm, and the C2, CH and CN bands between 
385.0 and 393.0 nm. Both spectra were observed with fixed air and acetylene flow-rates 
of 5.6 and 1-O l/min, a shielding flow of 2.5 l/min, and with a monochromator slit-width 
of 20 pm. The spectra show slight enhancement of the CO ‘fourth positive’ bands, 
and strong enhancement of C2, CH and CN emission, within the shielded flame. Similar 
enhancement effects were also observed outside the spectral regions shown in Fig. 4, for 
the other bands of the Des~andres-~A~mbuja system and for the CH band heads 
between 415.2 and 421.6 nm. These enhancement effects are again in accordance with 
the increased C : 0 ratio of the shielded flame, deduced from Fig. 3 (see below). 

For the purposes of analytical spectroscopy, the flame background of the diffusion 
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Table 1. 

Sensitivity for 1% absorption. Cs, ppm 

Line, 
Element nm unshielded shielded 

C,H,-N,O 
(shielded burner) 

C,H,-N,O 
(ref. 8) 

Snt 224.6 4.1 
Al 309.3 >lOQO 
Fe 248.3 0.21 
Cr 357.9 0.29 
Pb 217.0 0.38 
Ca 422.7 2.2 
Sr 460-7 4.8 
Mg 285.2 0012 

2.9* 2.8 2.5 
5.7; 1.6 1.0 
0.36 - - 
0.62 - - 
0.69 - 
0.58* 0.24 003 
0.65* 0.33 006 
0014 0.082 0.02 

* A luminous flame was found to give optimum sensitivity for these elements. 
t Perkin-Elmer lamp, part no. 303-6074, was used. Lamp current and mono- 

chromator slit-width were 12 mA and 17 pm respectively. 
A lOOO-ppm potassium solution was used as an ionization suppressant for Al, 

Ca and Sr determinations. 

zone rather than that of the primary reaction zone is of major interest. This was found 
to be dominated by the OH and CH bands between 3064 and about 325 nm, and by 
the CO + O2 continuum at wavelengths longer than about 200 nm.” The spectra of both 
the shielded and non-shielded flames are thus qualitatively very similar within the diffusion 
zone. However, both band and continuum emission showed a maximum intensity increase 
of about 30-fold in the shielded flame, which must be expected to lead to generally 
greater noise levels in any analytical application of the latter system. 

Preliminary atomic-absorption studies in the oxygen-shielded flame 

Figure 3 indicated that the C : 0 ratio of the reactant gases of the flame is increased 
by oxygen-shielding. This in turn suggested that the chemical reducing properties of the 
shielded flame should be enhanced in comparison with those of its non-shielded counter- 
part.” This effect, together with the temperature enhancement shown by Fig. 2, implied 
that the shielded flame could offer some of the analytical advantages mentioned originally 
with regard to the premixed oxygen-acetylene flame. Some preliminary studies have 
accordingly been made, to compare the atomic-absorption sensitivity for both refractory- 
and non-refractory-oxide-forming elements in the shielded and non-shielded air-acetylene 
flames, together with the corresponding results obtained with a nitrous oxide-acetylene 
flame. 

For comparative work between the shielded and non-shielded flames, all experimental 
conditions were kept constant except for the oxygen and acetylene flow-rates. The former 
was set to 2.5 l/min, when required, and the latter was adjusted to give the optimum 
sensitivity for the element concerned during any particular determination. A constant air 
flow of 5.6 l/min was used, and all readings were made at a fixed height in the flame, 
just above the primary reaction zone. Hence a direct comparison between the shielded 
and non-shielded flames could be obtained without the necessity of allowing for factors 
such as the short path-length of the burner, mechanical variations in nebulizer efficiency 
etc. Sensitivity measurements for the nitrous oxide-acetylene flame were obtained at a 
nitrous oxide how-rate of 56 l/min, and a small correction was made for the associated 
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Fig. 5. Variations of Al absorption with fuel and shielding-gas flow-rates. 

change in nebulization rate; the fuel flow and burner position were set for maximum 
absorbance for each element. The results thus obtained are given in Table 1. 

The results in Table 1 showed that enhanced sensitivities for elements normally 
forming oxides stable in the vapour phase could be obtained by using a luminous 
oxygen-shielded flame. It thus appears that in practice the chemical reducing properties 
of the shielded flame can be increased by this means to an even greater extent than 
is suggested by Fig. 3, and this is considered to be due to the initially enhanced 
temperature of the shielded flame. Thus the initial temperature enhancement in the 
shielded flame permits the temperature drop associated with the use of a luminous flame 
to be more readily tolerated in terms of flame atomization efficiency than is the case 
with the conventional non-shielded air-acetylene flame. The magnitude of the effect is 
indicated by Fig. 5, showing the effect of fuel flow on the absorption of a 25-ppm 
aluminium solution in a luminous flame with various shielding flow-rates. 

Table 2. 

Change of signal, % 

Element Interfering ion 
Unshielded 

flame 
Shielded 

flame 

Ca PO:- -16 0 
Ca Al -27 -6 
Fe -43 0 
Cr zey;- -53 0 
Cr V5’ -14 -2 
Mg Al3’ -9 0 



772 R. STEPHENS 

In addition to the observations described above, a number of common analytical 
interference effects observed with the conventional air-acetylene flame have also been 
examined with the shielded flame. The experimental conditions used were those described 
for the sensitivity determinations above. In each case, the calibration curve from C, to 3C, 
(see Table 1) was examined in the presence of a 1000-ppm concentration of the inter- 
fering ion, for both the shielded and non-shielded flames, and the change of slope noted. 
The results thus obtained are given in Table 2. 

DISCUSSION AND CONCLUSIONS 

It is considered from Figs 3-5, and from the atomic-absorption studies, that the fuel- 
rich oxygen-shielded flame offers an inherently more chemically reducing environment 
than does its non-shielded counterpart. This increase of chemical reducing character can 
probably be attributed directly to the enhanced flame temperature, since it is already 
known that the C : 0 ratio of premixed flames measured at the luminous limit increases 
as the flame temperature is increased by some external means such as pre-heating the 
reactant gases.13-’ s This conclusion is further supported by the enhanced radical emission 
from the primary reaction zone, as shown in Fig. 4, observations again suggesting that 
the results shown in Fig. 3 represent a true increase in C : 0 ratio at the luminous limit 
of the flame rather than, for example, deep oxygen entrainment from the shielding gas. 

The enhancement of analytical sensitivity for elements such as Al, Sn, Ca, Sr, relative 
to conventional air-acetylene flames, together with the suppression of chemical inter- 
ferences also observed, is felt to demonstrate the analytically useful nature of the oxygen- 
shielded flame as an atom reservoir. In absolute terms, the sensitivities obtained for 
these elements in all the flames examined were poor, presumably reflecting the rather 
inefficient nebulizer system used with this burner for reasons of mechanical convenience. 
Comparison of analytical sensitivity obtained in the shielded flame with the corresponding 
results for a nitrous oxide-acetylene flame shows the latter flame to be generally superior, 
particularly in the case of aluminium, a result possibly indicating the inner zone of the 
shielded flame to be inherently less reducing than that of the nitrous oxide-acetylene 
flame. Thus it is considered from the present results that a nitrous oxide-acetylene flame 
is preferable to the shielded air-acetylene flame if optimum analytical sensitivity is to be 
attained, although it might be possible to improve the performance of the latter by 
utilizing larger burner heads, to give both a longer absorption path and greater efficiency 
of aerosol transport to the flame. It is, however, further considered, in view of the 
advantages of the shielded flame discussed previously, that under conditions where 
optimum analytical sensitivity is not a dominant requirement the shielded flame may 
offer a useful alternative to a nitrous oxide-acetylene flame in analytical situations which 
have hitherto more usually required the latter flame to be employed. 
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Zusammenfassung-Es wurde ein Brenner konstruiert, der eine mit Sauerstoff abgeschirmte 
Luft-Acetylen-Flamme frir Atomabsorptionsarbeiten liefert. Die chemischen Reduktionseigen- 
schaften der mit vie1 Brennstoff betriebenen, mit Sauerstoff abgeschirmten Flamme werden 
verstPrkt durch das hahere C : 0-Verhgltnis, das man in der Flamme erhalten kann, und durch 
die direkt oberhalb der Reaktionszone hijhere Flammentemperatur. Die Flamme ist ihrem 
Wesen nach praktisch frei von der Gefahr des Zuriickschlagens; sie wird ftir bestimmte 
Instrumententypen und ftir besondere Anwendungen als Alternative zur Lachgas-Acetylen- 
Flamme angeboten. 

R&sum&-On a con$u un brtileur qui foumit une flamme air-acttyline protkgbe de l’oxygtne pour 
le travail d’absorption at6mique. Les propriQtts rtductrices chimiques de la flamme protkgke de 
l’oxygdne produite dans des conditions riches en combustible sont accrues par le rapport C : 0 
plus ilevi! obtenu dans la flamme et par la tempirature de flamme plus tlevee juste audessus de la 
zone de r&action. Cette flamme est par inhCrence essentiellement exempte du risque de retour 
de flamme et est p&en& comme une alternative B la flamme protoxyde d’azote-a&y&e pour 
l’emploi avec certains types d’tquipement et pour des applications particuli&es. 
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SHORT COMMUNICATIONS 

COMPUTER PROGRAMME FOR CALCULATION OF ELECTRIC 
DIPOLE MOMENTS FROM MEASUREMENTS IN SOLUTION 

(Received 25 October 1972. Accepted 27 November 1972) 

Although the Debye equation’.’ was derived for molecules in the vapour phase, few compounds are 
sufficiently volatile and stable to permit the appropriate electric permittivity measurements to be made over 
adequate temperature and pressure ranges. Most reported electric dipole moments are consequently derived 
from measurements made upon a series of dilute solutions in a non-polar solvent. In such a solvent it 
may be assumed3+’ that the polarization of the solvent is independent of the solute concentration and that 
extrapolation to zero solute concentration eliminates any solute-solute interaction. The dipole moment 
obtained may still differ somewhat from the true vapour phase value, however, because of solute-solvent 
interactions. 

The procedure normally employed is that associated with Halverstadt and Kumlers in which a series of 
dilute solutions with weight fractions lV, are prepared. their electric permittivities (E), specific volumes (V), and 
refractive indices (N) measured, and the limiting slopes at zero weight fraction of the plots of E, V, and NZ 
against W, found. These slopes will be labelled a, /I and 7 respectively. 

The specific solute polarization (pZ) at infinite dilution is given by the expression 

36 
p2 = (E, + 2)Z 

a + H (VI + 8) 
, 

where the subscripts 1 and 2 indicate the solvent and solute respectively. The distortion polarization may 
be equated to the specific refraction rz for Na(D) radiation (sometimes taken to be 1.05 r2, 1.10 r2, or 1.15 rs) 
and is given by an analagous equation, viz. 

31: (Ni2 - 1) 
r2 = (N,Z + 2)2 y + (N,Z (v, + ,l) 

With this approximation the specific orientation polarization is pz - rz and the dipole moment p is given by 

P = g MZ(PZ - rz) 
I 1 

Ii* 

= O.l2812(TM,(p, - rs))“’ debye 

where L is the Avogadro constant, M, the solute molecular weight, T the absolute temperature and k 
Boltzmann’s constant. Within experimental error it is generally found in dilute solutions that 

E = E, + aW, (1) 
but if the solute associates or dissociates then 

E = E, + alV, + x’W,* (2) 

is a better representation of the dependence of the experimental results on the weight fraction; analagous 
expressions hold for the dependence of V and N2 on W, 

When it is realized that measurements are made with up to six significant figures on 5-10 solutions it 
will be appreciated that the computation involved is considerable. 

COMPUTER PROGRAMME 

The computer programme. written in ALGOL. consists of four nesting blocks. 
I (Statement number 0). Data relevant to the solvent and temperature employed are read and certain 
constants evaluated. 
II (Statement number 20). Data for the solutions are read. dielectric constants are calculated from capacity 
measurements. and specific volumes are calculated from pyknometer weights. The experimental values are 
printed. 
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i: 
88 
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100 
101 
105 
109 
111 
113 
114 
115 
117 
120 
121 
124 
125 
125 
I26 
131 
134 
136 
137 
140 
140 
143 
147 
151 
152 
152 
154 

‘BEGIW’REALCONSTl,CONSTZCONSf3.CONST3,CONST4CONST5, 
ES,Vs,NS,MS,T,M2XI,X2,X3,X4; 
‘INTEGER’XI: 
SELECT INJ%T(l); 
SELECT OUTPUT(Z); 
ES+READ;VS+READ:NS+READ;MScREAD:TcREAD;T+READ; 
Xl+READ:X2+READ:X3+READ:M2+READ:X+READ: 
CONSTl -(ES - l)/(ES + 2); CONsT2’- 3 . VS/(ES + 2) T 2;CONST3 + (NS t 2 - I)/(NS t 2 + 2); 
CONST4+3 . VS/(NST2 + 2)t2;CONSTS-0.012812 l SQRT(T + 273.15); 
‘BEGlN“REAL”ARRAY’W[l:X].E[l :X],Vfl:X], 
N(l:X&NN[l:X]C[l:X + 21; 
‘REAL’bB.CO,CA.WE,WS,Y,Z;‘INTEGER’J: 
‘FOR’1 + l‘STEP’l’UNTlL’X’DO’W(I] + READ; B + 1; 
‘FOR’1 + I’STEPl’UNTIL’X + 2‘DO’c[I] - READ; 
CO + (c[l] . ES - q2])/(ES - I);CA + C 
‘FORT + PSTEP~‘UNTIL’XDO’E[I] +( 

l] d - CO; 
I + 2]- CO)/CA; 

WE+READ;WS+READ;Y+(WS-WE)aVS; 
‘FOR’1 + PSTEP’l’UNTlt’XOO”BEGiN’Z + READ; V[I] + Y/(2 - WE)‘END’; 
‘FOR’1 + l’STEP’I’UNTIL’XDO”BEGIKN(I + READ; 
‘IFNfI] > O’THENNNH] + NH] T I‘ELSFN NlI ] + N[Il’END’; 
‘IFABS(MS - 78) > lTHEN”GOTO’Sl’ELSEWRITETEXTC(‘BENZENE’)’);’GOTO’L3; 
Ll:‘IFABS(MS - 88) > l?lIEN*00T(YLI’E~~R~ETEXTC(‘DIOXAHr);’GOTO’L3; 
Sl:‘IFABS(MS - 84) > I’THEN”GOTo’S2‘ELsEWRlTETEXT~(‘CYCLOHEXANE’)’); 
‘GOTO’L3;S2: ‘IFABS(MS - 154) > lTHEN’GOTO’L3‘ELSE’WRITETETEXT~(CARBON 
‘(‘1S)‘TETRACHLORIDE’)‘); 
L3:WRITETEXT(‘(“(‘1C)“TEMPERATURE(%’)”)’);PR1NT(T,21); 
WRITEIE~~(-(2C)soLUTE’rlerMWr(‘ZS)”~);PRI~(M~3,3); 
WRI~Xr~(-~le)‘~l~~~(~S~~(~~~~~); 
‘FORT - lSTEP’I‘UNTIL’XDo”BEGIN’NEWLINE(I); 
PRIM(W[I~ld);PRI~(E[I~l.4);PRIM(~I~l,5);PRIM(N[I],1,S)END’; 
‘BEGIK’PROCEDURFLSF(A,INT,SLOPE.P,K): 
‘VALUFA;‘REAL”ARRAY’A;‘REAL’INT.SLOPE,P,K; 
‘BEGIN”REAL’C.D.E,F,G,H,SUhl;C + D + E + F + G + SUM -0 ;I + I ; 
NEXT:‘IFAHl < 0’THEN%OTO’L.AST’ELSE’ 
C+C+~I~;b+D+1;E+E+W[~;F+F+A[I]rW[I];GcG+W[I]~2;LAST:I-I+l; 
‘IF1 < X + 0.2”THEKGOTO’NEX-PELS.E’ 
H+D*G-ETZ;INT+(CrG-FrE)/H;SLOPE+(DaF-C.E)/H;I+l; 
‘FOR’1 + ISTEP’l’UNTIL’X’DO”BEG~IFA[I] > 0”THEW 
SUM + SUM + (INT + SLOPE . W[I] - AH]) T 2’ELSF’END’; 
K co.6745 . SQRT((D . SUM)/((D - 2) . (D . G - E r 2))); P + SQRT(SUM/(D - 1))‘END’; 
‘PROCEDURE’LSF2(A,INT,SLOPE,ALl,P,K); 
‘VALUFA;‘REAL“ARRAY’A;‘REAL’INT,SLOPE,ALI,P.K; 
‘BEGIN”REAL’N.B.C.D.F.G.H.L.SUM.RMAI.MA2.MA3.MA4: 
N+B+C+D~~~d~~~L+~~M+O:l+I; 
LAl:‘IFA[I] < O”THEN’GOTO’LA2’ELSE’N +N + A[I];B+B + I;C+C + W[I]; 
R+~I]t2:D+D+R;F+F+A[I]rW[I];G+G+W[I].R;L+L+R~2;H+H+A[I]~R; 
LA2: 1 +I + 1;‘IFI < X + O.2lHEH’GOTO’LAI’ELSE 
MAI~D~L-G~2;MA2+C~L-G.D:MA3+C,G-D~2:MA4-B.MAl-C.MA2+DrMA3; 
I~+(N.MAI-F.MA2+HrMA3)/MA4;MAI+C.H-D~F:MA2+B~H-D~N;MA3+BrF-C*N; 
SLOPE -(D . MA1 - G . MA2 + L . MA3)/MA4;ALI +(C . MA1 - D . MA2 + G . MA3)/( -MA4); 
‘FoRI + I’~I~P’~‘U~IL’X’~BEGIN”IFA[I] > OTHEN 
SUM + SUM + (INT + SLOPE. WlIl + AL1 . WlIl T 2 - AI111 t Z’ELSF’END’: 
K +0.6745 . SQRT((B . SUM)/((B --i). (B . D -‘c’i 2))); P&&QRT(SUM/(B 1 i)yEND; 
‘PROCEDURFREJECT2(Q.R.S.U.INTT,SLOPE.AL1.P.K); 
‘VALUE’R,S;‘REAt”ARRA~Q;‘REAL’RS,U,INT,SLOPE.ALl,P,K; 
‘BEGIPIP’I~EGER’J;‘REAL’INC,MAXI,MAX2NO1,NO2Ul.U2U3,U4,U5: 
MAXl+O;J-1; 
LAE:‘IFQ[J] < OTHEN’GOTOLA7’ELSE’INC + ABS(R + S . W[J] + U l W[J] T 2 - Q[J]); 
‘IFINC > MAXl’THEN’GOTO’LAS’ELSE 
‘IFINC > MAX2’THEN”c%To’LAs’EiSE”GoTOLA7; 
LAS:MAX2+MAXl;N02+NOI:MAXI +INC:NOl+J:‘GOTO’LA’I: 
LA6:MAX2+INC;N02+J;LA?:J+J+ I; 
‘IFJ < X + O.Z”THEN”GOTO’LAB’ELSE’J + N02;Q[J] + - Q[J]; 
‘IFX4 > 1”THENLSF2(Q.Ul,U2U3,U4,U5)‘ELSE’LSF(Q,Ul.U2U4,US); 
Q[Jl + -Q[J];J+NOl;Q[J]+-Q[J]; 
‘IFX4 > ITHEWLSF2(Q.INT,SLOPE,ALl,P,K)‘ELSF 
‘BEGIN’LSF(Q,INT,SLOPE,P.K):ALl +U3+O’END; 
‘IFP > U4’THEN’BEGIN’OIJl+ - OfJl:Z + J + N02:01Jl+ - OfJl: 
INT-Ul;SLOPE -U2;Ai‘I-+U3;$:U4;K+U5%Nw~ELSE’i-&’END’; 
‘BEGI~REAL’EI,ALPH~Al.PE.~VI,BETILBI.PVJV.NNI.GAMMA,Gl,PNNJNN,K, 
DM.RD,TP.OP,P,INT,SLOPE,AI l,NI.PSE.PSV.PSNN; 
TEcTV-TNN-AI+BI+Gl+Y+O; 
‘IFXI > 17HEN’LSF2(E.EI.ALPHA.A1,PE.PSE)’ELSE‘LSF(E,EI.ALPHA.PE.PSE); 
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STATEMENT 
NO. 

155 
156 
156 
157 
157 
158 
160 
161 
162 
163 
164 
165 
168 
169 
172 
173 
176 
178 
180 
181 
182 
185 
186 
188 
190 
192 
194 
195 
198 
202 
202 
203 
264 

z?; 
213 
214 
217 
222 
223 
224 
227 
232 
232 
233 
233 
233 
234 
235 
238 

‘IFX2 > l?HEHLSF2(V,Vl,BETA,Bl,PV,PSV)‘ELSE’LSF(V,Vl,BETA,PV,PSV); 
‘IFX3 > ITHENLSF2(NN,NNl,GAh4MA,Gl,i’NN,PSNN) 
‘ELSE’LSF(NN,NNl,GAMMhPNN.PSNN); 
REPEAT:WRJTETEXTI’(“I’3Cl2S’I’RESIDUALS’I’lClS’~E 
‘(%S’)V’(‘1OS’)‘NN’(‘lCj’:)‘j; ’ 

. , 

‘FOR’1 - lSTEP’l’UNTIL’X’DO“BEGIN’TFE[I] < lTHEN’SPACE(ll)‘ELSE 
PRINT(E1 + ALPHA e W[l] + Al l W[I] T 2 - E[I],2,5); 
‘IFv[I] < OTHENSPACE(ll)mLSE’PRINT(Vl + BETA. W[I] + 81 I W[I] t 2 - V[I],2,5); 
‘IFNNIIl < lTHEN”GOTO’L’ELSE’PRINT(NN1 + GAMMA I WlIl + GI . WlIl t 2 - NH11.25); 
L: NEtiiINE( 1 )‘END’; 

. _ . _ .- 

WRITETEXT(‘(“(‘lC)‘PROBABLE’(‘2S’)’ERRORS~lC’)”)‘); 
PRINT(0.6745 l PE.25); PRINT(0.6745 l PV,2,5): PRINT(0.6745 . PNN.2.5); 
WR~~XT~~(‘2C~lMERCEPTS’(‘IC)“)‘); 
PRINT(E1,2.4);PRINT(V1,3,5);PRINT(NN1.2,5); 
WRITETEXT(‘(“(‘lC)‘SLOPES(‘IC)“)’); 
PRINT(ALPHA,2.3);PRINT(BETA,4,3);PRINT(GAMMA.4,3); 
NEWLINE( 1);‘IFXl > l’THEN’PRINT(A1,6,O)‘ELSE’SPACE(9); 
‘JFX2 > lTHEN’PRINT(BI.8,O~ELSE’SPACE(l1);’IFX3 > lTHEWPRINT(Gl,B,O); 
RD - M2. (CONST4. GAMMA + CONST3. (Vl + BETA)); 
TP - M2. (CONST4. ALPHA + CONS?1 l (Vl + BETA)); 
OP c TP - RD; ‘IFOP < O’THEH’BEGIN’B + DM + O;‘GOTO’L9‘END’ 
‘ELSE’DM cCONST5. SQRT(OP): 
A c M2 l (CONST4 . PSE ; CGNtiTl . PSV); B - CONSTS . SQRT(OP + A); L9: 
WRITETEXT(‘(“(‘2C)‘POLARIZATIONS’(’1C)’DISTORTION’P)‘); PRINT(RD.4.2); 
WRITETEXT(‘(“(‘lC)TOTAL’)‘);PRINT(TP,9.2); 
WRITETEXT(‘I”~lC’~ORIENTATIONl’l:PRINT(OP.3.2): 
WRITETEXTi’i”(‘2Cj‘DIPOLE’~2S~MGMENT)’); ‘. 
PRINT(DM.2.3); WRITETEXT(‘(‘ERROR’)‘);PRINT(ABS(B - DM),2,3); 
TE-TE+O.3;TV-TV+0.3;TNN*TNN+0.3;YtY-0.1; 
‘IF(X + 10 a Y) < 3.2THEN’GOTO’LlO’ELSE 
‘IFTE > l‘THE~GOTO’VOLUME’ELSE’X4 + Xl ; 
REJECT2(E,El,ALPHA,Al,INT,SLOPE,ALl,P.K);TFP > (1 + Y) . PE 
‘THENBEGINTE +2:E[Z] - - E[Z];‘GOTO’VOLUME‘END”ELSE 
El~INT;ALPHA~SLOPE;A1~ALl;PE+P;PSE+K; 
VOLUME: ‘IFTV z l’THEN”GOTO’REFRACIONELSE’X4 - X2; 
REJECT2(V,Vl,BETA,Bl,INT,SLOPE,ALl,P,K);’IFP > (1 + Y) . PV 
‘THEN”BEGIN’TV + 2; V[Z] + - V[Z];‘GOTO’REFRACTION’END”ELSE 
Vl-INT;BETA-SLOPE;BlcALl;PV~P;PSV+K; 
REFRACTION: ‘IFTNN > lTHEN”GOTO’TEST’ELSFX4 + X3; 
REJECT2(NN,NNl,GAMMA,Gl,INT,SLOPE,ALl,P,K);’IFP > (0.9 + Y) . PNN 
‘THEH’BEGINTNN - 2; NN[Z] + - NN[Z]; ‘GOTOTESl”END”ELSE 
NNl-INT;G.QMMA+SLOPE;Gl+ALl;PNN+P;PSNN+K; 
TEST:‘IFTE < 1THEN“GOTO’REPEATELSE’TFTV < ITHE~GGTO’REPEAT‘ELSE 
‘IFTNN < 1THEN”GOTO’REPEAT‘ELSE’NEWLINE(2); 
L10:WRITETEXT(‘(“(2Cl1S)‘INCREMENTS(’1C6S)’6’(’1OS)‘4’(‘7S)’5 
‘~7s~s~lc~~~1s~~~1s~l~~5s~~~1s~x~ls~lo 
‘~2s~~~ls~~~ls~1~~2s~~~ls~~~ls~l~~); 
Nl +SORTfNNl): 
‘FOR’1 : l’Si-EP’iiJN.rIL’X’D~BEGINNEWLINE(l); 
PRINT(W[I] . 10 t 6.5.0); PRINT((ABS(E[Ij) - El) . 10 T 4.6.0); 
PRINT((ABS(V[I]) - Vl) . 10 T 5.5.0). PRINT((N[I] - Nl) l 10 T 5.5.O)‘END’ 
‘END“END”END“END 

III (Statement number 62). This block contains three procedures. 
(a) Procedure LSF. A least-squares method is used to fit the experimental quantities to a linear dependence 
on solute weight fraction [equation (l)]. The residuals, equal to the differences between calculated and 
experimental values, are tabulated, and the probable errors, the intercepts (E,, V, and N,‘), and the slopes 
(a, /? and 7) are printed. 
(b) Procedure LSF 2. This performs the same function as the procedure LSF but for a quadratic dependence 
upon W, [equation (2)]. The parameters a’, B’ and y’ are printed below the values of a, p and 7. 
(c) Procedure REJECT 2. The effect of ignoring in turn the experimental points which give the two largest 
residuals in the least-squares method is examined and the one which produces the greatest reduction in the 
probable error is rejected. 
IV (Statement number 151). This final block controls the calculation and the printing of the results. The 
calculation is repeated with up to three experimental values of E, V and iV rejected for each and the 
investigator must then decide which result to accept, based upon the residuals, the improvement in the 
probable errors, and the number of solutions employed. 

Finally a table is printed of the increments in the experimental values of the solutions above the last set 
of intercepts E,. V, and N, at zero weight fraction. 
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The dipole moment is based upon taking the specific distortion polarization as equal to the specific 
refraction rs at the wavelength employed; if it is desired to take it as xrr then statement 180 should be 
altered to read 

RD = x * M2 1 (CONST4 I GAMMA + CONST3 * (Vl + BETA)): 

The error quoted for the dipole moment is based upon the extreme values obtained by using (z k probable 
error in a) and @ f probable error in /3) in place of the gradients u and j3. 

Data 

The deck of data cards should be punched as follows. 
1. Solvent data 
ES, VS, NS, MS, T,. The electric permittivity, specific volume, refractive index and molecular weight of 
the solvent and the temperature in “C. 
2. Linear or quadratic relationships 
Xl, X2, X3,. For a linear relationship [equation (l)] of the measured properties 15, V and NL respectively 
against W, these have values < 1 but for a quadratic relationship [equation (2)] they must be > 1. 
3. Solution data 
M5 X. Solute molecular weight. Number of solutions(X). 
W,W,...,W,,. Solute weight fractions in solutions a, b, . . . , X. 
clJ,c,,c,cb?..,c.,. Capacity of dielectric cell with air, solvent and solutions a,b,...,X respectively between 

its plates. The capacity of the leads and other stray capacities are calculated (equal to 
(Co Et - C,)I(E, - 1) and subtracted from the capacity reading for each solution before 
its dielectric constant is calculated. 

WE,W,L.&.,Z,,. Weight of pyknometer empty, filled with solvent, and filled with the solutions. 
N,N+.,N,,. Refractive index of each solution. 
The same sequence of solutions must be maintained for each experimental quantity; if a particular result is 
not available for a solution then a number <O must be inserted for its corresponding capacity, pyknometer 
weight or refractive index. 
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Summary-An ALGOL computer programme is described for the calculation of an electric 
dipole moment from measurements made on dilute solutions in a non-polar solvent. 

Zusamntenfasaung-Ein ALGOL-Computerprogramm zur Berechnung eines elektrischen Dipol- 
moments aus Messungen an verdiinnten Liisungen in einem unpolaren Ltisungsmittel wird 
beschrieben. 

R&mt&On d&it un programme d’ordinateur ALGOL pour le calcul dun moment dipolaire 
electrique a partir de mesures faites sur des solutions diluQs dans un solvant non polaire. 



~alunro. Vol. 20. pp. 779-782 Pergamon Press. 1973. PrInted in Great htatn 

DETERMINATION OF COPPER AND MOLYBDENUM IN THE 
HARD DENTAL TISSUES OF RATS BY ATOMIC-ABSORPTION 

SPECTROPHOTOMETRY 

(Received 27 November 1972. Accepted 11 February 1973) 

The analysis of teeth for copper and moly~enum was undertaken to investigate the uptake of these two 
elements by the hard dental tissues of rats. The inorganic matrix of teeth is considered to be apatitic in 
nature and can be represented by the simple formula Cai0(P04jbX2 where X is most often hydroxyl or 
fluoride. This matrix behaves as an ion-exchange system, giving rise to the unequal distribution of various 
trace elements throughout the teeth. Both copper’ and moIybdenumZ have been determined in erupted human 
teeth by neutron-activation analysis. However, in the case of molybdenum, difficulties arose because of 
matrix effects and the small sample weight. 

Early determinations of molybdenum by atomic absorption, by David,3v4 employed a fuel-rich air-acetylene 
flame. However, significant chemical interference occurred in the presence of calcium and phosphorus. Amos’ 
showed that chemical interferences occurred to a lesser degree with a nitrous oxide-acetylene flame and also 
that the sensitivity was higher. In view of these findings the nitrous oxide-acetylene flame was considered 
more suitable for this investigation, as high concentrations of calcium and phosphorus were present in the 
teeth and levels of molybdenum were low. 

In a preliminary calibration with aqueous solutions of copper and molybdenum the sensitivities were 
found to be of the order of 0.15 and 0.5 ppm respectively. However, it was expected that the levels of 
copper and molybdenum in the aqueous solutions derived from the teeth would be below these. Consequently, 
liquid-liquid extraction methods, which would simul~n~usly ~n~ntmte the analyte and eliminate some of 
the interfering elements, were considered. Solvent extraction also has the additional advantage of increasing 
the sensitivity, if the organic solution is sprayed into the flame. 

Malissa and Schoffmannd used ammonium pyrrolidine dithiocarbamate (APDC) for complexation and 
extraction of a number of heavy metals; further additions have been made to this list by Mulford.’ APDC 
has been widely used for extracting copper, for example from plants and soils by Allan’ and from urine by 
Berge.’ Brooks” simultaneously extracted copper, cobalt, iron, lead, nickel and zinc from sea-water with 
APDC, and Butler” successfully used the reagent for the extraction of molybdenum from plant materials. 

Apparatus 

EXPERIMENTAL 

A Perkin-Elmer model 303 atomic-absorption spectrophotometer was used with a standard air-acetylene 
burner head (0.0115 x 4 in.) for the copper determination and the flat-topped nitrous oxide-acetylene burner 
head (0.019 x 2 in.) for the molybdenum. The recorder read-out accessory and a Hitachi recorder were used. 
Acetylene was used as fuel for both analytes (2.4 I./min for Cu and 56 l./min for MO) and the oxidant 
was air for copper (14.6 l./min) and nitrous oxide for moly~enum (125 l./min). The spectral sources were 
‘Intensitron’ hollow-cathode lamps, the 324.7-nm(Cu) and 313.2-nm(Mo) lines being used. 

Procedure 

The teeth were dried in a hot-air oven at 105” for 48 hr, then 1 g of tooth sample was digested in 3 ml 
of concentrated (620/b) perchloric acid in a Kjeldahl flask. When digestion was complete, the solution was 
transferred quantitatively to a 50.ml graduated flask and diluted to volume. A small portion was with- 
drawn and the pH checked to ensure it was in the desired range 10-1~4. Then 1 ml of aqueous 5% w/v APDC 
solution was added to 40 ml of the sample solution in a separating funnel, followed by 4 ml of methyl 
isobutyl ketone (MIBK). The mixture was shaken for 3 min and the phases allowed to separate for 4 min. 
The aqueous phase was discarded and the organic phase aspirated into an air-acetylene flame to analyse 
for copper and into a fuel-rich nitrous oxide-acetylene flame to analyse for molybdenum. 

Suitable copper and molybdenum standards in a matrix corresponding to the levels found in rat’s teeth 
by ManseII’z were used for the calibration. 

779 
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Prefiminary investigation 
RESULTS AND DISCUSSION 

Complex formation between APDC and copper or molybdenum occurs under acid conditions, so the 
extraction into MIBK was tested over a wide range of acidity, varied with perchloric acid, which was used 
for the dissolution of the teeth. The optimum pH range for copper extraction was l-2-1.7 and for molybdenum 
1G-1.4. It was found that the copper absorption gradually fell but the molybdenum absorption increased as 
the voimne of APDC solution (1% w/v) used was increased from 1 ml. The optimum volume for 
molybdenum was 5 ml (or 1 ml of a 5% solution). 

Since both copper and molybdenum are readily chelated with APDC and extracted into MIBK, they were 
extracted simultaneously in the analysis of the teeth. Because the level of molybdenum in teeth is lower than 
that of copper, the extraction conditions were selected to favour molybdenum (i.e., pH 10-1.4; the digestion 
procedure always gave a final pIi of about 1.1 for the 50 ml of sample solution). Simultaneous extraction 
had the advantage that more sample was available for the single extraction and sample pre~ration time 
was greatly reduced. The maximUm error that could be caused in the copper result by variation of the 
pH over the range IQ-l.4 was about 2.5%. 

The APDC/MIBK extraction resulted in enhanced sensitivity for both analytes, the absorption for copper 
being ahnost doubled and that for molybdenum increased fourfold 

Teeth contain 36% calcium and 1% phosphor&s (w/w), and the chief trace elements present in rat’s teeth 
wem found by Mansellis to bc 144 ppm iron, 24 ppm zinc, 1.8 ppm manganese, cl.3 ppm cobalt and 
~0.5 ppm nickel. 

Precision, interference, and recovery studies were made with standards containing 7350 ppm calcium, 
3480 ppm phosphorUs, 3a ppm iron, @5 ppm zinc, OQ4 ppm manganese, 0.03 ppm cobalt and 0.01 ppm 
nickel. These concentrations gave a matrix equivalent to 1 g of tooth treated to give SO ml of solution. 
In all the studies, 40 ml of sample solution were extracted with 4 ml of MIBK. 

An estimate of the precision of the method was obtained from the results for five samples containing 
@2 ppm copper and five eontaining O-8 ppm moly~enu~ These samples gave a mean absorbance value 
of 0.164 for canner and Q121 for molybdenum. The standard deviation was Om8 for copper and O@l12 for 
molybdenum, which corresponds to c&fficients of variation of 05 and lao/, respectively. _ 

Table 1 shows the results of recovery studies. 

Tabie 1. Recovery studies on teeth 

Element Present, ppm Added, PP~ Found, ppm Recovery, % 

MO @15 0.05 0,196 98.0 
0.15 0.10 @247 98.8 
0.15 0.15 0.292 97.0 

CU 5.2 1.0 6.18 99.7 
52 670 100.0 
5.2 7.20 loo+0 

The results of int~fe~n~ studies are shown in Table 2. Ions were considered as not interfering when 
they produced an error in absorbance of less than twice the coeglcient of variation. The copper and 
molybdenum levels used were chosen in accordance with those found attainable in the teeth of rats fed on 
diets enriched in copper and molybdenum. 

Calcium and phosphorus interfered in both analyses, but the effect was offset by the presence of iron, 
and of zinc in the case of copper determination. Copper interfered in the molybdenum determination. 

When chcmioal interferences occur the method of standard addition is ideal, but at least three and possibly 
four sample aliquots are required for satisfactory results. Because of the small sample weight available in 
this study, it was hnpossibk to obtain three suitable aliquots which had Cu and MO concentrations above 
the limit of detection. Teeth from a Iarge number of rats were pooled to give two samples for analysis 
either by the s~~~d~ddition method or by calibration with standards of a matrix equivalent to that of 
the teeth. The levels found were 630 ppm Cu and @21 ppm MO by standard addition and 6.30 ppm Cu 
and 0.23 ppm MO by calibration. Roth methods were considered satisfactory since the samples were pooled. 
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Table 2. Interference studies 
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Concn. in aqueous phase,* 
Ppm 

Relative absorption, % 

Copper Molybdenum 

No additions 100 100 
Ca (7350) P (3480) 92 94 
Fe (3) Ca. P 94 97 
Zn (0.5) Fe, Ca. P 97 95 
Mn (0.04) Zn, Fe, Ca, P 97 95 
Co (0.03), Mn, Zn, Fe, Ca, P 97 95 
Ni (0.01) Co, Mn, Zn, Fe, Ca, P 97 95 
MO (0.6), Ni, Co, Mn, Zn, Fe, Ca, P 97 - 

Cu (0.12) Ni, Co, Mn, Zn, Fe, Ca, P - 90 

* The concentrations are not repeated in the Table, and are to 
be understood as referring to all the mixtures. 

CONCLUSION 

The analysis of the teeth for copper and molybdenum was very rapid and straightforward, owing to the 
simultaneous extraction with APDC. The precision of the method was acceptable, and the results of the 
recovery test indicated that the extraction procedure was reliable. 

Because of possible chemical interferences it would have been desirable to use the method of standard 
addition. However, this was not possible on account of the number of sample aliquots required for each 
determination by this method and the small amount of sample available. Interference effects were readily 
overcome by the use of standards with a matrix similar to that of the sample. 
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Summary-The measurement of uptake of copper and molybdenum from the diet into rat’s 
teeth required the use of an accurate but rapid method of analysis. The simultaneous extraction 
of copper and molybdenum with APDC from the sample, combined with atomic absorption, 
proved to be both accurate and reliable. Interference from other elements present in the sample 
was easily overcome by the use of standards with a matrix equivalent to that of the teeth. 

Zusammenfassung-Die Messung der Aufnahme von Kupfer und Molybdln aus dem Futter in 
die ZBhne von Ratten erforderte eine genaue, aber rasche Analysenmethode. Die gleichzeitige 
Extraktion von Kupfer und Molybdan mit APDC aus der Probe turd Atomabsorption 
erwiesen sich als genau und zuverllssig. Die Storung durch andere in der Probe vorhandene 
Elemente 1ieB sich leicht durch die Verwendung von Standards umgehen, die diselbe Matrix 
besaRen wie die ZPhne. 
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RCaun&La mesure de la fixation dans les dents de rat du cuivre et du molybdene de la 
ration alimentaire a nicessitd l’emploi dune mtthode d’analyse precise mais rapide. L’extraction 
simultane6 du cuivre et du molyb&ne de l’bhantillon par PAPDC, combit& avec l’absorption 
atomique, s’est rev&e &re ii la fois precise et sure. L’interference d’autres elements presents dans 
I’tchantillon a et6 ai&ment surmontb par i’emploi dttalons aver une matrice 6quivalente a celle 
de la dent. 

Tolanra, Vol. 20, pp. 782-785. Pcrgamon Press, 1973. Printed in Great Britain 

SPECTROPHOTOMETRIC DETERMINATION OF ASCORBIC 
ACID WITH POTASSIUM HEXACYANOFERRATE(II1) 

(Receiued 28 Nooember 1972. Accepted 10 February 1973) 

The reaction between hexacyanoferrate(II1) and ascorbic acid has been used by several workers for visual, 
potentiometric. amperometric and photometric titrations of both ascorbic acid and hexacyanoferrate(III).i-* 
In our earlier workg-ii the same reaction has been used as the basis for spectrophotometric determinations 
of microquantities of the reactants by using the total catalytic decomposition of the hexacyanoferrate(I1) 
formed in the process. Since acid and alkaline aqueous solutions of hexacyanoferrate(II1) show a rather 
intense absorption maximum in the visible spectral region at 420 nm (E = 101 x lo3 1. mole-r . cm-‘) where 
the reaction products [hexacyanoferrate(II) and dehydroascorbic acid] do not absorb,i2*i3 it is obvious that 
a determination of ascorbic acid with hexacyanoferrate(II1) is feasible by measuring the absorbance of the 
reaction mixture at 420 nm against a reagent blank or water. 

In this paper we present the optimum conditions necessary for the direct spectrophotometric determination 
of ascorbic acid with hexacyanoferrate(II1). This new procedure for the determination of ascorbic acid is 
accurate, more rapid, simpler and completely different from methods already published where hexacyano- 
ferrate(III) was used as a reagent. Here it is used to determine the quantity of ascorbic acid in some 
pharmaceutical preparations (tablets and injections). 

Apparatus 
EXPERIMENTAL 

The absorbances were measured with a Unicam SP 600 spectrophotometer, with l-cm glass cells. A pH-meter 
witha saturated calomel-glass electrode system was used for the pH measurements, accurate to +OG5 pH units. 

Reagents 

All chemicals used were of analytical-reagent grade. 
McIlvaine buffer, pH = 5.2, was prepared by mixing 107.2 ml of O2M disodium hydrogen phosphate and 

92.8 ml of 0.1 M citric acid. 
Potassium hexacyanoferrate(II1) solution, 5 x 10m3M, was prepared from Merck reagent. The solution 

remains stable for a few weeks if protected from light. 
Ascorbic acid solution, approximately 1 x 10W3M (OG180 g/100 ml), was prepared from the Riedel reagent 

(99.7%) and standardized against O.lM sodium hydroxide.” Only fresh solutions were used for the spectro- 
photometric measurements, because of their low stability. 

The analysed tablets and injections containing ascorbic acid were obtained on the local market. Their 
solutions were also prepared immediately before use, and 2 ml of the sample solution contained about 200 ,ag 
of ascorbic acid. 

All glassware was washed with redistilled water and all the solutions and subsequent dilutions were made 
with redistilled water because of the decomposition of ascorbic acid by traces of metallic impurities. 

Procedure 
To 2 ml of McIlvaine buffer (pH 52) add 1 ml of 5 x lo-)M hexacyanoferrate(II1) and 2 ml of sample 

solution containing about 200 peg of ascorbic acid. Mix the solution, place the sample in the ‘check’ position 
and the reagent blank in the ‘measure’ position of the spectrophotometer and compare at 420 nm. This 
arrangement gives absorbances which are a direct measure of the hexacyanoferrate(II1) reduced by the 
ascorbic acid. Find the amount of ascorbic acid by reference to a calibration curve or a calibration equation. 
Measure immediately after mixing the reactants or within a period of 3 hr. 
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Prepare the calibration curve from a series of standard solutions containing between 45 and 360 pg of 
ascorbic acid in 2 ml and proceed as described above. 

RESULTS AND DISCUSSION 

The quantitativeness of the reaction and the rate at which ascorbic acid reduces hexacyanoferrate(III) 
depend on various factors,” principally the pH and the kind of buffer. Acetate buffer is not suitable, and 
the Britton-Robinson buffers can be used only in a very narrow region around pH 6. McIlvaine’s buffer 
proved most suitable, and the reduction rate is satisfactory in the pH range from 4 to 6 (Fig. 1). Below 
pH 4 the reduction rate is slow and after a certain time the reaction mixtures become green, i.e., Prussian 
blue is produced. I6 Above pH 6, only an hour after mixing of the reactants there is a considerable 
reducing effect of dehydroascorbic acid on hexacyanoferrate(III), which other authors have already found.‘,’ 
It is therefore optimal to work at about pH 5. The reduction is then rapid and even over a longer time 
interval dehydroascorbic acid has no influence. 

I 1 I I I I Y 
2 3 4 5 6 7 0 

0.6- 

0,5- 

PH PH 

Fig. 1. Dependence of reaction between Fig. 2. Dependence of reaction between 
hexacyanoferrate(II1) and ascorbic acid on hexacyanoferrate(II1) and uric acid on pH: 
pH: [hexacyanoferrate(III)] = 1 x 10e3M; 
[ascorbic acid] = 0.4 x 10-‘M; measured 

[hexacyanoferrate(III)] = 1 x lo-‘M; [uric 
acid] = 0.25 x 10S3M; measured against 

against water 5 min after mixing. water 5 min after mixing. 

The possibility of working with potassium hydrogen carbonate instead of a buffer, as recommended by 
some authors.6,8 has been examined. The addition of 5-10 mg of potassium hydrogen carbonate is sufficient 
but the reaction mixtures are less stable and the interferences by foreign substances more pronounced 
because of the higher pH. 

When McIlvaine buffer is used the temperature (18-35”) and time (up to 3 hr) do not influence the 
reaction. The absorbance can therefore be measured immediately after mixing the reactants or within 3 hr. 

The amount of ascorbic acid that can be determined by the suggested method is limited by the concentration 
of hexacyanoferrate(II1). the maximum (360 pg) corresponding to a 20% excess of the reagent. With a 
hexacyanoferrate(II1) concentration of 1 x 10m3M in the reaction mixture (absorbance of reagent blank 1.012) 
the most accurate results are obtained by analysing samples containing 180-270 pg of ascorbic acid 
(absorbance measured 0.4-0.6). 

A 200-fold amount (w(w) of glucose, urea, citric and tartaric acids, a M-fold excess of creatine and a 
‘-fold excess of creatinine do not interfere. but very small quantities or uric acid (as sodium urate) give 
positive errors. At pH >3.5 uric acid itself reduces hexacyanoferrate(III), especially at higher pH values 
(Fig. 2). In general all agents that reduce hexacyanoferrate(II1) or oxidize hexacyanoferrate(I1) at pH 5.2 will 
interfere. So do all substances that absorb at 420 nm. 

Ten replicate analyses of a standard ascorbic acid solution over a period of five consecutive days gave a 
relative standard deviation of i_ 1.3”” at the 225~pg level. 
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Good reproducibility, accuracy and greater simplicity than that of most procedures used so far, make this 
technique very satisfactory in laboratory practice. The measurements can also be made on a Pulfrich visual 
photometer with a blue filter S 42 or S 43. The proposed procedure could also be used for determination 
of ascorbic acid in all natural products (fruits, juices, plant tissues, erc.) containing ascorbic acid, provided 
they are not appreciably coioured. 

Table 1. Ascorbic acid determination in some pharmaceutical preparations 

Ascorbic acid, 9 

Preparation 
Iodimetric Proposed 
method’ ’ method 

Average with 95% 
confidence limit* 

Rel. std. 
devn. y’, 

Vitamin C injections 0.476 0473 
“Pliva” Zagreb 0.505 0.533 0.509 + 0.080 6.4 
0500 g/inj. 0.515 0.524 

Vitamin C tablets 0.494 0.505 
“Pliva ” Zagreb 0.473 0.489 0.492 f 0.030 2.4 
0500 g/tabl. 0.496 0.48 1 

* Calculated by means of Student’s t. 

Table 2. Recovery of ascorbic acid 

Ascorbic acid, peg 

Preparation In sample Added Total Found Recovery, % 

Vitamin C injections 114 90 204 209 102.5 
“Pliva” Zagreb 114 180 294 297 101.0 101.7 

Vitamin C tablets 64 90 154 158 102.6 
” Pliva” Zagreb 64 180 244 239 98.0 99.7 

64 270 334 329 98.5 

The proposed method has been used for the determination of ascorbic acid in some pharmaceutical 
preparations (tablets and injections) containing ascorbic acid. Table 1 presents the results and comparison 
with the iodimetric method.” Table 2 gives the results of recovery experiments. All results are in good 
agreement and show that the method is applicable to such determinations. 
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Summary-A new, simple and rapid method of determination of ascorbic acid in amounts of 
45~360 pg is described. The ascorbic acid is determined spectrophotometrically at 420 nm from 
the decrease in absorbance it causes in 1 x 10m3M hexacyanoferrate(II1) in McIlvaine buffer at 
pH 5.2. The proposed method is suitable for the determination of ascorbic acid in pharmaceutical 
preparations and probably natural products. 

Z~rnrn~f~~~-E~ne neue einfache und rasche Methode fiir ~stimmung der A~rbin~ure 
in Mengen von 45 bis 360 pg ist beschrieben. Die A~orb~n~ure wurde s~ktrophotome~h 
bei 420 nm auf Grund der Verminderung der Absorption, welche die Ascorbinsiiure in 
1 . 10m3M Hexacyanoferrat(II1) losung (McIlvaine Puffer pH $2) verursacht, hestimmt. Die 
vorgeschlagene Methode ist fiir die Bestimmungen der Ascorbindure in pharmazeutischen 
Prlparaten und vielleicht such in den Naturstoffen geeignet. 

R&urn&-Une nouvelle et rapide mtthode d’analyse de l’acide ascorbique en concentrations de 
45-360 pg environ est d&rite. L’acide ascorbique est spectrophotometriquement d&ermine a 420 nm 
d’apres le de-croissement de l’absorbence qu’elle cause en 1 . 10T3M hexacyanoferrat(II1) dans 
un medium acide (McIlvaine tampon pH 5,2). La methode proposee est convenable pour la 
determination de I’acide ascorbique dam les prod&s pharmaceutiques et probablement dans 
des produits naturels. 
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ANALYTICAL DATA 

SPECIES IN THE COBALT II) CHLORIDE-2-NITROSO-1.NAPHTHOL 
SYSTEM IN BE Is ZENE-ETHANOL MIXTURES* 

(Received 14 December 1972. Accepted 13 February 1973) 

In earlier worki the reaction of #balt(II) chloride with 2-nitro~-l-naphthol in 96 : 4 v/v be~ne-et~nol 
medium, which is characterized by low donor and dielectric properties, was examined. To investigate the 
influence of the solvent the study has been extended to mixtures with various benzene-ethano1 ratios. 
The two solvent components have very different dielectric constants (DEC) and donicity (represented 
approximately by the donor number DN): 

DECZ DN3 
benzene 2.271 4.9 
ethanol 24.339 30.4 

Thus increasing ethanol content increases both the donor and dielectric properties. 

EXPERIMENTAL 

Materials, apparatus and procedures for the spectrophotometry were the same as before.’ NMR spectra 
were recorded on a Varian A/60 spectrometer, for hexadeuterobenzene solutions, with tetramethylsilane as an 
internal reference, at 29”. 

RESULTS AND DtSCUSSlON 

The visible-region absorption spectra ofcobalt(I1) chloride in the solvent mixtures examined are similar to those 
reported earlier;’ the apparent molar absorptivity decreases with increasing ethanol concentration (Fig. 1). 
This may be attributed to increasing co-ordinative disproportionation of CoClz, as solvent donicity in- 
creases,4 so that the equilibrium (S represents solvent) 

2 t”‘cocl,s, + 2s S ‘e”CoC13S- + “‘cocls+ 5 (1) 

is shifted towards the right and involves a configurational change. The molar absorptivity of the octahedral 
species is much lower than that of the tetrahedral species.’ 

The spectrophotometric investigation was performed at 525 nm where the molar absorptivities of the 
complexes are higher than those of the reagents. The mole-ratio6 and, where possible, straight-line’ methods 
were used. The compfexation ratios and concentration quotients at equilibrium are reported in Table 1. 

Table 1. Values of the concentration quotients at eq~librium for the cobalt(B) chloride- 
2-nitroso-l-naphthol system in benzene-ethanol mixtures at 25°C 

Ethanol concn., Dielectric 
% v/r constant* 81 82 83 84 

100 24.339 - - - 2.3 x lOI 
75 18.4.t - - 1.4 x lOi 
50 llv8t - 50 x 10’ 11 X10”’ - 
25 75t - 7.8 x 10’ 26x10” - 
4 2.5t 1.2 x 103$ 2.7 x 10’1 - - 

* From ref. 2. 
t By graphical evaluation from ref. 2. 
$ From ref. 1. 

* Work supported financially by the Consign0 Nazionale dette Ricerche, Rome, Italy. 
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Fig. 1. Absorption spectra of 1.1 x 10s3M CoCl, in benzene-ethanol mixtures (at 25°C) 
measured us. solvent. 

Ethanol concentration % v/v: A 25, B 50, C 75, D 100. 

The results show: (i) that the ratio L/M of the predominant species increases with increasing ethanol 
concentration, and (ii) that all the complexes formed are octahedral. 

The 6rst point can be explained in terms of the variation in DEC and DN. When the DEC increases, 
deprotonation ofthe ligand is favoured; according to Chatterjees the quinonoid form (Ha,@ should predominate: 

OH 0 0 

(2) 

The Lewis-base strength of the single donor group (-NO-) is raised and may be high enough to prevail over 
the effect of solvent mixture donicity, even if the latter increases with ethanol concentration. A high 
donicity of the medium can disfavour the co-ordination of the other donor group of the naphthol so that the 
ligand acts as if monodentate. The other co-ordinative sites of the cobalt(H) should be occupied by ethanol 
molecules since the DEC value accounts for cleavage of Co-Cl bonds. On this hypothesis the 4 : 1 species 
may be ascribed the formula Co(EtOH),(L):-. T o check the validity of this, we made some NMR 
measurements on the solid obtained from cobalt(H) chloride and 2-nitroso-1-naphthol dissolved in ethanol. 
The spectra showed the presence of bound ethanol molecules, with resonance peaks at S = 10 for the CHs 
protons and at about 6 = 3.2 for the CH, protons. 

Reverse considerations apply when the benzene concentration is increased. The low donicity favours non- 
ionization of the compound and the low DEC opposes dissociation. The 2-nitroso-1-naphthol can-act as a 
bidentate ligand by displacing solvation molecules. The donicity due to the ethanol is decreased owing to the 
small amount present. The formation of the ML1 species may occur as follows 

‘“‘CoCl,S, + 2L z=z= ““CoCl,(L), + 2s (3) 
bidentate 

where S is the particular solvent species co-ordinated to the cobalt(H). 
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The second point was that the solvent effect does not affect the configurational equilibria. We may 
suppose that at low DEC values, the iigand displaces the co-ordinatcd ethanol molecules 

‘et’CoCII(ETOH)2 -t 2L e “‘CoCl,(L), f 2EtOH (4) 
bidenrate 

At higher DEC values, where ionization of both Cot& and L occurs, the ligand groups replace 
chloride ions because the extent of dissociation of the chloride increases and the donicity of the ethanol increases 
with ethanol concentration in the mixed solvent. 
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Summary-The cobalt(I1) chloride-2-nitroso-l-naphthol system in mixtures of benzene and 
ethanol has been investigated spectrophotometrically. The complexation ratios of the species present 
have been determined and the values of the respective concentration quotients at equilibrium 
at 25” have been calculated. These values seem to be dependent to only a small extent on the 
variation of the mixture composition; the most considerable aspect is the decrease of the 
complexation ratios with increasing benzene ~on~n~tion. 

Zuaammenfa~g-Das System Kobalt(II~Chlorid-2-Nitroso-l-~phtho1 in Gemischen von 
Benz01 und Athanol wurde spektrophotometrisch untersucht. Die Komplexbildungsverhltnisse 
der vorhandenen Spexies wurden ermittelt und die Werte der betreffenden Konzentrationsquo- 
tienten im Gleichgewicht bei 2.5” berechnet. Diese Werte scheinen von der Zusammensetzung 
der Mischung nur in geringem MaBe abzuhlngen; der am ehesten ins Gewicht fallende 
Aspekt ist das Nachlassen der Komplexbildungsverhlltnisse mit zunehmender Benxolkonzen- 
tration. 

R&m&-On a ttudii spectrophotometriquement le systime chlorure de cobalt (II)-2-nitroso 
I-naphtol dans des melanges de bentine et d’ithanol. On a determine les rapports de complexation 
des espices presentes et calculi les valcurs des quotients de concentration respectifs a 
l’equilibre B 25”. Ces vaieurs semblent ne dependre que pour une petite quantitb de la variation 
de la composition du mklange; i’aspect le plus important est la dicroissance des rapports de 
complexation ~ralI~lement a ~a~oissem~t de la ~ncen~ation en benn&ne. 

Talanta Vol. 20. pp, 789-791. Pergamon Press. 1973. Printed in Great Britain 

POLAROGRAPHY OF CADMIUM MALATE COMPLEXES 

(Received 26 July 1972. Revised 3 January 1973. Accepted 26 February 1973) 

EXPERIMENTAL 

The apparatus and the experimental technique are the same as described earher.’ The temperature was maintained 
at 300 i 1°K throughout the investigations. 

RESULTS AND DlSCUSSlON 

In each case a well-defined reduction wave was obtained. The plots of E vs. log i/(id - i) were straight lines 
with slopes of 30 I 1 mV. The temperature coefficient of E,,r in the range 0@0-0~7M malic acid was found to be 
0.9 & 0.1 mV/deg. These results, coupled with direct proportionality of the diffusion current to the square root of 
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tienten im Gleichgewicht bei 2.5” berechnet. Diese Werte scheinen von der Zusammensetzung 
der Mischung nur in geringem MaBe abzuhlngen; der am ehesten ins Gewicht fallende 
Aspekt ist das Nachlassen der Komplexbildungsverhlltnisse mit zunehmender Benxolkonzen- 
tration. 

R&m&-On a ttudii spectrophotometriquement le systime chlorure de cobalt (II)-2-nitroso 
I-naphtol dans des melanges de bentine et d’ithanol. On a determine les rapports de complexation 
des espices presentes et calculi les valcurs des quotients de concentration respectifs a 
l’equilibre B 25”. Ces vaieurs semblent ne dependre que pour une petite quantitb de la variation 
de la composition du mklange; i’aspect le plus important est la dicroissance des rapports de 
complexation ~ralI~lement a ~a~oissem~t de la ~ncen~ation en benn&ne. 
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POLAROGRAPHY OF CADMIUM MALATE COMPLEXES 

(Received 26 July 1972. Revised 3 January 1973. Accepted 26 February 1973) 

EXPERIMENTAL 

The apparatus and the experimental technique are the same as described earher.’ The temperature was maintained 
at 300 i 1°K throughout the investigations. 

RESULTS AND DlSCUSSlON 

In each case a well-defined reduction wave was obtained. The plots of E vs. log i/(id - i) were straight lines 
with slopes of 30 I 1 mV. The temperature coefficient of E,,r in the range 0@0-0~7M malic acid was found to be 
0.9 & 0.1 mV/deg. These results, coupled with direct proportionality of the diffusion current to the square root of 
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the effective head of mercury indicated that the two-electron reduction is reversible and entirely diffusion- 
controlled. The increase in Elf2 with pH between the pKt and pKr values of malic acid suggests the involvement 
of hydrogen ion in the electrode reduction of the complex in this pH range. 

The effect of pH on the half-wave potential was studied for 6 x lo-*M cadmiumpli\/l potassium nitrate 
at different concentrations of malic acid. In each case two clear breaks at pH 3.5 and S-8, corresponding 
to the pK, and pKZ values of malic acid, were obtained. Below pH 3.5 little complexation occurs in the 
concentration range under investigation. The slopes of the straight lines between pK, and pKa (Fig. 1) for 
0.2 and 0*4&f malic acid media are 26 f 1 mV and 29 f 1 mV, indicating the participation of a proton in 
the reduction process. Above pH _ 5.8 the half-wave potential becomes independent of pH; hence no 
hydrogen ion is involved in this reduction. 

PH 

Fig. 1. Plot of -Ertl vs. pH. 

E#ect of iigand concentration 

At pH 3.1, a small shift in Er,r with increasing malic acid concentration is observed. As the plot of 
-E,,, us. log[HrA 

1 
is a straight line, Lingane’s method2 was applied to determine the equilibrium constant 

for the reaction Cd * + H2A*Cd(H,A)2+. The value log K = 0+7 was found. 
At pH 80 (pH > pKr) the half-wave potential becomes more negative with increase in ligand concentration. 

Since the plot of -Q2 us. -log(A2-] is a curve indicating stepwise complex formation, the method of 
DeFord and Hume3 was used to evaluate the stability constants of the complex species so formed. 

The stability constants so obtained were log j?, = 19, log /.3r z 28, log j13 = 3.4. 

Complex species and electrode reactions 

Malic acid is a saturated dicarboxylic acid with pK, = 3.30 and pKz = 5+12.4 Therefore three species, 
H,A, HA- and A2- are available to co-ordinate with Cd2*. At pH < plcr, H A a p redominates and if the reaction 
is that postulated by Campi,’ to yield Cd(HaA) as the complex formed, no protons are involved in the 
electrode reduction. Campi’s value5 for log K for this complex was 1.34. 

At pi-l > pK2, where A2” predominates, there will again be no protons involved in the electrode reaction. 
At intermediate pH values, however, if HA- is the ligand [cf: Campi’-log K for Cd(HL) quoted as 2.361 
and can be protonated in the electrode reaction, according to Cd(HA)+ + 2e + H’ + Hg*Cd(Hg) + H2A 
then the slope of -Ella vs. pH should be 30 mV as observed. We did not attempt to evaluate log K 
for Cd(HL). 

Acknowledgement-The authors are grateful to Prof. R. C. Mehrotra for providing laboratory facilities. One 
of the authors (S.C.K.) acknowledges the support of C.S.I.R. for the grant of a fellowship. 
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Summary-The electrode reduction reaction of cadmium malate complexes at various pH values 
and ligand concentrations has been studied. At pH < pK, the complex Cd(H,A), log K = 0.57, 
exists. At pH > pK2 Cd(A’-), species exist, log j1 = 1.9, log & = 28, log /?a = 3.4. At 
intermediate pH the complex Cd(HA) exists. 

Zusammenfnssung-Die Elektrodenreduktion von Cadmium-MalatKomplexen wurde bei ver- 
schiedenen pH-Werten und Ligandenkonzentrationen untersucht. Bei pH c pK, hegt der 
Komplex Cd(H,A) mit log K = 0.57 vor. Bei pH > pK, gibt es die Spezies Cd(A*-),-mit 
log PI = 19, log fi2 = 2,8 und log /I, = 3,4. Bei dazwischen hegenden pH-Werten liegt der 
Komplex Cd(HA) vor. 

R&urn&On a Ltudie la reaction de reduction a l’blectrode de complexes de malate de cadmium 
a differentes valeurs de pH et concentrations de complexes. A pH < pK, le complexe 
Cd (H;A), log K = 0,57, existe. A pH > pK,, l’espbe Cd (A’-) existe, log fil = 1,9, 
log 82 = 2.8 et log j33 = 3.4. A pH intermediaire, le complexe Cd(HA) existe. 
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AN ION-SELECTIVE ELECTRODE SYSTEM FOR 
CONTINUOUSLY MONITORING CYANIDE ION, 

BASED ON A COMPUTERIZED GRAN PLOT 
TECHNIQUE 

B. FLEET and A. Y. W. Ho* 
Chemistry Department, Imperial College, London SW7 2AY, U.K. 

(Received 7 December 1972. Accepted 10 February 1973) 

Summary-A procedure for the continuous monitoring of cyanide ion with an ion-selective 
electrode is described, based on the use of the Gran plot standard-addition technique. The mean 
concentration of the sample reservoir is measured continuously during a time span of 6 min. The 
use of a computer programme facilitates calculation of the results. Because the combined weights 
of several data points are used to calculate the unknown concentration, random errors tend to be 
eliminated and in addition there is no need for reference calibration curves. 

The increasing use of ion-selective electrodes for continuous monitoring has led to a need 
for a suitably rapid procedure for the interpretation of the measurements. When ion- 
selective electrodes are used to monitor a flow-stream, provision must be made in the 
analytical system to divert the sample and insert suitable standards. One major drawback 
of using ion-selective electrodes in the direct potentiometric mode is that the constant term 
in the Nernst equation drifts at a rate which depends primarily on the temperature 
variation in the surroundings. The electrodes, therefore, require restandardization at 
intervals which depend on the degree of accuracy required. Most continuous monitoring 
systems so far described have employed the direct potentiometric approach. A computer 
treatment of potentiometric measurements made with interruptions for standardization 
has been described for the IBM blood-monitoring system,’ which measures pH, pOz, 
pCO,, pNa+ and pK+. A similar general approach has been used with the Digital 
Equipment Corporation PDP 8 system.’ 

The method of standard additions provides one approach to the problem of improving 
the accuracy and precision of direct potentiometric determinations.4*5 Parameters such as 
the unknown concentration, the electrode response slope and the standard potential can 
be evaluated from the e.m.f. values obtained after multiple standard additions, by means 
of a non-linear least-squares curve-fitting technique with the aid of computers6 

Alternatively the unknown concentration can be obtained by the graphical method of 
Gran.’ Although the use of this technique in conventional titrimetry has been largely 
overlooked,* it has recently found important applications in potentiometry.g Jagner and 
.&en,” for example, have described a computer system which monitors the argentometric 
titration of sea-water by calculating in real time a Gran extrapolation of the end-point. 
The present report describes a fully automated approach to the Gran plot procedure, 
based on the use of a Technicon “AutoAnalyzer.” The sample flow is continuously supplied 
without interruption and is mixed with a series of 3 or 4 standards presented 

* Present address: Chemistry Dept., University of Florida, Gainesville, Fla., U.S.A. 
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sequentially and interspersed with a water-wash. The potential readings obtained from these 
continuous multiple standard additions are then used to evaluate the concentration of the 
continuous-flow sample by use of the Gran plot method. The results thus obtained 
represent the average concentration of the flow-stream during a time-span of 43 or 6 min 
and hence the present method is not too far away from the goal of providing analytical 
information of flow-stream conditions on a continuous real-time basis. 

THEORY 

The Gran plot standard-addition technique 

If a known volume, V ml, of standard solution of concentration C is added to V, ml 
of sample solution of unknown concentration Co, then the potential of the electrochemical 
cell consisting of the appropriate indicator electrode and a reference electrode is given by 

E=E”fSlog[CO;;+;] +Slogr+E, (1) 

where E”, E, and Ej are respectively the standard potential, the equilibrium potential and 
the junction potential of the electrode system, y is the activity coefficient, and S is 
2.303 R T/nF. 

By rearranging equation (1) we obtain, 

(V, + V)los/s = lo@’ + @/S(Co V, + CV)y (2) 

Provided that the ionic strengths of the samples are sufllciently high to be unaffected by 
the addition of standards, y and Ej remain constant, and hence if (V, + V)lOEIs is plotted 
against V a straight line results which intercepts the volume axis at a point V,, such that 

C,V,= -CV, (3) 

This approach forms the basis of the Gran plot standard-addition method used by Liberti 
and Mascinig for the potentiometric determination of fluoride with a fluoride- 
activity electrode. The procedure is superior to a single-point direct potentiometric 
measurement or a single standard-addition because the combined weights of several data 
points are used to calculate the unknown concentration and random errors will tend to be 
eliminated. 

Application of the technique to continuous analysis 

Instead of being used as described above, the Gran plot technique can be applied to 
continuous analysis by using the experimental arrangement shown in Fig. 1. A continuous 
sample flow is maintained at 2F ml/min and mixed with a continuous buffer flow at 
F ml/mm, and a series of standards is added sequentially at a flow-rate of F ml/min, 
interspersed with a water-wash. Assuming that there is no significant change in the junction 
potential and activity coefficient, we have, cf: equation (l), 

Ei = constant + S log 
2FC0 + FC, 

4F 

= constant + S log 
2c0 + ci 

4 (4) 
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Fig. 1. The basic experimental arrangement for continuous analysis by the Gran plot procedure. 

where Ei is the potential of the electrode system when the concentration of the standard- 
addition stream is Ci, and Co is the concentration of the test-sample solution. 

Rearranging, we obtain 

loEi/S = loconstant X 2cl) + ci 

4 

By plotting 10E@ us. Ci, a straight line is obtained which intercepts the abscissa at CA 
where 

CA = -2co (6) 

. NO 

calcrrlate 

VA .VB, VANS. 

Fig. 2. Flow-chart for the programme AUTOGR. 
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Data processing and computation 

Instead of manual plotting of 10EJS vs. Ci, use can be made of a computer programme 
(AUTOGR) which has the following functions: (i) memorizing the sets of input data 
VE and VC where VE is the measured cell ,potential and VC is the concentration of 
the addition standard; (ii) computation of Y, where Y = lOvEis; (iii) fitting of a straight 
line by the linear least-squares method to the sets of values of Y and VC for each 
sample and locating the intercept of this line on the concentration axis; (iu) evaluation 
and print-out of the unknown concentration from the value of the intercept, according 
to equation (6). A flow-chart for the computer programme AUTOGR is shown in Fig. 2; 
the complete listing of the programme and the input format are obtainable from the 
authors on request. 

Apparatus 

EXPERIMENTAL 

A Coming Digital Electrometer (Model 101, EEL-Coming, Halstead, Essex) was used for potentiometric 
measurements. The analogue response was displayed on a Servoscribe potentiometric recorder (Smiths Ind., 
U.K.). The indicator electrode was an Orion cyanide-activity electrode (Model 94-09 E.I.L. Chertsey, Surrey) 
fitted into a flowthrough cell. A double-junction reference electrode (Orion Model 90-02), with a 10% 
potassium nitrate solution in the outer compartment was used as the reference. 

Standard “‘Auto Analyzer” modules (Technicon Corporation, Basingstoke, Hants), principally the peristaltic 
pump II and Sampler II, were used for the manipulation of samples and standards. 

Reagents 

All chemicals used were of analytical-reagent grade. Stock cyanide solutions were standardized 
argentometrically by Liebig’s method and stored in a polythene bottle. 

Procedure 

The manifold employed for this method is shown in Fig. 3. 
Sample and buffer solutions are supplied continuously at constant flow-rates as indicated, together with four 

different known standards, presented sequentially and interspersed with a water-wash. The complete 4- 
standard cycle takes 6 min. each standard being fed in for 60 sec. followed by a 30-set wash. 

RESULTS AND DISCUSSION 

Response of the cyanide electrode 

The response of the cyanide-activity electrode to cyanide ions as well as its selectivity 
characteristics under both static and flow conditions were found to be the same as 

Sample reservoir 

Fig. 3. Flowdiagram for the continuous determination of cyanide by the &an plot standard- 
addition method. 
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Table 1. Analysis of some cyanide samples by the automatic Gran plot 
standard-addition method 

Sample concn., 
10-3M CN- 

Potential readings of sample/standard 
mixtures, mV 

s1* s2* S3f S4f 

Cyanide concn., 
found, 
10-3M 

6.0 - 234.5 - 240.9 - 2455 - 249.9 5.8, 
5.0 - 231.5 - 238.1 - 243.8 - 248.0 4.9, 
4.0 - 228.0 - 236.0 -241.7 - 246.4 40, 
3.0 - 224.0 - 233.0 - 239.5 - 244.7 2.9s 
2.0 - 219.3 - 230.0 - 237.0 - 243.0 1.9, 
1.0 -213.2 - 226Q - 234.5 - 240.8 0.9, 
0.6 - 179.5 - 185.6 - 190.5 - 194.5 060, 
0.5 - 176.5 - 183.4 - 188.7 - 193.0 050, 
0.4 - 172.8 - 180.7 - 186.6 - 191.4 0.39, 
0.3 - 169.0 - 178.0 - 184.5 - 189.5 0.300 
0.2 - 164.5 - 174.9 - 184.0 - 187.7 0*19* 
0.1 - 158.4 - 171.1 179.5 - 185.5 0.10s 

* For the first 6 samples, the cyanide concentrations of the standards were: 
Sl, OQO5M; s2, O.OlOM; s3, O.OlSM; S4, 0.020M. 

For the last 6 samples, the same standards were diluted IO-fold. 

reported.” The linear range of the electrode was from lo-’ to lo- 5M with an 
average slope of approximately -57 mV per decade change in cyanide concentration. 
The cyanide’ standards were prepared with 0-M sodium hydroxide as background 
electrolyte and to ensure that there was no protonation of cyanide ions. 

Analysis of samples containing known concentrations of cyanide 

Samples with known cyanide concentrations ranging from O-006 to OQOlM were 
analysed by the Gran plot standard-addition technique, following the procedure previously 
described. A series of four standards was used for each sample. The same cyanide 
samples and standards were then diluted lo-fold and the experiment repeated. The results 
are summarized in Table 1. 

Conclusions 

The Gran plot standard-addition technique provides a useful solution to the problem 
of continuous monitoring with ion-selective electrodes. Because the combined weights of 
several data points are used to calculate the unknown concentration, random errors tend to 
be eliminated. As the electrode slope remains virtually constant throughout the course of a 
single measurement there is no need for other than very occasional recalibration of the 
electrode. The present system gives the average concentration of the sample reservoir (or 
flow-stream) during a time-span of 6 min. This could be further shortened by reducing 
sample hold-up in the flowthrough cell. Hence, the proposed method is not too far 
away from the goal of providing a continuous real-time monitoring of flow-stream 
compositions. 

Acknowledgemenrs-The authors wish to thank the Association of Commonwealth Universities for the award 
of a Commonwealth Scholarship (to A.Y.W.H.). and the Science Research Council for financial assistance. 
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B-Ein Verfahren zur kontinuierlichen Uberwachung der Cyanidkonzentration 
mit einer ionenmlektiven Elektrode wird beschrieben; sie beruht auf dem Gran-Diagramm und 
der Standard-Zugabe. Die mittlere Konzentration des Probenreservoirs wird in einer Zeitspanne 
von 6 min kontinuierlich gemessen. Die Verwendung eines Computerprogramms erleichtert die 
lkrechnungder Ergebniam. Weil die kombinierten Gewichte mehrerer Meppunkte zur Berechnung 
der unbekannten Konzentration verwendet werden, fallen die zullligen Fehler heraus; ferner sind 
Bezugseichkurven nicht notwendig. 

I&am&Ch d&crit une technique pour le controle continu de l’ion cyanure avec une electrode 
selective, b&e sur l’emploi de la technique d’addition d&talon de Gran. La concentration 
moyenne du reservoir d’bhantillon est mesurte de man&e continue pendant un intervalle de 
temps de 6 mn. L’emploi dun programme de calculatrice facilite le calcul des r&hats. Parce 
que les poids d’ensemble de plusieurs points de don&es sont utilisCs pour calculer la concentration 
inconnw, les erreurs fortuites tendent a &re Climin&es et, de plus, il n’est pas besoin de courbes 
d’btallonnage de reference. 
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DETERMINATION OF Hg(I1) IN ACIDIC MEDIA BY 
STRIPPING VOLTAMMETRY WITH COLLECTION 

ROBERT E. ALLEN and DENNIS C. JOHNSON 
Department of Chemistry, Iowa State University, 

Ames, Iowa 50010, U.S.A. 

(Received 23 January 1973. Accepted 24 February 1973) 

Summary-Stripping voltammetry with collection at a rotating ring-disk electrode having a 
platinum ring and a glassy-carbon disk was used for the determination of Hg(I1) in l.OM H2S0, 
medium in the range 0~10-400 ppM. Satisfactory results were obtained only after a thin film of Au 
(two monolayer equivalents) was electroplated on the disk electrode. The average relative 
deviation of the results for determination at the O.lO-ppM level was 75 %. The limit of detection for 
the technique is approximately 0.01 ppM. 

Recently, we described an electroanalytical technique called stripping voltammetry with 
collection (SVWC), using a rotating ring-disk electrode (RRDE) for the determination of 
silver in acidic media at trace levels.’ The detection limit for SVWC was demonstrated 
to be significantly lower than that for conventional stripping voltammetry (CSV) at a 
rotating disk electrode (RDE). In essence, SVWC requires the electro-deposition of the 
desired species at the disk electrode of an RRDE followed by the voltammetric stripping 
of the deposit according to the usual procedure for CSV. A fraction of the species 
stripped from the disk electrode is transported by convection and diffusion to the 
surface of the ring electrode where it can undergo further electrochemical reaction. The 
resultant current peak at the ring electrode is integrated and can be quantitatively 
related to the bulk concentration of the species sought according to equation (1).1*2 

1 Q, 1 = 0*62nFxR, +-#2~2/3,,- 1/6NCbTdep 
(I) 

where 

IQ,\ = the absolute value of the integral of the current-time peak for the electrochemical 
reaction at the ring electrode 

n = number of Faradays/mole of electrons transferred 
F = the Faraday 

R1 = radius of the disk electrode 
o = angular velocity of the electrode rotation 
D = diffusion coefficient of the species sought 
v = kinematic viscosity of the test solution 

N = collection efficiency of the RRDE 
Cb = bulk concentration of species sought 

T&r = time for accumulation of the deposit at the disk electrode before-stripping 

SVWC is more sensitive than CSV because the reaction at the ring electrode occurs at a 
constant applied potential, and the charging-current background is theoretically zero. 
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SVWC has been applied to the determination of silver in O*lM sulphuric acid at the 
OGl-ppM level with qcp = 100 min and o = 41.9 rad/.&c.’ 

The use of CSV for the determination of Hg(1) or Hg(I1) has not been extensively 
explored. The use of platinum and gold electrodes is not satisfactory because deposited 
mercury amalgamates the electrodi material and rapidly diffuses into the bulk of the 
electrode. Consequently, multiple stripping peaks are obtained. In the case of platinum, 
the anodic dissolution of the Hg-Pt compound occurs simultaneously with the absorption 
of oxygen and/or formation of platinum oxide at the electrode surface. Hence, the current 
due to stripping of mercury cannot be accurately determined.3 Various forms of carbon 
have been tested as electrodes for the determination of Hg(I1) by CSV. Emmott4 
described the use of a carbon-paste electrode for the determination of Hg(I1) in 1*8M 
lithium sulphate medium. He reported a linear relation between the anodic peak current 
for the stripping of deposited mercury and Che(nj for 7&, = 150 min, over the range 
OG8-25 ppm Perone and KretlowS used a wax-impregnated graphite electrode for the 
determination of down to p8 ppM Hg(I1) in 01M potassium cyanide medium for 
Tdep = 30-O min. Multiple peaks were observed for intermediate concentrations which 
could not be satisfactorily explained since no compounds of Hg with C are known. 
Kabanova and Zalogina‘j determined Hg(I1) down to O-8 ppm in O*lM perchloric acid 
medium by using a glassy-carbon electrode. Multiple stripping peaks were found for a 
solution containing 8 ppm Hg(I1). 

We report here the results of a study using an RRDE having a glassycarbon disk 
and a platinum ring, for the determination of Hg(I1) in laA4 sulphuric acid medium. 
Multiple peaks for the stripping of Hg were not obtained when cations which could be 
electrodeposited simultaneously with Hg(I1) were absent from the test solution. 

EXPERIMENTAL 

Subscripts d and r to the symbols for current, I, and potential, E, designate the corresponding quantitiei at 
the disk and ring electrodes. Superscripts a and c used with .!Z,, designate the anodic and cathodic limits of a 
cyclic potential s&n. The potential of the disk electrode used for the deposition of a metal is Ed, dep. All 
electrical currents are reported in PA and quantities of electrical charge in pC. All electrode potentials 
were measured and are reported in volts us. the saturated calomel electrode (SCE). 

Instrumentation 

The RRDE had a glassy-carbon disk and a platinum ring and was obtained from Pine Instrument Co.. 
Grove City, Pennsylvania. The geometric parameters were R, = 0.3787 cm, R2 = @3989 cm, R3 = 0.4214 cm, 
a = O-168, fl= 0.211, and N = 0.170. The synchronous rotator. electrochemical cell, and four-electrode 
potentiostat were described earlier. a All areas of pe.aks on I-E curves were measured with a Keuffel and 
Esser Compensating Planimeter. 

Reagenrs 

The supporting electrolyte for all experiments reported here was 1.O.W sulphuric acid. All solutions were 
prepared with triply-distilled water that was demineralized after the first distillation and then distilled from 
alkaline permanganate. Unless specified otherwise all chemicals were Baker Analyzed Reagent Grade. A stock 
solution of Hg(II) was prepared by dissolving triply distilled mercury in cold, concentrated nitric acid 
(Mallinckrodt Reagent Grape) followed by dilution with water to give a solution I.00 x 10m3M in Hg(I1) 
and O.lOM in nitric acid. The stock solution was stored in an opaque polyethylene bottle. Standard 
additions of the stock solution to- the supporting electrolyte were made with 2000-ml and 0.2000-ml 
@ syringes. A stock solution of Au(II1) was prepared by dissolving gold in a minimum of aqua regia 
and diluting with water and nitric acid to produce a solution 2.173 x lo-‘M in Au(II1) and 19&f in nitric acid. 

Procedures 

.Electro-deposition of gold During deaeration of the solution of supporting electrolyte, Ed was scanned 
cyclically at 5-O V/min with E; = -0.40 V, Eda= 1.10 V, E, = +0+X0 V, and o = 41.9 rad/sec. Then the 
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scan of Ed was stopped at 1.10 V and an aliquot of the stock solution of Au(W) was added. The 
solution was allowed to mix. El was scanned cathodically to OM) V and held for the desired value of I&. E, 
was maintained at +0.80 V because deposition of Au was not needed at the ring electrode. Ed was scanned to 
1.10 V, and the electrode was removed from the solution and rinsed with distilled water. 

Determination of Ng(I1). During deaeration of the solution of supporting electrolyte, Ed was scanned 
cyclically at 5.0 V/min with Ed’ = -040 V, E,,” = 1.10 V (l(w3 V when the Au film ,was absent), 
E, = 0.80 V, and w = 41.9 rad/sec. An aliquot of Hg(II) solution was added, o was changed to the desired 
value, and the solution was allowed to mix. The cathodic scan of E, was stopped at the chosen value of 
Ed, dep, and deposition of Hg at the disk electrode continued for the desired value of 7&, . E, was switched 
to the appropriate value for collection of the mercury species approximately 2 min before the expiration of 
&, and I, was allowed to decay to a steady-state value. At the expiration of &,, the cyclic scan of 
E, was begun in the anodic direction, and the I,-,& curves recorded for the anodic half of the first and 
second cyclic scans. The collection peak for the second scan was considered the blank, i.e., ‘&, = 09 min. 

RESULTS AND DISCUSSION 

Glassy-carbon disk electrode with no Aufilm 

It was found that mercury can be electrolytically deposited and stripped at the 
glassy-carbon disk electrode of the RRDE in 1XlM sulphuric acid that is 100 x lo- ‘M 
in Hg(I1). The potential of .the stripping peak on the I,,-& curve was approximately 
0.45 V. The species stripped from the disk electrode was redeposited at the platinum 
ring electrode at E, = OQO V.3 Figure 1 is a plot of QI as a function of E, dep for 
020 V 2 E, dcp 2 -0.80 V. The value of E,,, for the deposition process at the glassy- 
carbon disk electrode is approximately -@23 V, and it was concluded that the deposition 
was limited by convective-diffusional mass transport for E, de 
reduction potential for the Hg2+/Hg couple is 0.61 V us. SCE, !I 

I -0.50 V. The standard 
.and it is obvious that the 

deposition at a glassy-carbon electrode is very irreversible. 
The species produced by the voltammetric stripping of Hg at the glassy-carbon disk 

electrode could be oxidized or reduced at the ring electrode. Figure 2 is a plot of the 
integral of the peak on the I,-E, curve at Ed N 0.4 V as a function of E,. The 

8.0 

O-0 -0.4 -0-l 

E d. _ (V W. SCEl 

Fig. 1. Q,-E,, dep curve for Hg on glassy-carbon disk electrode. CRa,a, = 10 x 10W5M, E, = OGO V 
us. SCE, Td_ = 1.00 min, o = 41.9 rad/sec, rate of anodic scan of Ed = 50 V/min. 
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F$ 2. Q,-E, cw;e for the species of Hg stripped from glassy-carbon disk electrode. 
ndm = la x lo- M, Ed,dep = -060 V us. SCE, Tdrp = 1GO min, w = 41.9 rad/sec, rate of anodic 

scan of Ed = 50 V/min. 

value of El,1 for the cathodic process at the ring electrode is approximately 0.32 V and 
the El,* for the anodic process is approximately 091 V. The limiting cathodic and anodic 
values of Q, are virtually equal in magnitude and it was concluded that > 95 % of the 
deposited mercury is stripped at the glassy-carbon disk electrode as Hg(1). -Reactions 
consistent with the data in Figs. 1 and 2 are given by equations (2)-(5). 

Deposition at the disk electrode: 

Hg(I1) + 2e - Hg (E,,, = -0.23 V) (2) 

Stripping at the disk electrode: 

Hg - Hg(1) + e (J!&,~ = 040 V) (3) 

Ring electrode: 

Hg(1) + e - Hg (E,,, = 0.32 V) (4) 

Hg(I) - Hg(I1) + e (E,,, = 0.91 V) (5) 

The fact that mercury is stripped as Hg(1) which can be oxidized to Hg(I1) at the 
ring electrode makes it possible to use SVWC at this electrode for the determination of 
Hg(I1) in the presence of Ag(1). This is not possible by CSV without the use of 
complexing agents, because the stripping peaks for mercury and silver have significant 
overlap. I,,-E, and IF-Ed curves for E, = 040 V and 1.20 V are shown in Fig. 3 for 
14lM sulphuric acid that is 100 x 10v6M in Hg(I1) and 3GO x lo-‘M in Ag(1). Both 

Hg(I) and Ag(I) are reduced at the ring electrode at E, = 090 V, but only Hg(1) is 
electroactive at the ring electrode at E, = 1.20 V. The value of Q, for E, = 1;20 V can be 
used for the determination of Hg(II), and the difference of the absolute values of Qr at 
E, I 040 V and 1.20 V can be used for the determination of Ag(1). 

A linear plot of Q, us. I’&.,, with zero intercept is expected on the basis of equation (l), 
and was obtained for &s(n) 2 1.00 x lo- ‘M with O-0 min i: I&,, I 20.0 min and 
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E, (V vs. SCE) 

Fig. 3. I.J-& and I,-Ed curves for SVWC at RRDE in mixture of Hg(II) and A&I). 
C”,,,n, = 1.0 x 10X6M, C& = 3+l x lo-‘M, Ed, .+ = -0.60 V, TdeP = 2QO min, UJ = 94.3 rad/sec, 

anodic scan rate of Ed = 5.0 V/min. 

Ed. dep = -0.50 V. The plot was not linear, however, for Chs,n~ 4 100 x lo-‘M as 
illustrated by the curve in Fig. 4 for 100 x 10e6M Hg(I1). Apparently, the electroreduction 
of Hg(I1) on a glassy-carbon disk electrode at Ed = -0.50 V is limited by convective- 
diffusional processes only after a finite amount of mercury has been deposited. For 
Ch Hg(I,I 2 140 x lo- ‘M, the time required for the development of the requisite amount 
of deposit was much less than all values of &,, and no curvature in the plot of 

Q* us. Tdep was observed. Attempts to deposit mercury at Ed dep < -0.50 V were not 
successful owing to the interference by bubbles of hydrogen formed at the electrode 
surface. 

The values of Q,, obtained from day to day, for Ed, dep = -0.50 V and C&rn = 1W x 
10m6M, varied dramatically. Because indeterminate amounts of Cu(I1) and other cations 
are present in all reagents, SVWC was performed in l*OM sulphuric acid medium that was 
1.00 x 10T6M in Hg(I1) and 1GO x 10m6M in Cu(I1). An anodic peak on the IsEd 
curve for the stripping of the deposit of copper was observed at approximately 0.0 V. 
A plot Of QI us. Tdep for the redeposition of Hg(1) stripped from the disk electrode at 

& + 0.4 V is shown in Fig. 4. The dramatic increase in values of Q, due to the 
presence of Cu(I1) was concluded to be due to a greater reversibility for electro- 
deposition of Hg(I1) at a film of copper in comparison with that at a bare glassy- 
carbon electrode. It is expected that the same effect would result from the presence on the 
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T 
dw’ min 

W 4. Qr-Tdep curves for Hg on glassy-carbon disk electrode. E,, .,ep = -0.50 V vs. SCE, 
E, = +1.20 V, w = 41.9 rad/sec, rate of anodic scan of Ed = 5.0 V/&n, Curves: O-C,!&, = 

1.0 x 10-6&f; o--c&,,,, = 1.G x 10-6M, G”(I,) = 1.0 x 10-6M. 

glassycarbon disk electrode of a ti of any metal which forms an amalgam. It was 
concluded that the day-today variation of Qr noted above for Cplg(II) = l-00 x 10S6M 
was due to fluctuations of the level of trace metal ions in the supporting electrolyte. 

Use of goldjiim for SV WC 

If analytical advantage is to be taken of the increased reversibility for electro-deposition 
of mercury at a metal-film electrode, it is desirable that the film be semi-permanent 
and that its preparation does not involve doping of the test solution. The use of a copper 
film is not satisfactory because copper is stripped at potentials more cathodic than 
those for stripping of mercury. The use of a platinum film was concluded to be 
unsatisfactory because the electrolytic dissolution of the Hg-Pt compound occurs 
simultaneously with the formation of platinum oxide.3 Johnson, Napp and Bruckenstein* 
found that a small quantity of an unidentified, soluble electroactive species is produced 
at a platinum disk electrode simultaneously with the anodic formation of platinum oxide. 
That species reacts at the ring electrode at the potentials used for collection of ionic 
mercury, and the ring current resulting from only the mercury cannot be quantitatively 
determined. Furthermore, a portion of the platinum film would be removed as soluble 
Pt(I1) during electrochemical reduction of the platinum oxide on the cathodic scan of Ed. 
After several cyclic scans, the platinum film would have to be renewed.* 

A thin film of gold electroplated on the glassy-carbon disk of the RRDE, according to 
the procedure described earlier, was found to produce the desired results. The electrolytic 
dissolution of the Hg-Au compound was found to occur on the anodic scan of Ed at 
values less tl@,.those for formation of gold oxide. For Eda s 1.15 V, it was found that all 
the mercury was stripped from the gold film, no oxide was formed, and no gold was lost 
on repeated cyclic scans of Ed. The gold film was indefinitely stable. 
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Electrodeposition ofegold at. the glassy-carbon disk electrode at Ed, dcp = 04lO V was 
shown to occur by a process limited by convective-diffusional mass transport. A plot of 
Id, iim us. oliz was linear as predicted by the Levich equation.2 The diffusion coefficient of 
Au(II1) in l*OM sulphuric acid was calculated to be 1QO x 10v5 cm2/sec. The quantity 
of gold electroplated at the disk electrode was calculated from the integral of the 
electrical current predicted by the Levich equation, over the period 7&r. The equivalent 
number of monolayers of gold deposited was calculated, assuming that the packing density 
for bulk gold applies to the gold film. 

I,-Ed curves are shown in Fig. 5, which were obtained at the RRDE with the 
equivalent of 2 monolayers of gold on the glassy-carbon disk electrode. The curves were 
obtained with E, = 000 V, Eda = 1.10 V and Ed’ varied for successive cyclic scans from 
-0.20 V to O-60 V by 0.20-V increments. The concentration of Hg(I1) was sufficiently 
large for a substantial amount of Hg to be deposited at E,,’ I 0.20 V even if the scan 
was not halted at E;. For Ed’ I 0.20 V, a stripping peak for bulk mercury was 
obtained during the anodic scan of Ed at 0.34 V. The cathodic ring current observed for 
values of Ed > 0.4 V was concluded to correspond to reduction of the ionic mercury 
produced by electrolytic dissolution of the Hg-Au compound. The 1,-E, curve shown in 
Fig. 5 for the cathodic scan of Ed exhibits the effects of shielding of the flux of 
Hg(I1) from the bulk solution at the ring electrode for values of Ed < 0.8 V. These results 
are consistent with the conclusions that mercury is deposited at the gold film at 
underpotential for O-4 V -C Ed < O-6 V, with the resultant formation of an Hg-Au compound, 
and that bulk mercury is deposited for Ed < O-3 V after the intermetallic compound 
is formed. Bruckenstein et a1.‘-14 have discussed deposition at underpotential. 

f 
2-O pA 

1 

0.8 0.4 0.0 

Ed (V vs. SCE) 

Fig. 5. I,-&, curves for SVWC of Hg at RRDE with Au film. C&, = 50 x 10-kM, E, = OQO V 
rs. SCE. w = 262 radisec. rate of anodic scan of E,, = 2.0 V, Curves: 

(a) Ed = 0.60 V. (b) Ei = 040 V, (c) Ed = 0.20 V, (d) Ed = 000 V, and (e) Ed = -0.20 V. 
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Fig. 6. 1,-E, and &-Ed curves for SVWC of Hg at RRDE with Au film. C&, = I.0 x IOe6M, 
E d. dep = -020 V vs. SCE, Tdep = 2Q min. co = 262 rad/sec, rate of anodic scan of Ed = 50 V/min. 

The IhE,, curve obtained on the anodic scan of Ed for Cr$.(n, = 1.0 x 10T6M and the 
corresponding I,-Ed curves for E, = OGO V and 1.20 V are shown in Fig. 6. Collection 
peaks on the I,-Ed curves occurred simultaneously with the appearance of the stripping 
peak for bulk mercury at E, = O-34 V for E, = OGO V and + 1.20 V. This observation is 
consistent with the conclusion that bulk mercury at the disk electrode is stripped as Hg(1). 
A collectidn wave for Ed > 0.4 was obtained only for E, = OdlO V and it was concluded 
that Hg(I1) is the only soluble product of the electrolytic dissolution of the Hg-Au 
compound. 

Multiple stripping peaks for a single element are not desirable in the quantitative 
application of stripping voltammetry, and it was hoped that the use of the single peak at 
Ed = O-8 V would be adequate for the determination of Hg(I1) by SVWC at an RRDE. 
Bulk mercury is not formed at the gold film until the formation of the Hg-Au compound is 
complete. Hence, the appearance of a single peak can be assured by the precise control of 

0, Tdep, or the quantity of sample taken. 
To determine the optimum thickness of the gold film, the I,-&, curves from SVWC 

for C~olIB = 1-O x 10e6M were compared for varying quantities of gold deposited at the 
disk electrode. The curves are shown in Fig. 7. In the total absence of gold, no 
collection peak was obtained. For a quantity of gold equivalent to 0.1 monolayer, a small 
collection peak was obtained for the stripping of bulk mercury, and a collection wave was 
obtained for the dissolution of the Hg-Au compound. Apparently the quantity of mercury 
deposited was more than sufficient to amalgamate the small quantity of gold present and 
bulk mercury was also formed. As the quantity of gold was increased to the equivalent of 2 
monolayers, the collection peak corresponding to the stripping ofbulk mercury disappeared 
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Fig. 7. I,-& curves for SVWC of Hg at RRDE with Au film of variable thickness. 
cb “S(U) = IQ x 10-6M, E,, dcp = -0.20 V VS. SCE, E, = OQO V, w = 41.8 rad/sec, rate of anodic 
scan of Ed = 50 V/min, - curves for varying thickness of Au film (monolayer equivalents of 
Au indicated in figure), -----curve for Au film of 2.0 monolayer equivalents and C”,,,,,, = O*OM. 

and the collection wave for the dissolution of the amalgam developed into a well-defined 
peak. The values of Qr for 1 and 2 monolayers were the same. A gold film equivalent to 2 
monolayers was used for all remaining studies. The I,-& curve is also shown for 2 
monolayer equivalents of gold in the absence of mercury. No collection peaks were 
obtained. 

Values of Q, for the single collection peak obtained on the 1,-E,, curve at Ed N O-8 V 
are shown in Fig. 8 as a function of Ed,.dcp. For the values TdcP = 2a min and 
Cb uB(i,) = 5.0 x lOSaM, no bulk mercury was deposited. The curve in Fig. 8 is, in essence, 
an I-E curve for the electrolytic formation of the Hg-Au compound. The El,, for the 
process is approximately 052 V, which is consistent with the conclusion that the Hg-Au 
compound is formed by the deposition of mercury at underpotential. The rate of deposition 
for the values of parameters used for Fig. 8 is limited by convective-diffusional processes 
for Ed, dcp I 0.3 V. 

It is predicted, on the basis of equation (1) that QI for the collection peak at Ed - 0.8 V 
should be a linear function of w112 and Tdep so long as the limiting amount of the Hg-Au 
compound has not formed, i.e., for small values of Q,. This was verified for Q* < 1.6 PC, 
using the gold film of 2 monolayer equivalents. The limiting value of Qr was 
approximately 2 PC. On the basis of Q, = 2 PC, the stoichiometry of the Hg-Au compound 
was calculated to be Hg : Au = 1 : 33. A possible explanation for the lack of a simple 
stoichiometry would result if the gold deposit existed in patches rather than a uniform 
film. Repeated measurements of the limiting value of Q, on several gold films gave results 
virtually identical with that reported here. 
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Fig. 8. Q.-b. dcp curve for Hg on glassy-carbon disk electrode with Au film. C”,,,,, = 5.0 x lO_sM, 
2 monolayer equivalents of Au, E, = 000 V US. SCE, Tdo = 2QO min, w = 41.9 rad/sec, rate of 

anodic scan of Ed = 54) #/min. 

A calibration curve relating log Qr for the collection peak at E, - 04 V to log Chscij 
for 500 x lo-‘OM I CflI*(,t) I 2.00 x lo- *1cI (0~10400 ppM) was linear. The values of 

CL0 were obtained by the technique of standard additions. Values of Q, were corrected 
for the blank measured for zero concentration of mercury. The average relative deviation 
at 5 x 10’ “M Hg(I1) was 7.5%. For that determination, only 28 pg of mercury were 
deposited and stripped at the gold-film disk electrode. On the basis of the results obtained 
in this study, it was concluded that the detection limit for the determination of Hg(II) 
in lU4 sulphuric acid medium by SVWC is approximately 0.01 ppM. 
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Znsammanhssnng-Zur Bestimmung von Hg(II) in 1,O M H2S04 im Konzentrationsbereich 
0.1040 ppM wurde die inverse Voltametrie verwendet. Dabei kam eine rotierende Ring- 
Scheibenelektrode mit einem Platinring und einer Scheibe aus glasigem Kohlenstotf zum 
Einsatz. Zufriedenstellende Ergebnisse wurden erst erhalten, nachdem ein dtinner Au-Film 
(entsprechened zwei Monoschichten) elektrolytisch auf der Scheibenelektrode abgeschieden 
worden war. Bei 0,lO ppM betrug die mittlere relative Abweichung der Ergebnisse 7.5%. Die 
Nachweisgrenze liegt bei dieser Arbeitsweise bei etwa 0,Ol ppM. 
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RknmiLOn a utilist la voltammetrie de dissolution avec collection sur une electrode rotative 
anneau-disque ayant un anneau de platine et un disque de carbone vitreux pour le dosage de 
Hg (II) en milieu H,SO, 1,OM dans le domaine 0,10-4,00 ppM. Des resultats satisfaisants ont 
ete obtenus seulement apres qu’une mince pellicule d’Au (deux equivalents de couche 
monomolkculaire) ait ttt dkposb electrolytiquement sur l’electrode-disque. L’kcart relatif moyen 
des rbsultats pour le dosage au niveau de 0,lO ppM a ite de 7,5x. La limite de detection 
pour la technique est approximativement de 0,Ol ppM. 
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Summary-The twelve basic terms of systems theory-system, element, relation, function, structure, 
organization, feedback, Black Box, model, input-output analysis, trial-and-error method, 
simulation-are given general definitions and are also interpreted in terms of chemical analysis. 
The distinction between a generally acceptable brief and precise definition and an interpretation 
peculiar to one particular specialized field avoids, in the case of universally used terms, a 
biased view and conception. Simple systems are deliberately chosen and the terms used are 
clarified by means of diagrams. A system-oriented approach is outlined, with feedback-coupled 
stages (defining the problems, setting the limits, designing the model, simulation) which has 
proved useful in practical systems analysis and in systems design. The working group will report, 
in subsequent publications, on specific analytical systems which are of considerable importance 
in automation. Those with special interests in these fields are warmly invited to communicate 
their critical opinions, suggestions, and examples of interpretations based on these definitions. 

1. INTRODUCTION 

The modern developments in science and technology are characterized just as much as 
the modern findings in economics atid sociology by certain aspects of the use of 
cybernetics and information theory. As a result new ways of thinking and working have 
been developed and applied which are largely independent of specific disciplines. Systems 
theory, with its two inain divisions of systems analysis and systems design, is of the 
utmost significance for both thought and application in these new categories. Both 
well-established and new terms are used in the field of systems theory, and together create 
a basis of common understanding between experts in various disciplines, such as the 
analytical chemist and the computer specialist, or between the physical chemist and the 
biologist. A unique interpretation must be associated with each term. The necessary 

* Published in Z. Anal. Chem., 1971, 256, 257. 
t Co-workers for Part I: Prof. Dr. G. Gottschalk; Dr. R. Kaiser, Institute of Chromatography, 

Bad Diirkheim; Prof. Dr. H. Malissa, Technische Hochschule, Wien; Dr. I. L. Marr, University 
of Aberdeen; Prof. Dr. E. Scharz von Bergkampf, Montanistische Hochschule. Leoben; Prof. Dr. W. 
Simon. Eidgenassische Technische Hochschule, Ziirich; Prof. Dr. H. Spitzy, Technische Hochschule, 
Graz: Dr. R. D. Werder, CIBA-GEIGY AG, Base]; Dr. H. Zettler, Norddeutsche Affinerie, 

Hamburg. 
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Fig. 1. Defmitions and interpretations of terms. 

explanations of these terms are all too often biased by the one-sided views and 
conceptions of the specialist concerned. The lack of many such adequate explanations can 
be avoided if two levels of explanation are distinguished-dejinition and interpretation. 

The definition should describe a term briefly and precisely in a way which can be 
generally accepted and.at the same titie be independent of any particular concept. The 
interpretation, on the other hand, should elucidate the specific concept in terms of one 
particular discipline or field of application. It enlarges on the definition by use ofspecific 
examples. Only in the case of uniquely applied specialized terms will the definition and 
the interpretation coincide. Interpretations are subdivisions of a universal quantity 
-the definition-as illustrated in Fig. 1. 

2. DEFINITION OF THE BASIC TERMS 

Table 1 presents a compilation of the basic terms of systems theory, considered to be 
acceptable by all of the study group. In composing this set, both the terminology of 
cybernetics’ and the opinions of experts in a wide variety of disciplines were taken into 
consideration. 

Table 1. Basic terms of systems theory-Definitions 

System 

Element 
Relationship 

Function 
Structure 
Organisation 

Feedback 

demarcated arrangement of a set of elements and a set of relationships between these 
elements 
given or chosen relewnt components of a specific system 
given or chosen relevant coupling of the elements of a specilic system 

behauiour portems ond eSpects of a system 
known relationships between the elements of a system which lead to specific functions 
B&k-down of a system into subsystems with relevant relationships between them. 
Subsystems can also have the appearance of elements 
Function by means of a closed sequence of relationships 

Black Box 
Model 

system with structure unknown at the time, but with given magnitudes of input and output. 
system which represents in part, functions and/or structures of a real or an abstract 
original system. 

Input-output 
analysis 

Trial-and-error 
method 

Simulation 

method of elucidation of functions of a system based on investigation of the relationships 
between the input and output 
method of stepwise elucidation of functional relationships in a system making use of 
established facts 
copying of a specific function of a system by means of a functional model 
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A necessary condition for a. coherent complex of terms to be self-consistent and non- 
contradictory is that terms and their attendent definitions can be meaningfully substituted 
in all definitions which use terms already defined. From this aspect, only element, 
relationship, andfunction, with the italicised parts of their definitions, are basic terms which 
are formed from well-defined conceptual terms of everyday speech, namely “component, 
~mbination, behavioural property, effect.” In a second group of de~nitions only the 
basic terms are considered relevant. They are: 

System (element, relationship) 
Structure (relationship, function) 
Feedback (function, relationship). 

In all other definitions, terms from the second group are also included: 

Organization (system, relationship, sub-system = element) 
Black Box (system, structure, function) 
Model (system, function, structure) 
Input-Output Analysis (system, function, relationship) 
Tr~l-add-Error Method (function, system) 
simulation (function, system, model). 

The additional important terms “arrangement, break down, sequence, explanation, 
relationship, understanding, reproduction” belong to everyday s@ech and have their 
usual meanings. Only the terms “set” and “magnitude” are mathematical expressions 
which require an additional interpre~tion. 

3. INTERPRETATION OF THE BASIC TERMS 

3.1 System, element, relationship 

System. The demarcation and existence of at least two elements between which there 
must be at least one relationship is fun&men~l to the term system The arrangement 
demarcated can be real or imaginary. From this aspect we can speak of conceptual and 
material systems. The demarcation of the system is either given or is chosen by the 
analyst or the designer in terms of expediency. By means of a system some specific 
aspect of the conceptual or material world is isolated and characterized by a single 
designation. Typical examples of conceptual systems are the Periodic Table, chemical 
equilibria, mathemati~l formulae, ~ithmeti~l number systems, and an encyclopedia of 
organic compounds. Examples of material systems are television sets, washing machines, 
motor vehicles, measuring instruments, and analytical apparatus and instruments. In an 
intermediate position come sociological and political groupings, so that the family, 
working group, political party, village, town, state, enterprise may be considered to be 
both conceptual and material systems. 

Element. The adjective “relevant” states expressly that only components absolutely 
essential to the understanding of the demarcation, the behaviour and the effects, should 
be termed elements in systems theory. The actual elements are either given, or chosen 
according to the purpose and limits of the approach to the system. 

A system can contain a large number of like or unlike elements. These form a set-in 
the mathematical sense-called, after Cantor. a compila~on of certain well-differentiated 
objects from perception and thought. In principle. like elements can be combined as a 
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part or subdivision (of a system) and be specifically designated. As an example, take the 
analytical system “aqueous solution of two acids HA and HB”: we can differentiate the 
following subdivisions of systems-theory elements. 

Molecules: HzO, HA, HB 
Ions : H+, OH-, A-, B-. 

Systems with a number of unlike elements are termed complicated in systems theory. 
However, a simple enumeration of the type and number of the elements is certainly 
not adequate as a description of a system. In each case there must also be mentioned the 
state in which an element is found or which it adopts. Such a description is achieved 
through quantification of states which may be either constant or variable. 

The necessary demarcation of the relevant elements of a specific system includes, after 
the definition, the assignment of symbols, magnitudes and dimensions. Thus, in the example 
above, for the element HA we may have: 

Defining: HA = acetic acid solution 
Symbolizing: acetic acid = CH,COOH (or HOAc) 
Quantifying: concentration factor C (e.g., 1 or lo-‘) 
Dimensioning: concentration units, mole/litre (molarity). 

Relationship. The connection (between elements) can be material; energetic or 
informational, but is often a combination of these. Information can be transmitted, 
transformed and stored only in material or energetic forms. What has been stated 
concerning relevance in connection with elements also applies to relationships. Moreover 
the relevant relationships of a system form a part and possibly a subdivision, which 
is either given, or chosen according to expediency. The immediate effect of a relationship 
is a change of state of a single element or of a subdivision of elements, and with that 
it ends. The demarcation of the relationships according to their nature a_nd number is 
generally much more diflicult than for the elements. Systems with numerous different 
relationships are termed, in systems theory, complex. In analytical systems, for example, 
“dissociation” presents a number of relevant relationships in an equilibrium system. A 
chemical equilibrium is defined by means of a dissociation equation such as 

HA=H++A- 

and is symbolized by the special relationship character e. The relationship character + 
symbolizes simultaneous presence of the two elements. 

Figure 2 summarizes the relationships and their meanings in a schematic form. The 
effect of relationships is particularly striking in chemical buffer systems where the 
magnitudes (in number and dimension) of the states, such as concentrations and activities, 
of the relevant elements are interrelated strictly according to the equilibrium constants. 

3.2 Function; structure, organization, feedback 

Function. Every system exists in either a conceptual or a material environment. The 
behavioural patterns towards the environment or the effects on *the environment are 
collectively termed function. Thought-systems fulfil a function of winning knowledge, 
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Fig. 2. Schematic diagram of a system with 5 elements E and 8 relationships R. 

conveying information, or regulating behaviour. In material systems the function can, 
moreover, be interpreted as directed towards a specific objective. Systems are connected 
with the environment through peripheral elements which we can differentiate as either 
input or output elements. Input relationships lead from the environment to the input 
elements; output relationships go from the output elements to the environment. 

The states of the input elements effected by ‘the input relationships are characterized 
by the corresponding input quantities. It is of considerable significance for the practical 
use of a system that only the functions themselves need be known, i.e., only the working 
instructions for connecting input and output are necessary for us to be able to operate 
the system. Knowledge of the other system elements and relationships is in no way 
necessary. This at first apparently astonishing state of affairs is taken for granted in such 
systems as television sets, washing machines, wrist-watches, auto-analysers, and in 
connection with tables of mathematical functions. 

All relevant effects of the environment on i system are collectively termed the input 
of the system. The states of the output elements are controlled only by the system elements. 
The output quantities thus resulting determine the effect of the output relationship on 
the environment; collectively, the output of the system. The external connection of 
input and output makes possible a description of the function of the system. 

The analytical system “acid HA dissolved in water” possesses the function of the 
specific effect of the H+ ion. This function can be described unambiguously in the form 
of an input-output table or an input-output curve relating as input, the quantity of acid 
HA added to a given amount of water, to the measured value of the pH (as output) without 
knowledge of the mechanism of the process. 

Structure. We can only speak of a knowledge of the structure of a system when 
all the relevant relationships within the system, which lead to the respective functions, 
are known. Naturally this inevitably demands a complete knowledge of the nature, 
number, and dimensions of the possible magnitudes of the states of the necessary 
elements. It must be emphasized that a specific function can be fulfilled by a number 
of structures. Thus television receivers, which have the same function, may be constructed 
quite differently. The term structure has apparently always been. understood and used 
in chemistry in the same .sense as its definition in systems theory. Organic elemental 
analysis, for example, yields the nature and number of atoms of the chemical elements 
present-which are here identical with the elements of systems theory-but certainly does 
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not tell us the “chemical” structure which only becomes known when the relevant 
relationships such as the arrangement and nature of the bonds between the elements have 
been discovered. 

Organization. In consideration of a complicated or even of a complex system, the only 
successful approach to an understanding and comprehension of, in particular, the 
function of the system, lies in breaking down the multiplicity of elements and relationships 
present into suitably chosen subdivisions. 

The new modular systems obtained by appropriate subdivision of the system possess all 
the characteristics of an independent system such as input and output and fulfil a ‘. 
specific function. The term subsystem should simply express the.fact that an arrangement 
into a larger system is being considered. An important aim of organization is the 
deliberate reduction of’the number of relationships assumed or originally present. The 
subsystems are therefore so chosen as to make possible the minimum number of relevant 
connections between them. It may be necessary when first attempting to give an overall 
or function-oriented description of a large system to interpret the subsystems as elements. 
In terms of structure in a system, one speaks of coarse structure when dealing with 
known relationships between subsystems, and of fine structure for relationships within 
the subsystems themselves. 

Organization plays an important practical role both in systems analysis and in systems 
design. Proper organization in the design of real everyday systems’ of considerable 
complexity leads to the principle of structural modules. When a particular function of the 
system is not working, the fault may be sought by testing the subfunctions of the 
individual modules, which are equivalent to subsystems, and be very quickly corrected. 
Business, municipal and educational concerns are examples of organizations in which the 
important elements people, working tools, and capital must be linked both in aims and 
information, in the form of subsystems such as departments, working groups and 
institutes. 

Feedback. Feedback is always present when the last element of a series (i.e. a 
subsystem) is connected to the first by some relationship which directly affects the 
state of the latter element. By means of this effect there is realized a specific function 
which is aimed at minimizing variations between output quantities. When it is aimed at 
minimizing differences between a given quantity and that actually occurring, the feedback 
is said to be controlling. Let us take again as a chemical example the process occurring 
in a buffer system. The desired value here is a certain pH value. Within the capacity of 
the buffer the effect of addition of acid or alkali on the pH is controlled by feedback, 
from the law of mass-action. 

On the other hand should the fedback result in a continuous approach to an initially 
unknown limiting value then one speaks of iteration. In such a case an acceptably small 
deviation is chosen, and the feedback process is terminated when the actual deviation 
becomes less than this. Typical examples of iterative feedback are loops and jumps in 
computer programmes. In the calculation of the water-gas equilibrium in the system 
carbon-hydrogen-oxygen, the equilibrium pressures of the upwards of 25 possible 
components can only be arrived at by iterative procedures. Feedback in thought processes 
is called deduction. Deductions-are of considerable importance not only in mathematical 
reasoning, but also in the investigation and testing of individual functions of systems. 

Figure 3 shows a pictorial representation of the relationships between the basic terms 
discussed in section 3.2 
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3.3 Black Box, model 

Black Box. The term Black Box is a perceptual designation for systems having a 
structure that is largely unknown (or is not necessarily known). According to the 
definition, input and output quantities may be determined or may be given. These 
quantities contain info~ation about the possible states of the peripheral elements of the 
system concerned. When a sufficiently large number of these states is known, input, 
output, and hence also the functions, can be described. Conversely a specific function 
can be given and interpreted through the resultant states of the peripheral elements. 

Basically two groups of Black Boxes can be distinguish~. To the first belong systems 
with completely unknown structure. These are the favoured topics of scientific research, 
and are to be explained or investigated for particular, known or desired functions of causal 
structures. As a further step the deoeEopment of the discovery of the optimum 
structure may serve for the realization of a particular function through modification of 
an already investigated basic structure. 

To the second group belong systems with structures that are simply not known to 
the layman or the person using them. Such structures are well understood by experts 



818 G. GOTTSCHALK and I. L. MARR 

Eumplc: Black Box I neutral solution: unknown is p~ewnce 
01 absence of Cl', other loom which can nrt with AS+ beinS absent 

Input: HNOJA#NO,(ach 0. 1M) Output: white precipitate? 
no additioa - 0 no I 0 

addition. 1 ye* - 1 

Input Output Cohlusion 

0 - 0 System without Cl- and 

Cl 1-o without hydrolysis 

0 - 0 System with Cl‘ but witb- 

cl 1-1 out hydrolysis 

0 - 1 System without CI- but 
1- Q with hydrolysi@ 

0 - 1 System with Cl- and with 

II I - ! hydrolysis 

Fig. 4. Simplest Black Box. 

and are described in detail in text-books, patent literature and other sources. In 
principle the layman would have the possibility of informing himself about the structure. 
People learn at school, and through training and experience, to know and understand 
the structures of many such systems which are initially Black Boxes to them. We 
might say the system then becomes a “White Box” for them. On the other hand, many 
pieces of equipment in modem technology must be accepted as Black Boxes because an 
individual’s capacity to learn is limited by his mental ability and the time available. 

In cases where one is only concerned with utilizing a particular function, the Black Boxes 
of the second group become an expedient aid to the solution of numerous problems. 
Figure 4 shows- the simplest Black Box possible, in the form of a system with one 
input and one output, which can therefore realize only two states of the peripheral 
elements at any given time. 

Model. Models are illustrations of specific structures or simply descriptions of specific 
functions of conceptual or material systems. They are useful for gaining knowledge, 
conveying information, or for regulating behaviour and at the same time for simulating 
properties of interest of structures and functions of an original system by means of 
simplified analogue representations. For this reason models may or may not be suitable 
for a given purpose. Some functions of electromagnetic wave systems can be represented 
only by a wave model, others by a particle model. The wave model is suitable for 
explaining diffraction, whereas atomic absorption and emission are ‘better described by a 
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Fig. 5. Simple structural and functional models. 

model based on radiation particles. Of considerable importance in model building are 
analogies between elements and relationships in the original system on the one hand, 
and in the model on the other. In this way an analogous original system may be 
useful as a model for another system. A typical example is Bohr’s very much simplified 
atomic model which represents a copy of the planetary systems with the analogies 
sun = atomic nucleus, planets = electrons, and gravitational field = electrical force, all 
coming into play. Models can only partly describe an original system. Thus working 
drawings represent only the complete structural model of a machine, and subfunctions 
and total functions of the machine must be separately described by means of a mathematical 
model. 

Figure 5 gives two examples of simple structural and functional models. 

3.4 I&&output analysis, trial-and-error niethod, simulation 

Input-output analysis. Input-output analysis is a systems analysis technique which aims 
at explaining the functions of systems, generally treated as Black Boxes, on the basis of 
information on the states of the input and output elements. Should insufficient data ‘be 
available, the input signals are varied between fixed limits while the output signals are 
recorded. An important part of input-output analysis is an external feedback between 
output and input and in particular a deduction concerning cause and effect. These 
deductions aid in the formulation of suitable input-output relationships and also the 
continuous improvement of a model function for the system being studied. 

The relationship between input and output can be either unequivocal or probability- 
controlled. Unequivocal input-output relationships are those where the probability P for 
the occurrence of a particular input is virtually 100%. One can say that the output 
resulting from a given input is entirely predictable. Probability-controlled input-output 
relationships are characterized by the fact that one and the same input may give rise 
to different outputs, which are predictable with a probability P -z 100%. In the latter 
case not only input-output analysis but also control of the system become very much 
more difficult. 
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The nuclear disintegration of a small number of atoms considered with respect to 
time (as input) and occurrence of disintegration (as output) is a typical probability- 
controlled process. Only when a sufficiently large number of atoms is considered will the 
effect of probability become negligibly small and a similar number of disintegrations 
occur in a similar interval of time, being predictable from a knowledge of the half-life 
and the disintegration equation. 

Naturally, as far as possible it is sought to avoid statistical influences in systems in 
common use-they are to be considered as faults in a system or as interfering with the 
reliability. Such interferences can be very much reduced through feedback-in other 
words by suitable ‘control mechanisms-in which case one speaks of automation. 
Another approach lies in a clever choice and demarcation of the permitted magnitudes 
of the states. Examples are the careful laying down and maintenance of working 
conditions such as working range, amount of reagents, temperature, volume, and other 
relevant parameters used in analytical investigations so that the probability effect as seen 
in the form of errors or loss of control is decidedly reduced. 

In Fig. 6 the concepts of unequivocal and probability-controlled relationships are 
shown schematically. 

An important practical use of input-output analysis is the testing and control of 
everyday systems for faultless behaviour. In this way analytical procedures or apparatus 
may be checked fairly easily for adherence to certain analytical functions by insertion 
of test signals (as input) and critical examination of the resulting measurements (as 
output). When such tests or controls are limited in this way to one or only a few known 
functions, input-output analysis can prove a useful and valuable aid in this special 
application, even for complex systems. 

A comprehensive variation of the input signals to a Black Box system with an 
initially unknown function is in practice only feasible for relatively simple systems. In 
such cases the possible functions can be predicted and input-output analysis used to 
decide which of the possible functions is in fact realized. In ‘this connection Fig. 7 shows 
a simple example in which a model with the same function as that of the system being 
studied is shown in addition to that system and all possible functions are explored in 
turn, whether meaningful or not. Bowman2 has already shown that even in a system with 
only eight input elements and one output element, with states equal to 0 or 1, this 
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perfectionist way of going about things is quite useless. In this case there are n = 2* = 256 
different inputs possible, and the astronomical number off = 2” = 1.2 x 10” possible 
functions. Thus pure input-output analysis is very rapidly ruled out as a means of 
ascertaining the unknown functions of a system. 

The trial-and-error method. In contrast to the schematic and solely external-recording 
technique of input-output analysis, this is an active method aimed at explaining how the 
functions arise from the system; it is the basis of learning processes and research ability. 
The essential features of the trial-and-error method are that the ideas and the treatment 
should be purposive and should be assessed for their success. With regard to a specific 
goal, such as the solution of a given problem, one attempts at first a logical breakdown 
of a large Black Box into a number of smaller Black Boxes which are-connected to 
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each other by as few relevant and unequivocal subfunctions as possible. This stepwise 
progressive logical dismantling is equivalent to a search for and finding of functionally 
essential sub-systems, in other words the investigation of an organization decisive for the 
functions of the complete system. As the name of the method suggests, pertinent 
considerations, and experiments if necessary, are explored and the results criticised and 
classified according to whether they are successful. In connection with the trial-and-error 
method, one may speak of “learning by results,” “ systematic testing,” and “heuristic 
procedures.” 

Typical of the successful application of the trial-and-error method is the way in 
which Mendeleeff discovered the periodic system of the elements in 1868. He first wrote 
out on small cards the atomic weight, other properties, and compounds, of the 65 
elements known at that time-we could now say that he collected and demarcated the 
states of the.elements of the system. For months on end the cards were pushed around 
on the wall of the laboratory until some order-an organization-became apparent 
through functional similarities. 

The stroke of genius lay in the acceptance of “holes,” and the astonishingly accurate 
prediction of the properties of three then unknown elements, gallium, scandium, and 
germanium, which were found soon afterwards, in 1875, 1879, and 1886, respectively, not 
without the help of his predictions. Today we know not only of the subsystems alkali metals, 
alkaline earth metals, chalcogenides, noble gases and halogens, etc. but also of numerous 
other relationships in the form of electron configurations, physical dimensions and 
combining properties. The development of a new analytical research technique is at least 
in its early stages typified by trial-and-error in order to establish the best apparatus 
and operating conditions. The usefulness and reliability of individual modules and 
procedural steps may be tested more systematically as subsystems within the concept of an 
investigational system, by input-output analysis. 

Figure 8 shows in a simple example the success of such a break down by 
trial-and-error as applied to Bowman’s Black Box, whereby the number of possible 
functions is reduced from 1.2 x 10” to only 784. 

Simulation. The functions of an original system can be copied only to a limited ’ 
extent even by a suitably designed model. In this respect corresponding function- 
models, also termed simulators, can be real (material) or abstract. Essential functions of 
the original system “aeroplane” are imitated during the training of pilots by flight 
simulators. Material simulators can be designed for motor vehicles, space conditions, 
learning processes, and many other things. Particularly valuable, however, are the abstract 
simulations of functions by mathematical models, such as, for example, the Monte Carlo 
method for optimizing quantitative chemical processes. In this manner functions of both 
simple and of complicated or even complex original systems may be not only simulated, 
but also predicted so as to help obtain some information, plan some activity, or make 
some decisions. Mathematical simulation, particularly when carried out on electronic 
computers, is often less time-consuming, less troublesome, and also much safer than 
actually carrying out experiments or spending months observing the, real original system. 

The simulation of coupled chemically reacting systems with 30 or more components 
in the liquid or gas phase, by use. of a computer programme, has become of great 
practical significance; thousands of equilibrium states may be calculated as functions 
of concentrations, pressures, and temperatures in a matter of minutes. Here is a very 
simple example of the simuiation of a chemical reaction. 
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The chemical equation 
HA = H++A- 

is the abstract model of the dissociation of a weak acid. The function of the system 
may be described by the equation 

K’C-(lra) 

derived from the law of mass action 

K = [H+] . [A-]/[HA] 

where c1 is the degree of dissociation and C the total acid concentration. When a Q 1, 

the approximation a = fl K C is valid. One can now simulate, i.e., calculate, values of a 
(as output) for given values of C (as input) using the simplified equation describing the 

dissociation properties of the original system “aqueous HA.” The equation a = m 
is the corresponding model function---or simulator-for the problem. 

4. SYSTEM-ORIENTED WORKING METHODS 

In the practice of systems analysis or systems design, the necessary thought and 
action are generally characterized by the four stages 

Problem definition 
Demarcation 
Model design 
Simulation 

which are easily remembered, at least in 
gives a general outline of the procedure. 

Problemstellung 
Abgrenzung 
Modellerstellung 
Simulation 

German, by the initials PAMS. Figure 9 
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Fig. 9. The systems-oriented working technique PAMS. 

The definition of each problem covers a particular system which must be recognized, 
demarcated, and designated. It appears at first very much as a Black Box, and the 
apparent problem lies in elucidation or construction of the functions or, more compre- 
hensively, of the structures. The solution sought is to be described in terms of a single 
objective, which in the case of larger systems may be broken down into a sequence of 
subobjectives if need be. From this point on, the available aids and restrictions should 
be considered, and compiled in tabular form. By aids may be understood personnel, 
apparatus or machines, and other materials, and by restrictions, time, cost, and investment 
capital. Of course, for a dit3lcult problem, only a crude correlation could be expected 
at a first attempt, and this must be further refined or modified in the successive stages 
through use of feedback from new knowledge. 

Careful demarcation of elements and relationships relevant to the system and its 
objectives is a decisive factor for the rapid and successful solution to the problem. In 
this connection given limits of states must be considered, or such limits must be logically 
chosen. Since the problem at first assumes the nature of a Black Box, one is necessarily 
restricted in the initial approach to demarcating peripheral elements which have to be 
defined, and assigned symbols, magnitudes, and dimensions. Consider as an example of 
correct demarcation with high information content the input element HCl in an analytical 
problem. The addition of reagent, corresponding to input relationship, is unequivocally 
demarcated by 

20. mmole HCl (in 1043 ml, aqueous, 20 & 2°C) 
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and is described in such a way.as to be quantitatively reproducible. The nature of the 
system element is defined and symbolized by HCl. The state of this element is’ given 
magnitude and dimensions by “20 mmole.” The information quoted in brackets provides 
an additional demarcation which can be left out of the preceding general stipulation. 

Likewise the statement 

allows one to drop any demarcation which may make unavoidable an undesired prob- 
ability-controlled relationship in the corresponding analytical system. Especially in the 
design of an analytical research system, a large number of other elements and relation- 
ships in addition to the reagents must be considered and demarcated. One may mention 
here equipment and techniques used for controlling the magnitude of the physical states. 
With such extensive systems a classification of the elements and treatment is inconvenient 
as a first step towards a definitive organization, in which case the methods of trial-and-error 
and input-output analysis are of most use for the demarcation investigation. 

The results of such investigations ‘should be summarized in tabular or graphical 
form, and continuously added to and refined. At this stage aspects may arise which 
necessitate a reconsideration and perhaps a modification of the original problem. 

In the third stage a model is conceived, making use of the demarcation results and 
further information from the literature, specialist knowledge, and experience. This model 
retains without contradiction the already known facts and relationships and offers a 
functional or even a structural solution to the problem. The first model concepts are 
usually still of a very hypothetical nature or are limited to a part of the problem. 
Often the tedious work of setting up the model for the whole system can be very much 
simplified by the introduction and functional coupling of a prefabricated model as a sub- 
system. The first model concept must in any case be tested for its usefulness in the sense 
of achieving its aim, and if necessary be modified in the fourth stage, the simulation. 
In the case of extensive systems one must at this stage also seek the organization-that 
is a linking up into function-oriented subsystems. In setting up an analytical problem, 
the verbal and visual description of the experimental arrangement, of the sequence of the 
procedure, and of the final calculation can be interpreted as a model appropriate to the 
‘problem. Here, taking and preparing the sample, separation or masking of foreign 
substances, as well as the actual method of determination, can be considered as 
subsystems. In an even more general sense the division may be into planning, execution, 
and computation. Arithmetical models play an important role in most cases of 
computation. The practical application of GLC, X-ray crystallography, and the very 
powerful tool of mass spectrometry is scarcely possible without the use of suitable 
arithmetical models for the computation of the large number of data produced. 
Furthermore, there are some problems where the creation of an arithmetical model is 
really the nucleus of the problem. An example is the calculation of simultaneous 
equilibria in chemically reacting systems in solution or in the gas phase, with a large 
number of reacting species. 

Prefabricated arithmetical models in the form of computer programmes for general 
use are turning out to be an indispensible aid to the solution of problems which 
would otherwise remain unsolved because of the demands on time, cost, and personnel. 
Another type of prefabricated model includes standardized systems, in which the limits 
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of the states of the system elements and the relationships are extensively defined in the 
form of procedure and calculation instructions. In this way analytical quantitites can be 
interpreted as subsystems with definitions of the working range, sample size and 
content.’ These subsystems can make the planning of.procedures and the comparison 
of results much easier. 

In the last stage, the simulation, the functional utility of the model conceived in the third 
stage may be tested in terms of achieving its goal, but speciiic final states of the original 
system are also often predicted with the help of functional models. Through 
simulation, new knowledge and experience should be gained which allow continuous 
refinement of the model or prediction of a state and behaviour of the original system 
under certain given conditions. Furthermore, the results of simulation can be successful 
in extending the demarcation or even the problem itself The functional models employed 
for the simulation are either realistic or appear as conceptual models or as abstract 
arithmetical models in which these types are often combined. Such a conceptual model 
is the double-helix model of DNA used for the simulation of genetic processes. Realistic 
models include model railways or point- and signal-control desks used to simulate railway 
traffic, or experimental layouts for the simulation of heavy-current electrical engineering. 

The process of simulation is characterized by the methods of input-output analysis, 
whereas aspects of trial-and-error methods are usually adopted for. improving the model 
by feedback from the results. The more difficult a problem is, the more often, as a rule, 
must the PAMS sequence be repeated either in part or in full, with constantly renewed 
feedback until a satisfactory solution is arrived at. Figure 9 gives a survey of the system- 
oriented working method PAMS. 
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ZUSSllIsnafMSUlig- Die zwiilf Grundbegriffe der Systemtheorie-System, Element, Relation, 
Funktion, Struktur, Organisation, Riickkopplung, Black Box, Model], Input-Output-Analyse, 
Trial-and-Error-Methode, Simulation-werden allgemein definiert und in Bexug auf die chemische 
Analyse interpretiert. Die Unterscheidung zwischen einer allgemein akzeptablen kurzen und 
genauen Definition und einer fir ein spezielles Gebiet eigentiimlichen Interpretation vermeidet im 
Falle universe11 verwendeter Begriffe einseitige Ansichten und Vorstellungen. Es we&n mit 
Bedacht einfashe Systeme ausgewahlt und die venvendeten Begriffe an Diagrammen klar- 
gemacht. Ein systemorientierter Weg mit rlickgekoppelten Stufen PAMS (Problemstellung, 
Abgrenzung, Modell-Erstellung, Simulation) wird skizziert, der sich in der praktischen System- 
analyse und im Systementwurf bewiihrt hat. Die Arbeitsgruppe wird in spitteren Publikationen 
iiber spezielle analytische Systeme berichten, die bei da Automation von erheblicher Bedeutung 
sind. Forscher mit besonderen Inmressen auf diesen Gebieten werden herxlich eingeladen, ihre 
aufdiesen Definitionen beruhenden kritischen Meinungen, Vorschliige und Interpretationsbeispiele 
mitzuteilen. 

R&urn&-On donne des definitions g&n&ales aux douze termes basiques de la thiorie des 
systbmes-syst&me+ &ment, relation, fonction, structure, organisation, contre-reaction, boite noire, 
modble, analyse des entrees et des sorties, mtthode par approximations successives, simulation--et 
on les interpr&e aussi sous Tangle de l’analyse chimique. La distinction entre une d&lnition 
breve et pro&e g&ralement acceptable et une interpretation propre a un domaine spccialise 
particulier &vite, dans le cas de termes universellement utilis&s, une vue et une conception 
polari&s. Des systhes simples sont d6lib&ment choisis et les termes u&i&s sont clarifies au 
moyen de diagrammes. On indique une voie oriented vers les systbmes, avec stades couples de 
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contre-reaction (definissant le problbme, fixant les limites, concevant le modele, simulation) qui 
s’est rev&e utile dans l’analyse de systkmes pratiques et dans la conception de systbmes. Le 
groupe de travail traitera, dans des publications ultkrieures, de systemes analytiques spkcifiques 
qui sont dune importance considerable en automation. Ceux qui ont un int&rEt particulier dans 
ces domaines sont chaudement invites a communiquer leurs opinions critiques, suggestions et 
exemples d’interpretations bakes sur ces definitions. 
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EFFECTS OF AUXILIARY COMPLEX-FORMING 
AGENTS ON THE RATE OF METALLOCHROMIC 

INDICATOR COLOUR CHANGE 

GENKICHI NAKAGAWA and HIROKO WADA 
Laboratory of Analytical Chemistry, Nagoya Institute of Technology, 

Showa-ku, Nagoya, Japan 

(Received 18 January 1973. Accepted 22 March 1973) 

Summary-The rates of colour change reactions of metallochromic indicators such as X0, PAN, 
PAC and TAC at the equivalence point were measured in the chelatometric titration of copper, 
nickel, zinc or cobalt. Hexamine buffer has strong disturbing effects on the rate of colour change 
of the copper or nickel X0 chelate. The effects of various auxiliary complex-forming agents 
were also examined. Bathophenanthroline, 2,2’-bipyridyl, 8-hydroxyquinoline, TPTZ, ethylenedi- 
amine, iminodiacetic acid, acetylacetone, l,lO-phenanthroline and glycine improve the colour 
change of the X0 and PAN chelates of copper. Some titration methods for copper or nickel with 
X0 or PAN as indicator are proposed. 

In a chelatometric titration, the colour change of the indicator near the equivalence 
point is governed by the rate of the substitution reaction between the metal indicator 
chelate and the* titrant, as well as by the equilibrium involved. Few papers have been 
published on the rate of the colourchange reaction.‘-’ Since Xylenol Orange (X0) 
forms an inert complex with copper or nickel, it cannot be used as an indicator in 
direct titration of these metal ions. Piibil’ found that in the titration of copper with 
X0 as indicator the colour change is remarkably improved by addition of a small 
amount of l,lO-phenanthroline. Berndt and Sara2 found that acetate does the same and 
that copper can be titrated at about 70” in acetate buffer solution. However, the role 
of such auxiliary complex-forming agents is not yet fully elucidated. 

An extensive study has been made of the effects of various auxiliary complex-forming 
agents on the rates of colour change reactions of metal indicators. From the results 
some titration methods for copper or nickel are proposed. 

EXPERIMENTAL 

Reagents 

PAN [I-(2-pyridylazo)-2-naphthol] was purified by vacuum sublimation. X0 was used as supplied. PAC 
[2-(2-pyridylazo)-4-methylphenol]4 and TAC [2-(2-thiazolylaxo)-4-methylphenol]’ were synthesized by the 
procedures described previously. The l,lO-phenanthrohne solution was prepared with redistilled water and a 
small quantity of hydrochloric acid. The solutions of copper nitrate and nickel nitrate were prepared from 
copper metal (99.999% purity) and reagent-grade nickel nitrate respectively. 

Procedure 

A solution (100 ml) containing metal ion (5 x lo-“M), indicator (2.5 - 5 x 10W6M), EDTA (4.75 x 10s4M), 
buffer solution and an auxiliary complex-forming agent was placed in a silica cell with light-path of 50 cm. 
Then 0.5 ml of 6 x 10e3M EDTA (i.e., a 1% excess) was rapidly added by syringe with stirring. The 
transmittance of the solution~at a suitable wavelength was recorded as a function of the reaction time. 
All experiments were done at 25 f 2”. 

829 
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RESULTS AND DISCUSSION 

The buffers used in chelatometric titrations sometimes show complex-forming tendencies 
with the metal ions to be titrated. MES [Z(N-morpholino)ethanesulphonic acid] buffer6 
complexes copper only negligibiy. The rates of colour change reactions of various 
copper-indicator chelates with EDTA were measured at various pH values. The results 
are shown in Table 1. Since the optimum pH range ‘** for titration of copper with X0 
or PAN as indicator is between 5 and 6, hexamine and acetate buffers were also examined. 

The effects of various auxiliary complex-forming agents are shown in Table 2. Small 
amount of 2,2’-bipyridyl, %hydroxyquinoline, bathophenanthroline, l,lO-phenanthroline 
and 2,4,6-Tris(2-pyridyl)-5-triazine (TPTZ) improve the rate of the colourchange reaction 
of X0 remarkably, and also that of PAN. Ethylenediamine, iminodiacetic acid, 
acetylacetone and glycine also improve matters with both indicators, but are effective 
only in high concentrations. or-Picoline and pyridine make the reactions slower. 

The absorption spectra of the copper-X0 and copper-PAN chelates have Iz, at 
575 and 550 nm respectively. On addition of l,lO-phenanthroline, the A,,,,, values shift to 
580 and 540 nm respectively. These shifts are due to formation of mixed-ligand com- 
plexes and also occur near the equivalence point of a copper-EDTA titration with X0 
or PAN as indicator. Hence formation of a mixed-ligand complex may be the decisive 
factor in improvement of the rate of colour change. 

pfibil’ considered that the increase in the rate of colour change of the metal-indicator 
complei MI by an auxiliary complex-forming agent was due to a rapid substitution 
reaction near the equivalence point 

MI+X=MX+I (1) 
followed by a rapid substitution reaction with titrant Y 

MX+Y=MY+X (2) 
Table 1. The half-life of the colour change reactions in the titration 

ofcopper* 

Buffer pH X0 PAN TAN TAR 

OaSM MES 3.5 
4.5 8 : 2 2 

12 14 
:I: 28 14 

2 2 
2 2 

6.5 18 
0.1 M acetate 4.2 8 

5.1 12 
5.5 ;; 
5.9 :: 40 2 2 

@ 1 M hexamine 14 
:; 300 14 2 2 

@1 M triethanolamine .6*0 18 14 

* If the concentration of free EDTA is about the same as that 
of the metal-indicator complex initially present and the reaction 
is second order, the rate of reaction can be expressed as 
-d[A]/dt = @Al2 where [A] is the concentration of either species. 
If [A],, is the initial concentration of indicator then tllf = l/k[A],. 
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Table 2. .Effects of auxiliary complex-forming agents 
on indicators for the titration of copper (pH 6, in 

MES buffer) 

Auxiliary complex-forming agent X0 PAN 

lo-‘M l,lO-phenanthroline 
10V6M 2,2’-bipyridyl 
10e6M bathophenanthroline 
10-6M 8-hvdroxvauinoline 
10-5M TP+Z - ’ 
10-6M DDC* 
2 x IO-‘M a-picoline 
2 x lo-‘M pyridine 
10m3M ethylene&amine 
lo-‘M iminodiacetic acid 
10-3M acetylacetone 
lo- 2M glycine 

2 2 
2 2 
3 2 
3 3 
3 6 

23 6 
114 21 
157 45 

2 8 
2 2 
7 6 
2 8 

* Sodium diethyldithiocarbamate. 

The X liberated in reaction (2) immediately reacts with more MI according to (1). 
However, from the conditional stability constants7*8 of the copper chelates at pH 6 
(&PAN) = 101o’l, &(x0)’ = IO”l, &p&n)’ = lop”) it might be difficult to substitute 
X for I. We therefore propose that a mixed ligand complex is formed 

MI+X=MIX (3) 

and that it is this which undergoes the rapid substitution reaction with EDTA 

MIX+Y=MY+I+X (4) 

followed by repetition of reaction (3). The copper-PAN complex has a stable planar 
structure.’ When l;lO-phenanthroline is added, the structure of the copper-PAN chelate 
may change ‘to a distorted octahedron.’ ’ This is the reason why the mixed-ligand complex 
is labile. 

Nickel 

With the exception of l,lO-phenanthroline and 2,2’-bipyridyl, none of the auxiliary 
complexing agents had an improving effect (Table 3), and even with these two the 
rate is not improved sufficiently for practical use. 

Other metals 

The colour change of the Zn-X0 complex in hexamine, acetate or MES buffer solution 
was fast, the half-life being 2 sec. 

The colour change of the Co-X0 complex is slow as in the case of copper, and again 
l,lO-phenanthroline improves the rate.(Table 3). 

Titrations 

When 1-(2-thiaiolylazo)-2-naphthol (TAN) or 4-(2-thiazolylazo)resorcinol (TAR) is 
used as indicator, the colour change at the equivalence point is very sharp in the 
titration of copper.” The half-lives of these colour change reactions are 2 set (Table 1). 
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Table 3. The half-life of colour change reactions for nickel and cobalt 

Buffers and auxiliary 
complex-forming 

agents* x0 

Nickel Cobalt 

(PM) PAC (pH) TAC (pH) X0 (pH) 

O-OSM MES 

O-1M acetate 

.O*lM hexamine 

5 x 10e6M l,lO-phenanthroline 

10m6M bathophenanthroline 
10m6M 8-hydroxyquinotine 
10S6M 2,2’-bipyridyf 
10-5M TPTZ 
5 x lo-“M iminodiacetic acid 
IO-fM ethylenediamine 
IO- *M glycine 

86 
560 

112 (4) 
980 

1600 I:! 

70 (51 
9 

770 [:I+ 

770 (5) 
270 (5) 

3000 (5) 
2000 

600 

7000 (5) 26 (6) ;; 
# 

7000 (5) 20 (6) 28 (5) 

25 (6) ; 
[:I 

380 (5) 10 (6) 6 (6) 

25 (6) 
14 (6) 
14 (6) 

21 17 i”61 

* Auxiliary complex-forming agents were added to OQ5M MES buffer solutions. 
+ At 50’. 

For a sharp colour change at the equivalence point, then, the half-life for the indicator 
reaction under the titration conditions should be less than about 10 sec. 

It was found that a suBicientIy rapid colour change can be obtained by the addition 
of l,lO-phenanthroline, S-hydroxyquinoline, 2,2’-bipyridyl, bathophenanthroline, TPTZ, 
ethylen~~ne, iminodiacetic acid or glycine in the titration of copper with X0 or 
PAN as indicator. However, the indicator colour change occurs before the equivalence 
point if the concentration of auxiliary complex-forming agent is high. The effects of 
auxiliary complex-forming agent on the colour change near the equivalence point were 
examined by photometric titration at constant speed. Concentrations from 10m6 to 
lo-‘M of l,l~phenant~oli~, 2,2’-bipyridyl, ~~oph~anthroline, 8-hydroxyquinoline, 
and TPTZ are enough to yield a sharp colour change at room tem~ratu~, but 
ethylenediamine, iminodiacetic acid and glycine must be present in concentrations of 
lo- 3M. 

When the concentration of l,lO-phenanthroline is high, the colour change of PAN 
occurs slightly after the equivalence point, because the formation constant of the 
mixed-ligand complex’2 (~~~~~~~~~~~~~ = IO”**) is higher than that of the copper-PAN 
chelate’ (Kcu(rANJ = 10 lfe6). However, in the visuai titration, a sharp-colour change can 
be obtained. 

In the titration of nickel, with X0 as indicator, if a small amount of l,lO- 
phenanthroline is added and the solution is heated to > !%I”, a very sharp colour change 
is obtained. Since the colour contrast between X0 and its nickel chelate at pH 5-6 is large, 
X0 is recommended as a good indicator for nickel. With TAC as indicator the presence 
of l,lO-phe~nthroline permits the titration of nicke1 at room temperature. 

The buffer solutions used in cheiatometric titrations must obviously be chosen with due 
regard to their effect on the rate of indicator colour change. 



Rate of metallochromic indicator colour change 833 

REFERENCES 

1. R. Piibil, Talanra, 1959, 3, 91. 
2. W. Bemdt and J. Sara, ibid., 1960, 4, 281. 
3. J. S. Fritz, J. P. Sickafoose and M. A. Schmitt, Anal. Chem., 1969, 41, 1954. 
4. G. Nakagawa and H. Wada, Nippon Kagaku Zasshi, 1962,83, 1098. 
5. G. Nakagawa and H. Wada, ibid., 1964,85, 202. 
6. E. Good. Biochemistry, 1966. 5, 467. 
7. H. Wada and G. Nakagawa, Nippon Kagaku Zasshi. 1964. 85, 549. 
8. M. Otomo, Bunseki Kagaku, 1965, 14,457. 
9. S. Ooi, D. Cater and Q. Fernando, Chem. Commun., 1967, 1301. 

10. S. Funahashi, S. Yamada and M. Tanaka, Bull. Chem. Sot. Japan, 1970,43, 769. 
11. H. Wada and G. Nakagawa, Bunseki Kagaku, 1965, 14,28. 
12. G. Nakagawa and H. Wada, to be published. 

Znsammenfassung-Die Farbanderungsreaktionen von Metallfarbindikatoren wie X0, PAN, 
PAC und TAC am Aquivalenzpunkt wurden bei der chelatometrischen Titration von Kupfer, 
Nickel, Zink oder Kobalt verfolgt. Hexamin-Puffer stiirt die Farbanderung des Kupfer- oder 
Nickel-X0-Chelats stark. Der Einflug verschiedener Hilfs-Komplexbildner wtrde ebenfalls 
untersucht. Bathophenanthrolin, 2,2’-Bipyridyl, 8-Hydroxychinolin, TPTZ, Athylendiamin, 
Iminodiessigdure, Acetylaceton, l,lO-Phenanthrolin und Glycin verbessern den Farbumschlag 
der X0- und PAN-Chelate von Kupfer. Einige Titrationsmethoden fur Kupfer oder Nickel 
mit X0 oder PAN als Indikator werden vorgeschlagen. 

R&sum&On a mesuri les vitesses des reactions de changement de coloration d’indicateurs 
mttallochromes tels que X0, PAN, PAC et TAC au point d’tquivalence dans le titrage 
chtlatomttrique du cuivre, du nickel, du zinc ou du cobalt. Le tampon a l’hexamine a de 
fortes influences perturbatrices sur la vitesse du changement de coloration du chtlate X0 du 
cuivre ou du nickel. On a aussi examine les influences de divers agents auxiliaires ginerateurs 
de complexes. Les bathophtnanthroline, 2,2’-dipyridyle, 8-hydroxyquinoliine, TPTZ, tthylene- 
diamine, acide iminodiacetique, acetyIac&one, l,lO-phtnanthroline et glycine amtliorent le 
changement de coloration des chelates X0 et PAN du cuivre. On propose quelques mithodes 
de titrage pour le cuivre ou le nickel avec X0 ou PAN comme indicateur. 
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ANALYSIS OF PRECISION OF 
ACTIVATION-ANALYSIS METHODS* 

K. HEYDORN and KRI~TA NORGARD 
Isotope Division, Danish Atomic Energy Commission Research Establishment, Risd, 

Roskilde, Denmark 

(Received 31 October 1972. Revised 9 April 1973. Accepted 12 April 1973) 

Summary-The precision of an activation-analysis method prescribes the estimation of the 
precision of a single analytical result. The adequacy of these estimates to account for the 
observed variation between duplicate results from the analysis of different samples and 
materials, is tested by the statistic T, which is shown to be approximated by a x2 distribution. 
Application of this test to the results of determinations of manganese in human serum by a 
method of established precision, led to the detection of airborne pollution of the serum during 
the sampling process. The subsequent improvement in sampling conditions was shown to give not 
only increased precision, but also improved accuracy of the results, 

The precision of an analytical method is one of its most important performance 
characteristics, expressing its ability to reproduce results within a predictable range, 
when applied correctly to a material of known composition. In spite of its importance, 
no generally accepted definition of the concept is available. 

The precision of an analytical result is usually expressed in terms of its standard 
deviation cr, and may also be defined as the absolute weight of the result, CO, given by 

1 
o=-- 

u2 

The precision of the best mean, p, of n independent results, becomes 

and the average precision of these results is 

(3) 

The precision of an analytical method is here defined as a set of quantitative instructions 
for the estimation of the precision of a single analytical result. This definition is in line 
with the definitions of performance characteristics and analytical methods proposed by 
Wilson. ’ 

* Presented at the International Conference on Modem Trends in Activation Analysis, Paris, October 1972. 
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Estimation of precision 

The precision of a single analytical result represents the overall effect of a number of 
independent, random errors, associated with different stages of the analysis 

u2 = a,’ + Ub2 + * * * + CT”2 (4) 

The individual contributions are determined by the actual experimental conditions under 
which a particular result is obtained, and will depend on the type and quantity of 
material analysed, as well as on the result itself. In a rigidly standardized procedure 
for routine analysis within a limited range of concentrations, the precision of the 
analytical method may be expressed simply as a constant absolute or relative standard 
deviation. 

In activation analysis the useful range of an analytical method may cover many 
orders of magnitude, and different components of the total variance will dominate at 
different levels. In addition, the statistics of the counting process introduce a variance 
component into equation (4), which may well be different even for identical samples. The 
precision of an activation analysis method must therefore specify the estimation of 
individual variance components, and the precision of a single result is estimated as the 
overall effect of counting statistics, and of relative and absolute random errors. 

The adequacy of the estimated analytical precision is tested by the repeated analysis 
of homogeneous samples, representative of materials and concentrations for which the 
method is claimed suitable. However, the statistical analysis of such data cannot be 
made with conventional analysis of variance, which assumes the same precision for all 
data, nor with weighted analysis of variance, which requires all standard deviations to 
have known ratios. The analysis of precision of activation-analysis results therefore 
requires a somewhat different approach. 

MATHEMATICAL CONSIDERATIONS 

The mathematical development corroborates the analogy between errors of which the 
contribution to the precision is estimated a posteriori by means of instructions included 
in the precision of the analytical method, and errors making a contribution which is known 
a priori. 

Estimated precision 

Let a number, M, of different materials be subjected to repeated analysis, and let the 
total number of analytical results be N, where N 2 2M. Let the mth material be 
analysed I, times, and let y,, represent the ith result. Thus we have 

m= ,..., 1 M 

i= ,..., 1 &I for material m 

and 

FI,=N 
1 

With an estimated precision of the results &,, given by 

L 1 
fBim = 7 = Wi* 

sim 
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their mean value is estimated by 

% Wim Yim 

Fm= ‘, 

$ wim 

in strict analogy with the case of known precision. 
For all materials together the residual sum of squares, T is given by 

T = $ $ WAYi, - &A2 

which can be shown to approximate asymptotically to the X2-distribution with 

?(I. - 1) = N - A4 degrees of freedom, 
m 
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(6) 

(7) 

valid in the case of known precision. 
This, however, does not mean that such an approximation is justified for the analysis 

of precision of a limited number of actual analytical results. 

Duplicate analysis 
If each material is analysed only twice, equation (7) is reduced to 

Provided (yi, - y2,,,) has a normal distribution with zero mean and variance 

(%n2 + * 2m2)Y and (slm2 + s2m2) is a central estimate of (blnr2 + c2n22), the individual terms 
in the expression 

T=$ lm - Y2nJ2/hn2 + 02m2) 

Slm2 + S2m2Vhm2 + b2m2) 
(9) 

will have a X2-distribution with 1 degree of freedom in the numerator, whereas the 
estimate of the denominator is unity. 

If the relative standard error of the estimated precision is sufficiently small, then the 
values of T have a X2-distribution with M degrees of freedom; if in addition 

(&I2 + S2m2) is independent of (y,, - y2,), the degree of approximation is directly 
expressed by the deviations from unity of the denominator in equation (9). 

Under such conditions the statistic T in equation (8) is suitable for testing the 
adequacy of the estimated precision to account for the observed variability of duplicate 
results. 

Poisson statistics 

Estimates of precision based on the Poisson distribution are of paramount importance 
for analytical results based on the measurement of radioactivity. 

Let the analytical results be calculated as 

)‘im = Kim X Pi, and Sim2 = Kim2 X Pi, 

where the factor K converts the recorded number of counts, P, into the final result. 
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The individual terms in equation (8) now become 

where K, = K2 JJK,,. 
For K = 1 all conditions specified in the preceding section are fulfilled. ’ 
For K in the neighbourhood of 1 the correlation between the terms (Pi, + K,,,'P~~) 

and PI, - K,,,P~,J is small, so that deviations from the X2-distribution are caused only 
by deviations from unity of the denominator in equation (9). 

Application of the x2 distribution to test the adequacy of estimates of precision 
based on Poisson distributions by means of equation (8) is therefore justified. 

APPLICATIONS IN ACTIVATION ANALYSIS 

In the precision ofan activation-analysis method contributions from the counting process 
to the precision of the analytical result should be estimated on the basis of a Poisson 
distribution, rather than a binomial distribution.3 In addition, the number of counts 
recorded in an actual analysis will always be large enough to justify an approximation 
to the normal distribution. 

The situation where a duplicate analysis is based on a single counting of the 
comparison standard is’ therefore accurately depicted in the preceding section with 
K,,, f 1 representing the decay correction. 
. For the analysis of precision of the analytical method, however, each sample should 
be activated separately along with its own comparison standard, so that all sources 
of variation are allowed to influence the results. In this case K, becomes a variable, but in 
return its value will be close to K ,,, = 1, and its precision will usually be much higher 
than that of the analytical result. The X2-distribution of equation (10) is therefore 
retained with good approximation. 

The analysis of precision of activation-analysis results may thus safely be performed by 
assuming a x2 distribution for the values of T from equation (8). 

(11) 

and in analogy with equation (4) 

&2 = sa2 + s,Z + so2 (12) 

represents the combined effect of all absolute and relative, random errors, as well as 
counting statistics (variances sa2, s,’ and sC2 respectively). 

The preferred experimental design is to analyse in duplicate, which also gives the most 
efficient coverage of range and materials. If more than two results are available for the 
same material, randomly selected, independent pairs may be included in the calculation 
of T to increase the number of degrees of freedom. 

If the materials analysed are known to be homogeneous, high values of T indicate 
lack of control of some significant parameter, and improvements in the analytical 
procedure should be introduced. Low values of T indicate lack of independence of 
different contributions to the precision, or failure of the experimental design to encompass 
all expected sources of variation. 
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Determination of manganese in human serum 

A neutron-activation analysis method for the determination of low concentrations of 
manganese has been developed by Damsgaard. 4 The method employs radiochemical 
separation by solvent extraction of 1 mg of added manganese carrier, and the chemical 
yield is determined by 54Mn tracer. 

In this case counting statistics include a contribution from the yield measurement, 
and the only remaining known source of random error is the variation of the ratio 
of the neutron-flux densities, to which sample and comparison standard are exposed 
during irradiation. The contribution of this effect to the precision of results has been 
measured previously and can be expressed as a relative standard deviation of 3.5 yW The 
corresponding, variance is added to the counting statistics according to (12), which 
now represents the estimated precision of a particular result. 

The adequacy of these estimates was tested by analysis of Bowen’s kale and dried 
animal blood from IAEA. These materials are expected to be homogeneous, and their 
manganese concentrations differ by 2 orders of magnitude; they are thus eminently 
suitable for testing the precision of the analytical method. 

A total of 10 single determinations,equivalent to 5 duplicates, was made on these two 
materials, and the resulting value of Taccording to (11) is. given in Table 1, and does not 
indicate the presence of unknown sources of variation. 

The method was next applied to the analysis of duplicate samples of human serum, 
taken by the staff of a large Copenhagen hospital with great care to avoid contact 
with materials likely to contaminate the samples with traces of manganese. 

A total of 11 duplicate samples was analysed, and the resulting value of T given in 
Table 1 clearly reveals the presence of unknown sources of variation. 

The precision of the analytical method being well established, it was concluded that 
duplicate samples of the same serum were not identical, but caused an additional, 
estimated standard error of 0.34 ppM. The corresponding decrease of precision leaves no 
possibility of detecting differences between individual samples of serum, as shown in the 
first column in Table 2. 

Considerable improvements in the sampling procedure were therefore required, and a 
detailed study’ of the individual steps indicated that contamination might be caused by 
airborne particulate matter-usually referred to as dust. Another set of samples was 

Table 1. Experimental tests of estimated precision of man- 
ganese determinations 

Material Kale Blood Serum 

Manganese level 15 ppm @I5 ppm 05 ppMt 

M 1 11 
‘N 4 : 22 

p. 
Degrees of freedom* 

T 2.573 2:: 
P(x’ ’ T) 0.75 < 10-10 

* Number of independent pairs = duplicates. 
t ppM = partsper milliard. 
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Table 2. Tests of improvement of sampling conditions for serum 

Sampling conditions Original Improved 

Standard error, ppM s, = 0.34 s, = 0.34 s,=oQ4 
Variation between Samples Duplicates Samples 

M 1 11 1 
N 11 22 11 

Degrees of freedom 10 11 10 
Test narameter Ff = 1.02 T = 0.29 F* = 10.43 
Probability OLW <lo-’ < 0.001 

* Estimated population variance multiplied by average estimated 
precision of a single determination with 11 degrees of freedom. 

therefore obtained by the same technique as previously, but under more secluded 
conditions, and by keeping the samples covered essentially all the time. A total of 11 
duplicate samples was again analysed, and the value of T was calculated on the assumption 
that no improvement had been achieved, so that the estimated sampling error was 0.34 
PPM- 

The resulting value of T given in Table 2 clearly shows that a highly significant 
reduction of variation between duplicate samples was in fact observed as a consequence 
of shielding the samples from atmospheric pollution. The residual variation between 
duplicate samples corresponded to a standard deviation of O-04 ppM, and the precision 
of a single determination is now entirely satisfactory for the detection of differences 
between samples of serum, as shown in the last column of Table 2. 

Precision and accuracy 

The detection of airborne contamination of serum samples by the analysis of precision 
also has implications fo.r the accuracy of the results. The reduction of variation between 
duplicates brought about by improvements in sampling conditions does not necessarily 
mean that the level of contamination has been reduced to insignificance. 

In the present instance, however, this seems to be the case with a high degree of 
certainty, because the mean concentrations are not significantly influenced by the 
improved sampling conditions, as shown in Table 3. 

The quantities of dust present in different samples of serum can reasonably be 
expected to have a Poisson distribution, which means that their variance ratios equal the 
ratios of the means. 

Table 3. Mean and standard error for alternative sampling 
conditions 

Sampling 
conditions 

Original 
Improved 

Sample mean 
nglml 

O-62 
o-54 

Standard error (q/ml) of 

Mean Sampling 

0.10 0.34 
O-05 0.04’ 
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Here, a variance ratio of 75 corresponds to a difference of 0+08 & O-12 ng/ml between 
the means, and the level of contamination for the improved sampling conditions is 
estimated at well below OGO5 ng/ml, which is completely negligible. 

DISCUSSION 

The sensitivity for the detection of unknown errors by the analysis of precision far 
exceeds that obtained with mere comparison of means, as brought out by the insignificance 
of the difference between mean values in Table 3. In addition, the materials analysed 
need not have known concentrations, so long as their homogeneity can be trusted. 

The type of errors detected may be random, as well as non-random, and may have 
a bearing also on the accuracy of the results. On the other hand, a constant bias will 
usually escape detection, but proof of its existence requires knowledge of the analytical 
precision. 

The localization of errors is performed by stepwise application of the method to 
establish the stage of the entire procedure where uncontrolled variation appears. The 
origin of the errors, however, must be left to the imagination of the analyst. Once 
the probable origin has been decided, the source of error may be eliminated; alternatively 
its effect may be measured separately, as was the case with the effect of a slightly 
different neutron flux-density between sample and comparison standard in the present 
example. 

With proper control of the analytical procedure, unknown errors must be referred 
to the sampling procedure-or to actual heterogeneity of the material. Contamination by 
contact with equipment used in the sampling process may be estimated by neutron 
activation of the equipment and subsequent analysis of an inactive sample.6 

The effect of airborne pollution of the sample (observed in the present example) can 
hardly be eliminated entirely, but at the same time no direct experimental measurement 
of its influence suggests itself. The variance contribution from this source therefore had to 
be estimated from the same results as used in the analysis of precision. 

The problems involved in such estimation have recently been studied by Currie,’ who 
showed that the determination of a small residual error with good precision requires a very 
large number of experimental results. 

In the present example the residual error was greater than the known errors, while 
at the same time it was insignificant compared with the variation between samples. The 
current value of O-04 ppM may thus be included in the precision of the entire 
analytical procedure as an acceptable estimate of the standard error of sampling. 

CONCLUSION. 

Verification of the estimated precision of analytical results is an important part of the 
quality control of analytical work, and may be performed by the analysis of precision with 
a x2 test. Knowledge of precision is also necessary for judgement of the accuracy 
of the analytical method. 

The great range covered by activation-analysis methods makes the analysis of precision 
particularly appropriate, and at the same time the techniques employed are not very 
susceptible to human interference, hence the ‘results are less subject to unforeseeable 
sources of error. Conditions for reliable estimates of precision in activation analysis are 
therefore very favourable. 
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mammg-Die Gcnauigkeit einer aktivierungsanalytischen Methode schrcibt die Abschiit- 
zung dcr Gcnauigkeit eincs einzelnen Analyscncrgcbnisses vor. Inwicweit dicsc Absctitzung die 
bcobachtcte Variation zwischcn Doppclurgebnisscn der Analyse verschiedcncr Roben und 
Mat&alien wiedergibt, wird durch das statlstische T’gcprilft, das, wie gczeigt wird, sich durch 
eine X’-Verteilung annlihern l&Bt. Die Anwendung dicscs Tests auf die Ergebnisse von 
Manganbcstimmungcn in menschlichcm Serum mit eincr Methode von wohl bekarmter 
Gcnauigkeit mhrte zu der Entdeckung, da0 das Serum w&end der Probcnahme aus da 
Luft verunrcinigt wurdc. Die daraulhin vorgcnohmenen Vabesscrungcn bci dcr Probenahmc 
ergabcn nicht nur eine hiihere Genauigkeit, sondem such eine besscre Richtigkeit da 
Ergebnisse. 

R-La p&Son d’une mbthode d’analysc par activation prescrit l’cstimation de la pr&ision 
d’un scul r&s&at analytique. La valeur de ces estimations pour rcndre compte de la 
variation obscrvte entre des r6sultats &p&&s de l’analysc de di!%rents Cchantillons et produits, est 
apprCci& par la statistique T, qui cst reconnuc Etre &xl&c de man&e approchb par une 
distribution ,$. L’application de cette m&ode d’appr&ciation aux r&sultats de dosages de 
mangan&se dans le &rum humain par unc m&ode de pr&ision &ablic, a conduit a la 
d&cction d’une pollution par l’air du s6rum pendant le processus d%chantillonnage. On a 
montrb que le perfectionnement dcs conditions d’bhantillonnage donne non sculemcnt une 
prtcision accrue, mais aussi une fidClitC am&or& des rkultats. 
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DETERMINATION OF OXYGEN AND 
SILICON IN ROCKS BY 14-MeV NEUTRON- 

ACTIVATION ANALYSIS AND ITS PRECISION 
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Summary-Oxygen and silicon have been determined in the six new U.S. Geological Survey 
standard rocks and two standard refractory materials by 14MeV neutron-activation analysis, 
followed by both single and multichannel analyser counting of the induced r6N (45-B MeV 
gamma radiation) and “Al activities (1.78 MeV photopeak). Owing to the long analysing time 
per pulse, dead-time corrections are necessary in multichannel analyser counting. Four methods 
were investigated in this work: counting in the live-time mode without additional correction, 
short counting corrected by an external live-time scafer, the method of BartoZek, and the method 
of Schonfeld. Each measurement was controlled by a simultaneous measurement with a single- 
channel analyser. Silica ignited at 1000” was used as a reference. Correction was made for the 
interfering elements, F, P, Al, Fe and Mg, using literature data. Attention was paid to neutron, 
gamma and beta attenuation. For oxygen the mean coefficient of variation for a single 
determination with a single-channel analyser was 1*7”/, for silicon 1.1%. The mean results for 
single-channel counting were compared with literature values. 

Oxygen and silicon are the most abundant elements in the earth’s crust.’ The classical 
gravimetric determination of silicon is precise but time-consuming. No simple chemical 
method for the determination of oxygen in rocks exists. Normally the elemental 
composition of rocks is expressed in terms of oxides. This can, however, give rise to 
faulty results, especially when elements are present in different oxidation states. Therefore 
a direct determination of oxygen can provide valuable information. Oxygen and silicon can 
easily be determined with 14MeV neutrons. The following reactions are commonly 
used* %(n, ~)~sAl and 160(n, p)16N. Both reactions give rise to short lived radionuclides 
(t : 1,2 .2.24 min and 7.13 set respectively). Measuring the counts accumulated in the region 
45-8 MeV for oxygen and under the l-78-MeV photopeak for silicon with a single- 
channel analyser is the simplest and most commonly used method. Since several other 
major elements (Al, Fe) in rocks can be determined simultaneously with a multichannel 
analyser, it is convenient to use the same .instrument for the determination of 
oxygen and silicon. Several authors have made use of.a multichannel analyser,,especially 
for the silicon determination, as appears from a recent annotated bibliography.’ With a 
multichannel analyser, serious dead-time problems arise, owing to the relatively long 
analysing time per pulse, compared with a single-channel analyser. This can give rise to 
errors, especially when dealing with short-lived radionuclides. 

Several sohrtions have been proposed to overcome the difficulties associated with 
multichannel analyser counting of short-lived species. 3-10 Four methods were used in this 
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Table 1. Nuclear reactions on oxygen and silicon and interference reactions 

Element Reaction 

Isotopic Cross- 
abundance, section y-energy, MeV and 

% nib Half-life (abundance, %) 

0 

Si 

F 
B 
P 
Al 

Fe 
Mi3 

i60(n, p)t6N 99,759 
‘6O(n, 2n)‘30 99.759 
i’O(n, p)“N a.0374 
isO(n, a)tsC 0.2039 
*sSi(n, p)‘sAl 92.21 
2gSi(n, p)“Al 4.70 
3oSi(n, a)‘?Mg 309 

19F(n, a)16N 
“B(n, p)“Be 
31P(n, a)2*AI 
“Al(n, a)“Na 
27Al(n, y)2eAl 
s6Fe(n, ~)‘~Mtt 
24Mg(n, p)l*Na 

100 51 7.13 set 
80.39 3.3 13.7 set 

100 140 2.24 min 
100 120 1500 hr 
100 0.53 224 min 

9166 115 2582 hr 
78.70 200 1500 hr 

351 
0.5 
112 

250$0) 
100f35) 
45( 125) 

7.13 see 
122 set 
414 set 
2.3 set 
2.24 min 
652 min 
9-S min 

613(68); 7-12(5) 
0511(100) 
0.87; 2.19 
5.3 
1~78(100) 
1.28185); 243(U) 
0.18(0*7); Q84(70); 
1.01(30) 
6.13(68); 7.12(5) 
681(4*4); 7.99( i-7) 
l-78( 100) 
l-37(47); 275(52) 
1.78(100) 
1.81(29) 
l-37(47); 2*75(52) 

work: counting in the live-time mode without additional correction, short counting 
corrected by an external live-time sealer, 3 the method of BartoSek,g and the method 
of Schonfeld.‘” These methods have already been discussed and compared in detail 
elsewhere. 1 ’ 

Activation with 14MeV neutrons is rapid and essentially non-destructive. For the 
direct analysis of oxygen in, bulk samples, it is probably the only reliable method 
available. Neutrons of cu. 14 MeV are produced via the “H(d, n)4He reaction. 
Irradiation of oxygen and silicon with these fast neutrons gives rise to several reactions, 
which are summarized in Table 1. The most important interfering reactions in the 
determination of oxygen and silicon are also given. The most commonly used nuclide 
for oxygen dete~i~tion is i6N, which gives highly energetic ~ma-mys that can be 
counted without interference above 43 MeV. For silicon the prominent 1*78-MeV 
photopeak of 2.24min 2aA1 is commonly used. In analysis of rocks and soils the 1*78-MeV 
photopeak often contains contributions from iron and magnesium; nuclear interference 
from alum~ium and phosphor must also be taken into account. 

EXPERIMENTAL 

Apparatus 
The neutron generator was a SAMES Type J accelerator (150 kV, 2.5 mA) with a 100 MHz-60 W 

radiofrequency ion-source. The 14-MeV neutrons were produced by the 3H(d, n)4He reaction from a 9O-Ci 
rotating water-cooled tritium target (Nukem Type RTE-1). To ensure stable conditions the beam was kept 
at 600 PA and the accelerating potential at 15O’kV. Focusing provided a beam variable from 10 to 30 mm 
dia. The neutron production was controlled by means of a pneumatically operated removabie 
tantalum screen. The pneumatic transfer system consisted of a pair of aluminjum tubes with rectangular 
cross-section (26.5 x 9.5 mm). The entire activation and counting process was controlled automatically. The 
neutron generator, transfer system and counting equipment have been described in detail etsewhere.“.i3 
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Irradiated samples were oounted with a 7.6 x 7.6 cm NaI(T1) detector (resolution co. 8x), coupled to an 
NE-5281 preamplifier and an NE-4603 amplifier. The double delay-line differentiated output of the amplifier 
was fed to an NE4602 single-channel analyser and to the converter of an Intertechnique SA 40B 4OO-channel 
analyser. Each measurement with the multichannel analyser was controlled by a simultaneous measuremenf 
with the single-channel analyser. Since the output of a neutron generator is not constant, neutron 
monitoring was required to normalize the induced activities. This was performed by means of a low- 
geometry BF, counter, placed behind the concrete shielding wall, 5 m away from the tritium target. 

The NaI(TI) detector had to be shielded to lower the background, at least for silicon analysis. For 
oxygen determinations a 2.7 g/cm2 aluminium absorber was used when analysing rocks with a density 
different from that of the standard. 

Preparation qf samples and standards 

The six new U.S.G.S. standard rocks i4 G-2 (granite), GSP-1 (granodiorite), AGV-1 (andesite), PCC-1 
(peridotite), DTS-I (dunite) and BCR-1 (basalt) were analysed. In addition two refractory standards 1.68 and 
1.69 (Groupement des Utilisateurs de Matiriaux Refractaires, Brussels) were also included. Each sample was 
dried at 110’ for at least M hr. The sample holders were cylindrical polyethylene boxes (5 mm internal 
thickness, 12.7 mm dia, @63 cm3 volume) carefully selected for equal dimensions. The weight of each 
sample was kept constant (1.1 g) by pressing the powders into the boxes. Owing to the higher density 
of DTS-1 and PCC-1, 1.3 g of these samples was needed to fiU the boxes completely. Two sample holders 
were packed from each of the eight standard materials available and sealed. These sample holders were 
placed in polyethylene cylindrical transfer “rabbits” (9 mm thickness, 26 mm diameter) fitting the pneumatic 
system as shown in Fig. 1. 

Oxygen and silicon standards were prepared from silica of different origins: 
I Quarz feinkomig, E. Merck (Darmstadt). 
II Anidride silicica, Carlo Erba (Milano). 
III Quartz tube, Quartz & Sihce (Paris). 
The silica was ground to pass through a 150-mesh sieve, rehomogenized by tumbling for 2 hr, and 
ignited at 1000’. Standard type I has the same density as the rock samples, when packed in the 
polyethylene sample holders, hence it is most suitable for rock analysis. To obtain information about the 
composition of silica. the other silica samples were analysed for Si and 0, using I as a standard. 

Distance from target Imm) 

Fig. 1. High-pressure polyethylene sample container and rabbit for 14-MeV neutron-activation 
analysis of rocks. 

Left: exploded view. 
Right: irradiation position of the sample in pneumatic tube of rectangular section; also 
shown is the local axial flux gradient. 
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Table 2. station of oxygen and silicon in silica and silicon (using I as a standard) 

SumofO 
Type OXYgcn, % Silicon, % and Si, % 

I SiO2 (Merck) (30) 53.25 f 0% (30) 46.75 f 0.3& 1ooQ~ f 1.0, 
II Si02 
HI SiOt I 

Carlo E&a) 
Quarta & S&e) 

(30) 541s It 1-3s (26) 466, f 0~3s loo& f 1.36 
(20) 53% f 109 (19) 46.7, f o-4, 99.88 j: 1.1, 

IV Si ~Me~lu~ie Hoboken) - (8) 99.58 f 0.9, 995s f 09, 

Numbers of analyses are given in brackets; errors are given as absolute standard 
deviation on a single measurement. 

Moreover, standard I was used to determine tha Si content of, a ~mi~nductor-DDE silicon disk 
(Me~u~e Hooks). For types I and I& three different samples were taken, for type HI, two samples; 
only one silicon disk was availabk. The results, obtained with the slngle&tnnel analyser, are shown in Table 2. 

.The results were corrected for neutron and gamma ray attain due to the difkrence in density 
between the samples. For the determina tion of oxygen 1 cm of aluminium was placed between, the 
irradiated samples and the detector to shield against the h&&energy ‘PN beta-particles. It appears from 
Table 2 that, after ignition at looo”, the diient types of sillca can be considered to be stokhiometric. 

Flftean tvps f standa& were prepared. This permits the irradiition of another standard after every 3-S 
samples. In the same.way samples of Fe&, AlsOs and MgO were made for determining the corresponding 
interference. Sirme the oxygen content of the irradiation boxes was not negligible, a blank correction was 
performed by ~~~ and counting empty sampk holders in *rabbits” in the same way as the sampfes 
and standa& For silicon this correction corresponds to a background subtraction. To check the rcpr~~bi~~ 
of the packing, the oxygen content of four soil samples (designated DC) was determined with a singlechannel 
analyser. The results, normalized to sample 1, are shown in Table 3. 

Procedure 
The analysis cycles are given in Tabk 4. It can be seen that for the d#e~pment of multichannel anatyser 

dead-time corrections, simultaneous punting were performed with si~gi~ha~el and multic~n~l analysers. 
For actual analyses, it is suflkient to use either one or the other. For the method of ~honfeid,” an 
external live-time scaler was started, s~~~eQu~y with the multichannel analyser, for a measurement of the 
live time during 6 sec’clock time. The result was printed with a Teletype in the next 5, set, after which 
the live-time scaler was started again for 6 sec. This cycle was interrupted by the stopping of the 
multichannel analyser. The punched data were fed to a computer (DEC PDP-9) and the true ‘*Al 
counting rate at the beginning of the rn~~rn~t was calculated by numerical int~tion. 

Sfffcon ~ere~~f~rf~, Fast-neutron irradiated iron produoss sbMn, a g~~~mitter with a peak at 
1.81 MeV. With a Nai(Tl) dotectar, the 1.7%MeV 
gamma-peak of s*Mn. Owing to the half-life of ’ 

pk of s8Al cannot be distinguished from the l-81-MeV 
Mn @582 hr) this interference becomes perceptible after 

successive irradiations of the same sampk. Moreover a part of the Compton continuum of s*Na formed 
by the 2’Al(n, a)‘*Na and the 2*Mg(n, p)“Na reactions, ~n~but~ to the total number of counts, when 
song up the lrAl’ 1*78&&V photopeak. Alu~i~ may interfere through the “‘Al(n, Y)‘~AI reaction 
and phosphor through the “‘Pfn, a)‘*Al reaction. Known quantities of Fe20s, AlsOs and MgO were 

Table 3. Rep~u~bility of packing 

Weight, relative to Norma&d 16N activity 
SXIlpkc Dcl=lOO~ relative to DC 1 = loO”/~ 

lx1 IaM0 (9) 1OOw 
DC2 %a93 (9) 96.1, f 1.5, 
lx3 97.85 (9) P&31 4 1.4, 
DC4 99-01 (8) 98*8$ & 0.8, 

Number of analyses between brackets; errors as absolute standard 
deviation on a single determination. 
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Table 4. Analysis cycles 

847 

Waiting time Waiting time 
after the end after the end 

MCA dead-time Irradiation of irradiation, of irradtition, 
correction . time, set set Start counting set Start counting 

No correction* 

Short counting 
time 

BartoSek’s 
method 

Schonfeld’s 
method 

5 3 

10 6 

5 3 

10 6 

SCA 1 
MCA 1 for 18 set 
in the LT mode 
SCA 1 
MCA 16 for 3 set 
in the CT mode 
SCA 1 
MCA It for 24 set 
in the CT mode 
SCA 1 

82 

79 

82 

SCA 2 
MCA 24 for 24 set 
in the CT mode 
SCA 2 
MCA 2t for 204 set 
in the CT mode 
SCA 2 
MCA 2 for 204 set 

‘in the CT mode 

SCA 1: single-channel analyser (above 4.5 MeV) for 16 sec. 
MCA 1: multichannel analyser (0 -) 10 MeV). 
SCA 2: single-channel analyser 11,78-MeV photopeak) for 200 sec. 
MCA 2: multichannel analyser (0 + 3 MeV). 
LT: live time. 
CT: clock time. 
* Only oxygen was determined. 
6 During the counting on the multichannel analyser. the external live-time scalar indicated the total live 

time of the measurement. 
t During the measurements the dead-time of the multichannel analyser was automatically kept constant at 

50 %, as described by BartoSek.’ 

irradiated along with the samples and standards under the same conditions. It was found experimentally 
that 100 % Fe produces an apparent silicon content of @92 %, 100% Al corresponds to 0.43 % Si and 
100% Mg to 0.37 % Si. The correction factor for phosphorus was taken from the literature.15 (100% 
P,OI produces an amount of ‘sA1 equivalent to 21% Si). 

Oxygen determination. Fluorine produces ‘ON Ccc the “‘F(n, a)“N reaction. The correction factor for this 
reaction was also taken from the literature I6 ( 100 o/o F equivalent to 41.5 o/o oxygen). The low boron content 
of the samples studied, the low cross-section of 
gamma-radiation make the interference from the 

“B and the low branching-ratio of the high-energy 

energy beta-particles are excluded. 
“B(n, p)“Be reaction negligible,l’ provided that the high- 

Corrections for the presence of interfering elements were made, based on chemical analysis data compiled 
by Flanagan.14 

Neutron, gamma-ray and beta-ray attenuation 

Owing to the similar composition of the rock samples studied, neutron, gamma-ray and beta-ray 
attenuation is no problem as long as weight and density are equal. This is not the case for PCC-1 and 
DTS-1. For samples heavier than the standard, neutron, gamma and beta attenuation results in a negative 
systematic error. Nargolwalla et al.‘s*” studied the effect of neutron and gamma-ray attenuation in detail. 
Neutron and gamma attenuation can be expressed as a simple exponential absorption law of the general form: 

I = .fO exp( - cd) 
The total correction factor results in 

CJC, = exp[ - (AX + Ap)d] 
where 

C I = correction factor for the sample. 
C, = correction factor for the standard. 

AX = difference in total removal cross-section between sample and standard. 
Ap = difference in total linear attenuation coefficient between sample and standard. 

d = effective sample thickness. 
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Table 5. Determination of oxygen (%) in rocks, with a single- 
channel analyser (using standard type I) 

Sample 
With additional AI absorber Without additional 

(2.7 g/cm’) absorber 

G-2 48QJ f 06s 47,8, f 1.4, 
DTS-1 43.8s f 0.6s 43.4, + 1.16 
PCC-1 46.75 f 0.7, 46.1, + 1.0, 

25 Analyses per sample: errors given as absolute standard 
deviation on a single measurement. 

Experimentallyto it was found that the effective sample thickness for neutrons and gamma-rays is 
approximately the same. From the known composition of samples and standards, the neutron and gamma 
attenuation correction factor can be calculated if d is determined, d depending on the neutron-flux 
distribution in the sample. The d-value used in the calculations was determined from the neutron-flux 
rneasuremcnts of Van Grieken et al. 21 The correction for neutron and gamma-ray attenuation was taken 
into account only for the samples PCC-1 and DTS-1, yielding the following results. 

For oxygen PCC-1 46.7, (uncorrected) 46.go (corrected), 
DTS-1 43.8, (uncorrected) 44.1, (corrected). 

For silicon PCC-1 19.8, (uncorrected) 204, (corrected), 
DTS-1 18.9, (uncorrected) 19.1s (corrected). 

In the discussion above it was assumed that only the gamma radiation was counted and that the beta 
radiation was kept from the detector by means of a suitable absorber. If this is not the case, additional 
errors are possible owing to the varying degrees of self-absorption in samples of different densities.*2*23 
The effect is most likely to occur with oxygen analyses, because of the high energy beta-particles of 16N. 
In order to estimate the importance of this effect, the following experiment was carried out. Samples PCC-1, 
DTS-1 and G-2 were analysed for oxygen, using standard type I, once with an additional 27 g/cm2 
ahtminium absorber, and once with only 2 mm of polyethylene and the 15 mm of aluminium of the 
pneumatic tube between sample and detector can (window cu. 200 mg/cm2 aluminium). The results are shown in 
Table 5. 

It can be seen that the effect under the present experimental conditions is negligible for rock powders having 
the same apparent density as the standard (cpmrtx sand), such as G-2. Failure to insert a suitable 
absorber can, however, give rise to significant errors for rocks having a different density, such as DTS-1 
and PCC-I. No additional absorber has been used for the counting of “Al (maximum beta energy: 285 MeV), 
since most of the beta-particles are stopped in the rabbit. the pneumatic tube, the detector can and the reflector. 

Calculation of results 

For oxygen the total number of 16N pulses between 45 and 8 MeV was taken into account. The 
results were corrected for the interfering reaction i9F(n, a)i6N, using the F content given by Flanagani 

For silicon, the total number of counts under the **Al 1.78-MeV photopeak was summed. The underlying 
Compton continuum from nuclides emitting high-energy gamma-rays must be taken into account. Correction 
for Fe, Al and Mg contributions to the 1.78-MeV peak was carried out via appropriate standards, taking the 
Fe, Al, Mg contents listed by Flanagan. I4 A correction was also performed for the interfering reaction 
“‘P(n, a)‘sAl. 

After a blank correction, the integrated peak area was normalized to the same neutron flux and 
corrected for dead-time in the case of multichannel analyser counting, using the methods described elsewhere.” 
The mean of the normal&d and corrected activities of the SiO, standards was used for the calculation of the 
oxygen and silicon content in the samples. 

RESULTS AND DISCUSSION 

The results for oxygen and silicon obtained with singlechannel counting are given 
in Tables 6 and 7. The results for oxygen and silicon obtained with the multichannel 
analyser by using various dead-time correction methods are given in Tables 8 and 9. 
Two samples from the same rock or refractory material were prepared and irradiated 
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Table 6. Determination of oxygen with single channel analyser in USGS. standard rocks and refractory standards 

Simultaneously 
with the Simultaneously Simultaneously Simultaneously Correc- Corrected 

measurement in with BartoSek’s with short with Schonfeld’s tion r0r grand 
Sample live time mode method counting time method Grand mean F mean 

G-2 
GSP-1 

(16)48.0, + 0.5, 
(15) 475, + 0.6., 

AGV-1 (15)47.1, + o,53 
PCC-1 (12)46.9, i 0.5, 
DTS-1 (12)43.9, + 0.3: 
BCR-I (13)44.5, + 0.2s 
1.68 (16)49.8, k 0.7, 
I 69 (15)48,4, i 0.6, 

(10) 48.2, f 0.3, 
(9) 47.7, + 0.9, 

(10) 47.8, * 0.20 
(10) 46.6, + 0.5, 
(IO) 43.9, * 0.8, 
(10) 45.2s f 0.5, 
(10) 49.4, 2 0.4, 
(10) 48.2s f @6., 

(12) 48.1, f 0.4, 
(12) 47.5s * 0.14 
(12) 47.1, * 0.2, 
(12) 46.7, + 0.1, 
(12) 43.9, * 04, 
(12) 450, f 0.2, 
(12) 49.4, + O.63 
(12) 48.2, + 0.2s 

(14) 47.7, * 0.30 
(14) 47.9, + 1.0, 
(14) 47.2, + 0.3, 
(14)46.7, 50.6, 
(14) 43.4, + 0.6, 
(14) 45.8, + 0.5, 
(14) 49.4, * 0.8, 
(14) 48.7, k 0.8, 

(52) 48.0, rb 0.1s 
(50) 47.5, * 0.13 
(51) 47.4, * 0.1, 
(48) 46.7, + 0.1, 
(48) 43.88 + 0.25 
(49) 44.9, + 0.13 
(52) 495, + 0.3e 
(51) 48.3, + 0.2, 

006 47.9. 
016 47.4, 
0.02 47.4, 
- 46.7,’ 
- 438s’ 

0.02 44.9s 
- 4953 
- 48.3, 

* Neutron and gamma attenuation not taken into account (see Table 10); detector shielded for r6N beta particles 
Between brackets: number of analyses. 

Table 7. Determination of silicon with single channel analyser in U.S.G.S. standard rocks and refractory standards 

Corrections Corrected 
Simultaneously with Simultaneously with Simultaneously with grand 

Sample BartoSek’s method short counting time Schonfeld’s method Grand mean P Fe Al Mg mean 

G-2 
GSP-1 
AGV-1 
PCC-1 
DTS-1 
BCR-1 
1.68 
I .69 

(8) 32.7, k 0.3r 
(X) 3l.Y, * 0.2s 
(8) 27.7, k 0.1, 
(8) 19.9, rb 0.1, 
(8) 19.0s f 0.1 I 
(8) 25.2, i 0.1, 
(8) 26.1,, k 0.1, 
(8) 17.2, + O.l+ 

(12) 32.5, + 0.2, 
(12)31.8s * 0.1, 
(12) 27.9, + 0.1s 
(12) 20.0, * 0.1, 
(12) 19.1, rb 0.2, 
(12) 25.56 + 0.0s 
(12) 25.8, & 0.1, 
(12) 17,2b f OQ, 

(14) 32.3, + 0.1, 
(14) 31.8, k 0.2, 
(14) 28.0, f O.le 
(14) 20.0, + 0.0, 
(14) 19.2, 5 0.1, 
(14) 25.7, k @2, 
(14) 25.8, k 0.1, 
(14) 17.2, k 0.1, 

(34) 32.4, k 0.1, 
(34) 31.8, i 0.1, 
(34) 27.9s + 0.0, 
(34) 200, * O-0, 
(34) 19.14 * 0.1, 
(34) 25.51 * 0.0s 
(34) 25.9, + 0.0, 
(34) 17.2, f QO, 

0.03 @02 0.03 - 324, 
oti 003 @03 - 31.7, 
0.10 0.04 O-04 - 27.8, 
- 0.05 - 0.10 198,* 
- 006 - 0.11 18.9,’ 

0.08 @09 0.03 - 25.3* 
a03 0.01 0.09 - 258, 
- - 0.14 - 17.1, 

* Neutron and gamma attenuation not taken into account (see Table 11); Between brackets: number,ofanalyses. 

Table 8. Determination of oxygen with multichannel anaiyser in U.S.G.S. 
standard rocks and refractory standards 

Sample 
Measurement in live 

time mode BartoSek’s method Short counting time 

G-2 (16) 48.4, f 0.6s (10) 47.7, + o.30 (12) 47.9, + 0.7, 
GSP-1 (15) 48.19 + 0.6, (9) 47.49 + 0.8s (11) 47.3, + 0.4* 
AGV-1 (14) 47.3, f o.54 (10) 47$ +_ o.44 (12) 47.0, + 0.6, 
PCC-1 (12) 46.4, * 0.4, (10) 46.3, + o$, (12) 47.11 f 0.4, 
DTS-1 (12) 43.9, f 0.39 (10) 43.6, f 0.84 (12) 43.9, + 0.5, 
BCR-1 (13) 45.0, f 0.4, (10) 45.09 * 0.59 (12) 455, + 05, 
1.68 (16) 49& + 0.6, (9) 490, * O$ (12) 49.10 f 0.7, 
1.69 (15) 48.7, f O$ (10) 48.1, k 0.8, (12) 48.3, k 0.9, 

Between brackets: number of analyses. 
Neutron and gamma attenuation not taken into account; detector shielded 

for 16N beta particles. 
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Table 9. Determination of silicon with multichannel analyser in USGS. 
standard rocks and refractory standards 

Sample BartoSek’s method Short counting time Schonfeld’s method 

G-2 
GSP-1 
AGV-1 
PCC-1 
DTS-1 
BCR-1 
1.68 
1.69 

(10) 325s f 0.2, (12) 32.4, + 0.2, 
(10) 31.6s _I 0.3, (12) 31.7, f 0.1s 
(10) 27.7, * 0.1s (12) 27.8s f 0~2~ 
(10) 19.7, f 0.1s (12) 19.8, f 0.1, 
(10) 18.9s ,f O-0, (12) 19.2, f 0.1, 
(10) 254, & 0.2, (12) 25.3s f 0.2r 

(9) 25.6, f 0.2, (12) 257, f 0.1s 
(10) 17.13 f 0.1s (12) 17.2, * O.10 

(14) 32.2, f 0.22 
(14) 31.8s + 0.2,s 
(14) 27.9s f 0.1, 
(14) 19.9, f 0.1, 
(14) 19.2, + 0.1 L 
(14) 25.6, + 0.2, 
(14) 25.7, + 0.1, 
(14) 17.2s f 0.1, 

Between brackets: number of analyses. 
Neutron and gamma attenuation not taken into account. 

4-8 times. This yielded two results with corresponding coefficients of variation. The results 
given are the weighted means of these two results, according to the equation 

the variance of the weighted mean being given by 

The grand mean and the coefficient of variation for the determinations with a single- 
channel analyser were calculated according to the equations above, from the total number 
of results available for a set of two different samples from the same rock or refractory 
material, i.e., 6 for silicon and 8 for oxygen. 

For oxygen the mean relative deviation for a single determination from the original 
replicate analysis with a single-channel analyser is 1*7x, which is higher than that derived 
from counting statistics (1.4%). For silicon analyses with the single-channel analyser the 
coefficient of variation is about l-l%, which is also higher than counting statistics (0.8%). 
From this the additional instrumental error could be estimated to be 0+7-1~0%. For a 
different set-up Van Grieken et al. 24 found 1.41.7%. The lower error may be due to 
the fact that the rock powders are irradiated about 2 mm farther away from the tritium 
target, so that the flux gradient is less steep. 

The results with the multichannel analyser have been discussed in detail elsewhere.” 
It appears that the precision with the various multichannel analyser methods is 
practically the same as with the single-channel analyser, except for the oxygen deter- 
minations done by using a short multichannel analyser counting time (worse counting 
statistics). 

Small systematic deviations occur, when comparing the various dead-time correction 
methods with the corresponding single-channel analyser results, but these deviations are 
insignificant. The method of BartoSek et ~1.~ seems to have the advantages of simplicity 
and general applicability. It is valid for all kinds of mixtures of short-lived radionuclides 
and no calculation is needed. Owing to the imposed dead-time (50%) the measurement 
suffers from counting losses. In a newer version, a modification allows a wide range 
of imposed dead-times. 
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Table 10. Comparison of oxygen results for the USGS. standard rocks and refractory standards 

G-2 48.4, 
GSP-1 41.8, 
AGV-1 47.2, 
PCC-1 41.0, 
DTS-1 44.3, 
BCR-1 45.5, 
1.68 
1.69 

14 
t 

26 16 29 27 25 

48.3r 
47.7, 
46.3, 
46.6, 

~~9 
47.3s 
46.90 
46.05 
43.4s 
44.54 

49.3* 
48.7s 

490 48~1~ 
48.2 41.6, 
47.2 478 46.8e 
45.0 46.5, 
41.4 44.1, 
44.7 45.8 44*9r 

This 
work 
@CA) 

47.94 
41.4, 
47.4, 
46*9e* 
44.1rf 
44.9s 
495s 
48.33 

* Corrected for neutron and gamma attenuation. 
t The calculated values of Flanagan, corrected for the loss of water released at 1 IO”. 

Table 11. Comparison of silicon results for the U.S.G.S. standard rocks and refractory standards 

Reference 14 14 26 15 28 29 21 This 
t work 

@CA) 

G-2 32.3, 32.3.s 3252 33.3, 31.7 32.4, 
GSP-1 31.4, 31.49 31.56 32.6s 31.9 31.7, 
AGV-1 275s. 27.8, 27.8s 2808~ 27.6 27.7, 21~8~ 
PCC-1 19.5, 19*66 19.6s 20.18 18.5 20.0, * 
DTS-1 18.9, 18.g2 18.9e 19.8, 19.3 19*1s* 
BCR-1 25,4, 25.6s 25.4, 26.5, 25.0 25.6s 25.3s 
1.68 25.7s 25.8* 
1.69 17.14 17.12 

.* Corrected for neutron and gamma attenuation. 
t The calculated values of Flanagan, corrected for the loss of water released at 110”. The 

data of column 2 were multiplied by a factor given by the ratio: total percentage/total percentage 
after drying. 

The results obtained in this work with the single-channel analyser are compared 
with literature values in Tables 10 and 11. In general the results for oxygen (Table 10) agree 
quite well with those of Volborth et ~1.‘~ and Bibby,z5 except for AGV-1. As can be 
seen from Table 6, the result for AGV-1, obtained with the single-channel analyser and 
Bartosek’s method, is rather high and contributes heavily to the weighted mean. If this 
result is omitted the grand mean for AGV-1 becomes 47.1&, and corrected for fluorine 
47’16%. The oxygen values reported here are 0*1-0*6% lower than the values calculated 
from Flanagan,’ 4 and after correction for water loss at 110” the mean difference is zero. 
When considering the rock samples with an insignificant water loss and equal density 
compared to the Si02 standards, e.g., G-2 and GSP-1, the agreement between Volborth 
er a1.,16 Bibby” and this work is clear. For the refractory materials 1.68 and 1.69, the 
water loss at 1050” is only 0*19’% and 0.15% respectively. The reported results agree 
with the oxygen content calculated from the certificate values. It should be noted that 
the samples of Volborth er aZ.16 and Morgan et al.*’ were not dried. Moreover, in view 
of the difficulties resulting from the possible variation of the amount of adsorbed water 
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(88.81% 0) fi in ne rock powders analysed under different atmospheric conditions, it is 
probable that these reported results could not be expected to be more accurate than 
*O-2,% 0 on an interlaboratory basis.16 

For the silicon determinations (Table 11) with the single-channel analyser. the reported 
results agree well with the data of Vincent et ~1.” and the calculated values (minus 
H.,O-) from Flanagan. A neutron and gamma-ray attenuation correction had, however, 
to ‘be applied to PCC-1 and DTS-1, because of their difference in density from that 
of the standard. This,correction increases the silicon values for PCC-1 and DTS-1 by 
0*12 and 0*150/, respectively. The silicon results reported here for the U.S.G.S. standard 
rocks are slightly higher than those from Flanagan, except for BCR-1. The influence 
of drying at 110” is pronounced for the standard rock BCR-1 (254,x Si + 256,x 
Si). Systematic errors in classical chemical schemes may lead to low silicon results.30 
The silicon results for the refractory materials are in good agreement with the certificate. 

Acknowledgements-The authors are indebted to F. J. Flanagan of the U.S. Geological Survey for providing 
the six U.S.G.S. standard rocks.and to Metall-e Hoboken for the silicon disk. 
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Zusammenfassung--In den se&s neuen Standardgesteinen vom U.S. Geological Survey und in 
zwei feuerfesten Standardmaterialien wurden Sauerstoff und Silicium durch 14 MeV-Neutro- 
nenaktivierungsanalyse bestimmt. Die induzierten i6N-(4.5-8 MeV-Gammastrahlung) und 
28Al-Aktivitaten (1,78 MeV-Photopeak) wurden mit Hilfe eines Ein- und Vielkanalanaiysators 
getihh. Durch die lange Analysenzeit pro Impuls sind beim Ziihlen mit dem Vielkanalanalysator 
Totzeitkorrekturen notwendig. In dieser Arbeit wurden vier Methoden untersucht: ZiihIzeit 
in Aktivzeit ohne weitere Korrektur, Kurtihlung mit Korrektur mittels einen externen 
Aktivzeitziihler, die Methode von BartoSek und die Methode von Schonfeld, Jede Messung 
wurde durch eine gleichzeitige Messung mit einem Einkanalanalysator kontrolliert. Bei 1000” 
gegltihtes Siliciumdioxid wurde als Bezugssubstanz angewandt. Fiir die storenden Elemente F, P, 
Al, Fe und Mg wurde mit Hilfe von Literaturdaten korrigiert. Die Abschwlchung von Neutronen, 
Gamma und Betastrahlen wurde beachtet. Fur Sauerstoff betrug der mittlere VariationskoetBzient 
einer Einzelbestimmung mit einem Einkanalanalysator 1.7 %, ftir Silicium 1,l %. Die Mittelwerte der 
Einkanal-Zihlungen wurden mit Literaturwerten verglichen. 

Resume-On a dose I’oxygene et le silicium dans six nouveaux etalons de roche du U.S. 
Geological Survey et dans deux ttalons de mattriaux refractaires par analyse par activation aux 
neutrons de 14 MeV. Les comptages des activitis de t6N (radiation gamma de 4,5 a 8 MeV) et de 
‘*Al (photopic de 1,78 MeV) furent effectues a l’aide dun analyseur monocanal ou dun 
selecteur multicanal. Le. temps d’analyse par impulsion &ant long il est necessaire d’appliquer une 
correction dans le cas du selecteur multicanal. Quatre mithodes furent ttudiees dans le present 
travail: comptage dans le mode temps actif; comptage court en temps reel avec mesure externe du 
temps actif; comptage corrige par la methode de BartoSek et par la mtthode de Schonfeld. 
Chaque mbthode fut controlte par un comptage simultani a I’aide de I’analyseur monocanal. La 
silice calcine-e a 1000°C fut utilisee comme standard. A partir des don&es de la litterature une 
correction fut appliqub pour les interferences dfies aux elements F, P, Al, Fe et Mg ainsi que 
pour I’attenuation des neutrons, des gamma’s et des btta’s. Pour I’analyseur monocanal le 
coefficient moyen de variation etait de 1,7 y0 pour l’oxygene et de 1,l y0 pour le silicium. Les 
valeurs moyennes dans le cas du monocanal furent comparees a celles de la litterature. 
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Summary-Phosphorescence VS. pH titration curves of cytosine, cytidine, cytidine-Y-mono- 
phosphate (CMP), diphosphate (CDP) and &phosphate (CTP) were obtained in methanol/water 
lo/90 v/v and in various aqueous sodium halide solutions frozen at 77°K. As shown by the 
shape of the titration curve, molecular aggregates or “puddles” of cytosine and cytidine were 
shown to occur only in relatively concentr&ed frozen solution (10w3M), these aggregates being 
dissociated in dilute frozen solutions II 10V4M) or in -1M sodium chloride. No molecular 
aggregation could be found even in cbncentrated solutions of CMP, CDP, and CTP. Lower 
concentrations of sodium bromide or iodide (10-‘&f) were demonstrated to give “reversed” 
sigmoidal phosphorescence titration curves in the case of cytidine, due to an ano~l~~y large 
heavy-atom enhancement factor in acidic solution, ranging between 30 and 50. 

Aggregation of nucleic acid-bases and derivatives has been shown to occur in frozen 
aqueous solution’-3 and has received in the past few years a renewed interest.“’ The 
existence of such molecular aggregates is supported by studies on sections of frozen 
aqueous matrix of thymine, ’ by low-temperature fluorescence and phosphorescence 
measurements of purine bases,6T10 thymine and l,3dimethylth~ne6,* nucleotides and 
dinucleotides?*s*7*‘0b as well as by ESR studies. 4*B Intermolecular interactions in these 
aggregates generally result in a red-shift in the fluorescence spectra7*8810b and in a decrease 
of both fluorescence and phosphorescence quantum yields,4*6*7*10b although an increase 
in phosphorescence intensity and phosphorescen~/~uore~en~ ratio with aggregate 
concentration has been demonstrated in the case of thymine and its derivatives.* In this 
last case, the mechanism resulting in this increase of intersystem-crossing at high 
aggregate concentration has not yet been elucidated.**” The influence of low melting 
point organic solvents or of electrolytes on the formation of aggregates is still a matter 
of discussion. Indeed, while it has been theorized by Wang’s2 that as the solution 
freezes, “puddles” of solute molecules together with some organic solvent or electrolyte 
are formed, several authors have claimed that aggregates are completely or partially 
dissociated by the addition of sodium chloride,4~7*10 ethanol, ethylene glycol, propylene 

* Research carried out as a part of a study on the phosphorimetric analysis of drugs in blood and urine, 
supported by U.S. Public Health Service Grant (GM-11373419). 

t OR leave from Laboratone de Chimie Organique Physique, Paris, France; present address: c/o Consulate 
General de France, 920 Esperson Building, Houston, Texas .77002. 

0 Present address: Jacksonville University, Jacksonville, Florida. 
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glycoPJJ l or glucose and sodium acetate. lob In the case of purine derivativesI and 
other organic compounds,’ 3~1 4 we have observed an increase of the phosphorescence 
intensity by several orders of magnitude upon introducing a few per cent of methanol 
or sodium halide into pure frozen aqueous matrix, an effect which could also be attributed 
to the dispersion of molecular aggregates present in pure frozen aqueous solution, 
although we have proposed a physical matrix effect as a more probable interpretation.14 
Because of their significant influence upon the luminescence properties of nucleic acid 
bases and derivatives, pH effects also have to be considered in the study of molecular 
aggregates. Recently, it has been shown by Montenay-Garestier and Helene9 that 
fluorescence and phosphorescence titration curves of cytidine in pure frozen aqueous 
solution at 77°K exhibit a luminescence intensity maximum at a pH value close to the 
ground-state pK value. This anomalous behaviour, compared to the classical sigmoidal 
shape of luminescence titration curves of cytidine in a water-propylene glycol glass, 
would indicate the formation of aggregates and the existence of charge-transfer inter- 
actions between cytidine and its cation. ’ However, surprisingly, addition of sodium 
chloride or ethanol did not change the peak shape of the luminescence titration 
curve, which would signify the persistence of aggregation in these predominately aqueous 
frozen solutions. That these findings are also significant in the photochemistry and 
the photobiology of nucleic acids has been recently demonstrated by the occurrence of 
a photoreaction of cytidine in the frozen state, yielding charge-transfer complexes similar 
to those found in the pH-luminescence stud&l5 

In order to re-examine more thoroughly the different factors involved in the aggregation, 
“puddle” formation or dispersion of nucleic acid bases and derivatives in frozen solutions, 
we have undertaken the present study of the effect of pH, and of sodium halide, 
methanol and solute concentrations upon the phosphorescence of isolated bases of nucleic 
acid, their mononucleosides and mononucleotides. In the present paper, we are more 
specifically concerned with the investigation of these effects upon the phosphorescence 
spectra and phosphorescence intensity of cytosine and cytidine and its mononucleotides. 
Because of their low phosphorescence quantum yield, cytosine and cytidine were considered 
previously as very weak phosphors, especially in acidic and.neutral frozen solutions.‘6*17 
In basic solution, the low-temperature fluorescence and phosphorescence intensities were 
approximately equal because of increase of intersystemcrossing from the R, A* singlet 
to triplet states in the anionic form. l’ However, we have also shown in this paper that 
phosphorescence intensity of cytosine and cytidine can be considerably increased in acidic 
media upon addition of minimum quantities of sodium bromide or iodide to frozen 
water-methanol matrices. 

EXPERIMENTAL 

Appuratus 

Phosphorescence excitation and emission spectra at 77°K were obtained on an Aminco-Bowman spectro- 
photofluorometer (SPF) equipped with an Aminco-Keirs phosphoroscope attachment and an Aminco Ratio 
Photometer (American Instrument Co., Silver Spring, Md.). The 150-W xenon arc lamp was powered by an 
Aminco xenon-lamp power-supply (Model 422-818). The RCA-lP28 multiplier phototube (American Instrument 
Co.) was powered by the Aminco Ratio Photometer. Phosphorescence spectra were taken on the Ratio 
Photometer in the ratio mode and recorded on a Moseley Autograph Recorder (Moseley Co., Pasadena, 
Calif.). Phosphorescence intensities were measured by using the normal mode of the Ratio Photometer with 
a low-noise nanoammeter.is 

A rotating capillary tube, approximately O-9 mm bore and 2 mm wall thickness, made from T21 Suprasil 
quartz capillary tubing (Amersil Inc., Hillside, N.J.) was used as the sample cell in the same conditions as 
previously described.‘2-‘4 
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Marerials 

Cytosine, cytidine, cytidine-S-monophosphate (CMP) sodium dihydrate, cytidine-5’-diphosphate (CDP) 
sodium dihydrate and cytidine-S&phosphate (CTP) sodium dihydrate were purchased from Nutritional 
Biochemical Co. (Cleveland, Ohio) and used without further purification. 

Solvents used were spectral quality methanol and demineralized water. 

Method 

Stock solutions of cytosine and cytidine and derivatives (concentrations 5 x 10-4-10-3M) were prepared 
in water or methanol/water lo/90 v/v, with or without various additions of sodium chloride, bromide or iodide. 
More dilute solutions were obtained by successive dilution with the appropriate solvent (with or without 
sodium halide). The pH of the stock and diluted solutions was adjusted with microquantities of concentrated 
hydrochloric acid, as needed. Phosphorescence signal vs. pH measurements were performed by adding micro- 
volumes of O.lM aqueous sodium hydroxide to acidic stock or diluted solutions of the compound, measuring 
room-temperature pH values and immediately taking the phosphorescence signal intensity from the nano- 
ammeter output of the Aminco-Bowman WF. The pH-meter was previously calibrated against buffer 
solutions (pH 4.00, 7GO and lOGO). For all pH values, phosphorescence measurements were taken at 77°K in 
duplicate or triplicate. Reproducibility of the phosphorescence signals was found to be within 5% for all the 
solutions used. 

A slit arrangement of 3,3,3,3 (in mm, corresponding to 17-nm excitation and emission spectral half- 
bandpass) was used for all phosphorescence measurements. 

RESULTS AND DISCUSSION 

EfSect of pH on phosphorescence intensity and spectral characteristics 

Phosphorescence excitation and emission maxima wavelengths of cytosine, cytodine 
and its nucleotides are given in Table 1. Excitation spectra are corrected for xenon 
arc-lamp response and lamp intensity fluctuations with the ratio photometer. Emission 

Table 1. Phosphorescence spectral characteristics of cytosine and cytidine and nucleotides in aqueous 
neutral, acidic and basic solutions” at 77°K 

Compound 
(salt) 

Peak wavelengthb, nm 
Acidic solution’ Neutral solution’ 

Excitation Emission Excitation Emission 
maximum maximum maximum maximum 

Basic solution’ 

Excitation Emission 
maximum maximum 

Cytosine 
Cytidine 
Cytidine 

(NaCl: O.lM) 
Cytidine 

(NaBr: O.lM) 
Cytidine 

(NaI: O.lM) 
CMP 
CDP 
CTP 

339 418 311h 396h 299 396 
295 415 2900 420p 287 412 
299 419 292= 420’ 290 420 

289 424 281” 420h 282 420 

295 424 291h 420h 292 420 

294 414 288 410 285 410 
294 416 285 412 285 411 
294 420 288 420 284 410 

a Concentrations approximately 10-s-10-4M according to the compounds. All spectra obtained with the 
ratio photometer, for methanol/water lo/90 media. 

b Peak wavelength error i 3 nm. 
’ Nature and concentration of the added salt. 
* PH 2 2.3. 
’ pH = 7.0, unless otherwise noted. 
’ pH 2 10.5. 
g pH = 4.0. 
h pH = 5.5. 
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spectra are characterized by broad and structureless bands. Excitation and emission peak 
wavelengths agree reasonably well with the available literature data for cytidine and its 
nucleotides,g*11*16*17 although small differences could be attributed to instrumental factors 
or solvent effects. We observed small shifts of the phosphorescence emission maximum 
wavelengths upon varying the pH, but we did not obtain the red-shift of the phos- 
phorescence maximum at pH 4.1 noted in the case of cytidine by Montenay, Garestier 
and Helene9 (see Table 1 and Fig. 5). There was also a significant shift towards longer 
wavelengths (900-2000 cm-i according to the nature of the nucleotide or nucleoside) 
of the excitation maximum upon acidification of the solution, in agreement with a 
similar red-shift observed in the room-temperature absorption spectra of cytidine.” 
In the case of cytosine, however, an unexpected and important red-shift (about 3200 cm- ’ ) 
of the. excitation maximum and a change in the shape of the excitation spectrum took 
place upon acidification. 

Phosphorescence intensity US. pH curves in methanol/water lo/90 v/v at 77°K are shown 
for cytosine and cytidine and its nucleotides in Figs. l-3. In the case of cytosine and 
@dine, the curves for phosphorescence us. pH exhibit a different behaviour according 
to the concentration used. At a concentration of 10m3M, the phosphorescence titration 

PH 

Fig. 1. Phosphorescence signal (in A) of cytosine (4 x 10T4M, curve 1; 9 x lo-‘M, curve 2) as 
function of pH in methanol/water lo/90 v/v at 77°K. Intensity measured iit emission maximum 

wavelength. 
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PH 

Fig. 2. Phosphorescence signal (in A) of cytidine ( 10-3M, curve 1; 10m4M, curve 2) as function 
of pH in methanol/water lo/90 v/v at 77°K. Intensity measured at emission maximum wavelength. 

10-g L_l-c 
0 I 2 

PH 

Fig. 3. Phosphorescence signal (in A) of CMP (lo-‘M, curve 1; 10m4M, curve 2), CDP (lo-‘M, 
curve 3) and CTP (5 x lo-‘M, curve 4) as function of pH in methanol/water 10190 v/v at 77°K. 

Intensity measured at the emission maximum wavelength of each compound. 
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curves are characterized by a large increase of phosphorescence signal (about 3- and 
36-fold increase, respectively, for cytosine and cytidine), followed by a smaller decrease, 
as the solution becomes less acidic. This phenomenon results in a peak in the vicinity 
of the ground-state pK, of cytosine (pK, = 4.45)” and of cytidine (pK, = 4*22)18 (see 
Figs. 1 and 2). At pH values larger than about 9, the phosphorescence signal of cytidine 
stays approximately constant, while a large phosphorescence increase is noted for cytosine 
in the pH region 10-12, because of the formation of the more phosphorescent anionic 
species. At concentrations of 10m4M or lower, the anomalous peak observed close to the 
ground-state pK, value disappears completely in the caSe of cytosine and is largely reduced 
in the case of cytidine; furthermore, smaller increases in phosphorescence intensity are 
noted at the pK, value (3*7-fold increase with 10V4M but 36-fold increase with 10m3M 
cytidine). The formation of aggregates and of a charge-transfer complex between cytidine 
and its cation has been proposed to explain the anomalous peak in the luminescence 
titration curves of cytidine in frozen aqueous solution.’ In the present study, we confirm 
these results, but we found also that this phosphorescence intensity maximum is dependent 
on the concentration of cytosine or cytidine present in the frozen matrix. This phenomenon 
suggests that “puddles” of cytosine or cytidine molecules and cations together with 
methanol molecules are only formed at relatively high solute concentration (5 x 10e4- 
10V31211) in methanol/water snowed matrices, therefore permitting the occurrence of 
charge-transfer interactions between neutral molecule and cation in equal concentrations 
at a pH value close to the ground-state pK,. In contrast, at lower concentrations 
(I 10e4M), “puddles” would be partially or completely dispersed, resulting in the increase 
of intermolecular distances between cytidine or cytosine neutral molecules and cations 
and in the impossibility of charge-transfer interactions, as demonstrated by the dis- 
appearance of the peak in the phosphorescence titration curves at concentrations 5 10V4M. 

In the case of cytidine mono-, di- and triphosphate, phosphorescence intensity us. pH 
curves exhibit a similar behaviour with 5- to 16-fold increases in phosphorescence signal 
at a pH value close to the ground-state pK, of the particular compound, followed by a 
plateau region occurring over about 2 pH units, then by decrease in phosphorescence 
intensity by a factor of 16-3.1 in the pH region 7-9 (see Fig. 3). The classical sigmoidal 
shape of these titration curves indicates that, in contrast to cytosine and cytidine, no 
aggregates of cytidine mono-, di- or triphosphate are formed in frozen methanol/water 
solution, even at concentrations as high as 10m31M (see curve 1 in Fig. 3). This may 
be due to the size of the voluminous phosphate groups or to electronic repulsion 
between these groups, which would increase the distance between cytidine phosphate 
and its cation and therefore would prevent the formation of any charge-transfer complex. 
In agreement with our results, it has been found recently by Kleinwachterlob that CMP 
exhibits relatively weak aggregation in pure ice matrix and that complete disaggregation 
occurs in sodium acetate-glucose matrix. The decrease observed in the pH 7-9 region 
for all the cytidine phosphates might be due to the ionization of the phosphate groups. 

Halide efect studies 

We have also investigated the effect of sodium chloride, bromide and iodide on the 
phosphorescence spectral characteristics and phosphorescence intensity of cytidine as a 
function of pH. Phosphorescence excitation and emission maxima are not seriously 
shifted upon addition of sodium halides (Table 1). As in methanol/water mixtures, a 
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red-shift of the excitation maximum is observed upon acidification of the three halide 
solutions of cytidine (see Fig. 6). 

With 0-M sodium chloride in methanol/water lo/90 v/v or in pure aqueous frozen 
solutions, phosphorescence titration curves of cytidine (10e3M) exhibit a peak at pH 
3.741 close to the ground-state pK, of cytidine (Fig. 4, curves 1 and 2), while at 
lower concentrations of cytidine (10e4M) or in about 1+7M sodium chloride medium, 
the phosphorescence intensity maximum disappears completely, resulting in a sigmoidal 
phosphorescence titration curve (Fig. 4, curves 3 and 4). This change of behaviour as a 
function of sodium chloride or cytidine concentration strongly suggests that the molecular 
aggregates or “puddles” are completely dissociated in frozen matrices upon addition of 
various concentrations of sodium chloride ranging between O*lM for diluted cytidine 
solutions (I 10T4M) and 1.7M for more concentrated nucleoside solutions ( 10m3M). The 
present evidence of non-aggregation in dilute aqueous sodium chloride solutions supports 
our previous interpretation that the contribution of molecular aggregates to the variation 
of phosphorescence signal with solvent composition is of little importance in frozen dilute 
aqueous solutions, compared to physical matrix effects.14 

The effect of sodium bromide and sodium iodide on the phosphorescence titration 
curves is completely different. Indeed, in O.lM sodium bromide or iodide methanol-water 
solutions, a decrease of the phosphorescence signal of cytidine by a factor of 2.3-7-g 
occurs as the pH is increased in the region 4-6. A plateau region is then observed from 
pH 7 to 12 (see Fig. 5). This dramatic change in the variation of phosphorescence 
intensity with pH results in “reversed” sigmoidal curves which are close mirror images 
of the corresponding curves with sodium chloride. 

10-g I I I I I I I I I I I I 
0 I 2 3 4 5 6 7 8 9 IO I I2 

P” 

Fig. 4. Effect of sodium chloride on the phosphorescence titration curve of cytidine. Curves 1, 
2 and 4 were obtained with lo- 3M cytidine and curve 3 with lo-“A4 cytidine. 

Curve 1. in O,lM NaCl in methanol/water lo/90 v/v solution. 
Curve 2. in O.lM NaCl. 
Curve 3, in O,lM NaCl in methanol/water lo/90 v/v solution. 
Curve 4, in 3,71\4 NaC1. 
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PH 

Fig. 5. Effect of sodium bromide and iodide on the phosphorescence titration curve of cytidine. 
Curve 1, 7.5 x IO-skf cytidine in 0.1M NaBr in methanol/water lo/90 v/v solution. 
Curve 2, 3.9 x 10w6M cytidine in O*lM NaI in methanol/water lo/90 v/v solution. 

60 

60 

0 I 1 I I I I I I I I 
200 300 400 500 600 700 

Wavelength, nm 

Fig. 6. Effect of pH on the phosphorescence excitation and emission spectra of cytodine in 
O.lM NaCI in methanol/water 10190 v/v at 77’K. 

Curve 1, pH: 10.4. 
Curve 2, pH: 24. 
Curve 3, pH: 40. 
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Table 2. Heavy-atom effect on phosphorescence 
intensity of cytidine in frozen matrix at 77°K 

Sample 
matrix” 

Enhancement 
facto? 
I,““x/I, 

DetectionC 
pH 10 pH 25 limit, 

M 

Methanol/water 
10190 v/v 
(O.OlM NaOH) - - 10-s 

O,lM NaCl 1.2 1.1 4 X 10-bd 
O.lM NaBr 2.7 50. 1 x 10-7c 
O.lM NaI 48 31. 8 x lo-” 

a Methanol/water v/v lo/90 as solvent, except 
otherwise noted. 

b Enhancement factor calculated from the ratio of 
the phosphorescence intensity (at maximum wave- 
length) in methanol-water-sodium halide solutions 
(IPNfi) and in methanol-water (I,), with equal 
concentrations of cytidine (10m4M). 

’ Detection limit is defined as the concentration 
giving a phosphorescence signal (located on the linear 
part of the analytical curve) that is twice the back- 
ground noise. 

d In water solution, pH 3.7. 
e In pH 25 solution. 

Heavy-atom eflect 

In fact, the anomalous reversed shape of the phosphorescence titration curves of cytidine 
with sodium bromide or iodide results from large enhancements of the phosphorescence 
signal in the acidic region where the signal was at a minimum value with sodium 
chloride as well as with methanol/water solutions. It. is well known that the introduction 
of a heavy atom (such as iodine and bromine) into a matrix enhances the phosphorescence 
signal, owing to the increase of the spin-orbit coupling of excited singlet and triplet 
states. This results in the increase of the rate constant of intersystem-crossing ‘from the 
excited singlet to the excited triplet state. ig We have recently attributed the enhancement 
of the phosphorescence signal in aqueous sodium bromide and iodide solutions to this 
type of external heavy-atom effect.14p20 In the case of cytidine, the heavy-atom enhancement 
factors determined in the alkaline region of the phosphorescence titration curves ranged 
between 2.7 and 4.8, values which might be reasonably expected from our previous 
assumptions that a compound with a low phosphorescence quantum efficiency (such as 
cytidine) should exhibit a relatively high heavy-atom effect.20 However, anomalously high 
values of enhancement factors, ranging between 30 and 50, are obtained in acidic 
sodium bromide or iodide solutions of cytidine* (see Table 2). This strongly indicates that 
powerful interactions are present between cytidine cations-the predominant species at 
pH 2+5-and iodide or bromide ions, increasing manyfold the rate of intersystem-crossing 
between the excited singlet and triplet states. These interactions might be due to charge- 
transfer complexes in which iodide or bromide ions would act as electron donor and 

* An enhancement factor of 60 is also obtained for acidic sodium bromide solutions of cytosine. 



864 J. J. AARON, W. J. SPANN and J. D. WINEFORDNER 

cytidine cations as electron acceptor. Comparable weak complexes have been postulated 
between a phosphorescent aromatic molecule and an heavy-atom perturber, such as alkyl 
halides1g or alkali metal halides. 21’ As a consequence of the large heavy-atom enhance- 
ment factors observed in acidic solution, the limit of detection of cytidine is increased 
by one or two orders of magnitude in acidic sodium iodide or bromide solution 
(Table 2), as determined from the linear log-log plot of cytidine concentration us. 
phosphorescence signal. Such findings are also of interest for the analytical bioassay of 
cytidine and related nucleotides. 
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Zwaunmeuf&uug-Titrationskurven der Phosphoreszenz in Abhlngigkeit vom pH-Wert von 
Cvtosin. Cvtidin. Cvtidin-5’-mononhosohat (CMP1 diuhosohat ICDP) und-triohosohat (CTP) 
w&den’ id Methanol-Wasser 16 : 90’ (v/v) und. in * ver&hiedenen ‘eingefrorenen wiibrigen 
Natriumhalogenidliisungen bei 77°K aufgenommen. Wie die Form der Titrationskurven zeigt, 
kommen Molekiilaggregate oder “Puddel” von Cytosin und Cytidin nur in ziemiich 
konzentrierter eingefrorener Lbung vor ( 10-3M); in verdiinnten eingefrorenen LGsungen 
(< lo-‘M) oder in _ 1M Natriumchlorid sind diese Aggregate dissoziiert. Selbst in konzen- 
trierten L6sungen von CMP, CDP oder CTP konnte keine Molekiilaggregation gefunden 
werden. Niedrigere Konzentrationen von Natriumbromid oder-jodid (lo- ‘M) ergaben im Fag 
des Cytidins “umgekehrte” sigmoide Phosphoreszenz-Titrationskurven. Diem riihren von einem 
anomal grogen Schweratom-Verstgrkungsfaktor in saurer Liisung, der zwischen 30 und SO 
bctrigt. 

R&&-On a obtenu les courbes de titragt phosphorescence-pH des cytosine, cytidine, 
cytidine 5’-monophosphate (CMP), diphosphate (CDP) et -triphosphate (CT’P) en methanol/eau 
IO/90 v/v et dans diverses solutions aqueuses congelees d’halog6mue de sodium a 77” K. Comme 
il apparait par l’allure des courbes de titrage, on a montrt que.des agregats ou “flaques” de 
cytosine et cytidine ne se manifestent qu’en solution congelC relativement concentrC (lo- 3 M), 
ces agregats Ctant dissocits en solutions congel&s dilu6es (c 10m4 M) ou en chlorure de sodium 
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- 1M. On n’a pas pn trouver d’association molkulaire mime en solutions concentrkes de CMP, 
CDP et CTP. On a dkmontrt que des concentrations plus faibles de bromure ou d’iodure de 
sodium (10-l M) donnent des courbes de titrage par phosphorescence sigmoidales “inversks” 
dans le cas de la cytidine, ayant pour cause un facteur #exaltorion par ntome lout-d anormalement 
grand en solution acide, se situant entre 30 et 50. 
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Summary-Four triphenylmethane derivatives (cations) and a high molecular-weight quaternary 
ammonium ion were used as the ion-exchange site in the liquid membranes of electrodes 
responsive to aromatic sulphonate ions, such as benzenesulphonate and Ec-naphthalenesulphonate. 
The nitrobenzene or 1,2dichloroethane membrane containing the Crystal Violet-aromatic 
sulphonate pair had good sensitivity, showing an approximately Nernstian response down to 
10w4M sulphonate. The potential of the Crystal Violet membrane was independent of pH variation 
from 2.5 to 12. Chloride and sulphate ions in the aqueous sample solution did not affect the 
electrode potential. 1,3,6-Naphthalenetrisulphonate exertedessentially no influence on the potential 
of the a-naphthalenesulphonate electrode. The interference of the nitrate ion was relatively large. 
The conductivity and association of the solute species in the membrane were estimated. 

Various kinds of ion-selective electrodes with liquid membranes have been developed in 
the past several years. Of the ion-selective electrodes for aromatic sulphonates, Coetzee 
and Freiser’ reported the p-toluenesulphonate ion-selective electrode having a l-decanol 
membrane containing methyltricaprylammonium ion (Aliquat 3368) as ion-exchange site, 
as well as many other anion-sensitive electrodes using ion-association extraction systems, 
and showed that the membrane electrode had linear Nernstian response from 10-l to 
lo- 3A4 p-toluenesulphonate and was useful down to 10m4M. Bonner and Lunney2 
measured the activity of the same sulphonate species by using a concentration cell with 
a liquid membrane containing dialkyldimethylammonium chloride (Humuko Kemamine 
Q-1902-C). In a previous communication, 3 the Crystal Violet cation was reported to be 
an effective ion-exchange site in {he membrane of an electrode responsive to aromatic 
sulphonates such as benzenesulphonate. This paper presents details of the analytical 
performance of the sulphonate ion-sensitive electrodes using Crystal Violet as well as 
analogous triphenylmethane derivatives as ion-exchange site in the membrane. The 
distribution of the exchanger between the membrane and an aqueous phase, and ionic 
conductances and the association of the solute ions in the membrane have been measured 
in relation to the performance of the electrode. 

EXPERIMENTAL 

Chemicals and membrane solutions 

Four triphenylmethane dyes, i.e., Crystal Violet (CV), Methyl Violet (MV), Malachite Green (MG) and 
Fuchsine Basic (F) were obtained as chloride salts from Kishida Kagaku Co. Sodium aromatic sulphonates 
were obtained from Wako Pure Chemicals Co. and Tokyo Kasei Kogyo Co. Anaromatic sulphonate salt of 
Crystal Violet was precipitated by mixing concentrated aqueous solutions of the sodium sulphonate and of 
Crystal Violet. The precipitate was washed with demineralized w’ater and dried in vacuum. Elemental analysis of 
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the precipitate showed that it had a chemical composition essentially identical to the calculated one. The 
sulphonate salts of the other dyes and the iodide salt of Crystal Violet were prepared in similar manner. The 
organic solution of the sulphonate was prepared by dissolving a known amount of the precipitate in solvents 
such as nitrobenxene (NB), 1,2_dichloroethane (DCE), chloroform etc. The organic solution of dodecyloctyl- 
methylbenxylammonium sulphonate (DOMBA-S) was prepared by the extraction method from the aqueous 
solution. DGMBA was supplied in chloride form by Kao Soap Co. and used as received. All other chemicals 
used were of reagent or analytical grade. 

Electrode 

The performance of the sulphonate ion-sensitive electrode was estimated by measurement of the electromotive 
force (e.m.f.) of the following cell. 

SCE /Solution I (reference) 1 Organic liquid membrane ( Solution II (sample) 1 SCE . 

The cell assembly is the same as that described eLsewhere.4 The lower part of a glass U-tube was filled with 
10 ml of the organic solution containing an ion-exchange site such as Crystal Violet, by which the reference and 
sample solutions (10 ml of each) were separated. The reference and sample solutions were connected to the 
saturated calomel electrodes through an agar bridge saturated with potassium chloride. Solutions I and II are 
aqueous solutions of the same sulphonate as that in the membrane. The concentration of the reference solution 
was O.lM for sodium benxenesulphonate (BS) and tolucnesulphonate (TS) and O.OlM for z-naphtha- 
lenesulphonate (NS). The effect of diverse ions on the electrode response to a primary sulphonate ion was 
examined by adding the ions to solution II. An alternative estimation of selectivity was performed with the 
“mixed solution method,“’ a procedure which assesses the selectivity coefficient from the measurement of e.m.f. 
for sample solutions containing a fixed amount of interferent and varying amounts of the primary sulphonate ion. 
In this case an Orion liquid-membrane electrode barrel (92 type) quipped with a Millipore filter solvinert 
membrane (pore size 0.25 m) was used. The e.m.f. (membrane potential) was measured with a Takeda-Riken 
electrometer No. TR-8651. The membrane potential was stable over the concentration range of Nernstian 
response. 

Conductivity 

Conductances of organic membrane solutions were measured at 25” by means of a conductivity cell with a 
cell constant @221 cm-‘, and a Yanagimoto Conductivity Meter Model MY-7. For these measurements, the 
organic membrane solvent was puritied by distillation. 

Distribution of the membrane solute between organic and aqueous phases 

The equilibrium distribution of the membrane solute was estimated by the spectrophotometric determination 
of the solute concentration in the equilibrated aqueous phase, after 10 min shaking of the organic solution with 
an qua1 volume of water. The absorbance at 592, 570, 609 and 542 nm was measured for the determination 
of Crystal Violet, Methyl Violet, Malachite Green and Fuchsine Basic, respectively. 

RESULTS AND DISCUSSION 

Selection of ion-exchange site species and solvent 

No elution of the ion-exchanger from the electrode membrane to the adjacent aqueous 
solution is desirable if a highly sensitive electrode is to be obtained. The elution of the ion- 
exchanger depends on the solvent species used, the combination of ion-exchange site and 
counter-ion chosen, and the adjacent aqueous solution. 

Table 1 shows that among analogous dyes, Crystal Violet and Methyl Violet salts 
have high distribution ratios, as expected from their relatively hydrophobic functional 
groups, this being consistent with the behaviour of the potential of the dye-containing 
membrane electrodes, as shown in Fig. 1, in which the potentials of these two membranes 
give a linear response over a wider range of the logarithm of the molar concentration 
of benzenesulphonate. At higher concentrations (O.Ol- lM), the potentials are independent 
of the dye species in the membrane. 

Table 2 gives the distribution of the Crystal Violet-benzenesulphonate ion-pair 
between organic solvent and water. Nitrobenzene and 1,2dichloroethane are better as the 
membrane solvent, because of the high distribution ratios as well as their high dielectric 
constants, which give high conductance to the membrane. 
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Table 1. Distribution of benzenesul- 
phonate salt of triphenylmethane dye 
between 1,2-dichloroethane and water 

at 25°C 

Triphenylmethane dye 

Crystal Violet 
Methyl Violet 
Malachite Green 
Fuchsine Basic 

D = Co/C,* 

1.8 x 102 
I.2 x 102 

41 
9.6 x 1O-2 

2 oc 

15c 

> 
E 
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* D is distribution ratio; C, and C, 
are concentrations of dye in organic 
and aqueous phases, respectively. 

Fig. 1. Membrane potential of the benzenesulphonate (BS) electrode with a 1,Zdichloroethane 
membrane containing the dye cation as ion-exchange site, at 25°C. 

Dye: (1) CV, (2) MV, (3) MG, (4) F. 

Table 2. Distribution of benzene- 
sulphonate salt of crystal violet 
between organic solvent and water 

at 25°C 

Solvent D 

Nitrobenzene 
1,2-Dichloroethane 
Chloroform 
Monochlorobenzene 
Carbon tetrachloride 
Benzene 

2.2 x 10) 
1.8 x 102 
1.0 x 102 

2.0 
1.8 
0.6 
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Fig. 2. Membrane potential us. membrane solute concentration at 20°C. 
-o--: CV-BS in NB, -0--: CV-BS in DCE, -a---: DOMBA-BS in DCE. 

Molar concentration ratio of Soln. I to Soln. II: 100. 

The concentration of ion-exchanger in the membrane may also affect the membrane 
potential. As shown in Fig. 2, if the concentration of the membrane solute is kept in 
the range 1 x 10 -4-1 x IO-‘M, the electrode has a constant and stable potential. At 
concentrations of membrane solute below 10q4M, the potential is unstable, whereas at 
concentration higher than the stable range the potential tends to decrease, probably 
because of elution of membrane solute into the adjacent aqueous solutions. In the work 
described here the concentration of the membrane solute was 5 x 10q4M, except for the 
case noted. 

Crystal Violet membrane electrode 

From the results mentioned above, a 1,Zdichloroethane or nitrobenzene solution 
containing Crystal Violet is expected to give a good electrode membrane. The potential- 
concentration relationships of the electrodes with Crystal Violet membranes responsive to 
benzenesulphonate, toluenesulphonate and a-naphthalenesulphonate ions are shown in 
Fig. 3. Each electrode had an approximately Nernstian slope (56 mV/log C, where C is 
the molar concentration of the sulphonate ion) down to 10e4M and was useful to 
lo- ‘M. The figure also shows the response of the electrode with the quatemary ammonium 
salt liquid membrane, which deviates from Nernstian linearity even at 10m4M. 

The pHeffect on the potentials of the benzenesulphonate- and a-naphthalenesulphonate- 
sensitive electrodes was examined by measuring the e.m..f. of the cell in the sample 
solution with varying acidity, which was changed by adding an appropriate amount of 
hydrochloric acid and/or sodium hydroxide solution. The variation of pH from 25 to 
i2 yielded no change of the membrane potentials of either electrode, though small 
potential drops were observed below around pH 2, probably arising from conversion of 
Crystal Violet into its acidic form and the change of the liquid junction potential between 
the sample solution and an agar-potassium chloride bridge. 

Interference of diverse ions 

The effect of diverse ions on the benzenesulphonate electrode is shown in Fig. 4. 
Less interference was observed with the a-naphthalenesulphonate electrode. The effect 
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Fig. 3. Membrane potentials of the sulphonate electrodes with the Crystal Violet membranes 
at 20°C. 

Membrane: (1) CV-toluenesulphonate in DCE, (2) CV-BS in NB, (3) CV-BS in DCE, (4) CV-NS 
in DCE, (5) DOMBA-BS in DCE. 

125 
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Fig. 4. Effect of diverse ions (D) on the membrane potential of the benzenesulphonate (BS) 
electrode at 20°C. 

Membrane: CV-BS in DCE. 
Soln. I: O.lM BS, Soln. II; OTJOlM BS + diverse ion (D). 

Diverse ions: (1) Cl-, SO:-, 1,3,6-naphthalenetrisulphonate, (2) phenol4sulphonate, (3) benzo- 
ate, (4) benzene-m-disulphonate, (5) NO;, (6) NS. 

of interferents is usually expressed by a selectivity coefficient Ki, j in the following equation. 

EM = Const. + 2*303RT/Zi F . lOg(ai + Ki, j a ajzi”i) 

where EM is the membrane potential and Zi, Zj and ai, aj are the charges and 
activities of the primary sulphonate ion i and interferent j in the sample solution, 



872 NOBUHIKO ISHIEMHI, H~TO~HI KOHARA and KAZUO HORINOUCHI 

Table 3. Selectivity coefficients K,. j 

Benzenesulphonate electrode a-Naphthalenesulphonate electrode 

Interferent, j Cj,M Kxs. I Interferer&j Cj, M K NS./ 

cl- 05 0.003 Cl- 0.5 OQOO4 
NO; @005 0.76 NO; 0905 0.03 
phenol4sulphonate 04305 OQ16 benzenesulphonate 0905 007 
benzene-m-disulphonate 04M5 0.005 1,5_naphthalene- 
benzoate 04X5 OQ4 disulphonate 0+05 oQoO7 
a-naphthalenesulphonate 04XIO25 16 1,3,6_naphthalene- 
1,3,bnaphthalene- trisulphonate 0.1 OGOOO6 

trisulphonate 0005 06008 4-hydroxy-2-naphthalene- ~ 
sulphonate 0.005 0.025 

2,3dihydroxynaphthalene- 
6-sulphonate 0405 0.00045 

respectively. In estimation of the selectivity coefficient, the molar concentrations were 
used instead of the activities. The observed Ki, j values for several anions are summarixed 
in Table 3. Nitrate interferes with the Nemstian behaviour of the benzenesulphonate 
and a-naphthalenesulphonate electrodes, though chloride gives no significant interference. 
Sulphate also does not interfere, even in large excess. Substitution of an additional 
hydrophilic functional group, i.e., sulphonate or hydroxyl group, in the interfering species, 
decreases its interference. 1,3,6-naphthalenetrisulphonate has little or no effect on the 
potentials of the benzenesulphonate or a-naphthalenesulphonate electrodes, whereas 
a-naphthalenesulphonate changes the potential of the benzenesulphonate electrode 
considerably. 

Conductivity of the electrode membrane 

The conductivity of Crystal Violet salts in nitrobenzene and 1,2dichloroethane are 
shown in Fig. 5. The concentration-dependence of the molar conductance of each salt 
shows that the sulphonate salt in nitrobenzene is nearly completely dissociated over a 
wide concentration range, but is moderately associated in 1,Zdichloroethane. 

The limiting molar conductance of the solute and the association constant were 
estimated by the Shedlovsky method,6 using the conductance data. The results are listed 
in Table 4. The limiting conductivities of Crystal Violet cation and sulphonate ion 
in nitrobenzene were based on the reported limiting conductivity value of the iodide ion.’ 
The association between the Crystal Violet cation and its counter-anion is negligibly 
small in nitrobenzene and is not so large even in 1,2-dichloroethane. In the latter solvent, 
about 20% of the Crystal Violet salt is in ion-association complexes at 5 x 10a4M 
concentration, which corresponds to the membrane concentration. The mobility of 
benzenesulphonate is not so different from that of naphthalenesulphonate. Eisenman and 
his co-authors showed that the selectivity coefficient is governed by the square of the 
ratio of the distribution ratio (between membrane solvent and water, at infinite dilution) 
of the salts of the interferent and the primary anion with a common cation, if the 
membrane solute is completely dissociated and the mobilities of two competitive anions 
are equal.* The distribution ratio of the a-naphthalenesulphonatt salt of Crystal Violet 
between 1,2dichloroethane and water was observed to be 1-O x 10’ at 25”. Comparing 
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2 4 ‘6 6 IO 

a- x 100 

Fig. 5. Conductivities of the 1.2dichloroethane and nitrobenzene membranes at 25°C. 
1Jdichloroethane membrane: (1) CV-BS, (2) CV-NS. 

Nitrobenzene membrane: (3) CV-I-, (4) CV-BS, (5) CV-NS. 

Table 4. Conductivity and association constant of the Crystal Violet salt in nitro- 
benzene and 1,2dichloroethane at 25°C 

Anion 

I- 
benxenesulphonate 
a-naphthalenesulphonate 

Limiting molar conductivity and association constant 

In nitrobenxene In 1,2dichloroethane 

Ao* 1,” I_’ Kt A0 K 

32.5 12.1 20.41 22 
26.1 12.1 14.0 -2 56.2 1.5 x 10s 
25G 12.1 12.9 -1 54.1 1.4 x 10s 

* I.+ and 1_ are the limiting molar conductivities of cation and anion, respectively, 
in units of ohm-1cm2mole-r (A,, = 1, + A_) 

t K is the association constant of CV with the respective anion. 
$ From reference 7. 

this distribution ratio and that of the corresponding benzenesulphonate salt in Table 2 
with the observed selectivity coefficient between benzenesulphonate and a-naphthalene- 
sulphonate ions supports the Eisenman theory, though only qualitatively. 
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ZBfamnng-Vier Triphenylmethan-Derivate (Kationen) und ein quart&s Ammoniumion 
mit hohem Molekulargewicht wurden als Ionenaustauschzentren in den Riissigen Membranen 
von Elektroden verwendef die auf aromatische Sulfonationen wie Renzolsuifonat und a- 
Naphthalinsulfonat ansprechen. Die Membran aus Nitrobenzol order 1,2-Dichloriithan mit dem 
Paar Kristallviolett-aromatisches Sulfonat wies eine gute Empfindlichkeit auf; das ungefiihr 
Nernst’sche Verhalten reichte bis hinunter zu 10m4M Sulfonat. Das Potential der Kristall- 
vioktt-Membran war von pH-knderungen zwischen 2,5 und 12 unabhlngig. Chlorid- und 
Sulfationeninderw&igenProbenliwung&ndertendas Elektrodenpotentialnicht. 1,3,6-Naphthalin- 
trisulfonat war praktisch ohne EinfIuD auf das Potential der c+Naphthalinsulfonat-Elektrode. 
Die Storung durch das Nitration war relativ gro13. Leitfiihigkeit und Assoziation der getlosten 
Spezies in der Membran wurden abgeschltzt. 

Resume-On a utilise quatre derives du triphenylmethane (cations) et un ion ammonium 
quaternaire de haut poids mol&ulaire comme siege d&change d’ions dans les membranes 
liquides d’6lectrodes sensibles aux ions sulfonates aromatiques, tels que le benzbnesulfonate et 
l’a-naphtalene sulfonate. La membrane de nitrobenzene ou de 1,2dichlorethane contenant la 
paire Crystal Violet-sulfonate aromatique a une bonne sensibilite. montrant une reponse 
approximativement Nemstienne jusqu’a une concentration aussi faible que lOA M de sulfonate. 
Le potentiel de la membrane de Crystal Violet est indtpendant de la variation de pH de 
2,s ri 12. Les ions chlorure et sulfate dans la solution aqueuse d’echantillon n’affectent pas le 
potentiel d’&ctrode. Le 1,3,6-napht&ne trisulfonate n’exerce essentiellement pas dinfluence sur 
le potentiel de l’blectrode P l’a-naphtalene sulfonate. L’fnterference de l’ion nitrate est relativement 
grande. On a estimd la conductivitt et l’association de l’espece dissoute dans la membrane. 
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Summary-A new twin-cell thermometric titrator has been devised and used for thermometric 
titration of solutions of sodium molybdate, sodium tungstate, sodium orthovanadate, ammonium 
metavanadate, and potassium chromate with perchloric acid. The thermometric titration curves 
were compared with corresponding pH-titration curves for elucidation of the reactions occurring 
in the titrations. Thermometric titrimetric methods have been developed for the determination 
of tungsten, vanadium and chromium. 

We have been interested in the formation of polyanions, in the course of mineral acid 
titration of a neutral solution containing a salt of an oxyanion such as molybdate, 
tungstate, orthovanadate, metavanadate, and chromate. A number of investigators have 
approached this problem with the aid of various physical and chemical methods. For 
example, the polymerization of molybdate has been investigated by potentiometric and 
conductometric titration,’ cryoscopic titration2 polarography and amperometry,3 Raman 
spectroscopy and ultracentrifugation4 and ultraviolet spectrophotometry,’ and isopoly- 
molybdate anions such as Mo,O:;, Mo,Oq;, Mo,O$;, and MosO:; have been 
reported as the polymeriiation products in the course of acidification. Jahr and Fuchs6 
have reviewed the methods applicable for the study of the formation of polyoxyanions 
containing molybdenum, tungsten and vanadium respectively, and also listed the 
polymerization products. However, their review did not include thermometric titrations, 
and it may be said that this method has never been applied sufficiently to investigations 
of the formation of polyoxyanions. 

Though thermometric titration is widely used for investigation of complexation 
reactions, the results have to be confirmed by other methods such as potentiometric or 
conductometric titration.’ Precise thermometric titrations have been used alone to 
determine simultaneously free energy changes (AG) and enthalpy changes (Iw), by 
Christensen et LzI.,~-~~ who interpreted the titration curves with aid of a computer. 

Recently, however, Cabani and Gianm ‘I2 showed that these simultaneous determination 
techniques seem to be limited in application to only simple reactions. The lack of 
reliability of the method may be due to the difficulty of obtaining a sufficiently 
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accurate titration curve, since in the classical thermometric titrator the heat of dilution 
and the change of heat capacity during the titration had serious effects on the 
titration curve. Now, with a thermometer of new type, the thermometric titration 
method can be used alone not only for determination of the end-point in titrations 
but also for elucidation of complicated processes in a reaction. 

We used the new titrator to obtain thermometric titration curves for sodium 
molybdate, tungstate and orthovanadate, ammonium metavanadate and potassium 
chromate with perchloric acid. The pH-titration curves for the same systems were also 
determined, and the reaction processes deduced from results obtained by both methods. 
Tungstate, vanadate, and chromate were found to give thermometric titration curves with 
inflections at a fixed mole ratio between the salts and the acid, and therefore can be 
determined by titration with a standard acid solution. 

A thermometric titrator having two titration vessels and two burettes was first 
devised by Tyson et al. I3 In their apparatus the temperature-sensing device consisted of 
four thermistors connected in parallel. We have tried to make such a device, but 
failed to prepare two identical sets of four thermistors having the same resistance- 
temperature response. Hence, only two thermistors of the same resistance-temperature 
response were chosen and used in our apparatus. Tyson et al.” used polyethylene 
cups as titration vessels, in which significant losses of heat could not be prevented 
during the titration. They recommended the rapid injection of titrant into the vessel, 
e.g., within 10 set, to obtain a titration curve of good shape. We used a Dewar flask 
as the titration vessel to avoid heat loss, and the titration could be achieved adiabatically 
even at a reduced rate of titration for relatively slow reactions. 

EXPERIMENTAL 

Thermometric titrator. The apparatus was similar to a thermometric titrator TMT-1A supplied commericalfy 
by TOA Electronic Co. Ltd., Tokyo, except for the titration system. The titration system was improved by 
substituting two syringe-type automatic injection burettes for the original burette. The essential features of the 
apparatus are shown in Fig. 1. The titration vessels were 50-ml Dewar flasks. The titration rate was 
0.2 ml/min. 

Fig. 1. Thermometric titration apparatus. 
1 Titrant vessel; 2 three-way taps; 3 injection syringe burettes; 4 synchronous burette motor; 
5 burette tips; 6 stirrer; 7 thermistor (R at 25°C = 20 kQ B =‘2800 f 10 K, time-constant = 
0.3 set); 8 adiabatic titration vessels (Dewar); 9 amplifier; 10 recorder; R, = 20 kQ; R, = 

variable resistor; 11 Teflon tube. 
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Potentiometric titration. A Metrohm Potentiograph E336 and glass electrode were used. 

Reagents 

Perchloric acid. Reagent grade perchloric acid (70%) was diluted with water to an appropriate concen- 
tration, and standardized with sodium carbonate solution as usual. 

Sodium molybdate solution, 05M. Standardized with 8-hydroxyquino1ine.‘4 
Sodium tungstate solution, 05M. Standardized as for the molybdate. 
Sodium vanadate solution, 14lM. Standardized volumetrica11y.r5 
Ammonium vanadate solution, O.lM. Standardized as for the tungstate. 
Potassium chromate solution, IQM. Standardized as for tungstate. 
All salts used were Wako Chemicals’ extra pure grade. Samples from two separate batches were used for 

the sodium tungstate, metavanadate and chromate, potassium tungstate and chromate, and ammonium 
metavanadate. Samples from three separate batches of sodium orthovanadate were used. The tungstates were 
checked gravimetrically as tungstic oxide,16 and the vanadates and the chromates volumetrically by the 
method of Kolthoff and Sandell.i5 

Procedure 

The two titration vessels were charged, one with 10-30 ml of sample solution and the other with an 
equal volume of reference solution, the solutions having been brought to thermal equilibrium with the 
surroundings. All titrations were carried out at room temperature (25 f 0.5”). The titrant concentration was 
90-100 times that of the titrand, so that the reaction was complete on addition of about 0.1-0.3 ml, and 
thus the volume change and consequent heat capacity change were kept to a minimum. The cover with 
its attached thermistors, stirrers, and burette tips was fitted, and when the thermistor-bridge recorder gave 
a steady trace the synchronous burette motor was started to perform the titration. A suitable bridge sensitivity 
was chosen by trial and error. The trace was 10-30 cm long for each titration, so the titration volumes 
could be measured to three significant figures. 

The pH-titrations were carried out by successive addition of 0.05-ml portions of perchloric acid to 100 ml of 
salt solution. 

To obtain precise titration curves at high molar ratios of the added acid to salt, the acidified salt 
solutions were titrated thermometrically and potentiometrically with perchloric acid. 

RESULTS AND DISCUSSION 

Throughout this paper the inflection point of the titration curve is called the 
Z-value, i.e., the molar ratio of added perchloric acid to neutral salt taken initially. 
Both thermometric and potentiometric titrations were performed, for comparison purposes. 

Acidijkation of sodium molybdate solutions 

The pH-titration curves were identical with those reported by others;’ the Z-value 
fell between 1.2 and 1.5 for titration of 0.2-OGIM sodium molybdate and this value 
agrees with that found by other researchers.‘*” 

The thermometric titration curves are shown in Fig. 2. Three distinct break-points 
can be observed on the titration curve of 0*2M sodium molybate (Fig. 2A), but only 
one on the pH-titration curve. The inflections have Z-values of l-14, 1.43 and 2.00, 
respectively. For OGIM molybdate solution, three inflections could still be observed 
(Fig. 2B), but-the form of the curve and the Z-values differed from those in Fig. 2A. 
The Z-values were 1.25, 140 and 3.6, respectively. The corresponding pH titration curve 
had only one Z-value, at 1.5, and that was quite obscure. For molybdate solution in lower 
concentration (5 x lo- 3M) only one inflection point was observed on the thermometric 
curve (Fig. 2C), and the Z-value was 150. The pH-titration curve had no inflection at all. 

These results show thermometric titration to be superior to pH-titration. The variation 
of the Z-values with initial concentration of molybdate will give much information 
about the polymerization of molybdate and the chemical species appearing during the 
acidification. The process of the acidification of molybdate can be interpreted as follows 
from the three inflections of the thermometric titration and from the results of other 
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Fig. 2. Thermometric titrations of sodium molybdate with perchloric acid. 
[NazMo04]: A 0.225OM; B 0+0428M; C 000535M. The ordinate is relative heat change during the 

titration. 

inv~tigators.l-s From Fig. 2, it can be seen that the first inflection is shifted to 
higher Z-values with decreasing initial concentration of molybdate. When the initial 
sodium molybdate solution is about 0*2M the first product is the heptamolybdate: 

7MoO;:- + 8H+ = Mo,Og; + 4H,O; calculated Z-value 8/7 = 1.143 (observed = 1.14) 

From 094M molybdate, both heptamolybdate and octamolybdate can be formed so as to 
exist s~~~n~~ly. From 0~5~ molybdate, the ~~oly~te is the first product 
formed: 

8MoOj- f 12H+ = MosO$,’ + 6H20; calculated Z-value 12/8 = 190 (observed = 150) 

The second intlection is given by 

Mo,O;; + 2H+ = HzMo,O’& ; calculated Z-value 10/7 = 1.43 (observed 1.43) 

and the third by 

8H,Mo,Of; + 32H+ = 7H,Mo,0z6 + lOH,O; calculated Z-value 112/56 = 200. 
(observed 2.00) 

In Fig. 2B, the Z-value of the second inflection is lower than the calculated value. 
This seems to indicate, as mentioned above, that part of the heptamolybdate was 
converted directly into octamolybdate, without intermediate protonation. 
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Fig. 3. Thermometric titrations of sodium tungstate with perchloric acid. 
[Na,WOJ: A 0.2030&f; B 000502M. 

Acidification of sodium tungstate solutions 
The pH-titration curves for 0405-0*5M sodium tungstate all have a single Z-value of 

1.2, but the inflection point becomes difficult or impossible to observe as the tungstate 
concentration of the starting solution decreases. For sodium tungstate concentrations 
>O.OlM a light yellow precipitate formed during the titration. Thermometric titration 
curves are shown in Fig. 3. Three inflections were observed for 0.2M sodium tungstate, 
the second of which was attributed to the heat of precipitation, and only two were 
observed for OGO5M sodium tungstate. The Z-values of the two inflections were 1.17 
and 1.50. The polymerization can be elucidated as described below and the fixed Z-value 
in thermometric titrations can be applied for the determination of tungstate. Typical 
results are shown in Table 1. 

Table 1. Comparison of results for tungsten determination. (Each value is the 
average of 50 determinations) 

Tungsten, % 

Compound 

Thermometric 
Sample 

No. Gravimetric” 1st inflection 2nd inflection 

Sodium tungstate 1 555 (0.43)* 55.7 (0.15)8 55.4 
2 55.6 (0.30) 

(0.62)* 
55.7 (0.16) 55.4 (0.68) 

Potassium tungstate : 50.7 (@65) 50.6 (@14) 50.5 (0.48) 
50.6 (050) 50.6 (0.17) 50.5 (0.59) 

* Coefficient of variation = lOO[E(x, - R)‘/n]“‘F %. 
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From the ~~ornet~~ titration curves and results obtained by other methods’“20 
we can postulate the first inflection as corresponding to 

6WO3- f 7Hf = HW,Oi; + 3H,O; calculated Z-value 7/6 = 1.167 (observed 1.17) 

and the second as 

HW,O;; + 2H+ = H,WdO& ; calculated Z-value 9/S = 1500 (observed 150). 

Acidification of sodium orthovanadate solutions 

The pH-titration curves had one inflection at a Z-value of 1-O irrespecfive of 
initial inanition of vamdate initially taken. A second inflection was observed 
O-2 and 04)SM vanadate but not OQ2M vanadate. 

the 
for 

Thermometric titration curves are shown in Fig. 4. Three inflections with Z-values 
l+OCl, 150 and 3+O were found for @2M vanadate but only one at Z-value 1430 for 
the OWU solution. The Z-value of the first infiection point of both the types of 
titration curve corresponds to protonation of the vanadate ion:21v22 

VOj- f H+ = HVOi- calculated Z-value 1GO (observed l#). 

The second inflections of both titration curves are dependent on the concentration of 
vanadate and the reaction is as follows.21*22 

2HVC?i- + H’ = HV,O$- + H,O; calculated Z-value 3/2 = l-SOjobserved 1.50). 

The third inflection could correspond to: 

SHV;?O;- f 15H + = HsVr002s ; calculated Z-value 30/10 = 3m (observed 3G). 

Fig. 4. Thermometric titrations of sodium orthovana~te with perkhforic acid. 
[Na,VO,]: A 0.2466M; B @024?M. 
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Howarth et aLz2 on the basis of their NMR observations, concluded that the 
dimerization was acid-catalysed, and rapid for 0*125M vanadate. In our work the 
dimerization was rapid for 0*2M vanadate but seemed to occur scarcely at all in 
0+02M vanadate since the second inflection which indicates the initiation of the formation 
of H6V,,02s could not be observed at all for the 0*02M solution. 

Acidijication of ammonium metavanadate solution 

The V,O:; ion is said to be already present in the test solution.23-25 The pH-titration 
curves give a single inflection point at a Z-value of O-4 for all concentrations of 
ammonium metavanadate. 

Thermometric titration curves are shown in Fig. 5 and have three inflections at 
Z-values of Q40, 1.00 and 200, the third being less clearcut. The thermometric 
titration curve for 0.02M ammonium vanadate has only one inflection at a Z-value 
of 0.4. The first inflection seems to be independent of the concentration of vanadate, 
but the others not. 

Vanadium in 0GX-0~5M orthovanadate and in O~Ol-O~lM metavanadate can be 
determined by thermometric titration since the Z-values of the first inflections are inde- 
pendent of the initial vanadate concentration. Table 2 shows typical results. 

From the thermometric titration curves and the results of other investigators21*23 
the course of acidification of metavanadate appears to be 

SV,O:; + 8H+ = 2V1,,0~8 -t 4H20; calculated Z-value; 8/20 = 0400 (observed 0400) 

Fig. 5. Thermometric titrations of ammonium metavanadate with perchloric acid. 
[NH,VOJ: A O.lOOOM; B 002OOM. . 
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Table 2. Comparison of results for vanadium determination. (Each 
vahre is’ the average of 50 determinations) 

Compound 

Vanadium, % 
Sample 

No. Volumetricrz Thermometric 

Sodium orthovanadate : 23.7 (2.9)* 24.6 (1.7)* 
24.2 (2.5) 25.1 (1.0) 

3 24-O (27) 24.6 (1.3) 
Ammonium metavanadate : 43.1 (0.88) 43.5 (@24) 

424 (0.80) 43.2 (0.35) 
Sodium metavanadate 1 41.2 (1.1) 41.7 (0.31) 

2 40-4 (1.1) 41.4 (@45) 

+ cbelwent of variation. 

followed by 

Vr,,O;; + 6H+ = H,V,,02s ; calculated Z-value 20/20 = 1.00 (observed 1.00) 
and 

H6V100zs + lOH+ = lOV0: + 8H,O; calculated Z-value 40/20 = 2.00 (observed 2.0) 

This last step may go in two stages: HsVloOzs = 5V,O, + 3Hz0 followed by 
V205 + 2H+ = 2VO: -f- HzO. The formation of V205 is independent of the hydrogen 
ion concentration but dependent on that of vanadate. 21 Therefore its formation would 
be rapid in 0-M solution, but slow in O+M4 solution; the second and the third inflections 
would consequently not be observed for the more dilute solution. 

Acidification of potassium chromate solutions 

The pH-titration curves all have a single inflection at a Z-value of 1.0. The 
thermometric titration curve for 0*5M potassium chromate, shown in Fig. 6, has an 
inflection at a Z-value of 140, and slight breaks at Z-values of about O-1 and O-25. The 

0 0.5 

2 

Fig. 6. Thermometric titration of 05136M potassium chromate with perchloric acid. 
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Table 3.. Comparison of results for chromium determination. (Each 
value is the average of SO determinations) 

Compound 

Chromium, % 
Sample 

No. Volumetric i* Thermometric 

Potassium chromate 1 26.7 (la) 26.7 (O*lO)* 
2 26.7 (10) 26.7 (0.11) 

Sodium chromate 1 31.8 (1.0) 320 (0.32) 
2 31.6 (1.3) 31.7 (0.30) 

* Coefficient of variation. 

curves for other chromate concentrations are similar in form. As the Z-value for 
chromate titration is always 140, chromate can be determined by thermometric titration. 
Results are shown in Table 3. The thermometric titration confirms the condensation of 
chromate to form dichromate. 

The pH-change in the pH-titration is based on AG, but the temperature change in the 
thermometric titration depends on AH. From AG = AH - TAS, comparison of the two 
titration curves gives some idea of whether the reaction mechanism is mainly influenced 
by AH or AS. For example, in the acidification of tungstate the process before the first 
inflection seems to have large AH and AS, whereas the process between the first and the 
second inflections has large AH but rather small AS. 

Acknowledgement-We wish to thank Dr. K. Tsutsui and Mr. T. Takezawa of the Institute of TOA Electronic 
Company for making the thermometric titrator. 
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wfammtg-Ein neuea Gerat mit Zwillingszelle zur thermometrischen Titration wurde 
konstruiert und zur thermometrischen Titration von Losungen von Natriummolybdat, Natrium- 
wolframat, Natriumorthovanadat, Ammoniummetavanadat und Kaliumchromat mit liberchlor- 
Giurc verwendet. Die thermometrischen Titrationskurven wurden mit entsprechenden pH- 
Titrationskurven verghchen, w die bei den Titrationen ablaufenden Reaktionen aufzukhiren. 
Thermometrische Titratioaamethoden zur Restimmung von Wolfram, Vanadium und Chrom 
wurden entwickeIt. 

Risumi-On a cotmu un nouvel appareil de t&age thermomitrique a celluies jumelees et I’a 
utiliJt pour le titrage thermomttrique de solutions de moiybdate de sodium, tungstate de sodium, 
orthovanadate de sodium, mttavanadate d’ammonium et chromate de potassium par I’acide 
perchlorique. On a cornpar les courbes de titrage thermometrique avec les courbes de titrage 
pH correspondantes pour &cider Ies reactions se produisant dans les titrages. On a developpt 
des m&odes titrimitriques thermometriques pour le dosage de tungstene, vanadium et chrome. 
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Summary-A simple method is described for the separation of molybdenum from titanium 
zirconium, chromium manganese, iron, cobalt, nickel, uranium and aluminium in a wide variety 
of samples in <30 mm. Phosphomolybdenum blue is produced by boiling for 2 min a 
molybdate solution containing phosphate to give MO/F’ = 20-37 (w/w) with hydrazine sulphate 
in O.lN sulphuric acid. The volume and acidity are adjusted to give a molybdenum con- 
centration of 0.6-5 my/ml in 04-05N sulphuric acid. The phosphomolybdenum blue is 
99.5% extracted with methyl isobutyl ketone in a single extraction. The residual molybdenum and 
hydrazine in the aqueous phase are oxidized with a few drops of liquid bromine and the 
molybdenum is quantitatively extracted with the same solvent from 1N sulphuric acid as its 
reddish brown thiosulphato complex. The molybdenum is stripped by ammonia-hydrogen 
peroxide solution. The back-extract is heated to boiling and filtered to remove the insoluble 
hydroxides of traces of accompanying elements. The thiosulphate in the filtrate is destroyed by 
boiling for 4-5 min with excess of hydrogen peroxide in slightly ammoniacal medium. The 
molybdenum is determined finally by cerimetry or other standard methods. 

“Molybdenum blue” is the basis of several procedures for the estimation of pg amounts 
of phosphorus, germanium, silicon, arsenic and molybdenum.‘-s It has, however, not 
been studied for the separation of molybdenum by solvent extraction, although it is 
sufficiently stable to atmospheric oxygen6 and extractable by oxygenated organic 
solvents.‘,‘*s Such a study is considered of interest as very few elements form molybdenum 
blues. 

Reagents and solutions 
EXPERIMENTAL 

Molybdenum solution. Sodium mblybdate dihydrate was dissolved in water to give a molybdenum con- 
centration of 20 mg/ml and aliquots were suitably diluted to give 100 and 10 Rg/ml concentrations. 

Sodium phosphate solution. Disodium hydrogen phosphate dihydrate (2.874 g) was dissolved in water and made 
up to 250 ml to give 2 mg of phosphorus/ml. 

Sodium thiosulphate solution, 40% w/v. 
Sulphuric acid, 1, 4 and 25N. 
Methyl isobutyl ketone. The fraction boiling at 114-l 16” was used. 
Hydrazine sulphate. 
Solutions of other elements. Prepared by dissolving the sodium or potassium salts in water or dilute 

sulphuric acid to give 10 or 20 mg/ml concentrations of the ions. 
Samples. Synthetic samples were made by dissolving suitable amounts of generally available salts in dilute 

sulphuric acid so as to give the compositions given in Table 6, where the first four samples represent 
Hastelloy A, Nimonic 80, ferromolybdenum and molybdenum silicide respectively, and the others were 
composed to test the scope of the method. 

Ferromolybdenum. Finely powdered sample (0.1 g) was heated with 10 ml of sulphuric acid (1 + 10) and 
3 ml of concentrated nitric acid. till fumes of sulphur trioxide evolved. The residue was dissolved by 
warming with 10 ml of water. neutralized with 10M sodium hydroxide and adjusted to O.lN in sulphuric 
acid for analysis by the procedure. 

885 
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Separation procedure 

Extraction of phosphomolybdenum blue. To a solution containing molybdate (MO 06-S mg/ml) and other 
ions in a SO-ml beaker, a suitable amount of sodium phosphate solution was added to give MO/P = N)-37 (w/w) 
and the mixture adjusted to be @lN in sulphuric acid and 15 ml in volume. Hydrazine sulphate [l mg/mg 
of reducible ions but 5 mg/mg of Cr(VI)] was added and the solution was boiled for 
2-3 min with frequent stirring to avoid crust formation. The solution was cooled to room temperature and 
transferred to a W-ml separatory funnel along with the rinse water. After adjustment to be 0.4N in 
sulphuric acid and 20 ml in volume, the solution was shaken for 2 min with an equal volume of methyl 
isobutyl ketone (MIBK). On settling, the aqueous phase w&s drawn off into a lOO-ml beaker. 

Any titanium (or zirconium) present in the sample was completely precipitated by careful addition of 
phosphate &fore adjustment of the MO/P ratio. Phosphomolybdenum blue was produced and extracted as above, 
without removal of the precipitate. 

Extraction of residual molybdenum as thiosulphato complex. The little unextracted molybdenum and excess 
of hydrazine sulphate in the aqueous phase were oxidized with a few drops of liquid bromine (added by 
micropipette). Excess was boiled off and the solution was cooled and transferred to another separatory 
funnel containing 25 ml of MIBK and enough 2SN sulphuric acid to give 1N sulphuric acid concentration .in 
a final volume of 25 ml of aqueous solution. The volume was made up to 23.5 ml with cold water and 
1.5 ml of #A sodium thiosulphate solution were added and the whole immediately shaken for 5 min. The 
aqueous phase, along with any precipitate at the phase interface, was drawn off into another separatory funnel 
already containing the same volume of solvent and thiosulphate solution as before and shaken immediately for 
5 min. The aqueous phase was drawn o!T, leaving any reddish-brown precipitate in the funnel. The 
precipitate was washed in the funnel by shaking with two l-ml portions of water. The aqueous phases were 
rejected. 

For each 100 mg of iron(III), when present, an additional 2 ml of thiosulphate solution were added to 
reduce it to iron(H). 

&rck-extraction of molybdenum. All the MIBK phases along with any reddish-brown precipitate, were 
transferred to a 250-ml separatory funnel and the molybdenum was quantitatively stripped by 2 min of 
vigorous shaking, first with an equal volume of just ammoniacal hydrogen peroxide solution containing 5 ml 
of 6% hydrogen peroxide, and then with half this volume of water made just alkaline with 2M sodium 
hydroxkle (ammonia causes emulsions) and containing 5 ml of 6% hydrogen peroxide. The back-extracts were 
heated to boiling for 4-S min with excess of hydrogen peroxide and any precipitate was filtered off. The 
clear liltrate and washings were acidified with hydrochloric acid, excess of hydrogen peroxide was boiled off 
and any molybdenum blue formed was oxidized with bromine water. After the excess of bromine had 
been boiled off, the solution was taken for determination of molybdenum. 

Determination of rhe elements. Molybdenum in amounts < 5 mg was determined calorimetrically,’ and in 
amounts >S mg either by the oxinate methodi or titrimetrically by cerimetry.” Other elements were 
determined by appropriate gravimetric methods. I2 Very low extraction of elements was confirmed by very 
sensitive tests.‘2*13 

RESULTS AND DISCUSSION 

Production and extraction of phosphomolybdenuln blue 

Of the reagents14*1s used for reduction of phosphomolybdate, hydrazine sulphate is 
found most suitable as it requires low acidity, and can easily be destroyed if necessary. 
In the absence of phosphate; hydrazine reduces molybdate quantitatively to isopoly- 
molybdenum blue at <0*3N acidity on heating, but stable emulsions are formed on 
shaking with oxygenated organic solvents, with little extraction. These difficulties are 
overcome by adding phosphate before reduction to give MO/P (w/w) = 20-37. Reducing 
in 10lN sulphuric acid medium and extracting with MIBK from O-4-0-W sulphuric acid 
(MO r O-6 mg/ml), &I ‘ves almost quantitative (299%) extraction. Reduction or extraction 
at higher acidities (Table 1) or lower concentration of molybdenum (Table 2) or with a 
different solvent (Table 3) or MO/P ratio outside the given range (Table 4) decreases 
the extraction. Changing the medium to hydrochloric acid is not advantageous, At MO 
concentrations ~5 pg/rnl, no blue colour is formed. Traces of silicate introduced in 
the reagents will behave similarly to phosphate. 
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Table 1. Effect of acidity on phosphomolybdenum blue formation 
and extraction 

(MO,= 4.9 mg/ml; MO/P = 37) 

Production Extraction 

[H,SO,I> N 
%&so 

from 0.6N H,SO, Acidity, N 

%&o 
H,SO, HCl 
medium medium 

0.02 99.4 0.2 97.4 99.6 
004 99.1 0.4 99.5 99.3 
0.10 WO 0.5 995 
0.20 96.4 0.6 99.0 G3 
0.60 83.8 

Table 2. Dependence of molybdenum 
extraction on MO concentration 

(MO/P = 30; 24 mg of Na2S20,.5H20 
per ml; extraction from 1N H,SO,) 

Table 3. Extraction by some oxygenated 
solvents 

(MO = 5.1 mg/ml; MO/P = 30) 

MO 
me/ml %J$.* 

MO 
mglml %E,t Solvent 

MO extraction, 
% 

4.90 99.5 
2.45 99.5 
1.22 99.5 
0.61 99.5 
0.30 89.8 
0.15 83.7 
0.05 63.3 
0.005 45.05 

oQo4 97.2 
0008 97.0 
0.020 97.0 
0040 97.0 
0.080 94.9 
0.20 91.6 
0.40 79.5 

Methyl isobutyl ketone 99.5 
TBP-benzene (1 : 1) 98.1 
Isopentyl alcohol 80.1 
Isopentyl acetate 37.1 
*Ether 10.0 

* Peroxide-free and pre-equilibrated with 
blank solution. 

* As phosphomolybdenum blue. 
t As thiosulphato complex. 
0 Blue not visible. 

Table 4. Effect of MO/P ratio 
(4.9 mg MO/ml aqueous phase) 

MO extraction, 
MO : P w/w % 

0.5* - 
1 *ot - 

10 98.6 
20 99.5 
30 99.5 
37 99.5 
50 91.8 
60 83.6 
80t - 
loot - 

* No blue but an unextrac- 
table reddish-brown colour. 

t Emulsifies on shaking with 
the solvent. 
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The ions of manganese, copper, vanadium, chromium and iron cause a lowering of the 
degree ofextraction by up to 8%, in that order (Table 5). The extraction is almost completely 
suppressed by large amounts of arsenate, phosphate and complexing agents. 

Most elements are extracted either not at all or only in traces”j under the conditions 
of the method. Titanium, niobium, antimony, bismuth, cerium, zirconium, strontium 
barium and lead are precipitated as hydrolytic products, phosphates or sulphates and are 
not extracted. Vanadium is not extracted when present alone, but in presence of molybdate 
and phosphate forms phosphovanadomolybdate which is co-extracted. Tungsten(V1) 
is about 55% extracted because of the phosphate present. The extraction of phosphorus 
alone is only 6%, while that of molybdenum is 99.5%. As the MO/P ratio and the 
molybdenum concentration in the rat&ate are thus unfavourably altered, a supplementary 
method is necessary for recovering the residual molybdenum (05%). 

Extraction of residual molybdenum as thiosulphato complex 

As none of the solvent extraction methods”*‘* was found suitable, the reaction with 
thiosulphate used by Falciola ig for the detection of molybdenum, has been investigated 
for the purpose. The same solvent as for phosphomolybdenum blue extraction is used 
to facilitate back-extraction of the total molybdenum. A reddish-brown precipitate appears 
at the phase interface, if there is delay in shaking with the solvent after addition of 
thiosulphate. It decreases if the solvent and thiosulphate are added in that order and 
shaken immediately. Equilibrium is reached in 5 min with extraction of 297-O% MO 
from 1N sulphuric acid containing 24 mg of Na,S20, - 5H10 per ml and ~02 mg 
of MO/ml (Table 2). Higher concentrations of reagents and molybdenum increase 
the reddish-brown precipitate. Lower concentrations of the reagents decrease, and of 
molybdenum increase, the extraction. In near-saturation concentrations, sodium chloride 
enhances the extraction by about 12% but sodium sulphate lowers it by 30x, at 
O-8 mg of MO/ml. Ti(IV), Cr(VI), Mn(II), Fe(III), Co(II), Ni(II), Al(III), U(VI), 
Sb(II1) and Bi(V) are extracted either in traces or not at all. Sn(I1) is 165% extracted. 
Cu(I1) forms a brown precipitate and partly gets into the solvent, giving 7.5% extraction. 

Table 5. Effect of some ions on phosphomolybdenum blue formation and extraction with MIBK 
(MO = 4.9 me/ml; MO/P = 30) 

Salt added* 

None 
Sodium chloride (5) 
Sodium silicate (@ 1) 
Cobalt sulphate (1) 
Nickel sulphate (15) 
Calcium sulphate (O-1) 
Aluminium sulphate (0.8) 
Sodium suiphate (5.1) 
Manganese sulphate (22) 
Copper sulphate (2.5) 

MO extraction, 
(%) 

MO extraction, 
Salt added+ (%) 

Sodium vanadatc (0.38) 96.1 
Disodium salt of EDTA (1)t 92.8 
Chromium suiphate (1) 91.6 
Ferric alum (1.5) 91.6 
Sodium arsenate (1.2) 6.6 
Sodium oxalate (1)t 2.6 
Potassium bifluoride (3)t 1.6 
Sodium tartrate (5)t 0.1 
Sodium acetate (5)t 0.03 
Sodium citrate (5)t 0.02 

* Numbers in brackets give the amount in g per 20 ml of aqueous phase before production of 
the blue colour. 

t Added after production of the blue colour. 
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Table 6. Analysis of samples by the proposed method 

Sample composition 

Matrix* 
MO added, 

mg 
MO found,? 

mg 

Fe (50) Ni (150) 59.7 59.1 
Fe (6) Ni (50) Cr (100) Co (50) Al (12) Ti (12) 29% 29.9 
Fe (34) Cu (0.25) Al (0.1) Si (1.5) C (0.1) 69.6~ 69.6 
Fe (4) Si (34) S (0.04) Cu (0.42) Al (p37) 60.0 60.0 
Co (15) Ni (20) Mn (10) Fe (30) 79.6 79.6 
U (90) Co (40) Al (20) Cr (15) 99.5 99.5 
Cr (50) U (25) Fe (10) Co (20) Ni (15) Mn (25) Al (10) 19.9 19.9 
U (40) Fe (50) Co (45) Ni (55) Mn (60) Al (35) 49.75 49.8 
Ferromolybdenum 58.91 58.8 

* Numbers in brackets are mg of element. 
t Average of triplicate analyses. differing by kO.02. 
f: By oxinate method.” 

Back-extraction and determination of molybdenum 

The thiosulphate in the back-extracts is oxidized” by boiling the ammoniacal solution 
with excess of hydrogen peroxide for 4-5 min. Any hydroxide precipitate due to traces of 
other extracted elements (Fe, Cu, Bi etc) is filtered off without any loss of molybdenum by 
adsorption.?’ 

Thus, the method separates molybdenum from Fe(III), Co(II), Ni(II), Cr(VI), Mn(II), 
U(VI), Ti(IV), Zr(IV) and Al(II1). Its applicability is shown by the satisfactory analysis 
of a wide variety of synthetic samples and ferromolybdenum which would take several 
hours for analysis by existing procedures (Table 6). The separation of most of the comnion 
reducible elements makes it possible to use the redox titrimetric method for determination 
of molybdenum, facilitating rapid routine determination. The cerimetric method using 
hydrazine sulphate reduction of Mo(V1) to MO(V)” is found very convenient for the 
purpose. The procedure takes about 30 min for a single separation and determination, 
requiring very ordinary reagents. 
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Ze-Eine einfache Methode zur Abtrennung von Molybdiin von Titan, Zir- 
konium, Chrom, Mangan, Eisen, Kobalt, Nikkel, Uran und Aluminium in 30 min in vielen 
verschiedenen Proben wird beschrieben. Man erzeugt Phosphomolybd&blau, indem man eine 
MolybdatlGsung, die Phosphat im Gewichtsverhiiltnis MO/P = 20-37 enthiilt, 2 min mit Hydra- 
zinsulfat in O-1 N Schwefelsilure kocht. Volumen und Aciditit werden auf eine Molybtinkonzen- 
tration von 06-5 mg/ml in 04-0.5 N Schwefelsiiure eingestellt Das Phosphomolybd%nblau wird 
in einem einzigen Extraktionsgang mit Methylisobutylketon zu 99.5%.extrahiert. Das in der 
wtirigen Phase verbliebene rest&he Molvbdiin und Hvdrazin wird mit ein naar Tronfen 
fllissi~m Brom oxidiert und das Molybdiin &it dem selbeniiisungsmittel aus 1 N &hwefels&re 
als r&llchbrauner Thiosulfatokomplex quantitativ extrahiert. Das Molybdan wird in Ammoniak- 
Wasserstoffperoxidl&sung zuriickextrahiert. J3cr Rfickextrakt wird zum Sieden erhitzt und filtriert, 
urn die unliislichen Hydroxide von Spuren der Begleitelemente zu entfeinen. Das Thiosulfat im 
FiItrat wird durch 4-5-miniltiges Kochen mit ilberschtissigem WasserstotIperoxid in schwach am- 
moniakaliachem Medium zerstiirt. Das Molybd6n wird schlie8lich durch Cerimetrie oder andere 
giIngige Methoden bestimmt. 

R-On d&it une m&ode simple pour la separation du molybdtne des titane, zirconium, 
chrome, manganese, fer, cobalf nickel, uranium et aluminium dans une large varittt 
d%&antillons en 30 mn. Le bleu de phosphomolybdene est produit par ebullition pendant 2 mn 
dune solution de molybdate contenant du phosphate pour donner MO/P = 20-37 (p/p) avec du 
sulfate d’hydrazine en acide sulfurique 0,lN. On ajuste le volume et l’acidite pour donner une 
concentration en molybdene de 46-5 mg/ml en acide sulfurique 0,4-0,5N. Le bleu de phospho- 
molybdone est extrait a 99,5% par la methylisobutyl c&one en une seule extraction. Le 
molybd&ne rtsiduaire et l’hydrazine darts la phase aqueuse sont oxydb avec quelques gouttes de 
brome liquide et le molybd&ne est extrait quantitativement avec le m8me solvant a partir d’acide 
sulfurique 1N sous forme de son complexe thiosulfate brun-rouge&e. Le molybd&ne est extrait 
par une solution d’ammoniaqueperoxyde d’hydrogene. L’extrait en retour est chauffe ii ebullition 
et filtre pour tliminer les hydroxydes insolubles de traces d’elknents accompagnateurs. On d&tit 
le thiosulfate darts le filtrat par ebullition de 4-5 mn avec un excb de peroxyde d’hydrogtne 
en milieu legerement ammoniacal. Le molybdene est finalement dose par cerimttrie ou par d’autres 
methodes habituelles. 
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DETERMINATION OF CALCIUM OXIDE IN 
CALCINED PHOSPHATE ORES 

(Received 15 February 1973, Accepted 21 February 1973) 

Widely-varying quantities of calcium carbonate are frequently found in commercial deposits of phosphate 
rock, and beneficiation of the latter often includes a calcination step. Other minerals occurring with 
tricalcium phosphate are the fluoride, sulphate, and silicates of calcium; carbonates and silicates of 
magnesium are also usually present. In the mining and extractive metallurgy of phosphate ores, it would 
be useful to have a direct, rapid measure of the amount of calcium oxide derived from the thermal 
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quality of the final product can be very variable. A simple but effective differentiation of calcium oxide from 
unburned limestone, long used in the field of extractive metallurgy, is based on the fact that calcium oxide 
forms with a sucrose solution a water-soluble saccharate which can be readily titrated with standard oxalic 
acid solution, whereas calcium in the form of carbonate and silicate does not react with sucrose.1 It 
occurred to us that this procedure might be applied to the determination of calcium oxide in calcined 
phosphate rock which also contained the carbonate, fluoride, sulphate and silicates of calcium, and the 
carbonate and oxide of magnesium. 

To test this possibility, a known quantity of calcium carbonate, with and without the addition of 
tricalcium phosphate, calcium fluoride, calcium sulphate and magnesium oxide was calcined at 1000” for 1 hr in a 
platinum crucible. The ignited material was transferred to a 500-ml volumetric flask, and 30 g of sucrose and 
about 300 ml of water were added. The flask was thoroughly shaken until the sugar had dissolved, the solution 

Table 1. Effect of various constituents of phosphate rock on the determination 
of calcium oxide by the sucrose-oxalic acid method 

Added O.lN Oxalic CaO found 
acid for titration in sample 

of aliquot 
ml B 

05000 g of CaO derived from 
calcination of 0.8924 g of CaC03 17.45 

17.45 o%oo 

17.49 
17.51 05014 

17.55 
17.53 0.5026 

(b) 
(a) above, plus 0.5 g each of 
Cas(PO,), , CaF,, CaSO, . 2H20 
and MgO 

[i\ above, plus addition after 
calcination, but before titration, of 
0.5 g of CaCO, and 0.5 g of MgCO, 

891 



892 SHORT COMMUNICATfONS 

was made up to 500 ml, and allowed to stand for 1 hr with occasional shaking. Part of the solution 
was filtered, and a %-ml aliquot of the filtrate was titrated with O.lN oxalic acid, with phenolphthalein 
as indicator. 

A quantity of calcium carbonate and of magnesium carbonate was also added to the mixtures above, after 
ignition of the latter but before the titration with oxalic acid All reagents were of analytical grade. The added 
amounts of the carbonate, oxide, phosphate, fluoride, and sulphate of calcium, and of the carbonate and oxide 
of magnesium, were considerably in excess of those normally encountered in phosphate ores’which require 
calcination. 

Typical results are illustrated in Table 1. It is evident that relatively large quantities of the carbonate, 
phosphate, fluoride and sulpbate of calcium, and of the carbonate and oxide of magnesium, have no significant 
effect on the determination of calcium oxide by this procedure. The results are quite satisfactory for 
routine work in benetlciation investigations. 

1178 Beach Drive 
Victoria, B.C., Canada R. S. YOUNG 
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!Iummary-It has been shown that an existing procedure to diiIe.rentiate calcium oxide from the 
carbonate and silicate of calcium can be used in the presence of the phosphate, fluoride and 
sulphate of calcium, and of the carbonate and oxide of magnesium. It is based on the reaction in 
aqueous solution of calcium oxide with sucrose to form calcium sac&rate, and subsequent 
titration with oxalic acid solution The method has application for a direct chemical determination 
of calcium oxide in phosphate. rock where cakination of accompanying carbonate is necessary in 
be&k&ion processes. 

Zusa~Eine bestehende Vorschrift, Calciumoxid von Calciumcarbonat und -silicat 
zu unterscheiden, kann such in Gegenwart von Calciumphosphat, -fluorid und -suliht sowie 
van Magnesiumcarbonat und -oxid verwendet werden. Sie beruht auf der Reaktion von 
Cakiumoxid mit Robrzucker in wagriger Losung zu Cakiumsaccharat und nachfolgender 
Titration mit OxalsiiurelWmg. Die Methode kann xur direkten chemischen Ikstimmung von 
Calciumoxid in Phosphatgestein dienen, wo eine RSstung des begleitenden Carbonats in 
Aulbereitungsproxessen notwendig ist. 

R&r&-On a montre qu’une technique existant pour differencier l’oxyde de calcium du carbonate 
et du silicate de calcium peut Btre utilis& en la presence de phosphate+ fluorure et sulfate de 
calcium, et de carbonate et d’oxyde de magnbium. Elk est baste sur la reaction en solution 
aqueuse de l’oxyde de calcium avec, le sac&arose pour former du saccharate de calcium, et sur 
le titrage subsequent par une solution d’acide oxalique. La methode a son application dans 
un dosage chimique direct de l’oxyde de calcium dans une roche au phosphate oti la calcination du 
carbonate qui l’accompagne est n&essaire dans les operations de concentration. 

7b/mra, Vol. 20, pp. 892-895. Pcrgamon Press, 1973. Printed in Great Britain 

APPLICATION OF THE FISSION-TRACK TECHNIQUE TO THE 
DETERMINATION OF URANIUM IN NATURAL WATERS 

(Received 4 September 1972. Revised 12 October 1972. Accepted 7 March 1973) 

In a previous paper,’ the applicability of the fission-track technique to the analysis of natural waters was 
stated in brief, but the details were not described. Here, the recommended procedure is given. 
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stated in brief, but the details were not described. Here, the recommended procedure is given. 
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Before the application of the technique to natural waters, the uranium should be collected into a 2 ml of 
8M hydrochloric acid. Natural waters low in minerals are evaporated to dryness in a platinum dish, 
and the residue is dissolved in 2 ml of 8M hydrochloric acid after treatment with hydrofluoric and 
perchloric acids to remove silica. The uranium of samples high in minerals, however, should be separated before 
the dissolution in hydrochloric acid, because part of the minerals may be dissolved or may interfere with the 
absorption of the uranium by the resins used in the next step of the procedure. 

Because of the determination limit and the uranium content of natural waters, 100 ml of water sample are 
necessary. 

EXPERIMENTAL 

Procedure 

To 100 ml of solution containing 10 ng of uranium, 200 ml of cont. hydrochloric acid were added. 
The solution was run through a Dowex l-X8 column at a flow-rate of 45 ml/min. The absorbed 
uranium was eluted with 10 column-volumes of O.lM hydrochloric acid. The eluate was evaporated to dryness, 
and the residue was dissolved in 2 ml of 8M hydrochloric acid. The uranium in this solution was determined 
by the fission-track technique.’ The results for various column volumes are shown in Fig. 1. A column 

+ I I I I I I I I I I 
0 I 2 3 4 5 6 7 6 9 

Column volume. ml 

Fig. 1. Recovery of uranium by anion-exchange: 300 ml of 8M hydrochloric acid containing 10 ng 
of uranium are added to the column of Dowex l-X8. The errors shown are the 95% 

confidence limits. 

volume of 4 ml seems to be the minimum for quantitative recovery, and a 6-ml column was used for all 
subsequent work. 

Interference of iron 

To 2-ml portions of 8M hydrochloric acid containing 10 ng of uranium, 10, 50, 100 and 500 pg 
and 1, 5, 10, 50 and 100 mg of iron(III) were added; 100 mg of pulverized dry Dowex l-X8 were 
added to each of these solutions, and the mixture was left for 12 hr with occasional stirring. The resin was 
filtered off and irradiated along with mica as described in the previous paper.’ The track density on the 
mica was plotted against the amount of iron added. as in Fig. 2. The gradual increase of the track 
density with the amount of iron was probably caused by the trace amount of uranium impurity in the iron 
added. The result shows that iron up to 10 mg in the sample for analysis does not interfere. 
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Fig. 2. Interference of iron in the recovery of uranium: 10 ng of uranium were absorbed on 100 mg 
of pulverized Dowex l-X8 in 2 ml of 8M hydrochloric acid. The errors shown are the 95% 

confidence limits. 

RESULTS 

The procedure given was applied to the determination of the uranium content of the river waters in 
Fukuoka City. The waters were collected on 14 January 1972 at Naka River and Muromi River which 
flow through the granitic region. The result is shown in Table 1. The high content of N3 and M3 seems to be 
induced by contamination with sea-water. To avoid laboratory contamination, most of the processes were 
carried out in a nitrogen-purged dry-box. 

Table 1. Uranium content of river waters in Fukuoka City 

Distance from the mouth Uranium 
Sample of the rivers, km content, w/J. 

Nl 20 22*7 
Naka River N 2 8 23 f 6 

N3 0.5 210 f 40 
Ml 11 16 f6 

Muromi River M 2 20* 10 
M3 i.5 490*50 

The errors shown are the 95 % confidence limits. 

DISCUSSION 

In these fission-track experiments, the samples were irradiated for 20 min with a neutron flux of 
3 x 1013 n.cm-zsec-’ in a pneumatic tube of the KUR reactor of the Research Reactor Institute at 
Kyoto University~ This was the upper limit of length of irradiation, because the resin is damaged by heat, and 
this irradiation condition restricted the determination limit, which could be improved by increasing the total 
neutron flux through use of a longer irradiation at a lower flux, or of a high flux with suf&ient cooling. 
Thus, the ultimate determination limit depends on the uranium content of the muscovite which gives the blank 
tracks. 
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Kyoto University for the irradiation facilities. 
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Summary-A procedure for the determination of the uranium content of natural waters is presented. 
To 100 ml of natural waters, 200 ml of cont. hydrochloric acid are added and this solution is 
passed through a 6-ml column of Dowex l-X8. The uranium is eluted with 60 ml of O.lM 
hydrochloric acid. and the eluate is evaporated to dryness. The residue is subjected to the 
fission-track technique described previously. The uranium content of the river waters in Fukuoka 
City was determined. 

Zusammenfassung-Ein Verfahren zur Bestimmung des Urangehaltes natiirlicher WIsser wird 
angegeben. Zu 100 ml des natilrlichen Wassers werden 200 ml konz Salzsiiure hinzugefugt und 
diese Losung durch eine 6 ml&ule Dowex l-X8 gegeben. Das Uran wird mit 60 ml 0,l M 
Salzslure eluiert und das Eluat zur Trockne eingedampft. Der Riickstand wird dem frilher be- 
schriebenen Spaltspurverfahren unterivorfen. Es wurde der Urangehalt der FluBwtisser in der 
Stadt Fukuoka bestimmt. 

R&urn&-On prisente une technique pour le dosage de la teneur en uranium des eaux naturelles. 
A 100 ml d’eaux naturelles, on ajoute 200 ml d’acide chlorhydrique concentrb, et cette solution 
est passie sur une colonne de 6 ml de Dowex l-X8. L’uranium est 6lut par 60 ml d’acide 
chlorhydrique 0,l M et l’eluat est evaport a sec. Le rtsidu est soumis a la technique de 
trajectoire de fission decrite antbrieurement. On a determine la teneur en uranium des eaux de 
riviere dans la ville de Fukuoka. 

Talonra. Vol. 20, pp. 895497. Pergamon Press, 1973. Printed in Great Britain 

DETERMINATION OF COPPER IN AMMONIUM FLUORIDE 
SOLUTIONS BY EXTRACTION AND ATOMIC-ABSORPTION 

SPECTROPHOTOMETRY 

(Receiued 19 January 1973. Accepted 26 February 1973) 

Chemicals (such as hydrochloric, nitric and hydrofluoric acids and ammonium fluoride) used to process 
semiconductors are known to contain traces of various elements, as shown by the “maximum limits of 
impurities” quoted by various suppliers. These impurities can be adsorbed to various extents on semiconductor 
surfaces.’ Many of them (e.g., Na, Ga, Mn and Fe) do not give much trouble in the manufacturing process, 
because they can be desorbed from the semiconductor surface by extensive rinsing with demineralized water. 
Elements such as Au, Ag, Cu, As, Hg, which are commonly present in chemicals, are deposited on silicon 
surfaces by an electrochemical displacement process and cannot be completely removed by rinsing with 
demineralized water. This effect can influence the electrical properties and the reliability of electronic 
components, especially those having an MOS structure (field effect devices). Therefore, quality control analysis 
of the applied chemicals for these elements is necessary. 

The expected Cu concentration in such chemicals is about lo-‘% or 10m9 g of Cu/g of sample.2 
Because the sample volume should be restricted to 100 ml at most, any method proposed must guarantee a 
determination of lo-’ g of copper and should be simple and rapid. Atomic-absorption spectroscopy (AAS) 
and preconcentration of the copper seemed to us to be suitable. Copper in the acids commonly used in 
semiconductor manufacture can be concentrated by volatilization of the reagents in “Teflon” cups. Tests with 
64Cu show that no losses of copper occur. However, evaporation of 40% ammonium fluoride solution 
cannot be easily accomplished, so extraction was chosen for the enrichment. As extraction procedures in the 
peg range are not always quantitative, the copper was co-extracted as the diethyldithiocarbamate complex 
intochloroform with Pd(I1) as carrier. 

EXPERIMENTAL 

Instrumentation 

A Perkin-Elmer Model 403 atomic-absorption spectrometer was used, with a recorder read-out and a 
deuterium comparator for background suppression. The gas flow-rates were 432 l./min for acetylene and 
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17.2 l./min for the air. The sample aspiration rate was 7 ml/min. For maximum Sensitivity the 32475A 
line was used. 

Reagents 
All reagents were Merck “pro an&si” or “Suprapur” quality. The “standard” ammonium fluoride solution 

was B & A 40% w/v solution Electronic Grade, Code 2754, Series No. D244 from Allied Chemicals, 
Morristown, New Jersey. The palladium chloride carrier solution contained 50-60 pg of Pd(I1) per ml. The 
0.2 w/v sodium diethyldithiccarbamate solution (NaDDC) was freshly prepared for every extraction, as the 
decomposition rate is fairly high.’ 

Procedure 
Transfer 50 ml of the ammonium fluoride solution into a quartz separatory funnel. Add I ml of cone 

ammonia solution, 1 ml of carrier solution containing 50-60 pg of Pd(I1) and 5 ml of the NaDDC solution 
and shake thoroughly. After 10 min extract with 10 ml of chloroform. Repeat the extraction without addition of 
ammonia. Transfn the combined extracts into a quartz test tube and evaporate the solvent. Dissolve the 
residue with 10 drops of cone nitric acid and dilute with 2 ml of water. Evaporate this solution to dryness and 
dissolve the residue with 2 drops of cone hydrochloric acid and 1 drop of cone nitric acid and transfer with 
water into a l-ml volumetric tlask for measurement by AAS. Run a blank test on the reagents. 

RESULTS AND DISCUSStON 

The yield of the separation step was determined by adding 0.5 fig of 64Cu (count-rate 3360 cpm) to each of 
two 50-ml SarnDles of 40 % ammonium fluoride solution and performing the separation as described above. The 
64Cu activity &t the chloroform phase was measured by means of its 0.Sl-McV radiation. The extraction 
yields were 96-l and 99.3 %. With a single extraction a yield of only 70-80 % was achieved. Because only 1 ml of 
solution was available for aspiration in the AAS, we used a recorder instead of the digital read-out, to obtain 
a better mean value. Experiments with solutions of copper and palladium in nitric acid medium and in 
aqueous solutions showed neither a matrix effect from the nitric acid nor an interelement effect from the 
palladium. Also, traces of sulphuric acid, which is formed by the oxidation of the thiocarbamate, do not 
interfere. So the copper could be determined by comparing the recorder read-out with a calibration curve 
prepared under similar conditions. 

However, to avoid serious erratic results, which can be caused by contamination, incomplete reaction or 
unknown interelement efibcts when other impurities are present at higher concentrations, we prefer the standard 
addition method. The amount of copper added as standard has to be similar in magnitude to the quantity of 
copper in the sample solution. 

To determine the reproducibility of the method the “standard” B & A ammonium fluoride solution was 
analysed twice by the method described. The ammonium fluoride solution had a copper concentration of 
4.4 + 0.2 x lo-‘%, determined by analysis of MO-ml samples, the copper being preconcentrated by co-pre- 
cipitation with HgS. Table 1 shows the results 

Table 1. 

No. 1 No. 2 

Method Recorder Recorder 
response, Cu, response, Cy 

mm w mm !4J 

Calibration (a) O-2 M Cu 77 0.2 77 0.2 
curve (b) 50 ml NH4F soln. 101 0.26 96 0.25 

(c) blank 20 0.05 23 0% 
(b)_(c) 81 0.21 73 0.19 

Cu = 0.2 x (b - c)/u @21 fig Cu/50 ml @19 pg Cu/50 ml 
42 x lo-‘% w/v 3.8 x IO-‘% w/v 

Standard (d) 50 ml NH4F soln 186 187 
addition +@2jQ5Cu 

Cu = 0.2 x [d - (a + c)l/a 0.23 pg Cu/50 ml 0.22 N Cu/50 ml 
46 x lo-‘% w/v 4.4 x lo-’ % w/v 
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The results from the calibration-curve method and measurement of (a), (b) and (c) agree well with those 
obtained by using standard addition [with the additional measurement of (d)]. This shows that no 
contamination or unknown interelement effect is present. The mean value of 45 x lo-‘% copper is in good 
agreement with the value of 4.4 + 0.2 x lo-’ but two orders of magnitude lower than the maximum 
limits quoted by the suppliers (5 x 10e5%). The time needed to perform the analysis is 2 hr, which is 
acceptable for quality control analysis. 

IBM Laboratories, Component Development, Dept. 3192 
D-7030 Boeblingen, Schoenaicher Stra_8e 220 
West Germane 

M. BRISKA 
W. HOFFME~~~ER 
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Summary-Extraction with sodium diethyldithiocarbamate, followed by mineralization and 
atomic-absorption spectroscopy is used to determine down to lO-“A Cu in 40% ammonium 
fluoride solution used in the manufacture of semiconductors. 

Zusammenfassung-Zur Bestimmung von Cu in Konzentrationen bis herunter zu lo-’ % in 
bei der Herstellung von Halbleitern verwendeter 4O%.Ammoniumfluoridlijsung wird die Extraktion 
mit Natriumdiathyldithiocarbamat mit nachfolgender Mineralisation und Atomabsorptionsspek- 
troskopie verwendet. 

Resume-On utilise I’extraction au ditthyldithiocarbamate de sodium, suivie par la mineralisation 
et la spectroscopic d’absorption atomique pour doser jusqu’a lo-‘% de Cu dans la solution a 40% 
de fluorure d’ammonium utilisee dans la fabrication de semi-conducteurs. 
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EMISSIONSSPEKTROGRAPHISCHE BESTIMMUNG VON 
GERMANIUM UND ZINN IN GALLIUMARSEMD 

(Eingegangen am 13. November 1972. Angenommen am 16. M&z 1973) 

In der Literatur findet man nur wenige Angaben iiber die Bestimmung von Germanium und Zinn in 
Galliumarsenid.‘-3 Systematische Untersuchungen wurden bisher nicht ausgefuhrt. Das Ziel dieser Arbeit war, 
durch systematische Untersuchungen des Verdampfungsprozesses, durch Optimierung der Anregungs- und 
Arbeitsbedingungen bei einem moglichst geringen Substanzverbrauch ohne Anreicherungsverfahren eine 
niedrige Nachweisgrenze und eine hohe Empfindlichkeit zu erzielen. 

EXPERIMENTELLER TEIL 

Probenvorbereitung 

Nach Karpel und Rubinstein4 ist es moglich, Standardproben durch M&hung von Galliumarsenid mit 
Metalloxiden herzustellen. Voraussetzung ist eine KomgrGDe von weniger als 50 pm, damit die Reduktion 
zum Metal1 schnell erfolgen kann. Eine Mischung mit Spektraikohlepulver beschleunigt diesen ProzeB. Bei 
unseren Untersuchungen ergab sich ein optimales Galliumarsenid-Kohlepulver-Gewichtsverhaltnis von 1 : 3. 
Entsprechende Standardproben wurden durch Mischung von Germaniumdioxid, Zinndioxid, Galliumarsenid 
und Spektralkohlepulver hergestellt und in einer Kugelmiihle KM 1 der Firma Janetzki KG homogenisiert 
und zerkleinert. 

Elektrodenformen 

Bei der Wahl der Elektrodenformen war vor allem zu beriicksichtigen. da13 die Elektroden nur eine kleine 
Probenmenge von cu. 15 mg Galhumarsenid-Kohie-Gemisch 1 : 3 aufnehmen sollten und dab bei Verwendung 
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The results from the calibration-curve method and measurement of (a), (b) and (c) agree well with those 
obtained by using standard addition [with the additional measurement of (d)]. This shows that no 
contamination or unknown interelement effect is present. The mean value of 45 x lo-‘% copper is in good 
agreement with the value of 4.4 + 0.2 x lo-’ but two orders of magnitude lower than the maximum 
limits quoted by the suppliers (5 x 10e5%). The time needed to perform the analysis is 2 hr, which is 
acceptable for quality control analysis. 

IBM Laboratories, Component Development, Dept. 3192 
D-7030 Boeblingen, Schoenaicher Stra_8e 220 
West Germane 

M. BRISKA 
W. HOFFME~~~ER 
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Summary-Extraction with sodium diethyldithiocarbamate, followed by mineralization and 
atomic-absorption spectroscopy is used to determine down to lO-“A Cu in 40% ammonium 
fluoride solution used in the manufacture of semiconductors. 

Zusammenfassung-Zur Bestimmung von Cu in Konzentrationen bis herunter zu lo-’ % in 
bei der Herstellung von Halbleitern verwendeter 4O%.Ammoniumfluoridlijsung wird die Extraktion 
mit Natriumdiathyldithiocarbamat mit nachfolgender Mineralisation und Atomabsorptionsspek- 
troskopie verwendet. 

Resume-On utilise I’extraction au ditthyldithiocarbamate de sodium, suivie par la mineralisation 
et la spectroscopic d’absorption atomique pour doser jusqu’a lo-‘% de Cu dans la solution a 40% 
de fluorure d’ammonium utilisee dans la fabrication de semi-conducteurs. 

Tdnntn, Vol. 20. pp. 897-902. Pergamon Press, 1973. Printed 1x1 Great Britain 

EMISSIONSSPEKTROGRAPHISCHE BESTIMMUNG VON 
GERMANIUM UND ZINN IN GALLIUMARSEMD 

(Eingegangen am 13. November 1972. Angenommen am 16. M&z 1973) 

In der Literatur findet man nur wenige Angaben iiber die Bestimmung von Germanium und Zinn in 
Galliumarsenid.‘-3 Systematische Untersuchungen wurden bisher nicht ausgefuhrt. Das Ziel dieser Arbeit war, 
durch systematische Untersuchungen des Verdampfungsprozesses, durch Optimierung der Anregungs- und 
Arbeitsbedingungen bei einem moglichst geringen Substanzverbrauch ohne Anreicherungsverfahren eine 
niedrige Nachweisgrenze und eine hohe Empfindlichkeit zu erzielen. 

EXPERIMENTELLER TEIL 

Probenvorbereitung 

Nach Karpel und Rubinstein4 ist es moglich, Standardproben durch M&hung von Galliumarsenid mit 
Metalloxiden herzustellen. Voraussetzung ist eine KomgrGDe von weniger als 50 pm, damit die Reduktion 
zum Metal1 schnell erfolgen kann. Eine Mischung mit Spektraikohlepulver beschleunigt diesen ProzeB. Bei 
unseren Untersuchungen ergab sich ein optimales Galliumarsenid-Kohlepulver-Gewichtsverhaltnis von 1 : 3. 
Entsprechende Standardproben wurden durch Mischung von Germaniumdioxid, Zinndioxid, Galliumarsenid 
und Spektralkohlepulver hergestellt und in einer Kugelmiihle KM 1 der Firma Janetzki KG homogenisiert 
und zerkleinert. 

Elektrodenformen 

Bei der Wahl der Elektrodenformen war vor allem zu beriicksichtigen. da13 die Elektroden nur eine kleine 
Probenmenge von cu. 15 mg Galhumarsenid-Kohie-Gemisch 1 : 3 aufnehmen sollten und dab bei Verwendung 



898 SHORT COMMUNICATIONS 

von wassergekiihlten Elektrodenhaltem im Gleichstrombogcn kein zu gro0er Temperaturgradient im Elek- 
trodenkopf auftritt. Die diesen Bedingungen am besten gerecht werdende Trtigerelektrodenform besitzt eine 
Bohrung von 2 mm Durchmesser und 4 mm Tiefe und eine Hinterdrehung, die ftir einen wiirmestau im 
Elektrodenkopf sorgt, eine zu starke Abkilhlung verhindert und eine bessere Verdampfung der Substanx 
ermiiglicht. 

Als Gegenelektrode wurde ein abgestumpfter Kegel benutzt, dessen Durchme-sser an der Spitze 2 mm 
betrug. (AGb. 1). 

Abb. 1. Gegen- und Probenelektrode (Dimensionen in mm). 

Untersuchung des Verakmpjbngsprozesses 

Zut Ermittlung der gilnstigstm Anregungsbedingungm wurde mittels Fahrspektren (Abb; 2) der Verdamp- 
ftmgsprozeB bei unterschiedlichen Stromsttlrken eines Gleichstrombogens untersucht. Die Aufnahmen der 
Spektren erfolgtm mit einem Zeitrhythmus von 13 Sekunden. Es wurdc kontinuierlich der Spannungsabfall 
des Bogms aufgczeichnet. 

Die GleichmtiDlgkeit der Brennspannung gibt Auskunft iiber die Stabilitit des Gleichstrombogens. Mit 
zunehmmdcr Stromstiirke van 6 bis 15 A ist eiwzunehmmde Stabilitit erkennbar. Weiterhin ist zu entnehmen, 
daD die Bremupammng bei allm Stromstirken am Anfang stetig xunimmt, danach eine gewisse Zeit konstant 
ist und nach dem totalen Abbrand den RLr den reinen Kohlebogen charakteristischen unruhigen Verlauf 
be&t. Dieser Spannungsverlaufentspricht da Matrlxverdampfung. Galliumarsenid besitxt einen Schmelxpunkts 
von 1238” bei dem der Arsmdampfdruck 0.9 at bettigt. Der Siedepunktb des Galliums wird erst bei 2337” 
erreicht. Aus dm Verdampftmgskwven geht hervor, da0 das Arsm ein Verdampfungsmaximum im ersten 
Drittel der Reaktion besitzt. Auch die Verdampfung des Galliums beginnt bereits am Anfang sehr stark. Dies 
ist jedoch nur am Verlauf der Brennspannung erkennbar, da die Funktion y= f(t) im gestrichelten 
Kurvmteil infolge der starken Selbstabsorption vie1 zu niedrige P-Werte aufweist. Die mit fortschreitender 
Verdampfung abnehmende Ars&- and Galliumatomkonxentratn und -ionenkonzentration im Plasma Rihren 
au einer Zunahme der Brennspannung. Das geringf@ige Maximum der Intensitit der Galliumlinien am En& 
des Abbrandes, besonders bei nicdrigen Stromstirken fUhren wir auf eine DifTusion des flilssigen Galliums 
w&hrend des Abbrandes in die kfllteren kompaktm Zonen der Elektrode zurilck. Bei fortschreitendem 
Abbrand we&n such diese Zonen stark erhitzt und das in ihnm vorhandene Gallium verdampft. 

Dar Intmsiciltsverlauf der Linien des Germaniums und des Zinns xeigt eine Verdampfung, die der 
Galliumverdampfung entsprlcht, wenn man die Selbstabsorption der Galliumlinien in der Anfangsphase 
beriicksichtigt. 

Da die Siedepunkte des Germaniums und des Zinns bei 2830” bzw. bei 2270” liegen, war dieses Verhalten tu 
erwarten. Auch hier fiihren wir das Maximum am Ende der Verdampfung be.i niedrigen Stromstirken und 
damit langen Abbrandzeiten auf eine DilTusion des flilssigen Materials in die kiilteren Elektmdenzonen 
xurilck, die durch die lange Abbrandxeit beglinstigt wird. Diese Ansicht wird such durch die Gleichzeitigkeit 
des Auftretens des Maximums und des Kohlebogens (nach der Brennspannung) unterstiitxt. Wir w&hlten dm 
mit 12 A betriebenen Bogen auq da er einen sehr gleichtifligen Brennspannungsverlauf besaD und eine 
relativ kurxe Abbrandzcit a&vies. Eine weitere Beschleunigung des Verdampfungs proxesses wirkt sich nicht 
positiv aus. 

Auswahl der Analysen- und Refeenrlinien 
Zur Auswertung der Spektren wurden die in Tabelle 1 angegebenen Analysen-und Referenzlinien 

miteinander kombiniert.’ Fiir die Analysenlinien wurde grundtitzlich eirie Untergnmdkorrektur vorgenommen, 
wiihrend die Berechnung der Y-Werte der Referenzlinien jeweils mit und ohne Untergrundkorrektur erfolgte. 
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Abb. 2. Fahrspektren von Ge, Sn, As, Ga und Brennspannungsverlauf bei 6, 8, 12 und 15 A. 

O- OGe A- A As 

+O Sn II- 0 Ga 
- - - - - - Storung durch Selbstabsorption 

Da alle Galliumlinien starke Selbstabsorption zeigen, mu5te als innerer Standard Arsen bcnutzt werden, 
obwohl das Arsen wegen seines besonders im letzten Drittel abweichenden Verdampfungsverhaltens ebenfalls 
kein idealer innerer Standard ist. Ein zusfitzlicher innerer Standard hatte einmal die Analysenzeit verllngerf 
zum anderen das Einschleppen von Verunreinigungen begiinstigt. 

AuBer Arsenlinien der 3. Ordnung wurden such Linien der 4. Ordnung verwendet. Als giinstigste 
Linienkombination ergaben sich ftir die analytische Bestimmung die ersten drei Linienpaare der Tabclle 1. 

Tabelle 1. Analysen- und Referenzlinien 

Wellenlange Anregungspotential, 
eV 

Wellenllnge Anregungspotential, 
6?V 

Ge I 3039$X 4,96 As I 3075,32 6,29 
Sn 13175,02 4,33 As I 3119,60 6,29 
Sn I 3262,33 4,87 As I 2437,23 - 

As 12381.18 

(As I 2437 und As I 2381 sind. Linien aus der 4. Ordnung) 
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Gera”te 

Fiir die Aufnahmen wurde ein 2-m Plangitterspektrograph PGS2 des VEB Carl Zeiss Jena in Ebert- 
Aufsteilurtg benutxt. Als Anregungsgerat wurde der Universalbogenimpulsgenerator UBI 1 des VEB TPW 
Thalheim verwendet. 

Folgende ‘Bedingungen wurden eingehaften: 
Gitter: 651 S&h/mm, Blaze-Wellentinge 10200 A 
Dispersion: 2,34 A/mm fiir 3. Ordnung 

1,76 A/mm fti 4. Ordnung 
WellenHngen 3. Ordnung 3150 A 

(Plattenmitte): 4. Ordnung 2363 A 
Aufnahmebereich: 3. Ordnung 2870-3431 A 

4. Ordnung 2152-2575 A 
Abbildung: Zwischenabbildung 
Blenden: Rechteckblende an der Zwischenabbildung 

Hijhe 8,7 mm 
Filter: UG 5(2) Ordnungsfilter 
Fit die Galhumaufnahmen wur& ein Vorzerleger xur Ordnungsisolierung verwendet, so da8 die 4. Ordnung 
mit einem Spektralbereich von 2467-2883 A aufaenommen wurde. 
Spaltbreite: - 
Elektroden: 
Elektrodenabstand: 
Anregung: 
Belichtungsxeit: 
Photoplatten: 
Entwicklung: 
Fixierbad: 

20 pm 
Qualit& TO VEB EKL, Form siehe Abb. 1 
3 mm, kontinuierlich von Hand nachgeregelt 
Gleichstromdauerbogen 12 A, Treibspannung 300 V 
102 set 
Orwo WU 3 spektralbfau extrahart 
MH 28 : H20 = 1 : 4, 19’C, 4 min mechanische Schaukelentwicklung 
Schnellfixiersalz Orwo A 304, 200 g/l., 6 min. 

Arbeitstwschrif 

Ca. 5 mg Galliumarsenid werden mit der dreifachen Gewichtsmenge Kohlepulver EK-0 vermischt und in 
der Kugefmtible homogenisiert. Mit diesem Gemisch werden die Triigerelektroden gestopft. Bei sorgfaltiger 
Stopfung enthiiit die Triigerelektrode 4,8 f 0,l mg Galliumarsenid. Die Elektroden wurden unter den oben 
angegebenen Bedingungen angeregt. 

Fhr die Verfahrenseichunn wurden die Elemente Germanium und Zinn in Form ihrer Dioxide in 
Konzentrationen mischen 5 &td 200 ppm (entspricht 24-960 ng Zinn und Germanium bezogen auf 4,8 mg 
Galliumarsenid) xugemischt. Fiir die Eichung wurden 7 Spektren pro Konxentrationswert aufgenommen. 

ERGEBNISSE UND DlSKUSSlON 

Die Auswertung der Megwerte erfolgte mit Hilfe eines Rechenprogramm am Kleinrechner C 8205 des VEB 
Zentronik. Die Schwarzung der Linien der Photoplatte wurden in der P-Transformation gemessen. Die 
erhaltenen P-Werte wurden in Y-Werte (Y = log I, I = Lichtintensitiit) umgerechnet und die Differenzen der 
Y-Werte der Analysen- und Referenxiinien wurden einer linearen Regression unterworfen. Die Fehlerrechnung 
erfolgte nach Doerffel.* Die Ergebnisse sind in Tabelle 2 dargestellt. Die Untergrundkorrektur der Arsenlinien 
xeigte keinen merklichen EinfluD auf die Geradengleichungen, die errechneten Fehler und.die Nachweisgrenze 
(siehe Tabelle 3). 

Tabelle 2. Eichgeraden fur Germanium und Zinn (mit Untergrundkorrektur 
fur Analysen- und Referenxhnien) 

Linienpaar Eichgerade Korrelations- 
koeffizient 

Relative 
Standard- 

abweichung, 
% 

Ge 3039 

3075 
AY 

log 

+11 
= 0,998 c - 

As 
2,243 0,997 

-10 
Sn 3175 

3119 
AY 

log 

+17 
= 1,194 c - 

As 
2,962 0,994 

-15 
Sn 3262 

As 2437 
AY = 1,075 log c - 2,405 0,995 

f15 

-13 
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Die Berechnung der Nachweisgrenzen erfolgte nach Matherny’ fur YN-Werte solcher analytischer Funktionen, 
die aus korrigierten Y -Werten beider Linien entstanden nach Gleichung (1). und fur analytische Funktionen, 
die aus koriigierten Y-Werten der Analysenlinien und nichtkorrigierten Y-Werten der Referenziinien 
entstanden sind, nach Gleichung (2). 

Tabelle 3. Nachweisgrenzen fur Germanium und Zinn in Gallium- 
arsenid 

Linienpaar Ge 3039 Sn 3175 Sn 3262 

As 3075 As 3119 As 2437 

ng wm* 47 mm* ng mm* 
mit Untergrund- 

korrektur fur As 14,9 3,l 40,o 7,7 51,8 10,8 

ohne Untergrund- 
korrektur fir As 13,0 27 30,2 6,3 44,2 9,2 

Der Untergrund der Germanium- und Zinnlinien wurde 
korrigiert. 

* Bezogen auf Galliumarsenid. 

Tabelle 4. Uberprtifung der Bestimmungsmethode an Originalproben von Gallium- 
arsenid 

Element gefundene gemittelte 
Konzentration Konzentration 

PPm, 
bezogen auf GaAs 

Standard- Variations- 
abweichung, koeffizienf 

PPm %. 

Zinn 11,o 
13,4 
13,8 154 + 1,32 + 10.7 
10,3 
13,7 

Germanium 16,l 
18,3 
18,O 17,2 f LO7 It6,2 
16,0 
17,5 

p = Anzahl der MeDwerte 
I x, u, i = Intensitlt des Untergrundes an der Stelle der Analysenlinie 

1,. i = Intensitat der Referenzlinie nach Untergrundkorrektur 
I r, , + “, , = Intensitlt der Referenzlinie ohne Untergrundkorrektur 

Die Ergebnisse der Berechnungen sind in Tabelle 3 zusammengefa5t. 
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Tabelle 5. &rprtifimg der Bestimmungsmethode an Originaiproben durch zus&tzhche Germanium- 
dioxid- und Zinndioxiddotierung 

Element 
Grundgehalt 

des GaAs, 

ppm 

Dotierung 

ppm 

gefundene 
Gesamt- 

konzentration, 
ppm 

Dotierung 
gefunden, Abweichung 

ppm % 

Zinn 692 25,0 328 26,6 +6,7 
31,9 257 + 2.9 
32,0 259 + 3,5 
29.8 23,7 -5,3 
33,5 27,3 +9,3 

Germanium 86 25,O 34,3 25,7 + 3,5 
358 24,2 - 2,8 
356 27,0 + 8,4 
325 23,9 - 3,9 
33,4 24,8 -0,5 

Die ~berprtifung des Bestimmungsverfahrens erfolgte durch seine Anwendung auf Germanium- und Zinn- 
dot&e Galli umarsenidkristalle. Der Gehalt an Germanium und Zinn wurde fiir diese Proben bestimmt 
(Tabelk 4). Ein Teil der gepulverten Substanz wurde mit einer synthetischen Probenmischung der Konzentration 
von u) ppm Germanium und Zinn im Verhiiltnis 1: 1 gemischt und mit Kohle auf 1: 3 verdbnnt. Das 
Ergebnis ist in Tabelle 5 dargestellt. 

Sektion Chemie der Karl-Marx-Universitcit Leipzig 
701 Leipzig, Liebigstr. 18, DDR 
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Z--Es wird eine direkte emissionsspektrographische Methode zur Bestimmung 
von Germanium und Zinn in Galliumarsenid ausgearbeitet. Sie besitzt eine Nachweisgrenze van 
3,l ppm fur Germanium und 7.7 ppm fur Zinn bei einem Einsatz von 5 mg Galliumarsenid. 
Die relative Standardabweichung betriigt fti Germanium 11% und fti Zinn 16%. Der 
VerdampfungsprozeB wird untersucht und diskutiert. 

Summary-An emission spectrographic determination of germanium and tin in gallium arsenide 
is described. For a sample of 5 mg the limit of detection is 3.1 ppm germanium and 
7.7 ppm tin. The relative standard deviations are 11% for germanium and 16% for tin. The 
evaporation of the elements during the excitation is discussed. 

R&um&On d&it un dosage spectrographique d’bmission du germanium et de Main dans 
I’arskniure de gallium. Pour un ichantillon de 5 mg la limite de dttection est de 3.1 p.p.m. de 
germanium et 7,7 p.p.m. d’itain. Les’bcarts types relatifs sont de 11% pour le germanium et 
16% pour Main. On discute de l’kvap-oration des elements pendaut l’excitation. 
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DETERMINATION OF HYDROGEN PEROXIDE BY 
THALLIUM(II1) IN THE PRESENCE OF IRON(I1) 

(Received 6 February 1973. Accepted 22 March 1973) 

Estimation of hydrogen peroxide by permanganate’ and cerium(IV)2 in acid solutions is well known. 
McCurdy and Bell used sodium hypochlorite3 for the determination in alkaline medium. Though cerium(IV) 
solutions are quite stable,4 permanganate’ and hypochlorite6 are not. The reaction of thallium(II1) and 
hydrogen peroxide is slow. The high catalytic activity of iron(I1) was discovered accidentally during attempts 
to follow the kinetics of the Tl(III)-H,O, reaction by estimating the peroxide cerimetrically. Thallic perchlorate 
can therefore be used as a standard for the determination of hydrogen peroxide in the presence of 
traces of iron(I1). Thallic perchlorate is quite stable and its concentration does not change even after 6 months. 

EXPERIMENTAL 

Reagents 

Thallic perchlorate solution was prepared by dissolving thallic oxide in 60 % perchloric acid. The undissolved 
material was filtered off on a sintered-glass crucible. This solution was standardized iodometrically, with 
starch as the indicator.‘** 

Hydrogen peroxide solution was prepared by diluting the 20-vol material and standardized by addition of 
excess of ceric perchlorate and back-titration with iron(I1). 

Table 1. Determination of H202 with Tl(II1) in the presence of Fe(II) 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
@5 
0.5 0.5 300 2QO 2.00 
0.5 0.5 5.00 400 4.02 
0.5 
5.0 
5.0 

85 
8.5 
8.5 
8.5 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 

0.5 2.00 1.00 1.00 
0.5 3.00 2QO 2.00 
@5 8.00 300 3.01 
0.5 
0.5 
0.5 
0.5 

;:: 
1.0 

::; 

4.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

300 3.00 
400 4.02 

700 5.05 
700 ;:; 2.01 

7.00 600 6.02 
500 400 4.02 
5.00 4.00 4.01 
500 4.00 4.02 
500 400 4.01 
5.00 
4.00 ;:; 

4.0 
2.01 

8.00 200 2.00 
10.0 200 2.00 
8.00 400 4.01 

10.0 800 8.02 
1.00 0.50 0.50 
1.00 0.55 0.55 
1.00 0.60 0.60 
1.50 0.65 0.65 
1.50 0.70 0.70 
2cO @60 @60 
200 0.100 0.101 

- 

G - 
0.5 

A:; 
- 
0.5 
@3 

8:: 

0.5 
0.3 
- 
0.5 
- 
- 
@3 
0.3 
- 

- 
1.0 
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Procedure 

Equal volumes (10 ml) of thallium(II1) and hydrogen peroxide solutions of the concentrations shown in 
Table 1 were mixed. The concentration of perchloric acid shown in the table is approximate and refers to the 
mixture. Ferrous sulphate was then added. The reaction between thallium(II1) and peroxide occurred 
immediately. The excess of thallium(II1) was determined iodometrically,* and hence the amount of peroxide was 
calculated. 

DISCUSSION 

The results are in accordance with the equation 

Tl(II1) + H20t - Tl(1) + 2H+ + O2 (1) 

It is obvious that very small concentrations of iron(I1) are effective in the catalysis and that variation of the 
perchloric acid concentration from @5 to 4 M has no effect. The results for the presence of sulphuric acid, 
sodium sulphate, sodium nitrate, magnesium sulphate and copper sulphate are not shown, but these species 
were without effect. Large errors were found if chloride was present. 

The iron(I1) acts catalytically only if it is added to a mixture of Tl(II1) and hydrogen peroxide or 
hydrogen peroxide is added to a mixture of Tl(II1) and Fe(I1). If Fe(I1) and the peroxide are mixed first and 
then Tl(II1) added, no determination of the peroxide can be made. Iron(II1) has no catalytic activity. 

The reaction between Tl(II1) and perdxide is slow and Fe(I1) catalyses it, possibly via 

Tl(II1) + Fe(I1) = Tl(I1) + Fe(II1) (2) 

Tl(I1) + HtOt - Tl(1) + 2H+ + 0; (3) 

Tl(II1) + 0; - Tl(I1) + O2 (4) 

and thus a cycle of steps (3) and (4) continues till one of the reactants is used up. Oxide anion is 
postulated as formed in step (3). but some other form could be involved. At any rate some reactive radical 
ion is formed. If Fe(I1) is mixed with peroxide first, the Haber-Weiss mechanism will operate for catalytic 
disproportionation of the peroxide.e’l 

A reaction between TI(I1) and Fe(I1) is also possible in competition with (3), but it appears to be 
considerably slower than (3). Similarly catalytic decomposition13*14 of hydrogen peroxide in the presence of 
Fe(II1) is also possible, but again this is very slow in comparison to the rates of steps (3) and (4). These 
processes are insignificant in the present investigation because no variation in the stoichiometry of the reaction 
between Tl(II1) and peroxide in the presence of Fe(I1) was found. 

Chloride inhibits the reaction. It therefore appears that reactions (3) and (4) take place by formation of 
intermediate complexes of Tl(I1) and H202, and Tl(II1) and 0; respectively. In the presence of chloride 
strong chloro-complexes15*16 are formed and thus the co-ordination sites of the Tl(II1) are blocked, inhibiting 
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Summary-A method for estimating hydrogen peroxide by oxidation with excess of thallium(II1) 
in the presence of iron(I1) and iodome~c dete~iMtion of excess of t~ll~um(III) is described. 
Nitrate, sulphate, manganese(I1) and copper have no effect. Chloride interferes. 

Zusammenfassung-Ein Verfahren zur Restimmung von Wasserstoffperoxid durch Oxidation 
mit tiberschiissigem Thallium(II1) in Gegenwart von Eisen(I1) und jodometrische Restimmung 
des iiberschtissigen Thallium(II1) wird beschrieben. Nitrat, Sulfat, Mangan(I1) und Kupfer(I1) 
haben keinen Einflul3, Chlorid s&t. 

R&n&-On d&-it one methode pour l’estimation du peroxyde d’hydrogene par oxydation 
avec un exds de thallium(II1) en la presence de Fe(I1) et dosage iodomitrique de l’ex&s de 
thallium(II1). Les nitrate, sulfate, manga&se(II) et cuivre (II) n’ont pas d’influence. Le chlorure 
interfere. 

T&mu, Vol. 20, pp. 905-907. Pergamon Press. 1973. Printed in Gnat Britain 

DE~RMINATION OF LITHIUM STEARATE IN 
SEBACATE-BASED LUBRICANTS BY ATOMIC ABSORPTION 

(Receiwd 16 January 1973. Accepted 16 March 1973) 

Sebacate-based lubricants are becoming increasingly important because of their high- and low-temperature 
properties. A typical sebacate-based lubricant contains 8 % lithium stearate, 89 % di(2~thylhexyl) sebacate, 
1.5 “/, barium netroieum sulnhonate, 1 “/, di-isonrouvl uhosnhite. and 0.5 “/, 2~i-t-butvl-~~ol.’ 

Apparently no method has app&eh for ihe determination of lithium stearate [LibOC(CH,),,CHs] in 
sebacate-based lubricants. Lithium stearate has been determined in petroleum-based lubricants by treatment 
with sulphuric acid and ignition to lithium sulphate.2 Lithium, sodium and calcium have been determined in 
petroleum-based lubricants by homogenizing with butyl alcohol, shaking with dilute hydrochloric acid, 
allowing to stand For 1 hr or preferably overnight, and analysing for lithium, sodium and calcium in the 
aqueous layer by atomic absorption3 For reasons that were not clear, this method gave iow results in this 
laboratory when applied to sebacate-based lubricants. 

It was thought at first that the lithium stearate could be determined gravimetrically by treatment of the 
lubricant with a mixture of sulphuric and nitric acids, evaporation to fumes of sulphuric acid, filtration 
to remove the barium sulphate, evaporation of the filtrate to dryness, ignition to lithium sulphate, and 
correction for the phosphate from di-isopropyl phosphite. However, erratic results were obtained by this 
procedure, since a valid correction factor (deduction for lithium phosphate) could not be established. The 
reason for the erratic results was that lithium phosphate on ignition produces compounds of rather indefinite 
combosition such as Li H P 0 6 t 2 9.4 

Attention was therefore turned to the determination of the lithium by atomic absorption after destroying 
the organic matter in the lubricant by treatment with a mixture of nitric and perchloric acids or a mixture 
of nitric and sulphuric acids and evaporation to fumes. However, low results for lithium were obtained at 
times because of the precipitation of lithium phosphate or metaphosphate (both of which are of limited 
solubility’). 

In the method finally adopted, the sample was treated with water and hydrochloric acid and an 
extraction was performed with ethyl ether to remove the d&isopropyl phosphite, stearic acid, and sebacate. 
The aqueous solution was then treated with a mixture of nitric and perchloric acids and evaporated to 
fumes of perchioric acid, and the atomic-absorption measurements were then performed. 

Reagent 
EXPERIMENTAL 

Standard lithium solution (1 ml = 0.3 mg of Li). Weigh 1.5973 g of lithium carbonate into a covered 
250-ml beaker, add 20 ml of hydrochloric acid (1 + 1) in small portions, boil for a few minutes, cool, and 
dilute to 1 Iitre in a volumetric flask. 
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Preparation of calibration curve 

Transfer 20, 50, 7.5, and 10-O ml of Stan&d lithium solution into 500rml volumetric llasks and dilute 
to the mark with water. Perform the atomic-absorption measurements, using the settings recommended for the 
instrument. (The following settings were used on the Perkin-Elmer Model 303 Atomic Absorption Spectro- 
photometer: wavelength, 355-S nm; scale, 1; meter response, 1; range, visual; slit, 4; gain, 1; filter, in; 
acetylene flow, 9; air flow, 9). Check the calibration curve each time samples are run. 

Procedure 

Transfer a l-g sample to a 250-ml beaker. Add 150 ml of water, 10 ml of hydrochloric acid, and 
70 ml of ethyl ether. Stir with a stirring rod, wash into a MO-ml separatory funnel with water, and then 
rinse the beaker with 10 ml of ethyl ether. Shake the separatory funnel for about 1 min and allow the layers 
to settle. Transfer the aqueous layer to a 400-ml beaker. Add 10 ml of water to the ether layer in the 
separatory funnel, shake, and add the aqueous layer to the first aqueous extract. Add 20 ml of nitric acid 
and 5 ml of perchloric acid to the 400-ml beaker and boil down to about 2-3 ml. Allow to cool and 
dilute to 500 ml in a volumetric Aask. Perform the atomic-absorption measurements as described under 
preparation of calibration curve. Read off the number of mg of lithium from the calibration curve. 

Lithium stearate = 
4.19 x mg of Li 

g of sample 
% 

RESULTS 

The results obtained for lithium stearate in ten samples of sebacate-base lubricants are shown in Table 1. 
The precision is satisfactory. 

Table 1. Results for lithium stearate in sebacate-based lubricants 

Sample Results, % Sample Results, % 

1 799 7.98 7.80 7.80 6 7.84 7.72 7.78 7.63 
2 3.85 3.60 3.73 3.67 7 4.93 4.70 4.93 460 
3 7.62 7.55 7.62 7.30 8 8.71 8.81 846 8.76 
4 72 16 7.26 6.98 7.16 9 5.95 6.00 5.98 5.75 
5 699 6.83 6.92 6.98 10 6.70 6.76 6.61 6.81 

The recovery obtained for lithium stearate added to Sample 2 (3.71% lithium stearate) is shown in Table 2. 
The recoveries were satisfactory (93-106 %). 

Table 2. Recovery of lithium stearate added to a sebacate-based 
lubricant” 

Lithium stearate 
added, g 

OQ210 
0.0305 
0.0395 
O-0512 

Total lithium stearate 
found, g 

00567 
O-0670 
Oa789 
oG901 

Lithium stearate 
recovered, g 

0.0196 
0.0299 
O-0418 
0*0530 

* This lubricant contains 3.71% lithium stearate (Sample 2 of 
Table 1). 
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Summary-An accurate method is proposed for the determination of lithium stearate in 
sebacate-based lubricants. The sample is treated with dilute hydrochloric acid and an extraction 
is performed with ethyl ether to remove di-isopropyl phosphite which would otherwise interfere 
by causing the subsequent precipitation of lithium phosphate or lithium metaphosphate. The 
aqueous extract is then evaporated to fuming with perchloric acid and the lithium is determined 
by atomic absorption. 

Zuaammenfassung-Eine genaue Methode zur Bestimmung von Lithiumstearat in Schmiermitteln 
auf Sebacat-Grundlage wird vorgeschlagen. Die Probe wird mit verdilnnter Salzs;iure be- 
handelt; es wird mit Diathyllther extrahiert, urn Diisopropylphosphit zu entfemen, das sonst 
durch die Ausfallung von Lithiumphosphat oder Lithiummetaphosphat stijren w&de. Der wlgrige 
Extrakt wird dann bis zum Rauchen mit uberchlors;iure abgedampft und das Lithium durch 
Atomabsorption bestimmt. 

R&sum&-On propose une mithode precise pour le dosage du stearate de lithium dans les 
lubrifiants a base de sebacate. L’tchantillon est trait6 par l’acide chlorhydrique dilut et l’on 
effectue une extraction a l’dther ithylique pour eliminer le phosphite de diisopropyle, qui 
autrement interfererait en causant la precipitation subdquente du phosphate de lithium ou du 
m&phosphate de lithium. L’extrait aqueux est alors evapori jusqu’a apparition de fumees avec 
l’acide perchlorique et le lithium est dose par absorption atomique. 

T&nra, Vol. 20, pp. 907-910. Pergamon Press, 1973. Printed in Great Britain 

HYDRAZINE SULPHATE AS REAGENT FOR TITRIMETRIC 
DETERMINATION OF VANADIUM(V) AND CHROMIUM(V1) 

(Received 19 October 1972. Revised 11 January 1973. Accepted March 1973) 

Hydrazine sulphate, N2H, - HxSO,, has been proposed’ as a standard in alkalimetry and also for the 
standardization of solutions of iodine,’ iodine monochloride, and bromine’*’ by direct titration, and for many 
other indirect determinations. Berka, Vulterin and Zyka6 stated that “the direct potentiometric titration of 
chromate and vanadate yields unprecise results.” Deshmukh and Bapat7 claim satisfactory results if the 
hydrazine solution is added in excess and the surplus back-titrated with bromate. DrHgulescu and Mitranesct? 
reported a direct potentiometric titration of vanadium(V) with hydrazine sulphate in 0%4N sulphuric acid 
medium in the presence of osmium tetroxide as catalyst, but the error was rather high, about 1.3%. Singh 
and Singhg used iodine monochloride as catalyst and pre-oxidant in the direct titration and obtained 
satisfactory results. In this communication we report the conditions developed by us for the accurate 
direct titrimetric determination of vanadium(V) and chromium(W), using barium diphenylaminesulphonate as 
indicator and osmium tetroxide as catalyst. 

Reagents 
EXPERIMENTAL 

Sodium meravanadute solution, 0.2M. Prepared from ammonium metavanadate and standardized with iron(I1) 
sulphate solution (itself standardized with dichromate). 
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Hydrazine sulphute solution, OQSM. Prepared from analytical grade N2H, H2S04. The weight purity of 
the salt agreed with the assay by KolthotT’s bromate method.” 

Osmium retroxide solution, 0.2%. 
Vanudium(W) solution, @lN. Prepared from sodium metavanadate solution by reduction with sulphur dioxide 

at 70” in sulphuric acid medium and standardized with cerium(IV) sulphate.” 

Titration of uonudium( V) and chromium(V) 

A study of indicator reactions showed that the oxidation of diphenylaminesulphonic acid by vanadium(V) 
is rather slow in 1GN sulphuric acid but becomes very rapid when 2 ml of syrupy phosphoric acid are added 
per 50 ml of titration mixture. Under these conditions the reduction of the oxidized indicator is slow 
but is found to be catalysed by the addition of OQS ml of 0.2% osmium tetroxide solution in dilute 
sulphuric acid. From these observations a procedure has betn developed for the visual titration of 
vanadium(V) with hydrazine sulphate. Diphenylamine and diphenylbenzidine do not function satisfactorily as 
indicators in this titration. It was found that under the given conditions titrations of chromium(VI) are not 
reproducible; however, if the cbromium(V1) is reacted to give an equivalent amount of vanadium(V) by 
addition of an excess of vanadium(IV), titrations are satisfactory and accurate. 

Procedure 

Take 2+10 ml of vanadium(V) solution and add enough 4N sulpburic acid to give an acidity of 1N on 
dilution to 50 ml. Add @S ml of osmium tetroxide solution, 3 ml of syrupy phosphoric acid and 0.2 ml of 
0.2% aqueous solution of barium diphenylaminesulphonate. Dilute to 50 ml and titrate with the 
hydrazine sulphate solution rapidly at first and slowly towards the end, waiting 10 set between drops. 
Subtract w2 ml for the indicator correction. 

For chromium(V1) add a slight excess of vanadium(IV) and titrate the resultant vanadium(V) as above. Too 
much excess of vanadium(IV) should be avoided as it retards the oxidation of the indicator. 

Interferences 

Iron(III), manganese(II), chromium(III), copper( molybdenum(VI) and tungsten(V1) do not interfere in the 
vanadium titration but chromium(VI) does. Nitrate interfere-s because of its slow reaction with the vanadium(IV) 
formed. 

RESULTS AND DISCUSSION 

Representative results for the determination of vanadium(V) and chromium(V1) are given in Table 1. 

Table 1. Titrimetric determination of vanadium(V) and chromium(VI) 

Vanadium(V), mmole Chromium(VI), mmole 

Mean 
Taken Found ‘A Error deviation Taken Found % Error 

Mean 
deviation 

0.0645 0.0647 0.3 +0.107 
0.1652 0.1657 0.3 +0.100 
0.2752 0.2754 O-1 -0.130 
0.3515 0.3513 0.1 -0.146 
06606 0.6588 0.3 -0-070 

*S.D. = 0.13 

OQ528 00527 0.2 -0.122 
0.1110 0.1113 ;:: -0.041 
0.1513 0.1518 co.02 
0.2222 0.2213 0.4 +0+9 
0.3306 0.3294 0.4 +OQ5 

*S.D. = 0.08 

* S.D. = Standard Deviation 

Among the earliest to study the oxidation of hydrazine by vanadate in acid medium were Hofmann and 
Kuspert12 who stated that the reaction is, 

4VOj- + N2HI+ + 11 H+ - 4V02++8HzO+N 2 (1) 

Browne and Shetterly,13 however, stated that the reaction follows simultaneously and to varying extents a second 
path: 

VO; + N,H; + 11 H+ - NH: + VO’+ + fN, + 2H20 (2) 

This was confirmed by Bray and Cuy14 who dismissed vanadate as unsuitadle for the determination of hydrazine. 
The non-stoichiometry of the reaction was recently emphasized by Higginson, Sutton and Wright.15 It is 
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explained in terms of one-electron acceptors [equation(2)] and two-electron acceptors [equation (l)] giving 
different reaction mechanisms. If both paths are followed to different extents under varying conditions, it will 
be obvious that the stoichiometry varies. Our experiments show that vanadium(V) reacts with hydrazine accurately 
according to equation (1) in the presence of osmium tetroxide as catalyst. Even in the absence of the 
catalyst, vanadium(V) acts mostly as a two-electron acceptor. This behaviour is apparently strange, because 
the reduction product is vanadium(IV) and not vanadium(II1). Higginson, Sutton and Wright suggested a 
reaction mechanism that would explain this anomaly. 

The alternative sequence 

V(V) + N,H, - V(III) + N,H, (3) 

V(V) + N,H, - V(II1) + N, (4) 

V(V) + V(III) - ZV(IV) (5) 

V(V) + N,H, - V(IV)N,H, - V(III)NrHs 
- V(III) + N,H, (6) 

they rule out on grounds of stability of N,H, being higher than that of N,H, and of the low redox 
potential (0.36 V) of vanadium(IV) and consider that such a reaction would be much slower than the 
two-electron sequence. However, the reaction, 

V(V) + NsH, - V(IV) + N,HJ (7) 

would disturb the stoichiometry. We believe that osmium tetroxide forms a complex with NsH, and 
oxidizes the latter to N,H, before it can dimerize to N,H, and give ammonia. 

2N,H, - N,Hs - N, + 2NHs (8) 

The N,H2 undergoes oxidation by V(V) to N2 according to equation (4). The exact role of Os(VII1) is not 
clear. We consider that it is reduced to a transient species Os(VII) by N,H, and that the Os(VI1) is 
reoxidized to Os(VII1) by vanadium(V). If OS(V) or Os(IV) are formed as intermediates, they can be 
oxidized only to Os(VI) and not to Os(VII1) by vanadium(V) as observed by Syrokomskiii6 and this would 
involve a correction for the osmium tetroxide used, which was not the case in our titrations. Csyani” 
assumed the formation of OS(V) for the catalysis of oxidation by chlorates. Thus osmium tetroxide not only 
accelerates the reaction but also makes it follow a single stoichiometric path. 
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Slmunuy-Conditions have been developed for the direct titration of vanadium(V) and 
chromium(VI) with hydra&e sulphate, barium diphenylaminesulphonate being used as indicator 
and osmium tetroxide as catalyst. 

Z--Die Bedingungen xur direkten Titration von Vanadium(V) und Chrom(V1) 
mit Hydraxinsulfat wurden entwickelt. Bariumdiphenylaminsulfonat wird als Indikator und 
Osmiumtetroxid als Katalysator verwendet. 

RCsum4+On a &bore les conditions de titrage direct du vanadium (V) et du chrome (VI) par le 
sulfate d’hydraxine, le diphenylaminosulfonate de baryum &ant utilist comme indicateur et le 
tttroxyde d’osmium comme catalyseur. 

Tahnta, Vol. 20, pp. 910-913. Perpmon PM, 1973. Printed in Great Britain 

DESORPTION OF SMALL QUANTITIES OF CHLORAURATE 
IONS RETAINED ON ANION-EXCHANGERS, IN THE 

SEPARATION OF GOLD FROM BASE METALS 

(Received 29 December 1972. Accepted 1 March 1973) 

Strongly basic anion-exchangers display a high selectivity towards chloraurate ions, which offers a possibility 
for increasing their concentration and separating the gold from the associated base metals. Nevertheless, the 
removal of the ions retained on the resin is troublesome and complicates the subsequent determination of 
gold.‘-’ Attempts have been made to elute the cyanide complexes of gold from anion-exchangers with a 
hydrochloric acid solution of thiourea. w These investigations are, however, rather technological in their approach. 
Davankov et al.,’ have collected chloraurate ions on the anion-exchangers N-O and TN. Their attempts to 
elute the gold with acid solutions of thiourea, or dilute solutions of hydrochloric acid in acetone or ethanol, 
proved unsuccessful. Burstall et d,s examined the enrichment of gold from ores by sorption of its cyanide 
complexes on anionzxchangers. They eluted the gold quantitatively with a mixture of hydrochloric and nitric 
acids and acetone. Their paper does not present results for microgram quantities. Fritz et al.,9 separated 
pg amounts of gold from base metals with a polyacrylic resin and obtained good results in the elution 
of gold with a mixture of hydrochloric acid and acetone. 

The present paper deals with the possibility of eluting microgram quantities of gold from Dowex 1 with 
thiourea. It was established that the desorption proceeds practically to completion at 50” with a 0*3M solution 
of thiourea in 0.1 M hydrochloric acid. The eluate volume may be decreased by reversing the direction of flow 
through the column. The elution conditions established are applicable in the separation of gold from copper, 
nickel and iron and for determination of gold in anodic copper. 

Reagents 

EXPERIMENTAL 

Anion-exchange resin. Dowex 1X8, 50-100 mesh, chloride form. 
Standard gold(lll) solution. Prepared from AuCI,, p.a., by dissolution in 1M hydrochloric acid and 

standardized gravimetrically by reduction with hydroquinone. lo This solution was diluted with 1M hydrochloric 
acid to concentrations of 5 and 10 &ml. 

Standard solutions of nickel, copper and iron(lII). Prepared by dissolving the reagent grade chlorides in 
1 M hydrochloric acid. 

Thiourea solutions, 0.1 and 0.3M. In O.iM hydrochloric acid. 
Sodium chloride solution, 4%. 
Sodium Juoriak solution, 1%. 
p_Dimethylaminobenrylidenerhodanine solution, 0.05 %. In absolute alcohol. 
All reagents were analytically pure. 

Ion-exchange columns 

A column 35 mm long and 8 mm dia, fitted with a thermostatic jacket, was used. A reversible 
column” of the same dimensions (Fig. 1) was also used. fitted with funnel A (with ground-glass joint) for 
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T-7 A 

Fig. 1. Reversible column. 

introduction of the solutions, and the stop-cock assembly I3 for the outflow. When the column is to be run 
in reverse, A is replaced by a second stop-cock assembly B’, the column is inverted, and B is replaced by A. 
To avoid disturbance of the resin when the column is inverted, the filling should be secured in place with 
some glass-wool. 

Preliminary work 

After sorption of a definite amount of gold, the column was washed with 0.5M hydrochloric acid, then 
eluent was passed through at a rate of 0.5 ml/min, IO-ml fractions being collected and analysed for gold after 
destruction of the thiourea complex. It was established from experiments with different concentrations of 
thiourea at room temperature and on heating, that gold is practically completely desorbed with 70 ml of 
0.3M thiourea at 50” (Fig. 2). 

160 

140 - 

120- Cblumn length : 35 mm 

Flowrah : 0.5 ml/min 

Eluote. ml 

Fig. 2. Elution of gold with 0*3M thiourea in O.l’ni hydrochloric acid. 
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The use of the reversible column was investigated by sorbing the gold, washing and inverting the 
column, and eluting at the same rate as before. For complete elution of the gold only 20 ml of 03M 
thiourea were needed. 

To check that elution of the gold was complete, we passed through the column samples each containing 
100 pg of gold, which after washing was eluted with 70 ml (or for reverse-flow 20 ml) of thiourea solution 
under the conditions indicated above, and we then determined the gold in aliquots of eluate. The results 
showed that desorption of the gold was practically complete. 

Procedure for separating gold jkom nickel, copper and iron 

The sample is taken in a 50-ml beaker, O-5 ml of 4% sodium chloride solution is added, the mixture is 
evaporated to dryness over an infrared heater, then the dry residue is dissolved in 10 ml of 05M hydrochloric 
acid and the solution passed through the column at a rate of 05 ml/min. The column is washed with O-5M 
hydrochloric acid till a test for the transition-metal ions in the effluent is negative. The gold is eluted 
at 50” with 70 ml of 0+3&f thiourea in 0-M hydrochloric acid (20 ml for reverse-flow). The eluate is 
collected in a 100-ml (or 25-ml) graduated flask and is diluted to the mark. An aliquot of this solution is then 
transferred to a porcelain crucible, evaporated to dryness, placed in a cold electric oven and heated 
gradually until ashing is complete. A tiny residue of elemental gold is obtained, which is dissolved in aqua 
regia with slight heating, evaporated to a moist residue, then dissolved in several drops of concentrated 
hydrochloric acid. Sodium chloride solution (4x, 0.5 ml) is added, and the solution again evaporated to 
dryness. The residue is dissolved in 1.5 ml of 2M hydrochloric acid and the gold determined photometrically 
with pdimethylaminobenzylidenerhodanine.lZ 

If the samples contain iron, 1 ml of aqueous chlorin; solution is added before the preliminary evaporation, 
to suppress reduction of the gold. 

Determination of gold in anodic copper 

A 0.5 g sample is dissolved in 6 ml of nitric acid (1 + 1); then 2 ml of concentrated hydrochloric acid and 
0.5 ml of 4% sodium chloride solution are added and the mixture is evaporated to dryness. The residue 

Table 1. Separation of gold from nickel, copper and iron 

Foreign 
ion, Added, me 

Au, MI 
Std. devn., 

taken found PB 

Ni(II) 5Q 
5Q 

5OQ 
1OOQ 

Cu(I1) 5Q 
5Q 

50.0 
50.0 

1OOQ 

Fe(II1) 5Q 
5.0 

50.0 
1oOQ 
ICQQ 
1ooQ 
1OOQ 

10.0 
1OQ 
10.0 
1OQ 
2OQ 
201) 
2OQ 
20.0 

100 
100 
100 
100 

100 
100 
100 
100 
100 

100 
100 
100 
100 
100 
100 
100 

20 
20 
20 
20 
20 
20 
20 
20 

99 
102 
98 
99 

average 99.5 
99 
97 

105 
98 

100 
average 99.8 

104 
97 

103 
100 
100 
98 

100 
average 100~4 

19.0 
20.0 
19.5 
19.5 
20.0 
21.7 
20.5 
2OQ 

average 20.0 

2 

3.6 

1.3 

0.8 
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is dissolved in O.SM hydrochloric acid, and the small precipitate of AgCl and SiOl is filtered off and washed 
with 0.5M hydrochloric acid. The filtrate and washings are treated as described above, on a reversible column. 

RESULTS AND DISCUSSION 

The investigations showed that chloraurate is completely eluted from Dowex 1 with a solution of thiourea at 
50”, and this was confirmed by experiments with radioactive isotopes (not described here). The destruction 
of the thiourea complex and the excess of thiourea by ashing proceeds smoothly and completely. The residue 
of elemental gold (in some cases hardly noticeable) is readily dissolved in aqua regia. 

The use of a reversible column is of significant advantage in the separation of minute amounts of gold 
because the whole of the eluate can be used for the determination of the gold. 

The accuracy and reproducibility of the photometric determination of gold after the anion-exchange 
separation of nickel, copper and iron was studied with synthetic samples, prepared by mixing a known amount 
of standard gold solution with pure solutions of the elements mentioned. The results are given in Table 1. 

The method was applied to the determination of gold in ariodic copper. The results, 63.9 f 2.3 ppm 
(95% statistical certainty, six results) were in good agreement with those (w4 f 3.4 ppm) obtained by 
co-precipitation of the gold with tellurium. 

Department of Chemistry 
Unioersity of Sofa 
Bulgaria 

L. L. KOCHEVA 
R. GECHEVA 
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Summary-Favourable conditions have been found for the elution of chloraurate ions, separated 
from base metals by sorption on.Dowex 1. The elution is done at 50” with a hydrochloric acid 
solution of thiourea. A reversible column is proposed for the purpose, the use of which decreases 
the eluate volume. The conditions established have been applied in the separation of microgram 
amounts of gold from nickel, copper and iron as well as for determining gold in anodic copper. 

Zusammenfassung-Zur Elution von Chloroaurat-lo& die durch Sorption an Dowex 1 von 
unedlen Metallen getrennt worden sind, wurden giinstige Bedingungen gefunden. Die Elution 
wird bei 50’ mit einer salzsauren ThioharnstofflBsung ausgeftihrt. Fiir diesen Zweck wird eine 
in beiden FluBrichtungen verwendbare SLule vorgeschlagen; sie ermijglicht, das Volumen des 
Eluats kleiner zu halten. Die ermittelten Bedingungen wurden bei der Abtrennung von 
Mikrogrammengen Gold von Nickel, Kupfer und Eisen sowie bei der Bestimmung von Gold 
in Anodenkupfer verwendet. 

R&urn&-On a trouvt des conditions favorables pour I’blution des ions chloroaurate, s&par& des 
metaux de base par sorption sur Dowex 1. L’blution est Waite B 50” par une solution de 
thiourCe dans I’acide chlorhydrique. On propose une colonne rbversible B cette fin, dont I’emploi 
dkroit le volume d’eluat. Les conditions ktablies ont ct& appliqu&es P la skparation de 
quantitts d’or de l’ordre du microgramme des nickel, cuivre et fer, ainsi qu’8 la dbtermination de 
I’or dans le cuivre anodique. 
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Tolanca Vol. 20, pp. 914-916. Pcr~amm Prw, 1973. Printed in Great Britain 

A TWINNED MERCURY-FILLED GLASS ELECTRODE SYSTEM 
FOR ACID-BASE TITRATIONS IN A NUMBER OF 

NON-AQUEOUS SOLVENTS 

(Received 6 March 1973. Accepted 9 April 1973) 

The mercury-filled electrode was first tested in 1932 by Thompson’ for acid-base titrations in aqueous 
solutions. This indicator ekctrode was twinned with a classical saturated calomel electrode. Later, Ritchie 
and Uscholdz usad a similar system for titrations in dimethylsulphoxide, the reference electrode being the 
system Ag/Ag+ (WSM). More recently, Bottom and Covington tested some mercury-filled electrodes for 
comparison with electrodes filled with water, water-ethanol and water-dioxan (the mercury-filled glass electrode 
contains pure mercury without any solvent). 

Lately, workers in this laboratory have used a mercury-filled glass electrode for determinations in 
N-methylpyrrolidone,* glycols and methanol6 the reference system being Hg/Hg: ’ (091 M) or Ag/AgCI/KCl,, 
in the corresponding solvent. These experiments showed that the response of the mercury-filled glass electrode 
to pH variations of the solutions in N-methylpyrrolidone, glycol and methanol media was linear, but that 
the slope of the line was not always 58 mV/pH unit. Although this makes the determination of acidity 
constants difEcult, it is of little importance for titrations. 

These results suggested the possibility of using the mercury-filled glass electrode for titrations in non-aqueous 
solvents or their mixtures with each other or with water, or to use a pair of such electrodes, the one operating 
as a conventional PI-I indicator whilst the second, immersed in a buffer solution, assumes a constant potential, 
thus behaving like a reference electrode. 

EXPERIMENTAL 

This is represented in Fig. 1. The platinum wire in the titration compartment of the cell connects the 
solution to the earth of the apparatus. The titratiop halfcell and the reference half-cell are connected by 
means of a liquid junction [Et,NClO, (O*lM) in the solvent or in the mixture of solvents considered]. 

I Moqnotic stirrer 
I I 

Moqnetic stirrer 
I 

Fig. 1. Titration apparatus. 
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The potentiometric recorder is an EPL 1 Tacussel-Solea type fitted with a high input impedance differential 
voltage plug-in TD 11 G unit. 

A “Scriptoburap” syringe-burette is linked to the chart-drive shaft for automatic recording of titration curves. 

Reagents 

A convenient buffer was a O.lN solution of a strong acid in the titration medium. Perchloric acid, being a 
strong acid in quite a lot of solvents, was often employed. We also tested successfully a O.lN solution of 
p-toluenesulphonic acid. In any case, any acid-base pair which is stable in the titration medium can fix the 
potential of the solution at the value E = constant - 0.058 pK, . 

RESULTS 

The rapidity with which the mercury-filled glass electrode reaches equilibrium potential when immersed in a 
solution of constant acidity was first tested: the glass electrode was coupled with a conventional reference 
electrode prepared in the solvent considered and the difference of potential was recorded as a function of time. 

When transferred from any solvent to water, the electrode instantly reached a stable potential; when 
transferred from any solvent to glycol or methanol the balance was obtained within a few minutes, but 
20-30 min were necessary before equilibrium was reached in dimethylacetamide or N-methylpyrrolidone. 
This difference may be due to the nature, protic or aprotic, of the solvents. 

When equilibrium is obtained in a solvent, the electrode response to the pH variations induced by titrations 
is much faster, and a whole titration curve can be recorded within 30 or 40 mm; this time could be reduced 
by altering the rate of addition of titrant according to the stage reached in the titration. 

Under these conditions, the electrodes can be used for successive titrations in various solvents. By way of 
“example we titrated successfully an aqueous solution of acetic acid with sodium hydroxide; a solution of 
p-toluenesulphonic acid with imidazole in dimethylacetamide, dimethyfacetamide-water, dimethylacetamide- 
glycol, water-glycol and dimethylacetamide-N-methylpyrrolidone media (mixtures 1 : 1 v/v). Reproducible 
curves were obtained even for the titration of maleic acid, oxalic acid and their mixtures in a dimethyl- 
acetamide-glycol mixture (Fig. 2). 

The accuracy of the equivalence point was tested, using as example the titration of p-toluenesulphonic 
acid in a mixture of dimethylacetamide and glycol: 20 ml of OQ985N acid solution were titrated with O.lN 

HM-+HOx- 
-200 

> 
E 

-400 -\ HM-+0x’- 

\ 

M2-+0x ‘- 

I I I I I 
I 2 3 4 5 

meq of base 

Fig. 2. Titration curve of a mixture of 10 ml each of O.lN maleic acid (H,M) and O.lN oxalic 
acid (H,Ox) with O.lN tetrabutylammonium hydroxide in the solvent dimethylacetamide + 

ethylene glycol. 
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solution of imidaxole in the titration medium; the titrant was added at 0.075 ml/mitt. Eighteen such titrations 
were performed and the results gave an average value for the acid concentration ofO@X&V with standard deviation 
OM)o8 (relative error *:04x). 

CONCLUSION 

Although only a few applications were tested it is thought likely that a pair of mercury-filled glass electrodes 
will be useful for acid-base titrations in a number of media and it is intended to pursue these trials. 

The electrode system appears to be superior to the classical one in that the reference electrode is much 
simpkr to prepare than say a conventional silver-silver chloride electrode and the same electrode pair can be 
used for successive titrations in both aqueous and non-aqueous solvents. 

Luboratoire de Chimie Anaiytique et Industrielle M. B~J?.ANT 
20 Ave. A. Einstein, 69 621 Villeurbanne, France J. GEORGES 
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w--A pair of mercury-filled glass electrodes is proposed for acid-base titrations in non- 
aqueous solvents or their mixtures with each other or with water. 

Zlugara&saaag--Ein Paar quecksilbergefiillter Glaselektroden wird fiir Slure-Basen- 
Titrationen in nichhvarigen L&sungsmitteln sowie ihren Gemischen untereinander und mit 
Wasser vorgeacblagen. 

Resume-On propose I’emploi d’uu couple d’tlectrodes de verre P remplissage de mercure pour 
suivre les dosages a&k-base dans les solvants non-aqueux, leurs melanges et leurs melanges avec 
I’CRU. 

T&M, Vol. 20. pp. 916918. Pergamoa Pra, 1973. Printed in Great Britain 

NON-AQUEOUS CERIMETRIC 
DETERMINATION OF THIOUREAS 

(Received 8 January 1973. Accepted 27 March 1973) 

Although considerable work has been done on acid-base titrimetry in non-aqueous media, redox titrations in 
such media have attracted limited attention. The importance of determination of organic compounds in industry 
and research, especially by functional group analysis, is well known. The application of non-aqueous redox 
titrimetry to such functional groups is therefore of interest. 

Thiourcas are of industrial, medicinal and analytical importance. Though various oxidimetric methods‘ have 
been developed for their determination in aqueous medium, such methods in non-aqueous medium are few. 
Copper solutions in acetonitrile have been reported as suitable titrants for the potentiometric determination 
of thioum&* and some of its derivatives,5 the thiol group being oxidized to disulphide. Kratochvil and Long’ 
titrated thiourea potentiometrically with hydrated iron(II1) perchlorate in acetonitrile medium. Suchomelod 
and Zyka’ showed that though mercaptans could be smoothly and quantitatively titrated with lead tetra-acetate 
in acetic acid medium, the oxidation of thiourea with the oxidant occurred in 50% acetic acid and in the 
presence of sulphuric or hydrochloric acid. 

Cerium(IV)* is one of the oxidants which in acidic solutions quantitatively oxidizes thiourea to formamidine 
disulphide, and its monosubstituted derivatives to their corresponding disulphides. The oxidation proceeds 
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of thioum&* and some of its derivatives,5 the thiol group being oxidized to disulphide. Kratochvil and Long’ 
titrated thiourea potentiometrically with hydrated iron(II1) perchlorate in acetonitrile medium. Suchomelod 
and Zyka’ showed that though mercaptans could be smoothly and quantitatively titrated with lead tetra-acetate 
in acetic acid medium, the oxidation of thiourea with the oxidant occurred in 50% acetic acid and in the 
presence of sulphuric or hydrochloric acid. 

Cerium(IV)* is one of the oxidants which in acidic solutions quantitatively oxidizes thiourea to formamidine 
disulphide, and its monosubstituted derivatives to their corresponding disulphides. The oxidation proceeds 
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smoothly and rapidly under specified conditions. No direct method to determine thiourea or its derivatives with 
cerium(IV) in non-aqueous medium appears to have been developed so far. Mruthyunjaya.g however. determined 
thiourea indirectly in acetic acid medium, using standard ammonium hexanitratocerate solution (in tri- 
n-butyl phosphate/carbon tetrachloride medium). The excess of cerium(IV) was titrated with standard hydro- 
quinone solution in acetic acid medium. In the present work ammonium hexanitratocerate has been used as an 
oxidimetric reagent for the direct titrimetric determination of thiourea and its many alkyl derivatives, in acetonitrile 
medium, both visually and potentiometrically. Acetonitrile, because of its high dielectric constant and resistance 
to oxidation or reduction has been found to be quite promising as a non-aqueous solvent. Acetonitrile solution of 
ammonium hexanitratocerate(IV) is orange-red and imparts a distinct yellow tint to the solution at the end-point 
in visual titrations. The potentiometric titrations were performed with a platinum wire as indicator electrode and 
a modified calomel electrodeas reference electrode. The method is simple, accurate, reliable and widely applicable. 
The results obtained agree well with those obtained by aqueous methods. The thioureas are oxidized to their 
corresponding disulphides with a single-electron change. 

2 
RHN, 

HN 
/C-SH - 

RHN, ,NHR 

HN 
)c-s-s-c, + 2H+ + 2e 

NH 

(R = hydrogen atom or alkyl group) 

EXPERIMENTAL 

Reagent.5 

Ammonium hexanifratocerate, O.OSN in ncetonirrile. Prepared by dissolving a little more than the calculated 
amount of dried analytical-grade oxidant in acetonitrile, and standardized by titration with ferrous ammonium 
sulphate 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. 

A recrystallized sample of thiourea was used. The alkyl derivatives of thiourea were prepared from their 
corresponding isothiocyanates lo by condensation with ammonia. 

All other reagents were of guaranteed quality. 

Procedure 

Aliquots of solutions of each compound in acetonitrile were taken in conical flasks (for visual titrations) or 
beakers (for potentiometric titrations) and the volumes made up to 20-25 ml with the solvent. The solutions were 
cooled to room temperature (20”) and titrated visually and potentiometrically with ammonium hexanitratocerate 
solution (in acetonitrile) added from a microburette provided with guard-tube for protection from atomospheric 
moisture. The titiation solution was magnetically stirred during potentiometric determinations. During titration 
white cerous nitrate was precipitated. The visual end-point was signalled by the yellow tint imparted by the 
first drop of oxidant in excess. 

Table 1. Titrations of thiourea and its alkyl derivatives with standard ammonium hexanitratocerate(IV) 
in acetonitrile 

Compound 

Amount of each compound Amount of each compound 
taken, 8 ng taken, 30 mg 

Amount found, mg. Amount found, mg 

Visual Potentiometric Visual Potentiometric 
method method method method 

(Mean of 6 determinations, (Mean of 6 determinations, with 
with standard deviation standard deviation) 

NH,CSNH, 7.940.056 7.95,0.051 3oG9,oG47 29.94,@04l 
CH, : CHNHCSNH* 8.01,0,072 8OO,OO43 29.%,0.076 3004,@048 
CH,NHCSNH, 8.03,0% 1 8.02,OG44 29.91,0.065 29.92, 0.052 
CH,CH,NHCSNH2 7.950.055 7.98, 0.045 3009,0068 30~05,0~031 
(CH,)#ZHNHCSNH, 806,OG45 8.02,0.027 30.120.076 30.10,0.038 
CH,CH,CH,NHCSNH, 796.OG41 799,OQ28 29.88,0.058 29.92.0031 
(CHJ2CHCH,NHCSNH, 8.02.0.068 8QO,OW4 29.9 1, 0.090 29.95, 0058 
CH,CH,CH,CH,NHCSNH, 8.03, 0.062 800,0.027 30.13,0.049 29.93,0.031 
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RESULTS AND DISCUSSION 

The results recorded in Table 1 show that thiourea, ally1 thiourea, methyl thiourea, ethyl thiourea, isopropyl 
thiourea, n-propyl,thiourea, isobutyl thiourea and n-butyl thiourea can be determined visually and potentio- 
me&ally with ammonium hexanitratocerate in acetonitrile medium. The overall standard deviations from pooled 
data of all the visual and potentiometric titrations performed with 8 mg samples of each compound were MS8 
and w39 mg mspectively. For 30-mg samples they were O&56 and OG42 mg respectively. Pronounced fluctuations 
in potentials were observed when a saturated (aqueous) calomel electrode was used as reference electrode. With 
a mod&d calomel electrode (metbanol saturated with potassium chloride used instead of saturated aqueous 
potassium chloride) the potentials attained stable values immediately on addition of the oxidant. A sharp jump 
in potential of 450-550 mV was observed at the endpoint on the addition of 0.05 ml of OGSN ammonium 
hexanitratocerate. The potentials of the i&&on points for the listed compounds were 380-410 mV. 

The use of acetic acid to economize in acetooitrik in these determinations is not recommended, as its 
presence makes the reaction slow and the end-point difficult to detect. 

The effect of some typical compounds was studied in the determination of tbioureas with Ce(IV) in acetonitrik 
medium by the recommended procedure in the usual way. No interferences were found from organic 
isothiocyanates, thiocyanates or isocyanates even when present in up to sixfold amounts relative to the 
thioureas. Cyanamide, thiosemicarbaxide, urea, ammonium thiocyanate and amines interfered 
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~-Ammonium hexanitratocerate (in acetonitrilc) solution has been used as an oxidimstric 
reagent br the visual and potentiometric determination of thiourea and its alkyl derivatives in 
acetonitrik medium. The thioureas are oxidixed to their corresponding disulphides. The method is 
simpl~‘accurate, reliable and widely applicable. 

~AmmoniumhexanitratoceratRisung (in Acetonitril) wurde als oxidimetrisches 
Reagens xur visuelkn und potentiometrischen Bestimmung von Thioharnstoff und semen 
Alkyklerivaten in Acetonitril-Medium venvendet. Die Thioharnstoffe werden zu den entsprechen- 
den Disuhkkn oxidiert. Die Methode ist einfach, genau, verl8Blich und auf viele Probkme 
anwendbar. 

RclllmcOn a utilisb une solution d’hexanitratoc&rate d’ammonium (en acitonitrile) comme 
reactif oxydimctrique pour le dosage visuel et potentiometrique de la thiour& et de ses derives 
alkylC en milieu acttonitrile. Les thiour&s sont oxyd&s en leurs disulfures correspondants. 
La m&ode est simple, prtise, stire et largement applicable. 
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ANALYTICAL PROPERTIES OF 
3-HYDROXYPICOLINALDEHYDE AZINE 

(Received 20 March 1973: Accepted 17 April 1973) 

Acyclic azines (R-CH-N-N-CH-R) are interesting as analytical reagents. The insolubility and 
fluorescence of salicylaldehyde azine (SAA) have been used for the detection of traces of hydrazine with 
salicyladehyde alicylaldehyde.’ Picolinaldehyde azine (PAA) has been used in the photometric determination 
of Fe(II),r and its complexes with Co(H), Fe(H), Ni, and Cu have been also described.3 6-Methylpicolinaldehyde 
azine was used as a selective “cuproine” reagent for the estimation of copper.4 

In this paper the synthesis, properties and analytical possibilities of a new compound, 3-hydroxypicolin- 
aldehyde azine (3-OH-PAA) are described and a comparison is made with SAA and PAA. 

EXPERIMENTAL 

Preparation qf the compounds 

3-OH-PAA. A solution of 15 g of 3-hydroxy-2-methoxypyridine hydrochloride in 150 ml of water with 
0.8 g of manganese dioxide was heated together with chloroform (200 ml) to reflux (6O”C), and 50 ml of 
0.6N sulphuric acid were dropped into the mixture over a 30-min period. After 10 min more reflux, the 
solution was slightly cooled and the layers separated. The chloroform solution was dried over sodium 
sulphate and evaporated at 30-40” with a rotating film evaporator. The white solid (3-hydroxypicolinaldehyde) was 
dissolved in 30 ml of ethanol and added dropwise to 0.5 g of hydrazine sulphate and 0.5 g of potassium 
acetate dissolved in 50 ml of water. Fluorescent yellow crystals were separated, and recrystallized from ethanol 
(m.p. 162’). Found: C 59.3 %, H 4.3 %, N 23.2 %. Calculated for C1,Hir,N402 : C 59.5 %, H 4.1x, N 239%. 

SAA. Prepared in a similar way to 3-OH-PAA, from salicylaldehyde. Yellow crystals (m.p. 270-75’) 
showing fluorescence in ultraviolet light. Found: C 69.9x, H 50x, N 11.9%. Calculated for C1,Hi2N202 
C 70.0x, H 5*0x, N 11.7%. 

PAA. Picolinaldehyde, 25 g, dissolved in 25 ml of ethanol was added dropwise to 0.6 g of hydrazine 
hydrate in 90 ml of distilled water and 15 ml of concentrated ammonia solution. The mixture was stirred 
at room temperature for 3 hr. Yellow crystals were isolated and recrystallized from aqueous ethanol 
(m.p. 150’). Found: 68.6 %, H 50 %, N 26.6 %. Calculated Ci4H,cN,: C 68.6 %, H 4.8 “/ N 266 %. 

Properties 

Some physicochemical properties are summarized in Table 1. The absorption spectra .are shown in Fig. 1, 
with the effect of pH. The aqueous dilute solutions of the,3-OH-PAA and SAA were not stable, whereas PAA 
aqueous solutions were stable in weakly acid and neutral medium. A simultaneous potentiometric- 
photometric method5 was used to measure the pK values. 

Reactions with cations. The reactions of 36 ions with the three reagents were tested at pH 4.8, 8.6 and 11.3. 
The samples were prepared in 25-ml volumetric flasks, with 2 or 16 ppm of metal ion,.buffer solution, and 
10 ml of 0.05 ‘X azine solution in dimethvlformamide, and diluted to 25 ml with distilled water; the 
absorbance was”measured from 350 to 700 nm against reagent blanks. The most important results are 
summarized in Table 2. 

919 
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J.OH-PAA 

I.S- 

X. nm 

Fig. 1. Absorption spectra of 3.25 x 10-‘M 3-OH-PAA, SAA, and PAA in water at different 
pH values, and in ethanol. 

Table 1. Physicochemical properties of the three azines 

Property 3-OH-PAA SAA PAA 

Solubility in ethanol, g/l. 
Solubility in dimethylformamide, g/i. 
C=N- stretching frequency, cm- * 
pK, (pyridinium nitrogen) 
PKZ (phenol group) 

085 0.2 26.0 
14.4 20.6 33.6 
1622 1630 1631 
3.92 - 460 
7.97 9.63 - 
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Table 2. ‘Characteristics of azine complexes in solution 

Ligand Metal ion pH 
A nlm 

nm hnolkm- ’ pD Colour 

3-OH-PAA Ag(I) 

Cu(I1) 

WI) 

Hg(II) 

Pt(IV) 

Co(I1) 

Ni(I1) 

Zn(I1) 

Pd(I1) 

Cd(I1) 

Mn(I1) 

Fe(I1) 

Fe(II1) 

8.6 486-8 

4.6 500 
10.8 460-70 

8.6 500-10 

4.6 460 
10.8 495 

4.6 

46 
10.8 

4.6 
10.8 

4.6 
10.8 

490-510 

545 
470 

430-40 
485 

46 

46 
10.8 

10.8 

4.6 

46 

510-20 
490-96 

450 

420-510 
490 

495 

430 

430 

1.9 x 104 

2.4 x lo4 
1.4 x lo4 

1.4 x lo4 

1.8 x lo4 
1.2 x lo4 

2.0 x lo3 

3.0 x lo4 
2.6 x 104 

2.9 4 lo4 
8.1 x 10” 

1.1 x lo4 
1.1 x lo4 

9.0 x lo3 

45 x 10” 
1.1 x lo4 

6.0 x 10’ 

l-6 x lo4 

7.4 x 103 

6.5 

7.1 
7.1 

7.0 

5.8 
5.4 

4.5 

8.2 
6.0 

6.4 
5.9 

5.3 
5.2 

6.9 

5.1 

orange yellow 

red 
red 

red 

orange 
orange 

orange yellow 

dark violet 
orange yellow 

orange yellow 
yellow 

orange 
orange 

orange yellow 

orange 

5.0 orange 

5.8 brown 

5.1 brown 

SAA Co(I1) 

Pd(I1) 

8.6 
10.8 

4.6 
IO.8 

490-500 7.0 x lo* 4.9 orange 
490 2.4 x lo3 

424 8.5 x 10’ 5.4 yellow 

Fe(I1) 46 

Fe(II1) 4.6 415 

5.0 brown 

45 x lo3 5.7 yellow 

PAA WI) 4.6 

Co(I1) 4.6 
10.8 

Ni(I1) 4.6 
1@8 

Pd(I1) 4.6 

Fe(I1) 4.6 

Fe(II1) 46 

465-75 3.4 x 103 4.9 red 

400-20 29 x lo3 4.8 yellow 
390 6.3 x 10’ 

335 
460 

415 

1.0 x lo4 4.2 yellow 
8.3 x lo3 

7.4 x 10” 5.4 yellow 

5.3 brown 

5.1 yellow 
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RESULTS AND DISCUSSION 

3-Hydroxypicohnaldehyde is obtained by oxidation of 3-hydroxy-2methoxypyridine with manganese dioxide 
in sulphuric acid medium. The aldehyde is continuously separated from the aqueous phase with chloroform in 
order to avoid further oxidation to acid. The earlier method6 has been modified to increase the yield. The 
axine can also be obtained by methods similar to those for SAA’ and PAA.’ 

Intramolecul.ar hydrogen bonds exist in 3-OH-PAA and SAA both in the solid and in solution. In fact, in the 
infrared spectra of both azines, the typical vibration of the OH-group is suppressed so that no difference can be 
found from the infrared spectrum of PAA from 1800 to 4ooo cm- ‘. Although 3-OH-PAA and SAA, with a 

hydrophilic OH-group, would be expected to be more soluble than the corresponding benxaldehyde axine and 
PAA. this is not so, because of the ,hydrogen-bonding. In alkaline medium the solubility of SAA and 
3-OH-PAA incmases because the OH-groups are deprotonated. 

The ultraviolet spa&a of 3-OH-PAA and SAA in organic media are distinguished from the spectra of 
aromatic acyclic axines (BAA, PAA, 6-methyl-PAA) by a strong absorption band at 335-365 nm (Fig. 1). 
In aqueous solutions the presence of the hydroxyl groups in 3-OH-PAA and SAA produces bathochromic 
and hypercbromic shifts in alkaline media. The behaviour of PAA is quite different; in acid medium there is a 
bathochromic shift (Fig. 1). 

In general, the acyclic axines are easily oxidized or reduced and in acid medium are easily hydrolysed to 
produce aldehyde and hydra&e. These facts limit the field of application. No strong redox agents can be used 
to change oxidation state of the metal ions. and the reagents cannot be used at pH < 1.5. 

3-OH-PAA is more reactive than SAA and PAA with metal ions, probably because both hydroxyl and 
pyridine groups are present. Copper(H) in alkaline solution gives the same reaction as copper(I) because of 
reduction by the axine (cf: the 6-methylpicolinaldehyde axine system’). 

Department of Analytical Chemistry 
Faculty of Sciences 
University of SeviNa, Spain 

A. GARCIADE Toaam 
M. VALCARCEL 
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Smnmary-The synthesis and analytical properties of 3-hydroxypicolinaldehyde axine (3-OH- 
PAA), salicyladehyde axine and picolinaldehyde axine are described. 3-OH-PAA is isolated for the 
first time. The solubility, spectral characteristics, pK values and reactions with 36 cations were 
examined. 

B-Synthc und analytische Eigenschaften von 3-Hydroxypicolinaldehydaxin 
(3-OH-PAA), Salicylaldehydaxin und Picolinaldehydaxin werden beschrieben. 3-OH-PAA wurde 
zum ersten Ma1 isoliert. Liialichkeiten, spektrale Eigenschaften, pK-Werte und die Reaktionen 
mit 36 Kationen wurdenuntersucht. 

Resume-On d&it la synthbse et les proprittes analytiques de l’axine du 3-hydroxypicolin- 
aldbhyde (3-OH-PAA), de l’axine du salicylaldehyde et de l’axine du picolinaldehyde. Le 
3-OH-PAA est isolt pour la premiere fois. On a examine la solubilitt,. les caractbristiques 
spectrales, les valcurs de pK et les reactions avec 36 cations. 
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CHELATING PROPERTIES OF a-OXIMINOCARBOXAMIDES-II* 

syn-a-OXIMINOPHENYLACETAMIDE: COPPER(H) COMPLEXES 

(Received 16 January 1973. Accepted 1 March 1973) 

Two isomers (I and II) of a-oximinophenylacetamide (AOPA) can be obtained, depending on the synthetic route.’ 

The syn isomer gives coloured complexes with Cu(II), Ni(I1) and Co(H), and the anti isomer does not. 
By application of the isosbestic-point,‘s3 continuous-variation’*’ and molar-ratio methods6 the nature and 
properties of the copper complexes have been established. 

EXPERIMENTAL 

Determination of the dissociation constants of a-oximinocarboxamides 

The dissociation constants were determined potentiometrically by the method outlined by Albert and 
Sarjeant.’ The measured pH was used to obtain a pK, value from each titration point. Scatter was calculated 
as the largest deviation between the average value of K, and any contributory value. 

Determination of the formation constants of the metal chelates 

Calvin and Wilson’s’ potentiometric procedure adapted from the method of Bjerrumg was adopted for 
determining formation constants. The constants log p2 and log K, were calculated by the method of least 
squares by computer, and their difference gave a mean value for log K 2. Scatter was calculated by using the 
mean value of K, to obtain an individual value of /$ from each titration point. The spread of K1 was 
calculated from the series of individual values of K, obtained by use of the mean value of /Iz in the 
appropriate equation. 

Preparation of syn-a-oximinophenylacetamide-O-methyl ether 

To a solution of 8.2 g (CO5 mole) of syn-a-oximinophenylacetamide in 25 ml of methanol was added a 
solution of 2.0 g (0.05 mole) of sodium hvdroxide in 25 ml of water and 25 ml of methanol. To this was added. 
dropwise, 7.2 g ‘(0.05 moie) of methyi iodide. The mixture was set aside for three days and then the 
methanol was removed with a flash evaporator. The yellowish solid was treated with 30 ml of warm water, and 
the residue was collected by filtration and crystallized from chloroform, m.p. 102-104”. Analysis gave C 60.6 %; 
H 5.7%; N 15.8%; Calculated for CgH10N202 C @65x; H 5.65%; N 15.72%. 

RESULTS AND DISCUSSION 

The Vareille isosbestic point method showed that the spectra of solutions ([Ligand] : [Cu] = 4: 1) at 
pH 8.4 and below have i.,, at 625 nm. Increasing the pH above 8.4 leads to a hypsochromic shift 
and A,,,,, at 500 nm. The isosbestic point at 575 nm suggests the formation of two complex species2 Neither 
cupric chloride nor syn-AOPA shows absorption at 450-800 nm in the pH range 7.9-10.2. In acidic media, 
an aqueous solution of cupric chloride had i.,,, 
at 500 nm and pH 11.8 is 364 I.mole-‘.cm-‘. 

at 700 nm. The molar absorptivity of the CuL, complex 

* Abstracted from the Doctoral Dissertation of H.M.E.F., University of Illinois at the Medical Center, 
Chicago. Ill.. 1969. 
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The chelating properties of syn-AOPA were confirmed by spectroscopy on equimolar Cu(I1) and, syn-AOPA 
mixtures at various pH values. As the pH increased, the spectra showed a hypsochromic shift accompanied 
by a hyperchromic effect by complex formation. Further increase in pH caused precipitation of a green 
compound, making it impossible to obtain spectra. The green compound was isolated and its spectrum 
obtained in DMSO and acetone solutions, 1, for both solutions being at 625 nm. 

Stoichiometry of the complexes 

Job’s method of continuous variation,**s using the absorbance measured at 580 nm and pH 6-0, indicated 
a 1 : 1 complex. Similar measurements at 550 or 500 nm and pH 10 indicated the formation of 1 : 2 complex. 
Further confirmation of the stoichiometry of the 1 : 1 complex was obtained by the measurement of the 
concentration of hydrogen ions liberated in the complex formation, and construction of a Job plot. The 
molar-ratio method6 was used to confirm the stoichiometry of the 1 : 2 complex. 

Stability of the complexes 

The dissociation constant (PK.) of syn-AOPA was found to be 9.42 f O-04 (aqueous medium, OQlM 
concentration, 25 f OQS”). The values of log & and log K, were 14.32 f Oti and 7.82 f OQ7. 

Structure of Cu(ll) chelate of syn-AOPA 

Since only the syn isomer has chelating properties, it was assumed that one point of attachment to Cu(I1) is 
through the oxygen atom of the oxime group. This was confirmed by the fact that the O-methyl ether of 
syn-AOPA, III, lacks chelating properties. That the configuration of the oxime did not change during the 
transformation into the methyl ether was verified by regenerating the oxime from its sodium salt. 

NH* 

THZ C6% 

C6H5, ,c\ 

c 0 9 
4 \ 

A 

U_“r 

\o,CH3 v 
4 

NHz 

(III) WI 

The second site of attachment (closing the six-membered chelate ring) can be either the oxygen or the 
nitrogen atom in the amide group. The infrared spectrum of the 1 : 1 complex [isolated by addition of alkali 
to an aqueous solution containing 

“9 
uimolar quantities of Cu(II) and syn-AOPA] showed a carbonyl 

stretching frequency shifted to 1580 cm- , the frequency for the free carbonyl of syn-AOPA being at 1660’cm-‘. 
The shift to lower frequency suggests participation of the carbonyl group in metal chelate formation. Further, 
ethyl syn-z-oximinophenylacetate, the ester precursor of syn-AOPA, showed chelating properties. The results 
presented lead to the conclusion that the I : 2 Cu(II) chelate of syn-AOPA has the structure IV. 
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Summary-Svn-a-oximinophenylacetamide forms two complexes with Cu(II). a CuL complex 
at pH c 8.4 and CuL, at pH > 8.4. log K, = 7.82 + 0.07 log b, = 14.32 + OQ6. 

Znaammenfaasung-Syn-a-oximinophenylacetamid bildet mit Cu(I1) zwei Komplexe, bei pH < 8.4 
einen CuL-Komplex und bei pH r 8,4 CuL, log K, = 7.82 k 0.07 log & = 14.32 k 0%. 

R&urn&-Le sv,?-a-oximinophtnylacttamide forme deux complexes avec Cu (II). un complexe 
CuL a pH < 8,4 et CuL, a pH > 8,4. log K, = 7.82 k 0.07 log /I2 = 14.32 & 0.06. 
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DETERMINATION OF CHROMIUM IN STEEL BY 
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Summary-A new atomic-absorption procedure is described for the determination of chromium, 
at levels up to I%, in steel. The method involves the use of the air-acetylene flame and 
incorporates S-hydroxyquinoiine as a releasing agent to suppress metallic interferences. Chemical 
operations have been reduced to a minimum in order to provide a simple, rapid and accurate 
procedure. 

In the steel production industry rapid analytical control of minor constituent concentra- 
tions is nowadays generally provided by either X-ray or optical emission spectrometry, 
However, other analytical techniques are still necessary as a standby, for checking 
analytical results, as a means of preparing standards, for non-routine analyses and to 
provide cheaper methods for use in smaller laboratories, particularly in the manufacturing 
industries using steel. In the past, these requirements have been largely met by wet 
chemical methods, in&ding calorimetry or spectrophotometry, and polarography. 
However, for such applications, atomic-absorption spectrometry would appear to possess 
considerable advantages, and these are summarized in a review’ of methods for the 
determination of many metals in steel. At the present time statistical information from 
single laboratories or from the results of collaborative studies between laboratories is 
unfortunately lacking for many otherwise satisfactory atomic-absorption procedures. The 
accuracy of an atomic-abso~tion procedure depends on the degree of interference by 
elements in the sample solution which are not present in the standards. For many 
determinations these effects are minimal but the atomic-absorption determination of 
chromium is subject to serious interference from other metals in all the commonly 
used premixed flames2-6 and the signal is suppressed in particular by iron and nickel 
in the cooler flames.2-4 Despite this, a number of procedures have been suggested for 
the determination of chromium in steel, using both the air-acetylene2*3*‘*s and nitrous 
oxide-acetylene6 flames in which either releasing agents or matrix matching or both are 
used to overcome interference effects. The most commonly used releasing agent is 
ammonium chloride3*7.8 but in these cases it is still normal practice to add iron to the 
standard solutions to compensate for the iron in the sample solutions. Barnes3 
developed a method using ammonium chloride with aqueous standards without iron 
additions and his method~ap~ars to be the simplest and most rapid developed to 
date. Thomerson and Price6 recently proposed a method using the nitrous oxide- 
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acetylene flame without releasing agent. This gives acceptable results for a wide range 
of steels (containing between 0.11 and 256% Cr) and illustrates the greater freedom 
from interference in this flame. Their method does, however, require metallic iron to be 
added to the standards to compensate for the iron in the sample solutions and the 
addition of potassium to the standards (e.g., by use of potassium dichromate) must be 
avoided. Both iron and potassium interfere in chromium determination with this flame. 

For the determination of low levels of chromium in steels the air-acetylene flame 
offers the advantages of greater sensitivity and reduced noise compared to the nitrous 
oxide-acetylene flame. It has been shown that the most sensitive absorption lines for 
chromium overlap with the CN band emission at 359 nm, which is most intense from 
the interconal zone of the nitrous oxide-acetylene flame and contributes significantly 
to noise levels in atomic absorption. ’ A method involving direct aspiration of the metal 
solution should therefore have better precision and a lower detection limit in an air- 
acetylene flame. The accuracy of the method will however depend on the degree to 
which interferences can be controlled when using this flame. During a detailed study of 
interferences in the determination of chromium by atomic absorption we have found that 
8-hydroxyquinoline is more effective as a releasing agent for metallic interferences than 
ammonium chloride, sodium sulphate” or potassium pyrosulphate.” A procedure 
incorporating 8-hydroxyquinoline, for the determination of chromium in steel at levels 
below lx, is described in this paper. 

EXPERIMENTAL 

Reagents of the highest available purity were used to prepare @lx stock solutions of each metal. Where 
a particular anionic medium is specified, e.g., sulphate, all metal solutions were prepared from the appropriate 
salts (e.g., sulphates) and all solutions, both stock and diluted, were made up with the corresponding 10S3M 
acid (e.g., sulphuric acid). All solutions were prepared with water from a quartz still. 

Apparatus 

A Perkin-Elmer 290 Atomic Absorption Spectrophotometer was used with a single-slot tubular burner 
50 mm long. A Perk&Elmer Intensitron hollow-cathode lamp was used at a lamp current of 12 mA and a 
bandpass of 0.7 nm. The most sensitive line was found to be that at 357.87 nm with a sensitivity of 
O-14 ppm for 1% absorption, and this was used throughout. 

Interferences were studied under the optimum operating conditions of the instrument, i.e., those giving the 
maximum absorption signal. These were established by using a IO-ppm chromium(V1) solution prepared 
from potassium dichromate dissolved in lo-“M hydrochloric acid. The same absorbance was obtained for 
10 ppm of chromium(V1) in hydrochloric, nitric or sulphuric acids or if the chromium solution was prepared 
from chromium trioxide or from chromium metal [to give chromium(U) solutions]. Maximum absorption 
was given at an optical-path height of 10-12 mm and 11 mm was usually selected. This height is measured 
at the middle of the focus of the light beam, which occurs approximately halfway along the burner and, 
owing to the spread of the beam (which was not restricted), represents an average of all the flame zones 
being irradiated.‘* The air pressure was regulated at 35 psig and the air Rowmeter reading fixed at 14.00. 
With an acetylene pressure of 9 psig the flowmeter reading for acetylene was varied retween 1410 (fuel-lean) 
and 1350 (fuel-rich) as will be described. Maximum signal was obtained at a reading of 13.80, which is close 
to the position for stoichiometric flame composition. t2 Slight differences in signals were obtained for the 
different oxidation states of chromium and in different anionic media but only under conditions of lower 
observation height or a more fuel-rich flame than the optimum. 

An Evans Electroselenium Ltd. 240 Atomic Absorption Spectrophotometer was also used for a series of 
determinations, with the same Perkin-Elmer hollow-cathode lamp at a lamp current of 8 mA. Flame conditions 
were optimized as described above at fixed feed-pressures of 20 psig for air and 10 psig for acetylene and a 
fixed air-flowmeter reading of 5.5. With the lOO-mm single-slot air-acetylene burner the optimum height was 
found to be 6 mm and optimum acetylene flowmeter reading 1.6. 
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Procedure for the determination of chromium (< 1%) in steel 

Stock chromium solution, 100 mg/(. Dissolve 0.2828 g of analytical-reagent grade potassium dichromate 
in water, transfer the solution to a l-lure volumetric flask and drlute to the mark. 

8-Hydroxyquinoline, 5 % solution 1n0.5M hydrochloricacid (oxine solution). Dissolve 25 g of I-hydroxyquinohne 
in 25 ml of analytical-reagent grade hydrochloric acid by heating and transfer the cooled solution to a 500-m) 
volumetric flask and dilute to the mark with distilled water. 

Preparition of calibration solutions. Transfer by pipette 0, 5, 10, 15, 20 and 25 ml of the stock chrommm 
solution into lOO-ml volumetric flasks. To each flask add 16 ml of oxine solution and 1 ml of concentrated 
hydrochloric acid and dilute to the mark with distilled water. (These solutions contain the equivalent of 0, 
0.05. 0.1. 0.15, 0.20 and 0.25% chromium in steel when 1 g of steel is used to prepare 100 ml of solution). 

Preparation of sample solutions. Weigh 1GOO g of sample into a 150-m) beaker and dissolve it in 10 ml of 
concentrated hydrochloric acid. Heat for 5 min and then add dropwise 2 ml of nitric acid and heat for a 
further 30 min. Cool the solution and transfer to a 100-m] volumetric flask and dilute to the mark with 
distilled water. The small amount of material remaining undissolved at this stage may be filtered off if desired 
but this was found to be unnecessary. 
(a) For steels containing less than 0.1 “/‘, chromtum pipette 20 ml of the sample solution into a 25-ml volumetric 

flask. add 4 ml of oxine solution and dilute to the mark with water. 
(b) For steels containing O.l-0.59/, chrommm. use 10 ml of sample solution and proceed as in (a). 
(c) For steels contaming 0.5-l T0 chromium, use 5 ml of sample solution and proceed as in (a). 

Instrumental conditions. For the model PE290 the optimum conditions are as follows: 
Wavelength 357.9 nm 
Lamp current 12 mA 
Bandpass 0.7 nm 
Burner 50-mm air-acetylene, single-slot 
Observation hetght lo-12 mm 
An flowmeter 14@0 (at 35 psig feed pressure) 
Acetylene flowmeter 13.80 (at 8 psig feed pressure). 

With other instruments the conditions recommended by the manufacturer should be used. The flame is 
correctly adjusted when the mcandescence due to carbon species in the secondary reaction zone just 
disappears. The observation height should be slightly above the primary reaction zone. 

Aspnate all solutions and plot % absorption (or absorbance) us % chromium for the calibration 
solutions and determme the chromium content of the samples from the calibration graph. For procedure 
(a) multiply the result by 3, for (b) by 3 and for (c) by 5. 

RESULTS AND DISCUSSION 

Interferences in the determination of chromium 

It is well known that many elements cause serious interference with the atomic-absorption 
signal of chromium in an air-acetylene flame. 24+7~1 1 In the determination of chromium in 
steels the most important interferences are the depressive effect due to iron and the 
effects of alloying elements such as nickel, vanadium, molybdenum, manganese, cobalt 
and titanium. Detailed studies 4.13 have shown that in nearly all cases the degree of 
interference is dependent on the concentration of the interfering element, the anions in 
the medium, the flame composition and the observation height at which absorption 
measurements are made. Typical interference results at a single concentration under 
optimum flame conditions are given in the first columns of Tables 1 and 2. Elements 
such as titanium and aluminium give enhancements at lower concentrations but the signal 
decreases at higher concentrations.14.’ 5 The depression due to iron is much less significant 
in a chloride medium than in a nitrate or sulphate medium (Fig. 1) and the same is 
true for the effects of nickel and cobalt. Interference effects are also confined to 
more fuel-rich air-acetylene flames. This is illustrated in Fig. 2 in which aluminium 
(100 ppm) can be observed to give a slight depression under the optimum flame 
condition (acetylene flowmeter reading 13.80) but an enhancement under more fuel-rich 
conditions. Under fuel-lean flame conditions no interference is observed for iron, 
aluminium or titanium and for many other elements, except at very high concentration. 
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Table 1. Beleasing agents for the elimination of metallic interferences in the deter- 
mination of 10 ppm of chromium ,’ 

Interfering 
metal% 

200 ppm. 
added as sulphate 

None 
Cu(I1) 
Fe(U) 
Ni(II) 
Co(I1) 

:;gj 
Ti(IV) 

% Absorption for 10 ppm of Cr 

No releasing With With With 
agent 2% NH&l 1% NasSO, 1% KrSaC, 

45 50 49 49 
28 50 49 49.5 
16 50 49 49 
215 50 48 48 
17 49 49 49 

26 38 50 
:: 

49 41 49 42 
18 48 48 

Table 2. Effect of 0.8% &hydroxyquinoline as releasing agent on interferences in the 
determination of 10 ppm of chromium 

% Absorption % Absorption 
InterferenP Interferent* 

No oxine 0.8% oxine No oxine 0.8% oxine 

None 45 50 
Fe(II1) 42.5 50 Sr(I1) 43.5 50 
Fe(III), NO,- 18 505 Ba(II) 48.5 505 
Ti(IV) 21 50 425 50 
Ti(IV), SO:- 

Mn(I1) 
21 Mo(V1) 40.5 50 

V(V) 27 
2 

Sn(I1) 45 50.5 
V(IV), SO:- 26 43 I-J(IV) 49.5 50.5 
Al(II1) 455 50 Au(II1) 51 50 
Co(I1) 42.5 50 Cd(I1) 49 51 
Ni(I1) 42 50 Acids 
Cu(I1) 49 51 HN03 44 50 
?$G) 46 50 50 Hz% H3PO4 45 41 40 51 

K(I) 2 50 HClO, 46 51 
Li(I) 45 50 HF 46 50.5 
M&II) 42.5 50 HBr 45 51 
Ca(II) 48.5 50 HI 44 51 

l All metals 100 ppm in chloride medium unless otherwise specified; acids O.lM. 

This appears to be because the chromium species have been completely atomized under 
these conditions but the atomic population is depressed by conversion into chromium 
monoxide.“j Interferences are therefore reduced to a minimum under fuel-lean conditions 
but the absorption of chromium is relatively low and poor sensitivity is obtained. The 
effect of observation height is analogous, with maximum interference at low flame-heights 
where the game is relatively richer, and minimum interference high in the flame where 
the chromium signal is itself depressed owing to the formation of CrO by reaction of 
chromium atoms with entrained air.“j 
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Fig 1. Effect of increasing concentration of iron(M) on the absorption signal of 10 ppm of 
chromium in (A) chloride medium, (B) nitrate medium and (C) sulphate medium. Optimum 

operating conditions (PE 290). 

1 1%. IO 
I I 

13.90 13.70 

Acotyleno f I owmetor reoding 

Fig. 2. Effect of tlame composition on the interference of (A) 100 ppm of aluminium, 
(C) 100 ppm of iron(II1). qD) 100 ppm of titanium on the absorption signaf of 12 ppm of 

chromium (B). All solutions prepared in sulphate medium. PE 290 instrument. 
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Releasing agents 

Methods which have been used to overcome these interferences include matrix matching 
in which the sample matrix is duplicated in the calibration standards,2s6 use of the 
nitrous oxide-acetylene flame,6 use of an oxidizing or fuel-lean air-acetylene flame, 
separation of chromium by extraction of chromium(V1) into organic solvents’ ’ and the 
use of releasing agents. 3*7~10*11 Matrix matching could be very complex with a wide 
range of steels of varying minor element content and would almost certainly lead to an 
overall depression with consequent loss of sensitivity. Use of the nitrous oxide-acetylene 
flame will give reduced sensitivity, and on its own, incomplete removal of interferences. 
Determination of chromium in a fuel-lean air-acetylene flame will also suffer from reduced 
sensitivity as will procedures based on the standard-addition technique. The introduction 
of a separation procedure is both tedious and liable to increase the possible sources 
of error and is not usually recommended unless preconcentration is also required. It is 
not surprising therefore that the use of releasing agents and the air-acetylene flame 
has proved to be the most popular technique. 

Releasing agents which have been proposed include ammonium chloride,3*7,* sodium 
sulphate’ o and potassium pyrosulphate. l1 In our experience none of these is effective 
for all possible interfering elements, although all effectively remove the interference due 
to iron(II1). In Table 1, some typical results are shown, which demonstrate that 
ammonium chloride is ineffective in removing the interference of titanium, and sodium 
sulphate and potassium pyrosulphate are ineffective for magnesium. Removal of the inter- 
ference of other common alloying elements, Co, Ni, Cu and Mn, is, however, complete. 
The effect of oxine as a releasing agent is shown in Table 2 and all interferences are 
removed except those from vanadium in sulphate medium and from phosphoric acid. The 
effect of phosphoric acid also persists when ammonium chloride is used as releasing 

60 

t 

I I I I I I 
0 0.2 0.4 0.6 06 I 2 16 

X oxIn or NH4 Cl 

Fig. 3. Comparison of the efficiency of oxine and ammonium chloride as releasing agent in the 
presence of titanium. 

(A) 10 ppm Cr + oxine, (B) 10 ppm Cr + NH,CI, (C) 10 ppm Cr + 100 ppm Ti + oxme, 
(D) 10 ppm Cr + 100 ppm Ti + NH,CI. 
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0 I I I I 

14.1 13.9 I3 7 13.5 

Acetylene f lowmeter reading 

Fig, 4. Effect of flame composition on the interference of iron in d&termination of chromium. 
(A) IQ ppm Cr, (B) 10 ppm Cr + 04% oxine, (C) 10 ppm Cr + 05% Fe(III), (D) 10 ppm 
Cr + 0.5 y, Fe(lI1) + 0.8% oxine, (E) 10 ppm Cr + 05% Fe(H), (F) 10 ppm Cr + 03% 

Fe(I1) + 0.8% oxme. PE 290 instrument. 

agent and this acid should therefore be avoided in the preparation of sample solutions. 
The effect of vanadium is adequately controlled by adding at least some hydrochloric 
acid to the sample solutions. A comparison of the releasing effect of ammonium 
chloride and oxine on the interference of 200 ppm of titanium on 10 ppm of chromium 
is shown in Fig. 3. All the releasing agents, including oxine, increase the signal from 
chromium and therefore give a useful increase in sensitivity. The one important inter- 
ference effect which is not removed by oxine or the other reagents is that due to iron(I1). 
It can be seen in Fig. 4 that oxine has virtually no effect on the interference by 
iron(I1). Complete oxidation of the sample solutions with nitric acid with conversion of 
iron into iron(II1) is therefore essential. It should also be noted that the iron(II1) 
interference is completely removed under the optimum and more fuel-lean flame conditions 
but not under fuel-rich flame conditions. Careful control of fuel-flow is therefore also 
essential. Under these conditions, the use of oxine as releasing agent is totally effective 
for the wide range of metallic elements and anions tested and a procedure using oxine 
should be both accurate and sensitive enough for the determination of traces of chromium 
in a wide range of steels as well as in other metals and alloys. 

Determination of chromium in steels 

Based on the observations above, the procedure described in the experimental section 
was developed and applied,to a wide range of standard steels. The method was designed 
to be as simple and rapid as possible. Potassium dichromate is used to prepare the 
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Table 3. Determination of chromium in steels (PE 290 instrument) 

Steel type BCS Cr found, Certifica& Other major 
No. % value, y0 elements present 

Mild 
Low alloy 
Mn-Mo 

1 
Mild 
Mild 
Low alloy 

322 
401 
21412 

321 
320 
255/l 

Low alloy 405 
Mild 325 
Low alloy 254/l 

Low alloy 

Low alloy 
Alloy 

Ni-Cr-Mo 
Alloy 

Cr-V 
Alloy 

252/l 

403 
435 

21913 
21912 

Low alloy 

Low alloy 

High-speed 

224/l 
22512 

258/l 

256 

24112 

0.040,0Q41,0*040,0040 
0~075,0073,0~074,0~075 

0090,0~1,0G91 
0.091, Om, 0.089 

0*104,0~104,0~103,0103 
0*130,0~125,0~128,0~125 
0~191,0~191,0~194, 0.194 

0.190.0.198 
0.196,0.195,0~1%, 0.198 
0~213,0~213,0~210,0~210 
0*260,0265,0~264,0~263 

0.265,0*264 
0~411,0~415,0~413,0~415 

0413,0.412 
0.405,0.406, oQlO6, OXIO 
0.550,0*545,@549,0.545 

0.550.0.549 
0.765,0*770,@765,0.750 
0~803,0.800, 0795, 0.792 

0*795,0*795 
1.04, 1.07, 1.05, 106 

1.079, 1080, 1.080, 1.080 
1.080, 1.081 

1.302, 1.302, 1.290, 1.288 
1.290, 1.302 

2405,2.381, 2*373,2400 
2.373, 2373 

5.25, 5.20, 5.23, 5.23 

0,039 - 
0.080 Mn, V 
OG90 Mn, MO 

0.106 Ti 
0.131 W 
0.19 V, Ni, Mn 

0.21 Mn, V 
0.22 - 
0.27 V, Ni 

0.42 Ni, V 

V, Mn 
- 

0.42 
0.56 

0.76 Ni, MO 
0.80 Ni, MO 

106 V, Mn 
1.08 * Ni, Mn 

1.29 

2.34 ’ 

V 

- 

5.35 w, co, v 

standard solutions and no iron is added to these. The undissolved silica in the sample 
solutions is not filtered off but an aliquot of the final sample solution is taken and 
diluted with oxine solution and the appropriate amount of water. A single set of calibration 
solutions is used. Results are shown in Table 3, and show that the method is sufficiently 
accurate for a wide range of steels. Of those results which are slightly low all but one 
are within the range of the certificate values. The time required to complete the analysis 
of a batch of 9 samples was roughly 2 hr, most of the time being consumed in dissolution 
of the samples. The reproducibility of the method was tested on two standard steels, 
the results for 18 different analyses being given in Table 4. The precision shown would be 
considered adequate for most purposes. 

Consistently low results were obtained when this procedure was tested with the EEL 
240 instrument. For example, for BCS 322, 0.031% Cr was found, for BCS 214/2 0.14% 
Cr and for 252/l 0.29% Cr. The interference of iron in chromium determination is 
strongly dependent on the flame-height at which absorbance measurements are made. 
On the PE 290 instrument with the 50-mm burner head, a tall flame with fairly well- 
defined zones is obtained. Despite the vertical spread of the light beam, it is possible to 
select conditions where the effect of oxine completely removes the interference of iron, 
with the optical beam clear of the lower zones where release is incomplete. With the 
EEL 240 model, which has a longer and smaller flame and similar spread of the light 
beam, this is impossible and Fig. 5 illustrates that the signals for a chromium solution 
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Table 4. Reproducibility of the determination of chromium in steel (PE 290 
instrument) 

BCS 255/l BCS 22512 

Results, % Cr 

Mean, % Cr 
Certificate value, % Cr 
Standard deviation, % Cr 
Relative standard deviation, % 
95% Confidence limits, % Cr 

0~191,0~191,0~194 1.079, 1980, 1080 
0~194,0~190,0~188 1.080, 1.080, 1.081 
0~189,0~191,0~190 1.078, 1.078, 1075 
0~190,0~188,0~188 1,085, 1.080, 1.080 
0~188.0~188,0~186 1.075, 1.075, 1075 
0.186,0.187,0*187 1.080, 1.080, 1.080 

0.189 1.079 
0.190 1.08 
0.0023 0.0025 
1.2 0.2 

+OGO48 f 00052 

containing oxine and for the same solution with 0.874 iron present are not identical at 
any fuel-flow. The difference is smallest in a fuel-lean flame but a residual depression 
is still present under these conditions. For analysis using instruments of this type it is 
therefore recommended that the standard solutions be made up with oxine as in the 
procedure described above but also containing an amount of iron equivalent to that in 
the sample solutions. Results are then obtained which are just as adequate as those 
obtained with the PE 290 and the original procedure (Table 5) although analysis for 
a batch of samples takes a little longer. 

The phenomenon above illustrates the danger of taking a procedure developed on one 
instrument and expecting it to give accurate results on another instrument. In either 

Acetylene flowmeter reading 

Frg. 5. Effect of flame oomposition on the releasing effect of oxine in the presence of iron 
(EEL 240 Instrument). 

(A) 25 ppm Cr + 0.8Tb oxme, (B) 25 ppm Cr + 0.5% iron(I11) + ?8% oxme. 
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Table 5. Determination of chrommm in steels (EEL 
240 instrument) 

BCS No. 

322 
21412 
255 
252/l 
22512 

Cr found, Certificate value, 
% 0, /0 

0~040,0~040,0040 0.039 
0@91,0~089,0090 0.09 
0~195,0~195,0~192 0.19 
0.420,0.422,0.427 0.42 
1.080, 1.085, 1040 1.08 

case the procedure is more sensitive than the equivalent nitrous oxide-acetylene flame 
procedure and has a detection limit of OGOl% chromium although there are few steel 
or iron samples for which analysis at this level is necessary. 
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Zusammenfasauag-Zur Bestimmung von Chrom in Mengen bis herauf zu 1% in Stahl wird ein 
neues Atomabsorptionsverfahren beschrieben. Dabei wird eine Luft-Acetylen-Flamme verwendet; 
I-Hydroxychinolin dient als freisetzendes Agens zur Unterdrtickung von Striirungen durch andere 
Metalle. Umeineinfaches, rasches und genaues Verfahren zu gewlhrleisten, wurden die chemischen 
Operationen auf ein Minimum verringert. 

R&sum&On d&it une nouvelle techmque d’absorption atomique pour le dosage du chrome, a 
des teneurs montant jusqu’a l”/, dans l’acier. La methode comprend l’emploi de la flamme 
air-acetylene et incorpore la 8-hydroxyquinoleine comme agent destine a supprimer les inter- 
ferences metalliques. Les operations chimiques ont tti rtduites a un minimum afin de fournir 
une technique simple, rapide et precise. 
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PHOTOMETRIC COMPLEX-FORMATION TITRATIONS 
- OF SUBMICROMOLE AMOUNTS OF METALS-III 

BACK-TITRATIONS 
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The Netherlands 
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Summary-In this paper the theoretical considerations on photometric complex-formation 
titrations of submicromole amounts of metals in the presence of an approximately equivalent 
amount of indicator are completed by considering the back-titration of a metal in the presence 
of another metal whtch is displaced by the titrant. The simultaneous formation of different 
metal-indicator complexes M,I, is taken into account. Titration conditions have been derived, 
with which optimal experimental conditions can be selected. Optimum conditions for the 
analysis of an indmm-ytterbium alloy are deduced from the theory. 

The first paper of this series’ discussed the photometric titration of a metal M with a 
ligand L in the presence of an approximately equivalent amount of indicator I which 
formed a 1 : 1 complex, MI. A tangent procedure was adopted for the determination 
of the end-point and optimum titration conditions were deduced from graphs. 

In the second paper’ the presence of two other metals P, and P, was discussed. 
It was found that the end-point can only be determined when the reaction of Pi and Pz 
with L during the titration of M is negligible. Either metal or both may react either 
before the titration starts or after the titration has been completed. 

The formation of different metal-indicator complexes was considered elsewhere. It was 
found that systematic deviations may be expected when M21, complexes are formed 
(n = 1 or 2).3.4 In spite of lack of data about the molar absorptivities and the conditional 
constants of the different complexes MI, MI,, M21 and M21z it proved possible to draw 
quantitative conclusions if the different complexes were formed simultaneously.5 

The object of this paper is to present rules which enable optimum conditions for 
back-titrations to be selected. 

Some investigator@,’ have discussed back-titrations, but their papers merely deal with 
the calculation of titration errors and are meant for titrations in the presence of negligible 
amounts of indicator. To the best of our knowledge no complete system of equations 
has been published for back-titrations in which species M,I,, where p and 4 = 1 or 2, 
are involved, although such species are common. Therefore this also will be dealt with. 
The case to be considered is of a metal N that is determined by back-titrating L with 
a metal M in the presence of P. It is supposed that the conditional constants of the 
metal complexes with the ligand L decrease in the sequence N, M, P and that P and I 

93-l 
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do not complex. An excess of L with respect to N is added together with an amount 
of indicator I roughly equivalent to the total amount of L (qr N). When M is added, 
free L, if present, will be complexed first, after which P ~111 be displaced from its 
complex with L near the end-point. The end-point is found by the tangent procedure; 
the intersection of the tangent drawn just after the equivalence point, with the extrapolated 
linear portion of the curve before the equivalence point, is taken. This procedure is well 
suited for a mathematical treatment, which can be related directly to the titration 
conditions. 

It will be shown that the titration conditions specific for the metal-indicator complexes 
are actually independent of the presence of N and P, and that these conditions are 
exactly the same as for the direct titrations. ’ When the conditions are specific for the 
back-titrations it can be shown that the conclusions about the presence of N and P are 
not affected when the restriction p = q = 1 is imposed. Therefore, in the first part of the 
paper the possible existence of different metal-indicator complexes is taken into account; 
in the second part MI is the only metal-indicator species considered. 

At the end of this paper the selection of experimental conditions for the analysis of a 
Yb-In alloy will be used to illustrate the application of the theory. 

THEORY 

Symbols and terminology are similar to those used previously.14 In back-titrations 
the total concentration of the ligand CL is kept constant, while ClvI changes during the 
titration. Therefore, in contrast with the theory for direct titrations, CL instead of CM is 
used to make the different quantities dimensionless. 

We introduce 

[Ml PI WI (a) reduced concentrations m = -, I = -, mi = - 
CL CL CL 

, mz i _ [M211 ’ _ [M12I -- 
CL ’ ma2 CL ’ 

m2i2 =- [M2121,ilfl,m/=[MLl,pl=[PLl PI 
CL CL CL 

cL 9 P = z etc. 

/3-C&= relative amount of indicator. 

YP = G&L = relative amount of metal P, and so on. 

j-=&/c,= titration parameter. 

f, is the value of the nth term in the equation f = fi + f2 + 
(b) reduced conditional constants 

zLICL.KYL=--$J 

+f,+***. 

(1) 

zM$, = 
cp+n- 1) . K 

M?, 
= B(p+q- 1) . myP:iq 

z PL=cI.KPL=YP.~ nl 
and ZNL=CN.KNL=yN.- - 

nxl 

(2) 

It is assumed that N and P do not react with the indicator. 
The reactions between M and I, and P, N and L are separately taken into account 

as “competing main reactions.” This means that no side-reaction coefficients for these 
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reactions should be introduced in the conditional constants mentioned above. All other 
side-reactions in which the reactants are involved must be incorporated. 

The following mass balances hold: 

p=i+mi+m,i+2mi2+2m2i2 (4) 

l=I+ml+nl+pl (5) 

f=(mi+mil+2mzi+2mzi2)+m+ml (6) 

yp=p + pl and YN= n+ nl (7) 

The most convenient way to represent the relation between the titration parameter f 
and the different variables mP i, is by means of a parameter representation. In this paper 
1 is used as the parameter which leads to the following sequential calculation scheme. 

Elimination of p and n from (3) and (7) yields 

Rearranging (5) gives 

and (1) gives 

ml = 1 - I- nl - pl 

From (2) and (4) we derive 

2m2 zMI zMI 
++2m--1 

ZM1 zMl 

B B2 
l+m.-+m2.d 

B B2 
. i-/I=0 

from which i can be found as a function of m and so of 1. From 

mi = m . i . (Z,,/jI) 

mi2 = m . i2 . (&,,&/~2) 

m2i=m2 . i . tzM21/b2) 

m2i2=m2.i2 * (zM212/B3) 

(8) 

(9 

(10) 

(11) 

(12) 
(13) 
(14 
(15) 

and equation (6) we can finally compute mi, mi2, m2 i, m2 i2 and j” as a function of 1. 
The calculation scheme has been used as the basis for an iterative procedure in a 
computer programme, with which mi, mi2, m2 i and m2 i2 can be calculated for given 
values off: The programme has been used for checking whether the approximations 
in the relations derived hereafter are justifiable. Approximate relations are used because 
they reveal the magnitude of the titration error and the shape of the curve more readily 
than the exact relationships do. Therefore ml is eliminated from equations (5) and (6) 
to give I 

f=1+(mi+mi2+2m2i+2m2i2)+(m-l)-nl-pl (16) 



940 J. KRAGTEN 

which in the absence of N and P becomes 

f=1+(mi+mil+2m2i+2m2iz)+(~~-I) 

Previously5 titration conditions were derived from the analogous equation 

f=l-(mi+mi~+2m~i+2m~i*)-(m-z) 

= fi +f2 +f3 

by calculating the systematic error with 

(17) 

(18) 

_fz =fo - (9 a0 * (&) (19) 

A similar procedure will be followed with respect to equations (17) and (16). There 
are some essential differences, however, between equations (18) and (17). 

First, CL was introduced to make the variables in equation (18) dimensionless, while 
CM was used in equation (17). It implies that equation (19) has correspondingly to be 
adapted before it can be applied to equation (17). The adapted version, however, is 
identical to (19X as mp i4, which is proportional to M,I, appears both in the numerator 
and in the denominator. So (19) can be used directly in combination with (17) and (16). 

Secondly the different terms in (17) have different signs in comparison with (18). The 
titration conditions, however, do not depend upon the sign of the terms fi, f2 and f3. 
In equation (19) f, is linearly related to f; so the total systematic deviation Afe, differing 
from f, only by a constant, is additively composed from the contributions of the separate 
terms fit f2 and f3. It was proposed in the previous paper that the absolute values of 
the separate contributions Afi, Af2 and Af3 should each be smaller than O-5%, because 
small values of Afe which are caused by compensation of large Aj+values can generally 
be neglected. It ensures that the derivation of the titration conditions, which, as 
previously,’ will be based on [AA 1 < 0.50/, is irrespective of the sign of the terms fi, f2 
and f3. It follows that equation (17) will provide analogous information, in an identical 
notation, the only difference being that CM should be replaced by CL for application to 
back-titrations. It implies that general conclusions, such as about a possible systematic 
error when M21, predominates, remain valid. Furthermore, as CL does not occur in the 
titration conditions following from f2 in (17), analogously identical conditions will 
follow from the term f2 in equation (16). 

The contributions to the systematic error originating from the third and fourth term 
in (16) (Af3 and AfJ will generally be a function of m, as pl, nl and m are functions of 1 
[(equations (8~( lo)] from which 1 can be calculated. From equation (11) and each of the 
equations (12~( 15) it follows that the predominantly occurring species mP i, is a function 
of only m [and reversely m = f(m,i,)]. This gives us the possibility of calculating first 
Af3 and Af4 as a function of m and afterwards to replace m. It is a rather complicated 
procedure and will not be followed here. A more convenient way is to consider first the 
case where only MI is formed. In this case equation (16) simplifies to 

f=l+mi+m-l-d-p1 (20) 

In order to get an idea about the influence of the metals N and P on the titration 
a number of titration curves have been computed. For convenience this was done for 
the case of only one metal, Q, in solution, to which L is added in excess (y = 0.8). It is 
supposed that /I = 05, log ZL = 8 and log ZM, = 2. The result for different values of Zo, 
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Fig. 1. Theoretical titration curves for the back-titration of one metal Q by a metal M. The curves 
were all found by computer and based on ZL = 10s. ZHI = 100, /? = Cl/CL = 05 and :I = Co/CL = 

0.8 (25 S; excess of ligand). The numbers near the hnes correspond to the log Zo,_ values. 

is represented in Fig. 1. It can be concluded that an end-point can only be determined 
when Zo, is about 10 times ZJZm or when Zo, is small with respect to ZJZ,. 
The first situation is assumed to occur with N and the second with P. It will be obvious 
that when both metals are present in solution an end-point will only be found with 
sufficient accuracy when N is not displaced by M and P is completely displaced from PL. 

In what follows, titration conditions will be derived which are based on these two cases 
and which have simultaneously to be satisfied. 

First the corresponding approximate relation between S and mi will be derived. For 
reasons previously stated,’ pl in equation (8) may be approximated by 

Substitution in (9) gives 

pl = ZPL .I (21) 

ml = 1 - I( 1 + ZpL) - y 
N(l + $izNL) 

= (1 - YN) - It1 + zPL) + YN 
iz~L0:~ + 11 

Equation (10) can be written as 

ml= l.ZL.m 

Substitution of 1 from (23) in the second term in (22) leads to 

ml = (1 - YN) 
1 + (1 A- ZPL) ‘+ (2 z ,? + l} 

ZL ’ m * NL N 

‘1”, (1 + ZPL) l 

ZL ‘rn 

(22) 

(23) 

(24) 
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It is rather laborious to eliminate I from the last term. In connection with the tangent 
procedure we are only interested in the region just after the equivalence point, when 
the last term of equation (24) and its derivatives are small in comparison with the first 
term. Substitution of a proper approximation of I in equation (24) is satisfactory in 
practice. A convenient way to estimate I is by means of an iterative procedure from 
equations (23) and (24). From the approximate ml equation, equation (9) and equation 
(20) the following mi-frelation has finally been derived 

f=((l-y,)+mi)+zna(l~mi,~)-~.(l+~~z~ 
L 

+YN( 

b 
=fi +fi +f3 +f4 (25) 

in which 

a= (A)(&) (26) 

and 

b = a/(1 - YN) (27) 
[The approximation used for 1 is I = (a/b + a& . m)/Z, m.] 

Apart from a constant factor (1 - YN) and their sign, the terms fi, f2 and f3 in 
equation (25) are identical to those in previous papers.‘,’ As we discussed earlier in this 
paper the sign does not influence the derivation of the titration conditions and so 
rdl;;;)y conditions can be derived, differing only by a factor (1 - yN) [see equations (3 1) 

The term f4 reflects the possible replacement of N from NL by M and does not 
depend linearly on mi, so it gives a contribution to the systematic deviation which can 
be found with equation (19). We obtain 

It is difficult to be sure that the approximations used to derive (25) and (28) are 
reasonable. For this reason we calculated the systematic deviations Afe from the ideal 
value (1 - YN) for a variety of cases, by computer, with a programme based on the 
original set of equations (4)-(15). The results are shown in Table 1. 

It was found that when a & 1, which occurs when YN 6 1 or ZNL 9 Z,&,, the exact 
value ofAfe agreed with the approximate value of (Afr + Af2 + Af3) for all cases of practical 
interest (Afe < 1%) with respect to variation of ZNL, ZL and ZMt. So Af4 is negligible in 
these cases. 

Secondly it can be noted that when (Afi + Af2 -t Af3) is negligible, Afe m Af4. In Table 1 
a particular combination of ZNL, ZMr, ZL and YN is presented, related to this case. The 
importance of the table is that if Afl, Af2 and Af3 remain sufficiently small (<O-5%) 
and this occurs when the titration conditions (31) and (32) are satisfied as they should 
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Table 1. Comparison of values obtained by exact and approximate methods of calculation 

log zNL 

/9 = 0.5 8’2 B-5 
Exact Exact Exact 

a solution &. (28) solution Es. (28) solution Eq. (28) 

- 8.0 0.04 -0QOl -0001 0 0 0 0 
I.5 0.1 - 0.003 - 0.002 0 0 0 0 

;:; g;: 
-0.002 0 +osa3 +OGO3 +oQO3 +0*004 
+ 0*002 + oGo7 +OQO9 +OG11 +O.OlO +0*012 

6.3 2 +0*019 + 0.034 +0030 + 0.038 
6.0 4 +oG47 , + 0.07 
5.7 8 +0*093 +0*10 

The systematic deviations L\f, from the value (1’ - yN) have been calculated with ZdZm = 106, Zur = 100, 
and rN = 0.8. The tangent point is chosen as usual at mi = 0.1. By the proper choice of these values the 
contribution of fi, I; and fS to Aft is negligible. Therefore the values of Afe in the columns headed “exact 
solution” which are found with the original set of equations, can be directly compared with the other columns 
representing Aj4, found with equation (28). 

be in practice, the Afe values hardly change when for a fixed value of a other combinations 
of ZNL, Z M, ZL and YN are chosen. Even around the borderline case Afs w Afj N 
Af4 - O-2%, which has a low probability, the difference between the exact and the 
approximate values for A& is less than 10%. So it can be concluded that equations (25) 
and (28) are satisfactory approximations in all cases of practical interest (Afe < 1%). 

From equation (28) it can be concluded that with mi w 0.1 and 0.5 < YN < 0.8 as 
usual, the limiting value of a will be -0.4 (see Table 1). From this the following titration 
condition follows 

R = log ZNL - log(ZL/ZM) > 1 (29) 

It can be remarked that the limit of 1 in (29) is somewhat arbitrary. In some cases 
0.7 may also be satisfactory. For practical purposes this is not important because the 
uncertainty in the logarithms of the conditional constants and consequently in the value 
of R is usually larger than 0.3. This also means that for practical purposes the difference 
between CL and CN can be neglected in equation (29) which then can be transformed 
into the more suitable equation1*2 

R = log KN’L’(NLr - log IndKha > 1 (30) 

where 

Ind&L = &f’L’(ML)‘PI = hf’L’(ML)‘/XI 

The titration conditions following from the other terms are’*’ 

ZM, > 10 (31) 

T = log (1 - yN)(l’; &L)&, (1 - YN)(l + ZPL) ’ 3’5 (32) 

It can be noted that from (29) and (32) it still follows that 

log. ZNL - log ZPL > 45 + log( 1 - YN) * 4 (33) 
which implies that when the difference in conditional constants for P and N is too small, 
the search for a suitable back-titrant is useless. 
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It must be noted that the termf4 in (25) has been derived as a function of m in which 
finally m = f(mi) has been substituted. This means first thatT(25) [and (28) too], when 
written asf(m), does not change when other metal-indicator complexes occur in amounts 
small relative to MI. It only has to be kept in mind that the actual systematic deviation 
will be smaller than (or equal to) the value calculated for the most unfavourable 
situation.’ Secondly it implies that when other metal-indicator complexes predominate, 
the fourth term in equation (25) changes correspondingly. In the case of MI2 the factor 
(1 - mi//l) has to be replaced by (1 - 2mi/j?)2 and & by &r,. Equation (28) then 
becomes 

For values of p four times larger than in the previous case the same conclusions can 
be drawn. Usually, when MI2 is formed more indicator will be added so analogous 
titration conditions can be deduced; only &t has to be replaced by &i, in the 
conditions (30)-(32). 

When M212 (or M21) predominates, equation (29) will change into 

R=log&- log(&/J%JE) ’ 1 (35) 

as can be proved in the same way as for equation (29). The replacement of Zw by 
zM12 Or (zM2~2/&1’2 is a familiar one if the titration conditions (43), (49), (59) and (63) 
in reference 5 are compared with each other. In most cases the formation of M212 
leads to systematic deviations, as the condition (60) in ref. 5 is not satisfied for most 
metals. Only Ce(II1) in combination with Xylenol Orange seems to be an exception. 
Ce(II1) is found to be a very suitable back-t&ant as ZL is relatively small and &MM,& is 
rather high. 

If more than two metals are present in solution the theory can be extended 
correspondingly. The result will be similar to that for the direct titrations. For every metal 
belonging to the class P, titration condition (32) has to be extended.2 For every metal 
belonging to the class N, an extra R-condition will arise. 

In this section it has been assumed that the indicator does not react with the metals 
N or P. This is a necessary condition for P, as otherwise the absorption of PI interferes 
in the end-point determination. When the metal belongs to’the class N the excess of L 
will mostly prevent the formation of M. The tendency to form M then does not 
interfere; it has only to be taken into account by introducing a side-reaction coefficient 
in ZNL in equation (30). 

The selection of experimental conditions 

As has already been demonstrated, ‘p2 the diagrams enable optimum experimental 
conditions to be selected. This will be illustrated for the analysis of an ytterbium-indium 
alloy. It was found that bismuth is suitable for back-titration in determination of indium, 
and lead is suitable for total ytterbium plus indium. The stability constants of the com- 
plexes In-EDTA and Yb-EDTA are log KInY = 25.0, log KYbv = 19.5 and log Kl& = 2-7.’ 
According to equation (33) the difference is sufficiently large for a back-titration. In 
Fig. 2 the combined diagram is presented for the metals In, Yb and Bis in combination 
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0 1 2 3 L 
--cPH 

Fig. 2. Diagram representing the influence of the medium on the K’, x and a-values for indium, 
ytterbium and bismuth. CPAR = 10e4A4. In calculation of log K’ only side-reactions in which 

ML and L involved are taken into account. 

with PAR, based on results obtained by Sommer and co-workers.g-ll The x-lines’ are 
based on a PAR concentration of 10W4M. Bismuth and PAR mainly form two complexes 
BiPAR and BiHPAR in the range pH = 05-3, which need not be distinguished.’ The 
other complexes’ are formed to a negligible extent and need not be taken into account.’ 
In the range pH > 0.5 ZsirAs exceeds 10. In Fig. 3 the values of ZBiPAR, T and R from 
equations (30) (31) and (32) are presented for the particular case Cyb = 0.5 x 10b4M, 
C,, = 15 x 10T4M, CL = 2 x 10W4M (thus YN = O-75) and CPM = 10T4A4 (so b = 0.5). 

It follows that the titration conditions are only simultaneously satisfied in the pH-range 
16-2-O. It was found experimentally that the titrations could conveniently be performed 
between pH 1.3 and 1.9. 

The sum of ytterbium and indium has also been determined by back-titration, as the 
direct titration of ytterbium with PAR or Xylenol Orange as indicator is rather slow. 
The back-titration can conveniently be performed with lead or cerium(II1) and Xylenol 
Orange. Ytterbium and indium both form complexes with Xylenol Orange. No data are 
available about their conditional constants. From some preliminary investigations we found 
that the complexes are weaker than the corresponding PAR complexes.‘This implies that 
both XoKIn and X°Kyb remain sufficiently large to satisfy both R conditions (log XoKpb = 
8.5 at pH 5.5l). 

The ytterbium-indium ratio can be determined with a precision of 0.8% from 10 
titrations of indium and ld titrations of (indium + ytterbium). Par each titration 2-ml 
quantities from an acid stock solution containing about 10 mg of alloy in 100 ml were 
titrated in a 12-ml spectrophotometer cell (2 x 2 cm cross-section). 
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J 
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Fig. 3. Graphical representation of ?; R and 2 ha for a proper selection of final pH in 
combination with the titration conditions (30), (31) and (32). 
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Z~aeaung-Die theoretische Eriirterung der photometrischen Kompkxbildungstitration 
von Submikromol-Mengen Metal1 in Gegenwart einer etwa iiquivaknten Indikatormenge wird 
vervollstlndigt durch die Betrachtung der Riicktitration eines Metalls in Gegenwart eines 
anderen Metalls, das durch den Titranten verdrangt wird. Die gleichmitige Bildung verschiedener 
Metall-Indikator-Komplexe M, I, wird beriicksichtigt. Es wurden Titrationsbedingungen abge- 
leitet, mit denen optimale Versuchsbedingungen ausgewiihlt werden konnen. Aus der Theorie 
werden die optimalen Bedingungen filr die Analyse einer Indium-Ytterbium-Legierung entnom- 
men. 

R&eum&-Darts ce memoire. on complete les considerations thboriques sur les titrages photo- 
mCtriques par formation de complexe de quantites submicromolaires de mbtaux en la presence 
dune quantite approximativement tquivalente d’indicateur en envisageant le titrage en retour dun 
m&al en la presena dun autre metal qui est dCplacC par l’agent de titrage. On tient compte de 
la formation simultande de dig&rents complexes metalindicateurs M,I,. On en a dMuit des 
conditions de titrage, avec lesquelles on peut choisir des conditions experimentales optimales. 
On deduit de la theorie les conditions optimales pour l’analyse d’un alliage indium-ytterbium. 
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Summary-The results are given of a study using a rotating disk electrode to develop an 
amperometric method for the determination of Sb(III) in acidic media, based on the catalytic 
increase of the limiting anodic current for Br-. Analytical application was successful provided the 
bulk concentration of antimony(II1) was less than that of bromide. The enhancement technique 
was also applied to the determination of Sb(II1) injected into a stream of electrolyte passing 
through a platinum coulometric detector. 

Instrumental methods of chemical analysis based on electrochemical measurement of 
Faradaic current offer the advantages of simplicity and low cost for instrumentation, and 
a very high sensitivity which is nearly uniform for determinations of all electroactive 
species. As a result, there is renewed interest in electroanalysis as the basis for automatic 
continuous analysis such as monitoring of effluent streams. There are numerous electro- 
analytical procedures for determination of ions of transition elements and heavy metals in 
a large variety of aqueous media, with electrodes of various types, but relatively few 
for elements in Groups IVA, VA, and VIA which show amphoteric behaviour in 
aqueous solution. Species which hydrolyse extensively are frequently electrolysed by 
irreversible processes. For example, the oxidation ofantimony(II1) to antimony(V) is totally 
irreversible at a platinum electrode in acidic media. 

A few electroanalytical methods for determining antimony(II1) have been described. 
Coulometric determinations with electrogeneration of bromine at constant current in 2M 
hydrochloric acid were reported by Brown and Swift.’ Lingane and Bard2 and Wise and 
Williams3 determined antimony(II1) coulometrically at pH 7-8 with electrogenerated 
iodine. Kostromin and Akhmentov” determined antimony(II1) in 2M sulphuric acid and 
1M hydrochloric acid with electrogenerated dichromate. Elemental antimony can be 
electrodeposited on platinum and mercury cathodes by reduction of antimony(II1) in 
suitable media, and polarographic,5*6 electrogravimetric,’ and electrolytic&” methods 
have been based on this reaction. We have judged the use of dropping mercury electrodes 
and mercury pool electrodes to be unsuitable for analysis of efijuent streams because of the 
physical instability of the liquid electrodes at high stream velocities. Deposition of 
elemental antimony at a platinum electrode,’ is also not useful for amperometric deter- 
mination of antimony(II1) in acidic media because of the simultaneous&volution of 
hydrogen. 

We report here the resulss of a study to develop an electrolytic method for the deter- 
mination of antimony(II1) by using a platinum electrode which does not require 
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deposition of elemental antimony and which can be applied for continuous analysis of 
effluent streams. The technique is based on the measured increwe, caused by antimony(III), 
of the limiting current for the oxidation\of bromide to bromine in acidic media. The 
mechanism for the Faradaic reaction is described by equations (1) and (2). According to this 
mechanism, bromide serves essentially as a catalyst for the electrolysis of antimony(II1). 

Platinum electrode: 2Br- - Br, + 2e (1) 

Diffusion layer: Sb(II1) + Br, & 2Br- + Sb(V) (2) 

Such a phenomena is commonly known as a catalytic enhancement. The use of 
catalytic enhancement for electroanalytical determinations of many electro-inactive species 
was described by Mairanovskii.‘* 

A rotating platinum disk electrode was chosen because the hydrodynamics at a 
rotating disk are known and because the rates of convective transport can be precisely 
controlled and easily changed by controlling the rate of rotation of the electrode.13 
It is necessary to study the effect of variations of fluid velocity on the applicability 
of any detector used in a fluid stream. If the rate of the foward reaction in equation (2), 
k, is fast relative to the rate of mass transport in the vicinity of the electrode, and if the 
equilibrium constant for the homogeneous reaction is large, the concentrations of bromide 
and antimony(II1) at the surface of the electrode are zero for an electrode potential in the 
region of the limiting anodid wave for bromide. Thus the total current in the electrode 
is limited by the rates of convective-diffisional transport of bromide and antimony(II1) 
and independent of the rate constant, as described by equation (3). 

I tot = n&- FA[flUX Br-] + ~~~~~~~~ FA[fluX Sb(III)] 

For a rotating disk electrode, equation (3) is written as 

(3) 

where 

I tot = 0*62FAv- 1’6&2[na,- D&” C;,- + nsb(m) D&,) C&m)] (4) 

I = Faradaic current limited by rate of convectivediffusional mass transport 
F = Faraday’s constant 
A = area of the disk electrode 
v = kinematic viscosity of the solution 

0 = angular velocity of electrode rotation 
ni = number of electrons transferred in reaction of the ith species 
D, = diffusion coefficient of the ith species 

Ci = concentration of the ith species in the bulk of the solution 

If k for equation (2) is zero, the observed current is due only to the oxidation of 
bromide and is predicted by equation (5). 

I tot = IBr- 

= 0*62FA~-‘~~d/~n~,- D${T Ck,- (5) 

The solution of the equation of convective diffusion for the case of intermediate values 
of k has been discussed by Haberland and Landsberg14 and by Prater and Bard.15 We 
have found that equation (4) is applicable for the determination of antimony(II1) in 
4*OM sulphuric acid and 4.OM perchloric acid for low values of cu when C&,(ul) < C$,- 
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The analytical technique is subject to interferences by species which are oxidized by bromine 
or which form slightly dissociated complexes with bromide. 

The enhancement technique was applied in the use of a coulometric detector for 
determining antimony(II1) present in small volumes of sample injected into a stream of 
electrolyte flowing through the detector. For the detector, l6 the electrolytic efficiency was 
100% and the area of the antimony(II1) peak on the current-time curve, QSbuIIl, was 
related to the number of gram-equivalents of antimony(II1) by 

&b(m) = - %uiv S’4III)J 
We also report here the results of determinations of antimony in several lead- and tin- 

based alloys by coulometry at constant current with electrogeneration of bromine in 
4eOM sulphuric acid. The procedure does not require prior separations. An electronic 
device is described which automatically shuts off the coulometer at the end-point. 

Instrumentation 
EXPERIMENTAL 

Electronic circuitry. The electronic instrument used was that for the simultaneous and independent 
potentiostatic control of two electrodes, described earlier. t’ The portion of the circuit for potentiostatic 
control of electrode I-l in Fig. 1 of reference 17 was modified according to the design described in 
reference 18. The modification permitted the control of potential or current in electrode I-l with simultaneous 
potentiostatic control of electrode I-2. The circuit was constructed in our laboratory but an equivalent 
instrument is available commercially from Pine Instrument Co., Grove City, Pa. Instead of a recorder with 
potentiometric input for recording the current in electrode I-2,” a difference amplifier was used to monitor 
the difference in the voltages at the outputs of amplifiers A-2 and F-2. 

Voltages were measured with a digital voltmeter, Model 345, from Data Technology, Inc., Palo Alto, Cal. 
The voltmeter was equipped with BCD output and was interfaced to a digital printer, Model DP12 
Mechanics For Electronics, Inc., Wilmington, Mass. Current-potential curves were recorded on an X-Y recorder, 
Model 815, Bolt, Beranek, and Newman, Inc., Santa Ana, Cal. Instruments used for determining values of 
current, voltage, and resistance were calibrated with standards from the Physics Instrument Services of Iowa 
State University. 

Coulometry. Coulometric determinations of arsenic(II1) and antimony(II1) by electrogeneration of bromine 
at constant current were performed by using a glass cell constructed with three chambers separated by 
fritted glass disks. The largest chamber contained a platinum generator electrode, a platinum indicating micro- 
electrode, and a Beckman, Model 39270, Saturated Calomel Electrode (SCE). The electrolyte in this chamber 
was 4OM sulphuric acid, O.lOM sodium bromide. A coil of 21-gauge platinum wire in 4QM sulphuric acid 
was used as the counter-electrode. The chamber for the counter-electrode was separated from the chamber 
containing the generator electrode by an intermediate compartment filled with 6aM sulphuric acid. 

For coulometric determinations the circuit described in the previous section was used, with galvanostatic 
control of the generator electrode and simultaneous potentiostatic control of the platinum indicating electrode. 
An electrical current of approximately 20.0 mA was used for the electrogeneration of bromine with the exact 
value determined at the time of each analysis by measuring the I&drop produced by the constant current 
across a standard resistor. During the coulometric analyses the electrolyte in the generator compartment was 
starred with a magnetic stirrer and a Teflon-coated bar. The potential of the indicating electrode was 
040 V us. SCE. The residual current in the indicating electrode was typically < O-02 PA throughout the coulometric 
determinations. The current corresponding to the end-point was arbitrarily taken as 0.10 PA and was due to the 
reduction of excess of bromine. The clock used for determining the time required to reach the end-point was 
Model 1029, McKee Pederson Instruments, Danville, Cal. 

The timer and the constant current in the generator electrode were shut OR automatically at the end-point 
of the coulometric analyses by a device described schematically in Fig. 1. A positive voltage proportional to the 
indicator current, E,, was continuously applied to resistor R, by the output of the difference amplifier 
described previously. At the end-point, E, = E,, The control amplifier, C-l, was wired with positive feedback 
with the result that the output voltage was stable only at the saturation limits, f 12 V. A bias voltage equal 
to -E,, was applied to resistor R, . Before the end-point, E, c E,, , and the output state of C-l was + 12 V. 
At an infimtesimal time past the end-point, E,, > E,,, resulting in the state of the output of C-l changing 
to - 12 V. Electrical current was then conducted by the diode, actuating a relay which stopped the timer and 
shut off the current in the gene’ ator 

i; 
electrode. At the beginning of a coulometric determination, Et c E,,, 

and the momentary opening of t e switch resulted in the output voltage of C-l reverting to + 12 V. The clock 
and the flow of current m the generator electrode were thus started. 



950 LARRY R. TAYLOR, RONALD J. DAVENPORT and DENNIS C. JOHNSON 

Cdl ot DPST 
R~loy in MPI 

Model 1029 

'GP - o Switch 

R,=R,-R,* R,=20,OOO Ohms 

Fig. 1. Device for automatic detection of end-point. 
Amplifier C-l is Zeltex ZEL-1C. 

Volrammmy. Voltammetric studies of catalytic enhancement were performed with a rotating platinum-disk 
electrode (RPDE), Pine Instrument Co., Grove City, Pa. The area of the disk electrode was 0.3135 cm’. The 
RPDE was rotated by a variable speed rotator, Model PIR, Pine Instrument Co. The glass cell used for 
voltammetric studies was described else~here.‘~ Thea11 temperature was kept within f0.2” by circulating water 
from a thermostatic bath through the water jacket. 

The RPDE was polisbed with Buebler Handimet 600 paper strips followed by 30, 6, and 1 ,um Buehler 
AB Metadi Diamond on nylon lubricated with Buehler Metadi Fluid. After each step in the procedure, 
the electrode was wasbed canfully with detergent on a cotton swab and was then rinsed thoroughly with 
distilled water. At the begimtlng of each day, the electrode was polished with 0.3-m alumina on Buehler 
microclotb, with distilled water as lubricant, and the electrode was cleaned as described above. The electrode 
was then treated at constant potential in 40M sulphuric or perchloric acid for 3 min at + 1.5 V, - 1.5 V, and 
OOV. . 

All solutions were deaerated with Air Products prepurified (99.999%) nitrogen. AU potentials of the 
electrode were measured and are reported in V us. SCE. 

Values of the limiting current for oxidation of bromide in the absence and presence of antimony(II1) were 
obtained by a potential-step method. Following the pretreatment of the electrode, the potential was set at 
O-MO V and the residual current allowed to decrease to less than 2 @. The potential was then stepped to 
1~100 V which is in the region of the limiting current for oxidation of bromide. The currents for 
charging of the double layer and oxidation of the platinum surface were allowed to decay and the value of 
current printed. ‘Fhe potential was then returned to 0.300 V. All additions of reagents were made with the 
potential of the electrode at 0*300 V. 

CoulonienL electrode 
The coulomatric electrode used was described elsewhere. i6 The electrode was used with the associated 

apparatus described but without the chromatographic column and mixing chamber. Deaerated 1Wf sulphuric 
acid that was 100 m&f in sodium bromide was pumped through the apparatus at flow-rates from 0.75 to 
1.25 ml/min with compressed helium. The electrode was pretreated by potentiostatic treatment for 3 min at 
+ l-5 v, - 1.5 V and 01) V. The electrode potential was maintained at a value of 1~100 V for measurement 
of current us. time results. The areas of the peaks resulting from oxidation of antimony(II1) injected into the 
electrolyte stream were determined by using a Keuffel and Esser planimeter. Current vs. time results were 
recorded on a Leeds and Northrup Speedomax strip-chart recorder. 

Reogents 

Primary Standard AssOs from the National Bureau of Standards, antimony metal (Coleman and Bell Technical 
Grade) and SbsO, (J. T. Baker, Reagent Grade) were used. All other chemicals were Reagent Grade from 
J. T. Baker, Inc. All water used was triply distilled with a demineralixation between the first and second 
distillations and the second distillation being from alkaline permanganate. 
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Coulometric determinations of antimony(II1) with electrogenerated bromine in 40M sulphuric acid medium 
were performed for two standard alloys from the National Bureau of Standards and two standard alloys prepared 
by Dr. John D. Verhoeven of the Department of Metallurgy at Iowa State University and Ames Laboratory of 
the Atomic Energy Commission. The certificate values of the standards were as follows: NBS-54D contained 
88.57 % Sn, 7.04% Sb, 3.62% Cu, @62x Pb and < 0.1% of As, Bi, Fe, Ag, and Ni. NBS-53 contained 
78.87 % Pb, 10.91% Sn, 1009 % Sb, and -z 0.1% of Bi, Cu, Fe, and As. ISU-1 contained 9600% Pb 
and 4@oJ, Sb. ISU-2 contained 56GO% Sn, 40*00% Pb, and 4GOo/, Sb. 

Arsenic(Zll) solution. Arsenious oxide was dissolved in 20 ml of 5M sodium hydroxide, transferred to a 
I-litre volu~meiric flask, and 200 ml of water were added followed by 225 ml of c&c. sulphuric acid added 
with mixing; the solution was cooled to room temperature, and diluted to the volume with distilled water. 

Antimony(ll1) solution. Antimony metal or antimonious oxide was dissolved in 30 ml of cont. sul- 
phuric acid at 250-275”.Prepurified nitrogen was bubbled through the solution, during cooling, to remove 
dissolved sulphur dioxide. The solution was transferred to a 1-litre volumetric flask and 200 ml of distilled water 
were added with vigorous mixing to prevent hydrolysis and precipitation of antimony(II1); 225 ml of cont. 
sulphuric acid were added, and the solution was cooled and diluted to volume with distilled water. The stock 
solutions were standardized coulometrically by electrogeneration of bromine at constant current in 4.0M 
sulphuric acid. 

Dissolution of aIIoys 

Lead alloys (procedure A). The procedure was similar to that already described for lead-based alloys.2P*21 
Sufficient alloy to prepare a solution 3-5mM in antimony(II1) was dissolved in 30 ml of c0n.c. shlphuric 
acid at 250-275”. The solution was cooled to room temperature, 70 ml of water were added slowly with 
vigorous stirring and the solution was again cooled. The solution was decanted from the precipitate of 
lead sulphate and heated to gentle boiling to remove dissolved sulphur dioxide. The lead sulphate was boiled with 
10 ml of cont. hydrochloric acid until the gray precipitate was converted into white, crystalline lead chloride. 
The process resulted in the dissolution of all antimony. The lead chloride was filtered off on Whatman 
No. 41 paper and rinsed with 50 ml of 40% sulphuric acid. The combined solutions were diluted with 
sufficient sulphuric acid and water to give a final acidity of 4*OM sulphuric acid. 

Tin alloys (procedure B). Sufficient sample to prepare a solution 3-5mM in antimony(II1) was dissolved in 
30 ml of cont. sulphuric acid at 250-275”; 70 ml of water were added and nitrogen was bubbled through the 
solution during cooling to remove dissolved sulphur dioxide. The solution was transferred to a volumetric 
flask and diluted, with vigorous mixing, with cont. sulphuric acid and water so that the final acidity was 
4sOM sulphuric acid. 

Solutions of tin-based alloys prepared according to procedure B became yellow within a few days of preparation 
and gave a yellow precipitate after 2-4 weeks. The yellow colour and precipitate were concluded to be the 
products of the slow hydrolysis of tin(IV) since the same phenomena occurred for solutions containing only 
tin(IV) and prepared according to procedure B. Solutions of tin-based alloys were stable if 5-10 ml of cont. 
hydrochloric acid were added after the first addition of water. The modification of procedure B by the use of 
hydrochloric acid will be referred to as procedure B + HCl. 

Coulometry 

Titration ejiciency. This was determined by coulometric titration of aliquots of arsenic(II1) solution 
containing 25-50 pmole of arsenic(II1). A total of 29 determinations were made over a period of 5 months. 
The average efficiency was 1000 % with a standard deviation of 2 ppt. 

Lead and tin-based alloys. The results of the coulometric determinations of antimony in the four standard 
alloys are summarized in Table 1. The success of the procedures for dissolution and coulometric determination 

Table 1. Determination of Sb in standard alloys 

Dissolution Certificate No. of Sb Rel. std. 
Alloy procedure value, y0 determinations found, % devn., ppt 

ISU-1 A 4.00 3 3.98 NBS-53 A 10.09 3 10.10 : 

NBS-54D B* 7.04 NBS-54D 
f: HClt 

7.04 : ::; 4 
NBS-54D 7.04 4 7.03 4 
ISU-2 B+HCl 4.00 3 4.00 3 

* Solution analysed immediately after preparation. 
t Solution analysed 4 days after preparation. 
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Fig. 2. I-E curves for Br- in 4QM HaSO.,. 
Scan-rate 1.0 V/mm. Temperature 24°C. Rotational velocity 41.9 rad/sec. A-O.63mM Br- 

B-@63mM Br- and 0524mM Sb(II1). 

is evident from an inspection of the results. No difficulty was experienced in precisely applying procedure A 
for lead-based alloys. It was stated above that solutions of tin-based alloys prepared without the use of 
hydrochloric acid were not stable, owing to hydrolysis of tin(IV). The results of coulometric determinations 
of antimony(II1) in solutions which were yellow were distinctly low. The modification of orocedure B bv the 
addition of&c. hydrochloric acid is recommended. 

Large positive errors occurred in preliminary tests of the procedures for dissolution and analysis when no 
special precaution was made for removal of dissolved sulphur dioxide. For the lead-based alloys containing 
no tin, sulphur dioxide was removed by gentle boiling. The same technique was not applicable to solutions 
containing tin(IV). Boiling resulted in the solutions quickly becoming yellow owing to hydrolysis of tin(IV) 
and subsequent coulometric analysis gave low results for antimony(II1). Dissolved sulphur dioxide was removed 
from solutions containing tin(IV) by passing nitrogen through the solution $ring cooling. 

Catalytic enhancement 

Current-potential curves. Current-potential (I-E) curves for platinum electrodes in sulphuric and perchloric 
acid were shown and discussed earlier. ‘* I-E curves obtained in this study for rotating platinum disk electrodes 
(RPDE) were consistent with that discussion. The I-E curves obtained for the supporting electrolytes made 
O-1mM in antimony(II1) showed no appreciable wave for the electrochemical oxidation of antimony(II1). The 
irreversibility of the oxidation of antimony(II1) prevents determination of antimony(II1) by a direct amperometric 
method other than by electrodeposition of antimony. 

The anodic portion of the I-E curve obtained with the RPDE at w = 41.9 rad/sec for 0.63mM bromide in 
40M sulphuric acid is shown in Fig. 2. Following pretreatment of the electrode, the potential of the RPDE, 
Ed. was set at 0.300 V and the current allowed to decay to approximately 2 pA. Ed was then scanned at 
19 V/min and the I-E curve recorded. The oxidation of bromide in acidic media was discussed earlier.23 
The E1,2 for the oxidation is approximately 0.85 V and the anodic current is limited by the rate of convective- 
diffusional mass transport at Ed > 0.9 V. The process resulting in the small anodic wave at Ed _ 1.0 V is the 
oxidation of the surface of the platinum electrode.23 

According to equation (5), the current for the electrochemical reaction of a species at a rate limited by 
convectivediffusional processes is proportional to o 1’2. 
oxidation of bromide, far-, as a function of ~i’~ 

The results of a study of the limiting current for the 
confirmed this dependency for 6.47 (rad/sec)“z < IX”’ < 32.4 

(rad/sec) ‘/’ in 4aM sulphuric or perchloric acid. These results are consistent with those reported before.23 
The value of Da,- was calculated from equation (5) and the slopes of the plots of I,,- us. w’j2. The values 
determined are 0.76 x 10e5 cm2/sec in 4aM sulphuric acid and 1.4 x 10m5 cm2/sec in 4.0M perchloric acid. 

The I-E curve obtained for 0524mM antimony(II1) and 0.63mM bromide in 4.OM sulphuric acid is also 
shown in Fig. 2. The mechanism resulting in the increase of the anodic current at Ed = 1.1 V is given by 
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Fig. 3. I-E curves for Br- in 40M HClO*. 
Scan-rate 1.0 V/min. Temperature 25°C. Rotational velocity 41.9 rad/se.c. A-1.22mM Br-. 
B-1.22mM Br- and 044mM Sb(II1). C-1.22mM Br- and 054mM Sb(III), first scan. 
D-1.22mM Br- and 0.54mM Sb(III), second scan. E-1.22mM Br- and 054mM Sb(III), 

third scan. 

equations (1) and (2) and was discussed m the introductory paragraphs. This increase, I,, , for the case when 
k in equation (2) is large, is found by subtracting equation (5) from equation (4) as shown by equation (6). 

‘cat = I,,, - I,,- 

= o+%Av- “601’2”Sb(,,,)D2sbi~,,) Sb(lll) c6 (6) 

I-E curves obtained in 4OM perchloric acid media for 1.22mM bromide (A) and for 1.22mM bromide plus 
044mM antimony(II1) (B) are shown in Fig. 3. Also shown in Fig. 3 are the anodic portions of three consecutive 
I-E curves obtained after Cb,,(t,,l was increased to 0.54mM (C, D and E). The anodic wave for the first of these scans 
was shifted towards positive potentials relative to the normal curve. The anodic current for the second of these 
scans did not achieve a value as great as that m the absence of antimony(II1) and the third and subsequent 
scans produced I-E curves virtually identical to the residual curve obtained in the absence of bromide and 
antimony(II1). I-E curves for fresh solutions of bromide, obtained at the RPDE after recording the curves in 
Fig. 3 were virtually identical to the residual curves. All efforts to reactivate the electrode by repeated anodization 
and cathodization were futile. The electrode was removed from the solution, polished according to the procedure 
described previously and an I-E curve obtained for a fresh solution of 1.22mM bromide. This curve was 
normal for bromide in 4.0M perchloric acid. Deactivation in 4aM sulphuric acid that was @63mM in 
bromide also occurred during successive scans with Cb,btnrl -i: 1.25mM. 

The values of I,, were found to be dependent on the temperature of the solution. The dependence in the 
range 20-35’ was f2.1 pA/deg for 4.0M sulphuric acid and + 1.9 pA/deg for 4GM perchloric acid. For 
maximum precision, all measurements were made with thermostatic control to within kO.2”. 

Plots of ,r,,, obtained by the potential-step method as a function of cu”’ for 1.22mM bromide and two 
values of C,,t,,,) are shown in Fig. 4 for 4OM sulphuric acid and in Fig. 5 for 4.OM perchloric acid. The 
value of DSblIn, was calculated by using equation (5) and the slopes of the linear portions of the plots in 
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Figs. 4 and 5. In 4*OM sulphuric acid, D,,(,,t, = 2.7 &- 0.1 x lo-* cm’/sec which is in good agreement with the 
literature value” of 2.7 x 10S6 cm’/sec. In 4*OM perchloric acid, Dst,nnl = 6.4 f 0.3 + low6 cm2/sec 

CQkbrQtiOn curves. Values of I+ as a function of C&clllj, obtained by the potential-step method for three 
values of C* 

Bs 
-, are shown in Fig. 6 for 4.OM sulphuric acid. The results for perchloric acid medium are 

similar. #As Cs,,,, increases so does the deviation from linearity, and I,, finally falls to the residual value. For 
larger values of &- a larger value of C&a) is necessary to deactivate the electrode. 

Loss of elecrrode actioity. Figures 3 and 6 show loss of activity of the platinum electrode when C&,,) is 
increased beyond a certain value. Figures 4 and 5 reveal deactivation at large values of o”~. These results are 
consistent with a mechanism by which deactivation occurs when antimony(II1) is irreversibly adsorbed at the 
electrode surface during formation of platinum oxide. Bromide is known to be strongly adsorbed at platinum 
electrodes in l*OM sulphuric acid. 23 Adsorbed bromide is not desorbed at E = la V, which is in the region of 
the limiting anodic wave. The oxidation of the platinum surface occurs at E > 1.1 V in 1QM sulphuric acid and the 
adsorbed bromide is oxidized and desorbed as HOBr at E > l-2 V. 

The RPDE was rotated at 41.9 rad/sec in 4*OM perchloric acid. The solution was made 0~76mM in 
antimony(II1) and the value of Ed was stepped from 0,300 to l*lOO V. At Ed = 1.100 V the platinum surface 
is oxidized in this medium. After 5 min, Ed was stepped to 0.300 V. The solution was then made 
10OmM in bromide and Ed stepped to l+lOO V. The anodic current quickly decayed to a residual value which 
was characteristic of a deactivated electrode. It was again necessary to polish the electrode surface to restore 
activity. The electrode was then rotated in a fresh solution of 4aM perchloric acid that was 0.74mM 
in antimony(III)and potentiostatically treated at 0~300 V. Ed was maintained at 0.300 V for 5 min and the solution 
then made 10OmM in bromide. Ed was stepped to 1.100 V and the anodic current observed was the 
expected, steady-state value of I,,, indicating no deactivation had occurred. When these experiments were 
repeated with antimony(V) instead of antimony(III), no deactivation of the electrode resulted. 

In the experiments for which results are shown in Figs. 4-6, deactivation did not occur=hen & was stepped 
to l*lOO V provided the oxidation.of antimony(II1) by electrogenerated bromine was fast and quantitative so that 
the concentration of antimony(II1) was zero at the electrode surface. For large values of C&,,n,1 or c&o, the 
rate of the homogeneous reaction was not sufficiently fast to bring about quantitative oxidation of antimony(II1) 
in the diffusion layer. Consequently, antimony(II1) was present at the electrode surface during oxidation of the 



956 LARRY R. TAYLOR, RONALD J. DAVENPORT and DENNIS C. JOHNSON 

Table 2. Analytical applications of calibration curves 

Total Sb Total Sb Rel. error, Total & Rel. error. 
added, mg found (HCIOd), mg % found (H2S04), mg 0, 10 

3.01 3.01 0.0 2.87 -4.7 
6-02 5.86 -2.7 6.02 0.0 
9.03 878 2.8 8.81 -2.4 

12.04 1216 1.0 11.98 -0.5 
1505 15.26 1.4 14.65 -2.7 
361 268 -11.0 3.14 4.3 
6.02 5.58 -7.3 6.07 0.8 
9.03 8.76 -3Q 9.00 -0.3 

1204 11.81 -1.9 11.90 -1.2 
15.05 14.76 -1.9 1487 - 1.2 

Avg. rel. error 3.3 1.8 

(UP2 = 6.47 (rad/sec)‘/2; CL- = 1.22mM; Temp. = 25WC) 

platinum and its irreversible adsorption simultaneously with the formation of the layer of platinum oxide 
resulted in deactivation. The stoichiometry of this stable layer containing antimony was not determined. 

It was also found n ecessary to restrict the values of Ed if the activity of the electrode was to be maintained 
in a mixture of antimony(II1) and bromide. For Ed < 0.3 V, some antimony was deposited at the electrode surface. 
Although stripping of the deposit apparently occurred on the anodic sweep, the activity of the electrode was 
lost. Deactivation also resulted if potentials more positive than 1.1 V were applied. 

ANALYTICAL APPLICATIONS 

Rotating disk electrode 

The potential-step method was used for obtaining values of I,,, for solutions prepared 
by standard addition of stock solutions of antimony(II1) to 1.22mM bromide in 4=OM 
sulphuric or perchloric acid. The values of C&,,,, were determined by using the calibration 
curves in Figs. 6 and 7 and the results are tabulated in Table 2. The average relative 
error for the determinations is larger than expected for electroanalytical methods and results 
from the fact that evaluation of I,,, involves taking the difference of two relatively large 
numbers, I,, - IBr- . The relative error decreases as C&,,,,,, increases. 

A large number of cations were found to interfere, causing negative errors. The 
concentrations of the interfering species producing a 5 % change in I,,, for 1.22mM bromide 
with 0.43mM antimony(II1) are given in Table 3. 

None of the species listed in Table 3 is oxidized by bromine. The interference was 
greatest for those cations forming the strongest bromide complexes. Because of the severe 
interference caused by tin(IV), tin-base alloys cannot be analysed by the catalytic method 
without prior separation. If hydrochloric acid is added to solutions of lead-base alloys, 
these samples cannot be analysed because chloride is oxidized at values of E,_in the 
region of the limiting wave for bromide. Several masking agents were used, including 
phosphate, oxalate, and EDTA. None successfully prevented interference by the cations, 
probably because of the high acidity of the solution. Interferences not listed in Table 3 
are from species which are oxidized by bromine or which react directly at the electrode 
at the potential used. 
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Table 3. Concentration of 
interfering species producing a 5 % 

decrease in I,, 

Cation 
Concentration, mM 

(I-GO,) (HClOJ 

B1(111) 0.20 0,066 
Sn(IV) 0.33 0.28 
Cd(I1) 1.0 0.47 
Fe(II1) 1.2 2.1 
Zn(I1) 5.7 3.7 
Cu(I1) 6.0 2.4 
Ni(I1) 6.8 20 

(4,. = 1.22mM; 
0.43mM; oLi2 = 6.47 (rac$$‘~; 
temp. = 240°C) 

Table 4. Determination of Sb(II1) with the coulometric 
detector 

Sb(III), Q E.IC9 
w mc 

00616 00977 
0.123 0.196 
0.308 0.489 
0,771 1.22 
1.54 244 
3.08 4.89 
6.17 9.78 

12.3 19.6 

Q crp, Rel. error, 
mC % 

0.146 49 
0.203 3.6 
0506 3.5 
1.30 6.6 
2.50 25 
480 -1.8 
9.70 -0.8 

19.6 0.0 

(C’gr- = 1GOmM; flow-rate = 0.75 - 1.25 ml/min) 

Use of coulometric electrode 

The coulometric electrode16 was used in conjunction with the enhancement technique 
for the determination of antimony(II1) injected into a stream of laOA sulphuric acid 
that was lOOmA in sodium bromide. The detector was connected directly to the sample- 
injection valve described in reference 16, without any intervening chromatographic column. 
The potential of the electrode was set at 1.100 V. The volume of the sample loop was 
05065 ml and the concentrations of sulphuric acid and sodium bromide in the sample 

were identical to those in the electrolyte stream. The current in the electrode was recorded 
as a function of time, and gave a peak,. due to oxidation of injected antimony(III), on 
the baseline due to oxidation of bromide. Results obtained for a series of injections are 
shown in Table 4. The ability to determine accurately very small quantities of antimony(II1) 
was improved significantly when Ck,- was decreased. The large relative error for those 
determinations was due primarily to electrical and convective noise on the baseline. 

CONCLUSIONS 

On the basis of the results described here, we conclude that the catalytic enhancement 
by antimony(II1) of the limmng anodic current for bromide can be used for the determina- 
tion of antimony(II1) provided numerous interfering species have been separated by 
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appropriate chromatographic techniques. For the determination of antimony(II1) in the 
effluent from a high-speed liquid chromaiograph by using,a coulometric detector, a 
stream of supporting electrolyte containing bromide is mixld with the effluent stream 
ahead of the detector. Because the coulometric electrode operates with 100~0 efficiency 
according to equation (6), there is no need to determine any calibration constants such 
as diffusion coefficients. 
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B--Mit Hilfe einer rotierenden Scheibenelektrode wurde versucht, ein ampero- 
metrisches Verfahren zur Bestimmung von Sb(II1) in saurcn Medien zu entwickel~ das auf dem 
katalytsichen Anwachsen des anodischen Grenzstroms von Br- beruht. Die analytische Anwen- 
dung war erfolgreich, wenn die Konzentration von Antimon(II1) in der L&sung kleiner war als 
die von Bromid. Die Verstirkungstechnik wurde such auf die Bestimmung von Sb(II1) 
angewandt, das in einen Elektrolytstrom injiziert wurdc, der durch einen coulometrischen 
Platindetektor pass&e. 

, , 

k point &e m&hode ampLrom&ique pour le dosage de Sb(II1) 
esuma-On donne les rCsultats d’une Ctude utilisant une Clectrodedisque toumante pour mettre 

en milieu acide, bas&e sur 
l’accroissement catalytiqus du courant anodique limitant pour Br-. L’application analytique a 
&C couronn& de suds, Ctant entendu que la concentration globale de l’antimoine (III) Ctait 
moindre que celle du bromure. On a aussi appliquC la technique d’accroissement au dosage de 
Sb(II1) inject& dans un courant d’blectrolyte passant B travers un dCtecteur coulomCtrique de 
platine. 
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Summary-A tubular platinum electrode packed with small chips of platinum is described 
which was shown to function with 100’~ electrolytic efficiency. Application of the electrode is 
described for the coulometric determination of electroactive species in the e!Tiuent from a liquid 
chromatograph. Cu and Fe were determined in a series of standards. An average relative devia- 
tion of less than 2 ppt was obtained for analysis of samples containing 5 /.~g of Cu(II) and 5 pg of 
Fe(II1). 

The characteristics of an ideal detector for high-speed column chromatography include the 
following: 

1. High sensitivity, 
2. Low limit of detection, 
3. Large, linear dynamic range, 
4. Continuous operation, 
5. Low internal volume (i.e., high resolution), 
6. Independence of column parameters such as the rate of flow of the eluent. 

Detectors operating on the basis of controlled-potential electrolysis of the column effluent 
can satisfy these criteria. Many designs have been reported, for electrodes to be used in 
electrolysis cells for flowing solutions. These include types which electrolyse only a small 
fraction of the electroactive species passing through the cell, as well as some for which the 
electrolytic efficiency is 100x, i.e., all electroactive species passing through the cell are 
electrolysed. For each of these electrodes, convective-diffusional processes result in the 
transfer of electroactive species from the fluid to the surface of the electrode. 

Levich’ studied many electrolytic systems under various hydrodynamic restraints and 
showed that the general relationship between the limiting electrical current, II, the concen- 
tration of the electroactive species in the bulk of the solution, CL, and the velocity of fluid 
in tpe vicinity of the electrode, v, is that given by equation (1) 

Z, = knFv”Cb (1) 

where n and F have their usual electrochemical significance. The coefficient k is frequently 
a function of experimental parameters such as the kinematic viscosity of the fluid, the 
diffusion coefficient of the electroactive species, the geometry of the electrode, etc. The 
exponent of the velocity, a, js dependent on the nature of the convection and the boundary 
conditions used for solving the equation of convective-diffusional mass transfer. When 
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using an electrode as a detector in a fluid stream, it is usually more convenient to relate the 
velocity term in equation (1) to the net rate of fluid flow past pr through the detector, v/, 
Equation (1) is then written as equation (2). 

I, = k’nFv,Tb (2) 

For a detector operating with an electrolytic efficiency of 100x, k’ and a are unity. Such a 
detector is called a coulometric detector since the time integral of the current in the elec- 
trode is related by Faraday’s law of electrolysis to the number of equivalents of electroactive 
species flowing in the stream. The possible limit of detection for a coulometric detector can 
be appreciated from the following calculation. With simple electronic circuitry, it is possi- 
ble to measure accurately an electrical signal of lo-’ A or IO-’ C/set. This corresponds 
to approximately IO-r4 eq/sec or, for Ag+, approximately lo-” g/set. 

Mtiller,’ in 1947, first reported the use of an electrode in a flowing stream for electro- 
analysis. The limiting current in a platinum microelectrode sealed in the constricted portion 
of a glass tube was found to be a linear function of the bulk concentration of an electroactive 
species in the fluid stream, and log Ir was a linear function of log v/ as predicted by equa- 
tion (2). Most applications of microelectrodes for electroanalysis of streams have involved 
use of the dropping mercury electrode (DME). Kemula,’ in 1952, was the first to use a DME 
for continuous analysis. His application was to the analysis of the effluent stream from a 
liquid chromatographic column. Other workers have since reported various designs for flow- 
through cells based on the use of a DME. 4-1o These devices have been used for the moni- 
toring of sulphur dioxide” and uranium” in process streams, the determination of inorganic 
anions,‘j metal ions,‘? 14-20 nitro-compounds,21 amino-acids,22* 23 proteins,24 aldehydes 
and ketones,25 alkaloids,26 DDT,21 and other pesticides.2’* 2* 

The major disadvantages of using a DME as a detector in a stream are (i) the drop-time 
is likely to be irregular when the stream velocity is high, owing to turbulence in the vicinity 
of the drop, (ii) the periodic nature of the DME prevents accurate measurement of transients 
in the composition of the stream such as are likely in high-speed chromatography, and 
(iii) the sizable charging-current background for the dropping electrode prevents application 
to the determination of very low concentrations. Use of a mercury pool in place of the DME 
does not satisfactorily eliminate these problems. The motions in the pool caused by the 
flowing stream causes an irregular limiting current and a large charging-current back- 
ground.2g 

One obvious benefit of using a mercury electrode is the availability of an extensive 
cathodic range of polarization due to the large over-potential for the evolution of hydrogen. 
Solid electrodes also characterized by a large cathodic working range can be made of carbon. 
Joyness and Moggs,” and Pungor et al.“‘* 32 used a planar, silicone rubber-based, glassy- 
carbon electrode for the determination of Cd2+, Cu’+, Fe’+, Ni”+, and “Propylon 
hydrochloride” [3,4-dihydroxy-a-(isopropylaminomethyl)benzyl alcohol hydrochloride] in 
a stream. 

Another type of electrode for continuous electroanalysis is a tubular electrode through 
which the fluid passes, with the electrolysis occurring at the inner surface of the tube. 
Levich’ solved the equation of convective-diffusional mass transfer for the tubular electrode 
under conditions of Poiseuille flow and negligible consumption of electroactive species from 
the fluid. The analytical relationship between II, C”, and the length of the tubular electrode, 
L, is that given by equation (3). Blaedel et af.33 constructed such an electrode, having a bore 

I, = (5-24 x 105)D213L2i3nv~t3Cb (3) 
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of 0.03 in. and L = 1-O in., and confirmed the validity of equation (3) for v, < 10 ml/min. 
Blaedel and Klatt34 derived the complete current-voltage curve for a reversible process at a 
tubular electrode and they also3’ investigated the use of a tubular electrode for the study of 
catalytic reactions. Blaedel and Boyer 36 demonstrated the applicability of a tubular elec- 
trode m_ade of platinum for the determination of Fe(CN)z- in an aqueous stream at 
concentrations down to O*Ol@f. Sharma and Dutt37-3g verified equation (3) for the 
determination, with a tubular graphite electrode, of Fe(CN)z-, Fe(CN)b-, Ag+, Fe3+, 
Fe’+, MnO;, Mn2+, Tl’+ and Tl+. 

Applications of all the detectors described above result in the electrolysis of negligible 
amounts of the electroactive species in flowing streams. Consequently, the maximum 
sensitivity of the electrolytic method is not realized. The value of I, for the polarographic 
detector of Takemori and Honda9 was 0.13 % of the maximum value calculated on the basis 
of 100 % electrolysis at uI = 3-O ml/min. The tubular electrode of Blaedel and Bayer”’ 
electrolysed O-4 % of all electroactive species at v/ = 3.15 ml/min. The use of such inefficient 
devices as detectors for liquid chromatography requires precise control of rates of eluent 
flow. The area under the chromatographic peak, Q, is found by integrating equation (2). 

Q = k’nF j v;C”(t) dt (4) 

If U, is constant, equation (4) can be written as equation (5). The total number of moles 
eluted is given by equation (6). 

Q = k’nFv/” ICb(t) dt (5) 

No. of moles = v/ 
I 

Cb(t) dt =x (6) 

Combining equations (5) and (6) yields equation (7) 

Q = xk’nFu,= - 1 (7) 

A plot of log Q us. log v, has a slope of a - 1. The value of a - 1 for the tubular detector of 
Blaedel et uI.,~~-~~ for example, is -0.667. This rather large dependence of Q on v,necessi- 
tates either accurate knowledge or precise control of v/ during the processes of standard- 
ization and analysis. 

The sensitivity of Q to change in v/ is eliminated for a detector operating with an 
electrolytic efficiency of 100%. For such a device, k’ and a in equation (2) are unity and 
equation (7) becomes equation (8). 

Q= xnF (8) 

The need for calibration is eliminated except as used to determine n. The first reported 
application of a coulometric detector was by Shaffer, Briglio and Brockman4’ in 1948 for 
the continuous analysis of a gas stream. The technique involved the continuous dispersion 
of a gas stream into an electrolytic solution in the zone of electrolysis. Patents were issued 
in 195241 and 195642 to Eckfeldt for detectors operating on this principle for use in analysis 
of gas streams. Eckfeldt and Shaffer 43 described a flow-through electrode of silver particles 



962 DENNIS C. JOHNSON and JOHN LAROCHELLE 

for determining dissolved oxygen. Hersch has reviewed the principles of various designs of 
electrodes for continuous gas analysis.44 

Efforts to develop coulometric detectors for application to f;uid streams at high values 
of v/ have centered on the need to increase the surface area of the electrode while decreasing 
the volume of mobile phase entrained by the detector and the thickness of the diffusion 
layer at the electrode-solution interface.” Eckfeldt4’j described an electrode having an 
appearance similar to a rat-mare in which the fluid passed through a labyrinth in contact 
with a circular gold electrode. Bard4’ proposed the use of an ultrasonic transducer adjacent 
to a gauze electrode placed in the stream to disrupt the laminar flow patterns, thereby 
decreasing the effective thickness of the diffusion layer. Johansson4’ described an elaborate 
and impractical device for increasing the rate of convective mass transfer by rotating at high 
velocities a cylindrical or disk electrode within the confinement of cells having minimal 
volumes. 

The most successful designs of coulometric detectors, in terms of ease of construction 
and successful operation with an efficiency of 100 % at high valuesof uf, have been electrodes 
constructed by packing a section of the stream channel with (i) finely divided materials 
suitable for use as electrodes,*‘* 48-s4 (ii) plugs of wire or metallic gauze,” and (iii) porous 
or fritted metals.56 The only mode of convective transport within these detectors is that due 
to the flow.of the stream around the particles of the packing material as the fluid passes 
through the detector. Voorheis and Davis4* removed traces of organic materials from solu- 
tions by passage through a column packed with graphite. The graphite was then made the 
anode of an electrolysis cell and the adsorbed organics were determined by chronopotentio- 
metry. Molnar49 used a column filled with platinum chips maintained at a constant poten- 
tial for removal of traces of heavy metals from aqueous solutions. Blaedel and Strohl” 
electro-deposited traces of metals from aqueous streams onto an electrode of granular 
glassy carbon and then determined the metals by anodic stripping voltammetry. Strohl 
et ~1.‘~ 53 used a granular carbon electrode for determination of Fe(III), Cu(II), p-nitro- 
phenol, hydroquinone, and p-phenylenediamine. Roe described the construction of a 
granular mercury electrodes4 prepared from amalgamated chips of nickel. Sioda used a 
granular graphite electrode 51 for the determination of Fe(CN)i- and discussed the theory 
of that detector, and electrodes constructed from rolled 80-mesh platinum gauze, with regard 
to the value of a in equation (2).5s Shropshires6 used an electrode prepared by depositing 
Ag and Pt-black on f&ted-glass spargers for the coulometric determination of Mo(VI) and 
Re(VI1). Recently, Kihara et al. 57 used a coulometric electrode to study the changes in the 
oxidation state of plutonium. Rogers’s pointed out the similarity between electrodeposition 
at a potentiostated detector and the partitioning between the mobile and stationary phases 
in a chromatographic column. The use of coulometric detectors for electrochromatography 
was later discussed by Roe.54 Fujinaga s9 has reviewed the use of coulometric detectors and 
electrochromatography. 

It is our goal to develop a series of procedures utilizing high-speed liquid chromatography 
with coulometric detection for routine chemical analysis of solid and liquid samples. Here 
we report the design of our chromatograph and detector, and verify that the detector 
functions with virtually 100% efficiency for a large range of flow-rates to be used in the 
chromatographic procedures. The design and construction of the detector described here is 
simple, relative to that of many of the coulometric detectors proposed in the chemical 
literature. Results are given for the analyses of a synthetic liquid sample containing Cu(I1) 
and Fe(II1) and for two NBS standard alloys. 
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EXPERIMENTAL 

Instrumentation 

Detectors. The diagram of a cross-section of the detector used in this study is shown in Fig. 1. The 
detector was assembled for this work by Pine Instrument Co. of Grove City, Pennsylvania. In the con- 
struction, a platinum rod having a diameter of approximately 4 mm and a length of l-5 cm was drilled to an 
inside diameter of 2.79 mm. The resulting platinum tube was press-fitted into the Teflon cell previously 
machined to the appropriate dimensions. The reference electrode was a Beckman Model 39270 fibre- 
junction calomel electrode and the counter electrode was a coil of 21-gauge platinum wire placed over the 
probe of the reference electrode. The fibre tip of the calomel electrode was within 2 mm of the end of the 
platinum tube when inserted into the Teflon cell. Electrical contact to the platinum electrode was made 
through the wall of the Teflon cell. Teflon tubing and tube-end fittings were from Chromatronix, Inc., of 
Berkeley, Cal. Waste fluid was drawn from the cell through tubing to a safety trap connected to a water 
aspirator. The interior of the platinum tube was packed according to various designs, as described below, 
to determine the correspondence between the manner of packing and the efficiency of electrolysis. 

Fig. 1. Cross-section of detector for forced-flow liquid chromatography. 

Detector A. No solid material was inserted into the platinum tube. 
Detector B. Thirty-three 1 S-cm lengths of 26gauge platinum wire were inserted lengthwise into the 

platinum tube. This was the maximum number that could be inserted with reasonable effort. 
Detector C. The platinum tube was packed with short pieces (approximately O-1 mm) of platinum wire 

ranging from 26 to 31 gauge, Small plugs made by wadding 31-gauge platinum wire were inserted into each 
end of the tube to prevent the platinum chips from being forced out of the tube at high values of of. The 
design and construction of this detector is very simple, resulting in very low cost. 

Liquid chromotagraph. The liquid chromatograph was constructed in a manner similar to a design 
described by Seymour, Sickafoose and Fritx60 and is shown schematically in Fig. 2. Many of the components 
of the chromatograph were obtained from Chromatronix, Inc. All tubing was made of Teflon having an 
inside diameter of 0*060 in. The sample-injection valve (type SV-8031) was constructed of Kel-F. The eluent- 
selector valve (type R6OV6K) was a six-position rotary valve also made of Kel-F. Rates of eluent flow were 
monitored with a Gilmont (model F 1100) flowmeter. The flowmeter was calibrated by determining the 
volume, calculated from the weight, of eluent passed at a constant rate for a known period of time. Eluents 
were contained in glass bottles which were pressurized with compressed helium. A mixing chamber, model 
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Fig. 2. Schematic diagram of liquid chromatograph. 

2MC constructed by Pine Instrument Co., was used to mix reagents with the &hunt stream before it passed 
through the detector. The two streams entering the chamber were divided and directed tangentically through 
the wail of the cylindrical mixing cavity. The combined streams made their exit through an end wall of the 
mixing cavity. The volume of the cavity was estimated to be O-01 ml. 

E~ecrronics. The potentiostat and analogue integrator were constructed according to established designs”’ 
using operational amplifiers. The strip-chart recorder was model 2801 from Laboratory Data Control. All 
voltage signals and resistances used were calibrated against references standardized by the Physics Instrument 
Services at Iowa State University. All electrode potentials were measured and are reported in V us. SCE. 
Values of current-time integrals, Q, are given in mC. 

Reagents 

Water. All solutions were prepared with water which was triply distilled with a demineralization following 
the first distillation, and the second distillation being from alkaline permanganate. 

Sodium ioaW solution in 1 -0M sulphuric acid. Prepared from Raker “ Analyzed Reagent ” sodium iodide 
and Mallinckrodt “ Analytical Reagent” acid, and standardized by potentiometric titration with a standard 
solution prepared from dry Mallinckrodt “ Analytical Reagent” silver nitrate. 

Hydrobronric acid. A stock solution of 24% hydrobromic acid was prepared by 1: 1 dilution of the Raker 
“ Analyzed Reagent” (47-49 %) acid. The solution was deareated for 1 hr with dispersed helium (99.999 % 
pure) while being stirred with a magnetic stirrer. The solutions consistently had a yellowish colour due to the 
presence of bromine; dissolved oxygen oxidizes bromide in an acidic solution. The presence of residual 
bromine resulted in large baseline currents in the chromatographic determinations and had to be eliminated. 
Mossy zinc was amalgamated with a solution of mercury chloride, washed with several small portions of 
distilled water and placed in the stock hydrobromic acid. The mixture was stirred for a minimum of 2 hr 
with continuous passage of helium. All colour due to bromine disappeared during this reduction process. 
The reduced solution was decanted and filtered through a plug of glass wool into a bottle previously deareated 
with helium. The stock solution was further deareated to remove any dissolved hydrogen and was stored 
under helium. Dilute hydrobromic acid was prepared by dilution of the stock solution with distilled water 
previously reduced with amalgamated zinc and deareated with helium. 

Stan&d Ca(II) and Fe(lfi) solutions. A standard solution containing lOGO pg/ml each of Cu(II) and 
Fe(II1) was prepared with copper (Raker Chemical Co.) and iron (G. F. Smith Chemical Co.) dissolved in 
cont. hydrochloric acid at room temperature. A few ml of hydrogen peroxide were added to the solution to 
ensure that all iron existed as Fe(II1). The solution then was warmed to destroy excess of peroxide, cooled, 
and diluted to volume with 0.1 M hydrochloric acid. 

Ion-exchange resin. Ion-exchange separations were performed with Amberlite IRA-200 cation-exchange 
resin (Rohm and Haas Co.). This is a macroreticular, strong-acid resin. Several grams of the water-moist 



Forced-flow liquid chromatography, with a coulometric detector 965 

resin were washed with acetone and air-dried, then ground with an agate mortar and pestle and sieved. 
The 14o-200 mesh fraction was slurried in water and the fines, not eliminated by sieving, were decanted. 
The remaining slurry was poured into a 3-mm bore glass tube and allowed to settle by gravity. Compressed 
helium was applied to produce moderately tight packing. The dimensions of the cation-exchange bed were 
3.0 mm x 8-O cm. The resin was prevented from leaving the column under the pressure of the eluent by a plug 
of glass wool placed at the end of the glass tube. 

Stamjard materials 

An aluminium-base standard alloy from the National Bureau of Standards (NBS 87) was analysed for 
copper and iron. The certificate composition for NBS 87 is 6.22% Si, 046% Fe, 0.59 % Ni, 0.39% Mg, 
0.30 % Cu, O-30 % Mn, 0.17 % Cr, O-1 6 % Ti, 0.075 % Zn, PO7 % Pb, and 0.061% Sn. About 4 g of NBS 87 
were accurately weighed and dissolved at room temperature by slow addition of 30 ml of 8M hydrochloric 
acid. Then 100 ml of cont. perchloric acid were added and the solution was heated to boiling under refhtx 
to dehydrate the silica. The solution was filtered through a fine fritted-glass disk to remove the silica and 
diluted to 500.0 ml, and IWO ml of this solution were further diluted to 500 ml, producing a stock solution 
of NBS 87. 

A nickel-base standard alloy (NBS 169) was also analysed for copper and iron. The certificate composition 
is 2@26% Cr, 1.42% Si, 054% Fe, O-19% Co, 0.059% Al, 0.073% Mn, 0.042% Zr, O-018” V, 0.015% Ca, 
and 0.015 y0 Cu. About 1 g was accurately weighed and in dissolved 40 ml of aqua regia with low heat for 
several hours. The solution was then evaporated to 20 ml and diluted to 200.0 ml. 

Separation procedure 

Samples were injected into a stream of 0*3M hydrobromic acid flowing at a rate of 0.5 ml/min. After a 
waiting period of 4-6 min, the eluent was changed to 1*5M hydrobromic acid. Elution was continued until 
the copper(H) was completely eluted from the column, usually 15 min. The eluent was then switched to 25 % 
hydrobromic acid to elute iron(II1). 

Pretreatment of the detector at the start of each day consisted of alternate potentiostating at potentials 
for evolution of hydrogen and oxygen. The detector was potentiostated at O-1 50 V for the detection of copper 
(II) and iron(II1). To stabilize copper(I) as the product of the electrochemical reduction of copper( a 
stream of 25 % hydrobromic acid at a flow rate of 2 ml/min was mixed with the effluent stream just ahead of 
the detector. The products of the electrochemical reactions in the detector were the bromide complexes of 
copper(I) and iron(I1). 

Flow-rates were regulated with screw clamps to restrict the flow in the Teflon tubes leading from the 
exchange column and the bottle of 25 ‘A hydrobromic Acid. The pressure applied to the eluent bottles was 
approximately 25 psig. 

EXPERIMENTAL RESULTS 

Volume of the sample loop 

The volume of the sample loop of the sample-injection valve was calculated on the basis 
of the volume of O*lM sodium hydroxide required to titrate, to the phenolphthalein end- 
point, the quantity of 5M hydrochloric acid delivered in two aliquots from the injection 
valve. The procedure was standardized by titration of the quantity of the 5M acid delivered 
by a l+K~ml pipette, itself calibrated by determining the weight of water delivered. The 
density of water at room temperature (27.5”) was taken as O-9920 g/ml. After correcting for 
bouyancy, the apparent density of water is 0.9952 g/ml. In a series of 4 measurements, the 
volume found for the pipette was l%KH8 + OWO2 ml. From a series of 5 calibrations of the 
sample loop, its volume was calculated to be 0.5040 f OWO2 ml. 

Current-potential curves for iodoide in 1*OM sulphuric acid 

Current-potential (I-E) curves were obtained with detectors A and C for 1 x 10q4M 
sodium iodide in l*OM sulphuric acid at u/ = 5 ml/min. I-E curves are shown in Fig. 3 for 
the anodic scan potential at a sweep rate of 0.10 V/min. The large difference in the values 
of the limiting anodic current for iodide is due to the large difference in the electrolytic 
efficiency of the two detectors. The electrochemistry of iodide at platinum electrodes in 
l.OM sulphuric acid is discussed in reference 62. The sweep rate used for obtaining the 
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curves in Fig. 3 was sufficiently low for currents due to surface processes, such as charging 
of the electrical double-layer and generation of adsorbed iodine, to be negligible. The 
observed value of E,,, for the oxidation of iodide in detector A’was 0.48 V and for detector 
C it was 0.51 V, which are both in fairly good agreement with the value of 0.46 V obtained 
using a rotating platinum disk electrode.62 That the observed values of E1,2 for the two 
curves were within 30 mV clearly demonstrates that the electrical resistance of the packed 
electrode (C) was not significantly greater than that of the unpacked electrode (A). 

Electrolytic efficiency of the detectors 

Studies to characterize the efficiency of the three electrodes for various values of u/ were 
conducted by injecting O%MO-ml aliquots of 4.73 x 10-5M sodium iodide in l*OM sulphuric 
acrd into a stream of l*OM sulphuric acid passing through the electrodes. The electrodes 
were potentiostated at 1.00 V and the anodic peaks integrated electronically for the electro- 
chemical oxidation of iodide. The number of mC calculated for 100.0 % efficient electrolysis 
was 2.30. Before each experiment, the potential of the electrode was set at 0.20 V to reduce 
any oxide present at the platinum electrode surface. Several aliquots of IO- ‘iI4 sodium iodide 
in l.OM sulphuric acid were injected into the stream of l*OM sulphuric acid. At a potential 
of 0.20 V, iodide is adsorbed at the surface of the platinum electrode.62 The adsorption is 
irreversible and prevents oxidation of the surface of the platinum electrode at 1.00 V. 
Adsorbed iodide is not oxidized at 1 ~00 V. 

Plots of log Q vs. log vI are shown in Fig. 4 for the three detectors with 0.12 < us Q 4.0 
ml/min. The slope of the plot for detector A is - 3 which is in agreement with that predicted 
for an open-tubular electrode according to equation (7). The efficiency of detector B was 

0.0 

IO 

4.0 

5.0 

I-I I I I I I I 

0.8 0.6 0.4 0.2 
E. Vvr SCE 

Fig. 3. Current-potential curves for I- in l*OM H1S04. Scan rate = 0.1 V/min; 
[I-] =l x 10m4M; u, = 5 mI/min; . . . . . detector A;- detector C. 
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significantly greater than that of detector A, owing to the greater internal surface area. 
For very small values of u/, the observed electrolytic efficiency of detector B approached 
100%. Negligible change in Q was observed for detector C over the range of values of vI, 
as expected for a coulometric electrode on the basis of equation (8). 

A determination of the precision possible for combined use of the sample-injector valve 
with detector C was made from the results for a series of 8 injections of l*OM sulphuric 
acid that was 4.73 x lo-‘M in sodium iodide into the stream of l*OM sulphuric acid. 
Values of u/ were in the range 1.1-2.1 ml/min. The average value of electrolytic efficiency 
was lOO.O%, with an average relative deviation of 1.3 ppt. 

Calibration plot for oxidation of iodide 

A log-log plot of Q us. [I-] was linear for a series of 0*5040-ml aliquots of l*OM sulphuric 
acid containing sodium iodide which were injected into a stream of 1 *OM sulphuric acid 
passing through detector C with U, = 3 ml/min. The range of [I-] was 2.50 x 10-a-1.82 
x 10v4M. The results agreed very well with those predicted from equation (8). The upper 

limit for the concentration range was due to the limited output current for the amplifiers 
in the potentiostat. Results for concentrations lower than 2.50 x lo-*M were not used be- 
cause repeated integrations gave results varying by more than 10%. The excellent linear 
correspondence of the experimental results with theory over four decades satisfies the 
requirement of chromatographic detectors that they function with a large linear dynamic 
range. Similar response is expected for all electroactive species which react at the electrode 
by processes limited by convective-diffusional mass transport. 

Analysis of standards 

Cu(ll) and Fe(ZZZ). A O-5040-ml aliquot of the lO*OOO-pg/ml standard solution of cop- 
per(H) and iron(II1) was analysed by forced-flow liquid chromatography, using detector C 
with the separation procedure described in an earlier section. The chromatogram is shown 
in Fig. 5. The resolution of the peaks was excellent and the baseline was typically less than 
0.3 PA. The peak for iron(II1) showed considerable tailing. This situation was not improved 
by cathodic adjustment of electrode potential, use of more peroxide in sample preparation, 
increase in the hydrobromic acid concentration, or decrease of Do in the chromatograph and 
detector. The cause of tailing might be the formation of some iron(W) species which is only 
slowly desorbed from the ion-exchanger. For the sake of expediency, the integrations of the 
iron(M) peaks were terminated exactly 8 min after the appearance of the peak maximum. 
Consequently, the determination of iron(W) on the basis of the time-integral of electrode 
current and equation (8) yielded low results. The results of the integrations of chromato- 
graphic peaks for a series of 5 injections are shown in Table 1. The precision of the results 
both for copper and iron was excellent. The relative error was 4 ppt for copper(H) and 
34 ppt for iron. 

NBS 87. NBS 87 presented some interesting challenges for analysis. The high level of 
trivalent aluminum initially resulted in overloading of the ion-exchange column; the 
copper(H) was partially displaced from the column by it. The very great sensitivitypf the 
detector, however, allowed injection of very small quantities of the sample without sacrifice 
in accuracy for the determination of copper and iron. The 6.22% Si resulted in the need to 
filter off the silica following sample dissolution and dehydration. Failure to do this resulted 
in plugging of the ion-exchange column by the fine particles. The results for analyses of 
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Fig. 4. Log Q US. log V, for detectors. Injections of @SO40 ml of 4.73 x 10-‘M NaI; 
log (Q x 10”) calculated for lWO% etIlcient electrolysis = 2.36; Cl-detector A; 

A-detector B; O-detector C. 

5 aliquots of the solution of NBS 87 are given in Table 2. They were calculated by using 
the calibration constant from Table 1 and on an absolute basis by using equation (8). The 
copper value calculated by either method was in excellent agreement with the certificate 
value. The iron value calculated from the calibration was in excellent agreement with the 
certificate value but that calculated on an absolute basis was 40 ppt low. 

NBS 169. NBS 169 was chosen for analysis because of the small amount of copper 
present (O-015 %) and the large ratio of iron to copper (36:l). The results for analyses of 

Table 1. Results for standard Cu(II) and Fe(W) 
sample = 5G40 pi8 of Cu(I1) + 5.040 pg of Fe(M) 

Injection QCWI), mC Q FUJI). mC 

: 
3 
4 
5 
Average 
Theoretical [equation (8)] 
Relative error, ppt 
Calculated calibration 

constant 

7.59 7.61 
7.64 
7.62 
7.62 
%?&1*6ppt 
7.65 
4 

1.51 mC/pg 

8.39 
8.42 
840 
8.42 
8.43 
Gi*1*7ppt 
8.71 
34 

1.67 mC/pg 
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Table 2. Results for NBS 87 (sample = 809.4 pg) 

Injection 

1 
2 
3 
4 
5 
Average 
o/o calculated using 

calibration from Table I 
% from certificate 
% calculated on absolute 

basis using equation (8) 

3.66 6.11 
3.66 6.13 
3.70 6.13 
3.68 6.14 
3.69 6.16 
E i 3.9 ppt 613 & 2.1 ppt 

0.302 % 
0.30 % 

o-300 % 

0.454 % 
0.46 % 

0.439 % 

Table 3. Results for NBS 169 (sample = 2086 pg) 

1 
2 
3 
4 
5 
Average 
% calculated using 

calibration from Table 1 
o/0 from certificate 
% calculated on absolute 

basis using equation (8) 

0.455 
0.503 
0.459 
o-439 
o-455 
iGz * 35 ppt 

0.014, % 
0.015% 

0.014s % 

18.31 
18.23 
18.27 
18.27 
18-39 
18.29 k 2-2 ppt 

0.525 % 
0.54% 

0-50s % 

5 aliquots of the solution of NBS 169 are given in Table 3. The composition was again calcu- 
lated by the two methods and the agreement with certificate values was similar to that for 
NBS 87. 

DISCUSSION 

Several advantages should be noted for the application of coulometric electrodes as 
detectors for liquid chromatography as reported here. First, 100-O% electrolytic efficiency 
results in very high sensitivity and a very low detection limit for applications of the detector. 
For example, the Z-r peak for the injection of a 0.5040-ml aliquot of 2.5 x lo-‘M sodium 
iodide was integrated with an uncertainty of 10 %. That sample contained only I a59 ng of 
iodide. Including consideration of the fact that the ion-exchange column can remove and 
effectively concentrate species present at the trace level in a large volume of sample, we 
conclude that the instrumental technique will be useful for determination at the ppb level. 
Secondly, the great sensitivity and large linear dynamic range for application of the detector 
make possible its use for multicomponent analysis when the species are present at highly 
differing levels. Very good results were obtained for the analysis of NBS 169 which con- 
tained a 36:l ratio of iron to copper. Thirdly, analyses performed were of a precision 
comparable to that expectd for volumetric techniques (see Tables l-3), and achieved even 
with indeterminate variation of eluent flow-rate, because of the 100*O”/O efficiency for the 
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electrolysis reactions. Fourthly, the design of our detector is very simple and the construc- 
tion very inexpensive. Furthermore, the simplicity of its use in connection with the liquid 
chromatograph makes the total instrumental method well suit& to automation. 

I 50 pi4 

5 min 
I , 

A 6 

f 

7 

1 Fe (ll3 

Tlme - 

Fig. 5. Chromatogram for standard Cu(II) + Fe(III), using detector C. 
Sample - 5+lO pg of Cu(II) + 5040 pg of Fe(lI1); 
A-injection of sample into stream of 0.3M HBr; 
Uange of eluent to 15M HBr; 
C--change of eleunt to 25 % HBr. 
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Zusammenfassung-Es wird eine mit kleinen Platinstiickchen vollgestopfte Platinrohrelektrode 
beschrieben. Es wurde gezeigt, da8 diese mit einem elektrolytischen Wirkungsgrad von 100% 
arbeitet. Die Anwendung der Elektrode bei der coulometrischen Bestimmung electroaktiver 
Spezies im Auslauf eines Fltissigkeitschromatographen wird beschrieben. Cu und Fe wurden 
in einer Anazhl von Standards bestimmt. Eine mittlere relative Abweichung von weniger als 
2 ppt wurde bei der Analyse von Proben erhalten, die 5pg Cu(II) und 5pg Fe@) enthielten. 

R&u&-On decrit une electrode de platine tub&tire garnie de petits copeaux de platine, dont 
on a montrt qu’elle fonctionne avec une efficacitt electrolytique de 100%. On decrit l’appli- 
cation de l‘electrode pour le dosage coulomttrique d’esptces Clectro-actives dans 1’etBuent d’un 
chromatographe en phase liquide. On a dose Cu et Fe darts une strie d’ttalons. On a obtenu un 
&art relatif moyen de moins de 2 ppt pour l’analyse d’&hantillons contenant 5 pg de Cu(I1) 
et 5 pg de Fe(II1). 
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Summary-The microscopic acidity constants of the diprotonakd asymmetric N-methyl- 
substituted ethylenediamines and N-methylpiperazine were determined by using the change of the 
chemical shift of the methyl protons with varying acidity. The determination was carried out 
at 25” m aqueous solution and in an ionic medium of 1M KNOs. The basicity of the 
amino-functions follows the expected sequence: secondary > primary % tertiary. The influence of 
the substituent on the basicity of the end-group is primary > secondary $ tertiary. 

The dissociation of asymmetric diprotic acids can be described in terms of microscopic 
constants. In this study the microscopic constants of N-methyl-substituted ethylenedi- 
amines and N-methylpiperazine were investigated. According to King,’ the dissociation 
scheme can be represented as follows: 

A-Bil k 

\ 
; A-B 

AA-B ’ 

where A-B is the unprotonated molecule, A stands for the basic site that is the less 
substituted, and B for the basic site that is the more substituted by the methyl group. 

Many methods such as ultraviolet and infrared spectrophotometry,2-5 potentiometry,6 
calorimetry’.* and NMR3,‘*r0 have been used to determine microscopic constants. The 
last named method seems to be very appropriate. 

In this investigation proton resonance may be expected from the methylene and 
methyl groups. These protons attached to nitrogen are labile and their resonance is 
combined with that of water, which is used as a solvent. In some studies,” methylene 
proton chemical shifts were used for determining microscopic constants. A preliminary 
investigation revealed that resonance of the methylene protons turned out to be second 
order at higher pH values. Since low concentrations were used here, it was difficult 
to distinguish some of the response signals from the noise. This second-order phenomenon 
has been confirmed by using higher concentrations, as illustrated in Fig. 1. 

The resonance signal from the methyl group is one sharp peak over the whole pH 
range, indicating a fast equilibrium between the different species. Moreover the resonance 
is influenced only by changes in the protonation of the nitrogen atom adjacent to the 

973 
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IO CPS 

Fig. 1. Proton magnetic resonance of methylene groups in unprotonated a-dimen at high 
concentration (l*SM), showing second-order spectrum. 

methyl grdup. Therefore in this investigation microscopic constants were determined from 
the chemical shift of the methyl group(s) as a function of pH. 

EXPERIMENTAL 

NMR spectra were recorded on a HFX-5 Bruker Physik spectrometer at a proton frequency of 90 MHz. 
Tetrarnethylsilane was used as an external standard Sample tubes were rotated at a speed of about 4500 rpm. 
The sample temperature was 25 + 1”. Shifts were recorded in Hz units. The reproducibility was estimated 
to be better than 0.2 Hz. 

The diprotic acids were prepared from the corresponding amines and nitric acid as described previously.” 
The following abbreviations are used: en (ethylenediamine), men (N-methylethylenediamine), s-dimen 

(symmetric dimethylethylenediamine or NJ’-dimethylethyknediamine), a-d&en (asymmetric dimethyl- 
ethylenediamine or N.N-dimethylethylenediamine). trimen (N,N,N’-trimethylethylenediamine), tetramen 
(N,N,N’,N-tetramethylethylenediamine), pip (piperazine), mpip (N-methylpiperazine) and dimpip (N,N’di- 
methylpiperazine). 

For each asymmetric diprotic acid and for s-dimen lo-15 solutions were prepared, with total concentration 
of OG5&f for the protonated diamines, 1M potassium nitrate as an indifkrent electrolyte, and a varying amount 
of potassium hydroxide. To the first solution no potassium hydroxide was added. The last solution of each 
series contained an excess of base to ensure the fuil deprotonation of the acid For the symmetric acids only two 
solutions were prepared: one without potassium hydroxide, and a second with an excess of base. The 
concentration of the diprotic acid should be low in comparison with the concentration of the indifFerent 
electrolyte, so that the macroscopic acidity constants determined in IM potassium nitrate can be used in the 
calculations. Otherwise large errors can be made as mentioned by Martin. ’ 2 Calculations were performed with a 
Siemens computer model 4004/150 and appropriate programmes were written in Fortran IV. 

Method 

The dissociation of the diprotic acid can be described by 

(1) 

(4 

H2L2+ e H+ + HL+ 

HL+ = H+ + L 
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The acidity constants are defined as 

K _ (IH[HLI 
‘_[H,Ll 

charges being omitted for simplicity. 
The values of these “mtxed” acidity constants have been reported elsewhere.” The relation between the 

acidity constants and the microscopic constants can be expressed by 

K, =k,+ k, 

1 _=‘+’ 
Kz k, k, 

(3) 

(4) 

The method for determining the microscopic constants is based upon two assumptions: 
(i) the shielding of the basic site adjacent to the methyl group is linearly related to the fraction of time it is 

protonated; 
(ii) the other basic site has no influence on the shielding. 

Assumption (i) was proved by Grunwald et al.;” (ii) seems to be a fairly good assumption since the 
methyl protons are five atoms away from the non-adjacent basic site. Thus protonated s-dimen will act as a 
monoprotic acid with concentration twice the concentration of the original acid. In this case: 

d_Wl+ WWIM +b 
2CL Ib 

(5) 

in which S is the chemical shift of the methyl protons, A& is the difference of the chemical shift between the 
fully protonated and deprotonated acid and db is the chemical shift of the fully deprotonated acid In or&r 
to check equation (5), au was calculated from the relation 

cBaH3 + (CBK, - K, - CLKl)aH2 + (CBK,K2 - KwK, - 2K,K,CL)aH - KwK,Kz = 0 (‘3) 

where Kw = au[OH] and was obtained experimentally for this medium, as reported earlier.” By use of the known 
macroscopic acidity constants” [Ll, [HL] and [HaLI were calculated. The value of d as a function of ([HL] + 
2[H,L]) gives a straight line with correlation coefficient O-991; M, calculated from the slope was 46.8 Hr 
and from the intercept and the S value for total protonation it was 46.4 Hz, so assumptions (i) and (ii) can be 
considered as sufficiently valid, and formulae can be established in order to calculate the microscopic constants 
of the asymmetric diprotic acids. If there is only one substituted nitrogen atom the difierence of the 
chemical shift from hb, AS, is given by 

M _ W-B1 + F2Ll M 
t 

Then, from this equation, and considering the dissociation scheme: 

k = & % - [H,Ll 

(7) 

(8) 

(9) 

The values of kb and kd can be calculated from k., k, and equations (3) and (4). In the case of trimen 
where both basic sites are substituted, kb and kd can be calculated from equations similar to relations (8) and (9). 

RESULTS AND DISCUSSION 

Table 1 summarizes the chemical shift values of the symmetric and asymmetric 
diprotic acids: n = 0 and n = 2 mean fully unprotonated and fully protonated acid 
respectively. 

It is remarkable that foi tertiary amines the chemical shift is about 10 Hz units 
lower for n = 0 than for the secondary amines, and about 15 Hz units higher for n = 2. As 
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Table 1. Chemical shift values of fully un- 
protonated (n =0), and protonated (n = 2,) 

acids, in Hz us. TMS 

Acid n=O n=2 

men 
s-dimen 
trimen -NHCH, 

--NW& 
a-dimen 
tetramen 
mpfp 
dimpip 

249.2 2946 
249.5 294.4 
249.9 29.52 
239.0 309.7 
238.7 308.6 
239.1 309.2 
238.7 311.5 
240.5 313.5 

a result, in the case of trimen, with decreasing pH, the value of the resonance peak 
due to the methyl groups belonging to the tertiary amino function will shift to the other 
side of the resonance peak due to the methyl group of the secondary amino function. 

The results of the calculations of microscopic constants from equations (8) and (9) are 
shown in Table 2. The a-values given in the last column are defined as 

[A-BH] k 

a = [A-BH] + [HA-B] = & = c k, + kd 

Table 2. Microconstants with standard deviations and a-values, for asymmetric acids 

Acid pk. pkb Pk. pkd a* 

men 7.677 f 0.008 7.899 f 0013 10.076 f 0.008 9.854 k 0.013 0.38(0.42) 
trimen 7.500 i 0.019 6.972 f 0.008 9.306 + 0.019 9.834 + 0,008 0.77(0.79) 
a-din-ten 7.342 + 0.025 7.135 f 0,015 9.417 + 0.024 9623 + 0.014 @62(@62) 
mpip 5.721 f 0.015 5354 f 0007 8.794 f 0.016 9.162 + 0.007 0.70(0.68) 

* Values in brackets are those obtained by ca1orimetry.t’ 

These values agree quite well with those reported earlier” and obtained by a 
calorimetric method described by Paoletti et a1.l4 The hypothesis, made by Paoletti, that 
the enthalpy change involved in the dissociation of a proton is dependent on the 
dissociating group, therefore seems valid, and thus for primary amino-functions the values 
from en may be used, and similarly those from sdimen for the secondary amino-function 
and from tetramen for the tertiary. This means that the influence of the substituent 
seems to be an entropy effect. This is confirmed by the fact that the second method 
mentioned by Paoletti et al. l4 for calculating microscopic constants from macroscopic 
constant values, gives results which deviate to a large degree from the results obtained 
here and earlier.” This could be explained by the fact that the values of the 
macroscopic constants are more influenced by the substituents than the values of the 
enthalpy changes. 

For securing more insight, the results of Table 2 are rearranged in Table 3 as a 
function of the acidic group and of the substituent on the second site. They are 
completed with the microscopic constants of the symmetric diprotic acids. The latter 
have been obtained from the macroscopic constants” by taking into account the 
contribution of the symmetry effect 



For symmetric diamines 
k, = kd. Then it follows from 
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both acidic groups are equivalent, thus k, = kb and 
equations (3) and (4) that 

pk, = pk,, = pK1 + log 2 

pk, = pk,, = pK2 - log 2 

Thus, microscopic constants of symmetric acids can be obtained directly from the 
macroscopic constants. ii In Table 3 the microscopic constants for symmetric and 
asymmetric diamines are given as a function of the acidic group and the substituent 
on the second site. In that table the acidity constants are given for all possible 
dissociations of the N-methyl-substituted ethylenediamines and piperazines. Table 3 can be 
interpreted in the following way: e.g., for CH,NH:CH,CH,NHl there is the possibility 
of considering two dissociations; if NH: is the dissociating group then CH,NHi is the 
substituent and the pK values is 7.68; if CH,NH: is the dissociating group then NH; 
is the substitutent and the pK value is 7.90. For a protonated form, e.g., 
NH,CH,CH,NH:CH, there is only one possibility: CH,NH: is the dissociating group 
and NH2 the substituent. 

Table 3. Microconstants of acids as a function of acidic group and 
substituent 

-N;I, 

-N&H, 

-NI$CH,), 

Ethylenediamine and derivatives 

-N;I,CH, -NlG, -N;I(CH,), 

790 7.84 7.14 

7.83 7.68 6.97 

7.50 7.34 6.66 

-NH, 1@08 9.93 9.42 
-NHCH, 9.96 9.85 9.31 
-N(CH& 9.83 9.62 9.15 

Piperazine and derivatives 

‘NH; >NHCH, / 

~NH; 6.34 5.35 

;NI~H, 5.72 4.93 

‘NH / 9.70 8.79 

INCH, J 9.16 8.24 
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Several trends can be noted in the values of the microscopic constants in Table 3. 
In each case, the secondary amino-function is a stronger bas4 than the primary, which 
itself is a much stronger base than the tertiary amino-function. This is demonstrated 
by the horizontal lines of Table 3. The vertical lines of Table 3 show the.influence of the 
substituent. It is noteworthy that here the sequence between primary and secondary 
amino-functions has changed. Indeed, the primary amino-function as a substituent 
strengthens in each case the basicity of the end-group more than the secondary 
amino-function does. This is true for both the series of protonated and unprotonated 
substituents, and could be an explanation for the roughly equal values for the macro- 
scopic constants of en and sdimen. 
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Zusammenfaasuag-Die mikroskopischen Aciditiitskonstanten der zweifach protonierten asym- 
metrisch N-methylsubstituierten Athylendiamine und von N-Methylpiperaxin wurden bestimmt 
durch Messung der Anderung der chemischen Verschiebung der Methylprotonen mit der 
Anderung der Aciditiit. Die Bestimmung wurde in wti8riger Liisung bei 25” und in einem 
Ionenmedium von 1 M KNOs ausgeWhrt. Die Basizitiit der Aminofunktionen zeigt den 
erwarteten Gang: sekundiir > primiir & tertiti. Der Einflu5 des Substituenten auf die Basizitlt 
der Endgruppe ist primiir > sekundPr 3 tertiiir. 

Resume-On a determine Ies constantes d’acidite microscopiques des Cthylinediamines N-methyl 
substitubs diprotonies asymetriques et de la N-methylpiperazine en utilisant Ie changement du 
deplacement chimique des protons du methyle avec l’acidite variable. Le dosage a Ctt men6 
a 25” en solution aqueuse et dans un milieu ionique de KNO, 1M. La basicite des fonctions 
amine suit la sequence attendue: secondaire > primaire * tertiaire. L’influence du substituant sur 
la basicitt du groupe terminal est primaire > secondaire 4 tertiaire. 
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Summary-Two types of hydrophobic gel particles containing dithizone were prepared, either 
by the swelling of low cross-linkage polystyrene beads with a dithizone solution in chloro- 
benzene, or by the gelatinization of a dithizone solution with dibenzalsorbitol. The extraction 
capacity of the gel particle-s for metal ions such as mercury, cadmium, zinc and lead from dilute 
aqueous solution, was investigated at various dithizone concentrations and pH values. A 
column packed with such gel particles is found to be useful for the selective preconcentration 
or the selective trapping of specific metal ions at low concentration levels. 

Solvent extraction of inorganic ions from the aqueous into the organic phase with various 
organic reagents has been extensively investigated.’ If the organic solvent phase containing 
an organic reagent is frozen in the form of small particles, the solvent extraction process 
can be replaced by a flow process, in which the aqueous phase moves through a column 
packed with such frozen organic liquid particles. However, as it is not practical to use 
frozen particles, hydrophobic gel particles containing organic reagents can be employed 
instead. Such gel particles can be prepared either by the swelling of low cross-linkage 
synthetic polymer beads or by the gelatinization of organic solvent with a suitable gelatiniz- 
ing agent, and various organic reagents can be incorporated into such gel particles. With 
the use of a column packed with such hydrophobic gel particles containing various organic 
reagents, inorganic ions in the mobile aqueous phase can be extracted into the stationary 
phase of gel particles.2 

The use of polystyrene beads as a solid support for the stationary phase in reversed-phase 
partition chromatography has been reported. 3V4 In that work, hqwever, porous polymers 
with relatively higher cross-linkage were employed, so that a high content of stationary 
phase liquid cannot be expected since the polymer beads support the liquid only mechani- 
cally, without swelling. 

The idea of using low cross-linkage polystyrene beads swollen with solvent as a stationary 
phase was once the subject of a patent. 5 Later, columns packed with swollen polystyrene 
beads containing various organic reagents were proposed for the concentration and the 
chromatographic separation of metal ions.‘j,’ 

* Contribution No. 309 from the Department of Organic Synthesis, Kyushu University. 
t Present address: Department of Environmental Pollution, Fukuoka Municipal Office, Fukuoka 810, 

Japan. 
0 Present address: Dojindo L&oratories, Ken’gun-Murazoe, Kumamoto 862, Japan. 
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The purpose of our investigation is to improve the gel-liquid extraction system as well 
as to prepare a wider variety of such gel particles. In this paper{ we report on the construc- 
tion of such a system, the preparation of gel particles containing dithizone as an extraction 
reagent and their application in analytical chemistry. 

EXPERIMENTAL 

Preparation of polystyrene gel bed 
Spherical beads (2 g) of styrene-divinylbenzene copolymer (2% divinylbenzene)*, which had been 

previously dried at 90”, were soaked with 10 ml of 0.3 % dithlzone solution in chlorobenzene for 24 hr at 
room temperature. The excess of solvent was removed from the green gel beads by centrifugation. The 
amount of solution soaked into the polymer was determined from the weight increase of the gel beads after 
swelling, and was found to be 23-25 ml/g, referred to dry polymer beads. The diameter of the swollen gel 
beads was in the range 5&200 pm. The gel beads were packed into a column 13 mm in diameter and 75 mm 
in height to give a gel bed volume of about 10 ml. As the green gel is fairly unstable, owing to air oxidation, 
the gel column was best stored under 0.1% ascorbic acid solution in a dark cool place. Alternatively, the 
green gel beads were suspended in 1% aqueous zinc sulphate solution to convert them into the pink zinc 
dithizonate gel beads which arc stable for many months at room temperature. The pink gel beads were 
packed in a column which was eventually treated with a dilute mineral acid solution to regenerate the green 
dithiine gel immediately before use. 

Prepwatkm of geipruticle8 by geiatinizatkm of organic sohwnts 
A hot mixture (about 90“) of 5 ml of 0.3 % dlthlzone solution in chlorobenzene and a solution of 1 g of 

dibenzalsorbitolt in 3 ml of dimethylformamide, was poured through a narrow nozzle into 200 ml of cold 
water with vigorous stirring. The resulting amorphous gel particles were collected by filtration and were 
packed into a column 11 mm in dii and 110 mm in height to give a gel bed volume of 1 i-12 ml. The 
gel particles thus obtained were pinkish green and gradually turned to pink upon standing for a few days, 
probably owing to complex formation with dhnethylformamide. Accordingly, the cc!bmn was treated with 
dilute mineral acid solution to regenerate the green dithizone gel before use. 

Coliunn operation 
An aqueous solution of known metal ion concentration, which had been saturated with chlorobenzene, 

was passed continuously through a column packed with the gel particles until the column came to complete 
saturation. The etBuent was collected in lO-ml fractions, which were analysed for metal ions by using dithi- 
zone as a coiorhnetric reagent. Some of the results are shown in Figs. 1 and 2. 

Metal ions were ehtted from the column in a fashion similar to that for the extraction process, with 
1 N hydrochloric acid as eluent for the metal ions except mercury, for which sulphuricacid-potassium bromide 
mixture (50 ml of 1 Nacld plus 10 ml of 40 ‘/, bromide solution) was used. Each fraction of eluate was analysed 
for metal ions. 

As the recovery of metal ions from the column was found to be. almost quantitative, the extraction 
capacity of the column was estimated from the extraction curve, as the difference of the amount of metal ion 
in the infiowing and outflowing solutions. 

RESULTS AND DISCUSSION 

The purpose of this investigation is to replace the conventional solvent extraction process 
with a column operation using hydrophobic gels containing organic reagents. With the use 
of such a column, inorganic ions in dilute solution can be selectively extracted and con- 
centrated on the column. Although this process is seemingly similar to reversed-phase 
chromatography, it differs from it in that the capacity of the stationary phase is much 
greater, so that a higher extraction capacity per unit volume of gel bed is expected. Accord- 
ingly, the process may be useful in the selective concentration or trapping of metal ions 

* Polymer beads were obtained by courtesy of Mitsubishi Kasei Kogyo Co, 
t A commercial product, E-Gel Type P. which was obtained by courtesy of E. C. Chemical Co. (Minami- 

Funabashi, Hirakata-shi, Osaka), was used throughout this investigation. However, laboratory preparations 
of dibenzalsorbitol gave the same. results. For the preparation, refer to L. V. Vargha, Ber., 1935. 68, 
1337 or S. J. Angyal and J. V. Lawler, J. Am. C’hem. Sot., 1944,66,837. 
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from a large volume of dilute aqueous solution, whereas reversed-phase chromatography 
is useful in the chromatographic separation of metal ions. However, the present process 
may again become advantageous when such separations on a preparative scale. 

Preparation of hydrophobic gel particles 

The hydrophobic gel particles for use in this process have been prepared by two methods. 
The first is based on the use of low cross-linkage synthetic polymer beads which swell easily 
with hydrophobic organic solvents, e.g., polystyrene or poly(viny1 acetate) beads. Thesolvent 
is kept in the network of the polymer matrix, as indicated by the swelling of the beads. Here- 
after, this type of gel bead will be designated as PST-gel. 

The second method is based on gelatinization of the solvent with, for example, a dimethyl- 
formamide solution of dibenzalsorbitol. The gelatinizing properties of dibenzalsorbitol 
and related compounds have been investigated in detail. ’ Efforts to obtain spherical gel 
particles by use of suitable surfactants have so far been unsuccessful. The hardness of the 
gel particles depends upon the kind of solvent and the concentration of the gelatinizing 
agent. The hardness of chlorobenzene gels was found to increase almost linearly with the 
concentration of gelatinizing agent and gel particles containing 20% of dibenzalsorbitol 
were found to be hard enough to be used for the column operation. Hereafter, this type of. 
gel particle will be designated as DBS-gel. 

Incorporation of organic reagents into gel particles 

If the hydrophobic solvent used for the preparation of the gel particles contains an 
organic reagent the latter can be incorporated into the hydrophobic gel medium. Various che- 
lating agents orliquid ion-exchangers may beused for this purpose. For theextraction of metal 
ions, chelating agents such as dithizone, thenoyltrifluoroacetone, thiothenoyltrifluoro 
acetone or 8-hydroxyquinoline may be incorporated into the gel particles. For the extraction 
of anions, oil-soluble liquid anion-exchangers such as Aliquat 336 (methyltrioctylam- 
monium chloride), may be incorporated into the gel. 

The criteria for choosing organic reagents for this purpose are the distribution coefficients 
of the organic reagents and their complexes into an organic phase. In the case of the column 
operation, even a slight distribution of an organic reagent into the aqueous phase results 
in a considerable loss of the reagent from the gel particles because the organic phase is 
continuously washed with fresh aqueous phase. Similarly, a slight distribution of complexes 
into the aqueous phase may result in the incomplete extraction of ions from the aqueous 
phase, especially at very low concentration levels. 

Thus, by use of a column packed with gel particles containing a suitable organic reagent, 
various inorganic ions at low concentration level can be concentrated on the gel column. 
Proper adjustment of pH of the aqueous phase, with simultaneous use of masking agents, 
may increase the selectivity of extraction of inorganic ions into a gel column, just as in the 
conventional solvent extraction process. 

For example, chlorobenzene gel particles containing dithizone extract only mercury, 
silver and copper from a mixture of common heavy metal ions at pH 1 or lower. However, 
at higher pH, other heavy metal ions such as lead, cadmium and zinc can also be extracted. 

Comparison qf the two types of gel 

In ease of preparation, PST-gel is superior to DBS-gel, because it can be obtained by 
simply swelling the dry polymer beads in the appropriate solution of organic reagent. 
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PST-gel particles are more uniform in size and they are almost spherical if the starting 
polymer beads are carefully prepared and sieved. The size of PBS-gel, on the other hand, 
depends upon the conditions of preparation, and the particles are more or less irregular in 
shape. 

When the polystyrene beads are swelling in the solution of Qrganic reagent, the solvent 
molecules penetrate more easily into the polymer matrix than the solute molecules, if an 
organic reagent of higher molecular weight is employed. Although segregation of the solute 
molecule can be neglected for organic reagents of low molecular weight such as dithizone, 
thenoyltrifluoroacetone or Ghydroxyquinoline, it becomes significant for solutes such as 
Aliquat 336. For example, when 2 g of polystyrene beads were soaked with 10 ml of 2 % 
Aliquat 336 solution in chlorobenzene, the concentration of Aliquat in the gel particles was 
only a quarter of the original concentration in the solvent. Similar segregation of the solute 
molecule must have occumd in the preparation of the gel beads from polystyrene beads 
(4% DVB) and a solution of high molecular-weight liquid ion-exchanger, although the 
authors did not mention this problem.’ In the case of DBS-gel, however, the entire solution 
can be completely gelatinized, so that there is no chance of segregation of the solute molecule. 

Column operation with dithizone gel 

In the preparation of DBS-gel, organic solvents such as o-dichlorobenzene or tetra- 
chloroethylene were substituted for chlorobenzene, and the extraction capacity of such 
DBS-gels for mercury(U) was investigated. The result, as shown in Fig. 1, indicates that the 
extraction capacity is maximum for chlorobenzene, probably because of the solubility of 
mercury dithizonate is higher in chlorobenzene than in other solvents. 

Mercury(I1) is known to give an orange primary dithizonate, Hg(HDz)2, at low pH, and a 
pink secondary dithizonate, HgZ(Dz)2, at neutral or high pH. When mercuric nitrate 

Effluent, ml 

Fig. 1. Relationship between solvent and extraction capacity. 
-+ chlorobenzene 
-+- odichlorobenzcne 
- 0 - tctrachlorocthylenc 

Composition of gel: gelatinirer 1 g, dimethylformamide 3 ml, solvent 5 ml, dithizone 2.56 mg. 
Column conditions.: pH 1.1; column height, cu. 12 cm; gel bed volume, cu. 11 ml; flow-rate 

50 ml/hr. 
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solution containing 10 ppm of Hg, adjusted to pH 1 with nitric acid, was passed through 
the column, the original green colour of the DBS-gel changed to orange from the top of the 
column, indicating the formation of primary mercuric dithizonate. As the solution flowed 
through the column, the orange band elongated downward and a new narrow pink zone 
appeared at the top, showing the formation of secondary dithizonate even at pH 1. This may 
be attrikuted to the higher mercuric ion concentration relative to the dithizone concentra- 
tion in the gel particles on the upper part of the column. When the orange zone reached 
the bottom of the column, the top 20% was pink and rest orange. Thus, about 33 % of 
the mercury(I1) had been extracted as a secondary dithizonate at this stage. 

When the sample solution in pH 6 acetate buffer was passed through the column, the 
green gel particles turned to pink at the top,‘ indicating the immediate formation of a 
secondary dithizonate at this pH value. As the solution flowed through the column, the 
pink zone elongated downward, indicating that mercuric ion was extracted almost exclu- 
sively as a secondary dithizonate at pH 6, as expected from the solvent extraction study. 

The result of column operation at various pH values indicated the increased extraction 
capacity at higher pH, which agrees well with the complexing behaviour of dithizone with 
mercury(I1). The calculated amounts of mercury that can be extracted with dithizone on 
the column are 1-O and 2.0 mg for the primary and secondary dithizonate respectively. The 
observed values for complete saturation of the column are 1.4 mg (pH l*l), 1.5 mg (pH 4.6) 
and l-85 mg (pH 6*2), which lie in the range of expected values. The difference between 
observed and calculated values at pH 6.2, where mercury(I1) is expected to form a secondary 
complex exclusively, may be partly due to the decomposition of dithizone and partly due 
to the slow diffusion of metal ion in the gel matrix. 

The extraction capacity of DBS-gel is nearly proportional to the dithizone concentration 
in the gel particles, as shown in Fig. 2. A sample solution containing 10 or 20 ppm of 

Effluent, ml 

Fig. 2. Relationship between dithizone concentration and extraction capacity. 
-o-- 2.4 mg (cu. 0.05 %); -@- 5.1 mg (cu. 0.1%); flow-rate of 50 ml/hr. 
-0- 150 mg (~~0.3%); -+- 29.5 mg (cu. 0.6%); flow-rate of 100 ml/hr 

Composition of gel : same as for Fig. 1, except dithizone concentration. 
Column conditions: same as for Fig. 1, except flow-rate. 
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mercury was passed through the column until the latter was completely saturated. The 
amounts of mercury(I1) extracted into the gel particles were estimated from Fig. 2, and were 
@53, 0.44, O-59 and 065 mg per mg of dithizone at pH 1’ 1 ofi DBS-gel columns of 0.05, 
0.1, 0.3 and 0.6% dithizone concentration respectively. The extraction capacity was higher 
for the more concentrated dithizone gel column, which may be explained by the decom- 
position of dithizone being relatively lower in the gel particles of higher dithizone concen- 
tration. The observed extraction capacity of DBS-gel of 0.6% dithizone concentration is 
9 pq per ml of apparent gel bed volume, whereas the corresponding values calculated from 
the amount of dithizone used are 6 and 12 peq/ml for the primary and secondary complexes 
respectively. 

PST-gel columns and the extraction of other metal ions such as cadmium, zinc and lead, 
were similarly investigated. 

PST-gel prepared by the standard procedure using O-1 % dithizone solution in chloro- 
benzene, was found to contain 0.47 mg of dithizone per ml of apparent gel bed volume. As 
the dithizone concentration in the supernatant solution after the swelling of the polymer 
beads was found to be same as that before the swelling, the dithizone concentration did not 
change during the preparation of PST-gel. 

With PST-gel of higher dithizone concentration (0.3 % or higher), the mercury dithizonate 
complex was found to pass into the aqueous phase before the column was saturated with 
mercury(II). Accordingly, PST-gel containing O-1 % dithizone was used throughout this 
investigation. With lower dithizone concentrations, the extraction capacity of the gel beads 
is approximately proportional to the dithizone concentration as in the case of DBS-gel. 

Mercury(I1) extracted into the PST-gel column can be eluted with sulphuric acid- 
potassium bromide mixture, leaving free dithizone in the gel beads. The mercuric dithizonate 
complex can also be recovered by flushing the column with organic solvents such as methyl 
isobutyl ketone until the gel beads become colourless. 

The extraction behaviour of dithizone PST-gel towards other metal ions such as cadmium, 
zinc and lead, was also investigated with a O-1 % dithizone gel column, and found to be 
similar to that obtained in the solvent extraction study. With increasing pH of the aqueous 
phase, the extraction capacity of the gel increased. The minimum pH values for optimum 
extraction capacity are 3.5 for Cd, 4.0 for Zn and 5.2 for Pb. The degree of extraction 
(amount actually extracted, as fraction of that equivalent to the amount of dithizone used) 
was 50-70 %. The calculation was based on the formation of a primary complex, M(HDz), , 
which is known to be the only complex formed with these metal ions. The rather poor 
extraction capacity may again be attributed to the decomposition of dithizone during 
preparation of the gel and to the slow diffusion of metal ions in the gel matrix. 

The metal ions in the column can easily be eluted by passing 1N hydrochloric acid 
through the column, the recovery being almost quantitative. Though free dithizone PST-gel 
is rather unstable, its complexed form is very stable, and the column can be used repeatedly 
if the column is stored in the complexed form. For example, the column was used repeatedly 
for the extraction and elution of zinc for ten cycles during a period of two weeks, without 
showing any decrease of extraction capacity. 
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Zusammenfassung-Zwei Typen von hydrophoben Gelteilchen wurden hergestellt, die Dithizon 
enthalten. Entweder wurden schwach vemetzte Polystyrol-Perlen mit einer Losung von Dithizon 
in Chtorbenzol gequollen, oder es wurde eine Dithizonlosung mit Dibenzalsorbit gelatiniert. 
Die Extraktionskapazitat der Gelteilchen fiir Metallionen wie Quecksilber, Cadmium, Zink und 
Blei aus verdtinnter w&iger Losung wurde bei verschiedenen Dithizonkonzentrationen und 
pH-Wet-ten ermittelt. Eine mit solchen Gelteilchen beschickte SPule erweist sich als ntitzlich fur 
die selektive Voranreicherung oder zum selektiven Abfangen bestimmter Metallionen, die in 
geringen Konzentrationen vorliegen. 

Resume-On a prepare deux types de particules de gel hydrophobe contenant de la dithizone, 
soit par le gonflement de perles de polystyrene a faible enchainement par liaison transversale 
avec une solution de dithizone en chlorobenzene, soit par gelatinisation dune solution de 
dithizone avec le dibenzalsorbitol. On a etudit la capacite d’extraction des particules de gel 
pour des metaux tels que mercure, cadmium, zinc et plomb a partir de solution aqueuse diluee, 
a diverses concentrations en dithizone et valeurs de pH. On a trouvt qu’une colonne gamie avec 
de telles particules de gel est utile pour la p&concentration selective ou la fixation selective d’ions 
metalliques specifiques a de faibles niveaux de concentration. 
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Summary-A method is presented for the determination of long-chain quatemary ammonium 
salts, tertiary amines and secondary amines in water or aqueous rffiates, based on their extrac- 
tion and fluorimetric determination as amine salts with Eosine Yellowish in toluene-hexanol 
(4 : 1) as solvent. No interferences were obtained from metal ions, or chloride, nitrate or 
phosphate ions when a back-washing method was applied to the sample extract. The method 
allows the determination of long-chain tertiary amines down to 4 ppM. 

Until recently there existed no satisfactory analytical method for the determination of traces 
of long chain amines in water. Milun and Moyer’ in 1956 reported a method based on the 
titration with an anionic detergent of the pink colour formed by the reaction of amines 
with eosin. This method allows concentrations of amines greater than O-5 ppm to be deter- 
mined. The current awareness of the need to protect the environment from chemical 
pollutants has created the need for more sensitive analytical methods. The necessity to 
determine traces of amines at the parts per milliard (ppM) level in the raffinate wastes from 
mineral processing involving amine solvent-extraction stages, has already been stressed.2 
Recent research in these laboratories2 has resulted in a method based on the extraction of 
the amines as ion-association complexes with chromate, which allows the determination 
of down to O-01 ppm of amines in natural waters or processing raffinates. 

Following this study, we examined the possible application of fluorimetric methods to 
the determination of traces of amines to decrease further the limits of detection, and studied 
methods based on the formation of fluorescent salts of amines with phthalein dyes.j The 
formation of such salts has been known for some time. Davis er ~1.~ in 1948 referred to the 
use of Bromophenol Blue in the spectrophotometric determination of di-n-butylamine by 
its salt formation in benzene. Palit reported highly sensitive qualitative tests for organic 
bases and salts based on their extraction as complexes with phthalein dyes. The application 
of fluorimetry to such reactions appears to have been neglected despite the fact that the 
increasing sophistication of modern fluorimeters and the inherent sensitivity of the fluori- 
metric method should make it possible to considerably lower the limits of detection of 
methods based on a spectrophotometric measurement of a fluorescent complex. 

This paper reports the application of fluorimetry to the determination of traces of long- 
chain amines as an ion-association complex with Eosine Yellowish. Optimization of the 
conditions for extraction and measurement of this complex has resulted in a limit of 
detection of 4 ppM for the commercial tertiary amine, Alamine 336. 
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EXPERIMENTAL 

Apparatus 

Fluorimetric measurements were carried out in l-cm cells with a Farrand spectrofluorimeter, using slits 
giving a IO-nm bandwidth. Separating funnels and flasks were siliconed with Beckman “Desicote” to 
minimize adsorption of amines. 

Reagents 

fisin solution. Weigh IO.0 mg of Eosine Yellowish (Merck) into a JO-ml volumetric flask. Add n-hexanol 
to the mark and shake to dissolve. Transfer 20 ml of this solution into a IOO-ml volumetric flask and 
dilute to volume with toluene. Remove the pink-yellow colour of the solution by adding 1 g of citric acid 
and shaking for several minutes. Decant the solution from the undissolved acid. 

Bnfer safution. A 1M citrate but&r is prepared by dissolving 21.0 g of citric acid in water, adjusting to 
pH 4-O with IM sodium hydroxide, then diluting to volume in a lOO-ml volumetric flask. 

Am&s. AIamine 336 (a mixture of tri-n-octylamine and tri-n-decylamine) and Aliquat 336 (the quaternary 
ammonium chloride of Alamine 336) were supplied by General Mills Inc., Ill., U.S.A. Amberlite LA-l, a 
secondary amine with 12-14 carbon atoms, and Prlmene JM-T, a primary amine with 18-24 carbon atoms, 
were supplied by Rohm and Haas Co., Penn., U.S.A. 

Stondord A&m&e 336 solution. Accurately weigh about 50 mg of amine into a 100-m] volumetric flask 
and dilute to volume with dioxan. Shake thoroughly, then dilute 1 ml of this solution with dioxan to 10 ml 
in a volumetric Sask. 

Recommen&d procedure 

By pipette take 10 ml or less of the amine sampk (containing e.g., 0%10 pg of Alamine 336) into a 50-m] 
separating funnel. If the amine solution is strongly acid or alkaline it must first be neutralized to about 
pH 4. Add 1 ml of IMcitrate buffer, pH 4.0, and distilled water so that the total volume is 11 ml. Add 5 ml 
of eosin sohnion in toluene-hexanol, stopper the funnel and shake vigorously for 2 min. After the phases 
have separated, withdraw a sample of the organic layer and transfer it to a lO-ml conical flask containing a 
small quantity of anhydrous sodium sulphate. When the sampk has lost all turbidity transfer it to a l-cm 
cell and measure its fluorescence intensity as rapidly as possible, using an excitation wavelength of 495 nm 
and an analyser wavelength of 556 nm. 

In the presence of greater than 100 ppm of metal ions or for sea-water samples the following back-washing 
procedure should k used asker the first extraction. After the phases have separated, withdraw 4 ml of the 
organic layer and transfer it to a second SO-ml separating funnel containing 10 ml of distilled water and 
O-1 ml of citrate buffer, pH 4.0. Shake for 2 min and remove a sample of the organic layer to a 10-m] conical 
i’Iask containing anhydrous sodium sulphate. When all turbidity is lost, transfer the solution to a l-cm cell 
and measure as before. 

Prepare a calibration graph by applying the method to aliquots of standard amine solution containing 
1, 1 *O, 2.5, 5.0 and IO.0 pg of amine. 

RESULTS AND DISCUSSION 

Calibration graph 

A calibration graph for Alamine 336 is linear but gives an intercept on the ordinate. 
Since discontinuous operation of the spectrofluorimeter can result in changes in the fluo- 
rescence intensity, the calibration graph must be checked for each day’s operation of the 
instrument. Having established that this graph is linear it is possible to correct for variations 
in its slope by measuring the fluorescence intensity for two amine concentrations (we chose 
2.5 and 5 pg) at the start of each day’s operation. 

The recommended procedure outlined above is based on the extraction of up to 10 ml 
of an amine-containing solution. It is possible however to extract all the amine froma 50-ml 
volume but extraction from the smaller volume is more efficient. Extractions from volumes 
larger than 50 ml resulted in dissolution in the aqueaus phase of part of the hexanol from 
the organic phase, with an accompanying decrease in the fluorescence intensity of the 
extract. 
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Fluorescence spectrum 

The fluorescence spectrum of the amine salt of Eosine Yellowish in 80% toluene-20% 
hexanol is shown in Fig. 1. An excitation wavelength of 495 nm was found to be satisfactory, 

Wavelength, nm 

Fig. 1. Excitation and emission spectra (uncorrected) for the Alamine 336 complex of Eosine 
Yellowish in 80 % toluene-20 % hexanol. 

Excitation wavelength 495 nm, amine concentration 0.7 pg/ml. 

and was chosen in preference to an excitation wavelength of 530 nm to avoid any contribu- 
tion of the excitation peak to the emission intensity at 556 nm, the wavelength at which the 
fluorescence peak occurs. 

Choice of solvent 

Because the fluorescence intensity varies considerably as the solvent system is altered, the 
fluorescence of the Eosine Yellowish-amine complex in a number of solvents was studied. 
A system was sought in which a stable emission spectrum having high-intensity fluorescence 
was obtained. The fluorescence of the solvent in the absence of the complex should be of 
minimum intensity. 

Table 1 shows the effect of different solvent systems on the fluorescence intensity. In many 
cases the blank values were too high to be useful. In chlorinated solvent systems, the 
eosin-amine extract underwent photochemical dissociation when illuminated with light of 
the excitation wavelength, 495 nm. In carbon tetrachloride-acetone-medium the fluorescence 
for a solution containing 5 pg of Alamine 336 decayed to the blank value in less than 3 min. 
This type of phenomenon is not unknown in fluorescence studies6 and in this case is probably 
due to photochemical instability of the solvent with subsequent decomposition of the 
fluorescent complex. 

The toluene-hexanol system was found to be the most satisfactory, giving a low blank and 
a comparatively stable fluofescence intensity for the amine complex, although a slow decay 
of the signal did occur. The effect of increasing temperature is to decrease the fluorescence 



990 G. E. BAILEY, T. M. FLORENCE and J. R. KENNEDY 

Table 1. E&t of solvent on the fluorescence intensity at 556 nm of the Eosine 
Yellowish-Alamine 336 complex 

Fluorescence intensity 

Solvent blank 5 ~10 of Alamine 336* 

20 % acetone + 80 % butanol 745 18.30 
20 % acetone + 80 % octanol 8.83 20.70 
20% acetone + 80 % methyl isobutyl ketone 2.30 760 
20 % aatone + 80 % ethylene dichloride 5.45 1600 
20 % acetone + 80 % carbon tetrachloride I.25 1150 
20 % acetone + 80 % n-hexane 0.13 2.85 
20 % acetone + 80 % toluene 2.05 8.05 
20 % n-hexane + 80 % toluene 1.65 7.03 

* Measured rapidly. 

intensity, and heating of the sample solution in the cell compartment by the exciting radia- 
tion could therefore have been responsible for the observed intensity decrease. 

Efect of pH 
The pale yellow acid form of Eosine Yellowish is extractable as a colourless extract into 

non-aqueous solvents. In alkaline solution the anionic form of the dye is not extractable. 
The efficiency of the amine-eosin extraction was studied over a range of pH values from 
2 to 6. The graph of fluorescence intensity US. pH (Fig. 2) showed a maximum at pH 45. 

1 
'I lO.O- 

f 
6.0- 

? ._ 
f 
= 6.0- 
a 

4.0 - 

2’o- 
2.0 3.0 4.0 5.0 6.0 

PH 

Fig. 2. Effect of pH on thu fluorescence intensity of the Alamine 336 complex of Eosine 
Yellowish in 80 % tohtenc-20 % hcxanol. 

Amine concentration 0.7 &ml, citric acid-sodium citrate buffer solutions. 

At low pH values the amine is protonated and will not extract completely while at pH 
values greater than 5, ionization of eosin occurs, with back-extraction into the aqueous 
phase. A pH of 4.0 was chosen for our method. 
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Alternative extraction procedure 

As an alternative to the procedure outlined it was also possible to use Eosine Yellowish 
as an aqueous solution and extract this with the recommended solvent at the required pH. 
When a solution buffered to pH 4-O is used the dye extract is colourless. The blanks so 
obtained were, however, considerably higher than those obtained by using the recommended 
method. 

Study of interferences 

The recommended method, with a single extraction, was applied to the determination of 
2.5 pg of Alamine 336 in the presence of 100 ppm of the following ions: Fe’+, Ca2+, Mg’+, 
Zn2+, Pb2+, Ni’+, Ca2+, Co2+ U(V1) and V(V), as shown in Table 2. No serious inter- 

Table 2. Interferences in the single-extraction fluori- 
metric determination of 2.50 pg of Alamine 336 in 

80 % toluene-hexanol 

Alamine 336 Relative 
Ion added Amount, found, error, 

mg w % 

- 
Fe3+ r 
Fe3+ 10 
Ca’+ 1 
MS” + 1 
Zn2+ 1 
PbS+ 1 
Ni2+ 1 
CU’+ 1 
co2 + 1 
UWI) 1 
VW 1 
PO:- 100 
Ci- 4000 
Cl- 4000 
NOj 100 
NOj 100 
SOi- 100 
Sea-water 1 WOO 

2.50 0 
2.71 +8 
2.13 -15 

$4 
z:z $5 
2.51 0 
2.68 +7 
250 0 
2.43 -4 
2.50 0 
2.82 +12 
2.56 +3 
2.50 0, 
0.63 -74 
2.39 -4* 
0.70 -72 
240 -5 
2.50 0* 
2.58 +3 ) 

l Extract back-washed with pH-4-0 solution. 

ferences were observed. Chloride and nitrate in large excess significantly decreased the 
fluorescence intensity, as did large amounts of most cations. In all cases where interferences 
were observed these could be removed by back-washing the first organic extract with a 
pH-4-O buffer solution. 

No interference was observed when amine solutions equilibrated with kerosene or non- 
anol were used, these components being likely companions of Alamine 336 in uranium 
processing raffinates. 

It should be stressed that paper tissues and filter papers contain components which 
fluoresce readily with eosin and therefore should not come in contact with pipettes or other 
glassware used in the determination, otherwise serious errors may result. All glassware is 
best cleaned by washing with acetone and air-drying. 
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Reproducibility of the method 

The limit of detection of the method was calculated as 2*83!Sb where S, is the standard 
deviation of the blank. From the measurement of eight 50-ml blank samples, a mean blank 
fluorescence intensity of 1.63 units was obtained with a standard deviation of 0.03. This 
gave a limit of detection of O-2 pg of amine in a Xl-ml sample or 4 ppM. 

The relative standard deviation of eight measurements on samples containing 50 ppM 
of Alamine 336 was 51% when a 50-ml aqueous phase volume was used and 3.8 % when 
this volume was only 10 ml. 

It should be noted that these figures refer to results obtained on a Farrand spectrofluori- 
meter. For a less sophisticated instrument the limit of detection could be as much as an 
order of magnitude higher. 

Applications 

In addition to the measurement of Alamine 336, the method was tested with Aliquat 336, 
a long-chain secondary amine, and a long-chain primary amine. In each case it was possible 
to determine the amine by the fluorimetric method. In the case of the quaternary ammonium 
salt, the fluorescence intensity of the eosin complex was almost twice that for the same 
weight of tertiary amine. The intensity of the complex for both the secondary and primary 
amines was somewhat smaller than that for Alamine 336. 

The method was applied to the determination of Alamine 336 in a synthetic raffinate 
mixture.2 In all cases, the results were in agreement within the experimental errors of the 
methods. Table 2 shows that it is also possible to apply the fluorimetric method successfully 
to the determination of amines in sea-water. 
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mEin Verfahren zur Bestimmung langkettiger quart8rer Ammoniumsalze, 
terti&rer und sekumhtrer Amine in Wasser oderwiU3rigen RatBnaten wird angegeben. Es beruht 
auf ihmr Extraktion und iluorimetrischen Bestim mung als Aminsalze mit Bromeosin in Toluol : 
Hexanol 4:l. Wenn der Proben-Extrakt einer Gegenstrom-Wlische unterworfen wurde, 
St&ten Metallionen, Chlorid, Nitrat oder Phosphat nicht. Das Verfahren erlaubt die Bestim- 
mung langkettiger tertiiirer Amine bis mindestens 4 ppM. 

RQlrd--On prisente une m&hode pour le dosage de sels d’ammonium quatemaires a tongue 
chalne, d’amines tertiaires et d’amines secondaires dans l’eau ou Its ratBnats aqueux, basee sur 
leur extraction et lour dosage fluorimetrique il I.&at de sels d’amines avec l’eosine en toldne- 
hexanol(4:l) cqmme solvant. On n’a pas obtenu d’interf&rences d’ions m&alliques ou d’ions 
chlorure. nitrate ou phosphate quand une methode de lavage en retour a Cte appliqued a 
l’extrait d’&hantillon. La m&hode permet le dosage d’amines tertiaires a longue chdne jusqu’a 
des teneurs aussi faibles que 4 p.p.M. 
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Summary-A method originally designed for the determination of stability constants by using 
a wedge calorimeter has been adapted to normal photometric measuring techniques. The cal- 
culations are simple and the method is especially suitable for use when the absorptivities of 
the absorbing species are unavailable because these species cannot be obtained alone in solution. 
Results of some determinations are given. 

An excellent review of the existing methods for the photometric determination of stability 
constants has been given by Ramette’ who distinguishes between four different experi- 
mental situations depending upon what absorptivities can be directly determined. These are 
(if it is assumed that only the ligand and the complex absorb radiation) as follows. 

1. The absorptivities of both the ligand and the complex can be directly determined. 
2. The absorptivity of the complex can be determined directly, the absorptivity of the ligand 

is unavailable. 
3. The absorptivity of the ligand can be measured directly, the absorptivity of the complex 

is unavailable. 
4. Neither of the absorptivities can be determined directly. (This can be the case if, because 

of some other reaction-for instance involving an equilibrium with hydrogen ions-the 
absorbing species cannot be obtained alone in solution.) 

The first three cases are simple to solve, the first algebraically and the others by straight 
line extrapolation techniques yielding the stability constant as the slope and the unknown 
absorptivity as the intercept of the line with one of the axes. 

For solving the fourth case, Ramette recommends an iterative technique by which the 
value of the absorptivity of the ligand is adjusted until a straight line can be fitted to the 
experimental data. This can easily be done with the aid of an electronic computer. To 
the analyst who may only occasionally be interested in determining a stability constant, the 
computer technique may seem unnecessarily involved. As shown by Sacconi,? however, it 
is possible to use a wedge calorimeter to determine stability constants even in the case when 
neither the ligand nor the complex can be obtained alone in solution. In this work, Sacconi’s 
approach has been adapted to normal photometric measuring techniques and the stability 
constant is computed from three absorbance measurements. For the sake of completeness, 

Briefly presented in Swedish a!, ” Det 13. Nordiske Kemikermede.” Copenhagen 1968. 
* Present address: Department of Analytical Chemistry, Royal Institute of Technology, 100 44 Stockholm 

70, Sweden. 
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equations have been derived both for what Sacconi calls “ single incomplete colour change ” 
(corresponding to cases 2 and 3 above) and for the “ double incomplete colour change ” case. 

The abiorptivity of L is known, the absorptivity of ML is not 

Consider a reaction between a non-absorbing metal ion M and a coloured reagent L 
leading to the formation of a coloured complex species ML. (The signs of charge are 
omitted for simplicity and Ringbom’s notation’ is used in this work.) 

The stability constant is denoted by &. 

M+L = ML FILI 
K4rL = [MI[L] 

If the total analytical concentrations of M and L are denoted by C, and C, , respectively, 
we can then write 

CM = [M] + [ML] (2) 

C, = [L] + [ML] (3) 

If the Lambert-Beer-Bouguer law holds, then 

A,= aL bG (4) 

for a solution containing L as the only absorbing species. AL is the absorbance, aL the 
absorptivity of species L and b the thickness of the solution layer in the light path. For a 
solution n containing a mixture of L and ML the additivity of absorbances gives (aMIL being 
the absorptivity of ML) 

A” = aL WI, + % b W-I, 

= aL b(G - FILlA + %L bW1, 

=A,(1 +e- 1)~“) (5) 

where y, = [ML]&!, Q 1. For two different solutions (n = I and n = II) having the same 
C., but different ML] : [L] ratios: 

WA YI FIUII Yll -XC- 
v-1, 1 -Y, 

and 
[Ll,,= 1 - Yn 

We can now write 

WI, YI AI - AL 
[MLII,=y,g~,,-A,=r* (7) 

The photometer can be adjusted to read zero for the solution containing only L at con- 
centration C, . Then the differences A, - AL and Au - AL can be read directly for solutions 
I and II. The concentration ratios from equation (6) are substituted into equation (1) and 
give 

(f-3) 
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Considering that y, = ry,, we now get 

I-- 9 
Y, = - 

WI, 

l-9 
where q = [MI,, 

and, finally, insertion of equation (9) into equation (8) yields 

K 
1 (r-9) 

ML = [Ml, ’ (1 - r) 
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(9) 

Equation (10) is very convenient for use especially when it is possible to measure [M] 
directly, e.g., when studying the dissociation of acids and bases. The total concentrations 
may then be unknown. When [M] cannot be measured directly, (C,,,)_ - [ML], may be 
substituted for [Ml, in equation (8). The following system of equations with three unknowns 
will result: 

KML * cL = (1 - Y,& - Y,) = (1 - YI,~~~I, - Yd 
(11) 

Y, = ry119 Q, = (GA/CL and Q,, = (GMG (12) 
By eliminating KML and y, and solving for y,, we have (the positive root is disregarded 
since 0 < y c 1). 

y,, = J;(Q, - Q,,)(+)&(Q, - Q,,)’ - 4(r - l>(Q, - rQ,J 
2(r - l>J; 

(13) 

When y,, has been calculated, KML is easily obtained from equation (11). 

The absorptivity of ML is known, the absorptivity of L is not 

An equation analogous to (11) is derived for the case when aML but not aL can be measured 
directly : 

1 (1 -r’) 
KML=[M31*(r) 

where r’ = AI - &L 

A,, - 4btL 

and q’= @! (14) 
I 

Neither the absorptivity of L nor that of ML is known 

A similar technique can be developed also for the case where neither the absorptivity 
of L nor that of ML can be measured directly. Three solutions are then used. CL is the same 
in all three but C,,., is varied so that [Ml, > [Ml,,, > [Ml,, or w], < Ml,,, < [Ml,, . Conse- 
quently, it should be possible to mix solutions I and II in such proportions that the resulting 
mixture has the same composition as solution III. It can be shown that the condition that 
must be fulfilled is 

y,r” + YII(~ - r”) = YIII 

where y, = [ML],/C, as before and r” = (A,,, - A&4, - A,,). 
Provided that [Ml,, can be measured, the unknown quantities KklL and 

interrelated by the following three equations in addition to equation (15). 

K 
1 1 1 

ML 
p- 

= [Ml,‘(l y’y,) = [Ml,,’ (1 T;,,) = [M],,; (1 $,,,) 

(15) 

Y,, YII, Y,~~ are 

(16) 
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The system is solved by substituting x, for y,/(l - y,) and eliminating x, , yielding 

K 
1 r”(!?, - 1) - (4rr - 1): 

ML = [Mj,,’ 4,(4,, - 1) - r”q,,(q, - 1) 
(17) 

lw, B&I where q1 = [MII~ and qn = -. 
Win 

In view of the increasing number of ion-selective electrodes becoming available to the 
analyst, there should be many cases where equation (17) can be used to advantage, partic- 
ularly as no exact knowledge of the total concentration of the ligand is required provided 
that the same concentration is used in all three solutions. 

It should be borne in mind, however, that some other means must be used to ascertain 
that the complexation takes place stepwise. Isosbestic points in photometry often prove 
useful in this respect. 

EXAMPLES OF THE USE OF THE EQUATIONS 

Equation (17) has been used to determine the stability constant of the reaction 

H+L -Y HL 

L denoting the anion of alixarin complexan In this case, the usual methods of calculation 
are laborious to use, since the magnitude of the stability constant is lOi and HL will react 
further with hydrogen ions to form H,L (log KzL = 10). The course of the calculations is 
clear from Table 1. The ionic strength was 0.1 and the measurements were made in aqueous 
solution and in a mixture of 80 % water and 20 % dioxan. The value of the stability constant 
was also determined by potentiometry with the glass electrode in 0-M potassium chloride. 
The agreement between the values obtained by photometry and potentiometry, 1O11*98 and 

Table 1. Calculation of the stability constant of the reaction H + L + HL, L denoting the anion of Alizarin 
Fluorine Blue. The ionic strength was @l and the total concentration of alizarin complexan was 600 x 

IO-“M. The temperature was 23°C and the pH values were adjusted by means of glycine buffers 

In aqueous solution 

1296 11.91 12.09 0.0891 0661 0.512 0.119 0.233 11.97 
1296 .11*91 12.33 0.0891 0.380 0.512 0.268 @523 11.97 
12.96 11.91 12.55 0.0891 0.229 0.512 0.375 0.733 12.00 
12.96 11.91 12.74 0.0891 0.148 0.512 0.451 0.881 11.98 

Mean 11.98 f 0.02 
value 

In 20 % dioxan-80 % water 

13.00 12.00 1240 
13.00 1200 1260 
12.80 12.00 1240 
12.80 1200 1260 

0.100 0.398 0.320 
O*lOO 0.251 0.320 
0.158 0,398 0.289 
0.158 O-251 0.289 

0.155 0.484 12.18 
0.230 . 0.719 1214 
@155 0.537 12.25 
0.230 0.790 12.20 

Mean 12.19 f 0.04 
value 
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10 11’*, respectively, is fair and the difference probably due to the uncertainty of glass- 
electrode measurements at high alkalinity. 

The stability constant of the reaction 

H+HX = H,X 

(H2X denoting alizarin-3-sulphonic acid) has been determined by using equation (10). 
Table 2 shows the results. Sacconi2 gives the value 105’54. 

Table 2. Determination of the stability constant K&x of H + HX + HIX (H5X = alizarin-3- 
sulphonic acid). The measurements were made at ionic strength 0.1, temperature 23°C and 
total concentration of the dye 1.2 x 10m4M. The pH values were adjusted by means of acetate 
buffer solutions and the absorbances were measured at 520 nm against a solution of HX at 

pH = 7.7 

PH, PHZ A, - A HX A,, - AHX r . 9 h KHH2x 

4.29 5.52 0448 0.242 1,852 17*00 554 I 
4.29 5.30 0448 0.299 1.498 IO.23 5.55 ’ 
4.29 5-00 0448 0.366 1.224 5.128 5.53 
4.29 4.69 0448 0.416 I.079 2.512 5.55 
4.69 5.30 0.416 0.299 1.888 4.070 554 
5.00 5.52 0.366 0.242 1.513 3.310 5.53 

log K&x = 5.53 f 0.01 

Equation (13) has been used to determine the stability constant of the reaction 

AlHL + Al = Al,L + H 

L again denoting alizarin complexan. The results will be discussed in a subsequent paper.’ 
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Zusamrnenfassung-Ein urspriinglich zur Bestimmung von Stabilitiitskonstanten mit Hilfe 
eines Keilphotometers entwickeltes Verfahren wurde auf normale photometrische MeBmetho- 
den umgestellt. Die Berechnungen sind einfach und das Verfahren ist dann besonders geeignet, 
wenn die Extinktionskoehizienten der absorbierenden Spezies nicht zugi+nglich sind, weil diese 
Spezies in Losung nicht allein erhalten werden konnen. Es werden die Ergebnisse einiger 
Bestimmungen angegeben. 

Rrlsumt!-Une methode concue a l’origine pour la determination des constantes de stabilite en 
utilisant un colorimetre a coins a Ctt adaptee a des techniques de mesure photometrique 
normales. Les calculs sont simples et la methode est particulierement appropriee a I’emploi quand 
les capacitts d’absorptionde l’espece absorbante ne sont pas connues parce que ces esp&es ne 
peuvent etre obtenues seules en solution. On donne les r&mats de quelques determinations. 
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Summary-In order to decide whether Alizarin Fluorine Blue (alixarin complexan, 3-amino- 
methylalizarin-N,N-diacetic acid) is a suitable reagent for the spectrophotometric determination 
of aluminium, values of the stability constants for some reactions of this reagent with 
aluminium(II1) and iron(II1) have been determined spectrophotometrically in a medium 
containing 20 % dioxan and 80 % water at ionic strength 0.1. The values of the constants that 
were determined are log K& = 143, log K&$ = 25.3 and log K& = 19.6. These results 
were employed in the design of a method for the spectrophotometric determination of aluminium 
in the presence of iron and titanium. The Sandell sensitivity is 0.01 pg/cmz and the coefficient of 
variation for 34 determinations was 0.9 %. 

In an earlier paper,’ the acid stability constants of Alizarin Fluorine Blue (alizarin com- 
plexan, 3-aminomethylalizarin-NJ-diacetic acid) were discussed. This paper reports the 
results of a study of the complexation properties of this reagent with aluminium and ferric 
ions. The reagent has been used to determine aluminium photometrically in the presence of 
iron and some results will be given. 

THE COMPLEXATION BETWEEN ALIZARIN COMPLEXAN 
AND Al(II1) AND Fe(III) 

Leonard and West2 studied the metal chelates of alizarin complexan and concluded that 
1 : 1 chelates are formed by the hexaco-ordinate metal ions. Thorium, being octaco-ordinate, 
was shown to form a chelate consisting of two thorium ions and one ion of the ligand. The 
reaction between the hexaco-ordinate metal ions and the reagent may be written in the 
general form 

M”+ + HL’- v MHL’“-3’+ 

It is seen that the chelates of both Al(II1) and Fe(II1) are uncharged. They are thus expected 
to be insoluble or only slightly soluble in water. Experiments verified this expectation. How- 
ever, it was found that the chelates were soluble in a medium containing 20% dioxan and 
80 % water and this medium was chosen for further experimental work. The main advantage 
of such a medium is that stability constants that were determined in aqueous solution can, 
for most analytical purposes, be used without any corrections. Moreover, if the dissociation 
constants of the acid are known in water and in water-dioxan mixture, a correction may 
be applied to the stability constants of the metal complexes, according to Irving and 
Rossotti.’ 

999 
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Fig. 1. Continuous variations plot of the system aluminium-Alizarin Fluorine Blue in a 
medium of 40% dioxan and 60% water at pH 5.4 (n*, denotes the mole fraction of aluminium 

ions). 

Figure 1 shows a Job’s plot for the Al(III)-Alizarin Fluorine Blue system, recorded at 
500 nm in 40 % dioxan and 60 % water, log[H+ ] being - 5.4. It is seen that Al(II1) forms 
both a 1 : 1 and a 2 : 1 complex with the reagent, and this is verified in Fig. 2, showing the 
absorption spectra of solutions having constant contents of the reagent but increasing con- 
tents of the metal ion. 

There is an isosbestic point at 558 nm in Fig. 2, but as the aluminium content of the 
solution exceeds the content of alizarin complexan, the absorptivity curves no longer pass 
through it. This indicates that a new species is being formed in the solution. It also demon- 
strates that the complexation takes place stepwise. Since the new peak in the spectrum has 
its maximum at a wavelength that lies close to the wavelength of the fully deprotonated 

Curve no. 

60 

A. nm 

Fig. 2. Absorption spectra of a 6.24 x 10-sMsolution of alizarin complexan containing various 
amounts of aluminium ion at pH 4.1 in a medium of 20% dioxan and 80% water. 
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ligand, it seems not unreasonable to assume that a second aluminium ion is bound to the 
oxygen atom of the hydroxy group in position 2 (releasing the proton) and to the adjacent 
anthraquinone oxygen atom: 

Al + AlHL G A&L+ H 

(The signs of charge are omitted for convenience.) 
In the spectra of the iron@)-alizarin complexan system, no isosbestic point can be found 

at or near 560 nm. However, as can be seen from Fig. 3, there are absorption peaks at 

60’ 

60 

0 
400 503 600 

X. nm 

Fig. 3. Absorption spectra of a 6-00 x 10W5M solution of alizarin complexan containing 
varying amounts of ferric ion at pH 4.1 in 20% aqueous dioxan. 

480 nm and close to 600 nm. It may thus be concluded that the same two types of complex 
are formed with iron(II1) as with aluminium ions. However, the formation of these com- 
plexes is simultaneous, not stepwise as was the case with Al(III). 

Determination of the stability constants 

The principal aim of this investigation being to determine whether alizarin complexan 
could be a suitable reagent for the photometric determination of aluminium in solutions 
containing ferric iron, a knowledge of the magnitude of the constants is enough. The con- 
stants may also be conditional4 in the sense that if they are valid in the range of concen- 
trations normally encountered in photometric analysis, this will suffice, and therefore no 
elaborate study of what species there are present in the solution has been conducted. The 
reader should be aware of the fact that for example in more concentrated solutions, it may 
well be that binuclear species predominate over the mononuclear ones. 

The stability constants of the aluminium complexes of alizarin complexan were deter- 
mined photometrically. The medium was 20% aqueous dioxan and the ionic strength was 
kept constant at 0.1 by addition of the calculated amount of formate buffer. The equilibrium 
was approached from both sides in order to ascertain that the measurements were really 
made at equilibrium. 
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The complexation of Al(III) with Alizarin Fluorine Blue being stepwise, only the &st 
complex will be found in a solution containing no excess of aluplinium ions. The absorpti- 
vities of both MHZ and HL may therefore be dete~ined and the value of the conditional 
stability constant calculated4 from 

Table 1 shows the results. In further work, log K = 14.3 was used for the reaction 
Al f HL = AlHL. In order to lower the conditional stability constant of the complex be- 
tween aluminium and Alizarin Fluorine Blue to a suitable magnitude, EDTA was used as 
an auxiliary wmplexing agent. This technique has been described eariier by Schwarzenbach 
and Freitag’ and by Fronaeus.6 

Table 1. Calculation of the stabiiity constant for the reaction Al + HL ?i AIHL. The ionic strength was 
adjusted to O*l by adding formate buffer solution. The total concentration of aliin complexan was 

6%X x 1 O- “M and the temperature 23°C 

ALllO logrc' log OhI log=HL 
[AIHLJ 

IogK - 
[AU 

410 0 I*00 x 1w3 o*m=AXL 
4.10 7.61 x lo-* ,, 0.160 . 410 0.161 2.61 41 7.61 14.31 0.302 

409 8.76;; 10-L :: 0.199 409 0+200 2.88 3.9 7.61 1439 0,653 

4.11 MO;; 10-s 2.00 Go-3 0,258 
411 

2.99 3.8 7.60 14.38 1.81 
ft 

4.10 10-4 b' 
0257 
@340 = &XL 

4.13 
4.13 

2.12: l-00 x 10-S 0,108 = A”L 
10-4 

:: 
0.123 2.51 44 7.55 1446 oQ69 

413 4.18 x IO-‘ 0,132 2.45 43 7.55 1430 0,120 
4.12 8.18 x i0’” ,, @i82 2.76 3-s 7.57 1+13 “0465 
4.13 1o-4 0 0.341 = i&y. 
442 0 1.00 x 10-3 @1123A”‘ 
4.41 7.61 x 1O-4 ,, @144 
442 

2.36 49 7-o 143 0.172 

4.42 1.90; 10” 200 ;110-3 
0.144 
0.1844 

4.41 0.1842 
2.42 46 7-O 14-f #498 

” 
4-41 10-4 b’ 0.3298 = AAlHL 

The 2 : 1 complex formed by aluminium with alizarin complexan is weak. At the pH in 
question, there is also risk that aluminium may precipitate as the hydroxide if a large excess 
of aluminium ions is added to the solution. It is thus not possible to measure the absorpti- 
vity of the complex. In this work, the value of the stability constant K for the reaction 

Al + AlHL e A12L+ H 

was determined by ~ingequation (14), in ref. 7. The determination was made at the isosbestic 
wavelength, 560 nm, since this made it easy to determine the absorptivity of AlHL. Even 
in this case, the medium was 20% aqueous dioxan. The results are shown in Table 2, 

There is a definite trend towards lower values of the constant as r” decreases in Table 2. 
Probably some other species are also formed in the solution, but the effect being so small 
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Table 2. Calculation of the stability constant K for the reaction AlHL + Al + AIlL + H at ionic strength 
@I, temperature 23°C and total concentration of alizarin complexan 6.24 x lo-‘M 

CM1 c MI1 

IO-*M 10-4M Q, Qll A - AAIHL AI - AAIIIL r” YII log K 

- 19.6 4.89 31.41 1.837 0.347 0.170 2.041 0.327 -1.09 

46% 4.89 9.79 75kl 15.69 7,837 0*&l 
0.265 I.311 0534 -1.02 
0.170 2.892 0.275 -1.19 

1, 9.79 ,, 15.69 ,, 0.265 1.855 0.421 -1.22 
9, 19.6 ,, 31.41 ,, 0.347 1.416 0.495 -1.39 

Mean -1.18 
value 

as to be negligible for analytical purposes, it was not studied further. For the formation of 
the 2 : 1 complex log Kif:L = 25.3 was calculated from Ki:,‘, = K . K& . KEL. The value 
of K!‘ was taken from ref. 7. (Ringborn’s notation4 is used throughout.) 

In order to facilitate judging of the possibilities for masking Fe(III), a very rough value 
of the stability constant of the iron complex of alizarin complexan was needed. As the 
2 : 1 and 1 : 1 complexes of iron with the reagent are formed simultaneously, the technique 
that was used for the aluminium complexes could not be used for iron(II1). As, however, 
only the order of magnitude was needed, the stability constant of the first complex was 
calculated by using equation (1) and measurements made at 480 nm in 20 % aqueous 
dioxan. In an actual photometric determination the coloured reagent is always added in 
excess, whereby the effect of formation of FezL is minimized. 

In this case the auxiliary complexing agent was NTA (nitrilotriacetic acid), as EDTA 
forms complexes with ferric ions that are too strong to allow alizarin complexan to compete. 
The results are shown in Table 3. In further calculations, the value log K~&iL = 19.6 was 
used. 

Table 3. Calculation of the stability constant for the reaction Fe(III) + HL e FeHL. The ionic strength 
was adjusted to 0.1 with formate buffer. The total concentration of alizarin complexan was 6-00 x 10m5M 

and the temperature was 23°C 

PH 
C CNT* -F; 10 M 10-lM A480 log Kk;IY’ log aFe log anL log KR”L 

4.00 1 drop 0.107 = AHL 
4.01 4% l+O 0.180 2.98 
4.00 8.00 1.00 0.213 2.91 

;:; 7.8 19.7 
7.8 19.6 

4.01 16.00 1GO 0.250 2.87 8.85 7.8 19.5 
4.00 0602 - 0.380 = AF~HL 

Alizarin complexan as a photometric reagent for the determination of Al(IZI) in the presence 
of Fe(ZZI) and Ti(ZV) 

Most of the reagents currently used for determining aluminium photometrically are 
either lake-forming or else several complexes are formed simultaneously even though the 
reagent is added in excess! Reagents of the former type require strict control of all experi- 
mental conditions including time elapsed before measuring the absorbances. The latter 
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type does not give linear calibration plots and many of the reagents are unstable in aqueous 
solution. 

The principal advantages of alizarin complexan as a reagent for the determination of 
aluminium are the solubility of the complex in 20% aqueous dioxan and the stability of 
solutions of the reagent and of the complex. When the reagent is added in excess only a 
1 : 1 complex is formed and the calibration curves can be expected to be linear. 

Knowledge of the stability constants offers valuable aid in deciding optimum conditions 
for a photometric determination. Table 4 lists the constants necessary for calculating the 

Table 4. Stability constants of alizarin complexan and its complexes with 
AI(III) and Fe(II1) at ionic strength @l 

In aqueous In 20 % aqueous 
Reaction constant solution dioxan solution 

H+L-HL log G‘ Il.98 12.19 
H+HL=HHIL log G* I. 10.07 10.18 
H+HIL=HsL log G,‘ 5.56 5.63 
H+H,L==HcL log KW+L 2.49 
Al + HL - AIHL log K&L 143 
2A1+ L = AloL log K::;L 25.3 
Fe@) + HL = FeHL log KF:HL 19.6 

values in Table 5. First it must be said that the pH interval that may be used is rather narrow. 
The reagent will precipitate at pH values below about 4. If the solution is made more 
alkaline than about pH 5, there is risk that aluminium hydroxide may precipitate, or that 
the reactions may be slow, owing to the formation of polynuclear hydroxy complexes. 

On the other hand, in this pH interval only the 1 : 1 complex will be formed. The situation 
is clarified by Table 5. The values of all the stability constants were determined in 20% 

Table 5 

PH log RiLw) h3 %I log[AIHL]/[Al’] log QF. log[FeHL]/[Fe’J 

4 7.8 0.0 3.5 I.8 7.0 
5 5.9 0.4 5.0 3.7 6.6 

aqueous dioxan.* The concentration of the excess of the reagent was assumed to be 10m3M. 
The course of the calculation has been described previously.’ It is seen that Fe(III) will 
interfere with the determination of Al(II1). However, the aluminium chelate is strong 
enough to permit its use for the determination of AI(II1). 

In Fig. 4, the absorption curves of H,L, H,L and AIHL are shown. The dissociation of 
H3L into H2L and H takes place at pH 5.6. Variations of pH will thus have an appreciable 
effect on the absorbances in the pH range 4-5, if the absorbances are not measured at the 
isosbestic wavelength, 455 nm. The sensitivity has its greatest value at 480 nm, but what is 
lost in sensitivity if the measurements are made at 455 nm is gained in reproducibility. The 
molar absorptivities at some wavelengths are given in the figure. It is seen that the absorp- 
tivity of the reagent at 455 nm, though appreciable, is small enough to permit adjustment 
of the absorbance scale of most instruments to read zero with a solution of the reagent in 
the light path. 
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x. “n-l 

Fig. 4. Absorption spectra of some species of alizarin complexan. The curves for AlHL and 
H3L were recorded at pH = 4.1, the curve for H2L at pH = 7.4. 

Interference of iron 

Two different approaches can be used to avoid interference of Fe(II1). One is masking, 
probably best carried out by first reducing the iron to iron(I1). Possible masking agents are 
some mercapto-acids, e.g., thioglycollic acid and dithiocarbaminoacetic acid,’ ’ but the iron 
complexes of the masking agents should not absorb light at 455 nm. 

The other approach implies masking aluminium instead of iron. In practice, the absorb- 
ance difference is measured between a solution containing sample and reagent and one 
containing the same amount of sample and reagent but where aluminium has been masked 
by some suitable masking agent. If this procedure is chosen, it is possible to determine both 
aluminium and iron(II1) with the same reagent. 

If the first approach is chosen, the masking and reduction may be done in acidic solution 
and no interference from precipitated hydrous ferric oxide is to be expected. However, 
practical tests carried out with thioglycollic acid indicated that some aluminium is also 
complexed by this reagent. The second approach was therefore tested. 

It is possible to mask aluminium with fluoride ions without influencing the complexation 
of iron(II1) by alizarin complexan unduly. All stability constants that are needed for an 
estimate of the situation are known.lp4 By assuming a 10 -‘.‘M excess of fluoride ions, we 
get aAL = 1O7’3 and aFcfFj = 104”. A simple calculation gives, for [L’] = 10m4M and 
pH = 4.0, 

[AIHLI = 10-4.6 

WI 
and (FeHLl = 103.5 

[Fe’] * 

This means that aluminium will be completely masked by fluoride whereas practically none 
of the ferric ions will have reacted with the fluoride ions. A fluoride ion excess of up to 
10S2M is permissible. 

Interference of titanium 

According to Leonard and West,’ the complexes formed by alizarin complexan with 
Al(III), Ti(II1) and Ti(IV) are not decomposed by a moderate excess of EDTA at pH 4.3. 
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Of these ions, Al(III) forms the weakest complex with EDTA. The complex that is formed 
by the reagent with either of the titanium ions is consequently stronger than the aluminium 
complex, and since the fluoride complexes formed by titanium(IV) are weaker than the 
corresponding aluminium complexes, it is to be expected that titanium is not masked by 
fluoride ions. Practical tests confirmed this assumption. Aluminium can thus be determined 
in the indicated manner and the determination will not be disturbed by any titanium present 
in the solution. 

Recodd procedure (iron present) 

Take 20 ml of the sample solution [which should contain 1-12 mg/l. of Al(II1) and Fe(M) up to 5 me/l.] 
and adjust the pH to 2. Add 20 ml of a 5 x 10w4M solution of alizarin complexan, 20 ml of dioxan and 
10 ml of a formic acid-sodium formate buffer to make the final pH 4.1-4.3. Heat at 70” in a TeAon beaker 
for an hour, cool and make up to 100 ml in a volumetric flask. The ionic strength should be controlled by 
adding a neutral salt if required. Treat another 20 ml of the sample in the same way but add 10 ml of a 
0+2M solution of sodium fluoride before adding the dioxan. Use this solution to adjust the absorbance 
scale to zero at 455 nm and read the absorbance of the first solution on that scale. Once developed, the 
colours remain stable over several weeks. 

Perform the calibration in the same way, by reading the absorbance difference between a solution con- 
taining fluoride and one containing no fluoride, both having the same (known) contents of aluminium ions. 

RESULTS AND DISCUSSION 

Peer’s law is obeyed up to an aluminium concentration of 10S4M. Table 6 lists the results 
of some analyses. It is seen that the accuracy of the method is good. The coefficient of 
variation for 34 determinations was O-9 %. 

Table 6. Results of some determinations of aluminium with alizarin complexan 

Al, w Al, mg 

Taken Found Fe(III), w Taken Found FdIII), mg 

12.8 12.8 
q 

385 38.5 ‘- 
12.8 12.75 38.5 38.3 28-O 
21.6 21.8 

2G 
43.0 43.0 - 

25.6 255 43.0 42.8 - 
25.6 25.2 - 51.4 51.3 28.0 
29.7 29.9 67.5 67.0 - 
30.9 30.7 1 96.1 95.6 - 

The results show that aluminium may be determined photometrically with good accuracy 
and precision by the proposed method. A sufficiently strong complex is formed in the pH 
range 4-5 and the formation of other species may be neglected in this range. Neither the 
reagent solutions nor the solutions containing the complexes with aluminium or ferric ions 
decompose with time. However, the reaction between the aluminium ions and the reagent 
being slow, it is necessary to heat the solutions before measuring the absorbances. If ferric 
ions are present, the solutions should be handled with care in order to prevent precipitation 
of ferric hydroxide. 

Ordinarily, charged species are soluble in water. This means that if for instance a sul- 
phonic acid group could be incorporated in the alizarin complexan molecule, the 1 : 1 
complexes with Al(II1) and Fe(III) would be water-soluble, thus obviating the addition 
of dioxan. However, the incorporation of a sulphur atom in the molecule would be likely 
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to affect the stability of the reagent adversely. On the other hand, addition of only.20 % of 
dioxan is enough to keep the complexes in solution and, as is demonstrated in this paper, it 
is possible to use equilibrium data with very slight modifications (or none) when designing 
analytical methods-even when the solvent is not pure water. 
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Zusammenfasasmg-Urn zu entscheiden, ob Alizarinfluorinblau (Alizarinkomplexan, 3- 
Aminomethylalizarin-N,N-die&s&me) als Reagens zur spektrophotometrischen Bestimmung 
von Aluminium geeignet ist, wurden die Werte der Stabilitatskonstanten einiger Reaktionen 
dieses Reagens mit Aluminium(II1) und Eisen(II1) spektrophotometrisch in einem Medium aus 
20% Dioxan und 80% Wasser bei einer Ionenstiirke von 0,l bestimmt. Die Werte der 
ermittelten Konstanten sind log K& = 14,3, log K&$ = 25,3 und log K& = 19.6. Diese 
Ergebnisse wurden beim Entwurf einer Methode zur spektrophotometrischen Bestimmung von 
Aluminium in Gegenwart von Eisen und Titan benutzt. Die Empfindlichkeit nach Sandell 
betragt 0,Ol pg/cm2 und der VariationskoetTizient bei 34 Bestimmungen betrug 0.9 %. 

Resume-Afin de decider si le Bleu d’Alizarine Fluor (alizarine complexan, acide 3-aminom& 
thylahzarine-N,N-diacetique) est un agent convenable pour le dosage spectrophotometrique de 
l’aluminium, les valeurs des constantes de stabilite pour quelques reactions de ce reactif avec 
l’aluminium (III) et le fer (III) ont 6te dtterminees spectrophotometriquement dans un milieu 
contenant 20 % de dioxane et 80 ‘A d’eau a une force ionique de 0,l. Les valeurs des constantes 
qui ont 6te determintts sont log K &,_ = 14,3, log K& = 25.3 et log K& = 19,6. Ces 
rtsultats ont et& employes dans l’etude d’une methode pour le dosage spectrophotometrlque de 
l’aluminium en la presence de fer et de titane. La sensibilite de Sandell est 0,Ol pg/cm2 et lc 
coefficient de variation pour 34 determinations a et6 0,9x. 
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Summary-Metal complexes often act as substrates in enzymic reactions. Because their concen- 
trations cannot be measured directly, they must be calculated from the formation constants 
and the total concentrations of the different metal and ligand species. An iteration algorithm 
devised by Sayce has been used to formulate a FORTRAN (ICT 1900) programme, which 
meets the following requirements. (I) The programme may be made to calculate the total 
concentrations for the parent species if the free concentration of any metal or ligand species 
is known, or to calculate the free concentrations of all species for which the total concen- 
trations are known. This feature of the programme is useful for calculation of the total 
amounts which must be put into a solution in order to achieve prescribed free concentrations. 
(2) To allow for the uncertainty in the formation constants of the complex species the pro- 
gramme permits the input values of the formation constants to be varied automatically and 
the resulting variation of the calculated concentrations to be evaluated. 

Consider a solution which contains given total molar concentrations of metals 1, 2, . . . M, 
and ligands 1, 2, . . . L, and assume the pH to have been measured. The metals, ligands, 
Hf and OH- may form complex species, each of which may be described uniquely by the 
number of metal, ligand, H+ and OH- ions contained in it. At chemical equilibrium and 
given ionic strength, 

CK(k) = BK(k) . CHNHck) * 4 CM(m)NM@“3 k, * ,B CL(I)NL(f* k, (1) 
where 

CK(k) = concentration of the kth complex species 
BK(k) = cumulative formation constant 

CH = concentration of H+ 
NH(k) = number of H+ ions contained in the kth complex species [NH(k) < 0 means 

that the kth species contains -NH(k) OH- ions] 
CM(m) = free concentration of mth metal ion species 

NM(m, k) = number of ions of the mth metal contained in the kth complex species 
CL(Z) = free concentration of the Ith ligand species 

NL(1, k) = number of particles of the Ith ligand contained in the kth complex species 

* Part of this paper (without/the Information on programme structure) was reported at the “VI. Inter- 
nationales Berliner Symposium iiber Struktur und Funktion der Erythroryten,” Berlin, G.D.R., August 
1970. 
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Here, the term “complex species ” is used in a generalized manner, so as to include pro- 
tonated ligands and metal hydroxo-complexes. 

The concentrations of the complex species, CK, can be calculated easily according to 
equation (1) from BK, CH, CM and CL. By summing the products NM(m, k) * CK(k) for 
all k values, and adding CM(m), the total concentration CTM(m) of the mth metal ion is 
obtained. The total ligand concentration CTL(1) may be calculated similarly. If the free 
concentrations are to be calculated from given total concentrations, as is usually the case, 
a system of (M + L) non-linear equations giving CTM(l), . . . , CTM(M), CTL(l), . . . , 
CTL(L) as functions of the free concentrations has to be solved for the (M + L) unknown 
free concentrations. 

Computer programmes capable of solving this problem have been published by various 
authors, e.g., Perrin and Sayce,’ and Sill& et al.’ The algorithm devised by Sayce, has 
proved satisfactory in our programme for the largest system so far treated, with 3 metals, 
22 ligands, and 93 complex species. Sillen’s more complicated programme’ permits the 
treatment of solid phases and the use of the mass-balance equation for the proton (Sayce’s 
very simple algorithm needs the pH to be given, and his programme does not consider 
solid phases), but these features are not necessary for the biochemical application in question. 
The algorithm of Sayce has been incorporated into a main programme which had to meet 
the following requirements. 

(1) In theoretical studies the question often arises as to how the concentration of one free 
or complex species depends on the free rather than on the total concentration of another 
given species. Thus, the programme should permit the free concentrations to be given (and 
the total concentrations to be calculated) for any subgroup of metals and ligands. 

(2) Often it is desired to repeat the calculation of free and complex species with only a 
few parameters altered (e.g., a single total concentration increased). In such cases, it should 
not be necessary to read in all input parameters anew. 

(3) The cumulative formation constants available are usually subject to varying degrees 
of uncertainty. Therefore, the programme should be able to vary the constants within their 
given limits and to calculate the deviations of free and complex concentrations produced 
thereby. Because for given total concentrations the free and complex concentrations are 
non-linear functions of the complex formation constants, their partial derivatives may 
change their sign. If they do not change sign, the largest and smallest possible free and com- 
plex concentrations occur at the BK limits. If, however, the partial derivatives do change in 
sign, maxima and minima of the free and complex concentrations may occur between the 
BK limits as well as at them, and it is more complicated to find them. The task of deciding 
of whether or not this is the case and of determining the absolute extrema has not been 
solved by our programme. Instead, different estimates of the variation of free and complex 
concentrations are made, as described later. 

In the second part of the paper, a description of the programme is given. An application 
is presented in the third section. The block scheme of the programme, giving detailed 
information about programme structure, is presented in an appendix. Copies of the ICT 1900 
FORTRAN programme are available on request (to a limited extent). 

Basic parts 
DESCRIPTIOIS OF THE PROGRAMME 

(1) Data input. This part has been subdivided according.to the, different types of data 
(see appendix). 
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(2) Single calculation of equilibrium concentrations and print-out of results. 
(3) Calculation of equilibrium concentrations with medium values of formation constants 

and print-out of results, followed by calculation of concentration differences produced by 
variation of formation constants. Let C, be a calculated free metal, free ligand or complex 
concentration (using the medium value for each formation constant). Let Ci be the concen- 
tration value whichis obtained if the ith formation constant is altered in a prescribed manner 
(i = 1, 2, . . .) KV, where KV = number of formation constants to be varied). Then the 
differences Ci - Co (i = I-KV) are calculated and printed for any of the above-mentioned 
concentrations. Additionally, from the relationship 

AZ = “c (Ci - C,)’ 
i= 1 

A is determined, which gives an estimate of the expected overall uncertainty of C. 
(4) Instead of the differences Ci - C,, partial derivatives are determined for the calcu- 

lated concentrations with respect to the logarithms of the formation constants, by solving 
the corresponding system of linear equations. The quantities D2 and D (see appendix, 
item 38) are calculated by using the linear terms of the Taylor series, giving the concen- 
trations as functions of the formation constants. 

(5) Special values are assigned to the formation constants, which may be expected to 
produce large or small values of calculated concentrations. This part of the programme 
makes use of the results of parts (3) or (4). To produce a large value of a concentration C, 
the maximum value is given to the formation constant BK(k) if C is increased by increasing 
BK(L), and uice versa for producing small C. As long as partial derivatives X/aBK(k) do 
not change sign, this approach should yield the absolute maxima and minima of the concen- 
trations within the BK-limits given. 

However, such changes of sign are possible and therefore the calculated concentrations 
are not necessarily identical with the absolute extrema. 

On the other hand, because this method requires only constancy of sign of the partial 
derivatives, it describes the variability of concentrations within a larger range of BK values 
than does estimation of variability with the aid of the partial derivatives (which requires 
constancy of the derivatives themselves). It may be used for computing minimum ranges of 
the concentrations. 

Transferring control to the dlrerent parts of the programme via punched card input 

In each of the above-mentioned parts of the programme, the last statement causes a new 
punched card (later referred to as a steering-card) to be read in, which bears an integer 
number Il. By aid of 11 the computer learns which part of the programme it has to go to. 

It is clear that such a flexible programme organization permits the programme to be 
adapted to quite different sequences of readings and calculations by simply arranging the 
punched cards in the appropriate order. 

Repeating a calculation with only a few parameters altered is greatly facilitated in this 
way, because only those few parameters are read in by the computer, leaving all others 
unaltered. 

EXAMPLE OF A BIOLOGICAL APPLIdATION 

In the human erythrocyte the most important constituents are ATP, 2,3-DPG, magnesium, 
potassium and sodium ions, and the 16 possible complex species formed from them. For 
biochemical purposes it is of interest to know not only their total concentrations, but also 
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Table 1. Logarithms of cumulative 
formation constants, referring to 

concentrations. 

Complex species log WC) 

1. HDFG 8.21 
2. H,DPG 14.84 
3. HsDPG 18.36 
4. KDPG 1893 
5. HKDPG P-16 
6. NaDPG 1.93 
7. HNaDPG P-19 
8. MgDPG 3.87 
9. HMgDPG IO.92 

10. Mg,DPG 6.12 
11. MgATP 4.96 
12. HM@TP 9.80 
13. KATP l-15 
14. NaATp 1.18 
15. HATP 6.95 
16. H,ATP 10.88 

the free concentrations, and the concentrations of the complex species. Values for the 
constants have been taken from O’Sullivan and Perrin” and from the references quoted by 
them, together with new results of Achilles et al.’ These constants are presented in Table 1. 

The results of the equilibrium calculations are shown in Table 2. Total concentrations of 
metals and ligands as found in human erythrocytes have been chosen (the values are given 
in column 1; they coincide exactly with those selected by Achilles et al.‘). P, = 7.2 

From the equilibrium concentrations presented in column 2, the importance of the 
potassium complexes with 2,3-DPG and the magnesium complex with ATP becomes quite 
clear (cJ Achilles et aL3). For each single concentration value, the variation range due to the 
uncertainty of the association constants has been estimated according to basic part (5), 
allowing each association constant to be multiplied by 1.25 or O-8 (corresponding roughly 
to &O-l pK units). Whereas the importance of magnesium and potassium complex-form- 
ation with ATP and 2,3-DPG respectively is not removed by varying the constants, the 
single values are found to be altered remarkably (c$ columns 3a and 3b). Thus, in comparing 
biochemical model properties with observational results, the possibility that special features 
of the model are sensitive to changes within the uncertainty ranges of the complex form- 
ation constants should be taken into account. 

Column 4 of Table 2 gives some insight into the dependence of the calculated concen- 
trations on formation constants. For each concentration C, the two complex formation 
constants causing (by their variation) the greatest alteration of C are given. The concen- 
tration of free 2,3-DPG depends most strongly on the formation constants of the complexes 
HKDPG and KDPG (numbers 5 and 4); these are the two DPG-complexes with the highest 
concentrations (cJ column 2). The concentration of free ATP is most strongly influenced by 
the formation constants of the complexes MgATP and MgDPG. Because ATP is bound 
nearly exclusively by formation of MgATP, the MgDPG complex influences the free ATP 
via Mg more strongly than the other ATP complexes do. For the free magnesium ion con- 
centration, we find the formation constants of MgDPG and HMgDPG. Increasing the 
MgATP formation constant produces a smaller decrease in free magnesium concentration, 
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Table 2. Results of different equilibrium calculations 
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1 2 
Species Concn. (med. 

(tot. formation 
concn.) constants) 

mM_ mM 

3a 3b 4 
Concn. Most important differences 

min. max. 

mM mM mM 

DPG (7.2) 0.154 
ATP (20) 0.0390 
Mg (35) 0.520 
K (130.0) 1265 
Na (20.0) 19.4 

1. HDPG 1.57 
2. HzDPG 0.424 
3. HjDPG 8*86E-5 
4. KDPG 1.66 
5. HKDPG 1.78 
6. NaDPG 0.255 
7. HNaDPG 0.292 
8. MgDPG @593 
9. HMgDPG 0.420 

10. MglDPG 0.0548 
11. MgATP 1.85 
12. HMgATP 8*07E-3 
13. KATP 0.0697 
14. NaATP 11.5E-3 
15. HATP 2.19E-2 
16. HIATP 11.8E-6 

0.123 0192 
0.0253 0.0612 
0.388 0.674 

125.8 127.2 
19.2 19.6 

1.10 2.16 
0.278 0.638 
566E-5 13.8E-5 
1.17 2.26 
1.26 240 
0.166 0.387 
0.191 0442 
0.423 @806 
0288 0.597 
QO309 0.0887 
1.74 1.91 
5*09E-3 12.7E-3 
0.0369 0131 
5*97E-3 22.3E- 3 
0.0114 0.0424 
6.1lE-6 23*lE-6 

5; -9*67E-3 
11; -685E-3 

8; -0.0353 
1; 0.195 
7; -0.0642 

;: 
3; 

0.280 0.0974 
2.21E-5 

4; 0.289 
5; 0.301 
6; 0.0597 
7; 0.0679 
8; 00919 
9; 0.0761 

10; 0.0118 
11; 0.0265 
12; 2*01E-3 
13; 0.0159 
14; 2*83E-6 
15; 5*34E-3 
16; 2*95E-6 

4; -9*07E-3 
8; 2.638 - 3 
9; -0.0255 
5; -0.192 
6; - 0.0560 
5; -0.0990 

:; - -0.0266 -5*56E-6 
:: * 

5; 

-0.107 -0.107 

-0.0156 
5; -0.0179 
9; -0.0326 
8; -0.0319 
8; -7+iOE-3 

13; -0.0146 
11; -1.52E-3 
11; -0.0122 
11; -2*02E-6 
11; -3.858-3 
11; -207E-6 

Note: uE - b means a. 10Tb 
Column 1: free and complex species considered. For metals and ligands, total concentrations (mM) are 
given in parentheses. Column 2: concentrations as calculated from total concentrations and cumulative 
complex formation constants (cjI Table 1). Columns 3a and 3b: each complex formation constant was allowed 
to be multiplied by either 1.25 or 0.8, the factors being chosen so as to minimize or maximize respectively 
the concentration of each species mentioned in column 1. Thus for each species another combination of 
values for the cumulative formation constants had to be used (cf. part (3) of basic programme parts). 
Column 4: in each line, “ i;c j;d” means : the concentration as given in column 2 is incremented by c or d, 
if the formation constant of the ith (or jth) complex species is multiplied by 1.25~ multiplying another 
formation constant by the same factor leads to a smaller increment than d. 

because ATP is nearly saturated by magnesium and the.concentration of bound substrate 
(MgATP) depends only weakly on the formation constant within the saturation range. 

In the case of potassium, its large total concentration causes the free potassium concen- 
tration to be nearly independent of the choice of formation constants (c$ columns 3a and 
3b). Increasing the formation constant of HDPG decreases the concentrations of KDPG 
and HKDPG and thus produces more free potassium. Increasing the constant for KDPG 
or HKDPG increases one complex at the expense of the other, but in total more potassium 
than before is bound and thus the free potassium concentration decreases. 

As to the complex species, each complex concentration depends most strongly upon the 
formation constant for that complex. Secondarily, many ATP-complexes depend on the 
formation constant of MgATP (which exerts the strongest influence on free ATP concen- 
tration) and many DPG-complex concentrations depend on the formation constant of 
HKDPG (which exerts the strongest influence on free DPG concentration). 

Acknowledgement-The author is indebted to Dr. W. Achilles for his advice while preparing the text. 
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APPENDIX 

Block sckeme of the programme 
Read in deck of punched cards, the last card of which bears the word ” ENDKARTE” in its columns 
nos. 1-8, and write a picture of each card on magnetic tape. Thereafter release- card-reader from the 
programme (this is for machines permitting multi-programming), and rewind magnetic tape. 
Read in picture of a punched card from magnetic tape. If this picture by its structure turns out to be 
a picture of a steering-card*, go to 2b, if not, go to 2a. 
Brint appropriate message and finish actual job. 
According to the integer number 11’ carried by the steering-card, go to the 11th item of the following 
list 
3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 

13, 14, 15, 16, 17, 20, 21, 22, 23, 24, 
25, 26, 27, 39, 28, 29, 30, 31, 38, 18, 19 
(e.g., a steering-card with 11 = 29 causes the computer to go to item 38 (see below), i.e. to calculate 
partial derivatives; whereas 11 = 24 would correspond to item 39, that is to finish the actual job. 
Thus, in each punched card deck the last steering-card has 11 = 24; it is followed immediately by a 
card with the word ‘ENDKARTE’). 
Read from magnetic tape (hereafter abbreviated as m.t.) two card pictures containing an arbitrary 
text; write this text, time, and date; go to 2. 
Read from m.t., and write EPS and ITLIM (in calculating free concentrations by iteration, the 
improvement of the free concentrations is ceased, if the calculated total concentrations coincide with 
their known values within relative errors of EPS, or if the number of improvements done exceeds 
ITLIM); go to 2. 
Read from m.t. and write the integer numbers KEY 1, KEY 2, KEY 3 (the values of which are 
needed at items 31, 32, 35, 36 and 37); go to 2. 
Read from m.t. and write the numbers of metals, ligands, and complex species (MM, ML, MK), the 
numbers MI and LI (for metals nos. l-MI, total concentrations are known, whereas for metals from 
MI + 1 to MM, the free concentrations are known, and vice uersa for ligands), and KV (for complex 
species nos. I-KV, the formation constants are varied automatically by the programme, see below); 
go to 2. 
(This item is of minor importance and is therefore not explained here) 
Read from m.t. and write the names of complex species, metals, and ligands respectively; go to 2. 
Read from m.t. and write NH(k), NM(m, k), NL(I, k), k = 1, . . . , MK; m = 1. . . . , MM; I = 1. . . . , 
ML; go to 2. 
(This item is of minor importance and is therefore not explained here) 
Read from m.t. and write -log[H+] and -log([H+]. [OH-]); go to 2. 
Read from m.t. and write given values for total metal, free metal, total ligand, and free ligand 
concentrations respectively; go to 2. 
(These items are of minor importance and are therefore not explained here) 

Read from m.t. and write decadic logarithms of the cumulative formation constants; go to 2. 
Calculate cumulative formation constants BK(k), k = 1, . . . , MK, according to the NH sign conven- 
tion (c/. introductory section of oaoer) from the data read in at items 11. 13, and 20: go to 2. 
Read &om m.t. VA; the amouni of relative variation of cumulative formation constants; go to 2. 
Write VA: calculate maximum values BK(k)*(l + VA) and minimum values BKQ)/(l + VA1 for 
cumulative formation constants nos. l-KV; b’to 2. 

., 

Raad from m.t. and write individual maximum and minimum logarithms of cumulative formation 
constants nos. l-KV; go to 2. 
Calculate individual maximum and minimum values of cumulative formation constants iios. l-KV 
according to the NH sign convention from the data read in at items 11, 13, and 24; go to 2. 
(These items are of minor importance and are not explained here) 

* CJ section on transfer of control via punched card input. 
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29 and 
30 
31 

32 

:: 

35 

36 and 
37 

If KEY 1 = 1, assign starting values for subsequent iterative improvement to free metal and ligand 
concentrations; go to 32. If KEY I = 2, go immediately to 32. 
If KEY 3 = 1, 2, 3, 4 or 5, go to 33, 34, 35, 36 or 37 respectively. 
Calculate free and complex equilibrium concentrations and print results; go to 2. 
Replace each cumulative formation constant by its medium value. Calculate equilibrium free and 
complex concentrations and prim results. Go to 2. (This branch of the programme is used, if after 
variation of formation constants a further calculation with medium values of formation constants 
but, e.g.: altered total concentrations is wanted.) 
Perform computations according to basic part (3) in or&r to calculate di&rences of free and 
complex concentrations caused by variation of each formation constant the no. of which lies within 
l... KV. The alteration of each formation constant is done by assigning to it its maximum value 
(which has been calculated at item 23 or 25). After each equilibrium calculation, print out calculated 
concentrations, if KEY 2 = 1, and omit printing, if KEY 2 = 2. After varying the last formation 
constant, print list of concentration differences AC as caused by variation of formation constants 
BK(k) (one difference for each calculated concentration, and each varied formation constant). 
Calculate and print out A [see basic part (3)] for each calculated free metal, free ligand, and complex 
concentration. 
Perform computations according to basic part (5) in order to estimate ranges of calculated free 
concentrations (36) or complex concentrations (37) due to variation of cumulative formation 
constants nos. l... KV. 

38 

(These calculations require the calculations at item 35 or item 38 to have been done.) Print out 
calculated concentrations for each combination of formation constants if KEY 2 = 1, and omit 
printing if KEY 2 = 2. At any case print list of ranges for all calculated free or complex conce-n- 
trations. Then go to 2. 
Compute partial derivatives X/a log BK(k) of the calculated free and complex concentrations C 
with respect to the logarithms of the formation constants log BK(&) by solving the corresponding 
system of linear equations (this calculation requires the calculations at item 33 or 34 to have been 
done). Compute for each calculated free and complex concentration C 

Dz = k$, [aC/aBK(k) . ABK(/# 

with ABK = maximum minus medium value of BK (cf. items 21-25). Calculate D as well, D giving 
an estimation for the expected overall uncertainty of C due to the uncertainty of the formation 
constants. Then go to 2. 

39 Write “Job done, ” time and date. Finish actual job. 

Calculation of equilibrium concentrations lOI 

Look for so-called sub-complexes. A combination of metabolites A,. . . Z, is said to be a sub-complex, 
if these metabolites do appear in an arbitrary complex species exclusively as multiples of this com- 
bination (e.g., if the complex species present are A 2, ABC,, AD, DB&, DE, then BC2 is a sub- 
complex). If a sub-complex A,. . . Z, is present, and the equilibrium free concentrations of A-Z are 
much smaller than the total ones, then the calculated equilibrium concentrations are to be looked at 
with caution and may need improvement.* This case, however, occurred very seldom in our studies. 
Thus no improvement has been provided as yet. After printing an appropriate message; go to 2. 
(These items are’of minor importance and are not explained here) 

Zusammenfassung-Metallkomplexe tfeten oft als Substrate in enzymatischen Reaktionen auf. 
Da ihre Konzentrationen nicht direkt gemessen werden k&men, miiasen sie aus den Bildungs- 
konstanten und den Gesamtkonzentrationen der verschiedenen Metall- und Ligandenspezies 
berechnet werden. Ein von Sayce erstellter Iterations-Algorithmus wurde dazu verwendet, ein 
Fortran-(ICT 1900) Programm zu formulieren, das folgende Anforderungen erfilllt : 1) Mit dem 
Programm kann man die Gesamtkonzentrationen der Ausgangsspezies berechnen, wenn die 
Konzentrationen allerfreien Metall- und Ligandenspezies bekannt sind, oder die Konzcntratio- 
nen aller freien Spezies zu berechnen, von denen die Gesamtkonzentration bekannt ist. Diese 
Eigenschaft des Programms ist dann von Nutzen, wenn man die Gesamtmengen berechnen will, 
die man in eine Lasung einsetzen mu& urn vorgeschriebene Konzentrationen an freien 
Spezies zu erhalten. 2) Urn die Unsicherheit da Bildungskonstanten der Komplexe zu bertlck- 
sichtigen, erlaubt das Programm, die eingespeisten Werte der Bildungskonstanten automat&h 
zu variieren und die sich ergebende Xnderung der berechneten Konzentrationen zu ermitteln. 

l This situation may also a& if complex species containing metabolites A-Z in a proportion different 
from that of the sub-complex A,. . . Z, are present, but with negligible concentrations (c$ G. Anderegg). 
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R&m&-Les complexes mttalliques a&sent souvent comme substrats dans des riactions 
enzymatiques. Parce que leurs concentrations ne peuvent Btre mesurkes directement, elles 
doivent 6tre calcukes h partir des constantes de formation et des soncentrations totales de 
diffhentes es&es de m&w et coordinats. Un algorithme itkratif babli par Sayce a ktt utilisk 
pour formuler u11 programme FORTRAN (In BOO), qui r&pond aux exigence suivantes. (1) 
Le programme peut &re fait pour calculer les concentrations totales pour les espkces apparen- 
tks si la concentration libre de n’importe quelle espkce de m&al ou de coordinat est connue ou 
pour calculer les concentrations libres de toutes les espkes pour lesquelles les concentrations 
totales sont connues. Cette caractkistique du programme est utile pour le calcul des quantitis 
totales qui doivent 2tre introduites dans une solution afin d’obtenir les concentrations libres 
prescrites. (2) Pour tenir compte de l’incertitude dans les constantes de formation de l’espkce 
complexe le programme permet de faire varier automatiquement les valeurs d’entrtk des 
constantes de formation et d’bvaluer la variation rksultante des concentrations calcuks. 
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Summary-Thiocyanate forms with mercury(I1) in the presence of quinoline a mixed-ligand 
mercury(H) complex, bisthiocyanatobisquinolinemercury(II), and is extracted into chloroform. 
This mixed-ligand complex is treated with dithizone and forms the bisdithizonatomercury(I1) 
complex. Maximum and constant absorbance of the dithizone complex is obtained when 
thiocyanate is extracted at pH 5.1-6.5, and Beer’s law is obeyed at 498 nm, where the difference 
in absorbance between the dithizone complex and dithizone is largest. Chloride, bromide, 
iodide, cyanide and large amounts of ammonium and copper(H) ions interfere. 

It is kngwn that some metal ions from mixed-ligand complexes, which are often extractable 
into an organic solvent. Mercury(I1) easily forms mixed ligand complexes with chloride or 
bromide as charged ligand and with heterocyclic nitrogen bases, such as pyridine oriso- 
quinoline, as adduct ligand. ‘J These mixed-ligand complexes can undergo a ligand substi- 
tution reaction with reagents such as dithizone in the organic phase, and such reactions have 
been applied successfully for the indirect spectrophotometric determination of chloride’ and 
bromide.2 These methods have high sensitivity and suffer from only a few interferences.lB2 

The present investigation applies the same principle to the determination of thiocyanate 

EXPERIMENTAL 

Reagent solutions 

Thiocyunate solution, 1.00 mg/ml. Prepared by dissolving recrystallized sodium thiocyanate in water, and 
standardized by titration with mercury(II).3 

Mercury(ZZ) solution, 1.15 x lo-‘M. Prepared by dissolving mercury(H) nitrate in water and acidifying 
with a small amount of nitric acid to prevent hydrolysis. 

Quinofine solution, 540% v/v. Prepared by dissolving quinoline (distilled under reduced pressure) in 
methanol. 

* Present address: Department of Applied Chemistry, Tohoku University, Sendai-shi, Miyagi-ken, Japan. 
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Dithizone solution, 0.015 %. Purified dithizone4 was dissolved in chloroform. This solution was prepared 
freshly every week. 

Buffer solutions, 0.2M acetic acid-O*2M sodium acetate. 
All the reagents were of analytical-reagent grade and it was ascertained that they contained no halide and 

pseudohalide ions. Water distilled twice in glassware was used throughout. 

General procedure 

To a solution containing <60 pg of thiocyanate add 2~00 ml each of the mercury(I1) and quinoline 
solutions, adjust to about pH S-7 with the buffer, and make up to 20 ml with water. Equilibrate the solution 
with 10-O ml of chloroform by shaking for 1 min. Separate the chloroform phase and remove water from it 
with small amounts of anhydrous sodium sulphate. To 500 ml of this chloroform solution add 1-O ml of the 
dithixone solution, dilute to l@O ml with chloroform and measure the absorbance at 498 pm against a 
dithixone blank solution prepared by diluting 1.0 ml of the dithixone solution to 10.0 ml with chloroform. 

RESULTS AND DISCUSSION 

Preliminary experiments showed that when thiocyanate, mercury(II) and quinoline in 
aqueous medium were shaken with chloroform and the chloroform phase treated with 
dithizone, the mercury(H) dithizonate complex was produced. This indicates that the 
initially extracted complex reacts with dithizone in the chloroform solution. Figure 1 shows 
the absorption spectra obtained after the extracted complex has been reacted with (I) a 

Wavelength. nm 

Fig. 1. Absorption spectra of dithixone and its mercury(H) complex. 
I, II: Mercury(I1) dithixonate complex obtained by the reaction of dithixone with the 
mixed-ligand complex in chloroform. III: Dithixone. Initial amount of thiocyanate: 
I: 8.61 pmole (550 pg), II: O-861 pmole (SO rg), pH of the aqueous phase: 5.5, mer- 
cury(I1): 2.30 pmole, quinoline: 0.844 mmole. I’, II’: Spectral difference between I, 
II and III, respectively. 
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deficiency of dithizone and (II) an excess of dithozine. The spectra relative to that of dithizone 
(III) are also shown (I’ and II’) and demonstrate that A,,,,, of the spectral difference is not 
affected by the amount of mercury(II) dithizonate produced. 

Eflect ofgH 

Variation of the pH of the aqueous phase between 3.5 and 8.5 showed that extraction was 
maximal at pH 5.1-6.5. Quinoline forms a protanated species (pK, = 4.94)’ and the decrease 
in extraction with increasing acidity might be partly due to protonation of the quinoline. 
The decrease in extraction above pH 6.5 might be due to dissociation of the mixed-ligand 
complex in the aqueous phase to form hydrolysis products of mercury(U) [log Kn$n = 10.3, 
log Ki.r$~$2 = 21.7 (,u = 0*5)].6 A pH of about 5.7 was chosen (acetic acid-sodium acetate 
buffer). 

Effect of mercury(ZZ) concentration 

Figure 2 shows that extraction of the mixed-l&and complex increases rapidly to a maxi- 
mum with increasing amount of mercury(I1) and then declines again to a constant value. 
The maximum corresponds to [Hg”+] > 2[SCN-1. Closer inspection reveals that the 
absorbance is not a linear function of the amount of mercury(H), the deviation increasing 
with the amount of mercury(I1) in the aqueous phase. It is well known that thiocyanate 
serves as a linear bidentate ligand and that mono- and bisthiocyanatomercury(II) complexes 
are more easily formed than the higher thiocyanate complexes [log K&$& = 16.1, 

log Kip~&), = 2.9, log &.&&, = 1.9 (p = 1 .O)].’ This can be interpreted as follows. When 
the mercury(I1) is less than equivalent to the thiocyanate, bisthiocyanatomercury(I1) is 

I 2 3 

MercuryOI) soln. (145mML ml 

Fig. 2. Relation between apount of mercury(I1) and absorbance. .__ __ _ . 
A: 4% nm. pH of the aqueous phase: 5.5. Amount of thiocyanate: I: 10 pg, II: 20 pg, 
III: 40 pg. 
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principally formed and its mixed-ligand complex with quinoline is easily extracted into 
chloroform. When the amount of mercury(H) is increased, monothiocyanatomercury(II), 
a charged species, is also formed and is not extracted, so less mercury(U) dithizonate is 
produced in the exchange reaction and there is departure from linearity of the calibration 
curve. Monothiocyanatomercury(II) and perhaps thiocyanate-bridged bismercury(I1) com- 
plex species might be present in the aqueous phase when mercury(H) is added in large excess 
over thiocyanate. Addition of 2.0 ml of the mercury(I1) solution, which reduces the sensi- 
tivity but gives good reproducibility, was chosen for analytical purposes. 

Effect of amount of quinoline 

Extraction of the mixed-ligand complex increases first gradually and then almost linearly 
with increasing amount of quinoline in the aqueous phase. A large and excessive amount 
of quinoline is needed for the formation and distribution into chloroform of the mixed- 
ligand complex, implying that the adduct formation constants might not be so large as the 
formation constants of the mercury(II)-thiocyanate complexes. The non-linearity at low 
quinoline concentrations might be due to the formation of a less completely extractable 
mixed-ligand complex with a lower quinoline content, It is necessary therefore always to 
add the same amount of quinoline to the initial aqueous phase to obtain reproducible 
analytical results. 

Effect of dithizone concentration 

As little as @4 ml of the dithizone solution (0.015 %) was sufficient for complete ligand 
substitution. The molar absorptivity of the mercury(II)-dithizone complex was the same 
whether the complex was obtained from mercury(H) and dithizone or from the substitution 
reaction, so it is not a mixed complex. 

Influence of the phase-volume ratio 

The volume of the chloroform phase was kept constant at 10.0 ml and that of the aqueous 
phase was varied between 15 and 40 ml. Curve I in Fig. 3 shows the results for a constant 
amount of quinoline in the aqueous phase before extraction and curve II those for a constant 
concentration of quinoline in the aqueous phase before extraction. The results imply that the 
quinoline concentration in the chloroform phase plays an important role. In any case it is 
necessary to adjust the volume ratio to a fixed value for analytical work and 10.0 ml of 
chloroform and 20.0 ml of aqueous solution were chosen. Tests with methanol and no 
quinoline showed that quinoline is involved in the extraction, and not the methanol. 

Degree of extraction of the mixed-ligand complex 

From a calibration curve constructed by using a solution of definite concentration of 
mercury(I1) thiocyanate in chloroform containing quinoline and dithizone solution, it was 
concluded that 37% of the total thiocyanate present in the initial aqueous phase was 
extracted as the mixed-ligand complex. 

Other factors affecting the extraction 

The rate of extraction was found to be rapid, as little as 0.5 min being necessary to attain 
equilibrium. When the mixed-ligand extract was allowed to stand for various periods 
before the exchange reaction, no change in absorbance occurred if the standing period was 
<30 min. 
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I 
0 2 3 4 

Fig. 3. Relation between volume ratio (V.,/ V.,,) and absorbance. 
h: 498 nm. Amount of thiocyanate: 40 pg. pH of the aqueous phase: 5.5. I: Constant 
amount of quinoline in the initial aqueous phase. II: Constant quinoline concenfrurion 

in the initial aqueous phase. 

The degree of extraction decreased with increase in temperature between 15.5 and 31*5”, 
but the change due to temperature variations of less than + 1” was within experimental 
error. The working temperature should therefore be within lo of that used when constructing 
the calibration curve. 

Distribution and ligand-substitution reaction 

The ratio of mercury(U) to thiocyanate in the mixed-ligand complex was determined by 
the method of continuous variations at constant concentration of quinoline. Figure 4 shows 
that the complex extracted is of the form Hg(SCN),Q, , where Q is quinoline, though other 
species may exist in the aqueous phase. The distribution equilibrium of the mixed-ligand 
complex is represented as follows: 

Hg2’ + 2SCN- + mQ e WSCN), Qn(orgj 

Kc, = 
D-MSW, Qmlorp 

Wg2+lPCN-12[Qlm 
(1) 

If a single species is extracted and does not dissociate, polymerize or add further quinoline 
in the organic phase, the amount of Hg(SCN), Q, in the organic phase can be expressed in 
terms of the amounts of the components in the aqueous phase: 
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Fig. 4. Composition of tho complex: co-ordination ratio of mercury(II) to thiocyanate. 
Total amour&? of mex~ury(II) and thiocyanate: 0.633 pmoie. Amount of quinoline: 

0%44 mmole. h: 498 nm. pH of the aqueous phase: 5.5. 

U-WW, Q&s = PC Bzm K, -(m+ 3, K&-b2 +>WW2{Q>" (2) 

where V,, is the volume of organic phase, V,, that of the aqueous phase, and 

B 
[WSW, Qml 

2m = [Hg’+[SCN-]*[Qlm (3) 

pc = P-W=‘02 Qmlorp 
PWSCN), Qml 

(4) 

Ka _ [QIM’I 
-[QH+l 

pL - [QL 
IQ1 

(9 

(‘5) 

C,, = F $ {HI#CN),Q,‘~-~‘+} + $ {HgWN),c2-p’+C +i: (HsQ,‘+I_ 
1 

+ U%W392 Qmlorg (7) 

c’, = {QH+} + {Q) + $ $ mWg(SCW, Q,(2-q)+I + $ 4NtQn2+~ 
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+ M-bWW Q&g + {Q>ore 

C SCN = (SCN-} + 2 e q{Hg(SCN), Q,,,(‘-@+} + $ p(Hg(SCN),(2-P)+} 
1 1 

(8) 

+ WgWN), Qmlorp (9) 

where C is the total amount of species indicated by subscript, and (} represents the amount 
of an individual species. 

When C,c, > 2C,.,,, to a first approximation only the bisthiocyanatomercury(I1) mixed- 
ligand complex will be formed, because the formation constants of the mercury(II)-thio- 
cyanate complexes are’ log & = 16.1, log & = 19.0, log /34 = 20.9; the formation constants 
of mercury(II)-quinoline complexes have not yet been reported, but they likely to be much 
smaller than these. In any case, if the total amount of quinoline is constant and a large 
excess relative to a constant amount of mercury(U), it will constitute a constant interference 
that can be allowed for in the calibration curves, so any such complexes can be omitted in 
what follows. Equations (7), (8), and (9) can then be further simplified as follows: 

Cn, = {Hg(SCN)J + {Hg(SCN), Q,> + U-WW, QnLrg 

= Wg2+HSCW2 820J’a~-~ + (1 + v,,p,-‘yo,,-‘){Hg(SCN),Q,),,, (7’) 

CQ = {QH+l + {Q> + {Q>org 63’) 

C SCN = WN-1 + W-WCN),~ + W%3WW, QJ + W-WW, Qmlorg 

= {SCN-} + 2Cu, (9’) 

From equations (7’), (8’) and (9’), {Hg’+), {SCN-}, and {Q} can be expressed in terms of 
(Hg(SCN), Qm}org as follows : 

o-w+~ = cHg 

- (1 + J’&- 1 J’mo- ‘HWW2 Qmn)org 
(C,, _2CHJ2 fi y -2 

20 .q 
(10) 

{SCN-} = Csc, - 2C,, (11) 

tQ1 = cQ/(l + W+K-’ + ps. Vorg b,-‘1 (12) 

The relation between {Hg(SCN), Qm}org and Co is obtained from equations (2), (lo), (ll), 
and (12): 

1 1 + Vsg PC-l J&-l 

F-MSCN), Q&g = C HI 

+ (1 + [H+lK-’ +& vc,‘ors Kq-‘>” 820 Kqm+l . c _,,, 
Q (13) 

Equation (13) implies that for constant values of Cn, , C’s,, , Vaq , Vorg , and pH and if 
Co b C,, there is a linear relation between {Hg(SCN), Qm}org-l and Cosm for a particular 
value of m. Figure 5 shows the relation between {Hg(SCN), Qm}orp-l and Comm for m = 1 
and 2 for pH = 5.8, Cn, = (3.115 pmole, CscN = O-862 pmole, Vaq = 20.0 ml, Vorp = 10.0 ml 
and Co = 0.317-I ~27 mmole (plots for m > 2 are non-linear). Figure 5 shows that m = 2. 
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Co-m. m moleP 

Fig. 5. Composition of the complex: relation between {Hg(SCN), Q,J.,-’ and CQ-~. 
V,,JV,, :2(V.,,:lO-0 ml). pH of the aqueous phase: 5.8. CQ:@317-1.27 mmole. I: m = 1, 

II : m = 2. 

The ligand substitution reaction in chloroform was studied by the methods of continuous 
variations (Fig. 6, curve I) and slope ratio. Curve II in Fig. 6 gives comparative results 
obtained in the absence of quinoline. The ligand substitution reaction of the mercury(I1) 
complex with dithizone proceeds with one mole of dithizone for Hg(SCN)2 and with two 
moles of dithizone for Hg(SCN),Q,. Ligand substitution reaction of the mixed-ligand 
complex is therefore promoted by the quinoline, which forms with the liberated proton and 
thiocyanate a molecular complex of the type QHSCN as a reaction product. The ligand 
substitution reaction should be represented as follows: 

The slope-ratio method confirmed this result. Beer’s law was found to be obeyed at 498 nm. 

Interferences 

Aluminium, barium, beryllium, cadmium, calcium, chromium(III), cobalt(U), iron(III), 
magnesium, manganese(H), nickel, lead, strontium, vanadium(IV), zinc, zirconium, flouride, 
phosphate and silicate, in amounts up to 100 pg, did not interfere in the determination of 
40 c(g of thiocyanate, within a relative error of 1%. Alkali metal salts, such as potassium 
nitrate, sodium acetate, sulphate, perchlorate and borate showed no interferences inamounts 
up to 10 mg. Ammonium ion showed no interference when less than about 400 pg was 
present but large amounts (10 mg) gave negative errors owing to competing formation of 
mixed-l&and complexes of bisthiocyanatomercury(II) with ammonia instead of quinoline. 

Less than 10 pg of copper(I1) had no influence on the determination, but larger amounts 
gave a positive error (Table 1) owing to the formation of a mixed-ligand copper complex 
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{Hg+( (ng (II)) + h2D,}) 

Fig. 6. Reaction ratio of mercury(I1) in the mixed-ligand complex to dithizone. 
Total amount of mercury(I1) and dithizone: 0400 pmole. h: 498 nm. I: In the presence 

of quinoline. II: In the absence of quinoline. 

Table 1. Interferences 

Ion Amount added, Thiocyanate added, Thiocyanate found Relative error, 
t@ w PO % 

Cl- 10 
10 

Br- 10 
10 

I- 10 
10 

CN- 20 
20 

Cu(I1) 10 
100 

0 
20 
0 

20 
0 

20 
0 

20 
40 
40 

25.0 + 125 
40.4 +102 
23.2 +116 
37.2 +86 

107 t-535 
123 +515 

144 +72 
21.5 +7*4 
40.2 +@5 
50.4 +26 
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of thiocyanate and quinoline (greenish-yellow), which was extracted into chloroform and 
gave a ligand substitution reaction with dithizone. Large amounts of copper(U) and 
ammpnium ions must therefore be absent. 

Table 1 shows that influence of halides and pseudohalides on the determination. As 
expected from the earlier work, lV2 chloride, bromide, iodide or cyanide interfere, and must 
be removed before the procedure is applied. 

Comparison with an existing method. 

Table 2 shows that the method is as satisfactory as the iron (III) method* for determination 
of small amounts of thiocyanate. 

Table 2. Comparison of analytical results for thiocyanate by 
two methods 

Thiocyanate taken, 
/@ 

20.0 
200 
20.0 
20+0 

Thiocyanate found, w 
Present method Iron(II1) method* 

21.2 20.9 
19.3 20.5 
19.8 21.3 
20.6 19.7 

Av. 20.3 Av. 2@6 

50.0 49.6 50.3 
50-O 50.3 50-2 
50-O 50.7 SO-6 
50-O 49.8 
50-O z.‘: so-9 

Av. 50.3 Av. 50.4 
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Zusammenfamung-Thiocyanat bildet mit Quecksilber(I1) in Gegenwart von Chinolin einen 
gemischten Komplex, Bisthiocyanatobischinolinquecksilber(I1); dieser liil3t sich in Chloroform 
extrahieren. Der Komplex wird mit Dithizon behandelt und bildet BisdithizonatoquecksilberUI) 
Die maximale und konstante Extinktion des Dithizonkomplexes erreicht man, wenn das 
Thiocyanat bei pH 5,1-6,5 extrahiert wird; das Beersche Gesetz gilt bei 498 nm, wo der Extink- 
tionsunterschied zwischen dem Dithizonkomplex und Dithizon am gr6Bten ist. Chlorid, 
Bromid, Jodid, Cyanid und grol3e Mengen Ammonium und Kupfer(I1) storen. 

R&urn&-Le thiocyanate forme avec le mercure (II) en la presence de quinoleine un complexe 
coordinat mixte-mercure (II), le bisthiocyanatobisquinoleine-mercure (II), et est extrait en 
chloroforme. Ce complexe coordinat mixte est trait6 par la dithizone et forme le complexe bis 
dithizonato-mercure (II). L’absorbance maximale et constante de complexe de la dithizone est 
obtenue quand le thiocyanate est extrait a pH 5, 1-6, 5 et la loi de Beer est suivie a 498 nm, 
oti la difference d’absorbance entre le complexe de la dithizone et la dithizone est la plus grande. 
Les chlorure, bromure, iodure, cyanure et de grandes quantites d’ions ammonium et cuivre 
(II) interferent. 
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Summary-A computer programme is described which calculates the mass numbers and the 
relative mtensities of each of the lines in the cluster formed m a mass spectrometer from a 
smgle type of fragment ion which contams one or more polyisotopic elements. Many elements 
such as B, C, S, Cl and Br possess more than one naturally occurring isotope, and the 
relative abundances of the various isotopes are known. A whole series of possible fragment ions 
may be calculated quite readily, and the results, which are printed numerically and in the form of a 
histogram, facilitate the interpretation of mass spectra. Trial data, a FORTRAN listing of the 
programme, and a sample of the output are given. The programme requires approximately 17K 
of fast core, and should be implemented without difficulty on any computer with a FORTRAN IV 
compiler. 

When an ion is produced in a mass spectrometer, a single peak is produced in the 
recorded spectrum, at a point corresponding to the mass to charge (m/e) ratio of the ion. 
Should one or more atoms in the ion be polyisotopic, then instead of a single peak 
the recorded spectrum will show a cluster of peaks at different values of m/e. The 
relative intensity and m/e value of each individual peak in the cluster can be calculated 
from the relative abundance of the various isotopes of the constituent elements, and the 
probability of every possible arrangement of isotopes. 

Such calculations are extremely tedious, particularly if the ion contains many atoms, or 
if the atoms have several isotopes. Further, with an unknown spectrum it is usually 
necessary to calculate for a whole series of possible fragment ions, to allow the correct 
identification of all the observed peaks. 

A computer programme has been written in FORTRAN IV to calculate the mass 
numbers which are possible for a given fragment ion, and the probability or relative 
intensity of each peak in the spectrum from the atomic constitution of the fragment ion 
and the naturally occurring abundances of the isotopes of the constituent elements. The 
programme has been used to compute the clusters of peaks for boron subhalides and 
mixed boron subhalides as well as organometallic compounds. The results are printed 
out in numerical form, and as a histogram similar to the trace from a mass spectrometer, 
thus allowing easy and rapid identification of spectra (Fig. 1). 

COMPUTER REQUIREMENTS 

The programme requires approximately 17K of fast core on an ICL 1904A computer. 
All input is from cards, an&all output is on the line-printer, which must have a minimum 
of 120 print positions. 
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NUMBER OF ATOMS OF TYPE B = 6 
NUMBER OF ATOMS OF TYPE Ct = 3 

WiiiGHf OF’ MONO-lSOTOPfC ATOMS (TO BE ADDED ON) 8 0.0000 

MRSS NO. PROBABILltY 

165, b.00 

166. 0.06 

161, 0.64 * 

168, 3.49 *** 

169, 11.04 *********** 

170, 20.27 *****+************** 

l71* 21 .a2 **~++**,**1***1******* 

172, 17.64 ****************en 

173, 14.53 ***c********+** 

374, 5.52 I+**** 

17s. 4.01 **** 

176. 0.59 * 

177, 0.40 

SUM 100.0bX 
Fig. 1. A sampte of the computer output produced for one fragment, showing the various mass 
numbers which are possibk, and the probability of each‘mass number displayed n~eri~~~~ 
and as a histogram. Note that the sum of the probabilities should be lOO%, and is printed as a 
check that the calculation is correct. (If it differs by more than can be explained by rounding 
errors, there is some error such as some isotopes not being incIuded, or too many mass numbers 

being possibkr.) 

The time taken to perform various calculations on this computer are given in Table 1. 
(Tbe times given are the amount of central processor time used, and do not include the 
time taken for input of data or output of results.) 

PROGRAMME LIMITS 

The statistics and the number of permutations and the amount of core storage Iivailable 
necessitate certain limitations on the number of isotopes of each element which may be 
handled. For small fragment ions containing l-3 atoms of one type of element, up to 9 
isotopes may be included. If 4 atoms of one element are present then up to 6 
isotopes may be included in the calculations, and if 5 or more atoms of one element are 
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Table 1. Time taken for various calculations 

Calculation Time, set 

calculating 91 fragments 
ranging from B,,Br,, to BBr 51 

calculating 120 fragments 
from B,Cl,Br and B,CIBr, lo B,CIBr 60 

calculating 1 fragment B,,C& 4 
calculating 1 fragment B&I,, 24 
calculatmg 1 fragment B,,Cl,, 72 
calculating 1 fragment B1,,Cl,oo 162 
calculating 1 fragment B,,,Cl,,, 326 
calculating 1 fragment B, &I, 50 533 
calculating 1 fragment B,,&l, 7S 187 

calculating 1 fragment B,,,CI,,, 1075 

present in the fragment ion 2 isotopes are considered. If more isotopes are included in the 
input data than can be handled for the fragment ion specified, then a suitable warning 
message is printed. 

The programme is set to handle up to 300 different m/e values from each fragment ion. 
If more m/e values are generated a warning is printed and the excess is ignored. Up to 5 
different polyisotopic elements and any number of monoisotopic elements may be present 
in the ion. The latter contribute only to the m/e value, and do not affect the intensity of 
the various peaks in the spectrum. 

There is virtually no practical calculation limit on the number of atoms which may be 
present in a fragment ion, other than the time taken and the fact that only the first 300 
mass numbers produced are stored by the computer. 

To avoid producing numbers too large for the computer to store, the percentage 
abundances of the elements are divided by 100 immediately after they are read in, and the 
result multiplied by 100 before printing. In calculating the probability of any particular 
combination of isotopes, a method is used which avoids calculating factorials of numbers 
which would become too large. No problems have been encountered over the magnitude 
of numbers, using 24 bits for integers and 48 bits for real numbers. 

The programme is written for ICL 1900 series computers which allow free format, 
literal format and mixed mode arithmetic. Other computers may not have these 
facilities available. Free format is used on cards 40 and 59, and may be eliminated by 
changing FO-0 to F8.4. Literal format is used in printing messages, and the characters 
inside the quotation marks should be written in H format on cards 29,30,31,42,49,63,73, 
75, 76,95,98, 159, 160, 193, 194, 230, 250, 251, 279, 300, 306, 309 and 310. 

INPUT DATA 

TITLE CARD FORMAT(20A4) 
columns l-80 any title-usually the name or formula of the fragment ion, punched 
anywhere on the card. 
MASS OF MONOISOTOPIC ATOMS FORMAT(FO.0) 
columns l-80 punch the sum of the mass numbers of all the atoms present which have no 
isotope. Note that the decimal point must be punched. Punch anywhere on the card. 
NUMBER OF TYPES OF POLYISOTOPIC ELEMENTS FORMAT(I1) 
column 1 punch the number ofelements present in the fragment ion which have isotopes. 
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4. 

5. 

6. 

ATOM CARD FORMAT(A4,3X,I3,8X,I2) 
columns l-4 element symbol, e.g. B or Cl 
columns 8-10 number of atoms of this element present in ‘the fragment (punch right 
justified, no decimal point). 
columns 19-20 number of isotopes of this element. (punch right justified, no decimal 
point). 
ISOTOPE CARD FORMAT(2FO.O) 

Punch the mass number of one isotope, and its percentage abundance, anywhere on the 
card providing that the decimal point is punched in both numbers, and at least one 
blank is left between the two numbers. 

One card of this type must be included for each isotope present. 
Cards should be arranged: 

Atom card for atom type A 
Isotope card(s) for atom type A 
Atom card for atom type B 
Isotope card(s) for atom type B 
and so on 

END OF PROBLEM CARD FORMAT(I1) 
Punch 0, 1 or 2 in column one on the card. 
A 2 on this card indicates the end of all data, and causes the programme to stop. 
A 0 causes the programme to return to the beginning, and read in a new set of data 

cards l-6 as listed above. This is used when a second problem which is totally 
different from the first is to be calculated in the same run. 

A 1 causes the programme to read a shortened set of data, which is useful if a series 
of different fragment ions is being calculated which are permutations on the number of 
atoms present, though all the fragments contain the same elements. The shortened set of 
data comprises : 

1. 
2. 
3. 

4. 

TITLE CARD (as before) 
WEIGHT OF MONOISOTOPIC ATOMS (as before) 
SHORTENED ATOM CARD FORMAT(A4,3X,13) 
columns l-4 element symbol 
columns 8-10 number of atoms of this element present in the fragment ion. 
(punch right justified, no decimal point.) 
punch one of these cards for each element specified originally for the first fragment. 
END OF PROBLEM CARD (as before). 

Acknowledgements-1 wish to express my thanks to Dr. A. G. Massey for suggesting the problem, and for his 
constant interest, to Mr. B. Negus for numerical and statistical advice, and to the staff of the Loughborough 
University of Technology Computer Centre for their help. 
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APPENDIX 

TRIAL DATA 

FRAGMENT,,B2CLBR 
0.0 ~9zY%?l-2 
3 8 1.0;49-46 
Br,twvwd2~w\r\wr\2 1 
1@0/\19.78 FRAGMENTAB3CL2BR 
11.0/,80.22 0.0 
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C4”rNVVVV\lANVV\MAA2 
35.0/\7540 
37.0~24.60 

Brvwwi~3 
CW 
~RNwd 

: 
C 

: 
C 
C 
C 
C 

E 
C 

: 
E 
C 

C 

C 
C 

C 
C 

C 
C 

C 
C 

C 

: 

MASTER MASS SPECTRA 

PROGRAM TO CALCULATE THE INTENSITIES OF MASS-SPECTRA LINES 
- CAUSED BV THE PRESENCE OF ISOTOPES 
URITTEN IN FORTRAN IV FOR AN ICL 1904A COMPUTER 
COMPILES IN 16832 WORDS YITN #XFAT MU 4C COlPILtR IN TRACE 1 MODE 
J.D.LEE LOUCNDOROUGH UNIVERSITY OF TECNWOLOCV 

ARRAVS SET FOR 5 TVPES OF ATOMr EACH YITN UP TO P ISOTOPES 
THIS VEHSION HANBLES UP TO 300 MASS NUMBERS PER FRAGMENT 
AND ANY NUWER OF FRACMLNTS 
IF 1. 2, OR 3 ATOMS OF ONE TVPE ARE PRESENT IN A FRAOWENT TNEN - 
- UP TO 9 ISOTOPES OF THAT ATOM WAV BE PRESENT 
IF 4 ATOMS OF ONE TYPE ARE PRESENT ONLV THE FIRST 6 ISOTOPES - 
- ARE CONSIDERED, ANY OTNERS 6EIWG ISNORED 
IF 5 OR MOUE ATOMS OF ONE TVPE ARE PRESENT IN A FRAOMENT TNEN 
- ONLY THE FIRST 2 ISOTOPES ARE USED IN THE CALSULATIWS. 

DIMENSION NA1W~5~rN1~9~,AY~5,9~,PA~5,9~,A~5,504~,~~5~504~ 
DIMENSION IR(5)rlG(5).1ATOM(5),NAFlE~2O) 
COMMON TM(3DD)rTP(30D),TO(3DO) 

NC=0 
JK=O 
IPACL=l 

URITF PACE NEADING 
YRITE (211) IPAGE 

1 FORMAT tlN1, ‘PROIRAM TO CALCULATE TNE INTENSITICs OF MASS-SPECTRA 
1LINES FROM TIE ABUNDANCE OF TNE ISOTOPES’rl9X,‘RA6E’~I4,Sl~3N===~, 
2/l) 

I PAGE=IPAGE*l 

READ TITLE (NAME OR FORMULA OF FRAGMEWT) 

2 READ (1.3) (NAFtE(OrI~lr20) 
3 FORMAT tZOA4) 

READ THE UEICHT OF ALL TNE MONO-ISOTOPIC ATOMS 
REA3 (1.4) U 

4 FORMAT (CO.01 
YRITE (2,5) U 

5 FORMAT tlHO,‘UEIGHT OF MONO-ISOTOPIC ATOMS (TO BE ADDED ON) +‘.FI). 
14) 

6 

7 

READ TME NUMBER OF TYPES OF ATOM WTA 
READ (1.6) NTA 
FORMAT (11) 
URITE (217) NTA 
FORMAT (lRO,‘NUWBER OF TVPES OF ATOM = ‘,I11 
IF (NTA.GT.5) GO.10 86 

, 
READ THE ATOM NAME, NO. OF ATOMS IN MOLECULE & NO. OF ISOTOPES 
-AND PERCENTAOE AWNDANCES. 

1 

: 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
‘I7 
18 
19 
20 
Ll 
22 
L3 
24 
25 
L6 
27 
28 
29 
30 
31 
32 

:: 

35 
36 
37 
38 
39 
40 
Cl 
42 
43 
44 
45 
46 
47 
48 

:‘o 
51 
52 
53 
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DO 9 I*lrNTA 
READ (1,8) IAToH~f~,NAI~~I~,NI~1~ 

8 FORMAT (A1,3X,IJ#8X,I21 
IF (NI(l).Ct.9) 60 TO 86 

Q+ READ (1.10) (AU(I.J)~PA(I~J)~J~l~NtII)) 
lb 

C 
C 

11 

12 

11 

lb 

1s 

FORMAT iZF0.0) 

PRINT ATOM NAME, NO. OF ISOTOPES AND TNEIR MASS No. AND ABUNOANCE 
YRITE (2111) 
FORMAT clNo.'ATO(l'r2X,'MASS NO.'~~XI'ABUNDANCE') 
DO 18 I=l,NTA 
WRITE (2112) IATOM 
FORNAT (lNO,AL) 
URITE (2.13) ~AY~I.J~rRA~I~J~rJ=l,NI~I~~ 
FORMAT (lN*,9X,F4.0,1X,F7.i,/(lH ,9X,F4.014x,F7.4)) 
SUM=O.O 
DO 14 J=l,NI(II 
SU~=SUW+PA(IrJ) 
WRITE (2,15) SUM 
FORWAT tlN ,loX,'SUW l 'tFI.4) 
IF (ABS(SUW-100.0I.6T.0.000001~ WRITE (2,16) 

16 FORMAT (lN+,26K,'*** SUM OF ABUNDANCES NOT 100% - TOO NANV ISOTOPE 
1s OR SOHE MISSINQ? ***'I 

17 
la 

E 

21 
C 
C 

22 
23 

21 

25 

E 
C 

26 

E 
C 

27 

DO 17 J=l,NI(Il 
PA(I,J)=PA(I,J)/100.o 
CONTINUE 

SET UNUaED PARTS OF ARRAYS TO ZERO 
IF tNTA.Ea.5, 60 TO 20 
DO 19 I=NTA+l,S 
NI(I).O 
CONTINUE 
DO 21 131,s 
IF (NI(I).EQ.P) GO TO 22 
IJK=NI(I)*l 
DO 21 J=IJK,P 
AY(I.J)=O. 
PA(I,J)=o. 

WRITE TITLE (NAME OR FORMULA OF FRAGMENT) 
YRITE (2125) ~NAME(I),I~l,2O)rIPAGE 
FORMAT ~lNl,2OA4rS2X,'PACE',I~~/I 
IPAGt=IPACE*l 
YRITE (2121) (1ATOW(IIrNAI~(IIrI*l~NTAI 
FORMAT tlN ,'NUMBER OF ATOMS OF TVPE ',AL~'='rll> 
URITE (295) Y 
IF (NTA.EP.5) 60 TO 26 
DO 25 I=NTA+l,S 
NAIM(I)=o 

BEGINNING OF LOOP To CAlC. MASS NO. L PROBABIL. FOR EACH TYPE 
OF ATOM...................... ..I . . . . 
DO 59 l=l,NTA 
ii (NAIFI(II.CT.4) GO TO 54 
NN8NAIW(I)+l 
Go TO-(57,27,29,S),SaIr NN 

ENTER IF FRABMENT 
(UP TO 9 ISOTOPES 
DO 2a J=l,NI(I) 
A(I,J)mPA(I,J) 

ta B(IrJ)gA!4(I,J) 
LG(I)=NI(I) 
GO TO 5ii 

C 
C ENTER IF FRACMENT 
C (UP TO 9 ISOTOPES 

29, RT=O 
00 33 J=l,NI(I, 

c0nTA1ns ONLY i ATOM OF THIS I(IND 
MAV BE PRESENT). 

CONTAINS TUO ATOMS OF TNIS KIND 
MAV BE PRESENT). 

5L 
5s 
56 

:: 
59 
60 
61 
62 
63 
64 
65 
66 
67 
60 
69 
70 

:: 
73 
7b 
IS 
76 
77 
18 
I9 
a0 
a1 
a2 
a3 

:: 
a6 
67 
6a 
89 
90 
97 
92 
93 
9L 
95 
96 
97 
Ya 
99 

100 
101 
102 
133 
104 
10s 
106 
107 
loa 
109 
110 
111 
112 
115 
lib 

11s 
116 
117 
110 
119 
120 
121 
122 



30 

31 
32 
33 

: 
C 

34 

35 

36 
3? 

: 

Interpretation of mass spectra 

DO 33 K=J,YI(I) 
MTmMT*l 
IF (J-K) 30,31.30 
A(I,MT)=~.~PA(I.J)~PA(I~K) 
Go TO 32 
A(IrNT)=PA(IoJ)**Z 
B_~I,Ht~=AY~I,J~+AY~I,KI 
CbNTINUE 
LG(I)*MT 
GO TO 58 

ENTER IF FRAGMENT CONTAINS THREE ATOMS OF THIS YIND 
(UP TO 9 ISOTOPES WAY BE PRESENT). 
MT=0 
DO 37 J=l,NI(II 
DO 37 K=J,NI(I) 
DO 37 L=UrNI(I) 
WT=WT*l 
PHULT=l.O 
IF (J.LQ.K.AND.K.EP.L) GO TO 36 
IF (J.NE.K.AND.J.WE.L.AWD.K.NE.L) GO TO 35 
'6"0"~'0"~;0 

PMULTd.0 
co TO JO 
A(I,MT)=PMULT*PA(I,J)+PA~I,K~*PA(lrL) 
B~I,WT~=A~~IrJ~+AY~I,K~+AU~I,L~ 
LG(I)*WT 

, 

GO TO 56 

ENTER IF FlASHBIT CONTAINS 4 ATOMS OF THIS KIND 
(ONLY THE FIRST 6 ISOTOPES ARE CALCULATED, ANV OTNERS ARE IGNORED) C 

38 MT=0 
NISO-WI(I) 
IF (NISOT.LE.6) GO TO 40 
YRITE (2139) NI(l)rIATOM(I) 

33 FORMAT tlM0. I*** ONLV THE FIRST 6 OUT OF THE 'allr' ISOTOPES OF Al 
1OW TYPE '.AL,' HAVE BEEN INCLUDED IN THE CALCULATIONS l **‘) 
NISOT=6 

40 CONTINUE 
DO 53 J=l,NISOT 
DO 53 K=J,NISOT 
DO 53 L=U,NISOT 
DO 53 W=L.NISOT 
MT=HT+l 
IF (J-K) 44.4'1,44 

41 IF (J-L) 43,42,43 
42 IF (J-W) 48.47.48 
43 IF (L-M) 50.49.50 
44 IF (K-L) 46845146 
45 IF (K-W) 50.48,50 
46 IF (L-W) 51,50,51 
47 PWU~ltl.0 

48 

43 

50 

51 

:: 

E 
C 

54 

GO TO 52 
PMULT=4.0 
GO TO 52 
PMULT=~.O 
GO TO 52 
PMULTd2.O 
GO TO 52 
PWLT=24.0 
A(I,MT)=PMULT*PA(I,J)rPA(I,K~~PA~I,L~~PA~I,H~ 
B~I,HT~=AY~I~J~+AU~1~K~+AU~I,L~+AU~I,~~ 
LG(I)=WT 
GO TO 58 

ENTER IF THERE ARE,MORE THAN 4 ATOMS OF THIS TVRE IN FRAGMENT 
(IN THIS CASE ONLY THE FIRST TYO ISOTOPES ARE ClNSIDGREDI. 
LI*NAIM(I) 
IF (NI(I).GT.Z) URITE (2,55) NI(IIrIATOW(I) 

1035 

123 
124 
lLS 
126 
l2? 
128 
l29 

:z 
132 
133 
134 
135 
l36 
l37 
lJ8 
l33 
140 
14l 
(42 
143 
144 
145 
146 
lk? 
148 
lb3 
150 
151 
152 
153 
154 

155 
156 
157 
158 
159 
160 
161 
162 
163 
lb4 
lb5 
166 
l6t 
l68 
l69 
170 
17l 
172 
173 

:7/; 
176 
17? 
l78 
173 
180 
181 
182 
183 
184 
185 
186 
l8? 

:x: 
190 
191 
192 
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35 FORMAT (lltD~‘*** 0ttt.V THE CIRST 2 OUT Of THE ‘rll,’ ISOTOPES Of AT 
1OW TYPE ‘@Al,’ HAVE BELR INCLUDED IN THE CALCUlA~lOwS. **a’) 

56 

AYULT*~. D 
DO 56 J*Z,W 
AMULT=AMULT/fLOAT~J-l)~(R-J*2) 
A~t.J~~AWU~T~PA~t,l~~~~M~J~l~~PAtt~2~~~~J-lt 
B~trJ~~~W-J+l~~AY~trl~~~J-l~~AU~l~2~ 
A(X,W+1)=PA~I,2)**W 
B~t,W*l)=AY<tr2)*M 
1G~I)=W+l 
A(I,~)=PA(trl)**W 
B(t~l)=~*AY(Irl) 
GO TO 5d 

C 
57 

:t 

: 
C 
C 

lC(1)=1 
AtXrl)=l. 
I(I,l)=o. 
~OWTIRUL 
COttTfNUE 

EYO of LOOP FOR EACH TVPE Of ATOM. . . . . . . . . . . . . . . . . 

60 

: 
C 

ICI ARRAYS TO ZERO 
y6*;‘1, so0 

rQw=Q: 
:ONTtNUE 

61 

E 

62 

:AlCUlATB TOTAL NO. Of PERWUTATIOYS FROM MO. Of PERIUTATIONS 
-FOR EACU AtOll 
I P=l 
)O 61 t=lrWTA 
rP=tP*LG(t) 
fR(Z)-? 

63 

64 

65 

4117~ HEAOINIS FOR MASS NUWBERS AND PROBABIlITY 
dRtTE (2.62) 
;;;~;To’lWO,‘UASS NO. PROBABtltTY’rll 

)O 74*trl,IP 
,=l . 
WO. 
DO 65 J=l,ttTA 
If (IR(J)-16(J)) 64r64r63 
tR(J)=l 
IR(J*O=tR(J*l)+l 
P=P+A(J,tR(J)) 
P=P+B(J,IR(J)) 
COlTINUE 
P=P*lOO. 
DO 67 L=l,fOO 
IF (TO(L)-0.000001) 71,66,66 
If ~ABS~P-Te~L~~-0.000001~ 72.67,67 
CONTINUE 
If (L-30?) 7lr68r74 
If (IMESS) 74,69,74 
URfTE (2.70) 

70 FORMAT (lHO,‘MORE THAN 300 MASS WUWBLRS ARE POSSIBLE FOR THIS FYAG 

66 
62 

68 
69, 

1WEIT - THOSE OVER 300 ICNORED’j 
IMEsS= 
60 TO 74 

71 TP(L)=P 
TP(l.)=O 
GO TO 73 

72 TP(l)=Tr(l)+P 
73 tR(l)=tR(l )+l 
74 CORTtWUE 

C 
C CALL SUBROUTINE TO SORT TNE VARlOUB MASS RUMBERt INTO 

133 
191 

195 
196 
397 
(98 
199 
200 
2Ul 
202 
20s 
2OL 
205 
206 
207 
201 
239 

::: 
212 
21s 
2jb 
215 
216 
217 
218 
219 
220 
221 
2&Z 
223 
22) 
225 
226 
227 

5:: 
230 
231 
232 
233 
234 
235 
236 
237 
23B 
239 
240 
241 
262 
243 
244 
2L5 
216 
247 
260 
249 
250 
251 
252 
255 
254 
255 
256 
257 
258 
259 
260 
261 



C 

C 
C 

s 
75 

;67 

E 

Interpretation of mass spectra 

-ASCENDING ORDER BEFORE TNEY ARE PRINTED 
CALL SORT 

ADD TIE MASS OF ANY ATOMS YNICH NAVE NO ISOTOPES TO TNE COMPUTED 
MASS NUMBERS, AND CALCULATE TtlE SUN OF ALL TNE RROBABILITIES FOR 
TNIS FRAGMENT. 
-0. 
DO 77 I=1.300 
IF (TQ(I)-0.000001) 78,75,75 
TW(I)=TQ(I)*U 
IF (TP(I)-0.005) 77,76,76 
S=S+TP(I) 
CONTINUE 

76 

79 

C 
C 

C 

E 

80 
87 

CALL SUBROUTINE TO PRINT OUT RESULTS FOR FRACRERT CONSIDERED 
CALL PRINT 
YRITE (2179) S 
FORMAT (lRO,SXr’SUM’,ZX,F6,2,‘X’) 
NC=NC*l 

DECIDE UNETHER TO TERMINATE JOB, OR TO READ IN A NEW SET OF DATA 
READ (1,6) JK 
IF JK=O, PROGRAM READS IN COMPLETE NEU SET OF DATA 
IF JK=l, PROGRAM READS IN SHORT SET OF DATA 
IF JK=2, END OF DATA - TERMINATE JOB 
IF (JK-1) B4,82,BO 
URITE (2,811 NC 
FORMAT (1Nlr’NUMBER OF PROBLEMS COMPUTED = ‘,ISi/lNO,‘JOB COMPLETE 

‘ID SUCCESSFULLY’) 

C 
C 

82 
READ IN SNORT SET OF DATA FOR NEXT FRAGMENT 
READ (1.3) (NAMECI),I=lr20) 
READ (1.4) Y 

05 

84 
85 

READ (1.83) ~IATOR~I~rNAIR~I~,I=l,NTA~ 
FORMAT (AL,SXr!S) 
GO TO 22 
YRITE (2185) IPAGE 
FORMAT (1Hlr’NEU SET OF DATA’r97X,‘PAGE’.IL,I) 
IPAGE=IPAGE+l 
GO TO 2 

C 
C 

86 
a7 

REPORT ERROR 
URITE (2.87) 
FORMAT (lHO,‘JOB TERMINATED - WORE TNAN 5 TVPES OF ATOM’) 
GO TO 90 
URITE (2189) IATOFl(I)rNI(I) 
FORMAT clRO,‘JOB TERMINATED - NUMBER OF ISOTOPES FOR ATOM ‘,A4,‘IS 

l’r14.’ UHICH EXCEEDS TNE MAXIWR OF 9.‘) 
C 
C TERMINATE JOB 

90 CONTINUE 
STOP 

END 
SUBROUTINE SORT 

C 
C SUBROUTINE TO SORT THE MASS NUMBERS INTO ASCENDING ORDEL 

COHWbN TM(~DD),TP(~OO),TQ(~DO) 
C 

N=D 
DO 1 1=1.300 
IF (TO(I)-0.000001) 2,lrl 

1 N=Nel 
2 N=N-1 

J=l 
K=D 

3 IF (TfJ(J*l)-TP(J)r) 4,5r5 
4 B=TO(J) 

fP(J)=TQ(J+l) 
TQ(J+l)=B 

GO TO 90 
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262 
263 
264 
265 
266 
267 
268 
269 
270 
271 
272 
273 
274 

275 
276 
277 
2711 
2ID 
280 
281 
282 
283 
284 
285 
286 
287 
288 
289 
290 
2Vl 
292 
293 
291 
295 
296 
297 
298 
299 
300 
301 
302 
303 
304 
3D5 
306 
307 
301) 
309 
310 
311 
312 
313 
31b 

315 
316 
Ji 7 
318 
319 
3LO 

3;: 
323 
3L4 
345 
326 
327 
3LB 
329 
350 
331 
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: 

E=TP(J) 
tP(J)=t#(J*l) 
tP(J+l)*R 
K=K+l 

3 IF (J-N) 6,7,6 
6 J=J*l 

to To 3 
7 IF (K) 619.8 
8 1F (M-1) 2.9~2 
9 RETURN 

END 
SURROUTINE PRINT 

SUBROUTlNE 10 PRINT THE PROBARILITY OF TNE VARIOUS MASS-NUMBERS 
- PRESENT AS A MISTOGRAM ON THE LINEPRINTER 
DIMENSION S(lS),STAA(8) 
COMMON ~1~SOO~.TP~SO~~~~~~500) 
BATA STAR/~N* *all*** ten+*** ,8lq**.*. #a 

ll4*****. #8N**.*... rlN~*+erer/ 
DATA STAR1/8N~+~~~~~+lrSlA~~O~8~ 

DO 12 1=1,300 
IF (To(l)-0.000001) 13rlrl 

1 

: 

: 

6 

x 
9 

10 
11 
12 
13 

K=TP(1)/8 
l=(TP1I)*O.S)-(8*K) 
IF (K) 2,4,2 
DO 3 J=?rK 
R(J)*STARS 
IF (L) 5,6,5 
B(K+l)=STAR(L) 
GO TO 7 
R(K*l)=SLANKd 
IF (K-12) 8elD.8 
DO 9 JmK*Z,lS 
R(J)=RlANKI 

URITE MASS NO., PROBABILITY AND ONE LINE OF HISIOCRAM 
YRXTE (2111) T~(I)rTP(I),~D(J)rJ=l,l3) 
FORWAT (lHO~FS.O,F9.2,2X.lJAl) 
CONTXNUE 
RETURN 
END 

Zwunmenfamung-Es wird ein Computerprogramm beschrieben, das Massenzahl und relative 
Intensitiit jeder Linic in der Liniengruppe berechnet, die im Masscnspektrometer bei einem 
einzigen Typ von Fragmention auftritt, wenn dieses ein oder mehrere Elemente enthiilt, die aus 
verschiedenen Isotopen zusammengesetzt sind. Viele Ekmente, wie B, C, S, Cl und Br 
enthalten mehr als ein natiirlich vorkommendes Isotop, und die relative Hiiufigkcit der 
einzelnen Isotope ist bekannt. Man kann ganz leicht eine ganze Serie miiglicher Fragmentionen 
berechnen; die Ergebnisse, die numerisch und in Form eines Strichdiagramms ausgegeben 
werden, erleichtern die Deutung von Massenspektren. Erobedaten, eine Fortran-Auflistung des 
Programms und eine Probe der Ausgabe werden wiedergegeben. Das Programm benijtigt einen 
schnellen Kernspeicher von etwa 17 K und sollte auf jedem beliebigen Rechner mit Fortran IV- 
Kompilierer ohne Schwierigkeit ausgefiihrt werden kiinnen. 

Resmn&On d&it un programme de calculatrice qui calcule les nombres de masse et les 
intensitts relatives de chacune des raies dans l’amas de pits forme dans un spectrometre de 
masse a partir dun seul type de fragment ionique qui contient un ou plusieurs elements 
polyisotopiques. De nombreux elements tels que B, C, S, Cl et Br possedent plus d’un isotope 
naturel, et les abondances relatives des divers isotopes sont connues. On peut calculer tout a fait 
ais&ment une serie complete de fragments ioniques possibles et les resultats, qui sont imprimis 
numeriquement et sous forme dun histogramme, facilitent l’interprbtation de spectres de masse. 
On fournit des don&es d’essai, un classement Fortran du programme et un echantillon de la 
production. Le programme necessite approximativement 17K de partie centrale solide et devrait 
etre realise sans difficult6 sur n’importe quelle calculatrice avec un compilateur Fortran IV. 

ss2 
333 
334 
33s 
336 
337 
338 
359 
340 
341 
342 
343 
344 
345 
346 
347 
348 
349 
350 
351 
352 
353 
354 
355 
356 
357 
358 
353 
3bo 
3bl 
3b2 
363 
364 
365 
366 
367 
368 
369 
370 
371 
372 
373 
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SHORT COMMUNICATIONS 

INDIRECT COMPLEXOMETRIC DETERMINATION OF 
CHROMATE 

(Received 15 November 1912. Accepted 9 December 1972) 

A saturated solutron of the brownish-red silver chromate at 25” is about 10e4M (K, = 1.1 x 10-‘2),1 and 
this property is utilized in the method described here. The chromate ion is precipitated as Ag,CrO, by 
adding a saturated solution of silver nitrate to a neutral or slightly alkaline solution containmg the chromate 
ion, then the precipitate is filtered off, washed, and dissolved in an ammomacal solution of potassium 
tetracyanonickelate as proposed by Flaschka for silver halides.’ whereby silver displaces nickel in the complex 

AgrCrO, + K,[Ni(CN),] - K,[Ag,(CN),] + Ni2* + CrO:- 

and the freed nickel can be titrated with EDTA. The chromate content is grven by the volume of EDTA used. 
The method is accurate and a determination of chromate takes less than an hour. Chromium in minerals 

can also be determined by this method following extraction of this element by means of an alkaline fusion. 
Chromium-containing alloys are dissolved by means of an acid attack and the chromium converted into 
chromate by appropriate procedures. The same principle can be used for the determination of any anion 
that gives an insoluble silver salt that is soluble in potassium cyanide solution. 

EXPERIMENTAL 

It is absolutely necessary that reductants and any ion that forms a precipitate with silver that will dissolve in 
potassium cyanide should be absent from the chromate solution. 

Saturated silver nttrafe solution. Stir 30 g of silver nitrate with 100 ml of cold water and decant the clear 
solution. 

Murexide indicator. Murexide : sodium chloride mixture (1 : 100)’ 
Potassium tetracyanonickelate solution. Tttrate a measured portion of 0.2M nickel sulphate, after addition 

of ammonia, with 1M potassium cyanide until the indicator (Murexide) changes from yellow to purple. 
Repeat the titration and average the results. Mix the amounts of the two solutions needed to give K2Ni(CN)4, 
add some ammonia, and dilute with water to a tetracyanonickelate concentration of about O.lM. The 
resulting solution, if sufficiently alkaline, is stable for some months.4 

EDTA @I M. 

Procedure 

Add dropwtse, preferably in a dark corner of the laboratory, a slight excess of silver nitrate solution to 
an aliquot of the chromate solution made neutral or slightly alkaline with dilute nitric acid or sodium 
hydroxide solution. Check by the addttion of further drops of silver nitrate solution that precrpitation is complete. 
Stir well, allow the precipitate to settle, and check again for completeness of precipitation. 

Filter off the precrpitate on a 25-m) sintered-glass filter. wash it three or four times with cold water, and 
transfer the filter and precipitate into a beaker containing sufficient potassium tetracyanonickelate to cover 
the filter completely. Heat gently while stirring. till all the precipitate has dissolved. Remove the filter 
carefully from the beaker and rinse it well with water, collecting the washings in the beaker. 

Titrate the nickel displaced by silver with O.lM EDTA, using Murexide as indicator. The end-point is 
indicated by the colour change from yellow-orange to purple. 

Ag,CrO, + Y,[Ni(CN),] __* ZK[Ag(CN),] + Ni2+ + CrO:- 

1 ml of O.lM EDTA 1s equivalent to 11.60 mg of chromate. 

1039 
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RESULTS AND REMARKS 

The procedure gives satisfactory results with an error less than 1%. The or119 cations that interfere are those 
that give competitive chromate precipitates under the conditions used. Typical results are grven in Table 1. 

Research Laboratories 
Alpha Materials Technology 
P.O. Box 816 
Pottstown, Pa. 19464 
U.S.A. 

Table 1 

CrO:- taken CrO:- found 
W W 

1000 99.8 
750 75.2 
50.0 91 
25.0 24.9 
20.0 2@1 
15a 14.9 
101) 10.2 

Difference 
me % 

-0.2 -0.2 
+0.2 +0.4 
+01 +0.2 
-0.1 -0.4 
+O.l +05 
-0.1 -0.6 
+0*2 + 2.0 

A. DE SOUSA 
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Summary-Chromate is determined indirectly, by precipitation as silver chromate, dissolution of 
the precipitate in potassium tetracyanonickelate, and titration of the liberated nickel with EDTA, 
with Murexide as indicator. 

Zusammenfasaung-Chromat wird indirekt durch Fallung als Silberchromat bestimmt. Der 
Niederschlag wird in Kaliumtetracyanonickelat gel&t uad das freigesetxte Nickel mit EDTA und 
Murexid als Indikator titriert. 

R&sussr&On dose le chromate indirectement, par precipitation a l’etat de chromate d’argent, 
dissolution du pricipite darts le tetracyanonickelate de potassium, et titrage du nickel lib&e 
a I’EDTA, avec la Murexide comme indicateur. 

~elanta, vol. 20. p. IO@-1043. Pcrgamon Press. 1973 Pnnted m Great Bntam 

INDIRECT FLAME-PHOTOMETRIC DETERMINATION OF 
SILICON 

(Received 27 October, 1972. Accepted 21 April 1973) 

The extensive literature on the determination of silicon is evidence of the importance attached to the 
determination of this element, and also of the need for a reliable method. In this paper a new method 
is proposed, using an indirect game-photometric determination in which the silicon is precipitated as potassmm 
hexafluorosilicate and the potassium in the precipitate is then determined by ‘flame-photometry. Kordon,’ 
Sajo2 and others 3-6 have used potassium hexafluorosilicate as the basis of a volumetric method for silicon, 
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RESULTS AND REMARKS 

The procedure gives satisfactory results with an error less than 1%. The or119 cations that interfere are those 
that give competitive chromate precipitates under the conditions used. Typical results are grven in Table 1. 

Research Laboratories 
Alpha Materials Technology 
P.O. Box 816 
Pottstown, Pa. 19464 
U.S.A. 

Table 1 

CrO:- taken CrO:- found 
W W 

1000 99.8 
750 75.2 
50.0 91 
25.0 24.9 
20.0 2@1 
15a 14.9 
101) 10.2 

Difference 
me % 

-0.2 -0.2 
+0.2 +0.4 
+01 +0.2 
-0.1 -0.4 
+O.l +05 
-0.1 -0.6 
+0*2 + 2.0 

A. DE SOUSA 
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Summary-Chromate is determined indirectly, by precipitation as silver chromate, dissolution of 
the precipitate in potassium tetracyanonickelate, and titration of the liberated nickel with EDTA, 
with Murexide as indicator. 

Zusammenfasaung-Chromat wird indirekt durch Fallung als Silberchromat bestimmt. Der 
Niederschlag wird in Kaliumtetracyanonickelat gel&t uad das freigesetxte Nickel mit EDTA und 
Murexid als Indikator titriert. 

R&sussr&On dose le chromate indirectement, par precipitation a l’etat de chromate d’argent, 
dissolution du pricipite darts le tetracyanonickelate de potassium, et titrage du nickel lib&e 
a I’EDTA, avec la Murexide comme indicateur. 

~elanta, vol. 20. p. IO@-1043. Pcrgamon Press. 1973 Pnnted m Great Bntam 

INDIRECT FLAME-PHOTOMETRIC DETERMINATION OF 
SILICON 

(Received 27 October, 1972. Accepted 21 April 1973) 

The extensive literature on the determination of silicon is evidence of the importance attached to the 
determination of this element, and also of the need for a reliable method. In this paper a new method 
is proposed, using an indirect game-photometric determination in which the silicon is precipitated as potassmm 
hexafluorosilicate and the potassium in the precipitate is then determined by ‘flame-photometry. Kordon,’ 
Sajo2 and others 3-6 have used potassium hexafluorosilicate as the basis of a volumetric method for silicon, 
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whereby the hydrofluoric acid released on hydrolysis of the precipitate is titrated. The excess of potassium 
required to ensure quantitative precipitation does not interfere in these procedures, but has to be removed when 
the silicon is to be determined indirectly in terms of the potassium in the precipitate. Conditions have been 
found which enable this to be achieved by careful choice of wash-liquor. 

EXPERIMENTAL 

Choice of potassium-ion concentration 

Equal portions of potassium hexafluorosihcate (100 mg) each containing 12.65 mg of silicon, were dissolved 
in 10 ml of hydrochloric acid (1 + l), and the sihcon was precipitated after addition of hydrofluoric acid 
in the presence of different concentrations of potassium nitrate. The results are given in Table 1. Recovery 
was found to be complete for potassium concentrations above 20 g/l. and a value of 30 g/I. was chosen for the 
final procedure. 

Remoual of the excess of potassium ions from the precipitate 

Washmg with pure water was inadmissible because of the significant solubility of the precipitate. The use 
of chilled water was little better. Non-aqueous solvents which did not dissolve the precipitate did not remove 
the surplus potassium either. For these reasons some mixed aqueous/organic solvents were tried, using 
methanol. ethanol or acetone, and water. 

Table 1. Effect of potassium concentration on the recovery 
of silicon 

Potassium con. 
91) 

Potassium : silicon Silicon found, 
ratio, w/w mg* 

5 20: 1 7.8 
10 4O:l 10.6 
12.5 50: 1 11.0 
15.0 6O:l 11.5 
16.2 65: 1 11.8 
18.8 15: 1 121 
20 80: 1 127 
30 120: 1 128 
40 160: 1 12.7 
50 2OO:l 128 
60 240 : 1 128 

* Amount taken = 12.65 mg. Silicon in the precipitate 
was determined by Sajb’s method.’ In the first two cases 
three determinations were made, and in all others, six. 

The precipitate was washed several times with 5-ml portions of mixed solvent, and was then dissolved in 
S ml of hydrochloric acid (sg. 1.19) and hot water, and the solution diluted to 100 ml. The potassium was 
determined by flame photometry. The results indicated that all three solvents were equally suitable when 
diluted with water m the ratios 2 : 1 and 3 : 1 (water : solvent). For convenience, ethanol was chosen. The 
effect of repeated washings was studied on lOO-mg portions of potassium hexafluorosilicate precipitate, using 
5-ml porttons of 2 : 1 and 3 : 1 water-ethanol mixtures. After being washed, the residual precipitate was in 
each case dissolved and the silicon content determmed indirectly from the amount of potassium found. The 
results are presented m Table 2. 

Table 2. Recovery of silicon (12.65 mg taken) as a function of the number of washes 

Si found, mg 

No. of 5-ml washes 3 4 5 6 8 10 12 15 20 
Water-ethanol 2 : 1 199 14.5 13.0 12.7 12.7 12.6 12.5 11.7 10.8 
Water-ethanol 3 : 1 14.9 13.0 12.7 12.4 122 11.7 10.4 - - 
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As a more sensitive measure of the effect of repeated washings the potassium present in the individual 
wash portions was che&ed. The results are shown in Fig 1. The constant residual potassium concentration 
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No. of the worhing portion 

Fig. 1. Potassium content of successive 5-ml portions of wash-liquid, for 2 : 1 water-ethanol ( x ) 
and 3 : 1 water-ethanol (0) mixtures. 

represents the solubility of the precipitate. For the 3 : 1 mixture this concentration is about 50 pg/ml, and 
remains constant after 4 or 5 washes. For the 2 : 1 mixture the residual concentration of about 20 pg/ml is 
reached after 9 or 10 washes. On the basis of these data the loss of silicon due to partial dissolution of the 
precipitate can be calculated. It is clear that insufficient washing will lead to high results, and excessive 
washing to slightly low values. The 100 pg of potassium in 5 ml of 2 : 1 mixed solvent corresponds to 
about 35 pg of silicon. The following conclusions may be drawn concerning the washing step. The precipitate 
should be washed a further 2 or 3 times over and above the minimum number of washes indicated in these 
experiments, and the 2: I water-ethanol mixed solvent is to be preferred, as the losses due to excessive 
washing are less than for the 3 : 1 mixture. 

Procedure 

The sample is dissolved in 30 ml of a 1 : 1 : 1 mixture of hydrochloric acid (s.g. 1.19). nitric acid (s.g. 1.49) and 
hydrofluoric acid (s.g. 140), and 20 ml of a 20% solution of potassium nitrate are added slowly, with 
stirring, over a period of about 3 min. The potassium hexafluorosilicate (K,SiF,) precipitate is filtered off 
by suction on a thin layer (co. 2 mm) of filter paper pulp on a Biichner funnel, and is washed 9 or 10 
times with 5-ml portions of 2 : 1 water-ethanol mixed solvent. The precipitate and pulp are then transferred 
into a beaker containing 20-30 ml of boiling water and 5 ml of hydrochloric acid (s.g. 1.19). The resulting 

Table 3. Determination of silicon in ores and alloys 

Silicon found, % 

Sample gravimetric 
flame- Number 

photometric of detns. 

Standard 
deviation. 

‘J; Si 

Iron ore 5.78 5.74 9 0.03 
Manganese ore 11.7, 11.8 9 0.06 
Iron concentrate 12.8‘, 12.8 
Blast furnace slag 40.15 40.2 
steel 099 1.02 9 0.014 
Fe-Mn alloy 3.52 3.55 
Si-Mn alloy 6.04 6.00 
Si-Mn alloy 1462 14.8 
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solution is filtered and diluted, after coolmg, to 100 ml. The potassium concentration is determined by 
flame-photometry using a propane or butane flame. and the silicon content of the sample calculated 
accordingly. A determination can be made m about 30 min. 

Results 

Silicon contents in the range l-15% in ores and alloys have been determined satisfactorily with this 
method. -In a number of cases the results have been compared with those obtained by a gravimetrrc 
determination (as SiO, precipitated from hydrochloric acid solution). In all cases the determinations were 
carried out at least m triplicate. A statistical evaluation of the results is included in Table 3. 

Department of Analytica/ Chemistry 
Institute of Ferrous Metallurg) 
Borunet:, Sofia 
Bulgaria 

IVAN GABR~VSKY 
IONCA TCHEHLAROVA 
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Summary-An indirect flame-photometric method for the determination of silicon in terms of the 
potassium in precipitated KsSiF, has been developed. Optimum conditions have been found for 
the precipitation and the washing of the precipitate with aqueous ethanol. Satisfactory results 
have been obtained for silicon contents > 1 % in ores and alloys. 

Zusamrnenfassung-Eine indirekte flammenphotometrische Methode zur Bestimmung von Silicium 
wurde entwickelt. Dabei wird das Kalium in ausgefilltem KsSiFe bestimmt. Die optimalen 
Bedingungen fur die FBllung und das Auswaschen des Niederschlags mit wiiBrigem AthanoI 
wurden ermittelt. Fur Siliciumgehalte unter 1% in Erxen und Legierungen wurden zufrieden- 
stellende Ergebnisse erhalten. 

R&sum&-On a elabore une methode photometrique de flamme indirecte pour le dosage du 
silicium par rapport au potassium dans KsSiFe precipite. On a trouve des conditions optimales 
pour la precipitation et le lavage du prtcipite par l’dthanol aqueux. On a obtenu des rtsultats 
satisfaisants pour des teneurs en silicium > 1% dans les minerais et alliages. 
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Summary-A review is presented of automated analysis, including instrumentation and 
applications. 

The trend towards mechanization in analytical chemistry was initially characterized by 
the development and increasing use of instruments in which the measurement of a physical 
or physic+chemical parameter replaced the manipulative processes of classical analysis. 
Subsequently, the need for a greater rate of analytical throughput was met by automating 
both the instrumen~l methods and the various techniques used in classical wet chemistry, 
such as sampling, dilution, reagent addition, titration, phase separation and measurement. 
A further development which has already reached an advanced stage, involves the use of 
computers for data processing, report writing and ultimately for control of the various 
analytical parameters. 

In this review of automatic analysers, it is proposed to restrict the field to those types of 
instrument which may be programmed to perform a variety of deter~na~ons with analyti- 
cally acceptable accuracy and precision with minimum intervention by the analyst between 
the receipt of the sample and the reporting of the result. The emphasis will therefore be on 
automated wet chemistry. Instrumental techniques such as automated chromatography and 
spectrometry are more appropriately considered in reviews of the particularchromatographic, 
spectrophotometric or other techniques since they basically involve the addition of an 
automatic sampl~handling facility to an existing technique restricted to a range of materials 
with a specific property such as volatility, adsorptive power or spectral absorptivity. 

A wide variety of continuous monitors for on-stream analysis is available. Only those 
instruments which meet the criteria of wet chemistry and analytical versatility will be referred 
to. -A number of instruments will be mentioned which have been custom-built for a particular 
analysis and which are not generally commercially available. 

The applications of automatic analysers will be dealt with under a number of headings 
which represent a somewhat subjective choice but also reflect the most frequent uses to 
which such devices have been put. 

Previous reviews have tended to emphasize the instrumental aspects of automated analysis. 
The well-known text by Siggia’ devoted one chapter to equipment and in this he covered 
several automatic titrators and calorimeters. This book appeared two years after the 

* For reprints of this Review, see Publisher’s announcement near end of this issue. 

1045 



1046 J. T. VAN GEMERT 

commercial development of the continuous-flow type analyser by Skeggs,* the Technicon 
“ AutoAnalyzer “. This unit has made the largest single contribution to the technology and 
applications of automatic analysers up to the present time. 

At a 1959 Symposium on Automatic Chemical Analysis,3 thirty papers were presented 
of which more than half involved the use of the Technicon “AutoAnalyzer”. The sym- 
posium also illustrated the fact that clinical chemists were largely responsible for the early 
development and utilization of automated techniques. It was noted4 that lack of specificity 
of existing methods and problems of sample-handling often made successful industrial uses 
more difficult to achieve. However, at two subsequent symposia5V6 on the subject of 
“Automation in Industrial Pharmaceutical Process and Quality Control ” a variety of 
methods and devices was presented, some representing adaptations of existing manual 
procedures and some consisting of entirely new techniques. 

Many extensive reviews have been published on automated instruments and methods in 
specialized areas, such as pharmaceuticals,’ clinical chemistry,*-‘3 the petroleum indus- 

try i4*15 and water analysis. ‘w’ The annual Analytical Chemistry Reviews do not incorporate 
automated wet chemistry as a separate heading but many of the subjects in both the Fun- 
damental and Application sections contain specific references to automation. Some reviews 
have appeared in which automated classical chemistry is discussed together with other 
instrumental techniques.1*-z2 

The general philosophy and methodology of automation in analytical chemistry has been 
discussed by a number of authors.8*23-30 Malissa23 considered the physical aspects of 
mechanization, the chemistry and physics of instrumentation and the cybernetics of the 
measurement and output of results. Examples of open, closed and computer-controlled 
systems were given. To enable the concepts to be communicated more readily, a symbolic 
sign language was developed,24 which was subsequently extended for use with high-level 
computer languages. r5 A group of German, Austrian and Swiss workers is formulating a 
set of definitions for the various concepts in analytical automation (see Talanta, 1973,20,811). 

INSTRUMENTATION 

A recent report3’ predicts that the market for automated wet chemistry instruments will 
achieve an annual growth rate in excess of 15 % for the period between 1970 and 1980 
compared with an average growth rate of 9 y0 per year for all laboratory analytical instru- 
ments (excluding computers). This indicates that a list of manufacturers and models at any 
one time is rapidly outdated since changes are frequent. Furthermore, availability, price 
and service‘vary considerably between countries. It is more meaningful to discuss types of 
instruments and illustrate these with reported applications. Some publications comparing 
commercially available analysers should be mentioned, however.‘0-‘2V32-34 

The classification of automated wet chemical instruments which is most commonly used 
and which will be followed here is based on the method of transporting samples and reagents, 
i.e., continuous-flow or batchwise processing. A new type of fast parallel-flow analyser and 
some automatic titrators will also be discussed. The many special-purpose instruments 
which have been reported and which may not readily fit these categories will be mentioned 
under the appropriate applications. 

Continuous-flow instruments 

The widespread use of the Technicon “AutoAnalyzer ‘* testifies to the versatility of the 
continuous-flow system. It is assumed that the reader is familiar with the principle of oper- 
ation and the range of modules which is available. A general description has been given by 
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Siggia’ and others. 2*7 Originally developed for clinical use, Technicon equipment is now 
finding an increasing number of industrial applications. The original single-channel instru- 
ment with calorimeter read-out has been supplemented by later models and analytical 
systems with two, three, six and twelve channels. Also, versatile accessories have been 
developed, a continuous digestor for temperatures above lOO”, a solid sampler, a micro- 
distillation unit, a tape filter and alternative measurement facilities such as a spectrophoto- 
meter or a flame photometer. A variety of integrated systems for multiple determinations 
in clinical and environmental chemistry will be mentioned under the relevant applications. 

Regular Technicon Symposia have been held since 1964 and the proceedings have been 
published in book form. At these symposia a considerable number of applications and new 
instrumental developments have been reported. It is considered more useful for the purpose 
of this review to concentrate on publications in the general analytical literature. An excellent 
bibliography3’ containing 1825 references up to November 1967 has been published by 
Technicon. However, approximately half of the papers cited originate from Technicon 
Symposia. 

The dialyser has proved to be one of the most useful accessories, particularly in 
the analysis of biological materials, to effect separations between the analyte and other 
diffusable materials and macromolecules such as proteins which may interfere with the 
calorimetric measurement. The original application of the dialyser for urea nitrogen de- 
termination2.36 has been followed by others which will be referred to below. 

The need for a rapid and automatic Kjeldahl determination led to the development of a 
continuous digestor3’ in which heating for a few minutes at a temperature of 400” or higher 
replaces the prolonged boiling required in the manual procedure. The versatility and 
validity of the automated technique were demonstrated in later publications.38P3g Other 
workers4’ have noted that the recovery of nitrogen when compared with the manual 
Kjeldahl method varies with the type of compound and could be as low as 70 %. Uhl ef aI.,41 
however, using standard compounds, found that the automated procedure frequently 
produced a better accuracy at a relative standard deviation of 2-3 % for both methods. 
The continuous digestor has also been used for distillation42 and evaporation of an organic 
solvent.43 

A solid-sampling device44 was specifically developed for pharmaceutical quality control 
of tablets. The commercial unit manufactured by Technicon is also able to handle pre- 
weighed samples of powders. The large number of applications of the solid sampler which 
have been reported were reviewed by Kuzel et al.’ 

Liquid-liquid extraction is one of the most important unit operations in clinical as well 
as general analytical chemistry, and consequently many workers have attempted to devise 
automated techniques. Because of the extent of mechanization of continuous-flow systems 
it is possible to achieve an acceptable precision under conditions of incomplete or non- 
equilibrium extractions. Two major problems have been attack on the tubing by organic 
solvents and insufficient mixing of the phases. Although various grades of acid- and solvent- 
resistant tubing are now available, special precautions must be taken. A displacement tech- 
nique in which water is pumped into a vessel containing the immiscible solvent was first 
presented by Taylor and Marsh. 45V46 The same technique was applied by Roudebush4’ in 
the determination of an antibiotic by an absorbance measurement at 283 nm on a chloro- 
form extract. Thus the possibility of ultraviolet-absorbing materials being leached from the 
pump tubing is eliminated. Mixing of two phases is usually allowed to take place by passing 
the air-segmented mixture through glass coils of varying lengths. To increase extraction 
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efficiency coils filled with glass beads,47 or long spirals4s have been used. However, they 
suffer from a large dead volume, resulting in greater sample interaction and loss of precision. 
An interesting modification was used by Carter and Nickless. Each of four mixing coils in 
series was shaken mechanically with an amplitude of approximately 1 cm. The degree of 
extraction increased with the speed of vibration. At 45 Hz, extraction was essentially complete 
without a significant increase in diffusion. For the determination of barbiturate in serum a 
double extraction has been used in which a small magnetically-stirred vessel” of 5 ml 
capacity replaced the conventionalmixingcoil. A magnetic stirrer has also been incorporated 
in a flowing stream to smooth the recorded response.‘l 

Other techniques reported for phase separations include filtration and distillation, both 
of which are more difficult to automate than extraction in a continuous-flow system. A 
Iilter has been used in tablet assayss* to clarify solutions before measurement on a spectro- 
photometer. A heated in-line gas filter was constructed by Knowles and Hodgkinson to 
remove aerosols from an air stream containing carbon dioxide, which formed part of an 
enzymatic method for the determination of oxalic acid in serum. A modified Technicon 
microdistillation unit was used by Friestad et al. 54 for the calorimetric determination of 
phenols. A more elaborate unit was described by Keay and Menage5s*56 for the determina- 
tion of ammonium ion and nitrate in soil extracts. 

It will be evident from the examples above that many authors have devised modifications 
or additions to standard Technicon “AutoAnalyzer” modules to solve a specific analytical 
problem. The usefulness of such modifications is often enhanced by other workers adapting 
them to different applications. A lot of effort has been spent on developing alternative read- 
out modules replacing the standard colourimeter. Examples of new detectors are ultraviolet 
and visible spectrophotometers, spectrofluorimeters, atomic absorption, flame emission, 
potentiometric and coulometric devices, including polarographic cells and flow-through 
liquid scintillation counters. A series of papers by RtUiEka et a1.57-62 demonstrated the 
feasibility of performing substoichiometric analysis in a continuous system by a radioactive 
isotope-dilution technique. Mercury’* could be determined down to 5 x IO-* g by the 
addition of a labehed standard and zinc dithizonate followed by extraction with carbon 
tetrachloride, phase separation and counting of gamma-ray emission from the organic phase. 
Subsequently,” phase separation was found to be not necessary and a solvent displacement 
technique was used to avoid problems with adsorption of the zinc dithizonate reagent on 
the pump tubing. An increased reliability was obtained with a two-detector method.61 

Not all of the modifications and special techniques reported in the literature will be 
commented on in detail. In Table I an attempt has been made to list these references under 
a number of broad headings. All have in common that at least one standard Technicon 
“AutoAnalyzer” component has been used. 

The limitations of the continuous-flow method are illustrated by the number of papers on 
techniques to correct errors arising from sample interaction and instrument drift. The use 
of a continuously flowing air-segmented stream of sample and reagents causes problems of 
mixing and carry-over which adversely affect the precision and accuracy of automated 
determinations in comparison with the corresponding manual procedure. Thiers and 
Oglesby’ were the first of many workers to examine the effect of instrumental parameters 
such as sample volume and sampling rate. They considered the errors in six determinations 
of clinical interest: sodium, potassium, chloride, carbon dioxide, urea and glucose. The 
sample interaction was quantified and found to vary from 1% (for glucose) to 10% (for 
carbon dioxide). They also demonstrated that errors can arise from differences in volumes 
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Table 1. References to accessories, modifications or special techniques for use with the Technicon 
“AutoAnalyzer ” 

Sampling devices 

solid sampler (standard type) 
solid sampler (bead and chain) 
dual sampling 
suspension sampler 
micro sampler 
pneumatic sampler 
plastic sample covers 
anodic sample dissolution 
timing and programming 
modified sampler 
modified fraction collector 

Phase separations 

continuous filter 
special purpose filters 
distillation units 
solvent displacement technique 
shaking and magnetic stirring 
improved separators 

Detection devices 

ultraviolet-visible spectrophotometer 
multichannel photometer 
repetitive scanning 
infrared spectrophotometer 
flame photometer 
atomic-absorption spectrophotometer 
fluorometer 
luminescence 
scintillation counter 
thermometric 
coulometric and polarographic 
potentiometric 
testing device 
Coulter counter 

Miscellaneous 

continuous digestor 
chromatographic column 
reductor column 
ion-exchange column 
thin-layer chromatography 
ultraviolet irradiation and photolysis 
modified flow cells 
multicomponent determination 
ultrasonic bath 
special mixing device 
medical isotope production 
batchwise incubation 
interference testing 
modified flow system 
chart reading device 
fragile incubation coil 
gas absorber 
countercurrent dialysis 
air-rinsing technique 

43,44,52,87,88,90,91,93,104,117,131,186 
65 
72 
94 
97 
69 
80 

67179144147 
73:80:96 ’ 
92,118 

43,51,52,87,88,91,95,111,131,134,151,166.186 
5390 
54--56,82,99,109,136,137,151,154,184 
45-49,59,86,121,176 
49-51 
86,132.133 

43,47,50-52,84-88,91,94,129,131,155,188 
74,75 
87 
135,165,186 
63-65,124,125,138,174 
68,70,120,124,125,167-170 
66,72,100,113-116,131,149,158-1~,173,176,179,181 
157 
57-62,110 
76 
140.141,153 
89,145 
142 
182 

37-43,82,102,103,106,108,1~,117,123,126,139,156,175,183 
74.75,78,84,130,150,181 
81 
131,134 
71 
66.94.184 
85,119,127,128,152 
70,74,75,80,89,102,105,107,112,131,164,166,170-173,178,182,189 
51 
131 
98 
92 
143 
148 
177 
180 
184 
185 
187 
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of samples placed in the sample cups. A redesigned sampler” in which the aspirator tube 
moved more rapidly in and out of the sample cups was shown to decrease the variability 
from this cause. A similar modification was used by Kuzelg6 and a subsequent model of the 
Technicon Sampler incorporated these changes. 

Two approaches may be used to minimize sample interaction. One is to change the 
sampling parameters until the desired precision is obtained. It has been shownlgz* rg3 that 
interaction can be significantly reduced by increasing the time of sample pick-up and the 
ratio of sampling to washing periods. However, a larger volume of sample is required and 
sample peaks may become difficult to read when the valleys between them become less 
pronounced. It can be demonstrated that the frequent objective of producing sharp peaks 
with deep valleys is directly opposed to obtaining optimum precision and minimum inter- 
action. Short-term fluctuations due to electronic noise, mechanical problems, bubbles in the 
optical path or insufficient sample are less likely to be detected under conditions producing 
sharp sample peaks. 

The other and more frequently used procedure involves the application of an appropriate 
correction factor.lgl* 1g4-1g7 This factor depends on the concentration of the preceding 
sample, the sample and wash timing and the type of analysis being performed. The improve- 
ment in precision resulting from this correction has been up to twofold.‘g’ Several 
authors’g5-1g7 have applied the correction by means of a computer programme which 
generally performs several other functions, including drift correction, curve fitting, convert- 
ing peak height into concentration and reporting in an appropriate format. The nature of 
the correction factor is derived from studies of the kinetic parameters in continuous-flow 
analysis. 1gs-zo2 Similar conclusions were reached by Thiers et a1.l” and Walker et ~1.‘~~ 
from a consideration of the “ lag time “, the effect of overlapping rise and fall curves and the 
steady-state conditions. These parameters are incorporated in the exponential correction 
equation for carry-over. An empirical equation was presented by Stickler et al.“’ and 
applied to four clinical determinations of varying degrees of complexity. It was shown that 
application of the correction would allow a twofold increase in the assay rate without 
deterioration of the reproducibility. In two recent papers, Begg201’ 202 derived a linear 
model in which the leakage between successive slugs of solution depended only on the slug- 
volume and distance travelled, and a non-linear model in which the leakage rate also varied 
(linearly) with concentration. By comparison of experimentally found rise curves with cal- 
culated concentration distributions it was found that the linear model holds for the simple 
systems examined. Walker203 showed that sampling rates up to 180/hr became possible by 
applying an exponential correction to the sloping sections of the recorder trace and gen- 
erating a new curve. The calculations involved become practical only if a computer is used. 
No information was supplied on the precision obtainable at the higher sampling rate. 

It has been recognized that sample interaction is in part a result of the debubbling process 
which occurs just before the flowing stream enters the colourimeter cell. Habig et aL204 have 
devised a system in which the air-segmentation is retained but the recorder is inactivated 
when an air-bubble is in the cell, as detected by a conductivity measurement. The bubble- 
gating system requires careful control over the regularity of the bubble pattern, a flow- 
through cell of reduced volume, and increased flow-rate. The authors consider these factors 
mitigate against its routine use. An interesting application arises when more than one 
measurement is to be made on the one stream as in kinetic analysis. 

Variations in the sample time have been shown’92 to affect sample interaction and there- 
fore precision in continuous-flow analysis. Friedman ” has shown that such variations can 
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be caused by large tolerances in the mechanical specifications of sampling cams. Jansen 
et a1.14’ designed a new instrument around a sampling system which is based on volume 
rather than time. This was achieved by a pair of platinum electrodes inserted in the sample 
line, which activate the sample-changing mechanism when the passage of an air-bubble is 
detected. An improvement in the relative standard deviation from 2.0 to 1.2 % was claimed 
for the determination of urea. 

Faithfullzo5 has recently shown that a “ warm-up” time as long as 40 min may be required 
in order to stabilize the tubing in the peristaltic pump. Histograms of the results of nitrogen 
and potassium determinations demonstrated that a normal distribution and acceptably low 
standard deviation could be obtained after an equilibrium period which was considerably 
longer than the time required to stabilize the flame photometer or other measuring modules. 

A scheme has been recommended ‘06 for the evaluation of automatic analysers. It includes 
specifications for the measurement of accuracy, precision, cross-contamination, overall 
performance and running costs. Although the scheme is designed for clinical and bio- 
chemical analysis it should be equally useful in other fields. An assessment of the precision 
of five clinical determinations on the Technicon “ AutoAnalyzer” has been made.“’ An 
unconscious bias introduced in the manual reading of “ AutoAnalyzer” charts has been 
discussed by Corns and Coms.2o8 

Only relatively few continuous-flow analysers of other makes are available. The Italian- 
made Carlo Erba instrument also utilizes a peristaltic pump for transport of samples, 
standards and reagents. However, it does not use air-segmentation and appears to have only 
a limited number of accessories. Blaedel and Olsen lz6 have reviewed (in 1963) several 
commercially available continuous single-purpose analysers principally used for water 
analysis. 

The continuous flow of reagent and samples by a combination of gravity and a peristaltic- 
pump feed was used by Blaedel and Hickszoq in an instrument for enzyme assay and the 
measurement of enzyme-catalysed reactions. To decrease the response time and prevent 
laminar flow the reagent line is mechanically pulsed at a frequency of 5 Hz and an amplitude 
which may be varied to optimize the response. Up to thirty determinations per hour may be 
performed. The instrument as described is only partly automated since sample change-over 
is performed manually. 

A different type of continuous analyser has been described by Natelson” and has been 
the subject of several patent applications2’0-2’3 assigned to Scientific Industries Inc. The 
instrument is claimed to be especially suitable for clinical analysis. It consists of a tape to 
which samples are applied from capillaries. This tape is brought into contact with another 
containing a reagent capable of producing a colour. The spots are then read densitometri- 
tally. The system is limited to simple chemistries and does not appear to be used to any 
great extent. 

Automatic titrations are commonly discontinuous operations. One continuous device has 
been described by Pauschmann2r4 in which a stream of sample to which an indicator has 
been added flows through a transparent channel containing a series of narrow holes. A 
titrant solution is pumped into the sample stream through these holes. The sample con- 
centration can be obtained from the distance at which the indicator undergoes a change of 
colour. Various modifications of this principle are discussed, including alternative methods 
of end-point detection, such as a change in pH, temperature, conductivity and absorption 
of light. A similar system of flowing sample and titrant streams was patented,215 but the 
titrant was delivered by a variable-speed pump. The speed of the pump was servo-controlled 
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by the difference between an electrode signal and a preset potential indicating the end- 
point. The desired concentration is then obtained from the generator which feeds the 
variable-speed motor. 

A large number of special purpose instruments is now commercially available for con- 
tinuous monitoring or on-line analysis of liquid and gaseous process streams. Many of 
these devices are purely instrumental rather than wet chemical and are capable of achieving 
a precision which may be sufficient for their intended purpose but which would usually be 
unacceptable for general analytical work. However, some involve the transfer of reagent 
solutions and are adaptable to the measurement of several parameters. Simpson2163217 has 
described the types of analysers available for the continuous monitoring of gaseous pollu- 
tants. He has indicated the limitations on selectivity and sensitivity of wet chemical tech- 
niques for some of the common gases of interest in pollution control. McWilliam*‘* has 
provided a listing of 41 specific and non-specific techniques, mostly continuous, for on-line 
analysis in the chemical and petroleum industries. He has also reviewed the factors to be 
considered in the justification of purchasing or developing an automated system. LGrinc219 
has presented a review of automatic instruments suitable for the analysis of flowing streams. 
Some special problems arising in the sampling of aqueous process streams have been 
discussed by Babcock**’ and a guide to the selection, installation and operation of air 
monitoring equipment has been given by Elfers.**l 

Discrete-sample processers 

The essential feature of discrete-sample analysers is the fact that samples are processed 
and conveyed in individual containers from the initial sampling up to and sometimes 
including the final read-out stage. Such instruments are also referred to as discontinuous, 
repetitive or batch analysers. The techniques used more closely approximate those in 
conventional wet chemistry and as a result a manual procedure is usually more readily 
converted into an automated version. However, the problems involved in automating 
phase-separation techniques (distillation, filtration, extraction) on a discrete basis are 
probably responsible for the greater popularity of continuous-flow methods. 

There are some distinct advantages in discrete-sample processing. Since each step in the 
procedure is independent, trouble-shooting is greatly facilitated. Individual samples retain 
their identification without ambiguity, and interaction or cross-contamination may readily 
be eliminated. An inherently greater sensitivity may be expected because the measurement 
in the static system requires less solution than in a flowing system. In general, the con- 
sumption of samples and reagents is considerably less. One might also expect an easier 
adaptation of alternative read-out techniques. However, this is not borne out by published 
work in this area. 

The distinction between continuous and discontinuous processing is not always clear, 
since each uses some features of the other. Sample presentation in a continuous system is 
usually performed on a discrete basis by means of a turntable with individual containers. 
On the other hand, the measurement stage of a discrete-type instrument generally involves 
the transfer of the reaction mixture into the flow-through cell of a colourimeter or spectro- 
photometer. 

It is known that many commercial instruments have been produced from time to time 
and an even larger number of special purpose analysers have been constructed. In spite of 
this, relatively few publications have appeared in which such instruments have been evalu- 
ated or compared with manual or continuous techniques. A large proportion of the papers 
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published has in fact been written by those involved in the building and development of 
analysers rather than by the users. 

Kuzel, Roudebush and Stevenson’ have reviewed the literature on automated techniques 
in phar.maceutical analysis up to July 1968. Their paper covers a number of batch analysers 
from the very simple automated colourimeters to the very elaborate systems capable of 
3000 determinations per hour, with data-processing facilities. Therefore, mainly the more 
recent work will be reviewed here. 

Many of the commercial and special instruments have been designed for clinical analy- 
sis. 1o*34 Five instruments of British manufacture have been reviewed by Rose.‘? Trotman 
has described an apparatus consisting of a sample turntable and four syringe-dispensers 
for the reagents in the Wassermann test. Sampling is performed manually and the test result 
is assessed visually. An instrument was developed by Westlake et ~1.~~~ in which each sample 
is accompanied by an IBM card containing the relevant information. Sampling and reagent 
dispensing is performed by pipettes and syringes at a rate of 120 samples per hour. Carry- 
over in the calorimeter cell is about 2 % and after correction for this the relative standard 
deviation for aqueous glucose standards varies from 0.2 to 0.7%. The photometer signal 
and the information on the card are simultaneously processed by a computer. Three analysers 
performing seven different tests with varying degrees of automation are linked to the central 
data-logging system. 

A relatively new instrument, the “Autolab,” made by A. B. Lars Ljungberg & Co., 
Sweden, has been described by Aberg. 224 It is modular in construction and comprises 
sampling and reagent units, an incubator and a calorimeter with digital display or print-out. 
Samples are transported in tubes held in chain holders of unlimited length. Carry-over is 
minimized by the application of wash-water followed by suction to the outside of the 
sampling probe. A suction device for the removal of gases has been described by Hulthe 
et aZ.225 Again, the “Autolab” is principally designed for clinical analysis. It can handle 
240 samples per hour and reproducibilities between 1 .O and 3.8 % have been claimed for a 
variety of determinations. 

An apparatus for enzyme assay was constructed by Cove226 from a Unicam SP800 spectro- 
photometer with a cell-changer and programme-controller. Eight Hook and Tucker diluter 
units were used to dispense the sample enzyme with and without the substrate materials in 
four sample and four reference cells respectively. The sequence of operations was controlled 
by a Londex Rotaset Program Timer at an analysis rate of .48 assays per hour. It was 
claimed that the reproducibility of 10 % was accounted for by dispensing inaccuracies. 
Enzyme analysis was also performed with a Unicam AC60 system.227 This instrument also 
consists of a chain of tubes which passes a number of reagent stations before the solution 
is finally transferred to a spectrophotometer. A coefficient of variation of 2.7 y0 was claimed 
for eleven determinations on each of two serum samples and excellent agreement between 
the automated and manual methods was demonstrated. Several specially built automatic 
stopped-flow instruments have been described for kinetic determinations, utilizing motor- 
driven syringes228 and valves or pneumatically-actuated components.22g The latter system 
was shown to produce faster mixing and reduced dead time. Approximately 1000 phosphate 
determinations per hour could be handled at relative standard deviations of l-3%. 

Potentiometric measurements by selective ion-sensitive electrodes have been automated 
on a discontinuous basis. A system for the determination of pH of soil was presented by 
Baker230 in which containers move on an endless belt. Addition of water, stirring, pH- 
measurement and rinsing are performed automatically at a rate of 100 samples per hour. A 
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more elaborate device for the determination of sodium, potassium, chloride and pH in 
blood was constructed by Dahms. 231 The system incorporates a peristaltic pump, a pneu- 
matic timer, a rotary valve and specially made glass capillary flow-through electrodes for 
the alkali metals and pH. A pH-meter with an automatic probe-selector is connected through 
a data-transfer system to a card punch for data logging. Each cycle of measurements requires 
65 set and calibration is performed after each tenth sample. The speed of analysis is limited 
by the electrode response. This parameter and its effect on the precision of automated 
measurements with selective ion-sensitive electrodes has been discussed by Malissa and 
JtIlintk.232 

Solvent extractions have been automated by several workers233-236 and applied to the 
determination of dttergents23”*Z34 and an oil-additive. 234 A typical discrete system consists 
of commercially available syringe-dispensers and a beaded coil, followed by a phase- 
separator and a flow-through cell in a spectrophotometer. Later, a continuous-flow method 
was developed r3’ which could extract trace amounts with equal efficiency and greater vers- 
atility. Two di&rent systems based on the timed flow of reagents through precision-bore 
tubing and a centrifugal separator were described by Trowe11.236 

An apparatus for the automated determination of mercury was constructed by Lindstedt 
and Skare.237-z39 It consists of a peristaltic pump for the batchwise addition of reagents 
to predigested samples and transfer to a tower for scrubbing with nitrogen. The gas, 
containing the mercury vapour, is then passed through a flow-through gas cell in a 
spectrophotometer. 

An elaborate instrument for the evaluation of antibiotics and vitamins has been con- 
structed by Kuzel and Kavanagh. 240*241 It is based on a turbidimetric determination on an 
incubated sample to which a nutrient broth has been added. The equipment comprises a 
sampling and reagent module, an incubator and a measurement module. Data can be 
printed out or processed by an on-line computer. 

Table 2 lists the majority of currently available automatic analysers utilizing discon- 
tinuous processing. Some instruments used exclusively for clinical applications have been 
included for comparative purposes. Where general use is indicated the instrument has 
frequently been designed for clinical laboratories but has sufficient versatility to be pro- 
grammed for a variety of determinations. A filtration, or in biochemical terms a deprotein- 
ization step, is of importance in many clinical methods and several of the instruments shown 
in the table have this capability. One model, the “ Mecolab,” combines the advantages of 
automation with the versatility of batch processing. Samples are treated in groups of fifteen 
on each module (dilution, centrifugation, measurement) for 3-min periods. Transfer from 
one module to another is performed manually. An automatic microcentrifuge is available 
on one instrument, the Quickfit 617 Automatic Analyser, but no information is available 
on its performance. 

Fast parallel analysers 

A new approach towards high-speed automated analysis was taken at the Oak Ridge 
National Laboratory by Anderson with the development of a fast analyser based on the 
transfer of samples and reagents by centrifugal force. z67-277 The prototype of this instru- 
ment was given the name of GeMSAEC (General Medical Sciences, Atomic Energy Com- 
mission). It employs a “Teflon ” rotor containing cavities to hold samples and reagents. 
By spinning at speeds of about 1200 rev/min the solutions art mixed and transferred into a 
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Manufacturer, instrument and Detection Presentation Max. No. of 
country Use@) system(2) of results’“) samples/hr References 

AB Lars Ljungberg, Autolab, C,G 
Sweden 
AGA Corporation, AutoChemist, C 
Sweden 
Amer. Instr. Co., Assayomat, 
U.S.A. 
Amer. Opt. Instr. Co., Robot 
Chemist, U.S.A. 
Baird & Tatlock, Analmatic 
Clinical System, U.K. 
Bausch & Lomb, Automatic 
Sample Processor, U.S.A. 
Beckman, Discrete Sample 
Analyzer, DSA-560, U.S.A. 
Du Pont, Automatic Clinical 
Analyzer, U.S.A. 
Electra-Nucleonics GeMSAEC 
Systems, U.S.A. 
Gilford, Automatic Enzyme 
Analyzer, Model 3400, U.S.A. 
Griffin & George, Bioanalyst, 
U.K. 
Hycel inc., Mark X, U.S.A. 
Joyce Loebl, Mecolab, U.K. 
Lab-Line, Clinomak, Mark II, 
U.S.A. 
LKB, Ultrolab System, Sweden 
Perkin-Elmer, C4 Automatic 
Analyzer, U.S.A. 
Quickfit & Quartz, 617 
Automatic Analyser, U.K. 

P 

C,G,P 

C 

G 

C,G 

C 

C 

C 

C,G 

: 
C 

C,G 
C,G 

C,G 

Radiometer, ATSl Autopipetting G 
Titration System, Denmark 
Unicam, AC60 Chemical G 
Processing Unit, U.K. 
Union Carbide, Centrifichem, C 
U.S.A. 
Vickers, Multi-channel 300, C 

co 

co 

SP 

SP 

CO,FP 

CO,SP 

co 

co 

CO,SP 

SP 

COC4’ 

co 
co 

CO’“’ 
SP 

CO’6’ 

P 

SP 

co 

DD,DP 240 

DD,DP,CM 135 

R 

DD,DP 120 

DP 300 

DD,DP 300 

R,DD,DP,TY 160 

DP loo 

R,OD,TY,CM 300 

DP 

DP 120 

R 400 255 
R,DP 240 12 
R 300 34 

DD,DP 400 
R,DP 120 

DP 100 

DP 

R,DD,DP 

DP 

120 

600 

224,225 

242 

243 

244-248’ 

12 

34,249,250 

34,251,252 

253,254 

12 

256 
34,257-259 

12 

34,227 
260-264 
34,265 

CO,SP,FP DP,TY,CM 300 12,34,266 

(I) C: clinical, G: general, P: pharmaceutical. 
w CO: colourimetric, SP: spectrophotometric, FP: flame photometric, P: potentiometric. 
c3) R: recorder, DD: digital display, DP: digital print-out, OD: oscillographic display, TY: type- 

writer, CM: computer. 
(*) EEL model 171 Automatic Colorimeter. 
w LKB Calculating Absorptiometer or LKB Reaction Rate Analyscr. 
t6) EEL model 171 Automatic Colorimeter or Joyce Loebl Auto-Colourimeter. 

set of fifteen or more cuvettes arranged radially around the rotor. The cuvettes spin past 
the stationary beam of light of a photometer. The absorbanccs of all samples are displayed 
simultaneously as a series of peaks on the screen of an oscilloscope. Analysis is therefore 
parallel rather than sequential. 

Volumetric measurement of samples267 and phase separations274 are also accomplished 
by centrifugation and the appropriate choice of transfer disc and sequence of rotation. 



Fig. 1. Operating sequence of the rotor for the separation of precipitates (GeMSAEC 
Fast Analyserj. 

In (A), the sample and precipitating reagent are placed in the upper we% and remain 
unmixed at rest. During rotation (3) the two solutions mix, precipitation occurs, and the 
precipitate is centrifuged against the wail (Ct. During deceieration, the supernatant 
liquid is decanted into the lower holding chamber (D), and the precipitate is left in the 
upper sedimentationchamber. On reacceleration (E), the supematant liquid is transferred 
centrifugally into a cuvette or into a plastic measuring chamber. (Reproduced by per- 
mission of the copyright holders from N. G. Anderson, AYZU~. Biocltem., 1969.31, 272.) 

Figure 1 illustrates the procedure for the removal of a precipitate.368 The major advantage 
of such a system is that the total time for ane analysis is the same as for 15 or more deter- 
minations regardless of the complexity. Turn-round time for one set of samples may be as 
little as a minute. It is obvious that analytical data produced at this speed are ideally suited 
for computer processing 

Hatcher and Andersona’l have compared the results of the dete~in~tion of serum 
protein on the GeMSAEC system with the results obtained by the Kjeldahf. method and by 
the Technicon “AutoAnalyzer “. Levels of precision were comparable but the GeMSAEC 
system proved slightly more accurate, was faster and required considerably less sample and 
reagents. Up to thirty different cfinical analyses were claimed by Hatcher27J to have been 
automated, but few details were provided. He also introduced a new concept of absorbance 
easement invotving a common source and detector and various bundles of optical sbres 
for the simultaneous display of the signal from a number of probes. 

Burtis et ~1.“~ have described the development of a 42-place fast analyser and have 
presented results for a number of chemical and enzymatic analyses. Determinations for ten 
blood constituents were performed with reiative standard deviations mostly less than 2%. 
Although only 2 min were required to obtain 40 resufts, the actual time taken from the start 
of reagent preparation of the final washing of the absorption cells ranged from 16 to 20 
min per transfer disc. This corresponds to 320-160 samples per hour and the authors daim 
that this could be increased by replacing the manual sample and reagent loading with an 
automated procedure. More recently a miniature fast analyser was described.277 

Three commercial versions278 of the system were first announced in 1970. Two of these, 
by Efectro-Nucieonics and Union Carbide, have been inchided in Table 2, Litte information 
is available on the performance of these instruments under routine laboratory conditions. 
Maclinzs3 has discussed the theoretical basis of kinetic enzyme determinations with the 
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Electra-Nucleonics GeMSAEC instrument and the effect of changing the variable para- 
meters on the precision which may be expected. Tiffany et ~11.~~~ obtained relative standard 
determinations of 2.2-4.8 % on some clinical analyses. The programming of a minicomputer 
for use with this system was described by Kelly and Jansen.27g 

The Union Carbide system, known as “ Centrifichem”, utilizes a 30-cuvette rotor. Its 
performance on the determination of serum creatinine was presented by Fabiny and Ertings- 
hausen.263 Relative standard deviations from 3 to 7 % were obtained by a method which 
involved two sets of absorbance readings, taken 20 and 80 set respectively after starting 
the rotor. 

It would seem that fast parallel analysers have considerable potential in general analytical 
chemistry, particularly for those applications in which a fast result is required on a relatively 
small number of samples. Obviously, many technical improvements are required before the 
more complex procedures may be handled by this system. A variety of rotors could be made 
for different types of analyses and one could visualize such rotors being automatically pre- 
loaded with the appropriate reagents so that the user need only introduce the samples. One 
factor which will prevent the widespread use of the commercial versions is the high cost, 
at present around $20,000 excluding the computer. 

Automatic titrators 

Titrimetric procedures have been automated 2*o for many years to various extents. This 
is presumably due to the repetitive and therefore tedious nature of the operations involved 
in carrying out a titration. Automatic titrators have been based on one of two principles. 
In one type, a reagent is added at a controlled rate and the variable measured (electrode 
potential, absorbance, etc.) is continuously monitored and displayed as a function of the 
volume of titrant. Thus the full titration curve is displayed from which the equivalence 
point is obtained and the calculation made. In the other type, addition of titrant is auto- 
matically stopped at the equivalence point, generally because a preset potential has been 
reached, and the equivalence volume may then be read from the titrant-dispensing mech- 
anism. In both instances sample presentation, pretreatment, emptying and washing of the 
titration vessel, resetting of the instrument and calculation of the result has to be performed 
manually for each analysis. In an on-stream automatic titrator, such as the “ Titromatic 
Analyzer ” described in Squirrell’s book,280 most of these functions are automated. How- 
ever, such instruments require considerable maintenance and results are subject to errors 
when electrode potentials tend to drift or when the inflection at the equivalence point be- 
comes less pronounced. 

One system for automatic titrations was recently described by Johansson.281*282 It utilizes 
the graphical method of Gran for the calculation of the equivalence point. The titrant is 
added in equal increments and the electrode potential obtained after each addition. The 
sample is taken by an automatic syringe and reagents or diluents may be added before the 
titration. Sample carry-over is minimized by a water rinse between samples. The precision 
of the delivery is better than ItO* 1 %. Electrode potentials are measured and printed out at 
a preset interval after each addition. Relative standard deviations for the titration of a 
strong and a weak acid with sodium hydroxide were 0.3 and 0*4’% respectively at an analysis 
rate of 30 samples per hour. The desirability of computer calculation was mentioned but 
not discussed in any detail. 

A semi-automatic computer-based system for titrations was described by Jagner.283 It 
comprises a series of motor-driven syringes and also uses Gran’s method for the deter- 
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mination of the equivalence point. The emphasis in this instrument is on high precision. 
Jagner claims that weighing of samples is inherently more precise than volumetric measure- 
ment. Since weighing has not been satisfactorily automated, samples are weighed and pre- 
sented manually. The electrode potential is measured with a digital voltmeter which is in- 
terfaced to a “ Teletype ” paper-tape punch. A scanner enables the progress of up to 45 titrations 
to be followed simultaneously. The data on punched tape are processed by the computer 
in an off-line mode although on-line data-logging and calculations are also possible. The 
system was used by Jagner and Ar&i ra4 for the potentiometric determination of total halides 
in sea-water. Graphical evaluation was compared with computer calculations. The latter 
method produced a better precision (@02 “/,>, In a subsequent paper by Anfalt and Jagnerza5 
a fully computer-controlled system was described. 

Both of the Swedish groups of workers mentioned above base their determination of the 
equivalence point on the extrapolation method described by Gran.286 Extensions of these 
equations have been developed 2*772*8 for titrations involving weak acids or bases. The 
precision and accuracy obtainable from various methods of equivalence-point determination 
has been recently reviewed by Anfiilt and Jagner. 28g It was shown that a modified Gran 
procedure was superior to any other method. However, the calculations involved are of a 
certain complexity so that a computer becomes almost an essential component of the system. 
Several approaches to the computation of titration curves have been described.2g0-rg3 Both 
the principle of Gran’s method2g”2g6 and the advantages of computer evaluation2” have 
been receiving renewed interest recently and further developments in their utilization in 
automated analysis can be confidently predicted. 

An automatic titrator with thermometric sensing has been described by Guillot.29* Sample 
and reagent are measured by pneumatically operated syringes into a cell equipped with a 
thermistor and stirrer. Determinations by neutralization, redox and complexation reactions 
were performed with a precision of about 1%. Mueller and Burke2” have constructed a 
computer-controlled reagent-addition system incorporating a syringe microburette and a 
spectrophotometer. An acid-base titration with photometric end-point detection provided 
an accuracy and precision of better than 05 %. A novel method of digitizing the titrant 
delivery in an automatic titrationapparatus has been developed by Hieftje and Mandarano.300 
Uniform droplets of the titrant are produced and counted. The rate of delivery may be 
varied near the end-point. The system is suited for the production of derivative titration 
curves. A simpler drop-counting mechanism was described by Olsen and Foreback301 for 
the partial automation of spectrophotometric titrations. Several other titrators with fully 
automatic sample-changing facility have been described302-304 and one commercial unit 
has been included in Table 2. 

APPLICATIONS 

The uses to which automatic analysers are now being put cover every field of analytical 
chemistry. The unique requirements of clinical laboratories, i.e., a large number of deter- 
minations for a small number of sample constituents with a relatively wide tolerance on 
accuracy and precision, together with the introduction of the Technicon “AutoAnalyzer”, 
were initially responsible for the widespread application in this field. Subsequent improve- 
ments in instrumentation and development of a greater variety of methods resulted in 
automatic analysers being used also in other areas, particularly in pharmaceutical quality 
control, agricultural chemistry and food analysis. More recently, the demand for more data 
in environmental studies has led to a greater use of automated techniques in this field. 
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The literature on applications has by now grown so voluminous that a comprehensive 
coverage is difficult to achieve and becomes rapidly outdated. In this review particular 
emphasis will be given to those types of applications which have not been dealt with 
elsewhere. 

Clinical chemistry 

Methods and techniques in clinical chemistry are periodically reviewed305V306 in the 
Applications Section of Analytical Chemistry Reviews, including a section on automation. 
There is therefore no need to provide a detailed catalogue of applications here. The needs, 
both satisfied and unsatisfied, of automated clinical laboratories have been discussed by 
Gambino.g The trend to multi-component methods and instruments has been reviewed by 
Laessig” with particular reference to the costs of large-scale health-screening programmes. 
The economics of laboratory automation have also been analysed in a recent book.” 
Several other reviews have appeared on automation in clinical chemistry.‘2*34*307-310 

A system for performing eight different determinations sequentially was first described 
by Skeggs and Hochstrasser. 311 Precalibrated recorder charts serve as the analysis report. 
A parallel multichannel analyser was constructed by Thiers et al.” from standard Technicon 
components, including seven colourimeters, one flame photometer and one fluorometer. 
Technicon eventually developed the SMA 12-30, a sequential multiple analyser capable of 
determining 12 components on each sample at the rate of 30 samples per hour. Evaluations 
of this instrument have been made by Broughton et aL312 and Hoffmeister and Junge.313V314 
The latter workers studied the effect of storage time and temperature on the stability of 
serum samples and improved the reliability of the system by a new method of control and 
standardization. A subsequent model, the SMA 12-60, was evaluated by Finley et aL315 
In spite of some excellent results reported, Laessig” still considers that in general less 
accurate data are produced by multichannel systems than by the older single- and dual- 
channel analysers. A computer-based system with 12 test channels assembled from standard 
Technicon components has been described by Abernethy et a1.1g7v316 The use of an off- 
line computer was shown by Flynn317 to increase the speed of presentation with a reduc- 
tion in the frequency and magnitude of laboratory errors. 

Some of the techniques developed especially for clinical work could have a wider appli- 
cation, but by being published in specialist journals escape general attention. An automated 
method for the determination of protein-bound iodine has been described by Knapp and 
Spitzy. 31 * They combine a continuously operating ashing oven with an “ AutoAnalyzer” 
for iodide. An automated procedure for iodine at low concentrations in biological materials 
was evaluated and compared with a neutron-activation method.31g Both methods were 
found to have comparable precision and accuracy. 

Blood-cell counting has been automated by interfacing a standard “ Coulter Counter ” 
with an “AutoAnalyzer” which also performs haemoglobin determinations.lE2 Cell sedi- 
mentation in the samples is prevented by magnetic stirring. The Technicon method for 
glucose determination has been the subject of a lot of attention mainly because of its lack 
of specificity. Edwards and Freier 320 have determined the extent to which disaccharides 
and other reducing substances dialyse across the membrane. They also determined the 
effect of temperature and analysis rate on the dialysis efficiency of glucose and found that 
interaction between samples was up to 4.7 %. Hinton and Norris321 found that the presence 
of sucrose affected the performance of continuous-flow systems for protein determination. 
A twofold increase in cross-contamination occurred when the sample was 1*8M in sucrose. 
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Elimination of the dialysis step to simplify the simultaneous microdetermination of urea 
and glucose in serum was reported by Caron et al. 322 The reliability of the o-toluidine 
method for blood-sugar determination was found by Sommer and Herbinger3” to depend 
critically on the concentration and speed of analysis. Sudduth et al. 324 compared this method 
with a ferricyanide and a specific enzymatic procedure. The u-toluidine method produced 
the best accuracy and a relative standard deviation of I.2 %. Other hexoses were found to 
interfere. A modified enzymatic procedure for glucose in blood was described by van der 
Silk et al.325 Homby et al. 326 have reported a novel method for glucose in which glucose 
oxidase is chemically attached to the inner surface of a polystyrene coil in a continuous- 
flow system. 

Electrolytes of clinical interest include sodium, potassium, calcium, magnesium, iron, 
certain other metals and halides. A procedure for serum sodium and potassium determin- 
ation, utilizing a Technicon sampler, an on-line diluter and a flame photometer, has been 
presented by Pennacchia et al. 1’4 The simultaneous determination of sodium, potassium 
and chloride has been performed by Haeckel”’ on a Perkin-Elmer C4 analyser. The usable 
range for potassium was limited and other halide ions interfered. A simplified system for 
the two alkali metals with carbon dioxide and urea has been described by Kind et a1.327 
Calcium and magnesium determinations in serum and other biological materials have been 
performed by atomic-absorption spectrophotometry.‘62*163 Lott and HermanJza have 
shown that the presence of proteins can be a source of error by increasing the rate of dialysis 
of calcium and magnesium ions. 

Calorimetric procedures have been used for iron and iron-binding capacity in serum, 
with continuous-flow systems. 32g*330 The simultaneous determination of copper and iron 
has been described by Kattermann and Koehring.“i Fluoride in urine has been determined 
by Hargreaves et al.’ 54 with a lanthanum-alizarin complexone reagent after a distillation. 
Chloride and carbon dioxide in plasma have been simultaneously determined with the 
” AutoAnalyzer “.172 A turbidimetric method for sulphate determination was automated 
by Dieu. ‘*’ Coating of the flow-cell with barium sulphate was prevented by an air-rinse 
between samples. 

Deuterium oxide in water and biological fluids was determined“j5 by coupling an infrared 
spectrophotometer to an “ AutoAnalyzer “. Concentrations between O-1 and 1% D,O 
could be determined with a relative standard deviation of l-4%. Knowles and Hodgkin- 
sons3 described an enzymatic method for the determination of oxalic acid in serum. The 
specific enzyme decarboxylates oxalic acid to produce carbon dioxide which is then deter- 
mined calorimetrically. A heated gas l3lter is used to remove any aerosol from the gas phase. 
The metabolic activity of collagen has been assessed by the determination of hydroxy- 
proline in plasma and urine by an “AutoAnalyzer” procedure.33’ In the concentration 
range of 2.5-15 pg/ml, the relative standard deviation was 2.6 % and excellent agreement 
was obtained with an isotope-dilution method. Grant and Ha11332 have reviewed automated 
methods for steroid analysis. 

An interesting application of a continuous-flow dialysis technique has been reported by 
Stein.333 The binding of dialysable compounds to macromolecules was studied by a dynamic 
method utilizing an “ AutoAnalyzer “. The information was obtained faster than by the 
conventional equilibrium procedures. 

The procedures of clinical interest which may be performed on parallel fast analysers 
(GeMSAEC) have already been referred to. 
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Pharmaceutical chemistry 

Two symposia5*6 and a review’ with 293 references have dealt with the use of automated 
techniques in pharmaceutical analysis up to 1968. Some of the special requirements of 
pharmaceutical quality control include the need to determine one or more active components 
in a single determination, the ability to handle solid samples such as tablets, and the use of 
turbidimetric procedures for biological assays. 

The construction and operation of an automatic dispensing analyser for the assay of 
individual tablets has been described by Beyer and Smith 334 It incorporates a Technicon . 
pump and continuous filter. The simultaneous determination of several components in 
single tablets has been described recently by Urbinyi and O’Connell.13’ Reserpine, hydra- 
lazine hydrochloride and hydrochlorothiazide were assayed respectively by fluorometric, 
calorimetric and ultraviolet spectrophotometric measurements. Murfin166 has reported 
“ AutoAnalyzer ” methods for the determination of two or three components of commercial 
analgesic tablet formulations. Urbinyi and Lirnla6 used an infrared spectrophotometer 
coupled to an “AutoAnalyzer” with solid sampler to determine methylphenidate hydro- 
chloride in tablets after extraction. Although the method is not specific and less precise 
than the official procedure, it is adequate for uniformity testing. A similar technique has 
been employed by Ryan et al. 135 for the determination of meprobamate. A dual extraction 
procedure for tablet assay has been described by Ahuja et af.43 Single tablets of chloral 
betaine have been assayed by Bryant et a1.335 after double dialysis. 

A variety of amine drugs has been analysed by Robertson et a1.336 by the acid dye tech- 
nique. Bromothymol Blue at pH 6 is used for all polar, primary and quaternary amines 
while Bromocresol Purple at pH 2 is the indicator for non-polar compounds. The deter- 
mination of phenylephrine hydrochloride has been automated by Lane.‘32 This method has 
been the subject of a collaborative study 133 showing a maximum coefficient of variation of 
4.5 %. Cyclohexylamine in cyclamates has been determined by Berry and Crossland at 
concentrations as low as 5 ppm, using a calorimetric “ AutoAnalyzer” method. Multi- 
vitamin preparations have been analysed by Cavalli and Rurali,33* Geller et a1.33Q and 
Bryant et al.34o 

Penicillin determination by a calorimetric “ AutoAnalyzer ” method has been described 
recently by Holm. ‘*’ A high degree of sensitivity, accuracy and precision is claimed. The 
assay of a variety of commercial penicillin preparations has been reported by Mills.260 An 
automated apparatus for the turbidimetric determination of antibiotics has been constructed 
by Kuzel and Kavanagh. 240V241 The calculation of potencies may be performed by com- 
puter.341 More recently a similar apparatus has been built by Rippere and Arret342 from 
commercially available components. Several other procedures for automated microbio- 
logical analysis have been described.343-345 

Some additional recent papers have been included in Table 3 under a number of broad 
headings. 

Agricultural and food chemistry 

The use of a Technicon “AutoAnalyzer” for chemical analysis in agricultural research 
has been discussed by Skokan. 356 The determination of total nitrogen in fertilizers has 
been automated by Gehrke et a1.13’ This involves the manual reduction of all nitrogen com- 
pounds to ammonia followed by automated digestion and reaction with hypochlorite and 
alkaline phenol. In a later paper lE3 the reduction step was also automated. Potassium in 
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Table 3. References to automated phamaceuticai 
ZWalYseS 

amphetamines 336 
aotibiotica &ofourimetric~ 189,250,353 
ar3tibiotic.s ~~r~~~c~ 2~~241,34~_34~ 
barbiuratea 50 
chlomJ betaine 335 
codeim 336 
CyCl~;irtcs 337 
digitoxin 350,351 
mzymes 226,261 
epkdrines I35133,336 
hydralazine hydr~b~o~da 131 
Rlep~obaolate 135 
methylpheeidate hydrochloride 186 
pi%m&amol 166 
phenacatin 166 
phenmetmzine 43,336 
me&e 131,34&349,354 
revitws S-7,346 
steroids 352 
tablets 43,131,186,334,339,350 
vitamins 338-340,347,355 

fertilizers has been determined by automated tIame photometry and the resulrs of a co&&- 
orative study were presented by Hambleton.“‘8*35f The d~te~inat~on of manganese in 
fertilizers containing trace elements has been described by HoIz.~~~ Phosphorus has been 
determined in rock,3s9 fertilimrs360 and superphosphoric acid.361 

One of the earliest non-clinical applications of the Technicon “AutoAnalyzer” was the 
determination of zinc and other trace metals in soil extracts by Stanton and McDon- 
afd.‘21-‘t2 The sirn~~neo~s analysis of soils for calcium, potassium, magn~ium and 
phosphorus has been performed by Lacy. 12* The first two elements are determined by Same 
photometry, magnesium by atomic absorption and phosphorus by the molybdenum blue 
method. Up to 40 samples per hour may be handled. In a study of American soils similar 
procedures have been followed by Flannery and Markus,362 using different extractants. 
It was noted that tow caicium values were obtained in the presence of sulphate. Automated 
methods for the determination ofnitro~n in soil extracts have been devefoped by Keay and 
Menage35756 and Henrikscn and Seimer-Olsen. ‘* The latter reduce nitrate to nitrite by 
passing the solution through 8 coppered cadmium reductor-column interfaced with an “Auto- 
Analyzer ” manifold. Nitrite is then determined colorimetricaity with sulphanilic acid and 
l-naphthy~ethylenediamine dihydrochloride. The exchange capacity of a large number of 
African soil samples has been determined by Burdin et a& $” The results from the automated 
method were siightly higher than from the manual dissipation procedure. The dete~ination 
of pH of soils has been automated by Baker. 230 Up to 100 samples per hour can be measured 
with automatic temperature compensation, magnetic stirring, washing of electrodes and 
rinsing of containers. A high degree of correlation with manual pH determination was 
found. Varley and Baker ” have described an eiectronic timer to increase the speed of 
anaiysis of plant and soil samples. 

Plant tissues and extracts have been analysed for a variety of elements, Boron has been 
determined by WiIiis,364 using quinalizarin, and by Basson et a1.365 with the condensation 
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product of salicylaldehyde and H-acid. Nitrogen in plant tissue has been determined by the 
indophenol method after manua1’25~366 or automatic’23 digestion. An acid digestion has 
also been performed on plant extracts for fluoride determination.42 Hydrofluoric acid is 
distilled in the digestor helix and collected in lanthanum-alizarin complexone reagent for 
colourimetric estimation. Plant growth has been studied by automated starch determin- 
ation on the “AutoAnalyzer”, by means of the blue colour obtained with iodine. Good 
precision and recovery were also obtained in the estimation of starch in tobacco leaves.36* 

The automation of sugar analysis has been discussed by de Boos,~~’ including a number 
of physical measurement and data-processing techniques. Floridi13’ has developed a 
method for the separation of mono-, di- and trisaccharides by ion-exchange chromato- 
graphy followed by a calorimetric determination on an “ AutoAnalyzer”. A continuous 
method for the measurement of periodate uptake in oxidized sugars by determination of 
iodate has been described by Barker et al. 370 Sawyer and Dixon have developed an auto- 
mated procedure for the determination of the “ original gravity of beer, ” involving analysis 
for reducing sugars3’l and alcoho1.136 A special distillation unit was developed for use with 
an “AutoAnalyzer “. A system for peak detection and data processing has also been 
given. 372 A review of electrometric methods including the determination of sugars in beer 
has been made by Sawyer and Foreman.14’ 

Table 4 provides a summary of the applications in agricultural and food analysis. 

Environmental chemistry 

This field is inherently very large, particularly when one includes the automated deter- 
mination of naturally occurring substances as well as those which have been introduced by 
man into the environment. Frequently, the concentration range of interest is considerably 
lower than in other types of applications. As legislative control over the type and concen- 
tration of wastes being discharged into the environment is becoming more prevalent, the 
use of automated techniques is expected to increase. Many single-purpcse monitors are 
available but these are generally based on instrumental rather than wet chemical principles 
and will therefore not be dealt with here. 

Automated methods are reviewed annually’*5~3*6 with the emphasis on inorganic con- 
stituents in waters and waste waters. In the Applications Section of Analytical Chemistry 
Reviews a part of the review on water analysis is usually devoted to automated techniques.“’ 
The instrumentation for water analysis has been discussed by Sprenger,16 and King3** has 
listed some methods for use with the Technicon “AutoAnalyzer “. An elaborate instrument 
for the determination of oxygen-demand, phenol, cyanide, oil and turbidity in environmental 
water and industrial discharges has been presented by Sunahara et al.‘*’ It is a discrete 
system in which most of the parameters are determined by wet chemical means. An evalu- 
ation of the Technicon CSM-12 for the continuous determination of twelve water-quality 
parameters has been made by O’Brien and Olsen.3g0 They found poor agreement with 
manual procedures and experienced a number of mechanical difficulties. Hey and Hark- 
nessJgl have discussed some of the problems involved in automating existing methods for 
the analysis of sewage and effluents. They divide waste water determinations broadly into 
three categories : organic matter, nitrogenous substances and miscellaneous inorganic 
elements and ions. StackJg2 has reviewed the water-quality surveillance programmes used 
by the Environmental Protection Agency, geologists and industry generally. He emphasizes 
the need for “real-time ” analytical information. A system for data collection from auto- 
matic water-pollution monitoring stations has been described by Manczak.3g3 The use of 
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Table 4, References to automated analysis in agricuiturai 
and food chemistry 

Review 356 
Fe&ii: 

nisrosn 139,183 
phssphoru~ 359-361 
paw&m 138,357 
tract met& 358 

Soils : 
exchange capacity 363 
herbicides 383 
%Ca*M&P 124362 
nitrogen ~5~~6,~7~8~,3~ 
PR 230 
trace metals 121,122 

Plants, fwds, beverages: 
alcohol f 36,376 
animal feeds 353,355 
beer ~36*137,14~~3~~~3~*376 
boron 364,365 
co&e beans 
enzymes E,377,384 
fluoride 42 
fruit juice 347 
grain, flour 41,375,380 
K Ca, Mg 125,373 
z&en 384,382 

41,123,125,173,3fi6,374,375J%o38I 
pesticides 109,378,3X$384 
phosphorus 123,125,373,382 
starch 367,368 
sugan 134145,36!9-372 
tobacco 367,368 
vitamins 347,355 

selective ion-electrodes in the monitoring of water-treatment processes for a variety of 
added chemicals has been discussed by Rivers and Schweitzer.“* 

A guide to the selection of methods and equipment for automatic air-monitoring has been 
given by Effersz2 A brief description of the Technicon CSMS Air Monitor has appeared3’s 
and Zaleikosg6 has presented a general review of coforimetric procedures for use on the 
Technicon I‘ AutoAnalyzer ‘* in air-pollution measurement programmes. 

The tedious nature of the manual determination of chemical oxygen demand (C.O.D.) in 
waters, coupled with the importance of such data, has produced a variety of automated 
techniques The principle of oxidation with potassium dichromate has been used by Hey 
ei &3g7 using a specially built apparatus, and by Haines and Ansefm3’a on a Technicon 
~~ AutoAna~yzer “. The reaction time has been shortened from several hours under r&M to 
approximately 10 min by heating to 150”. Hey ei at. designed their system around commer- 
cial syringe-dispensers because of attack by concentrated sulphuric acid on the peristaltic- 
pump tubing. Some of the auxihary equipment for this instrument has been described by 
PhiUips.3g*~400 A method for organically bound carbon, involving a silver-cataiysed oxi- 
da&n by perstiphate, has been automated by Popp and EngelhardL401 Recentfy, Fleet 
et dz4’ have used a novel system based on a Technicon “AutoAnalyzer” with potassium 
dichromate or permanganate as the oxidant. The excess of oxidant is reacted with hydrogen 
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Table 5. References to automated analysis in 
environmental chemistry 

air monitoring 48,216,217.221,395,3% 
boron 225,402 
chloride 403 
C.O.D. 141.397-401404 
cyanide 184,405 
detergents 153,233,235 
effluents 153,388,389,391,402,405 
fluoride 406,407 
mercury 60,68,120.237-239 
metals 48,101,152 
nitrogen 81,82,108,408-411 
pesticides 109 
phenols 54 
reviews 17,385-387,392 
sea-water 225,408-410,412 
sulphate 134 
sulphide 99,412,413 
water monitoring 16,385,386,389,390,392-394,407 

peroxide and the oxygen produced is measured coulometrically by a porous catalytic silver 
electrode. Satisfactory agreement is obtained for a number of organic compounds with 
the standard manual procedure and with theoretical C.O.D. values. A summary of these 
and some additional references is presented in Table 5. 

Miscellaneous applications 

The increasing use of automated techniques in general and industrial analysis is shown 
by the number of recent papers which do not fall into any of the categories used so far. 
One area in which considerable development is occurring at the present time is that of 
reaction-rate techniques in analytical chemistry. Such methods frequently have advantages 
of sensitivity and selectivity and are becoming of practical significance with the introduction 
and improvement of automated instrumentation. Reviews on the use of enzymes and kinetic 
aspects have generally incorporated a section on automated techniques414*415 and the use 
of computers. 416 A detailed discussion here is not warranted because a number of review 
papers have appeared recently.417420 

The automation of the analysis of heterogeneous and bulk materials such as rocks and 
alloys is limited by the difficulty in obtaining a representative sample without manual inter- 
vention. An anodic dissolution technique has been described” for the determination of 
phosphorus in copper in which the manual operation is reduced to inserting the sample into 
an electrolytic cell. It is doubtful whether such a technique would be generally suitable for 
alloys. Steel samples421*422 are usually brought into solution in the conventional manner 
so that the time-saving achieved by automating the colourimetric measurement is minimal. 
However Atherton et al.4z3 have found that rock analysis can be done three times as fast 
by automated methods as by manual methods, without any loss in precision. 

Corrosion problems have been studied by the automatic determination of trace metals in 
water424 and chloride in industrial liquors. 42s Sebbom426 has applied automated techniques 
for metals in the range up to 10 ppm in several hundred chemicals used in the photographic 
industry. Fleet et a1.14’ have described a method for the determination of sodium hypo- 
chlorite in bleaching solutions. It is based on a Technicon “ AutoAnalyzer” and uses a 
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Table 6. Miscellaneous applications of 
automated techniques 

aluminium 427,428 
amino-acids 100,146 
bleaching agents 140 
boron 429 
carbohydrates 100,107 
chloride 425 
corrosion studies 424,425 
formaldehyde 100 
geological materials 129,421,423 
kinetic methods 155,209,250,414-420 
metals, alloys 77,421,422,428,429 
molybdenum 129 
petroleum products 15,234 
phosphates 78,107,431-434 
silicon 421 
thorium 435 
trace metals 424.426,43 1 
uranium 151,436,437 
urea 430 

hydrogen peroxide reagent and a coulometric oxygen sensor consisting of a porous catalytic 
silver electrode. The same procedure may be used for hydrogen peroxide determinations 
with a potassium periodate reagent. 

These and other applications are summarized in Table 6. Recently, a standard format has 
been recommended43s for the publication of automated analytical methods. The format 
provides for description of apparatus, analytical principles involved, calibration and per- 
formance checks, maintenance of the system and experimental procedure. 

COMPUTERS 

No review on automated analysis would be complete without some reference being made 
to the use of digital computers. The type and volume of data produced by automatic analysers 
are ideally suited to computer processing, particularly if the calculations include the appli- 
cation of corrections for sample interaction and instrument drift. There are three basic 
modes in which computers are utilized. In the first, the instrument signal is recorded on 
chart paper, punched tape or in any other suitable form and the computer calculations are 
performed later. This method is generally referred to as “ off-line ‘* or “ batch-processing. ” 
It is generally the most economical technique and is suitable for automatic analysers where 
the rate of data production is relatively slow when compared with chromatographs or 
scanning spectrophotometers. In the second method, the computer acquires and processes 
the data from the analyser as they are being generated. Since this “on-line method” may 
be an inefficient use of computer capability, time-shared systems are frequently used in 
which the output from several instruments is processed by a common computer. In the 
third mode, which may be on a “ stand-alone ” or time-shared basis, the computer controls 
all of the operations of the automatic analyser as well as carrying out data processing. 
Such a system has inherent advantages and is desirable whenever the analytical information 
is used for automatic control of a plant or a process. During the discussion of instrumen- 
tation and applications, examples of the three methods have been mentioned. Many of the 
modem instruments, including the specially built automatic titrators, produce data in a 
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format such that a computer is either an integral component of the system or a desirable 
accessory. 

A detailed review of the literature is not necessary since a number of comprehensive 
review papers have appeared in the last few years. Childs el al.4393440 have surveyed the 
applications of computers in analytical chemistry with emphasis on spectroscopic, electro- 
analytical and chromatographic techniques and the calculations of ionic equilibria and 
kinetic parameters. No references were given to automatic wet chemical analysers. Frazer441 
discusses digital control computers and specifically mentions a commercially available 24- 
channel discrete-sample analyser which incorporates a computer. More recently, Perone 
has reviewed computer applications in the chemistry laboratory, including a discussion of 
the historical development and possible future applications. Useful sections on computers 
may also be found in the review by Kuzel et aZ.’ and in the Technicon Bibliography.35 
General criteria for on-line computerization of analytical instruments have been de- 
scribed.443Y444 

A growth rate of 18 % per annum has been predicted3i in the use of computers with 
analytical instruments and by 1980, 30 y0 of all such instruments capable of being com- 
puterized will be. Economic considerations in the installation of on-line computers with 
time sharing have been discussed by Munson and Schneider.445*446 They have approached 
the subject from the position of both laboratory personnel and laboratory management. 
Clinical applications account for the majority of publications on computerized automatic 
analysers. A system in which up to twelve test channels from six standard “AutoAnalyzers” 
are coupled to a PDP8IS computer has been’described by Abernethy et aZ.1g7*316y447 The 
analytical signal is obtained from retransmitting slidewires on the recorders. The programme 
functions include peak detection, data smoothing, drift correction, third-order polynomial 
curve-fitting, correction for specimen interaction and collation and print-out of results. The 
computer has a memory core of 8K and a 32K disc file is used for programme storage. 
Several other clinical systems have been described44*V44g and Whitby4” has reviewed the 
suitability of on-line and off-line methods for large and small hospital laboratories. An off- 
line system has been described451 incorporating a peak-reading device for use with a data 
terminal to a remote computer. It has also been shown 452 how a relatively inexpensive pro- 
grammable calculator can be used for calculations of concentrations from absorbance values. 

Four different methods for calculating concentrations from “ AutoAnalyzer ” results were 
compared by Torud. 453 Two involved computer programmes of differing complexities, one 
used a programmable calculator and one method was largely manual, using a transparent 
chart-reading device. It was shown that the corrections for drift in baseline and standards 
which the computer programmes apply resulted in a slight but significant improvement in 
both accuracy and precision. Keay 454 has discussed the application of a computer in the 
automated analysis of soils. The equipment required to interface the colourimeter of the 
analyser to either a paper-tape punch or a computer is described. 

A recent paper by Mueller and Burke 2gg describes a reagent-addition system and spectro- 
photometer under closed-loop control by a Hewlett-Packard computer. A photometric 
titration is performed in which the titrant addition rate is varied by programme control to 
meet the requirements of the solution being titrated. Some of the other computerized auto- 
matic titrators2*‘-285~300 h ave already been mentioned. A miniature on-line digital computer 
has been developed by Parker and Pardue in which several programmes for various 
applications are stored. The system incorporates a numerical data display and has been 
used for the kinetic analysis of organic and inorganic compounds. 
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R&aurnUn presente une revue de I’analyse automati&, comprenant I’instrumentation et 
les applications. 

Zmannnenfassnng-Es wird eine Uhersicht titer die automatisierte Analyse gegehen, ein- 
schliel3lich instrumenteller Ausriistung und Anwendungen. 



Tohnra, Vol. 20, pp. 1077-1083. Pcrgamon Press, 1973. Printed in Great Britain 

PRECIPITATION OF MAGNESIUM AMMONIUM 
PHOSPHATE FROM HOMOGENEOUS SOLUTION BY 

MEANS OF HYDROLYSIS OF 
p-NITROPHENYLPHOSPHATE WITH AN ALKALINE 

PHOSPHATASE 

SEIICHIRO HIKIME, HITOSHI YOSHIDA, MITSUHIKO TAGA and SHIGERU TAGUCHI 
Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo, Japan 

(Received 8 January 1973. Accepted 11 April 1973) 

Summary-In the precipitation of magnesium ammonium phosphate from homogeneous 
solution, phosphate ions were generated by means of hydrolysis of pnitrophenylphosphate 
with an alkaline phosphatase. Conditions for the gravimetric determination of magnesium ion 
as magnesium ammonium phosphate hexahydrate were investigated. 

Precipitation from homogeneous solution (PFHS) is a useful technique in gravimetric 
analysis, and hydrolysis of urea with urease has been applied to the precipitation of some 
metal-chelate compounds . ‘A The application of the catalytic action of enzymes for generat- 
ing precipitants in situ has also been investigated. 

Although, up to the present, the pyrophosphate and %hydroxyquinoline methods have 
been utilized for the gravimetric determination of magnesium5*6, both have some trouble- 
some problems. However, gravimetr.ic determination of magnesium as magnesium am- 
monium phosphate can be done simply and satisfactorily by means of PFHS, applying 
hydrolysis of p-nitrophenylphosphate with an alkaline phosphatase in weakly alkaline 
solution. Conditions for the determination have been investigated and the effect of Cu(II), 
Zn(II), Ni(I1) and Co(I1) tested. 

EXPERIMENTAL 

Magnesium solution, 1 mg/ml. Prepared by dissolving magnesium sulphate in water, and standardized 
with EDTA solution which had been standardized with metallic zinc (99999% pure), Eriochrome Black T 
being used as indicator. 

Sodium gnitrophenylphosphat solution (NPP), 0*8M. Further diluted with water as require-d. 
Alkaline phosphntase, O-1 % (w/v) aqueous solution. Prepared from calf-intestine alkaline phosphatase 

(activity: 1.2 units/mg, Miles-Seravac (Pty) Ltd.) and kept in the refrigerator before use. 
Buffer solution, pH 9.5. Equal volumes of 5M ammonia and ammonium chloride solutions. 
Wush-solution. A 1 : 1 : 5 : 3 mixture of O.lM disodium hydrogen phosphate, cont. ammonia solution, 

ethanol and water. 
All chemicals used were analytical-reagent grade. 
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Procedure 

Transfer 10 ml of a sample solution containing less than 20 mg of magnesium into a lOO-ml beaker. 
Add 5 ml of buffer solution (pH 95), 3 ml of O-8 Mp-nitrophenyiphosphate (i.e., equivalent to 3 times the 
amount of phosphate needed for 20 mg of magnesium) and 3 ml of O-1 % alkaline phosphatase solution, and 
dilute to 50 ml with water. Keep the beaker containing the solution at 30” for 8 hr, filter off the precipitate 
and wash it with 50 ml of wash-solution, dry it at 50” for 7 hr, and weigh as MgNH,PO. * 6Hz0. 

RESULTS AND DISCUSSION 

Activity of alkaline phosphatase 

The activity of an enzyme, in general, depends on temperature, hydrogen ion concentra- 
tion of the solution, kinds of metal ion present, its history, etc. The optimum pH and 
temperature had to be established for p-nitrophenylphosphate to be hydrolysed smoothly 
with alkaline phosphatase. 

PH. Ammonia-ammonium chloride buffer solutions of pH 7-l 1 were prepared. Then 
1 ml of 10e3M p-nitrophenylphosphate, 1 ml of @01x alkaline phosphatase solution, 
and 10 ml of water were added to 10 ml of each buffer solution and the mixtures were kept 
at 30” for 1 hr. Five ml of each solution were transferred into separate 50-ml volumetric 
flasks containing ca. 40 ml of saturated sodium carbonate solution (to stop the reaction). 
The solutions were diluted to 50 ml with the sodium carbonate solution, and the absorb- 
antes were measured at 400 nm. 

As shown in Fig. 1, the phosphatase has optimal efficiency at around pH 9.5. The result 
agrees with the literature’ value and the pH value is also suitable for precipitation of 
magnesium as MgNH4P04.6H20.6 

0.15 r b 

I I I I 
8 9 IO II 

lnltlal pH 

Fig. 1. Effect of buffer solution on activity of the enzyme. 

Buffer soln. lo- 3M NPP 0.01% Enzyme Hz0 
4: 10 ml 1 ml 1 ml 10ml 
b: 10 ml 1 ml 2 ml 9ml 
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a : 25”C, Enzyme I ml 

3O”C, Enzyme I ml 

c 35’C, Enzyme I ml 

d : 4O”C, Enzymelml 

e 45oC, Enzyme I ml 

45% Enzyme none 

OGOIM-NW I ml 

60 120 

Reaction time, min 

Fig. 2. Hydrolysis of NPP 

Temperature. In experiments at 25-45”, efficiency of the enzyme increased with temper- 
ature. However, as shown in Fig. 2, the hydrolysis is 60-70x complete in about 2 hr, ir- 
respective of temperature. 

To find the optimum conditions for the PFHS, the effects of the amount of enzyme, buffer 
action, amount of precipitant etc. were examined. 

Effect of amount of enzyme 

The rate of hydrolysis of the p-nitrophenylphosphate depends on the amount of enzyme. 
The effect of hydrolysis rate on precipitation of magnesium ammonium phosphate was 
studied under the following experimental conditions: Mg(I1) 10 mg, pH 9.5, 0*4M p-nitro- 
phenylphosphate 3 ml, alkaline phosphatase 0.2%3.0 mg, reaction temperature 30”. 
At equal intervals, the solution was filtered and the concentration of magnesium in the 
filtrate was determined by atomic-absorption spectrometry. Results are shown in Fig. 3, 

The rate of hydrolysis can be controlled easily by changing the phosphatase concen- 
tration, if other experimental conditions are kept constant. To precipitate quantitatively 
10 mg of magnesium the following conditions are recommended: 3 ml of 0.4M p-nitro- 
phenylphosphate, 3 mg of alkaline phosphatase, 8 hr standing at 30”. Use of higher tem- 
peratures tends to give wool-like precipitates. 

E#ect of buffer 

Table 1 shows the results which were obtained for 9.74 mg of magnesium when 0*5-6*0 ml 
of the pH 9.5 buffer solution were used. Satisfactory results can be obtained by addition 
of more than 2 ml of the buffer solution, but 5 ml were used in the further experiments. 
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Reoct~on tim8, hr 

Fig. 3. Effect of amounts of enzyme 
Amounts of enzyme (mg). 

a:3.0, 6:2-O, c:l*O, d:O+, e:@25. 

Eflect of precipitant 

p-Ni~ophenylphospha~ was chosen as the reagent, because it hydrolyses stoichio- 
metrically to ph~phate and ~nitrophenol, and the hydrolysis can be stopped easily by 
pouring the solution into saturated sodium carbonate solution. The degree of the hydro- 
lysis can be easily estimated by absorbance measurements. 

As shown in Table 2, satisfactory results are obtained when at least 100% excess of 
reagent is added. 

It has been recommended in general to add alcohol to the wash-solution in the magnesium 
determination, because magnesium ammonium phosphate is relatively soluble. Three 
wash-solutions were prepared: A (SMNH, : SMNHJI : 0+lMNa2HPOc = 1: 1: I), 
3 (solution A: &H,OH = 4 : I), and C (O*IM Na,HPOb : cont. NH3 : C2H50H : H,O = 
1: 1:5:3). 

When precipitates of magnesium ammonium phosphate (l@ 11 mg of Mg) were washed 
with 100 ml of each solution, losses of magnesium were 0.01, O-01, and O-003 mg, for A, B 

Table 1. Effect of buffer 

Buffer solution Mg Difference 
added, ml Final pH found, mu w 

0.5 8.7 9.54 -0.20 
1.0 9.0 9.65 -0G9 
2.0 93 9.70 -0.04 

;:; 94 
;:; 

9.70 9-72 -o+I4 -@02 
6-o 9.70 --QO4 

(Mg 9.74 mg, initial pH 95, @4M NPP 3 ml, enzyme 3 ml) 
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Table 2. Effect of precipitant 

0*4M NPP 
added, ml 

Mg 
Difference 

Taken, mg Found, mg w 

0.4 9.74 2.83 -6.91 
0.8 9-74 5.38 -436 
1.01 9.74 7.34 -240 
2.0 9.14 9.69 -0.05 
3.0 9.74 9.13 -0.01 
4.0 9.74 9.77 +0*03 
6.0 9.74 9.73 -0.01 

10.0 9-74 9.75 +0*01 

* Equivalent to Mg. 
(Buffer solution 5 ml, pH 9.5, enzyme 3 ml). 

and C respectively. With 50 ml of C, the loss of magnesium was QOO25 mg. Less than 50 ml 
of wash-solution did not give sticient washing and the precipitates were coloured a little 
yellow by adsorption of p-nitrophenol. It is best to wash the precipitates with more than 
50 ml of C, to reduce loss of magnesium. 

Drying of precipitates 

Although MgNH,PO,*6H,O is not preferred as the weighing form in the conventional 
method, the possibility of using it was studied. It was difficult to obtain constant weight as 
MgNH,PO,*H,O by drying the precipitate at 80” and negative errors were obtained when 
the precipitate was dried at 65” to yield MgNH,PO,*6H,O. When, however, precipitates 
were dried at 50” for more than 5 hr, the weight of MgNH,P04*6H20 agreed satisfactorily 
with the theoretical value for 10 mg of magnesium. If the amount of precipitate is less or 
more than that for 10 mg of magnesium, the drying time should be changed; for instance, 
3 hr at 50” for 5 mg and more than 7 hr for 20 mg of magnesium. 

Determination of magnesium 

By means of the proposed procedure 5-20 mg of magnesium were determined satis- 
factorily as shown in Table 3. The magnesium content of the filtrates was determined by 
atomic-absorption spectrometry and was below 0.01 mg. 

The dried precipitates were dissolved in O*lM hydrochloric acid and M8+, NH_++ and 
PO‘+3 - determined by the usual methods.5 The results (Table 4) agree well with the cal- 

Table 3. Determination of magnesium 

No. of 
expts. 

Mg 
Standard Random error 

Taken, mg Found, mg deviation, mg % 

5 4.87 4.86 0.02 
10 9.74 9.77 0.02 0.1-0.6 
3 10.11 10.09 0.02 
5 19.48 19.53 0.01 
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Table 4. Composition of precipitate 

Theoretical value Experimental value, 
for MgNHZOI*6H20, 

% % 

Mgs+ 9.9, 9.9 f 0.3 
NI&+ 7.35 7.6 f 0.2 
Po*‘- 38.7 40 *1 
Hz0 44.0 43 &l 

culated values for MgNH,P04-6H20. The water contents were calculated by difference 
and the value agreed with the result obtained by means of a differential scanning calori- 
meter. 

Although the accuracy and precision of the PFHS method were almost as good as those 
of the conventional method, the PFHS method gave much lower co-precipitation of Cu(II), 
Zn(II), Ni(I1) and Co(I1). Results are shown in Table 5. 

Table 5. Effect of some diverse ions 

Ions 
added, mg 

PFHS method 

M8 M8 Error 
taken, mg found, mg % 

Conventional method 

MB Error 
found, mg % 

cu 10 974 9.71 0.3 9.79 0.5 

zn 10 9.74 9.79 0.5 1060 Ni 10 9.74 11.14 14.4 13.11 3i.z 
co 10 9.74 13.73 40.9 1686 73.1 

As shown in Table 5, the presence of the same weights of copper and zinc as of mag- 
nesium may be tolerable for the determination of magnesium. When only nickel is present, 
and no magnesium, no precipitate is formed, but nickel co-precipitates when magnesium 
is also present. Part of the cobalt precipitates simultaneously with the magnesium. These 
two species should be removed before the determination of magnesium. 

Ferric iron and aluminium give precipitates with p-nitrophenylphosphate itself, and 
alkaline earth metals are precipitated as phosphates. 
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Zusassaassung-Bei der Fiillung von Magnesiumammoniumphosphat aus homogener 
Liisung wurden Phosphationen durch Hydrolyse von p-Nitrophenylphosphat mit einer 
alkalischen Phosphatase erxeugt. Es wurden die Redingungen zur gravimetrischen Restimmung 
des Magnesiumions als Magnesiumammoniumphosphat-Hexahydrat untersucht. 

Rbsum&Dans la precipitation du phosphate anunoniaco-magnbien d’une solution homogene, 
les ions phosphate ont et6 prod&s au moyen de l’hydrolyse du phosphate de p-nitrophenyle par 
une phosphatase alcaline. On a &die les conditions du dosage gravimbrique de I’ion mag- 
nesium A 1Vtat de phosphate de magnesium et d’ammonium hexahydrate. 
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DALE A. WILLIAMS* and GEORGE H. SCHENK 
Department of Chemistry, Wayne State University, Detroit, Michigan 48202, U.S.A. 

(Received 30 November 1972. Revised 25 April 1973. Accepted 1 May 1973) 

Summary-An indirect spectrophotometric method, based on the rapid Diels-Alder reaction 
between cisoid 1,3-dienes and tetracyanoethylene (TCNE) and the destruction of an aromatic- 
TCNE x-complex, was developed to determine eleven 1,3-dienes in the O-05-1*00 x 10e3M 
range. These dienes were: cyclopentadiene; 1,Ecyclohexadiene; trans-1,3-pentad; 2,4- 
dimethyl-1.3~pentadiene; trnns-2-methyl-1,3-pentadiene; 2-methyl-1,3-butadiene; !%methylan- 
thracerie; 9,10-dimethylante; 1,6-diphenyl-1,3,5-hexatriene; 2,3-dimethyl-1,3-butadiene; 
and l&diphenyl-1,3-butadiene. Three 1,3-dienes were determined in theO.O5-1 x 10-4Mrange: 
cyclopentadiene, trans-2-methyl-1,3-pentadiene, and anthracene. The limit of detection for 
cyclopentadiene in carbon tetrachloride solutions is O-11 pg/ml. Fourteen 1,3-dienes were found 
to form stable ?r-complexes and could not be determined by the proposed method. For these 
1,3_dienes, the spectra of some of the complexes are reported; in addition, relative equilibrium 
constants for the s-complexes of 2,5-dimethyl-2,4diene, cis-1,3-pentadiene, 4-methyl-1,3- 
pentadiene, and 1,3-cycle-octadiene were estimated. An explanation of the transient colour in the 
I,3-diene-TCNE Diels-Alder reaction is suggested. 

The Diels-Alder reaction of a 1,3-diene and a dienophile to form a cyclohexene derivative 
is a major synthetic organic reaction. However, the literature does not contain any reports 
of the use of this reaction for the trace analysis of a series of 1,3-dienes, though isolated 
examples have been found.lA With the synthesis of tetracyanoethylene (TCNE) in 1957,’ a 
new extremely electrophilic dienophile (and n-acid) became available for use in Diels-Alder 
reactions. The great reactivity of this dienophile with 1 ,fdienes was first cited by Middleton 
er ~1.~ and later by Stewart.’ In 1961, Schenk and Ozolins* demonstrated the utility of this 
rapid Diels-Alder reaction by the indirect determination of anthracene in trace quantities. 

Small amounts of certain 1,3-dienes have also been determined by a diazo reaction, * by 
formation of coloured fulvenes,’ by spectrophotometry,” gas chromatography,” mass 
spectrometry,“’ i3 coupled gas chromatography/mass spectrometry,‘* and coupled 
coulometry/spectrophotometry.ls 

In this paper a simple method with the utilization of relatively inexpensive instrumentation 
is described. The basis of the method is the formation of a coloured aromatic_TCNE 
n-complex and measurement of the decrease in absorbance of the x-complex in the presence 
of a Diels-Alder-reactive 1,3-diene. The decrease is usually proportional to the concentra- 
tion of 1,3-diene present although the reaction is not exactly stoichiometric. The formation 

* On leave 1972-73 from Thiel College, Department of Chemistry, Greenville, Pennsylvania 16125, U.S.A. 
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of the yellow mesitylene-TCNE x-complex from colourlcss reactants illustrates the utility 
of these complexes 

The equilibrium constant, K,, for this reaction is defined by 

K, _ [mesitylene-TCNE complex] 

[mesitylene] [TCNE] 
(1) 

Unfortunately, the equilibrium constants reported in the literature for TCNE (see the KN 
values in Table 1) are defined by means of a mole-fraction term (footnote, Table 1). The 
K, constant is defined entirely in terms of molarities so that the values of K, are somewhat 
smaller than those of KN . In methylene chloride, K, = K&6. 

To design an optimum method, the optimum aromatic hydrocarbon (x-base) must be 
selected to form a n-complex with TCNE. Some of the parameters involved are listed in 
Table 1 for various aromatic hydrocarbons. The choice of the optimum aromatic hydro- 
carbon is determined by its availability in quantity, its purity, its K, value and the molar 
absorptivity of its TCNE complex, E. After substitution of absorbance for concentration 
of the x-complex in equation (1) and adjustment for the mole fraction of the n-base, the 
rearranged Benesi-Hildebrand equation’ 6 giving the relationship between the initial 
molar&y of the x-acid, COPeid, and the absorbance A, E, and K, is: 

CO,cid = A K 
[ 

E ‘Co + i 
I 

(2) 
X. - bare 

where Cobye is the initial molarity of the x-base. 
After selection of a given aromatic hydrocarbon for evaluation, equation (2) can be used 

to calculate the initial’molarity, C’pcid , of TCNE needed. (This is the molarity of TCNE 
present before it reacts with the 1,fdiene.) In choosing an arbitrary value for A in equa- 
tion (2), it is important to select a large value. This is because the absorbance will decrease 
after TCNE reacts with the 1,3-diene to be determined. To achieve a large A, a large excess 
of aromatic hydrocarbon is needed because the complexes of TCNE are rather weak. A 
value of 14M4 for CObare was arbitrarily chosen to achieve a value of 0.50 for A. 

Table 1. Constants for some TCNE nccomplexes 
in CHzCll solvenP’ 

x-Donor KN* E, 1. m01e-~. cm-’ 

Naphthalene 11.7 
Mesitylene 17.3 
Durene 54.2 
o-Xylene 6-97 
Pyridine 12.0 
Hexamethylbenzene 263 
Benzene 2.00 

1.24 x lo3 
3.12 x 10” 
z-08 x 10” 
3.86 x lo3 
1.05 x 104 
4.39 x 10” 
3.57 x 10’ 

A mu,nm 

550 

El 
430 
422 
545 
384 

* Kn = ‘Ar~,!$~~(~~~~‘exl , where (Aromatic) is the mole 

fraction of the aromatic hydrocarbon 
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Sample calculations for both the pyridine-TCNE and mesitylene-TCNE n-complexes 
will now be discussed. For pyridine-TCNE, the KN value in Table 1 corresponds to a value 
of 075 for K, . For this complex then, in methylene chloride solvent, 

CO .,.cNE = 050[1*27 x 1O-4 + 0.95 x 1O-4] = 1.1 x 10-4M 

This implies that the upper limit of 1,3-diene that can be measured in methylene chloride 
solvent is about 1 x 10V4M; the lower limit should be about 1% of this or 1 x lo- 6M. 

For mesitylene-TCNE, the KN value in Table 1 corresponds to a value of 1.1 for K,. 
For this complex in the same solvent, 

CO TCNE = 050[2.9 x lO-4 + 3.2 x lO-4] = 3.0 x 10-4M 

This implies that the upper limit of 1,3-diene that can be measured in methylene chloride 
solvent is almost 3 x 10-4M; the lower limit should be about 1% of this or 3 x lo- 6M. 

Pyridine is thus a better choice than mesitylene for forming a ?r-complex to measure the 
lowest concentration of 1,3-dienes. Initial work involved the use of this n-complex; however, 
it was found that precipitates formed when 1,Zdienes were added. Hence most of the 
experimental work was done with mesitylene (and naphthalene). To compensate for the 
lower stability of the mesitylene-TCNE complex chloroform and/or carbon tetrachloride 
were substituted for the methylene chloride solvent. In these solvents K, is appreciably 
larger than it is in methylene chloride. The effect of this substitution is to lower the calibra- 
tion curve range for mesitylene-TCNE to a range close to that of pyridine-TCNE in 
methylene chloride. 

EXPERIMENTAL 

Reagents 

Standard 0.05OOM TCNE. Dissolve 06406 g of doubly sublimed TCNE in 100 ml of reagent grade 
methylene chloride and store in the dark. (This solution appears to be stable for about two months.) 

Standard I-5OM naphthalene. Weigh 192.3 g of reagent-grade naphthalene into a 1-1. volumetric flask 
and dissolve it in about 750 ml of reagent-grade carbon tetrachloride or chloroform. (The dissolution of 
naphthalene is endothermic and slow.) Make the final dilution with the same solvent after the solution has 
attained room temperature (about one day). 

Standard 2.5 x IO-‘M 1,3-diene solutions. Weigh exactly 0.62 mmole of the 1,3-diene (reagent-grade or 
doubly distilled and checked for purity) into a flask, cover the flask with ahnninium foil, and add 250 ml 
of reagent-grade carbon tetrachloride or chloroform to dissolve the diene. Store in the dark since photo- 
decomposition may occur with some solutions. Because cyclopentadiene polymerizes very quickly at room 
temperature, store the pure cyclopentadiene at “ dry ice”-acetone temperatures and use prepared solutions 
within a couple of hours. Prepare other standard 1,3-diene solutions by making the appropriate dilution. 

Apparatus 

Spectrophotometric measurements were made in round and square 1.1 cm cells on the Spectronic 20, and 
square 1.00 cm cells on the Beckman DB-G and Cary 14 spectrophotometers. For purity checks, a Carle 
gas chromatograph and Abbe refractometer with temperature bath were used. 

Weighing of tng quantities of volatile 1,3-dienes. Place about 4 ml of solvent in a 5-6 ml capacity ampoule. 
Over the top of the solvent-containing ampoule place and squeeze a rubber pipette-bulb which will fit a 
Pasteur disposable pipette. Weigh the ampoule. Introduce small amounts of 1.3-diene into the ampoule by 
means of a 2-ml syringe equipped with a small hypodermic needle and filled with the pure diene. Weigh the 
ampoule with the diene added. Take off the rubber bulb and immediately transfer the contents of the ampoule 
to an appropriate volumetric flask. Rinse out the ampoule three times with solvent. Dilute the sample of 
diene as quickly as possible and store in the dark if necessary. 

Calibration plot for 1,3-dienes in the 0.5-1.0 X 1Ob3M range 

By pipette transfer 1 ml of O*OSM TCNE into a 50-ml volumetric flask, and add l-20 ml of 2.5 x 10’)M 
1,3-diene solution, washing down the sides of the flask with l-2 ml of solvent. Allow to react in the dark for 
the time specified in Table 2. After the reaction is essentially complete, add 20 ml of 1*5OM naphthalene 
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Table 2. Reaction times for 1,3-diene-TCNE reactions 

Reaction times 
IJ-Diene 0.05-l x lo-SM 0.05-l x 10-*&f 

Cyci~tadiene 
zragr-2-Methyl-1,3-pentadiene 
2&DiiC1,3-pentadiene 
2,3-Dimethyl-1,3-butadlene 
1.3~Cyclohexadiexle 
2-Methyl-1,3-butadiene 
1,4-Diphenyl-1,3-butadiene 
1 ,~Dip~nyl~~~e 
Anthmcene 
9-Methylanthracene 
9,10-Dimethylanthracene 
rrans-1,3+entadiene 

smin 12 hr 
0.5 hr 24 hr 
1 hr - 
zz - - 

2days - 
24 hr - 
2 days - 
O-33 hr 24 hr 
10 min - 
10 min - 
24 hr - 

solution by pipette and dilute to the mark. Prepare a reagent blank by the addition of the same quantities of 
TCNE and naphthakne to a 5&m1 volumetric flask, and dilute to the mark with the same solvent as above. 
Read the absorbance or transmittance of each solution at 550 nm. Plot absorbance us. concentration to 
prepare the indirect calibration plot. 

To utilii the more accurate Reilley-Hi&brand’s method for indirect spectrophotometric measurements, 
set the transmittance to 100% at 550 nm for the dienc solution and read the transmittance of the reagent 
blank. Repeat this procedure for each solution and setting transmittance to 100% for each diene solution. 
(For a double-beam spectrophotometer, place the diene soiution in the reference beam and the reagent blank 
in the sample beam.) A plot of absorbance us. concentration of 1,3-diene yields a typical calibration plot. 

Table 3. Stability of complexes of TCNE with I,J-dienes 

1 ,3-Diene 

&1,3Pentadiene 
tmns-1,3Pentadiene 
4-Methyl-1,3pentadiene 
tranr-2-Methyl-1,3-pentadienc 
2,4-Dimethyl-1,3-pentadiene 
2,5-Dimethyl-2&hexadiine 
cis, tranr-lJ-Hexadiene 
~3-~~yI*l,3-~~~e 
2-Methyl-1,3-but 
1.3~Cycle-octadiene 
Anthracene 
9.Methylanthracene 
9-Anthraldehyde 
9,10-Dimethyku&racene 
l~s,~~~t~e 

~~~~~ 
l&Diphenyl-1,3-butadiene 
1.3-Cyclohexadiene 
1,6-Diphenyl~triene 
Cycfopentadiene 
1,~3,~Te~~yl-l,~fo~~ 
FUran 
ZMethylfuran 
2,5-Dimethylfuran 

Initial cofour (&., , mm) 

Yellow-orange (480) 
Yellow-orange (490) 
Violet (535) 
Reddish violet 
Bluish violet 
Blue (645) 
Grange (4e51 
Orange 
Yellow-orange (455) 
Reddish orange (490) 
Green 
Yellow 
Green 

Zlr(7) 
Light violet 
Yellow 
Bluish green 
Violet 
Green to yellow 
Not observable 
Yellow 
~~(~l~~-~) 

Blue (575) 

Tie for 
disappearance 
of colour, min 

Estimated 
& 

Q, (stable) 
>5 
cc (stable) 
0 (fast reaction) 
0 (fast reaction) 
00 (stable) 
>5 
0 (fast reaction) 
>5 
cc (stable) 
>5 
0 (fast reaction) 
cc (stable1 
0 (fast re&tion~ 
co (stable) 

60 
00 (stable) 

15-20 
>5 

15-20 

cc (stable) 
a~ (stable) 
co (stable) 
Q, (stable) 

o-74 
- 
1.5 
- 
- 
9.7 
- 
- 
- 
054 
- 
- 
- 
- 
- 

0.35 
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Calibrationplot of1,34ienes in the 0.5~1.0 x 10m4M range 

Transfer 2 ml of 25 x lO_jM TCNE into a 50-ml volumetric flask and wash down the sides of the flask 
with l-2 ml of solvent. Allow reaction to occur for the time specified in Table 2. Then add 5 ml of pure 
mesitylene and make the final dilution. Prepare a reagent blank by the additon of 5 mmole of TCNE and 
5 ml of mesitylene to a 50-ml volumetric flask and dilution to the mark with the same solvent as above&ad 
the transmittance or absorbance of each solution at 460 nm (Table 2), or use the Reilley-Hildebrand method 
at 460 nm. 

Estimation of KN and E values for some 1,3-dienes 

Weigh a IO-ml volumetric flask and stopper. With a syringe place about 1 mmole of 1,3-diene in the 
flask and weigh again. Add (by pipette) IO ml of 0.504025M TCNE to the flask and weigh. As soon as 
possible, measure the absorbance of the solution at h ,,,.% for the 1,3-diene n-complex with TCNE (Table 3), 
against reagent-grade methylene chloride as reference. 

RESULTS AND DISCUSSION 

Eflect of solution variables 

Concentration of 1,Zdienes. With both the indirect and Reilley-Hildebrand methods, it 
was found that the spectrophotometric measurement of reactions of cyclopentadiene, 1,3- 
cyclohexadiene, 9-methylanthracene, 9,10_dimethylanthracene, 1,6-diphenyl-1,3,5_hexa- 
triene, 1,4-diphenyl-l,3-butadiene, trans-2-methyl-l,3-pentadiene, 2,3-dimethyl-l,3-buta- 
diene, and Z+dimethyl-1,3-pentadiene generates essentially straight line plots in the 
0~05-140 x lo-‘M range while cyclopentadiene, anthracene, and rrans-Zmethyl-1,3-pen- 
tadiene give straight line plots in the O-05-140 x 10e4M range. Although these Diels-Alder 
reactions are not exactly stoichiometric, differences in the calibration plots are slight, but a 
calibration plot should be prepared for each 1,Ediene to be determined. 

The plots for isoprene and piperylene (trans-1,fpentadiene) were found to deviate from 
linearity as shown in Figs. 1 and 2. The usefulness of these methods in the vicinity of 
140 x 10m3M concentrations of 1,3-diene is limited by the curvature of the line. It may be 
that these two 1,3-dienes polymerize faster than the others and that the rate of polymeriza- 
tion is close to the rate of Diels-Alder reaction with TCNE. On the other hand, at higher 
1,3-diene concentrations, the strength of the n-complex between TCNE and the transoid 
conformation of the 1,3-diene may hinder the formation of the cisoid conformation (this 
conformation is necessary for a Diels-Alder reaction) of the 1,3-diene. This point is discussed 

Concn, 10% 

Fig. 1. Deviations in the indirect spectrophotometric plots of 1,3-dienes (Spectronic 20). 
(1) Isoprene. 
(2) trans-1,3pentadiene. 
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0 2 4 6 a IO 12 

Concn. 104M 

Fig. 2. Deviations in the Reilley-Hildebrand plots for 1,3-dienes (Spectronic 20). 
(1) Isoprene. 
(2) tram-1,3-Pentadiene. 

in the section on the nature of l,Idiene-TCNE n-complexes. Probably each of these 
effects contributes to the abnormally high deviations at higher concentrations of 1,3dienes. 

The following compounds were not amenable to this method of analysis: calciferol; 
1,3-cycle-octadiene ; 9-anthraldehyde ; 4-methyl-l ,bpentadiene ; 2,5-dimethyL2,4_hexadiene; 
cis- 1,3-pentadiene; benz[u]anthracene; 1,2,5,6dibenzanthracene; 1,2,3,4-tetraphenyEl,3- 
cyclopentadiene; furan; 2-methylfuran; and 2,ldimethylfuran. Most of these compounds 
form stable complexes with TCNE (Table 3); however, benx[u]anthracene and calciferol do 
undergo very slow reactions with TCNE. Probably tr~s- 1 ,Zhexadiene could be determined 
in the O-05-1.00 x 10W3M range by the method since a preliminary test on the cir, tr4ns 
mixture of 1,3-hexadiene indicated that its reaction time is slightly faster than that of the 
piperylene. No separation for the mixture was found; therefore, no calibration plot was 
prepared. In addition, the determination of 9-methylanthracene and 9,10_dimethylanthra- 
cene appears to be feasible in the 0.05-1.00 x 10V4M range, according to the reaction 
times; however, no results were collected for these two aromatic dienes. 

Solvent e$kt. As is indicated in Table 4, change of solvent drastically a&&s the absorb- 
ance; therefore, the calibration plots should be prepared with the samples and standards in 
comparable solvent systems. 

Stability of solutions. The stability of the naphthalene-TCNE solutions is excellent, the 
absorbance varying by no more than 0.006 units over some hours. Except for slight fading, 
the mesitylene-TCNE solutions are also stable for long periods of time. A precision study 
of ten solutions for the 5.0 x 10m5M trans-Zmethyl-1,3-pentadiene system gave absorbance 
values of 0.164 f OW2 (indirect) and 0.141 + 0.002 (Reilley-Hildebrand). The Reilley 
Hildebrand absorbance measurements were taken one day after the indirect measurements 
were taken. This indicates any fading is consistent throughout the set of solutions. 

Table 4. Effect of solvent on diene reagent blank 

Solvent 

CCL 
CHCIJ 
CH&lz 

Absorbance, 550 nm Absorbance, 550 nm 
(Spectronic 20) Gary 14) 

1.28 1.078 
0.85 O-730 
0.50 0.432 
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Table 5. Effect of concentrations of naphthalene on absorbance of 
the naphthalene-TCNE complex 

Concentration 
of 

naphthalene, M 
Absorbance 

of blank* 

Difference in 
Absorbance absorbance, 
of sample? AA 

0.75 1.109 0642 0467 
0.69 I.120 0590 0530 
0.60 1 so75 0567 0508 
0.51 1W9 0.522 0.487 
0.45 0950 0.520 0.430 

* The blank was prepared by the addition of 1 ml of BOSOM 
TCNE and the appropriate volume of 150M naphthalene to a W-ml 
flask and diluting to the mark with Ccl,. All readings were taken 
on the Gary 14 spectrophotometer. 

t The sample was prepared in the same manner as the blank 
except for the addition of 10 ml of 2.5 x 10m3M cyclopentadiene 
before dilution. 

Concentration of naphthalene and mesitylene. Schenk and Ozolins4 showed that the 
naphthalene-TCNE reagent was suitable for the indirect spectrophotometric determination 
of anthracene. Hence essentially the same reagent was used for the 1,3-diene determinations 
in the 0~05-190 x 10T3M 1,3-diene concentration range. Table 5 indicates that the 0*60M 
naphthalene-TCNE reagent gives nearly the highest sensitivity. The 06OM naphthalene 
concentration was chosen because (a) at higher concentrations of naphthalene solvent 
evaporation is great enough to leave a white powdery film of crystalline naphthalene on the 
glassware, and (b) the absorbance of the reagent blank is approximately in the centre of 
the minimum error range for a double-beam spectrometer.’ ’ 

Doubly distilled mesitylene gave no better reagent blank values than did Baker White 
Label mesitylene. Therefore, Baker or other commercially available mesitylene was used 
for measurements in the 0.05-1.00 x 10s4M range. A study of various concentrations of 
mesitylene for the reagent blank indicated that 5 ml of mesitylene per 50 ml in carbon 
tetrachloride gave nearly the optimum absorbance measurement. 

Interferences. Schenk and Ozolins delineated the major interference effects of aromatic 
hydrocarbons in this type of analysis. Experiments have shown that mixtures of 1,3-dienes 
which react at comparable rates can be analysed by an indirect differential kinetic spectro- 
photometric method, and that very slow-reacting 1,3-dienes do not significantly interfere 
with the determination of the faster-reacting 1,3-dienes. This subject will be presented in a 
subsequent publication. 

Order of addition of reagents. To minimize the reaction time, it is important to adopt 
a specific order of addition of reagents. If the 1,3-diene and TCNE solutions are mixed 
before the aromatic donor is added, the reaction is found to take only half as long as when 
the aromatic donor and TCNE are mixed before addition of the 1,3-diene sample. 

Instrumental efict. Since the absorption bands of aromatic-TCNE n-complexes are 
unusually wide, the methods were found to be feasible on all four spectrophotometers 
utilized. Nevertheless, the band-pass of the instrument is reflected in the absorbance measure- 
ments. This is indicated for the Spectronic 20 and the Cary 14 spectrophotometers by the 
solvent effect study on the naphthalene-TCNE solutions cited previously, and also for the 
Beckman DB-G and Spectronic 20 spectrophotometers. The following trend was observed: 
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the larger the bandwidth of the spectrophotometer, the higher the absorbance readings. 
This study simply indicates that the method is feasible on both narrow and wide bandwidth 
spectrophotometers. 

Precision and reproahibility. With carbon tetrachloride as the solvent, the naphthalene- 
TCNE reagent blank was found to yield absorbances of 1.03 & 0.02 and I.090 f OGM for 
ten independent solutions measured on the Beckman DB and Cary 14 spectrophotometers, 
respectively. Precision studies for ten independent solutions of 750 x 10m4M 9-methyl- 
anthracene and 7.20 x 10S4iU trans-2-methyl-1,3pentadiene solutions in carbon tetra- 
chloride gave absorbances of 0.726 f OGO4 and 0664 + 0.008, respectively (Beckman DB 
spectrophotometer). Precision measurements on other 1,3-diene systems gave similar 
results in both ranges for both methods. With the values of precision found for a number 
of systems, the reproducibility of the calibration plots should be good. This was observed 
qualitatively since the shapes of the calibration plots did not vary even though the slopes 
did, especially for slow-reacting dienes when the reaction times were changed. Therefore for 
optimum results, the reaction times in Table 2 should be used to within about f 10 %. 

Sensitivity and detection limit. The only meaningful sensitivity for these systems is the 
quantity M/AC over the straight-line portion of the calibration plot. This quantity is 
equivalent to the effective molar absorptivity, E,~, for a particular aromatic-TCNE complex. 
For the naphthalene-TCNE solutions with carbon tetrachloride as the solvent, the AA/AC 
value for most 1,3-diene systems is 1050 &50 1 * mole-’ - cm-’ whereas with chloroform as 
the solvent the sensitivity is significantly lowered to 670 f 50. With the mesitylene-TCNE 
system, see is 3.20 sf O-50 x lo3 for the three 1,Zdiene systems studied with carbon tetra- 
chloride as the solvent. Practically, the lowest possible detection limit is 25 x 10”M for 
the naphthalene-TCNE system and 2.5 x 10’ 6M for the mesitylene-TCNE system, although 
measurements were not made at these levels. These concentrations correspond to I - 1 and 
O-1 1 ppm, respectively, for cyclopentadiene in carbon tetrachloride. 

Nature of 1,3-diene-TCNE complexes 

Absorption spectra. Transient colours are observed in the Diels-Alder reactions of 
1,3-dienes with TCNE; however, some of the 1,3-dienes do not readily undergo the Diels- 
Alder reaction but do form relatively stable complexes with TCNE (see Table 3). The 
spectra of some of these complexes (Fig. 3) show an increased bathochromic shift of about 

Waveleoqth. nm 

Fig. 3. Spectra of Some 1.3~diene-tetracyanoethylene complexes. 
(1) cis-1.3-Pentadiene. 10-4M. 
(2) 4-Methyl-1,3-pentadiene, 10-4hf. 
(3) 2,5-Dimethyl-2.4-hexadiene, 10-4hf. 
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60 nm with each additional methyl group or the equivalent, compared to the parent 1,3-diene. 
Estimations of Km and E values for aliphatic I,3-dienes. The spectra of the 1,3-diene-TCNE 

molecular complexes are very similar to those found by Merrified and Phillips’ ‘I for 
x-complexes of aromatic compounds with TCNE. In order to determine the magnitude of 
the n-complex formation constant, K, , a plot of &,,,,/A vs. 1 /CoTmE was made. The slope 
of this plot is equal to l/(K, * E) and the intercept is equal to the reciprocal of the molar 
absorptivity of the n-complex. 

Usually the Benesi-Hildebrand equation would predict a linear plot of C”rcNE/A vs. 

1 /Ndonor 3 where honor is the mole fraction of the donor. However, when the donor is an 
aliphatic 1,3-diene, small concentrations of TCNE and an excess of the donor will force an 
addition reaction of some type to occur, and the result is a marked fading of the Ir-complex 
colour. If the TCNE-mesitylene n-complex values for K, and E from Table 1 are used as 
standards, meaningful plots for the TCNE-diene complexes and the mesitylene-TCNE 
x-complex can be made as shown in Fig. 4. Similar plots were obtained for cis-pentadiene& 

I/C TCNE 

Fig. 4. Comparison of 1,3-diene and mesitylene-TCNE complexes. 
(1) Mesitylene. 
(2) 2,5-DimethyL2,4iene. 

methyl-1,3-pentadiene and cycle;octadiene. The mole-fraction term becomes meaningless in 
these plots for the system described since the solvent concentration is so large that the 
only real variable is the concentration of TCNE. Hence it was decided to use just l/C”,cm . 
If the assumption is made that s1 ,3diene N E,,,ityienc, then the slope of the line is equivalent 
to the reciprocal of K, . The molar absorptivity assumption is valid for these crude measure- 
ments since E for the series of benzene and methylated benzene derivatives is about 
3.20 x 10’ 1. mole-’ * cm-‘, and the slopes for the aliphatic 1,3-dienes studied coincide 
closely with the mesitylene slope in Fig. 4. If the molar absorptivity of the aliphatic 1 ,fdienes 
is smaller than E for mesitylene, then the K, values reported here would be increased, not 
decreased. 

The K, values for the aliphatic 1,3-dienes listed in Table 3 are not absolute; they indicate 
only the relationship of one 1,3-diene to another and the similarity of the l,fdiene-TCNE 
rr-complexes to their aromatic analogues. The K, values reflect an increase in complex 
formation with an increase of methyl substituents in the diene. This is similar to the be- 
haviour of aromatic-TCNE systems. The most salient feature of this study is to show that 
there exist finite K, values for the I,3 diene-TCNE systems. 
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The transient colour in the DiebAlder reaction. Since the existence of the 1,3-diene- 
TCNE z-complexes has now been established, the transient colour in the 1,3-diene-TCNE 
Diels-Alder reaction may be understood by considering the cisoid and transoid conforma- 
tions of the aliphatic 1,3-dienes: 

Transotd Cisoid 

A cisoid conformation of the 1,3-diene is necessary for the formation of a Diels-Alder 
reaction adduct;2’ however, if a transoid conformation of the aliphatic 1,3-diene is formed, 
no Diels-Alder adduct is observed. For aliphatic 1,3-dienes with free rotation around the 
middle single bond, the transoid conformation exists in much larger concentrations than 
the cisoid conformation.22 This leads to the conclusion that if the 1,3-diene is in the cisoid 
conformation, as for 2-methyl- 1,3-pentadiene, the observed transient n-complex assists the 
rate of reaction. However, if the 1,3-diene is in the transoid conformation, the Diels-Alder 
reaction is inhibited since the n-complex between the 1,3-diene and TCNE has to dissociate 
and rotation of the aliphatic 1,Idiene to the cisoid conformation has to take place before 
reaction can occur. The proposed explanation can be pictured as: 

NC 

CN 

n-Complexes offuran and its derivatives. Since furan is known to undergo a quantitative 
Diels-Alder reaction with maleic anhydride in about half an hour,23 and since TCNE is 
known to react many times more rapidly with 1,3-dienes than does maleic anhydride, it 
was thought that furan and its derivatives could be determined by the proposed methods. 
As noted by Ozolins, 24 furan does not react to form the Diels-Alder adduct as rapidly as 
expected. In fact, when TCNE is mixed with furan, 2-methylfuran, or 2$dimethylfuran, 
stable coloured x-complexes are formed as noted in Table 3. These coloured complexes 
have still been in existence months after they were prepared; with slow evaporation, crystals 
of the complexes are formed. No characterization was made of these crystals; however, 
an addition product or z-complex appears to be formed. 

Since cyclopentadiene reacts so rapidly with TCNE and maleic anhydride reacts fairly 
quickly with furan, it should be reasonable to assume that furan should react rapidly with 
TCNE. However, the opposite is true. Butler and his associates23 found that maleic 
anhydride forms a 1 : 1 n-complex with furan, and the equilibrium constant is about 046 
as determined by ultraviolet-visible spectrophotometric and nuclear magnetic resonance 
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techniques. Yoshida and Kabayashl ‘20 found the equilibrium constant for the furan-TCNE 
complex to be 0.35 with an E of 2.11 x lo3 1. mole-’ * cm-’ at 445 nm. A priori, the TCNE 
must position itself on the furan and its derivatives in a manner that would not lead imme- 
diately to a Diels-Alder adduct. If maximum overlap produces the most stable situation, it 
appears that the TCNE would position itself over the furan systems in this manner: 

CN 

Q CN 
NC 

CN 

rather than the Diels-Alder-active position : 

NC CN 

R 0 
NC CN 

This proposed position would allow the electron-deficient TCNE to share the electron-rich 
oxygen atom, which might be explained on the basis of resonance and a co-ordinate covalent 
bond. 

Acknowledgemenf-One of the authors (D.A.W.) wishes to thank Thiel College for use of their instruments 
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Zrmamman~Es wurde eine indirekte spektrophotometrische Methode zur Bestimmung 
van elf 1,3-Dienen im Ko~trationsbemich 0,05-I,00 - 10e3M entwickelt. Se beruht auf der 
raschen Dieis-Alder-Reaktion zwischen cisoiden 1,3-Dienen und Tetracyanlthylen (TCNE) und 
der Zerst&ung eines n-Komplexes zwischen einem Aromaten und TCNE. Die Diene waren: 
Cyclopentadien; 1,3-Cyclohexadien; trans-lf-Rentadien; Z,CDimethyl-1,3-pentadien; trans- 
2-Methyl-1,3-pentadien; 2-Methyl-1.3-butadienn; 9-Methylanthracen; 9,10-Dimethylanthracen; 
1.6Diphenyl-1,3,5_hexatrien; 2,EDimethyl-1,3-butadien; 1.4Diphenyl-1.3-butadien. Drei 1,3- 
Diene wurden im Bereich 0.05-l * lo-•M bestimmt: Cyclopentadien, tram-2-Methyl-1,3-pen- 
tadien und Anthracen. Die Nachweisgrenze fur Cyclopentadien in Tetrachlorkohlenstoff- 
losung betrtigt 0,ll &ml. Vierzehn 1,3-D&e bilden stabile Ir-Komplexe und lie&n sich 
nach der vorgeschlagenen Methode nicht bestimmen. Fur diese 1,3-Diene werden die Spektren 
van einigen der rr-Komplexe angegeben; d&u wurden die relativen Gleichgewichtskonstanten 
der +Komplexe von 2,5-Dimethyl-2,4-hexadien, cis-1,3-Pentadien, 4-Methyl-1.3-pentadien 
und 1,3_Cyclooctadien abgesch&zt. Es wird eine Erkliirung fur die vortibergehende Farbe bei 
der Diels-Alder-Reaktion zwischen 1,3-Dienen und TCNE vorgeschlagen. 

R&sum&Gn a developpe une m&hode spectrophotometrique indirecte, bas& sur la reaction de 
Diels-Alder rapide entre des 1,3-d&nes cisoldes et le t&racyanCthylene (TCNE) et la destruction 
d’un complexe 7r aromatique-TCNE pour doser onze 1,3-dienes dans le domaine O,OS-1,OO 
x lo-) M. Cea di&nes sent: cyclopentadi&ne; 1,3_cyclohexadi&ne; rrans-1,3-pentadiene; 2,4- 

din&thy1 1,3-pentadiene; rrmu-2-methyl 1,3-pentadiene; 2-methyl 1,3-butadiene; Pmethylan- 
thracene; 9,lOdim&hylanthra&eractne; l$diph&nyi 1.3.5.hexatriene; 2,3-dim&hyl 1,3-butadi&ne; 
et 1,4diphCnyl 1,3-butadiene. Trois 1,3-dienes ant 6tC dCtermi& dans le domaine 0,054 x 
10~*M: cyclopentadiene, tronr-2-methyl lJ-pentadiene, et anthracene. La limits de detection 
pour le cyclopentad&e dans des solutions en tttrachlorure de carbone eat 0,ll &ml. On a 
trouve quatorze 1,3-dibcs formant des complexes w stables et qui ne peuvent pas etre deter- 
mines par la m6thode propos&. Pour cm 1,3_dienes, on rapporte les spectres de quelques-uns 
de-s complexes P; de plus, on a e&m& les con&antes d%quilibre relatives pour les complexes 7r 
des 2.5-dim6thyl 2&hexadiene, cis-1,3-pentadiene, emethyl 1 ,fpentadiene et 1,3-cycle- 
octadiene. On sugg& une explication de la couleur fugace dam la reaction de Diels-Alder 
IJdiene-TCNE. 
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Summary-An electroanalytical method, based on controlled-potential coulometry in the 
iodine-iodide system, has been developed for determination of small amounts of hydrogen 
peroxide. The sample is added to an electrolyte containing an acid solution of iodide and the 
iodine, which is produced rapidly, is reduced at a rotating platinum electrode. The number of 
coulombs consumed in the cell reaction is determined by electronic integration. Samples 
containing 1 pg-1 mg of hydrogen peroxide were analysed with an accuracy of &0.2x. The 
analysis time ranged from 3 to 7 min. 

An accurate and precise method for the determination of small amounts of peroxides is 
now a matter of some importance, especially in the analysis of many industrial products. 
The present paper describes a coulometric method, based on iodometry, for the determin- 
ation of hydrogen peroxide. A second paper will describe the determination of organic 
peroxides. 

A number of coulometric determinations of hydrogen peroxide have been described in 
the literature. Coulometrically generated permanganate has been employed in the titration 
of 0.7-55 mg of hydrogen peroxide with an average error of 0*3-0.4%,’ and electro- 
generated cerium(IV) has been used to titrate samples of 0.7 mg with an error of 2%.2 
A sensitive and precise method, based on a coulometric titration of hydrogen peroxide with 
electrogenerated hypobromite, has been described by Feldman and Bosshart. The range 
investigated was I-100 peq of peroxide (0.017-1.7 mg) and the mean errors were reported 
to be less than 0.2%. 

The controlled-potential coulometric determination of hydrogen peroxide has been 
investigated by Harrar.4 In a supporting electrolyte of 1M sulphuric acid, 0-1-2 mg of 
hydrogen peroxide was determined by oxidation at a platinum gauze at +0*93 V as. SCE. 
Attention had to be given to the catalytic decomposition of hydrogen peroxide at the 
platinum electrode. 

The iodometric determination is based on the well-established reaction between hydrogen 
peroxide and iodide in acid solution: 

H202+2H++21- Z I2 + 2H,O 

In the presence of a molybdenum catalyst, the reaction is quite rapid. Christian’ has 
described a coulometric method where reaction of hydrogen peroxide with iodide is followed 
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by addition of an excess of thiosulphate, the excess then being determined by titration with 
electrogenerated iodine. By this method samples containing from O-9 pg to 2.6 mg of per- 
oxide have been analysed with an average error from 0.1 to 4%. Finally, Malmstadt and 
Pardue used precision null-point potentiometry (PNPP) for determination of the iodine 
produced. Hydrogen peroxide in the range 36-36 pg was determined with an error of not 
more than O-05 pg. 

In the study reported here, the iodometric determination of hydrogen peroxide by coulo- 
metry at controlled potential has been investigated. The electrolyte in the sample compart- 
rnent of the electrolysis cell consists of a strongly acid solution of iodide. At a rotating 
platinum electrode all iodine present is reduced at constant potential. When the sample of 
hydrogen peroxide is added, an equivalent amount of iodine is produced rapidly and 
immediately reduced at the working electrode. Hydrogen peroxide in the range 0*001-l mg 
has been successfully determined by this method. The results obtained have been compared 
with those obtained by titrimetry. For sample weights >3 pg the accuracy was found to be 
better than +0-l %. 

EXPERIMENTAL 

Electrolysis cell 

The electrolysis cell used is shown in Fig 1. The sample compartment consists of a B45 ground-glass joint 
provided with a Teflon plug, making a gas-tight cover for the compartment. The Teflon plug has five holes, 
for reference electrode (A), nitrogen inlet (B), bearing for the working electrode (C), Teffon stopper (D) and 

Fig. 1. Electrolysis cell. 
A-Reference electrode 
B-Nitrogen inlet 
C-Electrode axis 
D-Teflon stopper 
E-Sample addition and nitrogen outlet 

F-Haldenwanger clay filters 
G-Working electrode 
H-Stainless-steel ball-bearings 
I-Mercury pool 
K-Counter-electrode 

sample addition and nitrogen outlet (E). The Tellon stopper is removed for refilling the compartment, the 
capacity of which is about 15 ml. The connecting chamber, filled with IM sodium perchlorate, is separated 
from the auxiliary and sample compartments by two Haldenwanger clay filters (F). The pore size of these 
filters is about the same as that of glass frits of porosity 5 (2 pm). but their resistivity is much lower. The 
auxiliary compartment consists of a B19 socket fitted with a Teflon plug and electrode holder, and is also 
filled with 1M sodium perchlorate. 
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Electrodes 

The working electrode (G) is a 36mesh circular platinum gauze, 35 mm dia. fixed to a platinum 
rod, which is soldered to a stainless-steel rod, fitted with a mercury contact at the top (I). The whole shaft 
of the electrode is Teflon-covered. The rotational speed of the electrode can be varied stepwise by means of a 
transmission system and a stirring motor (Radiometer Type M22). The speed most frequently used was about 
600 rpm. The reference electrode is a saturated calomel electrode (Radiometer K 401). The counter-electrode 
(K) consists of a spiral of platinum wire 0.2 mm dia. and about 250 mm long. 

Apparatus 

The controlled potential system used is illustrated in Fig. 2. The potentiostat is based on an operational 
amplifier provided with a booster, having a maximum output current of about 500 mA. The number of 
coulombs consumed in the cell reaction is determined by integration of the current. This is accomplished by 
means of an integrator, based on a chopper-stabilized operational amplifier and calibrated by application of 
known voltages for measured time periods. The read-out device is a digital voltmeter, which gives fast and 
accurate presentation. 

Fig. 2. Electronic circuitry. 
W.E. -working electrode C-capacitor, 10 PF 
R.E. -reference electrode R,-resistor, 500 kCl 
C.E. -counter electrode R,-resistor, 10 fl 
P-potentiometer 

Reagents 

All solutions were prepared from analytical-reagent grade chemicals and demineralized, freshly distilled 
water. 

Hydrogen peroxide solutions, 12545 mM, were prepared by successive dilutions of 30% unstabilized 
reagent-grade solution with water. 

The arsenic(II1) oxide, was 99.99 % pure, NBS No. 83c and was dried at 115” for 8 hr. 
The nitrogen, purity > 99.9 %, was passed over copper at 500”. 

Procedures 

Titrimetric determination. The method for standardization of the permanganate solution is that proposed 
by Kolthoff, Laitinen and Lingane. ‘I About 250 mg of As203 are dissolved in 10 ml of 6M sodium hydroxide, 
10 ml of cont. hydrochloric acid are added, and the sample is diluted to 50 ml with water in a calibrated 
flask; 10 ml are pipetted into a beaker and 15 ml of water added. The reaction is catalysed by theaddition 
of one drop of 2.5mM potassium iodate together with 1 g of sodium chloride. The sample is titrated with 
O.lN potassium permanganate, nitrogen being used for stirring and ferroin as indicator. 

The method used for the titrimetric determination of hydrogen peroxide with permanganate is a modi- 
fication of that proposed by Huckaba and Keyes8 Five ml of cont. sulphuric acid are poured into 10 ml of 
water in a beaker, and cooled. Then 20 ml of 25mM hydrogen peroxide are pipetted into the beaker, followed 
by titration with O.lN permanganate (ferroin as indicator). 
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Cor&tteMc derermirrotion. The working compartment of the electrolysis cefi is filled with electrolyte, 
1M with rapact to sodium perchlorate, sodium iodide and hydrochloric acid. The pH of this solution is 
about xero. Nitrogen is passed through the cell, the platinum electrode is set in motion and all iodine present 
is reduced, until the current reaches a stable residual value (0.5-S @I, 

After this start-up the fallowing sequence of operations is used for large samples. 

Switch OtT the reduction current. 
Reset the intesrator and timer. 
Add the sample and allow IO-30 set for complete reaction. 
Reduce the iodine produced. 
Read the integrator and timer, when the current has reached its residual value. 
Repeat steps l-5 but replace sampie addition by arr equivalent amount ofefectro&ticalIy generated iodine 
(blank teat>. 

The actual &iency of the oxi~t~on-apron process is cakcufated (step 6) and the integrator nading 
(step r) corrected. 

For sm& Jamples (C IO0 pg) the pre-reaction time before reduction can be excluded and the procedure 
is even simpler. 

1. Reset the integrator and timer. 
2, Add the sample and reduce the iodine produced. 
3. Read the integrator and timer, when the current has reached its residual value, 

Thii simplified procedure, avoiding a transient signal at the start of the reduction and invoiving shorter 
efectrolysis times, eliminates the need for a blank test; the integrator reading is corrected only for the 
integral of the residual current during the time of analysis. 

The integrator reading obtained is converted into pg of hydrogen peroxide as follows: 

where 17+XB5 = equivalent weight of hydrogen peroxide 
A = factor for integrator components (in this case 0~49750 seclohm) 
F = Faraday constant (96487 C/mole) 

U, = integrator read-out, corrected (V) 

Samples ranging from 50 to 250 (*I were added from an ail-glass micrometer syringe burette (Aglaj, fixed 
on a rigid steel stand. Ry this method sample vohunes were accurate to 40.02 ~*_f. The analysis time varied 
from 3 to 7 min for the range investigated (I ~&rngj. 

RESULTS AND DISCUSSION 

Electrolytes with different compositions were investigated to find the most satisfactory 
conditions. The pH was varied from about 6 to 0 and the iodide concentration from O-2 to 
l&L Ah ehztrofytes tested contained 1M sodium perchlorate as an inert (supporti@ 
efeutrolyte. The rate of reduction of hydrogen peroxide by iodide is favoured by a high 
concentration of iodide and a low pH. This was confirmed by the coulometric measurements, 
where the electrolyte having pH N 0 and u-1 = 1 *OM was found to be the best, with complete 
reaction within 30 sec. 

In the titrimetric determination of hydrogen peroxide with iodide, the pH of the solution 
must not be too low, otherwise the following titration with t~~osu~~hate will give erroneous 
results. The optimum pH is about 3. To increase the rate of reaction, a catalyst, moIybdate, 
has to be added. In the coulometric method, however, the low pH makes the use of a 
catalyst superfluous; besides, molybdate would cause a serious interference, being reduced 
at about the same potential as iodine. 

The electrolyte was built up stepwise and each step was studied by means of current- 
voltage m~urements~ Figure 3 shows the curves for oxidation of water to oxygen in pure 
inert e&ctrolyte and oxidation of iodide to iodine in working electrolyte at positive poten- 
tials. At negative potentials reduction of hydrogen ion to hydrogen takes place. From these 
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Fig. 3. Current-voltage curves. 

curves a working potential of about 0 mV vs. SCE was chosen for the reduction step. This 
was in good agreement with the results obtained by calculation according to the Nernst 
equation : 

E _ EO + RT [Ox1 nF ln- 
b-4 

where E”, R, T, n and F have their usual meanings,g while [ox] and [red] represent the 
activities of the oxidized and reduced form respectively. A sample of 85 pg of hydrogen 
peroxide produces 2.5 pmole of I,. The potential at which the iodine concentration has 
decreased to 0.01% of its original value is calculated from 

E = 0.5355 + 0.0296 log 
2.5 x 1O-6 x 1O-4 

15 x 1o-3 

E = 0.305 V vs. NHE = 0.060 V us. SCE 

E”(13-/I-) being 0.5355 V 0~. NHE. That is, for samples in the range 1 pg-1 mg, the reduction 
potential is calculated to range from 0 to + 90 mV us. SCE. Usually, a more negative poten- 
tial is chosen if possible; in this case, however, the evolution of hydrogen starts at negative 
potentials. The working potential for reduction was therefore selected to be 0 mV us. SCE 
in all experiments. For the blank tests the electrolytically generated iodine was produced 
at +300 mV vs. SCE. 

During the reduction of an acid solution containing the iodine-iodide couple, two 
opposite effects have to be considered; loss of iodine from the working compartment due 
to diffusion through the filters, and production of iodine due to aerial oxidation of iodide. 
The diffusional loss, which is proportional both to the concentration of iodine and to the 
pre-reaction time, is minimized by using filters with small pore size. Losses of iodine owing 
to its volatility can be neglected, if sufficient iodide is present, whereby I,- is formed. 
The rate of aerial oxidation of iodide increases rapidly with increasing acidity and is photo- 
chemical in nature. Thus, deaerating the solution with nitrogen has two purposes; it prevents 
reduction of oxygen (see Fig. 3) and formation of iodine. In extreme cases the solution can 
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also be protected from light. Figure 4 illustrates the efficiency of the redox reaction at two 
different pH-values. For pH -0 the efficiency is 100 % for oxidation and reduction of about 
5 pmole of iodine. For pH N 6 the same amount of iodine is reduced with 99.8 % efficiency. 
The reproducibility is, however, very good: when 2.5000 @mole of iodine were produced by 
oxidation at pH -0 the reduction gave 2.5035 i 0.~ pmole (95 % confidence limits). 
The nitrogen flow-rate through the cell was 10 mllmin. 

I LOSS of Min., 
pmolrs *lb? 

./Y--- 
40 

.- 0 

.M@ 

-0 o/---o 
/- 

H-6 

W-0 

-10 
Iodine produced, 

0 2 L 6 8 
pmoler 

Fig. 4. The loss of iodine from the sample compartment of the cell during reduction as a function 
of total amount of iodine produced in solutions at two different pH-values. 

Injection of a sample containing pure water causes a small amount of iodine to be pro- 
duced in the cell, because of the dissolved oxygen. This matrix-correction corresponded to 
about O-014 c(g of hydrogen peroxide per 100 ~1 of water. 

The catalytic decomposition of hydrogen peroxide at a platinum electrode4 need not be 
considered in this case, where a halide~ontaining solution is used. It has been reported” 
that the metal loses its catalytic activity when it cannot be covered by an adsorbed oxide 
layer, as is the case when it forms complexes with the solution (platinum in hydrochloric 
acid). 

For an electrode reaction carried out at a potential at which the reaction rate is limited 
by the rate of mass transfer of electroactive species to the electrode, and where convection 
is maintained in the bulk of the solution, the electrolysis current decays (according to 
Lingane”) as follows: 

1, ’ =iowe-Pf 

where i. = initial current; i, = the current at time t; p = AD/V&; A = electrode area; 
D = diffusion coefficient; V = solution volume; 6 = thickness of the diffusion layer. 

The electrolysis time decreases with increasing values of p. Conditions for achieving a 
highp-value have been chosen: a large electrode area, a small solution volume and effective 
stirring to decrease 6. The diffusion coefficient D increases with increasing temperature; 
however, all experiments were performed at 25 + 1”. By plotting In i vs. t a straight line is 
obtained from which p and i,, can be determined. The cell used gave a pvalue of 2-l min-‘. 
The value of i. is proportional to the original concentration of electroactive species; for the 
largest samples of hydrogen peroxide investigated (N 1 mg) an &,-value of 200 mA was 
observed. 
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In Table 1 the results for the determination of hydrogen peroxide by the coulometric 
method (H,Oz found) are compared with results obtained by conventional titrations 
(H,Oz calculated). The amount of peroxide added was calculated from the volume and 
concentration of the solutions used, the concentrations being obtained from titration of 
the 25 mM stock solution and the dilution factors. 

Table 1. Coulometric determination of hydrogen peroxide 

H202 calculated 

/.Ql pmole 
H202 found No. of 

pmole determinations 

Precision (%) 
Error, at a confidence 

% limit of 95 % 

0.85 
1.70 
2.55 
4.25 
850 

17.0 
42.5 
85.0 

213 
425 
850 

0.02500 0.02484 
0~05000 0.04971 
0*07500 0.07473 
0.12500 0.12495 
0.2500 0.2498 
0.5000 
I.2500 
2.500 
6.250 

12.500 
25.000 

0.5003 
1.2495 
2.497 
6.250 

12.503 
25.015 

6 
4 

-0.63 f 0.29 
-0.58 *0*35 
-0.36 f 0.42 
-0.04 *to*05 
-0.09 *o-17 
+0*06 kO.19 
-0.04 l 0*12 
-0.10 l 0*11 
*O+lo f0.04 
+0.02 *on05 
+@06 *to*17 

A new electrolysis cell, provided with a glass jacket for circulation of water, has been 
constructed, thus enabling the reaction mixture to be maintained at any desired temperature. 
This cell has been used for the determination of organic peroxides of different reactivities, 
as will be described in Part II of this investigation. 
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Zusammenfassung-Zur Bestimmung kleiner Mengen Wasserstoffperoxid wurde ein eelektro- 
analytische Methode entwickelt, die auf Coulometrie bei geregeltem Potential im System Jod- 
id beruht. Die Probe wird zu einem Elektrolyten gegeben, der eine saure Jodidllisung enthiilt; 
das rasch gebildete Jod wird an einer rotierenden Platinelektrode reduziert. Die bei der 
Reaktion in der Zelle verbrauchte Anxahl Coulomb wird durch elektronische Integration 
bestimmt. Proben, die 1 pg-1 ml Wasserstoffperoxid enthielten, wurden mit einer Genauigkeit 
von &0,2 % analysiert. Die Analysenzeit betragt 3-7 min. 



1104 ULM FIEDLER 

R6sumkOn a 6labor6 une mkthodc &ctroanalytique, b&c sur la couiom&rie +A potentiel 
contrW dans le syst6me iode-iodure, pour le dosage de pctites quantitks de pcroxydc d’hydro- 
tine. Lkhantillon est ajouti & un Clectrolyte contenant une solution acide d’iodure ct Rode, 
qui at produit rapibment, est r&duit sur unc Clectrode tournante de platine. Le nombrc de 
coulombs consomm& dans la &action dans la cuve est d&em&C par intbgration Llcctroniquc. 
Des &hantillons contenant 1 ~8 - 1 ml de pcroxyde d’hydro&ne ont Ct& do&s avcc une 
p&&ion de &0,2x. Le temps d’analysc est de 3 ii 7 mn. 
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Summary-The Cu(II) Selectrode, calibrated in a series of Cu(I1) buffers at various pH levels, 
has been used for the determination of the stability constants of the Cu(I1) complexes of glycine 
and EGTA at an ionic strength of 0.1. Methods for the calculation of the stability constants of 
chelate complexes from pH and pM values are presented. The values obtained compare very 
favourably with those recorded in the literature. For the Cu(II)-EGTA system, for which 
only a few stability constants have been determined, the following constants were found: 
logK::lL = 168O;logK?&,L = 530;logK::&‘> = 764;logK:;cHy,H,r. = 2.34;logK:;h$- = 1256; 
and logKE:&j_!- = 5.97. Examples of the application of the Cu(I1) SeIectrode in replacement 
reactions are illustrated. 

The present availability of a large number of ion-sensitive electrodes has focused attention 
on the use of these sensors in complex-formation studies. Of the various methods for the 
determination of stability constants of metal chelates, those based on pH measurements 
have most frequently been used, i.e., as protons are liberated when metal ions replace 
hydrogen ions in the ligand, the concentration of free ligand can be determined from the 
change in pH. The method gives good results for complexes of medium stability, but if very 
stable complexes are formed, the replacement of protons will be so complete that pH 
measurements cannot yield accurate values of stability constants-as amply reflected in the 
results accumulated in the literature. This difficulty is largely overcome by applying cation- 
sensitive electrodes which directly measure metal ion activities. Thus by having immediate 
access to the measurement of two parameters, pH and pM, the problem of determining 
equilibrium constants is greatly simplified and more reliable results can be obtained. In 
addition, the method of direct measurements of metal ion activities may potentially be 
applicable to a wide range of ionic media, and, e.g., also serve as a means to measure 
extraction constants (two-phase stability constants). 

A survey of the literature from the last few years clearly reveals that ion-sensitive elec- 
trodes have indeed found increased applications. It is, however, of inherent importance to 
determine the dynamic range within which any ion-sensitive electrode has the capacity to 
yield reliable results. This can only be done by calibrating the electrodes with a series of 
buffered solutions. This is, of course, the approach which has long been applied for the 
calibration and testing of pH electrodes. It is therefore rather surprising that it has become 
common practice-unfortunately also recommended by manufacturers-to standardize and 
test ion-sensitive electrodes by means of extensively diluted solutions of well-ionized salts. 

1105 
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Even if absolutely pure degassed solutions are prepared, reliable dilutions down to 
10-i”lK can never be hoped for, quite apart from the fact that electrode measurements in 
ultrapure solutions would bear no relation to the use of the electrodes in practical situations. 

Intrinsically, the potentials measured with an ion-sensitive electrode, e.g., an Mn’+ sensor, 
indicate activities and not concentrations. At cu~st~t ionic strength, however, the ionic 
activity is directly proportional to the concentration, thus furnishing the basis for an 
operational PM-scale where pM is detied by pM = -log[M”+]. In consequence, the true 
position of the calibration curve for an M”+ ion-sensitive electrode may remain virtually 
unknown, yet well&cd for a- series of MN+ buffer solutions adjusted to constant ionic 
strength,’ Furthermore, by use of a constant ionic strength, any variation in the junction 
potential of the reference electrode is avoided, i.e., this contribution is incorporated in the 
normal potential of the metal M. In the present paper an ionic strength of ,U = @IO was 
chosen, as this is the value most commonly applied in the literature. Furthermore, ionic 
strengths in the range 0*05-03 are those most frequently encountered in analysis. 

The present complex-formation studies with the Cu(I1) Selectrode are therefore aimed at 
two related tasks: (a) to demonstrate the capacity of this electrode, calibrated in a series of 
Cu(II) buffers at various pH levels, and its use in determinations of complex-formation 
constants, in particular those for the Cu(II)-EGTA system, for which only a few approxi- 
mate values are known, and (b) to illustrate a few simple methods which may be used for 
such determinations. In addition to the Cu(II)-EGTA system which gives rise to a 1 :I 
complex of high stability, the Cu(II)-glycine system was investigated as an example of a 
system where both 1:l and 12 complexes of medium stability are formed. Finally, the 
formation constants of EDTA with Ca and Zn ions were determined with the Cu(II) 
Selectrode in order to illustrate the application of the electrode in replacement reactions. 

EXPERIMBNTAL 

The preparation of the Cu(II) Sekctrode has been described previously.* The electrode was used together 
with a saturated calomel reference electrode (Radiometer, type K 401) for measurements of the Cu(I1) ion 
activity in solution; the pH was measured with a Radiometer type G 202B glass electrode against the same 
reference electrode. The e.m.f. measurements were recorded with a Radiometer PHM52 digitat pH meter, 
and the pH readings were taken with a Radiometer PHMSI pH meter. 

Reagents 

Analytica@ade chemicals were used throughout. All solutions were prepared with redistilled water. 

Caiibration of the Cu(IZ) Selectrode in Cu(Il) buffprs 

The Selectrode was calibrated in Cu(I1) buffers which were prepared as described in detail by Hansen 
et al.’ Three series of Cu(II} buffers were made, the pH being adjusted to 4-75 with acetate buffer in the tirst 
series, to cu. 9 with borate buffer in the second and in the third to IO with ammonia buffer. Ail three series 
were prepared to contain a total concentration of uncomplexed ligand, [L’], of 10-3M, the ligand being 
NTA (nitrilotriacetic acid) or EDTA (ethyknediaminetetra-acetic acid). The buffers covered a pCu range 
from ca. 7 to 19. In the region of pCu = 2-5 it was found that solutions prepared by the normal dilution 
technique were satisfactory. The ionic strength in all buffered and unbuffered solutions was made up to O*lO 
by the addition of a cakulated amount of potassium nitrate. 

The calibration curve of the Cu(I1) Selectrode is shown in Fig. 1. In solutions of pCu 2-9 potentials 
stable within 10-2 mV were usually obtained after cu. l-2 min. For higher pCu values, times of up to 5 min 
were usually nGccssBry. All measurements were made at 25”, and potentials are referred to the saturated 
calomel electrode (SCE). 
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2LO- 

160- 

J 

Fig. 1. Calibration curve for the Cu(II) Selectrode at (a) pH 4-8 (+l; (b) pH 9 (0); and(c) pH 10 (0). 
Ionic strength 0.1. 

Procedures 

The complex-formation studies with Cu(I1) ions and glycine or EGTA were carried out by mixing 
copper(I1) nitrate and ligand at various initial ratios and conducting a series of pH and pCu measurements, 
gradually varying the pH by small additions of potassium hydroxide or nitric acid. The ionic strength was 
in all cases O-10, adjusted by addition of the calculated amount of potassium nitrate. r 

The determinations of the complex-formation constants of EDTA with Ca and Zn ions at p = 0-l were 
performed by mixing an aliquot of CuEDTA solution with a solution of the metal nitrate salt. The pH was 
varied by small additions of potassium hydroxide. While the potentials recorded in the CuEDTA/Zn system 
were stable within a few minutes at each pH value, up to cu. 30 min were necessary in the CuEDTA/Ca 
system, owing to slow establishment of the equilibrium of this replacement reaction.2 

The acidity constants of the complexing agents were taken from the literature.2*3 

DISCUSSION AND RESULTS 

The stability constant of the reaction between the metal ion M”+ and the ligand L”- 
leading to the formation of the mononuclear complex MLx(“-Xm)+ is defined by the equation: 

M”+ + xLm- *ML;“-““‘+ ; [ML,(“-Xm)+] = K 
[M”+][ L#“-1” ML. 

where KML, is the concentration stability constant at the ionic strength used. By taking 
logarithms and introducing the concepts of side-reaction coefficients, a, and conditional 

. . 
stability constants, KGL,, equation (1) may be rearranged to read’ : 

IL’1 
pM = -log[M] = log KhL, + log ar,, + log - 

. KMLJ’I 



1108 E. H. HMSSN and .I. RUZICKA 

charges being omitted for the sake of clarity, and where 

Thus, equation (2) may also be written: 

pM = log KMLX + log ‘3 + log 
[L’l 

[W- .)‘I 

log &Lx 
CL’1 

=pM+xIogaL-loga,,X-log- 
EPW’l 

(3) 

(4) 

If the only side-reactions occurring in the system are those with H+ (or OH-), (5) can be 
read as: 

where 

whLx = pM + xlogat,tu, - 
&‘I 

~OgaML&OHt - log - 
KMU’I 

aL(H) = 1 f i$IIHliBi = i$o[Hlifit 

(6) 

(7) 

and & is the cumulative protonation constant (&, = I). 
If no protonated or hydroxo complexes are formed by ML,, the term logCf&&(u,ou) is 

zero. The pH range in which this condition is fulfilled may generally be determined as 
demonstrated by Ringbom and Harju,4 ie., the curve of IogK$&. plotted as a function of 
pH will show a minimum in this pH range [see section (c) below]. The sum of the other 
terms of equation (6) will then be equal to logKMLX: 

logGi& = pM + xloga,(ul 
EL’1 

- log [ML,] 
(8) 

Thus, K,,= may be determined by conducting a series of pH and pM measurements on a 
solution containing known initial concentrations of metal and ligand and varying the pH 
gradually. 

A necessary condition is that equation (1) truly represents the main reaction of the system, 
that is: 

[L’l 
where [L ] = - 

aWJ) 
i.e., 

(9) 

Additionally, it is assumed that the dominant side-reaction of the ligand is that with H+, 
i.e., 

R(&.) = 1 + &fLxlKk:> = [ML xlKkL!? 4 EL(H) m 

The applicable pH range for the determination of the KMt, value is therefore restricted 
to the range where equations (8)-(10) are satisfied simultaneously. 
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(a) Cu(I1) + L S CuL, where L = glycine 

The pH and pM measurements were performed in a solution containing the metal ions 
and ligand in an initial concentration ratio of Ccuo:CLo = 1:2. If the complex formation 
were practically complete, the last term of equation (6) would be zero. If the complexation 
is not sufficiently complete, the term [L’]/[(CuL)‘] can be replaced by the value: 

[L’l c&O + [Cu’] +c,O + [Cu’] 
[o’] = CC”0 - [Cu’] = +c,O - ECU’] 

(11) 

where [Cu’] = aCu(OHj [Cu2+]. 
If the pH of the solution is less than approximately 8. aCu(oH) - 1, and (11) reduces to: 

L’l CC”O + [cu2+] fC,O + lo-PC” 

[o’] = cc”0 - [cl?+] = f-c,0 - lo-PC” 
(12) 

If the pM/pH measurements are performed in the pH range where logacUL N 0, equation 
(6) takes the form: 

logK,, = pCu + loga,o+, - log 
$C,” + lo-PC” 

+c,o - lo-PC” (13) 

Table 1 shows sets of pH and pCu values recorded. The lower pH limit applicable in this 
case is not imposed because of formation of protonated complexes, but rather because of 
the limited stability of the CuL complex in acid solutions. The upper pH limit, however, 
is determined by the two conditions outlined in equations (9) and (10). This will be discussed 
in section (b). 

The arithmetic mean value of Table 1 is in good agreement with the values 84-8.12 and 
8.36 which have been reportedj*’ [at p = 0.1 (potassium nitrate) and at 257. 

Table 1. pH and pCu values for the determination of the stability 
constant of the 1 :l complex of Cu(II) and glycine. CcUo = 1-O 

x 10W4M; CL0 = 2.0 x 10V4M, p = 0.1 (potassium nitrate) 

PH loga~uu EmV PCU 
D-7 

log- 1OgKCUL 

eqn. (12) eqn. (13) 

5.07 4.63 244-6 4.16 0.74 8.05 
5.30 440 241.9 4.24 0.57 807 
5.46 4.24 240.1 4.31 0.47 8.08 
5.61 4.09 237.8 4.37 0.40 8.06 
5-99 3.71 230.9 4.60 0.22 8.09 
6.28 3.42 224.9 4.80 o-14 8.08 

Logarithm of arithmetic mean value: 8.07 

(b) Cu(I1) + 2L = CuL, , where L = glycine 

The stability constant for this reaction may in principle be determined by the procedure 
outlined under section (a), i.e.? sets of pM and pH values are determined in a solution 
containing a large excess of the ligand, the pH being varied by addition of potassium 
hydroxide. If each metal ion does not take up more than two ligand molecules (which in 
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16 pCu 

Fig. 2. Determination of the stability constant, K cvLl, of the mononuclear biligand copper(H)_ 
glycine complex. 

Ccuo = 5 x lo-‘M, and CL0 = 5 x lo-“M; p = 0.1 (potassium nitrate). The y-intercept 
is 7.30. 

this case is justified as it can be shown that K&;“L”,” z e 1) and the complex formed is not very 
weak, CcUo can be substituted for [(CuL,)‘] and C,* - 2CcUo for [L’]. The stability constant 
of the mononuclear biligand complex, KcULl , is then given by equation (8) which transforms 
into : 

hNc”L~ = pcu + 2logrQ,, - log 
(CL0 - 2cc”“)2 

CCUO 
(14) 

This equation is applicable, of course, only when logo1cUL2 N 0. This condition will, 
however, likely apply as the formation of mononuclear biligand complexes is generally 
limited to complexing agents containing few co-ordination centres. Thus, stable basic 
mononuclear biligand chelates are not common. 

Equation (14) may also be rearranged to read: 

pcu = logKcULz - 2logaLfn) + log 
(C,O*- 2cc,“)2 

CcuO 
(15) 

In the range where CcUo = [(CuL,)‘] = [ CuL,], equation (15) predicts that a plot of 
pCu US. logaLl,, should give a straight line of slope -2 and a y-intercept equal to 

f lo&“,, + log 
(CL0 

This graphical relationship is shown in Fig. 2. The y-intercept is 7.30, which for the initial 
concentrations of C,* = 5 x 10e3A4 and Cc”* = 5 x lO”M gives log&,,, = 2.7~30 - 
logo.48 = 1460 + 0.32 = 14.92 which is in good agreement with the reported values of 
14.9-15*2.3*s 

When a farge excess of ligand is present, the assumption that [(ML,)‘] - CM0 is usually 
justified. If the formation of the biligand complex is incomplete, however, a corrected 
expression must be used: 

WL,)‘[ = Go - WLYI - Wf’l (16) 

where [M’] = a,[M] and [(ML)‘] = KML “Magi;” [M][L’]. [M] is meawed, and aM will 

usually be equal to aMtOH). 
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Since the two complex-formation constants for Cu(I1) and glycine are log&,,_ = 8.07 

and log&,, = 14.92, respectively, the stability constant logK:c: is thus equal to 
14.92 - 8.07 = 6.85 (literature values’ 6.87-6.91). This constant having been calculated, 
the pH range within which the KcUL constant may be determined can be derived, as the 
upper pH limit is imposed by the simultaneous satisfaction of equations (8)-(10). 

As [L’] * 10m4M, equation (9) yields: 

K~;L&- = 106.85 Q tlL(H) = - aLW) 
[L’] 1o-4 

or 

and equation (10) yields: 

uLtH) $. [ML]K$;;;L = 1O-4 - 106+” = 1O2’85 

(i.e., the same value since the inital concentrations in this case were chosen in a ratio of 
C&CL0 = 1:2). 

These equations are simultaneously satisfied for pH $ 6.9, i.e., the applicable range is in 
practice pH N 5-6. 

It is observed that if the last term of equation (13) were constant, the KcyL value could be 
derived graphically in the same manner as performed under section (b), i.e., on the basis of 
the tangent of slope - 1. 

(c) Cu(I1) + L = CuL, where L = EGTA 

EGTA [ethyleneglycol bis(2-aminoethylether)tetra-acetic acid] is a sexidentate complexing 
agent which forms mononuclear monoligand complexes with Cu(I1) ions. In addition to the 
complex CuL, it might be expected that protonated complexes such as CuHL and CuH2L 
can also be formed. A simple and elegant method of graphical evaluation of the stability 
constants of chelate compounds from pH and pM values has been formulated by Ringbom 
and Harju.’ As before, a series of pH and pCu measurements is performed on a solution 
containing known initial concentrations of Cu(I1) and ligand, the pH being gradually varied 
by addition of either base or acid. The equilibrium constant Kgif is then given by equation 
(6), which for CcUo:CLo = 1:2 and practically complete complex formation is reduced to 

log K%L= Pcu04 + logaL -logaCuL(H,OH) (17) 

or 

log KY;;& = Pcu03 flog aL(H) WV 

In Table 2 sets of pH and pCu values are recorded, the pCu values calculated on the basis 
of the mV readings and the calibration curve. If no protonated (or hydroxo) complexes are 
formed, the last term of equation (17) is zero and consequently logKE:f = logK$;&, . 
Thus, if logKf&. is plotted as a function of pH, the ordinate of the minimum point of the 
curve gives directly the value of the stability constant, logK,$f. In Table 2, the values of 
logK,c,“;i,. are calculated in the fifth column. At low pH values (pH < 2) a correction is 
necessary since the complex formation cannot be considered complete. This correction is 
executed according to equation (11). The conditional stability constant as a function of pH 
is plotted in Fig. 3. 
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Table 2. pfi and pCu vale for the determination of the stability con- 
stantsofthel:lcompIcxcsofCu(lDandEGTA.C~”= 1.0 x lO’)M; 

CL0 = 2.0 x lo-“M; p = 0.1 (potassium nitrate) 

1.28 
1.65 
3:: 

2.37 
2.48 
262 
2.75 
2.82 
3.01 
3.20 
3.22 
3.44 
3.81 
4.21 
4.60 
4.85 
5.20 
5.61 
5.88 
6.30 
9.50 
9.98 

262.5 3.50 18.24 
241.2 4.20 l&90 
212.4 219.3 4.92 5.15 15.25 1560 

Ml*1 5.52 14.50 
194.6 5.72 14.10 
la?*2 S-98 13-76 
183.1 6.12 1340 
179.5 6.23 13.20 
172.8 6.45 12*68 
166.5 6.67 1225 
165.8 6.68 1220 
156.6 7.00 11.70 
144.2 740 lo-90 
128.8 7.90 IO.05 
ill*8 a-47 9.25 
99.4 a.87 a.75 
81.6 946 8.10 
60.0 10.16 7.25 

IO-60 6.70 z.:: 
11.37 590 

- 132.0 1648 0.32 
- 137.7 16.65 0.14 

21.74 
21.10 
20.52 
20140 
20.02 
19%2 
19.74 
19.52 
19.43 
19.13 
18.92 
18.88 
i a.70 
la.30 
17.95 
17.72 
17.62 
17.56 
17.41 
17.30 
17.27 
16.80 
16.79 

22.02 
21.16 
20.53 

It is observed that between pH - 6.5 (adjusted with potsasium hydroxide) and pH 93 
(adjusted with ammonia buffer) no points are plotted. This is because within this pH range 
the copper ion activity becomes so low that the Sekctrode is no fonger capable of measuring 

16 

2 4 6 6 PH 

Fig. 3. LogK$& o f EGTA calculated from pCu as a function of PH. 
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it, i.e., pCu is larger than ca. 13. Owing to the sensitivity of the Selectrode in ammonia 
solutions, however, reliable values can be obtained in these media, as verified by the cali- 
bration curve. 

The curve of Fig. 3 is horizontal above pH 9, with a sharp rise below this value, proving 
the existence of protonated complexes. No hydroxo complexes, however, are formed 
(below pH 10). The ordinate at the minimum gives the value of the stability constant, 
hence logK$:t = 16.80 (literature values2p6*’ 17-17.8). 

The curvature of the plot indicates that complexes with one and two protons are formed. 
Since the relationship between aCuL(nj and the twoprotonation constants, KF;e- and K$~,T$" 
is given by: 

&,_(,,) = 1 + [H]K:;,C;L + [H]2K::;;:L (19) 

it is furthermore possible to read these two constants directly from Fig. 3 without any 
calculations [cf equations (17) and (18)] provided the two values are not too close to each 
other. If this condition is fulfilled, pH ranges may be chosen where one of the last two 
terms will be dominant. Thus, for the determination of the constant logKi$‘-, equations 
(17)-(19) yield: 

log KFtU;kj, = log Kg:iL i- log tlCuL(H) = log KEEiL + log([H]K~;$L) 

or 

log KF;& = log KS:iL + log KFh!;HCLL - pH (20) 

i.e., the tangent of slope - 1 to the curve is simply extended to its point of intersection with 
the horizontal line through the ordinate logKE:f (point A), yielding logKi;$$- = 5.30 
(literature values2** 4~28-4.4). If two protons are taken up, the last term in (19) will pre- 
dominate and the slope will be -2 since equations (17)-(19) now give: 

log KF;;& = log KEziL + log @+-L(H) = IOg KEtiL + log([H]2K$~n~~L) 

or 

log K$!,& = log KEiiL + log K&t{L - 2pH (21) 

This is the case at the extreme left and the constant can be determined in a similar way, 
i.e., logKi:,$‘LL = 2 x 3.82 = 7.64 (point B). The abscissa of the point of the intersection of 
the two straight lines (point C) equals 2.34; hence logKcH;~~L = 2.34. For these two latter 
constants no values are recorded in the literature. 

Based on the determination of these constants, the following stability constants may be 
calculated : 

KC”, HL 1 
CuHL 

=KH,CUL.KCU,L._ 
CuHL CUL 

& 

= 12.56 (literature value* 12.61) 

where KI is the acidity constant (logK, = 9.54). Also: 

= 5.97 (logK, = 8.93). (23) 

(22) 

No value for this constant is recorded in the literature. 
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The graphical method based on extrapolated tangents gives correct constants only if the 
differences between the values of successive protonation constants are sufficiently large. 
This will generally be the case if the ApH between the abscissae of two intersecting points 
(in this example A and C) is larger than 2 (as the correction then will be less than O-1 
logarithmic unit4). The difference in this case is cu. 3 so that no corrections were found 
necessary. 

(d) Replacement reactions 

By monitoring a titration with an electrode sensitive to ion M, , a solution of the cation 
M,, can be titrated with the ligand L by adding a small amount of MrL as indicator.’ A 
necessary prerequisite is that K& > K& $ l/Kh, . If it can be assumed that this condition 
is fulfilled, an electrode such as the Cu(I1) Selectrode may equally well be used to determine 
complex-formation constants on the basis of the replacement reaction: 

CuL + Mt,=Cu + M,,L 

where the copper(I1) ion activity is measured by the Selectrode. 
The equilibrium constant of this reaction is: 

(24) 

If the initial concentrations of the complex and the metal ion are denoted by [CuL]’ and 
[M,,]“, respectively, and if the conditions are selected so that the species do not participate 
in any side-reactions, the calculation of the constant KMrL is especially simple since: 

K = KC~L 
[cu2+]f 

&IL 
' K = KCuL ([CuL]’ - [Cu2+])([Mn]’ - [Cu’+]) 

(25) 

where [Cu2+] is the copper-ion concentration as determined by the Cu(I1) Selectrode 
(i.e., the ionic strength is kept constant and the copper concentration derived on the basis 
of the calibration curve). 

The stability constants of the Ca(I1) and Zn(I1) complexes with EDTA were determined 
by this method. To a solution of the metal nitrate a small amount of CuEDTA was added, 
and the ionic strength was adjusted to 0.1 with potassium nitrate. Corresponding measure- 
ments of pCu and pH were made, the pH being varied by small additions of potassium 
hydroxide or nitric acid. If the conditions for equation (25) are satisfied, a constant poten- 
tial is recorded over a certain pH range, the width of which depends upon the concentration 
and nature of the individual species. The copper concentration corresponding to this 
constant potential was used for the calculation of KMrlL according to equation (25). 

For the determination of KZnEDTA (p = O-l), the following initial concentrations were 
used: [Zn2+lo = [CuEDTA]’ = 2.5 x 10e3M. Between pH 2.6 and 5.2 a constant potential 
of 256.5 mV was recorded, corresponding to a pCu value of 3.78. Inserted in equation (25) 
this gives a value of logKz,Eu,, = 16.50 (literature value2 16.5) 

In the case of calcium, concentrations of [Ca2+]’ = 0*033M and [CuEDTA]’ = 2.5 x 
IO-‘M were used. Between pH 6.5 and 6.9 a constant potential of 166.0 mV was recorded, 
corresponding to a pCu value of 6.78. From (25) the value logKCpEDTA = IO.78 at P = 0.1 
was calculated (literature value2 10.7). 
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Zusammenfaasung-Die Kupfer(II)-” Selektrode “, die bei verschiedenen pH-Werten in einer 
Reihe von Cu(II)-Puffem geeicht war, wurde zur Bestimmung der Stabilitatskonstanten der 
Kupfer(II)-Komplexe von Glycin und EGTA bei einer Ionenstiirke von 0,l verwendet. Es 
werden Methoden angegeben, urn aus pH- und pM-Werten die Stabilitiitskonstanten von 
Chelatkomplexen zu berechnen. Die erhaltenen Werte schneiden beim Vergleich mit den in 
der Literatur aufgezeichneten sehr gut ab. Im System Cu(II)-EGTA, bei dem nur einige wenige 
Stabilitiitskonstanten bestimmt waren, wurden folgende Konstanten gefunden: log K$’ G 
16,80; log KcH;pLL = 5,30; log K$yLL = 764; log Kcn;;;;L = 2,34; log K$,:L = 12,56; 
log K$&L = 59,7. Beispiele fur die Verwendung der Cu(II)-Selektrode bei Verdrangungsreak- 
tionen werden geschildert. 

Resume--On a utilid la Selectrode de Cu (II), etalonntt dam une s&ie de tampons Cu (II) a 
diverses valeurs de pH, pour la determination des constantes de stabilite des complexes Cu (II) 
de la glycine et de I’EGTA a une force ionique de 0, 1, On pr6sente les mtthodes pour le calcul 
des constantes de stabilitt des complexes chelates a partir des valeurs de pH et de pM. Les 
valeurs obtenues sont t&s favorablement comparables a celles rapporttes dans la litterature. 
Pour le systeme Cu (II)-EGTA, pour lequel seulement un petit nombre de constantes de 
stabilite ont et& determinees, on a trouvt les constantes suivantes: logK&$ = 16.80; logK%$&’ 
= 5, 30; logK2cH.~;~ = 7, 64; IogK”c;“Hy,“L” = 2, 34; logKcc’;H = 12,56; et logKF;‘;nH:b = 5, 97. 
Des exemples de l’application de la Selectrode Cu (II) dam des reactions de remplacement 
sont p&sent&s. 
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Sununary-The possibility of application of triethylenetetramine (TFUEN) and tetraethylene- 
pentamine (TETREN) in metal titrations with the silver electrode as indicator was investigated. 
Copper, cadmium and zinc were determined in the presence of calcium, magnesium, ahuninium 
and iron(II1) in the concentration range from 0.02 to 2mM. The errors did not exceed 1%. On a 
similar basis copper and iron may be successfully determined in their mixtures under carefully 
controlled conditions. Copper is titrated with TRIEN, and both metals with EDTA at pH 7.5- 
8.0 in sulphosalicylate medium. The results obtained were in good agreement with those theo- 
retically predicted. 

In parallel to the development of new potentiometric sensors, interesting and analytically 
promising results in titrimetry may be obtained by the use of various complexing titrants. 
In this respect aliphatic polyamines show advantageous properties and may be used for 
determination of transition metals in the presence of elements of the main groups, 
which have lower affinity for nitrogen donors. 

Reilley and Sheldon’ have used triethylenetetramine (TRIEN), and Reilley and Va- 
voulis’ have used tetraethylenepentamine (TETREN), as metal titrants, with the mercury 
indicator electrode. They have shown that calcium, magnesium, aluminium and lanthanum 
do not interfere in the determination of transition metals. 

The selectivity of amines as titrants is connected with the stability constants of the metal 
complexes, which were investigated by several authors ‘-’ (Table 1). The higher stability 
of the silver complex should favour the use of the silver electrode for monitoring the course 
of titration, improving the end-point potential jump. 6 The silver indicator electrode has 

Table 1. Stability constants of polyamine complexes 
(Ringbom)16 

TRIEN TETREN 
Cation 

log B, log 192 log K:HL log 81 log K&IL 

Ag+ 7.7 8.1 7.4 8*3+ 
Cd2+ 10.75 13.9 6.4 14.0 
cu*+ 20.4 3.6 24.3 5.6 
Hg2+ 25.26 5.6 27.7 
Zn*+ 12.1 5.2 15.4 

* Additional constants for protonated complexcs16 
K- &“2L = 10’54, K’H AI”BL = lo21.3. 
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been used several times in EDTA titrations, even for concentration as low as 10-5M.7-9 
Among other titrants EC3TA was claimed as advantageous for calcium titration in the 
presence of magnesium. “*tl DTPA was found useful in automatic determination of alka- 
line earths,12 and for lead in the presence of aluminium.‘J 

In t&s perpcr the titration with TRIEN and TETREN of invade metal ions and their 
mixtures, using the silver indicator elect&c, is discussed. The titration curves are considered 
in terms of the equation previously derived’ and its validity for these systems is checked. 

EXPERIMENTAL 

TRIEN solutions wcrc prcparcd by dissoking TRIEN sxdphatc in W?4M sodium hydroxide. The reagertt 
was purifki according to R&Icy and Sh&don’ and the sohuions were standardized potentiomctrioahy, 
using the mcroury indicator electrode and standard ooppcr nitrate solution. 

TETRRN solutions were prepared similarly by dissolving TETREN sulphate in water, and adding 
sodium hydroxide tili the pH was 74. TETREN (Koch Light) was puritlcdaccording to Rcilley and Vavoulis,z 
and the sohttions were standardized as for TRIEN. 

EDTA and D’I’PA so&ions wcrc prepared as usuai and standardized with zinc nitrate soIution. 
Met& ion sohztks were prepared as nitrates and standard&cd ~p~orne~~y with EDTA, using 

the mercury indkator &cot&c. 
Ah sohrtions were prepared Arom ana&tkally pure rcagccts and doubly distilkd water. The saturated 

borax solution wua prepared from the twice-crystalked rcagcnt. 
The siivcr ckctrode was prcparcd as previously dcscribcd.9 The reference electrode was a Radiometer 

saturated calomel electrode K 401. 

Tie samph: should contain Wtl2-0~2 mmole of the metal to be dctcrmkcd, in the form of a salt ofwhich 
the anion dots not react signitifflntly with siivcr. To the sample in a 233-ml beaker I mi of 10-%f silver 
nitrate is ad&d. This makes it ncccmary to take into account a cornaction equal to 0.1 pmole of the Want. 
For more dilute solutions it is recommended to add the indicator ion in the form of its mIIN or TETREN 
complex. ‘To the sample SO ml of saturated borax solution is added and after dilution to the total vohune of 
about 100 ml the sample is titrated with a 040144WW Want depending on the concentration of the sample. 
The end-point is detcrmincd graphically from the intemcetion of the two bran&cc of the asymmetrical 
titration curve, In the case of the symmctricai titration eurvc the end-point shouId be obtained by using the 
first derivative method or the Gran proeedurc. 

DISCUSSION AND RESULTS 

Choice of titration canditions of individual ims 

As rqxesentative ions, Cu2 ‘, Cd” + and Zn’ + were titrated with TRIEN and TETREN. 
In our previous paper’ it was found that a borax buffer of pH 940 is the most convenient 
medium for titrations in which the silver indicator eiectrode is used, because silver forms 
rather weak complexes with the ligands used. I4 A decrease in the borax concentration im- 
proves the potential jump and a half-saturated solution was found the best. Further decrease 
of the borax concentration significantly influences the rate of potential establishment, and 
a threefold dilution ,makes the titration impossible. Nevertheless titration is also possibie 
in unbufFered sotution, but seems rather impractical because of instability of the conditions 
(see Fig. 7). 

In all the titrations mentioned the titration curves were asymmetrical. Results correct 
within 4 1% may be obtained for amounts from 04025 to 0*2 mmole in 100 ml (Table 2). 
The asymmetry of the titration curve is most pronounced in the case of copper, but the 
end-point can easily be found by extrapolation of the two nearly linear parts of the curve, 
even for 2 x IO-sM solution. Some titration curves of Zn2+ with TETREN are shown 
in Fig. 1. 
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Table 2. Polyamine titrations in the absence of interfering ions 

Titrant 

TRIEN TETREN 
Ion Taken, 

determined mmoIe Found, mmole Error, % Found, mmole Error, % 

Cd2+ 0.1977 

0.0988 

0*04940 

0.00988 
oGO494 

cuz + 0.2066 

0.1033 

0.05165 

0.01033 

OGO250 

Znz+ 0.2002 

O*lOOl 
0*05005 
0~01001 
0*00500 

OGO250 

0.1981 +0*2 
0.2011 +1.2 
0.0986 -0.2 
0.0987 -0.1 
0.04973 +0.8 
0.04928 -0.2 

0.2063 -0.15 
0.2059 +@3 
01036 -0.3 
0.1038 +0*8 
o-05154 -0.2 
0.05163 0.0 
0*01031 -0.2 
0*01024 -0.8 
0.002570 +2-Q 
0.002530 $-I*1 

0.1991 
0.2001 
0*1004 
0.05009 

-0.5 
-0.1 
+0*3 
+0.1 

oGM.83 -3.4 
o+lO489 -0.7 
0.00248 -0.8 

0.1976 -0 

0.0985 

0*04920 

-0.3 

-0.4 

0.00986 -0.2 
0*00500 $1.2 

0.2065 -0 

0.1026 -0.6 
0.1034 t-o.2 
0.05165 0 

0.01045 +1*1 

0.2000 

09999 -0.2 
0~05003 0.0 
o*OOQQ4 -0.7 
0~00503 +0*6 

-0.1 

Theoretical treatment of experimental data 

In determination of a given ion the symmetrical or asymmetrical shape of the titration 
curve depends on whether the conditional stability constant of the indicator ion complex 
is greater or smaller than that of the ion determined. For the silver electrode used in our 
experiments the values of the conditional constants of the silver complex (QrY) are rather 
small (Fig. 2) and do not exceed the values for the Ct.?+, Cd’+ and Zn2+ complexes. 
Therefore6 the potential change AE, ,2 ,z obtained in titrations of metals of total concen- 
tration CM is given by the equation: 

A& 12,~ = $ ln( CM - f&.) 

indicating that it is best to perform titrations with TETREN and TRIEN at pH 9-10. The 
effect of the conditional constant for the silver complex is clearly seen when titration curves 
of the same ion but for different titrants (forming silver complexes of different stability) 
are compared (Fig. 3). The good agreement of experimental and calculated potential 

changes (A&2.2) is shown by a linear regression line, which may not be limited to poly- 
amine titrants but also extend to some polyaminopolycarboxylic titrants. 
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Fraction titrated 

0 

Fig. 1. Titration of zinc in various concentrations with TETREN at pH 94 in half-saturated 
borax medium, C, - 1O-6Ikf, Y- 100 ml, silver indicator electrode. 
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Fig. 2. Change of conditional stability constants of silver complexes with pH. I-TETREN, 
2-DTPA, 3-EDTA, AmEN. 
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Fraction titrated 

Fig. 3. Titration of @lM copper with various Wants: I-EDTA, 2--TRIEN, 3-m, 
ADPTA. Other conditions as for Fig. 1. 

1121 

I I I I 
0 0.5 I.0 1.5 

Fraction titrated 

Fig. 4. Titration of O*lmM cadmium with TFSEN in the presence of interfering ions: I- 
1GmM Caz+ + 1GnM Mg*+, pH 8-O; 2--O*lmM Al”+, pH 9.2; 3-l@mM Al’+, 0.OSM 
acetylacctonc, pH 8.7; 4-O.1mM Fe 3+, O-01 M sulphosalicylate, pH 90. In all titrations: 

C, = 10e6M, V= 100 ml, half-saturated borax, silver indicator electrode. 
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Titration of Cu’ +, Cd’+ and Zn2 ’ in presence of other ions 

From theoretical consideration it follows that Ca2+, Mg2+, Al’+ and Fe’+ should not 
interfere in titration of ions which complex preferentially through nitrogen donors. 

TNEN. Tenfold excess of calcium and magnesium does not interfere in titration of Cu2 +, 
Cd2 + or Zn2 + at pH 8. The use of higher pH values is rather undesirable because the reac- 
tion becomes sluggish, even at pH 8.5. The presence of aluminium in equimolar amounts 
interferes, except for titration of Cu2 +, because the reaction becomes slow. In the case of 
Cd2+ determination, this can be prevented by the use of acetylacetone as a masking agent, 
but not for Zn2+, which is too strongly complexed by this masking ligand. The presence of 
iron(lII) needs addition of sulphosalicylic acid for masking, which also complexes copper 
significantly, making the titration curve symmetrical. Some examples of titration curves 
are given in Fig. 4, and the results in Table 3. 

Table 3. TIUEN titrations in the presence of interfering ions 

Ion 
deter- 
miaed 

Foreign ions, 
mtwle 

Amount of ion 
determined 

Masking mmole 
agent, Error 

M pH Taken Found % 

Cd’+ 1.0 W+ + 1.0 MB’+ - 8.0 04968 04966 -0.2 
0.1 Al3+ - 9.2 04965 -0.3 
0.1 AP+ - 9.2 0.0966 -0.2 
1.0 A13+ 0.05 acac* a-7 049f53 -0.5 
0.1 Fe3+ 0.01 sulphosalt 9.0 04971 +0*3 

Cuz+ 1.0 Caa+ + 1.0 Mg’+ - 8.0 0.1033 0.1031 -0.2 
0.1 Al3+ - 9.1 0.1027 -0.5 
0.1 Fe”+ 0.01 sulphosal 8.8 0.1030 -0.3 
@l Fe3+ 0.01 sulphosal 8.8 0.1031 -0.2 

Zn2+ 1.0 Ca’+ + 1.0 Mgz+ - 8.0 04994 04997 +0*3 
0.1 A13+ - 9.1 04985 -0.9 
@l Fe”+ 0.01 sulphosal 8.9 0.0992 -0.2 

l acac = acctylacctone. 
t sulphosal = sulphosalicylic acid. 

TETREN. In general the conclusions are similar to those for TRIEN. Some improvement 
in the rate of Cd’+ titration may be observed when succinate is added first, which complexes 
the interfering elements in a small but sufficient degree. When iron(II1) is present sulphosali- 
cylic acid should be used. In Table 4 corresponding results are given. For both titrants 
the error does not exceed 1% and is < 0.5 % for 70 % of measurements. 

Potentiometric titration of Cu2 + and Fe3 + in mixtures 

At pH 8.8 copper may be titrated successfully with TRIEN when comparable amounts 
of iron(III) are masked with sulphosalicylic acid (Fig. 5). With EDTA as titrant both 
metals may be titrated when conditions are carefully controlled. At pH 7.5-8-O and sul- 
phosalicylic acid concentrations from @Ol to O*OSM the yellow iron(II1) complex is 
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Table 4. TETILEN titrations in the presence of interfering ions 

Ion 
deter- 
mined 

Foreign ions, 
mmole 

Mashing 
agent, 

M 

Amount of ion 
determined, 

mmole 
Error, 

pH Taken Found % 

Cd2+ 1.0 Ca*+ 
1.0 Ca*+ 

1.0 Ca*+ + 1.0 Mg*+ 
0.1 A13+ 
1.0 AP+ 
O-1 Fe3+ 
0.1 Fe3+ 
0.1 Fe3+ 

cu* + 1.0 Ca*+ + I.0 Mg*+ 
1.0 Ca*+ + 1.0 Mg*+ 

0.1 Al’+ 
0.1 Fe3+ 

Zn*+ 1.0 Ca*+ +1-O Mg*+ 
1.0 Ca*+ + 1.0 Mg’+ 

0.1 AIS+ 
0.1 Fe3+ 

- 
0.05 succinate 

- 
- 

O-05 acac 
- 

0.05 sulphosal 
0.004 TEA 

- 
- 
- 

0.01 sulphosal 

- 
- 

O-05 acac 
0.01 sulphosal 

10.8 0.0969 0.0965 -0.4 
8.6 0.0977 +0.8 

10.0 oGJ66 -0.3 
9.0 0~0971 +0*2 
8.6 0.0972 +0*3 
9.0 0.0975 +0.6 
8.0 0.0967 -0.2 
9.1 0.0978 +o*v 

8.0 0.1033 0*10&l 
8.0 0.1042 
9.1 0.1031 
8.8 0.1026 

9.0 o+lQ95 oGQQ5 
8.0 0.1007 
9.0 0.1002 
9.0 0+992 

+0.7 
+o*v 
-0.2 
-0.7 

0 
+1*2 
+0*7 
-0.3 

200 r 

t 
v) I50 

z 
s 
I 100 E 3 

‘0 a. 

50 

0 3 IO I5 20 

Volume of 0,Ol wont rolution, ml 

Fig. 5. Titrations of copper and iron(m) using silver indicator electrode. L-O~lmM Fe3+, 
O*OlM sulphosalicylate, pH 8.0, titrant EDTA; 2-0lmM Cu*+ +O.lmM Fe3+, O$lOlM 
sulphosalicylate, pH 8.8, Want TRIEN; 3-4l*lmM Cu*+ + O-l& Fe’+, O~OSMsnlphosali- 
cylate, pH 8.0, titrant EDTA. In all titrations Cti = 10m6M, half-saturated borax, V- 100 ml. 

sufficiently stable to prevent formation of the hydroxide but it still reacts quantitatively with 
the titrant. At pH < 7.5 the potential change at the equivalence point is too small, whereas 
at pH > 8.0 the formation of hydroxo-complexes significantly inhibits the rate of titration, 
even at 50-60”. On this basis both ions in mixtures can be titrated, the sum with EDTA as 
titrant, and TRIEN for copper. 



1124 ADAM HULANICKI, MAREK T~o~~~owrcz and JOANNA DOMANSKA 

Table 5. Determination of copper and iron in mixtures 

Taken, mm& 
[sulphosalicylate]. Found, Error, 

T&rant Cu Fe pH M mmole % 

EDTA 0.1016 8.2 
0.0998 7.0 
0.0998 7,s 
0.0998 8.0 

0.1034 0.1016 8.0 
0.1034 0.1016 8.0 

TRIEN 0.1033 0.0998 
0.1033 0.0998 

8.8 
8.8 

0.01 O-1006 Fe -1.0 
0.05 0.0999 Fe +0*1 
0.05 0.0996 Fe -0.2 
0.05 O-0987 Fe -I*0 
0.05 O-2066 Cu + Fe +0*8 
0.05 0.2060 Cu + Fe +0*5 

0.01 0~1030 cu -0.3 
0.01 0.1031 cu -0.2 

CONCLUSIONS 

The application of the silver indicator electrode in titrations with polyamines offers 
several advantages compared to methods previously used. TRIEN and especially TETREN 
give a greater potential change than EDTA, approaching the magnitude of the end-point 
jump found with DTPA. Compared with the polyaminopolycarboxylic acids as titrants, 
polyamines permit determination of ions in several mixtures which are difficult to analyse 
with EDTA as titrant. 

Fraction titrated 

Fig. 6. Titrations with TETREN as titrant, using various indicator electrodes. l-mercury 
electrode, pH 4.6, acetate but&r; 2-silver electrode, pH 9.0. half-saturated borax; 3-silver 

electrode, pH at the end-point 9.1, unbuffered solution. In ail titrations V= 100 ml. 
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The replacement of the mercury electrode by the silver electrode bears some advantages. 
The potential change is in general greater (Fig. 6), improving the precision. The potential 
readings with the silver electrode are usually more stable,“, improving the process of 
titration. The negative potential range is more easily accessible even when the solution is not 
carefully deaerated. Finally, no undesirable precipitates are formed on the electrode surface, 
such as those observed on the mercury electrode surface and causing positive err0rs.l’ 

The one drawback of the silver indicator electrode is the difficulty of masking, and appli- 
cation of the procedure to mixtures of ions. In this respect the mercury electrode seems to 
be superior, but the use of polyamines described in this paper still offers some advantage. 

REFERENCES 
1. C. N. Reilley and M. V. Sheldon, Tulnntu, 1958, 1, 127. 
2. C. N. Reilley and A. Vavoulis, Anal. Chem., 1959, 31, 243. 
3. H. B. Jonassen, J. A. Bertrand, F. R. Groves and J. R. Stearns, J. Am. Chem. Sot., 1957,79,4279. 
4. C. N. Reilley and J. H. Holloway, J. Am. Cbem. Sot., 1958,80,2917. 
5. G. Schwarzenbach, Helv. Chim. Acta, 1950,33,974. 
6. A. Hulanicki and M. Trojanowicz, Talunta, 1969, 16,225. 
7. F. Strafelda, Collection. Czech. Chem. Commun., 1962, 27, 343; 1963, 28, 3345; 1965, 30,232O. 
8. J. S. Fritz and B. B. Garralda, Anal. Chem., 1964, 36, 737. 
9. W. Kemula, A. Hulanicki and M. Trojanowicz, Chem. An&it. (Warsaw), 1969, 14,481. 

10. T. Nomura and G. Nakagawa, Bunseki Kagaku, 1976,16,1309. 
11. I. E. Lichtenstien, E. Capbola and D. A. Aikens, Anal. Chem., 1972,44, 1681. 
12. E. D. Olsen and F. S. Adamo. ibid.. 1967. 81. 
13. J. P. Cummings, Tulantu, 1976, 17, iO13. ’ 

39. 
’ 

14. S. Hietanen and L. G. Sill&, Arkiv Kemi, 1970,32, 111. 
15. H. Wikberg and A. Ringbom, &omen Kern., 1968,418, 177. 
16. A. Hulanicki and M. Trojanowicz, Roczniki Chem., 1973,41,279. 
17. U. Hannema, G. J. van Rossum and G. den Boef, Z, Anal. Chem., 1970,250,302. 

Zusammenfassung-Die Verwendbarkeit von Triiithylentetramin (TRIEN) und Tetrtithylen- 
pentamin (TETREN) bei Metalltitrationen mit der Silberelektrode als Indikator wurde unter- 
sucht. Kupfer, Cadmium und Zink wurden in Gegenwart von Calcium, Magnesium, Alumi- 
nium und Eisen(II1) im Konzentrationsbereich 0,02 bis 2 mM bestimmt. Die Fehler iiberstiegen 
1% nicht. Auf tinlicher Grundlage kijnnen Kupfer und Eisen in ihren Mischungen unter sorg- 
fiiltig kontrollierten Bedingungen mit Erfolg bestimmt werden. Kupfer wird mit TRIEN, beide 
Metalle werden mit EDTA bei pH 7,5-8,0 in Sulfosalicylat-Medium titriert. Die erhaltenen 
Ergebnisse stimmten mit den theoretisch vorhergesagten gut i&rein. 

R&sum&-On a 6tudiC la possibilitk d’application de la tri&hylbnet&ramine (TRIEN) et de la 
t&aQthylbnepentamine (TETREN) dans le titrage de m&aux avec 1’6lectrode d’argent comme 
indicateur. On a dad les cuivre, cadmium et zinc en la presence de calcium, magn&sium, alu- 
minium et fer (III) dans le domaine de concentration de 0,02 g 2 mM. Les erreurs n’exddent 
pas 1 %. Sur une base semblable, on peut dCterminer avec suc& le cuivre et le fer dans leurs 
melanges dans des conditions soigneusement contr&es. Le cuivre est dod par le TRIEN, et 
les deux mttaux par I’EDTA & pH 7,5-8,0 en milieu sulfosalicylate. I_es r6sultats obtenus 
sont en bon accord avec ceux p&us thCoriquement. 
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Summary-U(V1) can be separated from Ga, Fe(III), Bi, Pb, Cd, Zn, Cu(I1) and Au(II1) by 
quantitative elution with 0.50M HBr in 86 % acetone or with O.JSM HBr in 90 y0 acetone from a 
column of AGSOW-X4 cation-exchange resin of 200-400 mesh particle size. U(V1) and many 
other ions are retained. U(V1) then can be eluted selectively with 0.50M HCl in 83 % acetone or 
with 0*35M HCl in 85 % acetone. Co(II), Mn(II), Mg, Ca, Ti(IV), Al, Zr, Th and La are quanti- 
tativelyretained by thecolumn. These elements then can beeluted with 5M HNOI . At the higher 
acid concentration (0.50M) the separation between U(V1) and Li is not satisfactory but is 
excellent at the lower acid concentration; the U(V1) peak is sharper at the higher acid concen- 
tration. Separations are sharp and quantitative, as is demonstrated by results for some synthetic 
mixtures. Distribution coefficients and elution curves are presented. 

The selective separation of uranium from other elements has received considerable attention 
during the last fifteen years. The widely known anion-exchange procedure in sulphate 
solution’ has been made more selective by substituting 0*25M sulphuric acid’ for the acid 
ammonium sulphate used originally. Some elements such as Zr and Hf, which accompany 
U(VI) in the sulphate anion-exchange procedure, can be separated by anion-exchange in 
aqueous hydrochloric acid together with many other elements, according to the distribution 
coefficients published by Kraus et al. 3*4 Other metals are eluted with 4M hydrochloric . 
acid and U(VJ) with 1M hydrochloric acid, but Fe(III), Mo(VI), W(VI), Ga, In, and Pb are 
not completely separated from U(V1) by this procedure. Attempts have been made to 
improve the selectivity of the anion-exchange separation of U(VI) in hydrochloric acid 
and also in nitric acid by adding water-miscible organic solvents. A comprehensive summary 
of the available procedures is given by Korkisch. ’ Probably the most selective anion- 
exchange procedure is that using Dowex l-X8 resin and hydrochloric acid-methyl glycol 
mixtures for eluting many species, including Fe(III), while U(VI) is retained and is eluted 
with l*OM hydrochloric acid. 6*7 Of more than 20 ions investigated, only Pb(II) accompanies 
U(VI). but the suggested elution volumes for In, Mn(I1) and Cu(I1) are rather large for the 
small columns used.6 Only a limited number of ions can be separated from U(V1) by 
cation-exchange procedures in aqueous media. The best selectivity is obtained in aqueous 
sulphuric acid by eluting U(V1) with 0.50M acid. ’ A very selective procedure has been 
described by Korkisch et al.’ who use 0*6M nitric acid in 90% tetrahydrofuran for the 
elution of Au(III), Mo(VI), V(V) and the platinum metals. U(V1) is then eluted with the 
same reagent, while many other elements are strongly retained by the column. Only Bi has 
been claimed to accompany U(V1) in this procedure, but the distribution coefficient for 
U(V1) (40) is rather high and comparatively large elution volumes are required. 
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During a systematic study of cation-exchange distribution in hydrobromic acid-acetone 
mixtures it was observed that at fairly high acetone concentrations U(VI) is adsorbed more 
strongly from hydrobromic acid-acetone mixtures than from the corresponding hydro- 
chloric-acetone mixtures. This fact has been utilized for a very selective separation of U(VJ) 
from other ions. In the first step a large number of ions, including Cu(II), which is eluted 
together with U(VI) in hydrochloric acid-acetone, and also Pb and Bi, are eluted with 
hydrobromic acid-acetone, while U(VI) is retained. In the second step U(VJ) is eluted 
selectively from the same column with hydrochloric acid-acetone, while many other ions are 
retained. This is a simple single-column procedure in which additional selectivity is obtained 
by changing from one selectivity sequence to another. Korkisch et al.” have studied the 
cation-hydrobromic acid-organic solvent mixtures (including acetone) and have suggested 
0.9M hydrobromic acid in 90% aqueous acetone for separation of U(V1) from Fe(III), 
but no quantitative separations appear to have been done. 

EXPERIMENTAL 

Reagents and apparatus 

The resins used were the AGSOW-X8 and AGSOW-X4 sulphonated polystyrene cation-exchangers 
marketed by BioRad Laboratories of Richmond, California. Resin of loo-200 mesh particle size was used for 
determination of distribution coefficients and of 200-400 mesh for column work. The resin used for column 
work was stirred in a beaker with O*OlM nitric acid containing 50 y0 acetone (v/v) and the slurry transferred 
into the column with the same reagent. Borosilicate glass tubes of about 20 mm bore with fused-in glass 
sinters of No. 2 porosity and a burette tap at the bottom, and a B19 ground-glass joint at the top, were used 
as columns. All chemicals used were of analytical-reagent grade purity. 

Atomic-absorption measurements were carried out on a Perkin-Elmer 303 instrument and for spectro- 
photometric determinations a Zeiss PMQII spectrophotometer was used. 

RESULTS 

Distribution coeficients with -X8 resin 

An inspection of known distribution coefficients with AG50W-X8 resin in hydrochloric 
acid-acetone” and hydrobromic acid-acetone” mixtures seemed to indicate that good 
separations with large separation factors could be obtained in 0.5M acids. This acid con- 
centration also ensures reasonably fast elution of larger amounts of the ions. Graphs of 
distribution coefficients in 0*5M acids against acetone concentration were then plotted for 
the various ions in order to find the most favourable acetone concentrations. From these 
graphs it was decided to elute Cu(II), Zn, Fe(II1) and other less strongly adsorbed ions with 
050M hydrobromic acid in 86% acetone, U(V1) being retained. U(V1) is then eluted selec- 
tively by 0*50M hydrochloric acid in 83% acetone. The relevant distribution coefficients 
were read from the graphs and are presented in Table 1. The coefficients show that all the 
ions below Li in the first column can easily be eluted with 0*50M hydrobromic acid in 86 % 
acetone. Of the ions retained Li and Na move down the column, but still remain in the upper 
half. The separation factor between Ga, which has the highest coefficient of the eluted group, 
and U(IV), is about 75. In the second column of Table 1 distribution coefficients are given 
for the hydrochloric acid-acetone mixture. These coefficients show that U(VI) can be eluted 
selectively with a separation factor of larger than 10 from all the remaining elements. 

Distribution coeficients with -X4 resin 

Because uranium shows some tailing during elution with 0*5M hydrochloric acid-acetone 
mixtures from AG50W-X8 resini3*r4 and tailing often increases when hydrobromic acid is 
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Table 1. Distribution coefficients of elements with AGSOW-X8 
resin 

Eluting agent 

Ion 
O+OM HBr in 05OM HCl in 
86 % acetone 83 % acetone 
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Th, Zr, Hf 
R.E., Y, SC I 
Ba 
Sr 
Al 
Ti(IV) 
Ca 

>lO’ >104 

>10* precipitated 
8200 3500 
4960 1110 
2960 865 
2880 1570 

UVI) 501 

Mg 455 386 
Ni(I1) 406 298 
CS. 385 316 
Mn(I1) 385 177 
Co(II) 352 70 
Rb 238 378 
WIW 224 87 
K 196 443 
Be 158 170 
Na 85 195 
Li 52 65 

Ga 
Pb(II) 
Fe(II1) 
Cu(I1) 
Z 
In 
Sn(IV) 

z(III) Pt(IV) Pd(I1) 
Rh(III): Ir(II1): Hg(II) 
As(III), Sb(III), 
Tl(III), Bi(II1) 

6.7 
5.5 
3.5 I 
2.3 a 
1.5 5 
1.4 “p 
1.3 
0.8 

I < l*O 

I 

used instead of hydrochloric acid the use of a resin with 4 % cross-linkage was investigated. 
This would lead to improved kinetics and reduced tailing. From general considerations the 
distribution coefficients of complex-forming elements should not differ too much in the 
relevant acetone concentration range, because the magnitude of the coefficients in this 
region should mainly be determined by the complex equilibria in the external solution and 
less by the resin cross-linkage. Only ions not forming halide complexes, such as alkali, 
alkaline earth and rare-earth metal ions, could have appreciably lower distribution co- 
efficients with the 4% cross-linked resin. Figures 1 and 2 show comparative distribution 
coefficients in 0.5M hydrochloric acid in 83 % acetone for Co(II1). This metal has the lowest 
distribution coefficient (other than Li) in the second column of Table 1 and is therefore the 
most difficult to separate from U(V1). The coefficients for Li and Na are only slightly lower 
with the 4 % cross-linked resin. In 0*5OM hydrobromic acid containing 86% acetone the 
coefficients of Ga and the elements below Ga in the first column of Table 1 are lower with the 
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Fig. 1. Distribution coefkicnts for Co(I1) in O-M4 HCl with various amounts of acetone. 
AGSOW-X8 and AGSOW-X4 resins. 

4 % resin. Those of Li and Na are slightly lower and the elements above Li that form chloro- 
complexes should follow the pattern indicated for Co(I1) and U(VI) in Figs. 1 and 2. It 
appears that the coefficients presented in Table 1 can be used with minor adjustments for the 
predictions of the best conditions for separations with 4 % cross-linked resin. 

Elution curves 

Experimental elution curves for separations of some of the most critical pairs of ions were 
prepared. About 25 ml of a solution containing about 1 mmole each of Ga, the most strongly 
adsorbed element in the easily eluted group, and U(VI) in 0-M nitric acid containing 50% 
acetone were passed through a column of 65 ml (15 g) of AGSOW-X4 resin of 200-400 mesh 
particle size. The column had been equilibrated by passage through it of 50 ml of 0.1 M 
nitric acid in 50% acetone and it was 20 cm in length and 2.1 cm dia. The ions were washed 
onto the column with O*lM nitric acid in 50% acetone and then eluted with 0*50M hydro- 
bromic acid in 86% acetone. The flow-rate was kept at 3-O f 0.5 ml/min. Fractions 25 ml 
in volume were taken from the beginning of the elution step by means of an automatic 
fraction collector and the amounts of the elements in the fractions were determined. 
Figure 3 shows the elution curve obtained. No uranium could be detected in the tirst 1000 ml 
of eluate. Figure 4 shows an elution curve for the Pb-U(V1) pair obtained under the same 
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Fig. 2. Distribution coefficients for U(VI) in 050M HCI with various amounts of acetone. 
AGSOW-X8 and AGSOW-X4 resins. 
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Fig. 3. Elution curve Ga-U(V1) with O.SOM HBr in 86% acetone. 65 ml [21 x 2.1 cm] 
AGSOW-X4 resin, 200-400 mesh. Flow-rate 3.0 f 0.5 ml/min. 
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w.SOM HBr in 66% oc~tonr+O~bOW HCI in 63k ac*tom 
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Fig. 4. Elution curve Pb-U(V1). 65 ml [21 x 2.1 cm] AGSOW-X4 resin, 200-400 mesh. 
Flow-rate 3.0 f 0.5 ml/min. 

experimental conditions as described above, but the elution with 0.50M hydrobromic acid in 
86% acetone was stopped after 400 ml had been passed through the column, and U(VI) 
was then eluted with 0.50M hydrochloric acid in 83 % acetone. 

Figure 5 shows an elution curve for the U(VI)-Co(u) pair, because, excepting lithium, 
cobalt has in 0*50M hydrochloric acid containing 83% acetone the lowest distribution 
coefficient of the ions retained (Table 1). U(VI) was eluted from the beginning with 0~50it4 
hydrochloric acid in 83 % acetone and the elution was continued until most of the cobalt 
had appeared in the eluate. 

2 

0 
0 loo 200 300 400 500 600 TOO 6cO 900 IOOO 

ml cluote 

Fig. 5. Elution curve U(VI)-Co(II) with O*SOM HCI in 83% acetone. 65 ml [21 x 2.1 cm] 
AGSOW-X4 resin, 200-400 mesh. Flow-rate 3.0 f 0.5 ml/min. 

Figure 6 shows an elution curve for Cu(II)-U(W)-Co(II), simulating an actual analytical 
situation with U(VI) and one ion of each group present. The elutions of Cu(I1) and U(V1) 
were in this case stopped after 300 ml of the respective eluting agents had been used and 
Co(I1) was finally eluted with 3M hydrochloric acid. 
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0.SOM HBr O+,OM HCI 
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Fig. 6. Elution curve Cu(II)-U(VI)-Co(H). 65 ml 121 x 2.1 cm] AGSOW-X4 resin, 2oo-400 
mesh. Flow-rate 3-O f 0.5 ml/min. 

Figure 7 shows a similar elution curve for Bi-U(VI)-Li. This curve was included because 
Li is the element which in both eluting agents, 050M hydrobromic acid in 86 % acetone and 
0.50M hydrochloric acid in 83 % acetone, has the lowest distribution coefficient of the ions 
retained (Table 1). With 4% cross-linked resin the distribution coefficients are even lower 
and the conditions for separation of Li from U(VI) are critical. In this case the medium for 
loading the ions onto the column was 25 ml of 0.5M hydrobromic acid containing 86% 
acetone and the adsorption step is included in the elution curve. The figure shows that the 
separation between U(V1) and Li is not satisfactory for quantitative analysis. 

Ions such as Fe@), Cu(II), Zn, In, Sn(IV), Cd, Au(III), Pt(IV), Pd(II), Rh(III), Ir(III), 
Hg(II), As(III), Sb(III), Tl(II1) and Ge are eluted together with or ahead of Ga while Mn(II), 

32. 
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Fig. 7. Elution curve Bi-U(VI)-Li. 65 ml [21 x 2.1 cm] AGSOW-X4 resin, 200-400 mesh. 
Flow-rate 3.0 f 0.5 ml/min. 
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t_O.35M Mlr in 90%+0*33M MI in 55Y.+3.00W MCI 
QC9lOlW OcltoM 
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Fig. 8. Ehrtion curve Ga-U(VI)-Li. 65 ml [21 x 2.1. cm] AGSOW-X4 resin, 2f&400 mesh. 
Flow-rate 3-O & 05 mljmin. 

V(W), Ni, Na, K, Rb, Cs, Be, Mg, Ca, Sr, Ba, Al, SC, Y and the lanthanides, Ti, Zr, Hf and 
Th are retained together with Co(H). 

In order to obtain a satisfactory separation from lithium, lower acid and higher acetone 
concentrations can be employed though the uranium peak will be wider in this case. Figure 
8 shows an elution curve for a Ga-U(W)-Li mixture. The ions were adsorbed from 0-W 
nitric acid in 50% acetone. Ga was eluted with 0.35M hydrobromic acid in 90% acetone, 
U(W) with 0*35M hydrochloric acid in 85 % acetone and lithium with 3*OM hydrochloric 
acid. In this case the separation between U(VI) and Li is quite satisfactory. Co(II), Mn(I1) 
and the other ions retained are eluted later than Li. 

Amounts of standard solutions of uranium (VI) and one other element is O*IM nitric acid containing 50 % 
acetone were measured out in triplicate, mixed and adsorbed on a coiumn of 65 ml (15 g) of AGSOW-X4 
resin of 200-400 mesh particle size. The column was 21 cm in length and 2.1 cm in diameter and had been 
equilibrated with 50 ml of @lM nitric acid containing 50% acetone. The beakers were rinsed and the ions 
were washed onto the resin with the same reagent. From mixtures containing Ga, Pb, Fe@), Cd, Cu(I1) 
and En these ekments were eluted with 300 ml of 05OM hydrobromic acid in 86 % acetone, followed by 
ehztion of U(VI) with 300 ml of 05OM hydrochloric acid in 83 % acetone. From mixtures containing Co(E), 
Mn(II), Mg, Ca, Ti(IV), Al, Zr, Th, and La, the U(V1) was eluted first with 300 mi of 0*50&f hydr~oric 
acid in 83 % acetone foiiowed by eiution of the other elements; 200 ml of 3M hydrochloric acid were used 
for Co(E), Mn(II), Mg and Ti(IV). The solutions of Ti(IV) and the eluting agents contained a few drops of 
30 % hydrogen peroxide; 300 ml of 3M hydrochloric acid were used for A1 and Ca and 400 ml of 4M hydro- 
chloric acid for La and Zr. Th was eluted with 500 ml of 5iUnitric acid. Mixtures containing Bi and Au(II1) 
were loaded onto the column in SO ml of 05OM hydrobromic acid containing 86 ‘A acetone and the eluate 
was collected from the beginning of the adsorption step. The column had been equilibrated with 50 ml of the 
same reagent, and Bi and Au(III) were eluted in the same way as Ga above, followed by the ehttion of U(VI) 
In addition one experiment was carried out in which Ga was ehrted with 300 ml of 0*35&i hydrobromic acid 
in 90 *A acetone followed by elution of uranium by 350 ml of 0.35&f hydrochloric acid in 85 *A acetone and, 
furthermore, in another experiment U(VI) was eluted first with 350 ml of 0*35M hydrochloric acid in 85 % 
acetone, followed by elution of Co(I1) or Li with 200 ml of 3M hydrochloric acid. Flow-rates were 3-O & 0.5 
ml/mm throughout. 

The ehrates were evaporated to dryness on the steam-bath after 150 ml of water had been added to mini- 
mixe formation of condensation products of acetone. Gallium solutions containing acetone could not be 
evaporated on the steam-bath because of the volatility of the gallium. An ~~on~chau~ separation of 
gallium From the acetone, which has been described previously, Is had to be used. After destruction of residual 
organic material the amounts of the elements in the eluate fractions were determined. The results are pre- 
sented in Table 2 and the analytical methods are given in Table 3. 
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Table 2. Quantitative separation of synthetic mixtures 
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Taken 

um 
w Other species mg 

Found* 

U(VI) 
mg 

Other species, 
W 

246.1 Co(I1) 
492.2 Co(I1) 
0.246 Co(I1) 
246.1 Pb(I1) 
492.2 Pb(I1) 

0.246 Pb(I1) 
246.1 Ga 
246.1 Fe(II1) 
246.1 Bi(II1) 
246.1 Cd 
246.1 Au(II1) 
246.1 Cu(I1) 
246.1 Zn 
246.1 Mn(I1) 
246.1 Mg‘ ’ 
246.1 Ca 
246.1 Ti(IV) 
246.1 Al 
246.1 Zr 
246.1 Th 
246.1 La 

t246.1 Li 
7246.1 Ga 
t246.1 Co(H) 

5940 246.2 f 0.2 59.02 f 094 
0.118 492.2 & 0.4 0.118 & 0.001 

118.0 0.247 f 0.003 118.0 kO.1 
206.4 246.1 zt 0.2 206.5 i 0.2 

0.206 492.1 * 0.3 0.205 * 0*002 
412.8 0.247 & 0,003 412.7 & 0.3 

74.11 246.0 i 0.2 74.08 i 0.08 
55.63 246.1 & 0.2 55.65 & 0.05 

208.2 246.1 i 0.3 208.2 i 0.2 
112.8 246.2 &- 0.2 112.8 &@l 
196.1 246.1 h 0.2 196-O i 0.2 
63.81 246.0 f 0.3 63.78 i 0.06 
65.66 246.1 & 0.2 65.65 f 0.07 
55.12 246.2 & 0.2 55.10 kO.04 
24.48 246.1 & 0.2 24.47 f 0.03 
40.41 246.1 & 0.2 4041 f 0.03 
48.11 246.2 & 0.3 48.13 $0.06 
27.08 246.1 * 0.2 27.09 &- 0.03 
91.38 246.0 f 0.2 91.35 f 0.09 

232.4 246.1 i 0.2 232.3 & 0.2 
138.1 246.1 i 0.3 138.1 &O-l 
12.81 246.1 ho.2 12.82 cc 0.03 
74.11 246.0 f 0.2 74.09 f 0.07 
59*00 246.1 f 0.02 58.99 & 0.05 

* Mean of triplicate runs with calculated standard deviations. 
t Elution with 0.35M acid as shown on Fig. 8. 

Table 3. Methods of determination 

Species Method 

uvu 

Co(B) 

Pb, Zn 

Cu(I1) 

Cd, Ca, Mn(I1) 
Bi 
Al, Ga, Fe(II1) 

Zr 
Th, La 
Au(II1) 
Li 

Gravimetrically as U308 after precipitation with COz-free ammonia solution. 
Spectrophotometrically as PAR-complex at pH 8.0 in the presence of DCTA for 
small amounts. 
Complexometrically with EDTA, Naphthylazoxine-S at pH 6.0 as indicator. 
Atomic-absorption spectrometry for small amounts. 
Complexometrically with EDTA, Xylenol Grange (X0) at pH 55 as indicator. 
Atomic-absorption spectrometry for small amounts. 
Complexometrically with EDTA, Methylthymol Blue (MTB) in the presence of 
IJO-phenanthroline as indicator. 
Complexometrically with EDTA, MTB as indicator. 
Complexometrically with EDTA, X0 at pH 1 as indicator. 
Complexometrically with DCTA. Back-titration with ZnS04, X0 at pH 5.5 as 
indicator. 
Complexometrically with EDTA, Eriochrome Blue-Black B at pH 10 as indicator. 
Spectrometrically as H202 complex at high absorbance. 
Gravimetrically as the oxide after precipitation with ammonia solution. 
Gravimetrically as the oxides after precipitation of the oxalates from O.lM HCI. 
Gravimetrically as the metal. 
Gravimetrically as LizSOd. 
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DISCUSSION 

The method described is an excellent example of the application of selectivity differences 
of an ion in two eluting agents for the development of a selective separation procedure. 
Because the stabilities of U(VI) complexes with halides decrease rapidly in the order 
F- > Cl- > Br- and this tendency is enhanced by the presence of acetone, U(VI) is much 
more strongly adsorbed by cation-exchangers from hydrobromic acid solutions containing 
acetone than from corresponding hydrochloric acid solutions. Ions such as Cu(I1) which have 
very similar elution behaviour to U(V1) in hydrochloric acid-acetone mixturesr6 can easily 
be eluted with hydrobromic acid-acetone while uranium is very strongly retained. The 
separation factor for this pair increases from less than 2 in hydrochloric acid-acetone mixture 
to more than 250 in hydrobromic acid-acetone. There is more tailing with hydrobromic acid 
solutions than with hydrochloric acid solutions. A resin of lower cross-linkage would 
therefore be an advantage. Because distribution coefficients were available only for 8 % 
cross-linked resin (Table 1) it had to be established whether these data could also be applied 
to 4 % cross-linked resins. Figures 1 and 2 indicate that in the relevant acetone concentration 
region differences in distribution coefficients are relatively small for the two resins and any 
adjustments needed in the acid or the acetone concentration tend to be small or negligible. 
The data of Table 1 were therefore used to develop the separation on the kinetically more 
favourable AG50W-X4 resin of 2oo-400 mesh. It is shown that Cu(II), Fe(III), Ga, Zn, 
In, Cd, Au(IIl) and also Pb and Bi which are not eluted together by the selective procedures 
of Korkisch6*’ can be eluted quantitatively with 300 ml of 0*50M hydrobromic acid in 
86 % acetone. When large amounts of Bi are present the sample has to be loaded onto the 
column in the eluting agent to avoid precipitation. Elution peaks are sharp and show 
very little tailing. Sn(IV), Pt(IV), Pd(II), Rh(III), Ir(III), Hg(II), As(III), As(V), Sb(III), 
Tl(H1) and Ge have not been investigated quantitatively but should be eluted together with 
Cu(I1) according to their distribution coefficients and elution curves. Mo(VI) and W(VI) 
can be eluted ahead of all these species with O*OlM nitric acid containing 0.05 % hydrogen 
peroxide. Vanadium will accompany them as V(V) and some of the other elemehts of the 
group, (which was not quantitatively investigated) will also pass through the column. The 
O*OlM nitric acid will then be followed up with 0*50M hydrobromic acid in 86 % acetone to 
elute Cu(II). U(VI) can then be eluted quantitatively with 300 ml of 0.50M hydrochloric 
acid in 83% acetone, Co(Il), Mn(II), Mg, Ca, Ti(IV), Al, Zr, Th and La being retained by 
the column. Na, K, Rb, Cs, Be, Sr, Ba, Ni, V(lV), Hf, SC, Y and the other rare-earthions 
have not been investigated quantitatively, but should be retained together with Co(H) 
according to their distribution coefficients and elution curves. All these, including Th, can 
be eluted with 500 ml of 5iU nitric acid. The only ion which is not separated satisfactorily 
is lithium (Fig. 7). Since lithium is present only in trace quantities in most uranium-contain- 
ing materials and does not interfere in most methods of uranium determination, this is not 
serious. When a quantitative separation of lithium is required Cu(II), Fe(II1) etc. can be 
eluted with 300 ml of 0.35M hydrobromic acid in 90% acetone followed by elution of U(VI) 
with 350 ml of 0.35M hydrochloric acid in 85 ‘4 acetone. This provides a perfect separation 
from lithium (Fig. 8) but the uranium peak is slightly wider than with the higher acid 
concentration. 
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Zusammenfassung-U(V1) kann von Ga, Fe(III), Bi, Pb, Cd, Zn, Cu(I1) und Au(II1) getrennt 
werden durch quantitative Elution mit 0,5 M HBr in 86% Aceton oder mit 0,35 M HBr in 
90% Aceton von einer Siule mit AG 50 W-X4 Kationenaustauschhar der Teilchengriille 
w mesh. U(V1) und viele andere Ionen werden festgehalten. U(V1) kann dann selektiv 
mit 0,50 M HCI in 83 % Aceton oder mit 0,35 M HCl in 85 % Aceton eluiert werden. Co(H), 
Mn(II), Mg, Ca, Ti(IV), Al, Zr, Th und La werden quantitativ von der Siiule festgehalten. Bei 
der hoheren S;iurekonzentration (0,50 M) ist die Trennung zwischen U(V1) und Li nicht zufrie- 
denstellend, bei der niedrigeren Saurekonxentration ist sie ausgexeichnet; dagegen ist der U(VI)- 
Peak bei der hijheren Saurekonzentration schlrfer. Die Trennungen sind scharf und quantitativ, 
wie man an den Ergebnissen be.i einigen synthetischen Gemischen sieht. VerteilungskoetTlzienten 
und Elutionskurven werden mitgeteilt. 

R&sum&On peut s&parer U(VI) de Ga, Fe(III), Bi, Bb, Cd, Zn, Cu(I1) et Au(II1) par tlution 
quantitative avec HBr 0,50M en acetone a 86 % ou avec HBr 0,35M en acetone ii 90 % a partir 
d’une colonne de r&sine echangeuse de cations AG 5OW-X4 de dimension de particule 2M 
mailles. U(V1) et de nombreux autres ions sont retenus. U(V1) peut alors 6tre clue selective- 
ment avec HCl, 0,50M en acetone a 83 % ou avec HCl 0,35M en acetone a 85 %. Co(H), 
Mn(II), Mg, Ca, Ti(IV), Al, Zr, Th et La sont retenus quantitativement par la colonne. A la 
concentration d’acide la plus &levee (0,5OM), la separation entre U(VI) et Li n’est pas satisfai- 
Sante, mais elle est excellente 8 la concentration d’acide la plus faible; le pit de U(V1) est plus 
accentue a la concentration d’acide la plus elevee. Les separations sont nettes et quantitatives, 
ainsi qu’il est demontre par les r&sultats pour quelequs melanges synthetiques. On prtsente les 
coefficients de partage et les courbes d’elution. 
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Summary-0ne disadvantage of conventional d.c. polarography as an analytical method has 
always been its relative slowness. The possibility of simplifying and speeding up analyses by 
avoiding the necessity for removal of oxygen is demonstrated under suitable conditions with 
current-sampled d.c., pulse and a.c. polarography. In particular it is shown that high-frequency 
phase-selective a.c. polarography gives considerable discrimination against the oxygen electrode 
process in some aqueous media. Under these conditions, the high-frequency a.c. technique can 
be combined with the method of short drop-time, fast scan-rate rapid a.c. polarography to 
provide a most attractive method of routine analysis. Polarographic analysis in non-aqueous 
media without removal of oxygen is also discussed. 

One of the disadvantages of conventional d.c. polarography as an analytical method has 
always been its relative slowness. Using a dropping mercury electrode, D.M.E., with a 
natural drop-time of between 2 and 8 set typically necessitates a period of about 10 min for 
the recording of a complete current-voltage curve. Times as lengthy as this are necessary 
because the scan-rate of d.c. potential must be low enough (e.g., l-2 mV/sec) to enable 
sufficiently accurate current-voltage curves to be obtained. 

One approach permitting the use of much faster scan-rates of d.c. potential is the use of 
short controlled drop-times as an alternative to natural drop-times. This technique, often 
referred to as “ rapid polarography,” has recently been reviewed’ and it was concluded that 
the rapid method could be given considerably more attention. The use of short drop-times 
and fast scan-rates of potential reduces the time needed for the polarography to the 10-60 set 
range for routine analysis. This obviously allows considerable time saving. 

For systems exhibiting reversible electrode processes, ac. polarographic techniques offer 
considerable advantages over d.c. methods2-6 and the analytical use of the a.c. methods 
is steadily increasing.4 The use of short controlled drop-time techniques in so-called rapid 
a.c. polarography is eminently successful because there is no accompanying loss in precision 
and no other inherent disadvantage arising from the short drop-times1 

Recently, the introduction of phase-sensitive detection in rapid ac. polarography has 
been described in detail,7 and it was suggested that the shorter the drop-time the more 
ideally the behaviour of the system with respect to phase-sensitive detection and the subse- 
quent discrimination against charging current. Thus at least in theory, the shorter the drop- 
time the lower the concentration detection limit, and rapid ac. polarography has a further 
advantage. In contrast, in d.c. polarography, the shorter the drop-time the less favourable 
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becomes the ratio of charging to faradaic current’ ** and the concentration limit of detection 
becomes correspondingly worse.’ Hence time is saved by rapid d.c. polarography at some 
slight expense in another direction. 

Another time-consuming step that often occurs in polarography is the removal of dis- 
solved oxygen. The oxygen can be removed chemically, but is most frequently displaced with 
nitrogen, argon or hydrogen.g Most reviews and textbooks on the analytical use of polaro- 
graphy stress, with reasons, the need for doing this, and the removal of oxygen has probably 
become so firmly entrenched in the polarographic literature that for users of the technique 
it is probably a routine and unquestioned point in the procedure. This assertion is made on 
the grounds of the paucity of examples in the literature where authors have discussed or 
shown whether the removal of oxygen is in fact necessary for their particular analytical 
procedure. 

To simplify polarographic procedures, and just as importantly, to decrease the cost, it 
would be extremely advantageous if the oxygen-removal step could be avoided as often as 
possible. If this could be achieved and combined with a rapid-scan short drop-time tech- 
nique, then the speed and simplicity of polarography could be considerably improved. 

The purposes of this paper are therefore several. One is the question whether oxygen need 
be eliminated, and hence to stimulate a critical approach to this question and oppose 
unthinking acceptance of the idea that oxygen should always be removed. In particular 
the manner in which use of high-frequency a.c. polarography can often make deoxygenation 
unnecessary, will be discussed as an example of what can be achieved. In addition, it will be 
shown that when this approach is combined with short drop-time rapid a.c. polarography, it 
is possible to perform simple routine polarographic analysis in fractions of a minute. 
Finally, there is a discussion of situations in which oxygen need not be removed, and a 
recommendation that authors reporting polarographic analytical methods could usefully 
indicate how much (if at all) their method suffers from oxygen interference. 

EXPERIMENTAL 

All chemicals used were of reagent grade purity. All solutions were temperature-controlled at 20-O f 0.1” 
and deoxygenated with argon (where stated) for 15 min before recording of a polarogram. 

All polarograms. unless otherwise stated. were recorded with PAR Electrochemistry System Model 170 
(Princeton Applied Research Corporation, New Jersey). Controlled drop-times of 5. 2, 1, and O-5 set were 
achieved with PAR Drop Timer Model 172. Controlled drop-times of 0.16, @20, 0.24, 0.28, and O-32 set 
were obtained with Metrohm Polarographie Stand E354. 

In aqueous media, Ag( AgCl (SM NaCl) was used as the reference electrode and tungsten wire as the 
third or auxiliary electrode. In acetone media, two identical Agl AgCl (O*lM LiCI; acetone) reference 
electrodes connected to the test solution via a salt-bridge filled with O-1 M tetraethylammonium perchlorate 
served as the reference and third electrodes. The supporting electrolyte used was O*lM tetraethylammo- 
nium perchlorate. 

All a.c. measurements, unless otherwise specified, were made with phase-sensitive read-out, either in 
phase with the applied a.c. voltage or 180” out of phase. Total alternating current measurements were made 
with Metrohm AC Modulator E393 coupled to Metrohm Polarecord E261. 

The pulse and current-sampled d.c. polarographic measurements were made for a 15-msec period near the 
end of a 1 set drop-life, using a controlled drop-time technique with “ On Line Sync.” Further details are 
given in the text. 

Why remove oxygen ? 

RESULTS AND DISCUSSION 

Before proceeding to describe and discuss approaches to avoid the need for removal of 
oxygen it is essential to consider and understand the polarographic behaviour of oxygen. 
Many discussions and accounts of why oxygen should be removed are available. However, 
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probably the most informative and precise summary so far available is provided in a recent 
application note” which is produced in part below. It must be stressed, however, that this 
description and most others are only valid for aqueous solutions. This latter point frequently 
appears to have been overlooked or ignored because the basis for elimination of oxygen in 
non-aqueous solvents more often than not appears to have been simply an extrapolation of 
ideas derived for the aqueous solvent system. 

Oxygen is capable of dissolving in aqueous solutions to the extent of forming a one 
millimolar solution at room temperature and pressure and the polarographic reduction of 
oxygen complicates the polarographic determination of other electroactive materials. 

“Since it can be present in solutions in high concentrations and since it is electroactive, 
oxygen must be removed from the analyte prior to polarographic analysis.” 

Problems arise both from the voltammetric behaviour of oxygen itself and from the 
associated chemical reactions that can take place with oxygen or its reduction products. 
Oxygen gives two polarographic waves. The first is due to reduction of oxygen to hydrogen 
peroxide or hydrogen peroxide and hydroxide (depending on the pH): 

O2 + 2H+ + 2e- e H,O, (acid media) 

E 112 N -0.05 V us. SCE 

O2 + 2H20 + 2e- = H,O, + 20H- (neutral or alkaline media) 

The second involves the reduction of hydrogen peroxide to hydroxide or water: 

H,O, + 2H+ + 2e- Z 2H,O (acid media) 

E l/2 = -0.5 vto - 1.3 V vs. SCE 

H,O, + 2e- F 20H- (neutral or alkaline media) 

“It is thus evident that two types of complications can arise if oxygen is not removed. 
The hydrogen peroxide produced from the first reaction can produce invidious effects on 
other electroactive species present in solution since it can function as both an oxidizing agent 
and a reducing agent. More significantly, however, pH changes can occur in the vicinity of 
the dropping mercury electrode due to the electro-reduction of oxygen. The resultant 
increase in pH in the vicinity of the dropping mercury electrode can precipitate heavy metal 
ions and thus diminish their diffusion currents. Also, those species (i.e., organics) whose 
reduction involves hydrogen ions will be adversely affected due to the localized increase in 
pH at the dropping mercury electrode. 

Outgassing prior to polarographic analysis is also necessary to prevent the following 
reaction : 

0, + 2Hg + 2Cl- + 2H20 G H,O, + Hg,CI, + 20H- 

The above non-electrochemical process, which can occur in neutral, unbuffered metal salt 
solutions containing metallic mercury and dissolved oxygen, require that the latter be 
removed by rigorous outgassing procedures.” 

Direct current and pulse polarography without removal of oxygen 

If the only interference caused by oxygen were the presence of the oxygen waves them- 
selves, then many polarographic techniques would not require the elimination of oxygen. 
With modern polarographic instrumentation and techniques it is well known that 
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Fig. 1. Tast (current-sampled) d.c. polarography with and without removal of oxygen in acidic 
media. Concentration of cadmium = 1O”M. Medium = 0*1&f HCl/O-9M HC104. 

simultaneous determination of several species is often possible and under such circum- 
stances oxygen could be simply treated as another electroactive species. 

For example, current-sampled d.c. polarography permits the determination of a particular 
depolarizer in the presence of another more negatively reduced species, where conventional 
d.c. polarography cannot be readily applied,” and oxygen can simply be regarded as a 
normal case of this type. Figure la shows the determination of cadmium in an acidic 
medium by current-sampled d.c. polarography without removal of oxygen. Figure 2a 
shows the same determination by current-sampled derivative d.c. polarography which, as 
expected, provides significant improvement. Figure lb and 2b show the analogous polaro- 
grams after removal of oxygen. It can be seen therefore that with this electrolyte, the removal 
of oxygen is not strictly necessary, although the presence of the oxygen gives rise to large 
d.c. currents which cause some inconvenience in the measurement, particularly when the 
concentration of depolarizer to be determined is considerably less than that of the oxygen. 
Figures 3 and 4 show equivalent polarograms to Figs. 1 and 2 but with a neutral supporting 
electrolyte. In this instance and with cadmium, the desirability of removing oxygen is most 
evident as electrochemical interference is readily observed. That is, the wave shape, position 
and height are all influenced by the presence of oxygen. This is attributable to interaction 
with hydroxide, the product of the oxygen electrode process in neutral media.2B12 In concen- 
trated acid media hydrogen peroxide is the only product and presumably this does not 
interfere. Furthermore in such media the system is effectively buffered against hydroxide 
and if any hydroxide were produced it would not alter the pH in the vicinity of the DME. 
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Fig. 2. Derivative Tast (current-sampled) d.c. polarography with and without removal of 
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Fig. 3. Tast (current-sampled) d.c. polarography with and without removal of oxygen in 
“neutral” media. Concentration of cadmium = IO-‘M. Medium = O-1 M KCl. 



1144 A. M. BOND 

3- 

2- 

0, present 
> 
\ 
a 
: 

0” 
I- 

.; 

o- 

O2 removed 

J I I I 

-04 
1 

-0.6 -00 “V -“I) 

V vs. Ag /Ag Cl 

Fig. 4. Derivative (current-sampled) Tast d.c. polarography with and without removal of 
oxygen in “ neutral ” media. Concentration of cadmium = lo- 3iU. Medium = @ 1 M KCI. 
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Fig. S.(u) Direa current polar~gram of 8 x lo-“M Cu(I1) and Pb(I1) in SM HCI without re- 
moval of oxyeen. Controlled drop-time of 1 see and scan-rate of 5 mV/sec. (b) Same as (a) but 

with removal of oxygen and scan-rate of 2 mV/sec. 
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Fig. 6.(a) Differential pulse polarogram of 8 x 10-5M Cu(II) and Pb(II) in 5M HCl without 
removal of oxygen. Pulse height of 25 mV. (b) Same as (a) but with removal of oxygen. 

Pulse polarography is particularly sensitive to oxygen and large currents are produced 
when oxygen is present at its equilibrium concentration, However, this is a current-sampled 
technique and can be used in the same manner as current-sampled d.c. polarography to 
avoid removal of oxygen. Pulse polarography can be used in its normal form or in derivative 
or differential modes, the latter two giving shapes akin to current-sampled, derivative d.c. 
polarograms, and the normal form giving the shape of a current-sampled d.c. polarogram. 
Figure 5a shows a d.c. polarogram of a solution of Cu(II), Pb(II), Cd(I1) and Zn(I1) (each 
8 x 10S5M in 5M hydrochloric acid in the presence of oxygen. The Cu(1) + ee Cu and 
Pb(I1) + 2e z$ Pb waves can just be seen, but the Cd(I1) + 2e z$ Cd and Zn(I1) + 2e S Zn 
electrode processes are masked by the irreversible but catalysed reduction of the hydrogen 
ion,2H++2e+H,, and by the oxygen or other electrode processes present in this medium. 
This curve is entirely unsatisfactory for analytical purposes. After removal of oxygen, satis- 
factory current-voltage curves can be obtained as higher instrument sensitivities can be used, 
as shown in Fig. 5b. 

Figures 6a and 66 show equivalent differential pulse polarograms, both in the presence 
and absence of oxygen. The copper and lead waves are now almost as well defined even in 
the presence of oxygen and differential pulse polarography and other pulse polarographic 
methods can be used without degassing, on suitable systems which do not suffer from 
electrochemical interference from the presence of oxygen or overlap with the oxygen waves 
themselves. In the absence of the catalysed hydrogen-ion wave or at lower concentrations of 
hydrochloric acid, copper, lead and cadmium, for example, can each be determined quanti- 
tatively at least down to the 5 x 10 -6-10- 5M concentration range in the presence of oxygen 
by differential pulse polarography. 

However, with both d.c. current-sampled and pulse polarographic methods one limitation 
has been found. For most systems studied it has been found that the lower limit of concentra- 
tion detection is less favourable in the presence of oxygen. This arises because the concentration 
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of oxygen is high and these techniques are sensitive to its electrode processes. Thus the 
current due to oxygen becomes extremely important at the lower concentrations of the 
species being determined and causes difficulties in accurate measurement of the current- 
voltage curve. That is, current-sampled techniques can often be satisfactorily applied without 
removal of oxygen but their use is sometimes limited because they do not discriminate 
against oxygen, in contrast with the high-frequency a.c. techniques to be discussed below. 

Alternating current poiarography 

In the preceding discussion it has been established that d.c. and pulse methods are not as 
effective as they might be in enabling polarographic analysis to be undertaken in the presence 
of oxygen, because they do not discriminate severely against the oxygen electrode process. 
The a.c. polarographic methods, however, are not particularly sensitive to irreversible 
electrode processes’ (low current per unit concentration) and in determination of a species 
exhibiting reversible electrode processes, considerable discrimination can be provided in 
suitable media. This was the reason why the early literature on a.c. polarography suggested 
this method could be used without removal of oxygen.* 

In a more critical account, Bond and Canterford’* found that for several systems in 
acid media, the only form of interference encountered was in fact from the alternating 
current due to the oxygen a.c. electrode process itself. However, in other media, as expected, 
considerable electrochemical interference was also encountered. This previous work 
utilized low-frequency natural drop-time a.c. polarography at 50 Hz. In most analytical 
applications of a.c. polarography the low-frequency spectrum of the usable frequency range 
is recommended for instrumental and other3 reasons. 

Figure 7 shows the total‘alternating current for oxygen with a short controlled drop-time 
of 0.32 set in IM hydrochloric acid at the low frequency of 50 Hz. The same instrumentation 

I I I I I I 

-1.0 - 0.6 -06 -04 -0.2 0.0 

V vs. Ag/AgCL 

Fig. 7. Rapid low-frequency a.c. poiarogram of oxygen in 1M HCI. Drop-time of O-32 sec. 
Applied alternating potential 10 mV, r.m.s. Freqwncy 50 Hz. Total alternating current 

recorded. 
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Fig. 8.(a) Rapid low-frequency a.c. polarogram of lo- “M Tl(I) in 1 M HCl. (6) Same as (u) but 
with removal of oxygen. 

Drop-time 0.32 sec. Applied alternating potential10 mV r.m.s., Frequency 50 Hz. Total 
alternating current recorded. 

as previously’2 was used to record this polarogram except that rapid short drop-time a.c. 
polarography was used instead of natural drop-time polarography. Figures 8 and 9 show 
thallium(I) and antimony(II1) a.c. polarograms in the presence and absence of oxygen in 
1 A4 hydrochloric acid. It is readily apparent that an extremely rapid polarographic technique 
without removal of oxygen can be obtained in suitable electrolytes with the normally used 
low-frequency range. Furthermore, in accordance with previous findings in the natural 
drop-time studies I2 the only limitation in such systems is the presence of the oxygen waves 
themselves. That is, the better the discrimination against oxygen the better will be the 
method and, as can be shown from the theory below, this can be achieved by the use of higher 
frequencies than normally used in analytical work, coupled with phase selective detection. 
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Fig. 9.(u) Rapid low-frequency a.c. polarogram of 10m4M Sb(II1) in 1M HCI. (b) Same as 
(u) but with removal of oxygen. 

Drop-time 0.32 sec. Applied alternating potential 10 mV. r.m.s. Frequency 50 Hz. Total 
alternating current recorded. 

Oxygen is irreversibly reduced at the DME in many media. Examination of the theory 
for a totally irreversible a.c. electrode process ’ 3 shows that in addition to the current being 
small, relative to a reversible electrode process, it is independent of frequency. Even if the 
a.c. electrode process is quasi-reversible, the alternating current will only increase with 
frequency to a certain value, at which point the current becomes independent of frequency3S5 
and behaves like that for an irreversible electrode process. The exact nature of the oxygen 
a.c. electrode processes is extremely complex. However, relative to a reversible a.c. electrode 
process, in both neutral and acidic aqueous media, the current per unit concentration is 
extremely low and the behaviour is certainly characteristic of a considerable degree of 
irreversibility. 

On the other hand, species being determined by a.c. polarography are usually close to 
being reversible in behaviour. For such electrode processes the current increases with the 
square root of frequency (w”‘). Thus as the frequency of the experimental increases, the 
current from the species being determined should increase at a rate proportional to r&2 
and that from oxygen not at all or certainly at a rate much less than w112. From this it 
follows that the higher the frequency of the a.c. used the better should be the discrimination 
against oxygen and at very high frequencies it should be possible, at least in principle, to 
have an analytical method which is equally as good in either the presence or absence of 
oxygen and the ideal situation should be reached. 

However, the use of high-frequency a.c. polarography introduces complications from the 
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instrumental point of view. First, charging-current phenomena become critical and total 
alternating current measurements are no longer suitable, so that phase-sensitive detection 
must be used.3 Secondly, the use of phase-sensitive detection at high frequencies requires 
that ohmic iR losses must be kept to a minimum. The use of a three-electrode potentiostat 
system is therefore required Finally, to provide a really rapid a.c. technique, in addition 
to overcoming the need for elimination of oxygen, it would be desirable to couple the 
short drop-time technique with high-frequency a.c. polarography as mentioned in the 
introduction. 

High-frequency, rapid, phase-sensitive a.c. polarography without degassing 

The desirability of using rapid, high-frequency a.c. polarography with three-electrode 
instrumentation and phase-sensitive detection having been established, the technique was 
applied to a detailed study of polarography without removal of oxygen. 

The electrode processes used for detailed study were Bi(II1) + 3e GE Bi and Cd(I1) + 2e 
e Cd, both in 1M hydrochloric acid. 

It was found with both these systems that in the presence of oxygen and at 1000 Hz, the 
limit of detection was between 5 x lo- ’ and 8 x lo- ‘M. Furthermore, polarograms and 
the limit of detection were equivalent with or without removal of oxygen and with rapid or 
natural drop-times. Thus the ideal situation was obtained in this supporting electrolyte, 
where routine determination of either cadmium or bismuth can be made by using rapid 
scan-rates and without degassing. The proposed discrimination against the oxygen electrode 
process is realized and the time needed for the polarography is considerably decreased. 

To test the general applicability of the approach many other elements were examined. 
Table 1 lists those for which the approach was completely successful. Frequencies in the 
range of 300-l 100 Hz were used. Figure 10 shows the a.c. polarogram at 300 Hz of the 
system used for pulse and d.c. polarography in Figs. 5 and 6, without removal of oxygen. The 

Table 1. Some elements which can be determined in aqueous 
media without removal of oxygen 

Element Electrode process Supporting electrolyte* 

Bi(II1) 
Sb(II1) 
Rh(II1) 
In(II1) 

Pb(I1) 
TKI) 
Sn(IV), Sn(I1) 
WVI) 
Na(I) 
K(I) 
Li(1) 
WI) 
WI) 
Ba(I1) 

(VI) + (V) 
Na(1) + (Na(0) 
WI) -, K(0) 
Li(1) -+ Li(0) 
Rb(1) + Rb(0) 
Cs(1) + Cs(0) 
Ba(I1) + Ba(0) 

1M HCl 
1MHCl 
5M HCI 
1M HCl 
1MHCl 
1M HCl 
1 M HCl, 1 M H,SO, 
lMHC1, IMNaCl 
5M HCl 
IMH2S04 
0.1 M (CH3CH2).NC104 
0.1 M (CH&H2)4NCl04 
0.1 M (CH&H&NC104 
0.1 M (CH$ZH2)4NC104 
O-1 M (CHJCH&NC~O., 
O-1 M (CH&I-I~)~NClO., 

* This does not imply that this is the best electrolyte, but one 
which has been tried and is known to be suitable. 
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J I I I I I I I 

-02 -04 -0.6 -0.6 

v KS. Ag/AgCl 

Fig. 10. High frequency a.c. polarogram of 8 x lo-“M Cu(II), Pb(II), and Cd(H) in SM HCI. 
Drop-time 1 sec. Applied alternating potential 10 mV, peak-to-peak. Frequency 300 Hz. 

In-phase alternating current recorded. 

polarogram after removal of oxygen is identical. It can be noted that in the a.c. polarogram, 
the Cd(II) + 2e e Cd electrode process, which was obscured by the irreversible but cata- 
lysed hydrogen electrode process with pulse or d.c. polarography, is clearly seen. The ability 
of high-frequency ac. polarography to discriminate against irreversible electrode processes 
in general is clearly illustrated. 

Polarography in non-aqueous solvents without degassing 

Discussion of whether deoxygenation is necessary has usually stemmed from results and 
experience obtained with aqueous media. For non-aqueous solvents it can be suggested 
that removal of oxygen will certainly not always be required. As an example of this, the 
acetone system is considered briefly below. 

With acetone media one complex oxygen wave is observed. Oxygen is very soluble in 
acetone, so large d.c., pulse, or a.c. currents, etc. are obtained. However, in acetone, with 
0-M tetraethylammonium perchlorate for example, the wave does not occur until about 
-0.7 V vs. Ag ( AgCI, as shown in Fig. Il. The anodic limit for this supporting electrolyte is 
about +04 V vs. Ag IAgCl. Thus there is a 1.5-V span for acetone media over which oxygen 
is completely electro-inactive. Acetone is a most useful solvent for many organic com- 
pounds, as well as inorganic and organometallic compounds, and the author has encountered 
many examples where these compounds exhibit waves before the oxygen reduction and 
where the polarographic behaviour is totally unaffected by the presence of oxygen. 

CONCLUSIONS 

From this work it is concluded that for routine polarographic analysis there are likely to 
be many situations where the elimination of oxygen is not needed. Certainly routine degas- 
sing without consideration of whether it is necessary should not be encouraged. Although 
there will always be many cases where deoxygenation cannot be avoided, such as when 
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I I I I I I 1 
-04 -0.6 -06 -I 0 

I I I I I I c 
-04 -06 -0e -10 

V vs. Ag/AgCL V vs. Ag/AgCl 

I I I I I I I 

- 0.5 - 0.7 -0.9 

V vs. Ag/AgCl 

Fig. 11. Oxygen wave in acetone, O-1 M tetraethylammonium perchlorate. Controlled drop-time 
1 sec. (a) Direct current polarogram. (b) Alternating current polarogram (applied alternating 
potential 10 mV peak to peak; frequency 80 Hz; in-phase alternating current measured). 

(c) Differential pulse polarogram (pulse height 25 mV). 

oxygen-induced complex chemical reactions occur, the use of high-frequency a.c. polaro- 
graphy as a means of discriminating against the oxygen electrode process appears to have 
considerable promise in avoiding the necessity for degassing in situations where other 
polarographic methods might require this. When oxygen can be left in and the short con- 
trolled drop-time rapid ac. technique used, a most convenient and simple form of polaro- 
graphic analysis, particularly suited to large numbers of samples, is obtained, because the 
time needed for the polarography is reduced to some tens of seconds. 
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RwUn desavantage de la polarographie en courant continu classique comme mtthode 
analytique a toujours et6 la lenteur. La possibilitd de simplification et d’acc&ration d’analyses 
en Lvitant la n&es& d’elimination de l’oxyg&ne est demontree dam des conditions convenables 
avec une imp&ion de courant continu d’intensite choisie et polarographie en courant altematif. 
On montre en particuher que la poiarographie en courant ahernatif il haute fr6quence selective 
de phase pr&ente une discrimination considerable vis-a-vis du processus d’oxygene a I’&ctrode 
dam quelques milkux aqueux. Dam ces conditions, la technique en courant ahematif a 
haute fr&quence peut &re combi& avec la mtthode de polarographie en courant altematif 
rapide a court tamps de goutte et vitesse rapide d’exploration pour donner une methode d’ana- 
lyse de routine des plus inttressantes. On discute aussi de l’analyse polarographique en milieux 
non aqueux sans elimination d’oxygene. 

mEin Nachteil der konventionellen Gleichstrompolarographie als analy- 
tische Methode war seit jeher ihre Langsamkeit. Es wird gezeigt, dal3 man unter geeigneten 
Bedingungen die Analysen dadurch vereinfachen und beschleunigen kann. da0 man den 
Sauerstoff bei der Gleichstrom-Tastpolarographie und bei der Wechsefstrom polarographie 
nicht mehr m entfemen braucht. Insbesondere wird gexeigt, da0 die phasenselektive Hoch- 
frequem+Wechseistrompolarographie in einigen wi@rigen Medien eine betrachtliche Diskrimi- 
nation gegeniiber dem ElektrodenproxeS des Sauerstoffs liefert. Unter diesen Bedingungen 
kann die Hochfrequenz-Wechtrommethode mit der Methode der schnellen Wechselstrom- 
polarographie mit kunron Tropfwiten und raschem Scan kombiniert werden; es ergibt sich 
ein sehr attraktives Verfahren der Routineanalyse. Die polarographische Analyse. in nicht- 
wl&igen Medii ohne Entfemung von Sauerstoff wird ebenfalls erortert. 
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Summary-A method is described for the determination by atomic-absorption spectrophoto- 
metry of vanadium and molybdenum, up to the milligram level, in samples of yellow cake, 
uranium-bearing minerals and geochemical standards. After attack with acids these two 
elements are separated from each other and from matrix elements by means of anion-ex- 
change in 6M hydrochloric acid on the strongly basic anion-exchange resin Dowex 1, X8 
(chloride form). Vanadium is unadsorbed and passes into the effluent while molybdenum 
is adsorbed on the resin. For the elution of molybdenum a mixed aqueous-organic solvent 
system consisting of methanol and 6M hydrochloric acid (9 : 1 v/v) is used. After evapora- 
tion of the 6M hydrochloric acid effluent and of the mixed aqueous-organic eluate vanad- 
ium and molybdenum are determined by atomic-absorption spectrophotometry. The method 
was tested by analysing numerous samples with contents ranging from a few ppm to 
milligram amounts of vanadium and molybdenum. For comparison, the concentrations of 
these two elements were determined in a large number of samples by spectrophotometric and 
titrimetric procedures. In all cases very good agreement of results was obtained. 

Vanadium is often determined spectrophotometrically in complex materials, e.g., geological 
samples, because such materials usually contain only small concentrations of vanadium 
(mainly in the ppm range). The greatest disadvantage of such procedures is that they are not 
selective and hence less generally applicable than atomic-absorption methods. The latter 
have been used extensively for the determination of vanadium in a variety of materials, in- 
cluding silicates,lF2 ores3 calcium sulphate minerals,4 geochemical standards,’ salt-lake 
brines6*’ lake waters8 atmospheric particulate matter,g fuel oils and petroleum pro- 
ducts,‘0-14 metallurgical products,‘5-‘7 titanium tetrachloride,‘s*19 and catalysts for 
ammonia synthesis. 2o To avoid interferences by matrix elements and to increase the sensi- 
tivity suitable organic complexes of vanadium are often extracted into organic solvents and 
the organic phase is aspirated directly into the flame (usually nitrous oxide-acetylene). 
Reagents used include cupferron,‘9637*21*22 ammonium pyrrolidine-l-carbodithioate,23 
%hydroxyquinoline, l8 5,7-dichloro&hydroxyquinoline,* a-benzoinoxime24 and tetra- 
phenylarsonium chloride,” and the solvents include isobutyl methyl ketone,6P7*21-23*25 
butyl acetate,l** isoamyl alcohol,‘* chloroform,24 benzene24 and dichloromethane.” Also 
an indirect method has been described, based on the extraction of molybdovanadophos- 
phoric acid into pentanol-ethyl ether mixture (1 : 4), followed by stripping of the molybdate 
and its determination in a reducing acetylene flame.“j 

Similar remarks apply to the determination of molybdenum in geological and other 
materials. Thus, atomic-absorption spectrophotometry has been used to determine molyb- 

t Herm Univ. Prof. Dr. Friedrich Hecht zum 70 Geburtstag hertlichst gewidmet. 
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denum in uranium and its alloy~,“‘~’ uranium hexafluoride,3z fission product and uranium 
solutions,33 ferrous alloy~,~~*~~ iron and steel,3s-3g high-temperature cobalt-base aIloy~,~O 
niobium and tantalum,41 nickel,27 metallurgical products,42 slags,43 geological samples such 
as silicates,44~45 soils,46 siliceous molybdenum ores,4’ natural waters,45*4* and brines,4gS50 
biological materials,4s*51~s2 fertilizers,53-55 fuels and lubricants,s695’ and solutions.s*-63 
Because interferences due to the presence of large amounts of iron and of other elements 
can be suppressed by addition of sodium sulphate or other suppressors, most of the methods 
using atomic-absorption for the determination of larger amounts of molybdenum can be 
applied directly, i.e., without preliminary separation of the molybdenum from matrix 
elements. However, in the presence of very small amounts of molybdenum, such as in 
geological samples or biological material it has been found to be necessary to use extraction 
to preconcentrate molybdenum before its determination by atomic absorption. Chelates of 
molybdenum with, for example, 8-hydroxyquinoline,41B45*48*54 ammonium pyrrolidine-l- 
carbodithioate,4g *61 ammonium tetramethylenedithiocarbamate,4S hexahydroazepinium 
hexahydroaxepine-l-carbodithioates2 and a-benzoinoxime44 have been extracted into 
methyl isobutyl lcetone,4*~4g~54*61 methyl pentyl ketone,45 butanol,41 and chloroform44*52*54 
and the extracts directly aspirated into the flame or mineralized.44 Extraction of molyb- 
denum chloride with pentyl acetate from >8M hydroohloric acid2’ or of molybdenum 
thiocyanate with isoamyl alcohol” have also been used to isolate this element. 

The atomic-absorption determination of ppm amounts of vanadium or molybdenum 
generally requires removal of the matrix elements, either by liquid-liquid extraction (see 
above) or by ion-exchange. Vanadium can be separated by anion-exchange from hydro- 
chloric acid medium; the vanadium passes through the column. Molybdenum is sorbed 
quantitatively by that method and can be eluted with a mixed aqueous organic solvent 
system containing hydrochloric acid. 

This paper describes this separation scheme and its application to samples containing from 
a few ppm to milligram amounts of vanadium and molybdenum. 

EXPERIMENTAL 

All the reagents were of analytical-reagent grade unless otherwise stated. 
Zon-cxcZtcna~r. Bio-Rad Dowex 1, X8 (100-200 mesh; chloride form). The resin (4 g) was soaked in a 

few ml of 6M hydrochloric acid and the slurry transferred to the ion-exchange column, the same acid being 
usedasarinse. 

Vanuaktn stat&ad solutions. Vanadyl sulphate pentahydrate (4.967 g) VOSOb . SHsO; dissolved in 5 % 
v/v sulphuric acid and the solution diluted to 1 litre with 5% sulphuric acid; 1 ml of this standard solution 
comains 1 mg of vanadium. Aliquots are diluted with 6M hydrochloric acid to give solutions with vanadium 
concentrations in the range I-100 ppm. 

MoZy6aknum srarrdard soiuriotu. Ammonium molybdate tetrahydrate (NI-I&Mo~O~~ .4HsO; 18407 g 
dissolved in 6M hydrochloric acid and the solution diluted with 6M hydrochloric acid to 1 litre; 1 ml of 
this standard solution contains 1 mg of molybdenum. Aliquots are diluted with 6M hydrochloric acid to 
give solutions with molybdenum concentrations in the range l-100 ppm. 

Eluent solution. Molybdenum is eluted with a mixture of methanol and 6M hydrochloric acid (9 : 1). 
To avoid the formation of air bubbles in the resin bed, this solution should not be prepared immediately 
before use but preferably one day in advance. 

Aluminum chlwida solution. Enough AICI, . 6Hn0 is dissolved in 6M hydrochloric acid to give a solution 
containing 4 mg of Al per ml. 

Sodium sulphate solution, 10 % w/v. 
Other reagents. Solid boric acid, methanol. anhydrous sodium carbonate, 1% w/v sodium carbonate 

solution, 6M and concentrated hydrochloric acid, sulphuric acid (1 + l), concentrated hydrofluoric acid, 
concentrated nitric acid and concentrated percMoric acid. 
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Apparatus and operating conditions 

A Perkin-Elmer 303 atomic-absorption spectrophotometer (equipped with a Hitachi-Perkin-Ehner 
Recorder 56 connected to a Perkin-Elmer Recorder read-out accessory) was used with the following ins- 
trumental settings. 

Grating: 
Wavelength : 
Scale expansion : 
Slit: 
Source: 
Lamp current : 
Burner: 
Nitrous oxide pressure: 
Acetylene pressure: 
Noise suppression: 

Grating : 
Wavelength: 
Scale expansion : 
Slit: 
Source: 
Lamp current : 
Burner : 
Nitrous oxide pressure: 
Acetylene pressure: 
Noise suppression : 

Vanadium determination 

ultraviolet 
3184nm 
10 x 
4(1 mm, 0.7 nm bandpass) 
vanadium hollow-cathode lamp 
40 mA 
nitrous oxide-acetylene 
30 psig; 6.0 on flowmeter (arbitrary scale) 
8 psig; 5.5 on flowmeter (arbitrary scale) 
3 

Molybdenum determination 

ultraviolet 
313.3 nm 
10 x 
4(1 mm, 0.7 nm) 
molybdenum hollow-cathode lamp 
30 mA 
nitrous oxide-acetylene 
30 psig; 6.0 on flowmeter (arbitrary scale) 
8 psig; 5.5 on flowmeter (arbitrary scale) 
3 

Under these conditions the sensitivity is 1.25 ppm of vanadium for 1% absorption, and 0.5 ppm of 
molybdenum. 

For the spectrophotometric determination of vanadium64 and molybdenum6s a Beckman model B 
spectrophotometer equipped with l-cm cells was used. 

The ion-exchange separations were performed by using columns of the same type and dimensions as 
described earlier.66 

Determination of distribution coefficients 

The distribution coefficients (&-values) and elution characteristics of molybdenum and other adsorbed 
elements were determined by using the column method.6’*6* 

P-v 
K,, = - 

m 

where P = volume of elution peak (ml), V = void volume (0.7 ml when using 1 g of the resin) and m = weight 
of air-dried resin (g). . 

Procedure 
Dissolution of sodium diuranate samples. To 1 g of the yellow cake sample add 50 ml of concentrated 

hydrochloric acid and evaporate the solution to dryness on a steam-bath. Take up the residue in 50 ml of 
6M hydrochloric acid, filter off the residue of silica and wash it with a few ml of 6M hydrochloric acid. If a 
large amount of silica is present, take up the residue in a 1 : 1 mixture of concentrated hydrofluoric and 
nitric acid and evaporate the solution to dryness. Dissolve any insoluble fluorides by repeated evaporations 
on the steam-bath with concentrated hydrochloric acid and an excess of boric acid, evaporate the solution to 
dryness, take up the residue in 10 ml of 6M hydrochloric acid, filter off the boric acid and combine the filtrate 
with the original filtrate from treatment of the sample with 6M hydrochloric acid. Dilute the resulting solu- 
tion to 100 ml with 6M hydrochloric acid and use it for the ion-exchange separation of vanadium and 
molybdenum (sample solution). 

Dissolution of geological samples. (a) Dissolution with aciak To l-2 g of the thoroughly homogenized 
sample in a 250.ml beaker, add 50 ml of concentrated hydrochloric acid and heat the mixture- for 2 hr on a 
steam-bath. Then take the mixture to dryness and, while heating, dissolve the residue in 6M hydrochloric 
acid. Cool to room temperature, filter off the insoluble portion (mainly silica) and wash it with 6M hydro- 
chloric acid (filtrate I). Transfer the residue to a plastic beaker and treat it with a 2 : 1 mixture of concentrated 
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hydrofluoric and nitric acid to remove silica. Evaporate this mixture to dryness, and repeat the treatment 
with hydrofluoric and nitric acid 2 or 3 times if a large amount of residue remains. Then add 6M hydro- 
chloric acid and solid boric acid (approximately 2 g) and evaporate the mixture to dryness. This step is 
repeated twice to completely remove both fluoride and nitrate ions. Take up the residue, with heating, in 6M 
hydrochloric acid, cool to room temperature, filter off the boric acid and wash it with 6.M hydrochloric acid 
(filtrate II). Combine tIltrates I and II and evaporate them to dryness on a steam-bath. Take up the residue in 
6M hydrochloric acid @her off any acid-voluble portion) and dilute the solution to 100 ml with 6M hydro- 
chloric acid. The sample solution thus obtained is used for the ion-exchange separation of vanadium and 
molybdenum. 

(b) Dissolution by alkaline fusion. Fuse 1 g of the homogenized sample (e.g., uranium-bearing mineral) 
and 5 g of anhydrous sodium carbonate in a platinum crucible for 30 min and add water to the cold melt. 
After complete disintegration of the melt (this usually takes 24 hr), Nter off the insoluble portion (ferric 
hydroxide, hydrous oxides of titanium and ximonium, carbonates of the alkaline earth metals etc) on a 
dense filter and discard the residue after washing it with 1% sodium carbonate solution. Acidify the filtrate 
(containing vanadium and molybdenum) with concentrated hydrochloric acid and precipitate silica in the 
usual way by evaporating two or three times with concentrated hydrochloric acid. Take up the residue from 
the last evaporation step in 6M hydrochloric acid and after 12 hr fllter off the silica and dilute the filtrate 
to 100 ml with 6M hydrochloric acid. From this sample solution vanadium and molybdenum are separated 
by means of the ion-exchange procedure described below. 

Zen-exc!fun~e separation 

Past a suitable aliquot of the 6&f hydrochloric acid sample solution (sorption solution) through the ion- 
exchange column containing 4 g of the resin (pretreated with 50 ml of 6M hydrochloric acid) at a flow-rate 
which corresponds to the back-pressure of the resin bed. Wash the resin with 80 ml of 6M hydrochloric acid 
and combine this eluate with the e&tent obtained from passage of the sorption solution. These combined 6M 
hydrochloric acid eilIuents contain all the vanadium (vanadium eluate). 

After elution of the vanadium, remove the molybdenum quantitatively from the resin by washing it with 
600 ml of the eluent solution (molybdenum eluate). 

D@te~m~ti~~ of ua~i~ 

Evaporate an aliquot (if larger amounts of vanadium are expected) or the entire volume (if only a few ppm 
of vanadium are present) of the vanadium eluate to dryness on a steam-bath. To the residue add 1 ml of the 
aluminium chloride solution and by means of 6M hydrochloric acid transfer the solution to a lo-ml standard 
flask and dilute it to volume with the same acid. Determine the vanadium content of this solution by atomic- 
absorption spectrophotometry. For calibration aspirate suitable standard solutions before and after each 
bath of samples. 

in many samples the vanadium was also determined by using a motion of the t~~toph~p~~ 
photometric procedure which was d&bed earlier. 6* Also for the purpose of comparison the vanadium 
contents of the yellow cake samples have been determined by using a procedure which is based on the tit- 
ration of vanadium (V) with standardized ferrous ammonium sulphate solution in the presence of barium 
diphenylaminesulphonate as indicator.69 

Determination of molybaknum 

Depending on the expected molybdenum content, evaporate an aliquot or the entire volume of the 
moly~enum eluate to dryness on a steam-bath and take up the residue in 10 ml of a 1: 1 mixture of con- 
centrated nitric and per&lo& acid. Heat this solution on the steam-bath to remove nitric acid and then 
fume off the perchloric acid on a hot-plate or a sand-bath. Take up the residue in 5 ml ofsulphuric acid (1 + 1) 
and heat the solution for 3 hr (or longer) on a steam-bath to completely dissolve the molybdenum. Transfer 
the solution with water to a lo-ml standard flask containing 1 ml of the sodium sulphate solution. Dilute to 
volume with water and determine the molybdenum by atomic-absorption spectrophotometry. If iron has not 
been completely separated by the ion-exchange procedure a white residue of iron sulphate may be present in 
this solution; it has to he filtered off before the molybdenum de~ination. 

Construct the ~li~tion curve by aspirating suitable molybdenum standard solutions (prepared in exactly 
the same way as the saniples) hefore and after each batch of samples. 

For comparison, many samples were analysed spectrophotometrically by a modification of the thio- 
cyanate method.6s 

RESULTS AND DISCUSSION 

By means of anion-exchange in pure aqueous 6M hydrochloric acid moly~enum can be 
separated from vanadium and most of the matrix elements but not from uranium and iron, 
which show an adsorption behaviour very similar to that of molybdenum, whereas a clean- 
cut separation from vanadium (K,, < 1 in 6M hydrochloric acid irrespective of oxidation 
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state) can readily be effected. The distribution coefficients of molybdenum(W), uranium(VI), 
and iron(II1) in 6M hydrochloric acid are 228, 283 and -IO3 respectively6’*” so that a 
separation of these metal ions is impossible at this acidity. The separation is not possible 
with hydrochloric acid at any concentration nor with systems containing *nitric or sulphuric 
acid. In 0-16M nitric acid molybdenum and iron show practically no adsorption on 
strongly basic anion-exchange resins6’ (uranium has only a small distribution coefficient 
and hence cannot be separated readily from the molybdenum). Furthermore, the solubility 
of molybdenum in nitric acid media is very low owing to the formation of sparingly soluble 
molybdic acids. Molybdenum is more soluble in sulphuric acid but cannot be separated 
from uranium because both elements are strongly retained by the anion-exchanger from 
0*05-I eON sulphuric acid. 67 It is also difficult to elute the molybdenum which is co-adsorbed 
with the uranium.‘l 

The conditions for molybdenum separation are considerably improved if mixed aqueous- 
organic media are used. Organic solvent systems containing hydrochloric acid are the most 
suitable because molybdenum is readily soluble in them, and there is less hydrolysis than 
in the presence of other mineral acids. Most import@, however, is the effect on the 
&-values. From Table 1 it is seen that the stepwise replacement of 6M hydrochloric acid 
by methanol causes the distribution coefficient of molybdenum to decrease steadily, its 
&-value reaching a minimum in a 9 : 1 mixture of methanol and 6M hydrochloric acid 
(the eluent solution used in the procedure). In this medium the elution characteristics of 
molybdenum are optimal (see Table 1) and the &values of iron(IIIJ and uranium(VIJ, 

Table 1. Elution characteristics of molybdenum (05 mg) in hydrochloric 
acid-methanol solutions (l-g column of Dowex 1, X8) 

Composition of mixtures 
% v/o 

BTV P EV 
ml ml Kd ml 

100 % 6M HCl- 0 % methanol >lOO 229 
90 % 6M HCI-10 % methanol 95 190 
80 % 6M HCl-20 % methanol 90 180 
70 % 6M HCl-30 % methanol 85 160 
60 % 6M HClAO% methanol 60 120 
50 % 6M HCI-50 % methanol 45 100 
40 % 6M HCl-60 % methanol 30 70 
30 % 6M HCl-70 % methanol 20 55 
20 % 6M HCl-80 % methanol 15 40 
10 % 6M HCl-90 % methanol 11 25 

5 % 6M HCI-95 % methanol 11 26 

g’:; 
(17913) 
(159.3) 
(119.3) 

(99.3) 
(69.3) 
(54.3) 
(39.3) 
(24.3) 
(25.3) 

>300 
>300 
>300 
>250 
>240 

240 
205 
170 
160 
90 

106 

BTV = breakthrough volume; V = volume of elution peak; Kd = distribu- 
tion coefficient = v - 0.7; EV = elution volume. 

250 and - lo3 respectively, are sufficiently high to allow the separation of these two elements 
from molybdenum. Similar conditions exist if the hydrochloric acid concentration is varied 
but the methanol content kept constant. Table 2 shows that the 6M hydrochloric acid 
mixture is best, although at lower acidities the &values of molybdenum are even lower. 
From these mixtures, however, uranium and iron are also much less strongly adsorbed so 
that these media are less suitable for separations. 

The methanol can be replaced by other aliphatic alcohols, methyl glycol (monomethyl 
ether of ethylene glycol), acetone or tetrahydrofuran, but a disadvantage of these solvents, 
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Table 2. Elution characteristics of molybdenum (O-5 mg) in 90% meth- 
anol-10% hydrochloric acid mixtures (v/v) (1-g column of Dowex 1, X8) 

Composition of mixtures P EV 
% v/v ml ml Kd ml 

90% methanol-10% 1M HCl 3 10 (9.3) 76 
90% methanol-10% 3M HCl 6 13 (12.3) 
90% methanol-IO% 6M HCl 11 25 (24.3) ;A 
90% methanol-10% 9M HCl 15 40 (39.3) 135 
90% methanol-lO% 12M HCI 19 52 (51.3) 155 

Table 3. Results of determinations of vanadium and molyb- 
denum in Mexican yellow cake samples 

Sample 
No. 

1 

ValldilUll Molybdenum 
content, % content, % 

A B C D E 

2.10 2.25 2.26 2.80 2.76 
2.39 2.31 2.15 

2 240 2.65 2.67 I.01 1.01 
2.68 2.66 2.64 

3 3.05 2.80 2.88 l-35 1.47 
2.83 283 286 144 

4 246 ::z 2.43 2.41 2.35 
2.32 2.38 

5 2.64 2.62 2.64 2.74 2.80 
2.72 2.56 2.71 

2.54 

6 2.71 2.72 2.67 1.57 1.56 

7 3.05 
$2 

2.92 1.12 1.14 
2.92 2.92 
2.92 
2.93 22:: 

8 2.59 2.42 2.59 3.82 3.69 
2.68 2.56 3.69 

9 2.38 2.42 2,43 1.42 1.45 

10 2.70 2.70 2.67 1.47 1.73 

A = Vanadium content determined by atomic-absorption 
spectrophotometry 

B = Vanadium content determined by spectrophotometry 
C = Vanadium content determined titrimetrically 
D = Molybdenum content determined by atomic-absorp- 

tion spectrophotometry 
E = Molybdenum content determined by spectrophotomehy 
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especially the higher alcohols and methyl glycol, is their high viscosity, which reduces the 
flow-rate through the column, and hence molybdenum cannot be eluted rapidly. 

The separation of molybdenum from iron is not quantitative if an aliquot of the sample 
solution containing more than about 200 mg of an iron-rich sample is passed through the 
anion-exchange column (all other conditions being the same). Part of the iron passes into 
the methanolic molybdenum eluate. This is due to the decrease of the distribution coefficient 
of iron from about 10’ in 6M hydrochloric acid to 250 in the eluent solution, which means 
a considerable decrease of the break-through volume of iron, which was found to be 740 ml 
when the column (4 g) was loaded with 10 mg of iron. Thus, on loading the column with 
for example 100 mg of iron it is evident that part of the iron is eluted together with the 
molybdenum (under these conditions the break-through volume is 110 ml). This co-elution 
of iron is indicated by a yellow colour in the eluate. 

Since iron, even in large amounts, does not interfere with the determination of molyb- 
denum by atomic-absorption it is possible to isolate molybdenum from aliquots of sample 
solutions containing up to 1 g of the original sample provided that this does not contain very 
large amounts of molybdenum and/or uranium (as for example molybdenite and yellow 
cake), in which case the capacity of the resin for molybdenum and/or uranium might be 
exceeded and part of the molybdenum pass into the 6M hydrochloric acid effluent. If a 
large amount of uranium is present in the sorption solution the resin is overloaded with the 
anionic chloride complex of uranium which replaces molybdenum from the resin. Therefore, 
the aliquot of the 6M hydrochloric acid sample solution from materials rich in molybdenum 
and/or uranium should not contain larger amounts of these two elements than those which 
are contained in 10-50 mg of the original sample. 

While iron does not disturb the atomic-absorption determination of molybdenum it con- 
siderably enhances the vanadium absorbance.’ A similar behaviour is shown by titanium 
and aluminum. The enhancement by aluminum is constant for ratios of Al : V > 25 : 1 
and in the presence of this relative concentration of aluminium, 10000 ppm of iron and 
600 ppm of titanium no longer cause enhancement, nor do 400 ppm of zirconium, tin, anti- 
mony, or molybdenum or 600 ppm of nickel cause any interference.’ Although iron, 
molybdenum, tin and antimony are quantitatively separated from the vanadium by adsorp- 
tion on the anion-exchanger the addition of excess of aluminum chloride to the final 
solution used for vanadium determination was found to be necessary because many of the 
samples analysed contained relatively large amounts of titanium, which passes into the 6M 
hydrochloric acid effluent together with the vanadium. Copper, which is co-eluted with the 
vanadium, was also found not to interfere with the vanadium determination. 

The addition of sodium sulphate to the final solution used for molybdenum determination 
increases the sensitivity62 of the method and suppresses the influence of foreign ions, 
including Fe ((5000 ppm), Al, Mn, Ni, Co, Cu, W (~500 ppm) and Ti (< 100 ppm).” 
Furthermore, in the absence of excess of sodium sulphate the calibration curve is not recti- 
linear even at molybdenum concentrations as low as 1 ppm but it is linear in the presence of 
alkali metal sulphate. 

The suitability of the anion-exchange separation method in combination with the atomic- 
absorption technique described in this paper for the determination of vanadium and 
molybdenum was tested by analysing numerous samples with contents ranging from a few 
ppm to milligram amounts of vanadium and molybdenum. The results of these investiga- 
tions are shown in Tables Z-10 from which it is seen that in practically all cases very good 
agreement of results was obtained. For comparison the contents of these two elements were 
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Table 4. Results of vanadium determinations in 
uranium-bearing Mexican minerals (with uranium 

contents ranging from O-06 to 0.4 %) 

Sample Vanadium content, % 
No. 

A B C D 

1 0.019 0,018 O-016 O-018 
0.019 O-019 

2 0.032 0.030 O-026 0.038 
O-032 0.030 0.039 

3 0018 0,018 0.016 O-018 
0.019 O-018 o-020 

4 0.045 0.045 oXI O-041 
0.047 o-044 0.045 

5 0.072 0.072 o-071 0.067 
a075 0.070 0.068 

6 0.150 o-149 0.148 0.150 
0.154 0.152 O-154 

7 0.007 0.0065 0*0055 0.0067 
0.0067 0.007 0@075 

8 0.074 0.074 0.071 0.074 
O-075 0.070 0.075 

9 0.148 0.147 0.146 0.144 
0.151 0.141 0.146 

10 o-104 0.106 o-101 0.098 
0.105 0.100 0*099 

A = Vanadium content determined by atomic-absorption 
spectrophotometry after separation of vanadium by 
anion-exchange 

B = Vanadium content determined by atomic-absorption 
spectrophotometry after separation of vanadium by 
anion-exchange and deduction of vanadium-spike 
which was added before the dissolution of the sample 

C = Vanadium content determined by atomic-absorption 
spectrophotometry without preliminary separation 
of vanadium by anion-exchange 

D = Vanadium content determined by spectrophotometry 
after separation of vanadium by anion-exchange. 

also determined in a large number of samples by spectrophotometric methods (for vana- 
dium and molybdenum)64*65 and a titrimetric procedure (for vanadium).6Q 

The results for the yellow cake samples (Table 3) generally show very good agreement 
irrespective of the method used for the final determination. 

Some uranium-bearing Mexican minerals were analysed and the results are shown in 
Tables 4 and 5. The results in column C of Table 4 show that direct analysis of the samples 
of low vanadium concentrations gave low results. This is due to the effect of the matrix 
elements on the absorbance of vanadium, which is more pronounced at low than at high 
concentrations of this element. There is no comparable matrix effect on the molybdenum 
determination (Table 5). Table 5 also shows that the acid and alkali fusion decomposition 
procedures work equally well. 
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Table 5. Results of molybdenum determinations in uranium-bearing 
Mexican minerals (with uranium contents ranging from O-06 to 0.4 %) 

Sample 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

A 

0023 
0.025 
0.0053 
0.0054 
OXI 
0.0087 
0.329 
0.335 
0.103 
0.114 
0.403 
0.409 
0.019 
0.021 
0.130 
0.133 
0.125 
0.130 
0,819 
0.782 

Molybdenum content, % 

B C D 

0.024 0.024 0.024 

o+IO55 0.0053 OX)05 
0.0054 
0.0086 0.0087 0.008 
0.0099 
0.332 0.0348 0.310 
0.335 
0.105 0.117 0.108 

0.353 0.475 0.390 

0022 0.021 0.020 

0.123 0.141 0.123 
0.123 
0.130 0.133 0.120 

0.769 0.813 0.726 

E 

0.023 
0.025 
0.005 
0.006 
0.010 
0.012 
0.330 
0.335 
0.109 
0.115 
O-398 
0.409 
0.021 
0.023 
0.132 
0.135 
0.125 
0.128 
0.818 
0.825 

A = Molybdenum content determined by atomic-absorption spectro- 
photometry after separation of molybdenum by anion-exchange 

B = Molybdenum content determined by atomic-absorption spectro- 
photometry after separation of molybdenum by anion-exchange and 
deduction of molybdenum-spike which was added before the 
dissolution of the sample 

C = Molybdenum content determined by atomic-absorption spectro- 
photometry without preliminary separation of molybdenum by 
anion-exchange 

D = Molybdenum content determined by atomic-absorption spectro- 
photometry after separation of molybdenum by anion-exchange 
from samples which were dissolved by alkaline fusion 

E = Molybdenum content determined by spectrophotometry after 
separation of molybdenum by anion-exchange 

Table 6. Results of determinations of vanadium and molybdenum in IAEA uranium-standard samples“’ 
l 

Sample 
Vanadium content, % Molybdenum content, % 

A B C D 

Soil-Z, Shale (Sweden) 0.0130 0.0138 (150) 0.00074 0.00073 (10) 
Soil-3, Limestone (Iran) 0.0025 OWt24 (30) OGOO18 oGoO15 (2) 
S-l, Torbernite (Australia) OGO89 0%!91 (100) 00324 0.0021 (25) 
S-2, Torbernite (Spain) 0.0029 oGX85 (30) 0*00125 0.00113 (10) 
S-3, Camotite (U.S.A.) 0.328 0.342 (1500) O+tOl 1 O*OOlO (5) 

A = Vanadium content determined by atomic-absorption spectrophotometry after separation of vanadium 
by anion-exchange 

B = Vanadium content determined by atomic-absorption spectrophotometry after separation of vanadium 
by anion-exchange and deduction of vanadium-spike which was added before the dissolution of the 
sample (the number in parentheses gives the pg of vanadium which were added as spike) 

C = Molybdenum content determined by atomic-absorption spectrophometry after separation of molyb- 
denum by anion-exchange 

D = Molybdenum content determined by atomic-absorption spectrophotometry after ‘separation of molyb- 
denum by anion-exchange and deduction of molybdenum-spike which was added before the dissolution 
of the sample (the number in parentheses gives the pg of molybdenum which were added as spike). 
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Tabk 7. Results of determinations of vanadium and molybdermm in Canadian radio- 
active arc standards7* 

Sampk 
Vanadium content, % 

A B 

:; 
0*0025 040233 (30) 
OQO15 0+013s (20) 

Btl 0.0217 0-020s (200) 
BL2 04%40 o-0843 (800) 
BL3 0.0830 0.0838 (800) 
BL4 0*0720 0.0688 (800) 

Molybdenum content,’ % 

A B 

::z 040048 040038 (10) (5) 

04035 04X33 (SO) 
040375 04035 (50) 
04041 O-0038 (SO) 
04037 04033 (50) 

A = Vanadium or molybdenum content determined by atomic-absorption spectro- 
photometry after separation of these two elements by anion-exchange 

B = Vanadium or molybcknum content determined by atomic-absorption spectropho- 
tometry a&r separation of these two elements by anion-exchange and dedu&on 
of vanadhun or rnoly~~ spikes which were added before the dissolution of the 
sampk (the number in parenthm gives the pg of vanadium or molybdenum 
which were added as spikes) 

Table 8. Results of vanadium determinations in geological samples 
from the Institute of Geological Sciences, London 

Sample material 

Vanadium content, 
PpIlr 

A B 

Marl Slate; Fishburn, Durham 
Marl Slate; Claxheugh, Durham 
IGS 6 ~~y~it~~ rn~t~e) 
IGS 7 (moly~nit~~z mixture) 
IGS 8 (molybdenite conantrate) 

795 (400) 
It: 894 (Moo) 

3:; 
2-o (2) 
1.8 (2) 

9.8 9.6 (10) 

A = Vanadium content determined by atomic-absorption spectrophoto- 
metry after separation of vanadium by anion-exchange 

B = Vanadium content determined by atomic-absorption spectrophoto- 
metry after separation of vanadium by anion-exchange and deduc- 
tion of v~adi~-spike which was added before the dilution of 
the sample (the number in parentheses gives the pg of vanadium 
which were ad&d as spike) 

Analyses of other uranium-bearing minerals and radioactive ore standards are shown in 
Tables 6 and 7, and of geological samples (obtained from the Institute of Geological 
Sciences, London) in Tables 8 and 9. Agreement with results obtained in other laboratories 
is good except for molybdenum in sample IGS 8. 

The results for the geochemical standards obtained from the Centre de Recherches P&o- 
graphiques et GCochimiques also agree well with those from other laboratories (Table 10). 

Because the anion-exchange separation can be performed more or less automatically, 
numerous samples can be analysed simultan~usly, i.e., the procedure is very well suited 
for the routine determination of vanadium and molybdenum by atomic-absorption spectro- 
photometry. 
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Table 9. Results of determination of % molybdenum in geological samples from the Institute 
of Geological Sciences, London 

Sample material This method 
Results obtained in other 

laboratories44 

Marl Slate; Fishburn, Durham 00090 
0.0085 

Marl Slate; Claxheugh, Durham 0.0056 
0*0054 

IGS 6 (molybdenite-quartz mixture) 0.134 

IGS 7 (molybdenite-quartz mixture) 1.24 

IGS 8 (molybdenite concentrate) 54.2 
55.0 

0.0087; atomic-absorption 
0.0084; atomic-absorption 
0.0092; spectrophotometry 
00107; X-ray fluorescence 
O-01 00; emission spectrography 
0.0055; atomic-absorption 
O-0050; atomic-absorption 
0*0054; spectrophotometry 
0*0070; X-ray fluorescence 
OW50; emission spectrography 
0.138*; 0,145.t 
(0~034-022)~ 
l-24*; 1.21t 
(0.69-l 44)$ 
57.1’; 56.86t 
(506-58*5)§ 

* Accepted mean 
t Mean % MO 
8 Range of values 

Table 10. Results of determinations of vanadium and molybdenum in geochemical 
standards from the Centre de Recherches Petrographiques et Gkchimiques 

Sample 

Vanadium content, Molybdenum content, 
PPm PPm 

A B A B 

Granite GA 
Granite GH 
Basalte BR 
Biotite Mica-Fe 

Phlogopite Mica-Mg 
Diorite DR-N 
Serpentine UB-N 
Bauxite BX-N 

Disthene DT-N 

Verre Synthetique VS-N* 

43 36 

24; 22 
134 135 

86 75; 88 
225 225 

68 
365 275%0 

395 t 450 
128; 155; 
180 

1169 902-I 857 

0.9 
2.9 
2.4 
2.1 

i 
<l*l; <3; <7; 
c10; 1.7; 51 

0.5 - 
2.3 <7;3;5;6 
1.1 <3; ~3; <7;6 
7.8 <7; 7; 12 

1.1 <5; <7; 5 

915 

1 
4 

918-1100 

A = Vanadium or molybdenum content determined by atomic-absorption spectrophoto- 
metry after separation of these two elements by anion-exchange 

B = Vanadium or molybdenum content determined in other laboratories73~74 
* The vanadium and molybdenum contents of this synthetic glass standard are given 

in ppm V205 and ppm MoOJ respectively. Theoretically this sample should contain 
1000 ppm of each oxide 
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Zusammenfassung-Es wird ein Verfahren zur Bestimmung von Vanadium und Molybdiin bis 
herauf zum Milligramm-Bereich durch Atomabsorptions-Spektrophotometrie in Uranoxidkon- 
zentraten, uranfiihrenden Mineralien und geochemischen Standards beschrieben. Nach dem 
AufschluD mit Sluren werden diese beiden Elemente voneinander und von den Hauptbestand- 
teilen durch Anionenaustausch in 6 M Salzstiure an dem stark basischen Anionenaustauschharz 
Dowex 1, x 8 (Chloridform) getrennt. Vanadium wird nicht adsorbiert und geht in die durch- 
laufende LGsung, wtihrend Molybdln am Harz adsorbiert wird. Zur Elution von Molybdln 
wird ein Gemisch von Methanol und 6 M Salzslure (9:l V/V) verwendet. Nach dem Eindamp- 
fen der durchgelaufenen 6 M Salzstiure und des wlRrig-organischen Eluats werden Vanadium 
und Molybdln durch Atomabsorptions-Spektrophotometrie bestimmt. Das Verfahren wurde 
getestet, indem zahlreiche Proben mit Gehalten zwischen einigen ppm und Milligramm- 
Mengen Vanadium und Molybdtin analysiert wurden. Zum Vergleich wurde die Konzentra- 
tion dieser beiden Elemente in einer grol3en Anzahl von Proben mit spektrophotometrischen 
und titrimetrischen Verfahren bestimmt. In allen Flllen stimmten die Ergbenisse sehr gut 
iiberein. 

R&m&-On dtcrit une mCthode pour le dosage du vanadium et du molybdbne par spectro- 
photomCtrie d’absorption atomique, jusqu’au niveau du milligramme, dans des tihantillons 
de glteau jaune, de mintraux uraniferes et d’ttalons giochimiques. Aprb attaque aux acides, 
ces deux eltments sont stpares l’un de l’autre et des dlements de la matrice au moyen d’un 
Cchange d-anions en acide chlorhydrique 6M sur la resine &changeuse d’anions fortement 
basique Dowex 1 -X8 (forme chlorure). Le vanadium n’est pas adsorE et passe dans l’effluent 
tandis que le molybdbne est adso&& sur la r&sine. Pour l’tlution du molybdkne, on utilise un 
systbme solvant mixte aqueuxorganique consistant en mCthanol et acide chlorhydrique 6M 
(9:l v/v). Aprks tvaporation de l’effluent acide chlorhydrique 6M et de Y&at mixte aqueux- 
organique, le vanadium et le molybdkne sont dttermin6s par spectrophotom&rie d’absorption 
atomique. La m&hode a et6 essayCe en analysant de nombreux tihantillons avec des teneurs 
en vanadium et molybdbne allant de quelques p.p.m. g des quantites de l’ordre du milligramme. 
Pour comparaison, les concentrations en ces deux 6lements ont ttC dCterminQs dans un grand 
nombre d%chantillons par des techniques spectrophotomttriques et titrimetriques. Dans tous 
les cas on a obtenu un trb bon accord des rtsultats. 
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AUTOMATED DETERMINATION OF FLUORIDE ION 
IN THE PARTS PER MILLIARD RANGE 

I. SEKERKA and J. F. LECHNER 

Department of the Environment, Canada Centre for Inland Waters, Burlington, Canada 

(Received 23 April 1973. Accepted 16 June 1973) 

Summary-Fluoride, down to 2 ppM, has been determined by automated direct potentiometry 
using a fluoride ion-selective electrode. The method reduces the dilution and contamination 
effects of TISAB and takes the electrode response-time into consideration. The relative standard 
deviation for water samples is 15-1.8% and the recovery varies from 96 to 107%. 

In some environmental studies the need arose for the determination of fluoride ion in water 
samples down to the parts per milliard (ppM) level. Of all the ion-selective electrodes developed 
in recent years, the fluoride electrode has probably been the most outstanding. It exhibits 
Nernstian response, in media ranging from neutral to moderately acidic, over the fluoride 
concentration range from 1 M down to lo- 5 or 10-6M.‘*2 The detection limit is cu. 10m6M 
in a solution with an ionic strength of 2, but in pure sodium fluoride it may even be 10-7M.3*4 
Various ions present in solution affect the electrode potential through changes in the 
fluoride ion activity. 5*6-7 An elegant and rapid method based on a 1: 1 dilution of both 
samples and standards with total ionic strength adjustment buffer (TISAB) seems to have 
largely solved these difficulties. * The later modification of TISAB by replacing citrate with 
1,2-diaminocyclohexane-N,N,N’,N’-tetra-acetic acid (DCTA) improved the method signifi- 
cantly.g Sixteen or so papers covering water-sample analyis have been published. The 
Federal Water Pollution Control Administration critically evaluated the methods for the 
determination of fluoride in water and reported that the fluoride electrode method is signifi- 
cantly more precise and accurate than the other methods and, because of the convenience 
of electrode operation, is the method of choice.” 

The practical detection limit achieved with a manual procedure and commercially avail- 
able TISAB in our laboratories was 100 ppM (5 x 10e6M) of fluoride ion. The need for the 
determination of fluoride in the ppM range (10m7M) led to the development of the method 
described in this paper. 

EXPERIMENTAL 

Reagents 

All chemicals were of reagent grade. Only fluoride-free chemicals were selected. Demineralized doubly 
distilled water was used. 

The following totul ionic strength o&usting bufers (TISAB) were prepared (and used). 
1. Orion No. 94-09-09 TISAB. 
2. Common TISAB. In 500 ml of distilled water were dissolved, with stirring, 57 ml of glacial acetic acid, 

58 g of sodium chloride, and 4 g of disodium DCTA. The solution was adjusted to pH 5.5 with 50% 
sodium hydroxide solution and then diluted to 1000 ml with water. 
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Fig. k. Block diagram of equipment assembly. 

Modified TISAB (1). Sodium hydroxide (68 g) and DCTA (4 g) were dissolved in 500 ml of demineral- 
ized doubly-distilled water and mixed with 120 g of glacial acetic acid. After adjustment of the pH to 
S-5 the solution was diluted to 1000 ml with the demineralized doubly-distilled water. 
Modified TISAB (2). The concentration of TISAB (1) was increased by a factor of 3. The resulting pH 
of TISAB (2) is over 6 and must not be adjusted. After mixing of 10 ml of TISAB (2) with 50 ml of 
sample, the pH reaches the correct value of 5.5. 

Apparatus 

A combination fluorid=lectrode (Orion Model 96-09) was used in this study. All results reported were 
obtained with a modified version of the automated apparatus for direct potentiometry described in a previous 
paper.“l A new apparatus control module was designed, permitting greater flexibility of automatic timing, 
since it is progmmma ble for almost any desired timing cycle. In addition. the apparatus consists of an Orion 
801 digital mV/pH meter, Orion 751 digital printer, Fisher 9-319-50 electrode-elevator-turntable assembly, 
and a “ Desaga” peristaltic pump. The block diagram of the apparatus is shown in Fig: 1. The most prominent 
advantages of the apparatus are: allowance for the response-time of the electrode, constant temperature- 
control, absence of cross-contamination and simplicity in operation. It is better suited than the automated 
potentiometric flow-through system, to the specific requirements of ion-selective electrodes. 

Procedure 

Standards and samples (50.0 ml), pipetted into 200-ml Berzelius beakers, were placed in the turntable unit 
of the apparatus. The immersion of the electrode, the addition of TISAB (50 or 10 ml), stirring and print-out 
of the results (in mV) after the preselected time (10 min), then the rinsing of the electrodes and changing of 
samples, was provided automatically by the apparatus. A sampling rate of 6 samples/hr was found to be opti- 
mal for concentrations lower than 10W6&f. This sampling rate allows 10 min for the stabilization of the 
electrode potential. 

RESUZTS AND DISCUSSION 

The derivation of the detection limit of the fluoride-ion electrode from the solubility 
product of the lanthanum fluoride crystal (approximately 10m2’) indicates a significantly 
lower detection limit than the values actually obtained and cited in the literature. 

The calibration curve for pure sodium fluoride solution (curve 1 in Fig. 2) shows a Nern- 
stian response from 1000 down to 5 ppM. In contrast, a calibration curve prepared with 
commercial TISAB (curve 2, Fig. 2) indicates that the detection limit of the fluoride elec- 
trode is some hundreds of ppM. This observation indicates that the presence of TISAB 
significantly influences the detection limit of the fluoride electrode. 

According to Ross I3 the presence of a species which forms a very stable complex with one 
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Fig. 2. Calibration curves for F- in different media I-NaF; 2-NaF in commercial TISAB; 
3-NaF in O*OlM DCTA; 4-NaF in O*OSM DATA. 

of the component ions of the membrane, e.g., citrate, EDTA or DCTA, increases the detec- 
tion limit of the fluoride electrode. To confirm this, a calibration curve for sodium fluoride 
was prepared for 0.01 M and 0.05M DCTA background. In Fig. 2 (curves 3 and 4) it can be 
seen that DCTA only mildly affects the detection limit of the electrode, and the calibration 
curve is nearly identical with the curve obtained for a pure sodium fluoride solution. To 
illustrate this point further, the commonly used TISAB was prepared from selected, “ fluor- 
ide-free” chemicals. The calibration curve for sodium fluoride in the background of this 
TISAB, shown as curve 1 in Fig. 3, indicates that the detection limit decreased to 20 ppM. 

IOO- 

mV 

/ 
I I I I I 

2 IO 20 100 200 

F- PPM 

Fig. 3. Calibration curves for F- in different TISAB solutions. I-NaF in “fluoride-free” 
TISAB;2-NaF in modified TISAB(1); 3-NaF in modified TISAB(2). 
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It appears that the high detection limit of the method has been caused, to a certain degree, 
by the contamination of the samples with the fluoride present in the components of common 
TISAB.i4 

During the search for “ fluoride-free ” chemicals there were many indications that the 
main contributors of the fluoride ion were distilled water and sodium chloride. Sodium 
chloride as well as other chemicals suitable to replace it (potassium chloride or nitrate, 
sodium nitrate or acetate, etc.) showed, in fact, some differences in the fluoride ion contents, 
but in all cases the level of fluoride ion was not acceptable for the measurements at the ppM 
level. However, we found that the sodium hydroxide and acetic acid were practically free 
of fluoride ion. 

In order to eliminate the contamination of the sample, the modified TISAB (1) was pre- 
pared. To maintain the buffering and ionic-strength adjusting capacity of the TISAB, the 
concentrations of acetic acid and sodium hydroxide were increased, eliminating the need 
for addition of sodium chloride. The water used for the preparation was demineralized and 
doubly distilled. The calibration curve of sodium fluoride in the background of modified 
TISAB (1) (curve 2, Fig. 3) shows an improvement of the detection limit to 10 ppM of F- 
ion. 

It can, however, be argued that the 1: 1 dilution of the sample with TISAB was a factor 
influencing the detection limit. Therefore, to minimize this dilution effect, a second, threefold 
more concentrated modification of TISAB (1) was used. A 1: 5 mixing ratio of TISAB (2) 
with sample was found to be the most convenient, maintaining the total ionic strength of 
the sample at IM. In this case the calibration curve 3 in Fig. 3 shows the Nernstian response 
of the electrode down to a concentration of 5 ppM and a practical detection limit of 2 ppM 
of fluoride ion. 

For this reason, the values of RF0 (zero activity of fluoride ion) commonly used in the 
literature l3 to describe the lower detection limit of the electrode have been replaced in 
Fig. 3 by values of Ark, where Ark signifies a point on the potential-activity curve where 
the activity of the fluoride remains constant under given experimental conditions. 

These results lead to the conclusion that the improvement of the detection limit from 200 
to 2 ppM has been achieved (a) by limitation of the contamination of the samples through 
the use of the modified fluoride-free TISAB (2), (b) by reduction of the dilution of the 
sample, and (c) by standardization of the measurements through automated procedures. 

The precision of the determination of fluoride ion was estimated through the measurement 
of 10 samples each at the following concentrations: 1,2,5,10,20,50,100,500,1000 ppM. The 
relative standard deviations were calculated and are summarized in Table 1. They are about 
2 % except for the two lowest concentrations. 

Table 1. Precision of the determination of fluoride ion 

F- Relative standard F- Relative standard 
in the sample, deviation, %* in the sample, deviation, %* 

PPM PPM 

: 
10-o 

1: 
1.8 

;:A 
1.6 

5 1.6 
10 1.8 1z 1.7 
20 1.7 

* Ten determinations at each concentration. 
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Table 2. Recovery of fluoride ion in synthetic lake water samples 

Originally Added, Total, Found, Recovery, % 
present, PPM PPM PPM PPM 

2 5 7 7.5 107 
2 20 22 23 105 
4 
4 

2’0 2: 2; 100 
104 

10 5 15 100 

:; 20 5 30 26 :9’ 25 ;: 
21 20 41 40 98 
54 

2; 
59 60 102 

54 74 75 101 

The results of the determination of fluoride ion in water samples are presented in Table 2. 
Ten samples of synthetic lake water, prepared from chemicals containing traces of fluoride, 
were analysed for fluoride-ion content via the ion-selective electrode as well as by the 
ASTM D1179-68 SPADNS method. The mean value of six determinations (3 by each method) 
were considered to give the “originally present” content of fluoride ion in the samples. 
Known amounts of fluoride, in the concentration range from 1 to 500 ppM were added and 
the solutions were analysed again. The recovery of fluoride ion was in the range 96-107x. 

Ten samples of natural water were analysed in the same manner. The content of possible 
interfering ions was in the following ranges: 10-200 ppm Ca2+, 2-20 ppm Mg2*, I-10 
ppM Fe’+, and 2-50 ppM Al’+. The recovery of fluoride ion was 92-107 % (Table 3). 

Table 3. Recovery of fluoride ion in natural water samples 

Originally Added, Total, Found, Recovery, % 
present, PPM PPM PPM PPM 

3 
5 
7 

11 

10 
10 

:8 
10 
10 
10 
10 
10 
10 

13 12 
15 16 
:: 18 

26 :z 
32 31 

Iss 60 93 
104 100 
133 135 

92 
107 
106 
105 

;; 
103 
98 
96 

102 
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DISTINGUISHING POLYFUNCTIONAL FROM 
MONOFUNCTIONAL ACIDS AND BASES BY ACID-BASE 

TITRIMETRY, MULTIPARAMETRIC CURVE-FITTING, 
AND DEVIATION-PATTERN RECOGNITION 

LOUIS MEITES and DANA M. BARRY 

Department of Chemistry, Clarkson College of Technology, Potsdam, New York 13676 

(Received 15 May 1973. Accepted 22 May 1973) 

Summary-A new technique for distinguishing diacidic from monoacidic weak bases (or 
dibasic from monobasic weak acids) is based on fitting the data obtained in a potentiometric 
acid-base titration to theoretical equations for the titration of a monoacidic base (or monobasic 
acid). If the substance titrated is not monofunctional the best fit to these equations will involve 
systematic deviations that, when plotted against the volume of reagent, yield a l ‘ deviation 
pattern ” with a shape characteristic of polyfunctional behaviour. Ancillary criteria based on the 
values of the parameters obtained from the fit are also described. There is a range of uncertainty 
associated with each of these criteria in which the ratios of successive dissociation constants are 
so close to the statistical values that it is impossible in the face of the errors of measurement to 
decide whether the substance is monofunctional or polyfunctional. If the data from one 
titration prove to lie within that range, the decision may be based on the results of a second 
titration performed at a different ionic strength. Further fitting to the equations describing more 
complex behaviour provides a basis for distinguishing non-statistical difunctional substances 
from trifunctional ones, trifunctional ones from tetrafunctional ones, and so on. 

There has been considerable discussion of the problems that arise in attempting to decide 
whether an unknown acid or base is monofunctional or polyfimctional. Sometimes the 
decision can be made by inspecting the titration curve obtained in a potentiometric acid- 
base titration; for example, a dibasic acid with dissociation constants which are not too 
large, too small, or too nearly equal gives a curve showing two distinct stages of neutral- 
ization and having a point of maximum slope very near each of the two equivalence points. 
As the value of the ratio K,/K, decreases, the two stages of neutralization become harder 
to discern; the inflection between them deteriorates and may disappear completely; 
and casual inspection no longer serves to distinguish the curve from the one that would be 
obtained if the acid were monobasic. There is a value of this ratio (or, more generally, a 
set of values of the ratios of the successive dissociation constants K,/Ki+1 of a polybasic 
acid) for which the curve is exactly identical with that of a monobasic acid, so that 
the distinction becomes impossible. Should Ki/Ki+, be smaller than these “statistical ” 
values,’ -3 differences from the monobasic-acid curve reappear, and the distinction again 
becomes theoretically possible. 

Limiting the discussion to dibasic acids for convenience and defining a parameter m by 
the equation 

m = K,/K, (1) 

there are thus four possible cases: 
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1. m > 10mrut, where m,l.c is the statistical ratio, 4.iW3 
2. m,,, < m c lOm,,,, 
3. m = mstrc 
4. m < msot 

In the first case the distinction is easy and requires no discussion; in the third it is impossible 
and discussion would be fruitless. 

To deal with the second and fourth, in which only one point of maximum slope exists 
or can be discerned on the titration curve, S&rock4 proposed a criterion based on the 
value of the quantity A(pH) defined by the equation 

UPHI = PH,,,- 3/4 - ~Hv/v~=1/4 (2) 

where Vis the volume of reagent added and V* is the volume consumed at the single identi- 
fiable end-point. It was originally suggested that A(pH) is equal to 0.954 (= log,, 9) for a 
monobasic acid, but exceeds this value for a polybasic one, but further examination by 
Lomax and Bard,’ Hamann, and Meites’ has shown this to be oversimplified: the value 
of O-954 is the largest that can be obtained with a monobasic acid. Both fairly strong and 
fairiy weak monobasic acids give values of A(pH) that are not only smaller than O-954 but 
also dependent on the concentrations of acid and base employed. Moreover, although a 
dibasic acid for which m/%,,t exceeds 1 will give a value of A(pH) exceeding that for an 
appropriately chosen monobasic acid under comparable conditions, one for which m/m,,p, 
is smaller than 1 will give a value of A(pH) smaller than that for a monobasic acid. 

A further difficulty is that unless the full titration curve has been recorded automatically, 
the two individual pH-values needed for the calculation of A(pH) from equation (2) must 
be obtained by interpolation. Values of A(pH) are consequently atIlicted by errors that 
depend on both the precision of the measured pH-values and their spacing along the titra- 
tion curve. A crude estimate of their magnitude may be made by supposing that measure- 
ments are made at intervals of 10 % of the equivalent volume of reagent in the titration of a 
monobasic or “statistical ” polybasic acid under such conditions that the theoretical value 
of A(pH) is 0,954. The value of pHv,v..3,4 will then have to be obtained by interpolation 
between the experimental points at V/Y* = 0.7 and 0.8. If there is no error of measurement 
the pH-values at these points will differ by 0.234. It is reasonable to suppose that the inter- 
polated pH-value halfway between these points will have a standard error of about one-fifth 
of this difference, or say &O-OS. As the standard error of pH,,,,, 1,4 will have the same value, 
that of A(pH) may be taken as f O-07. 

The corresponding uncertainty in m may be calculated from an empirical equation 
relating A(pH) to m;’ for a statistical dibasic acid under conditions such that the theoretical 
value of A(pH) is 0.954, the value of dm/dA(pH) is O-0558. Since mstac = 4 for a dibasic acid, 
it may be concluded that a dibasic acid for which m/m,,at lies in the range 0.7 < m/m,,at < 1.3 
cannot reliably be distinguished from a monobasic one by means of the value of A(pH). It 
may further be concluded that this is the minimum width of this range: as the values of K, 
and K2 increase or decrease, so that the theoretical value of A(pH) for the corresponding 
monobasic acid decreases below O-954, discrimination between dibasic and monobasic 
acids becomes more rather than less difficult. For example, the curve obtained in titrating 
a dibasic acid for which K, was IO4 and Kz was lo2 could not be distinguished from that 
for a monobasic strong acid despite the fact that m/m,,,, for the dibasic acid would far 
exceed 1. 
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Dibasic acids for which both K, and Kz are very large are not common, but those of 
more moderate strengths for which m/m,,,, lies between O-7 and l-3, at least under some 
conditions, are far more so. The values of K1 and K, that are relevant are not the thermo- 
dynamic constants Kio but the concentration constants defined by equations of the form 

Ki = [H+ID-LiX(i-“-l = yH~_~x(‘-‘-‘)- . K ,, 

[H3_~X(f-z-1)-] YH+YH2_,x(~-z)- i 

where the Y’s denote single-ion molarity activity coefficients and z denotes the charge on 
the diprotonated species H,X’+. Consequently the ratio K,/K, is given by 

KI YL-1 K1O 
K,= Ko Yi-*YI-z-2 2 

(4) 

where the subscripts give the numerical values of the charges on the ions to which the 
activity coefficients pertain. According to the Debye-Hiickel limiting law, the activity- 
coefficient term in equation (4) decreases as the ionic strength increases, and does so at the 
same rate if z is either + 2, + 1, or 0 but more rapidly if z has any other value. Hence even 
an acid for which the ratio Klo/KzO is well above the statistical value may be impossible to 
distinguish from a monobasic one by applying the A(pH) criterion to data obtained in a 
titration at a finite ionic strength. 

Enough has been said to indicate that this criterion is a very weak reed. This manuscript 
describes a completely different approach. It is suggested that the data obtained in a titra- 
tion at constant ionic strength be fitted to the equation that describes the titration curve of a 
monofunctional compound, employing multiparametric curve-fitting to find the values of 
the parameters in that equation that yield the best fit. That equation and those parameters 
may then be combined to obtain a set of calculated values of the pH at each of the experi- 
mental points. The deviations of these from the measured values are plotted against either 
the volume of reagent or the titration parameter f (= V/V*), which is proportional to the 
volume of reagent. If the substance titrated is truly monofunctional, the points on this plot 
will be randomly scattered around the volume or f axis. If it is polyfunctional and if the 
ratios of the dissociation constants differ from the statistical values, the points will instead 
be scattered around a curve having a shape characteristic of the functionality. There is still 
a range over which the pattern that is characteristic of, say, a difunctional compound will be 
masked by random experimental errors. The range of values of m over which this can 
happen depends on the precision of measurement of the pH-values but is unlikely to be as 
wide as the range of uncertainty for the A(pH) criterion. Should the data obtained in one 
titration prove to lie within this range, the fact that the ratio of two successive dissociation 
constants depends on ionic strength can be turned to advantage by performing a titration 
at a different ionic strength and subjecting the data obtained from it to a similar analysis. 

The calculations, the deviation patterns, and several ancillary criteria made possible by 
the calculations are described in detail for difunctional substances. Although the prior 
literature has dealt exclusively with the problem of distinguishing monobasic from polybasic 
acids, we shall consider that of distinguishing monoacidic from polyacidic bases. This is 
because of a wish to facilitate comparison of the present work with the results obtained by 
applying multiparametric curve-fitting to data obtained in acidimetric titrations of very 
dilute solutions of monoacidic bases,’ which will be described in a later cotimunication. 
What is said here about titrations of monoacidic and diacidic bases can of course be applied 
mutatis mutandis to those of monobasic and dibasic acids. 
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EXPERIMENTAL 

All the numerical computations described here were performed on a PDPS/I minicomputer (Digital 
Equipment Corporation, Maynard, Mass.). For reasons irrelevant to this work the computer is operated in a 
multi-user configuration and in a language in which execution of the multiparametric curve-fitting programme 
previously described8 is inconveniently slow. It has therefore been supplanted by another programme. 
based on the method of steepest descent rather than on that of pit-mapping, and very much faster in oper- 
ation. 

Except in a few cases that will be discussed separately, it was assumed that 100 ml (= V,O) of a O*lOOOM 
(= C,O) solution of a weak dicidic base X1 - was titrated with 14OOM (= C.O) solution of a strong monobasic 
acid. The formal dissociation constants K, and K2 of the diprotonated acid HIX were taken as 

K, = 10-4(m/m.,.,)“2 (5a) 

and 

Kz = 10-4/(m/m,,.,)“2 (Sb) 

so that (K,K,)*” was always lo-*. The titration-curve equation 

[H+l* + (K, + 

was solved for [H+] at each of twelve points, where the volume of acid V. was 1, 3, . . . , 21, 23 ml. This 
number and spacing of points would be relatively easy to obtain in an actual titration. The resulting values 
of II-I+] were combined with the equation 

PH = -log,, lH+l (6b) 

to obtain a set of synthetic data representing the titration of X2- in a hypothetical mediumin whichtheactivity 
coefficient of hydrogen ion was known to be I. Such sets of data were calculated at intervals of a few per 
cent in m/m,,., over the range @5 < tr~/m,,.~ < 10. Near the upper end of this range a poorly marked region of 
maximum slope could just be discerned in the vicinity of the first (HX-) equivalence point, but otherwise the 
second (H,X) equivalence point was the oniy one that could be identified. A fairly typical curve is shown 
by the open circles in Fig. 1, where many additional points are given so as to define its entire course. 

The “data” thus obtained were then subjected to multiparametric curve-fitting, using the equations 

W+l* + (K. + vbo;;+ v. - ““.) [H+] - $&K.=O (7a) 

and 

PH = -h,o(y~+[H+I) UN 

appropriate to the hypothesis that the base being titrated is monoacidic and sufficiently strong to permit 
neglecting the concentration of hydroxyl ion at every point, and the best values of the parameters Cb”, K., 
and yH+ were obtained. With m/m,,., = 1 the standard deviation from regression was of the order of 10m6 pH 
unit and the results were Cb” = 0.199987, K, = 1.00008 X lo-‘, and ya+ = 1 ~oooO2, in agreement with the 
expected values, O-2.1 x lo-*, and 1. 

RESULTS AND DISCUSSION 

For any value of m/m,#,, other than I, the fit to equations (7a) and (7b) naturally involves 
larger and systematic errors. The behaviour of these may be deduced by comparing the 
curve in Fig. 1, which represents the best fit obtainable on the hypothesis of monofunc- 
tionaiity, with the “experimental ” points shown by the open circles. As long as ~/n?,,~~ 
exceeds I, the best monofunctional fit lies below the “experimental ” curve near the start of 
the titration, crosses it three times, and finally lies above it after the second equivalence 
point has been passed. A striking feature of this fit is that the computed value of C,’ is 
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b 

DH 

Fig. 1. The open’ circles represent calculated pH-values during the titration of 100 ml of a 
O*lOOOM solution of the diacidic base X2- with a 14OOM solution of a strong monobasic acid. 
The dissociation constants of the acid H,X were assumed to be K, = 6.325 x 10q4 and 
K2 = 1.581 x 10e5, corresponding to nr/n&= 10. The solid curve shows the best fit obtainable 
on the assumption that the base is monoacidic. It corresponds to Go = O-165, K. = l-63 x lo-. 

and y,+ = 0.292 in equations (7a) and (7b). 

less than twice the actual one: the equivalence point occurs earlier on the best monofunc- 
tional fit than it does on the experimental curve if m/m,,,, > 1. Qualitatively but trivially 
different phenomena are observed if m/m,,,, -z 1 and are described in a later paragraph. 

Figure 2 shows the deviation pattern9 derived from Fig. 1: its ordinate corresponds to the 
difference between the measured pH and the value calculated from equations (7a) and (7b) 
with the values of Cbo, K,, and yu+ that yield the best monofunctional fit. Variations of 
m/msla, affect the amplitude of this pattern, and also, though to a much smaller extent, the 
widths of the peaks on it, but do not alter its general shape. With any given value of m/mslat 
the deviations in any limited portion of the curve may be made smaller than those shown 
in Fig. 2 by taking data more densely in that region than in any other, thereby giving it 
greater weight in the fit. However, improving the fit in that region merely makes it worse 
elsewhere : the deviation pattern may be shifted in any direction but its general shape remains 
unchanged. As would be expected, a deviation pattern of the same shape is also obtained 
from the titration of a mixture of two monoacidic bases having conjugate acids with different 
dissociation constants, but in this case it will differ slightly from the one shown in Fig. 2, 
even if the points are equally spaced along the volume axis and evenly distributed around 
the first equivalence point, unless the initial concentrations of the two bases are the same. 

The shape of the deviation pattern thus obtained is, in short, proof that two (or, as will 
be shown below, more than two) neutralization steps are involved in the titration. To 
decide how far m/m,,,, must differ from 1 to permit recognition of the pattern in the face 
of the random errors of measurement superimposed on it, it is necessary to compare the 
height of the pattern with the standard error that may be expected in a single measurement. 

This error may be estimated with the aid of data obtained in titrations of potassium acetate 
with hydrochloric acid. ’ The ionic strength was kept large and constant by adding potassium 
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Fig. 2. Deviation pattern obtained from the curves in Fig. 1. 

chloride, carbon dioxide was excluded by passing nitrogen through the titration mixture, 
and the pH-measurements were made with a Coming 012 glass-electrode meter that could 
be read to 0401 unit. All reasonable precautions were thus taken to ensure conformity to 
equations (7a) and (7b), with the result that the standard deviation of a single measured 
pH-value from the best fit that could be secured to those equations was found to lie between 
0402 and 0408 pH unit in successive titrations. We consider the average of these values, say 
0405, to be a fair representation of what may be expected. 

If the experimental points are reasonably dense it seems probable that the characteristic 
shape of the deviation pattern can be recognized without difficulty if the vertical distance 
between the apices of the peaks nearf == l-3 and 1.9 exceeds four or five times the standard 
error of a single measurement, or say, 08025 pH unit. Under the conditions assumed in these 
computations the overall height, thus defined, of the deviation pattern is found by inter- 
polation to be O-025 unit when m/m,,,, = O-91 or l-10. Under these conditions it should 
therefore be possible to distinguish any diacidic base from a monoacidic one, on the basis 
of a single titration, unless the ratio lies in the range 140 + 0.10. 

Figure 3, which shows how the parameters of the best monofunctional fit vary with 
m/m,,,,, suggests two auxiliary criteria that may be useful in certain circumstances. If the 
concentration of the base being titrated is evaluated independently from the location of the 
end-point, it may be compared with the value obtained from the best monofunctional fit. 
From the end-point it is possible to calculate C,,‘/j, wherej is the unknown functionality of 
the base. When mlm,,,, = 1, the value of Cbo obtained from the monofunctional fit is 
exactly twice that of C,O/j obtained from the location of the end-point, but the ratio is 
smaller than 2 if m/m,,,, > 1 and greater than 2 if m/m,,,, c 1. A corollary of this criterion 
is that varying the ionic strength in replicate titrations will not alter the value of Cbo if the 
base is monoacidic but will do so if it is diacidic (or polyacidic) because this will alter the 
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Fig. 3. Effects of the value of m/m,,., for a diacidic base on the values of the parameters in the 
best obtainable fit to equations (7a) and (7b) and on the standard deviation of a single “experi- 

mental ” value from that best fit, under the conditions of Fig. 1. 

ratio m/m,,,, . A second criterion is that if the apparent activity coefficient of hydrogen ion 
is known for the titration medium employed [as will be the case if a titration of an authenti- 
cally monoacidic base is performed in that medium and if y,+ is evaluated by fitting the 
data to equations (7a) and (7b)] it may be compared with the value of y,+ obtained from 
the best monofunctional fit. When m/m,,,, = 1 the two are identical, but the best mono- 
functional fit gives too small a value of YH + if m/m,,,, > 1 and too large a value if m/m,,, < 1. 
In a typical set of titrations of acetate with hydrochloric acid’ in solutions containing enough 
potassium chloride to give ~1 = 3-O M, the mean value of YH+ was l-746 and its standard 
deviation was 0.029, or l-7 %. It is the relative standard deviation that is appropriate because 
of the form of equation (7b). If a relative deviation of 7%, approximately four times the 
relative standard deviation, is regarded as significant, it should be possible by means of this 
criterion alone to distinguish any diacidic base from a monoacidic one, on the basis of a 
single titration, unless m/m,,,, lies between about 0.83 and 1.2. The prospective user of the 
second of these criteria should be aware that YH + varies with temperature, and should have 
available the values of yH+ in several media of different ionic strengths so that, if one titra- 
tion fails to reveal that a base is polyfunctional, a second can be performed in another 
medium to provide a further test. 

To escape recognition by these criteria, which even though conservatively formulated 
are all more sensitive than the one based on A(pH), a diacidic base must have a value of 
m/m,,,, that is not only very close to 1 but that is also nearly independent of ionic strength 
over the range examined. Although there are some diacidic bases in which the charged sites 
are so remote that there is no appreciable overlapping of the ionic atmospheres surrounding 
them, and for which the variations of m/m,,,, with ionic strength are smaller than those that 
the Debye-Htickel equation would predict if it were too rigidly applied, the probability 
seems to be very small that there can be any diacidic base that the proposed procedure would 
not prove to be diacidic unless either: 
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Fig. 4. Deviation patterns for diacidic bases having m/m ,,., = (a) l-406 and (6) 0.689, under 
the conditions of Fig. 1. 

(a) pK1 for the corresponding dibasic acid is extremely small (i.e., so small that the 
second step of neutralization does not occur to an extent sufficiently large to be 
detected), or 

(b) both pK1 and p& are so small that neither step can be detected. 

In the first of these cases the proposed criteria would classify the base as monofunctional; 
in the second they would classify it as zero-functional. Evidently an approach similar to 
the one described here, but based on titrations with an acid stronger than hydronium 
ion in a solvent less protophilic than water, would be needed in these cases and would 
have to be based on considerably different equations. 

Allusion was made above to the fact that the shape of the deviation pattern for a diacidic 
base depends on whether m/msta, is larger or smaller than 1. The nature of this dependence 
is shown by Fig. 4, on which it seems unnecessary to comment in detail. 

A special advantage of the deviation-pattern approach over that based on A(pH) is that 
the former has some ability to discriminate among di-, tri-, and other polyacidic bases 
whereas the latter has none. To illustrate the proper use of the technique for this purpose 
we may begin by considering Fig. 5, in which curve a shows the deviation pattern obtained 
in the titration of a triacidic base while curve b shows the one obtained in that of a tetra-acidic 
base. These two patterns, which represent the systematic errors incurred by assuming the 
bases to be monoacidic, are not exactly identical either with each other or with Fig. 4a for 
a diacidic base. However, as they do have the same general form, and as minor variations 
of form will be harder to perceive if the number of points used in constructing the curve is 
smaller than it is in these figures, the experimenter who obtains a deviation pattern of this 
general shape is justified in concluding that the base is polyacidic but is unlikely to be able 
to tell whether it is diacidic or triacidic. 

Further interpretation may be made by assuming the base to be diacidic, fitting the data 
to equations (6a) and (7b), and examining the deviation pattern obtained by plotting the 
dependence on V, of the difference between the measured pH and the one calculated from 
those equations with the aid of the values of the four parameters (C,‘, K,, K,, and yu+) 
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Fig. 5. Deviation patterns for (a) a triacidic and (b) a tetra-acidic base. As in Fig. 1, it was 
assumed that 100 ml of a O*lOOOM solution of the base was titrated with 1.OOOM strong mono- 
basic acid, and that the geometric mean of the dissociation constants of each of the corres- 
ponding acids was 10-4. Each ratio of successive dissociation constants was assumed to be 
twice the corresponding statistical value, so that K1 = 6 x 10m4, K2 = 1 x 10S4, and K3 = 1.67 x 
10e5 for the tribasic acid and K, = 1.13 x lo-“, K2 = 2.12 x 10m4, Ks = 471 x loss, and 
K4 = 8.84 x 10S6 for the tetrabasic one. The best fits to equations (7a)and (7b), which were 
used to construct these plots and which entail the assumption that the base is monoacidic, had 
the following parameters: (a) C,O = 0.284, Kb = 1.24 x 10m4, and yu+ = 0.638; (b) C,O = 

0*355, Kb = 1.70 x 1O-4, and yu+ = 0.361. 

obtained.* If the base is truly diacidic, the points will scatter randomly around the volume 
axis; if it is triacidic the pattern shown in Fig. 6 will result unless its Ki/Ki+r ratios have 
nearly or exactly the statistical ratios (K,/K, = 3, K,/K, = 3), 3 in which case no systematic 
deviations will be perceptible and the ratio of the calculated values of K1 and Kz will be 
nearly or exactly equal to 4. This permits non-statistical triacidic bases to be distinguished 
from non-statistical diacidic ones. However, this deviation pattern for a triacidic base is 
again generally similar to that for a tetra-acidic base, and so to distinguish between these it 
is necessary to perform a fit to the equations for the titration of a triacidic base, and so on. 
An eventual limit to the possibility of distinguishing between a j-acidic and a (j + I)-acidic 
base in this way is set by the fact that the height of the deviation pattern decreases as j 
increases. 

In general, one makes the most economical assumption consistent with the prior informa- 
tion-that, for example, the base is monoacidic if nothing is known about it, or that it is 
diacidic if the deviation pattern based on the first assumption shows that it is not mono- 
acidic. One then performs a fit to the equations that follow from that assumption, employs 
the values obtained for the parameters in those equations to construct a deviation plot in the 
manner here outlined, and inspects that plot for a pattern that signifies that the behaviour 
is more complex than it is assumed to be. 

* If the base is sufficiently weak, the terms in K, in equation (6a) may be ignored, reducing it to a cubic, 
as was done in writing equation (7a). Otherwise it may be necessary to insert a value of K, appropriate to 
the medium employed for the titration, or to take K, as a fifth parameter to be evaluated if a prior value is 
unavailable. 
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Fig. 6. Deviation patterns showing how the titration curve for a non-statistical triacidic base 
deviates from the best fit that can be obtained by assuming it to be diacidic. The triacidic base 
was assumed to have C,O = 0~1ooO1ci, 4 = 4.30 x 10m3, & = I.00 x 1 0m4, and KS = 2.32 
x 10-e (so that each m/&W 3: 14.35 as for citrate ion at infinite dilution), and yH+ - 1; the 
parameters in the best At to equations (6a) and (7b) were Cbo = @1272M, K1 = 9.39 x lo’*, 

KS = 7.39 x lo-“, and yu+ = 0.493. 

One might envision attempting to shorten this procedure by beginning with the assump 
tion that the base is diacidic, expecting to obtain a deviation pattern of one form if it is 
monoacidic but of another form if it is tri- or polyacidic. This is unwise because the titration 
curve for any monoacidic base can be fitted by the equations for that of a diacidic one; the 
fit will yield K,/K, = 4. The observation of a characteristic pattern of deviations accordingly 
has to be replaced by scrutiny of the ratio K,/K2, which provides much less information. 
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Bm neues Verfahren zur Unterscheidung von zweisiiurigen und einsiiurigen 
schwachen Basen (oder von zweibasigcn und einbasigcn schwachen Situmn) bcruht darauf, daD 
die bei einer potentiometrischea S&m-Base+Titration .erhaltenen Daten an thcomtische 
Gleichungcn zur Titration einer cins&rigen Base (oder einbasigen SPum) angepa5t werden. 
1st die titrierte Substanz nicht monofunktionell, dann crgibt die beste Anpassung an diese 
Gleichungen systematische Abweichungen, die, gegen das Volumen an Reagens aufgetragen, ein 
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“Abweichungsmuster ” ergeben, das eine filr polyfunktionelles Verhalten charakteristische 
Formhat. Es we&n such Hilfsmerkmale angegeben, die auf den Werten der aus der Anpassung 
gewonnenen Parameter beruhen. Mit jedem dieser Kriterien ist ein Unsicherheitsbereich 
verbunden, in dem das Verhiiltnis der aufeinanderfolgenden Dissoxiationskonstanten so nahe 
beim statistischen Wert liegt, dal3 es angesichts der Megfehler nicht moglich ist, zu entscheiden, 
ob die Substanz monofunktionell oder polyfunktionell ist. Liegen die Daten einer Titration 
innerhalb dieses Rereichs, dann kann man die Entscheidung auf Grund einer zweiten Titration 
bei einer anderen IonenstiQke treffen. Pa& man weiter such an Gleichungen an, die kompli- 
zierteres Verhalten beschreiben, dann kann man nichtstatistische difunktionelle Substanzen von 
trifunktionellen unterscheiden, trifunktionelle von tetrafunktionellen und so weiter. 

R&me-Une nouvelle technique pour distinguer les bases faibles diacides des monoacides 
(ou les acides faibles dibasiques des monobasiques) est bar& sur l’ajustement des donn&s 
obtenues dans un titrage potentiometrique acide-base a des equations theoriques pour le 
titrage d’une base monoacide (ou d’un acide monobasique). Si la substance tit& n’est pas 
monofonctionnelle, le meilleur ajustement a ces equations aura pour consequence des &arts 
systematiques qui, lorsqu’ils sont traces par rapport au volume de r&tif, donnent un “dia- 
gramme d’ecart ” avec une allure caracteristique du comportement polyfonctionnel. On dtcrit 
aussi des criteres secondaires bases sur les valeurs des parametres obtenues de l’ajustement. 
11 y a un domaine d’incertitude associe a chacun de ces criteres dam lequel les rapports de 
constantes de dissociation successives sont si voisins des valeurs statistiques qu’il est impossible 
en face des erreurs de mesure de decider si la substance est monofonctionnelle ou polyfonc- 
tionnelle. S’il s’avere que les don&s d’un titrage se situent dans ce domaine, la decision peut 
etre bas6e sur les risultats d’un second titrage realis6 a une force ionique differente. Un nouvel 
adjustement aux equations dtcrivant un comportement plus complexe foumit une base pour 
distinguer des substances bifonctionnelles non-statistiques de substances trifonctiomrelles, les 
trifonctionnelles des tetrafonctionnelles, et ainsi de suite. 
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Summary-In the pseudotitration no reaction takes place between titrand and titrant in the 
bulk of the solution. An amperometric indicating system, which generates a small amount of 
redox catalyst in the vicinity of the electrode, does enable an end-point to be found. Bulk con- 
centrations and diffusion constants are the controlling parameters. This method allows to utilize 
slow, thermodynamically favourable reactions for titrating purposes. The principle is demon- 
strated’by the direct titration of chromium(II1) with EDTA at room temperature. 

A necessary condition for the successful application of the substitution reaction 

MeX+Y = MeY+X (1) 

for the determination of the metal Me is not only a high value of the equilibrium constant 
of the reaction, but also a sufficiently high reaction rate. If this latter condition is not ful- 
filled, a back-titration may be tried, in which the slow reaction is accelerated by an excess 
of titrant and, if need be, also by boiling the solution. 

Such extreme conditions often cause complications in the titration reaction, or they may 
change the reactivity of other species present, thus increasing the error of the determination. 
This, together with errors arising from the necessity of using a back-titration, may result in 
lower accuracy than that of a direct titration. 

A direct titration based on a slow reaction (1) may be possible if a catalyst is available, 
but most effective catalysts are unstable substances which are difficult to prepare and handle 
under normal titration conditions. Voltamperometric indication (at constant voltage or 
current) enables one not only to follow the course of the reaction, but also to generate a 
catalyst electrolytically. The amount of catalyst generated under these conditions is very 
small but its concentration in the diffusion layer round the electrode is sufficiently high for 
the reaction (1) to proceed quantitatively in this layer. In-the bulk of the solution the 
reaction may proceed immeasurably slowly since the concentration of the catalyst there is 
virtually zero. Under these conditions of “pseudotitration”, however, the indicating elec- 
trode shows the state of the reaction as if completed in the bulk of the solution, The stoichio- 
metric conditions in pseudotitrations are slightly different from those in normal titrations 
in that the reactants are conveyed to the reaction site by diffusion or controlled convection. 
The stoichiometry of the reaction is therefore determined not only by the molar ratio, but 
also by the ratio of the diffusion coefficients of the reacting components. 

1185 
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Much attention has been paid in the literature to the acceieration of slow reactions by 
means of redox catalysis.” The titrand should be one component of a redox couple, the other 
component of which reacts rapidly with the titrant. Typical examples of redox catalysis are 
the substitution reactions of chromium(IIl) complexes catalysed by chromium(II).112 Of 
these, the su~titution by EDTA of other ligands co-ordinated to c~o~um(II~ is impor~nt 
analytically. The redox catalysis of such a reaction for the hexa-aquochromium(III) ion 
may be simply described by the following equations. 

Cr(III) + Y = Cr(III)Y (2) 

Cr(III) +e- G Cr(If) (3) 

Cr(II) + Y z== Cr(II)Y (4) 

Cr(II1) + Cr(II)Y e Cr(III)Y + Cr(I1) (5) 

The electrolytic generation of the catalyst chromium(I1) is important because this is not 
stable in solution, reacting with dissolved oxygen or with water to be re-oxidized to chrom- 
ium(III). The catalysis is effective because both reactions (4) and (5) are considerably faster 
than reaction (2). 

EXPERIMENTAL 

~~i~-~t grade chemicals were used. Stock solutions of ~~~~(111) were prepared by 
dissolving potassium chromium alum in @OSA# sulphurlc acid, to prevent the formation of polynuclear 
complexes. When it was necemary to work in the absence of additional acid, the solutions were prepared 
immediately before use. The solutions were analysed for chromium spectrophotometrically3 after oxidation 
with peroxide to chromium(VI). The Brltton-Robinson and acetate buffers were used. Solutions were de- 
aerated by bubbhng with nitrogen purified by passage through a chromium(H) solution. 

Polarographic Bnts were made on the recordhrg polarograph OH-102, and potemiometric 
meaaumments with the pH-meter OP-205, (Radelkis, Budapest). The drop-time of the DME was 2.8 set 
and tho flow-rate 2.93 mg/sec in short circuit with the SCB and with 64 cm height of mercury column. 
A Zeiss Specord UV-VIS spectrophotometer was also used, and all measurements were made at room 
temperature, about 25”. 

RESULTS 

The amperometric titration curve 

The optimum working potential for the amperometric titration is determined by the 
polarographic t-Ecurves, The hexa-aquochromium(III) ion is reduced at half-wave potential 
about -@9 V us. the SCE, at pH 4-5, giving an irreversible one-electron wave. The redox 
system Cr(I~EDTA-Cr(I~EDTA has a reversible half-wave potential at about - 1.2 V. 
With addition of EDTA during the titration, the hexa-aqu~hro~um(II~ reduction wave 
decreases and the more negative one of chromium(III)EDTA increases. The most suitable 
potential was -1.075 V, approximately in the middle of the current plateau between the 
waves, where the shape of the titration curve and hence the accuracy of the titration were 
least affected ‘by changes in potential or pH. 

The titration curve is L-shaped, with the eq~v~en~ point lying at the intersection of the 
two branches. Since no reaction actually occurs in the bulk of the solution, one cannot 
really speak of a true equivalence point. From the IlkoviE equation one can conclude that 
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Fig. 1. Comparison of amperometric and potentiometric indication with constant current in 
the pseudotitration of chromium(II1) with EDTA; pH 4.1; 025M Na, S04; 
A dependence of the current at potential - 1.05 V 0s. SCE on the volume of titrant 
0 dependence of potential of DME us. SCE on the volume of titrant, polarizing current 1.45 PA 
!3 dependence of potential of DME US. SCE on the volume of titrant, polarizing current 
2.90 /LA. 

the equivalence-point for this pseudotitration is given by the stoichiometric ratio, in this 
case 1 :I, multiplied by the factor ,/DEnTA/DCroIl) , these being the diffusion coefficients for 
EDTA and the Cr(II1) aquo-ion respectively. In this case, this ratio is approximately equal 
to unity. 

Potentiometric titration with constant current 

The advantages of the electrolytic generation of a redox catalyst can also be made use of 
when the indicating electrode is polarized by a small constant current and its potential is 
measured during the titration. Figure 1 shows examples of such curves for two different 
polarizing currents. For comparison purposes the amperometric titration curve is also 
shown. Figure 1 also shows that it should be possible to titrate EDTA with Cr(II1). 

In practice the amperometric titration is to be preferred to the potentiometric one at 
constant current, which gives rise to a systematic error since the polarization current cannot 
be held at a small enough value. In addition, the potential break is rather small, and with 
the DME the potential varies with the size of the drop and must be measured just before the 
drop falls off, or an overdamped measuring system must be used. 

Accuracy of the pseudotitration 

The titrations should be performed at pH 3,246. The lower limit is determined by the 
stability of the Cr(III)EDTA complex,4 and the upper by the fact that the hexa-aquo- 
chromium(II1) ion polymerizes at higher pH values and may even be partially precipitated. 
The shape of the titration curve remains unchanged in supporting electrolytes of perchlorate, 
chloride or sulphate, as long as the concentration is high enough to eliminate the migration 
current, and the buffer capacity is also not critical. It is important, however, particularly 
for small amounts of chromium, to remove dissolved oxygen completely from the solution, 
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Table 1. Statistical evaluation of the pseudotitration of chromium(W) 

Chromium(III) 
Relative No. of Limits of confidence 

take& found bean)? error, determinations for 95% probability 
w P@ % w % 

7800 7790 0.13 8 kg0 99.9 f 1 .o 
781 776 0.64 8 All 99.4 f l-4 

78 77 1.3 8 hl.4 98*7f 1.8 

The titration results have been evaluated statistically by the method of Dean and Dixon’ 
for solutions of chromium(III) in O-25M sodium sulphate with an acetate buffer at pH 4.4 
and are given in Table 1. 

DISCUSSION 

Complexometric determinations of chromium have hitherto been performed as back- 
titrations. For visual back-titrations with me&&chromic indicators, salts of Zn2+, Fe3+, 
Cu’+, Mn2+, Co2+, Ni’+, and Th4’ have been used.6 In the back-titration with Pb2+ the 
end-point has beeen indicated by the precipitation of lead chromate.’ The intense colour of 
the chromium(III)EDTA complex is a serious drawback of the visual titration. A potentio- 
metric back-titration with Zn2+ eliminates this problem,’ but some difficulties still remain 
in connection with heating the solution and carrying out the back-titration. These difficulties 
were not solved by an amperometrically indicated back-titration either.’ Chiacchierini” 
described a direct amperbmetric titration of chromium(II1) with various chelating 
agents. The shapes of the titration curves led him to the erroneous conclusion that the 
complexometric titration reactions were in fact fast in the bulk of the solution even at room 
temperature (25”). As may be seen from Fig. 2, however, the spectrum remains practically 
unchanged during the time required for a titration, from which we may conclude that the 
reaction in the bulk of the solution may be neglected. Moreover, in the paper quoted,” 
chromium(III) was introduced as the nitrate. This causes considerable complications in the 
titration curve, since chromium(Il)EDTA reacts with nitrate,“‘12 causing an increase in the 
indicating current. This increase depends not only on the nitrate concentration but also on 
the chromium(I1) concentration and on the pH of the solution,‘3 so that in the unbuffered 
media used lo various factors contributed to the changes in the shape of the titration curve. 

The changes in the chromium(III) polargraphic curve on addition of EDTA and in the 
shape. of the amperometric titration curve have here been explained by redox catalysis of 
the substitution reaction between hexa-aquochromium(III) and EDTA. Another explanation 
of these changes has been put forward by Tanaka and Ebata.14 

Cr(II1) + e- & Cr(I1) (6) 

Cr(II) + EDTA s Cr(II)EDTA (7) 

Cr(II)EDTA & Cr(III)EDTA + e- (8) 

Chromium(H) formed by the electrolytic reduction of chromium(III) as in reaction (6) is in 
rapid equilibrium with its EDTA complex. 6 Since the reversible half-wave potential E2 is 
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Fig. 2. Comparison of absorption spectrum of Cr(III) before and after the pseudotitration; 
Britton-Robinson buffer pH 440, temperature 2O”C, light-path 5 cm. 
1. Spectrum of In&f KCr(SO& . 
2. Spectrum of 1 mM KCr(SO& and 1.2 mM EDTA, 20 min after mixing. 
3. Spectrum of solution 2 after 15 min boiling. 

more negative than the potential El for the irreversible reduction of the hexa-aquochrom- 
ium(II1) complex, the chromium(II)EDTA complex is oxidized at potentials between E1 
and E,, and the corresponding oxidation current is subtracted from the reduction current 
of chromium(III). At potentials above E2 the reduction wave of chromium(III)EDTA may 
be observed. 

It is difficult to determine which of the mechanisms is responsible for the changes in the 
polarographic wave used for the pseudotitration. Most likely both mechanisms-the cata- 
lytic one and that just discussed-are competitive and parallel. 

It has been observed that the pseudotitration of chromium(II1) may also be performed 
with other chelating agents as well as metal chelates as titrants. Our studies have also shown 
that the pseudotitration may be carried out in the presence of other ions which react with 
these reagents.” 
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BBia da Pseudotitration findet in der Hauptmengc dcr Losung Keine 
Be&ion awischen Titrand und Titrant statt; ein amperometrisches Anacigcsystem, das eine 
kleine Meimc Redoxkatalysator in dcr Nachbarschaft da El&rode erzueat. erlaubt &loch. 
linen Bndpunkt zu find& Die verschiedcnen Ionen in der Losung diffundi& zur El&rode; 
wo eine Raktion mlt s&r @ringem Umsatz katalysiert wird. Die dafllrwcscntlichcn Parameter 
sind die Konzentrationan in dcr Hauptmcngc da Losung und die Diffusionskonstantcn. Das 
Prinzip wird dcmonstriert an dcr dircktcn Titration von Chrom(II1) mit EDTA bci Baumtem- 
paann. 

I&m&-Dans le psaudotitrage, il n’y a pas de r&action entre le produit a titrer et l’agcnt de 
tits-age au sein de la solution, mais un syst&me indicateur an&rom6trique, qui engcndre unc 
petite qua&t6 de catalysaur redox au voisinage de l%lcctrode, permet de trouvcr un point de 
An da dosage. Lu divers ions de la solution diffusent vers I’Clcctrode oh la r6action cst catalys& 
sur una t&s petite 6chcllc Lea concentrations globales et les constantcs de diffusion sont lcs 
param&m r&ulateurs. On d&nontre le principe par le tin-age direct du chrome (III) a I’EDTA 
a temp6rature ambiante. 
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AMPEROMETRICALLY INDICATED 
“ PSEUDOTITRATIONS “-II* 

DETERMINATION OF CHROMIUM(II1) IN THE PRESENCE OF 
OTHER REACTING METAL IONS 

D. I. BUSTIN and J. MOCAK 
Department of Analytical Chemistry, Slovak Technical University, 

Bratislava. Czechoslovakia 

(Received 18 April 1913. Accepted 12 June 1973) 

Summary-Chromium(II1) may be determined complexometrically in a pseudotitration in 
which no reaction takes place in the bulk of the solution. Redox catalyzed titration reaction 
proceeds only in the vicinity of the indicating electrode. The titration curves for solutions con- 
taining additional metal ions which react with EDTA are discussed and classified according 
to their reduction potentials, equilibrium. constants and reaction rates. In certain combinations 
two or more metals may be determined simultaneously from one titration curve. Examples 
given are Cr/Hg, Cr/Cd, and Cr/Zn. 

In the first paper’ the principle of amperometrically indicated pseudotitration was explained 
for the case of the complexometric determination of chromium(II1). This paper deals with 
its application in the presence of other electroactive cations which react with EDTA. In 
such cases it is often possible to determine the amounts of two or more components in a 
single titration. In the presence of another electroactive ion the shape of the titration curve 
changes, depending on the polarographic half-wave potential for the reduction of the addi- 
tional ion and its EDTA complex, as well as on the stability of this complex compared 
with that of the chromium(III)EDTA complex. The influence of the additional components 
on the shape of the titration curve may be classified under one of the four following headings. 

1. The additional ion and its EDTA complex are both reduced at potentials more positive 
than is chromium(IZI). 

Figure 1 shows schematically the polarographic curves at different stages of the titration, 
and also the titration curve for the case where the additional ion Me(I) and its complex 
Me(I)EDTA undergo a one-electron reduction to the metal. The additional ion is titrated 
in the bulk of the solution and the course of the titration may be followed from the changes 
in the current when the potential of the indicating electrode lies in the region E2 (Fig. 1). 
Independently of this titration the pseudotitration of chromium(II1) takes place and can be 
followed by measuring in the potential region E,. The shape of the titration curve does not 
depend on the value of the stability constant of Me(I)EDTA, because at the potential for 
reduction of chromium(II1) the EDTA is liberated by reduction of Me(I)EDTA to the metal 
at the indicator electrode, and the pseudotitration of chromium(II1) ml_ be carried out 
without any interference. 

* Part I: Tulunfu, 1973, 20, 1185. 
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Fig. 1. Schematic rqnmzntation of the titration of Me(I) and Cr(III) with EDTA: case 1. 

If the additional ion is reduced to the metal with the gain of more than one electron 
(an n-electron transfer) and if the ion reacts with EDTA in a 1 :l molar ratio (which is 

usually the case) the current decrease in the region E2 will be n times the decrease in the 
region El (Fig. 1). 

2. The additional ion is reduced at potentials more positive than chromium(Zll) while its 
EDTA complex is reduced at potentials more negative than is chromium(III)EDTA. 

This situation is represented in Fig. 2. For reasons of simplicity it is considered that the 
EDTA complex of the additional ion is not reduced in the polarographically accessible 
potential region. Unlike the first case, free EDTA is not available for the pseudotitration of 

Cr (III) 
I 

E3 

El & 
I_ 4 

Me(r) ‘cr(m) 

Volume of titrant 

Fig. 2a. Schematic representation of the titration of Me(Z) and Cr(III) with EDTA; case 2a. 
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Fig. 2b. Schematic representation of the titration of Me(Z) and Cr(II1) with EDTA; case B. 
The current-potential curve is identical with that for case 2~. 

chromium(III), even at the indicating electrode. This is in fact a replacement pseudo- 
titration : 

Me(Z)EDTA + Cr(II1) = Cr(III)EDTA + Me(Z) (1) 

where Z denotes the oxidation state of the additional metal ion. The reaction is catalysed 
by the chromium(I1) generated at the indicating electrode: 

Me(Z)EDTA + Cr(I1) kl Cr(II)EDTA + Me(Z) 

Cr(II1) + Cr(II)EDTA kz Cr(III)EDTA + Cr(I1) 

We may now consider three variants of this case, depending on the rate of reaction (1): 
2a. Reaction (I), catalysed by chromium(ZZ), proceeds quantitatively. The wave due to 

Me(Z) decreases as it is titrated with EDTA forming Me(Z)EDTA. According to reaction(l), 
the chromium(lI1) wave should also decrease, but the same reaction liberates an equivalent 
amount of Me(Z), electrode reduction of which makes up the wave-height to the initial 
value of the chromium(II1) wave [for the case of a one-electron reduction of Me(Z)]. The 
reduction wave for chromium(III)EDTA increases in the course of the titration approxi- 
mately to the initial value for chromium(II1). The shape of the titration curve (Fig. 2~) 
follows from this balance. The amount of chromium(II1) may be determined from the 
difference in the volumes corresponding to the intersection points of the linear branches of 
the titration curves at the potentials E, and E, , or from the volume corresponding to the 
intersection point at potential E3. 

26. Reaction (I) does not proceedfrom left to right. Me(Z) is titrated with EDTA and its 
wave-height decreases. The chromium(II1) wave height is constant at first, and then decreases 
after Me(Z) has been titrated. The current balance for this variant at different potentials 
can be seen in Fig. 2b. The fact that reaction (1) does not proceed may be attributable to a 
small equilibrium constant, or to kinetic causes. The indicating system can record reaction 
(1) as finished only if it is completed during the drop-time of the DME, so it must be effec- 
tively catalysed according to reactions (2) and (3). Consequently, the extent of applicability 
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Volume of titrant 

Fig. 3. Schematic representation of the titration of Me(Z) and Cr(III) with EDTA; case 3b. 

of reaction (1) depends, for the given rate constant’ for reaction (3), k, = 2 x lo4 1. mole-‘. 
WC-’ at 25”, fl = 1, on the equilibrium and rate constant of reaction (2). 

2c. Reaction (I) proceeds, but slowly or incompletely. It is possible to use the results of 
amperometric experiments for the determination of equilibrium or rate constants for the 
reactions involved, depending on whether reaction (1) is thermodynamically or kinetically 
controlled. This case is, of course, analytically less important. 

It should be mentioned that in case 2 it makes little difference whethet the species Me(Z) 
is reduced to the metal or to an ion in a lower oxidation state. Current balance is partly 
changed in the case of multi-electron reduction of the additional ion, but the determination 
may still be carried out. In addition, it is possible to determine both components simul- 
taneously from the titration curve for potential El. 

3. The additional ion and its EDTA complex are reduced at potentials more negative than its 
chromium(Zll)EDTA 

For this case there are also three possible variants: 
3a. Reaction (I) proceeds quatttatively. The titration curve will be L-shaped as if no 

additional ion were present in the solution. 
36. Reaction (I) does not proceedfrom left to right. The titration curve will have the 

shape shown in Fig. 3. Consumption of titrant for the pseudotitration of chromium(II1) 
is measured starting at point I, where the titration of the more negatively reduced ion is 
finished. Variant 36 may also arise for kinetic reasons, as in case 2b. 

3~. Reaction (I) is slow or incomplete. This case has similar implications to case 2c 
already discussed. 

For additional ions in case 3 the shape of the titration curve depends neither on the type 
of the reduction nor on the number of electrons transfered. 

4. The aaditional ion and/or its EDTA complex can be reduced at a potential in the same 
region as chromium(ZZZ) and its EDTA complex. 

In such cases the shape of the titration curve is rather complicated, and the conditions for 
following the pseudotitration have to be chosen according to the current balance for each 
individual set of circumstances. 
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Fig. 4. The titration curve for the complexometric determination of 20 ml of 09SmM H&I) 
and 1.95mM Cr(II1) with O.OSM EDTA in acetate buffer, pH 4.0 potential - 1.08 V us. SCE. 

EXPERIMENTAL 

Chemicals, procedures and apparatus have been described in the preceding paper.l 

RESULTS AND DISCUSSION 

Determination of chromium(IZZ) in the presence of mercury(ZI)-case 1 

Figure 4 shows the shape of the titration curve. The end-point is obvious and the results 
show excellent agreement with the actual concentrations. 

Determination of chromium(ZIZ) in the presence of cadmium(ZZ)-case 2 

This classification is only approximate, since the cadmium(II)EDTA complex is reduced 
at about the same potential as the chromium(III)EDTA complex. Consequently at this 
potential a small cathodic current flows through the system corresponding to the reduction 
of cadmium(II)EDTA even after the titration of both components is finished (Fig. 5. curve 
2). Cadmium(I1) is reduced in a two-electron step while chromium(II1) gains only one elec- 
tron, so the curve shows two breaks, the first indicating the end-point of the cadmium 
titration, and the second that of the chromium pseudotitration. 

The accuracy of determination of both equivalence points from a single curve (curve 2 in 
Fig. 5) is increased substantially upon addition of nitrate to the solution. As can be seen 
in Fig. 6, the middle part of the titration curve becomes convex, thus decreasing the angles 
of the two breaks. The change in shape is caused by the reaction of chromium(II)EDTA 
with nitrate near the indicating electrode, leading to an increase in the electrolytic current.3’4 
The optimum nitrate concentration for such a modification of the titration curve lies 
slightly above that of the chromium(II1) present. 
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Fig. 5. The titration curves for the complexometric determination of 12 ml of O.SOmM Cd(E) 
and 0.97SmM Cr(II1) with 001&f EDTA in Britton-Robinson buffer, pH 42 and ionic 
strength OGt4, Titration curve I was obtained at the potential -@7 V us. SCE, curve 2 at 

- I.075 v. 

Volume of tltrant. ml 

Fig. 6. Titration curves for complexometric determination of 12 ml of 038mM Cd(E) and 
0*92mM Cr(II1) with 001M EDTA in the presence of nitrate (1.16)mM) in Britton-Robinson 
buffer, pH 4.6 and ionic strength 02M. Titration curve 1 was obtained at the potential 

-@725 V us. SCE, curve 2 at - 1.025 V. 

Determination of chromium(IIZ) in the presence of zinc(ZZ)-case 2b 

The half-wave potential for the reduction of zinc almost coincides with that of chromium- 
(III), so that a titration curve may be obtained by measuring in the region of potential Ez 
(Fig. 26). Owing to the different number of electrons involved, the titration curve at the 
potential El (Fig. 2b) exhibits two breaks for the two components being titrated (curve 2 in 
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Fig. 7. Titration curves for the complexometric determination of 12 ml of 037mM Zn(I1) and 
0.72mM Cr(II1) with O.OlMEDTA in B&ton-Robinson buffer, pH 4.5 and ionic strength @2M. 

Titration curve I was obtained at the potential -1.1 V us. SCE, curve 2 at -1.325 V. 

Fig. 7). The first break indicates the end-point for the zinc titration, which can also be ob- 
tained from curve 2 obtained by measuring at potential Es (Fig. 2b). The similarity between 
curves I and 2 (Fig. 7) before the first equivalence point (except for a small discrepancy due 
to the difference in the charging currents at the two potentials) allows one to classify the 
determination as type 2b. 

A comparison of the stability constants of the chromium(III)EDTA and Zn(II)EDTA 
complexes shows that the assignment to variant 2b must be based on kinetic reasons. 

During a typical titration experiment the spectrum of the solution containing chromium 
(III) remained unchanged, indicating that the amperometrically indicated complexometric 
titration does not take place in the bulk of the solution and consequently that it is indeed a 
pseudotitration. The determination of chromium(II1) by titration in the presence of other 
combinations of ions is at present the subject of further study in our laboratories. 
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Zusammenfassung-Chrom(III) kann komplexometrisch in einer Pseudotitration bestimmt 
werden; bei findet in der Hauptmenge der Lbsung keine, an der Oberf%che der Anzeigeelek- 
trode jedoch in sehr geringem AusmaI3 eine katalysierte Reaktion statt. Die Tirtationskurven 
von Liisungen, die zusltzliche mit EDTA reagierende Metallionin enthalten, werden diskutiert 
und entsprecheed den verschiedenen Reduktionspotentialent Gleichgewichtskonstanten und 
Reaktionsgeschwindigkeiten eingeordnet. In bestimmten Kombinationen k&men zwei oder 
meherre Metalle nevenineander aus einer Titrationskurve bestimmt werden. Es werden die 
Bkispiele Cr/Hg, Cr/Cd und Cr/Zn angegeben. 
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R&umGOn peut doser le chrome (III) complexom&riquement d&s un pseudotitrage, 04 il 
ne se produit pas de rktion au sein de la solution, mais OP il s’en produit une a un t&s petit 
degr6 quand elk eat catalysh il la surface de Nlectrode indicatrice. On discute des courbes de 
titrage pour des solutions contenant des ions mhlliques suppfhentaires qui r&&sent aver 
I’EDTA et les class@ selon lea divers potentiels de rkluction, co&antes d%quilibre et vitesses 
de &action. Dans certahs combinaisons on peut d&rminer simultanhent deux ou davantage 
de mhaux B park d’une cow-be de titrage. Les exemples don&s sent Cr/Hg, Cr/Cd et Cr/Zn. 
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Summary-To determine thorium in geological samples it is first separated from all matrix 
elements by means of anion-exchange. After elution thorium is determined spectrophoto- 
metrically by using thoronol or arsenaxo III. The suitability of the method for the determina- 
tion of both trace and larger amounts of thorium was tested by analysing numerous geo- 
chemical standard samples with thorium contents in the range of l-1000 ppm. In all cases 
very good agreement was obtained. 

Spectrophotometric methods are employed extensively for the determination of amounts of 
thorium in the ppm range in geological materials. 1*2,3. Thorium reacts with many organic 
reagents to form intensely coloured complexes, of which those with thoronol and arsenazo 
III (because of the high sensitivity of these reagents for thorium) have gained widespread 
analytical application.‘*2 

Both reagents can be applied to the determination of thorium provided that interfering 
elements such as zirconium, titanium, uranium and the rare-earth metals are virtually 
absent. When the thoronol method is used additional interferences are observed in the pre- 
sence of phosphate, fluoride and sulphate. It is necessary if the sample material contains 
only a few ppm of thorium, to separate it before determination, removing both interfering 
ions and matrix elements, For this purpose, liquid-liquid extraction from nitrate solution is 
employed, using solvents such as mesityl oxide or tributyl phosphate.3 These procedures 
have the disadvantage that the interfering elements (especially titanium and the rare earth 
metals) are not completely separated from thorium so that a limit is set for the determination 
of very low thorium concentrations. Similar difficulties are encountered if the thorium is 
separated from hydrochloric acid solutions either by extraction with long-chain aliphatic 
amines (e.g., Alamine 336l) or by anion-exchange on a strongly basic anion-exchanger (e.g., 
Dowex 13). 

Much more favourable conditions for the separation of thorium exist, however, if thorium 
is adsorbed on Dowex 1 from 8M nitric acid. This adsorption as the anionic nitrate com- 
plex allows thorium to be separated quantitatively from most elements.2-4 After elution 
with 6M hydrochloric acid thorium can be determined spectrophotometrically by means of 
the thoronol or arsenazo III method. Before the determination of thorium it is necessary to 
destroy organic matter in the eluate by oxidative wet-ashing. Otherwise, thorium is partly 
or completely complexed so that the spectrophotometric determination gives inaccurate 
and non-reproducible results (especially if only a few micrograms of thorium are present). 

1199 
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EXPERIMENTAL 

Solurionr and Reagents 

Zon-exbhanger. The strongly basic anion-exchanger Dowex 1, X8 (100-200 mesh; chloride form) was 
used. To obtain the nitrate form of the resin, approximately 5 g of the exchanger were transferred to a column 
and washed with 8M nitric acid until no more chloride is detectable in the effluent. 

Stan&d tti&n soi&m. Th~ciwn nitrate hexahydrate (12.67 g) was dllved in 8M nitric acid and 
the solution diluted with the same acid to give a thorium concentration of 5.0 mg/ml, and checked by 
titration with EDTA. A standard solution which contained 50 pg/rnl of thorium was prepared by dilution 
with 8M nitric acid . The standard solution for construction of the thoronol calibration curve contained 
10 pg thorium per ml of O.lM hydrochloric acid. It was prepared by evaporation of 2 ml of tlie concentrated 
standard solution (5.0 ma/ml) on a steam bath and dissolution of the residue in 1 litre of O.lM hydrochloric 
acid. For construction of the arsenazo III calibration curve, it is necessary to dilute this solution further and 
to remove the nitrate ion by evaporation in the presence of formic acid and hydrochloric acid (see Pro- 
cedure-arsenazo ZZZ method). 

Thoronol reagent 0.1% *WOW solution. Thoronol is [l-(o-arsenophenylazo)-2-naphthol-3,6-disulphonic 
acid. 

Arsenaso ZZZ reagent 0.2% aqueous solution. It is preferable to use a solution of this azo-dye which is not 
more than two weeks old. 

Porassium permangatwe 2 % aqueous solurion. 

Nitric acid 8M. Rem by mixing concentrated nitric acid (about 16M) with distilled water in 1 :l 
ratio. To prevent the formation of gas bubbles in the ion-exchange columns this acid should not be used 
immedltely following its preparation but after it has been allowed to cool. 

Other reagents. Solid crystalline boric acid, ascorbic acid, concentrated formic acid, 0.1, 1.0, 6M and 
concentrated hydrochloric acid (37x), concentrated hydrofluoric acid (40x), and 1M and concentrated 
nitric acid (65 “/.). 

Apparatus 

The ion-exchange separations of thorium were performed on columns of the type and dimensions described 
earlier.s 

Procedures 

Dissolution of samples. A @5-2.0 g sample, in a plastic beaker, is moistened with a few ml of water and 
30 ml each of concentrated nitric acid and concentrated hydrofluoric acid are ad&d. The mixture is evapora- 
ted to dryness on a steam-bath (stirring intermittently with a plastic rod speeds up dissolution) and the 
residue is treated once more with 60 ml of the I:1 mixture of nitric and hydrofluoric acid (if silica is not 
completely removed after the evaporation of this mixture, this dissolution step has to be repeated a third 
time). To the final evaporation residue (free from silica) 50 ml of concentrated nitric acid are ad&d and 
fluoride is removed by evaporation of the solution in the presence of 5 g of boric acid. If this residue 
does not contain an excess of boric acid it is necessary to repeat the evaporation with concentrated nitric 
acid using another 5 g of boric acid) is taken up in IM nitric acid, excess of boric acid is filtered off and 
washed with 1M nitric acid, and the filtrate is diluted with an equal volume of concentrated nitric acid. 
The resulting sorption solution should be clear and free from hydrous oxides of titanium and zirconium 
etc. Turbid solutions should be filtered, preferably several hours after their preparation, before being passed 
through the ion-exchange colons. 

Zon-exchange separation. The sorption solution is passed at room temperature through the ion-exchange 
column containing about 5 g of the resin in the nitrate form (pretreated with 8M nitric acid), at a flow-rate 
which corresponds to the back-pressure of the resin bed (approximately 2-3 ml/min). The resin is washed in 
portions with a total of 200 ml of 8M nitric acid in order to remove all elements accompanying the thorium, 
including those which are weakly retained by the resin, e.g., uranium. The adsorbed thorium is then eluted 
with 200 ml of 6M hydrochloric acid and the eluate is evaporated to dryness on a steam-bath. To the residue 5 
ml each of 1M hydrochloric acid and 2% potassium permanganate solution are added and the solution is 
evaporated on the steam-bath to destroy organic matter. The residue (which may contain manganese dioxide) 
is taken up in 10 ml of concentrated hydrochloric acid and the solution is evaporated to dryness on the steam- 
bath. 

To regenerate the resin (reconversion into the nitrate form) after the elution of thorium, the column is 
washed with 8M nitric acid until no more chloride can be detected in the effluent. Following this regeneration 
the column can be used for another separation of thorium. 

771oronol mthod. The residue containing manganese(I1) chloride and the thorium is dissolved in 5 ml of 
O.lM hydrochloric acid and after the addition of 1 ml of 0.1% thoronol reagent the solution is diluted with 
O.lM hydrochloric acid to 10 ml in a standard flask. To eliminate possible interference due to traces of 
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iron(II1) contained in the reagents which are used to destroy organic matter, and to dissolve manganese 
dioxide, a few crystals of ascorbic acid are added to this final solution and then its extinction is measured at 
545 nm, with a reagent blank solution as reference. The thorium content is obtained by comparison with a 
calibration curve covering the concentration range O-10 pg/ml. An absorbance of 0.042-0.045 is given by 
1 Lcglml. 

Arsenazo ZZZ method. To the residue containing manganese(H) chloride and the thorium a few drops of 
concentrated formic acid and 10 ml of concentrated hydrochloric acid are added and the solution is evapora- 
ted to dryness on the steam-bath (removal of nitrate). The residue is taken up in 5 ml of concentrated 
hydrochloric acid and transferred to a lo-ml standard flask and after the addition of 1 ml of 0.2% arsenazo 
III reagent the solution is diluted to 10 ml with water. The absorbance of this solution is measured at 
660 nm, with a reagent blank solution as reference. The thorium content is obtained by comparison with a 
calibration curve for the concentration range 0 - 1.15 W/ml. An absorbance of 0.210 is given by 1 pgg/ml. 

RESULTS AND DISCUSSION 

In pure aqueous nitric acid systems at high acidities thorium forms a stable anionic 
nitrate complex3 of the formula [Th(NO,),]*- which can be adsorbed on strongly basic 
anion-exchange resins. Thus, thorium can be separated from other metal ions which do not 
form stable anionic nitrate complexes. This separation is best performed in 5-10M nitric 
acid solutions because the distribution coefficients of thorium, e.g., on Dowex 1, are highest 
at these acid concentrations. In the sorption solution (about 8M in nitric acid), for example, 
the distribution coefficient of thorium has a value of about 300 while under the same condi- 
tions uranium is only slightly adsorbed (distribution coefficient = 10-18).3 Consequently 
this medium is suitable for the separation of ppm-levels of thorium from large amounts of 
uranium. At a nitric acid concentration of 8M it is also possible to separate thorium from 
practically all elements occurring in mineral matrices, except gold, which is co-adsorbed 
with the thorium but is not removed from the resin during elution of the thorium with 6M 
hydrochloric acid. After its elution from the anion-exchange resin it is possible to determine 
thorium by using the thoronol or arsenazo III methods because the most serious interfer- 
ences, i.e., titanium, zirconium, uranium, rare-earth metals, phosphate, fluoride and 
sulphate are separated quantitatively from the thorium. 

It must be stressed that if a turbid sorption solution is passed through the ion-exchange 
column the turbidity is retained at the top of the resin bed (or on the pad of glass-wool 
which is used to keep the bed in position) and is not removed quantitatively by subsequent 
washing with 8M nitric acid. Such turbidities or precipitates are usually caused by hydrous 
oxides of titanium and zirconium or by molybdic acid, which are formed from the fluorides in 
treatment of the.dissolved samples with the mixture consisting of nitric acid and boric acid 
(the residues from the dissolved samples have to be treated with excess of boric acid and 
concentrated nitric acid in order to dissolve the insoluble fluorides of the alkaline earths 
and rare-earth metals, otherwise thorium is lost by co-precipitation with these fluorides). 
The presence of hydrous oxides in the ion-exchange column is highly undesirable because 
they are readily soluble in the 6M hydrochloric acid which is used for the elution of thorium 
and hence titanium and zirconium pass into the elutate together with thorium and interfere 
seriously with the spectrophotometric determination of thorium. Thus, negative errors are 
usually obtained because of the presence of relatively large amounts of titanium in most 
minerals. Furthermore, titanium readily forms hydrous oxides which are sparingly soluble 
in 8M nitric acid, so that turbidity or precipitation occurs frequently in sorption solutions 
which have not been filtered properly. In contrast to titanium and zirconium which are 
not adsorbed on the anion-exchanger from 6M hydrochloric acid the molybdenum chloride 
which is formed on dissolution of a precipitate of molybdic acid is strongly retained by the 
exchanger5 and hence is not eluted together with the thorium. 



In order to avoid the interferences mentioned above, it is necessary to carry out very 
carefully the filtration of the IM nitric acid containing the evaporation residue and boric 
acid. If a turbid f&rate is obtained, it is aliowed to stand overnight and filtered. To this 
Btrate an equal volume of concentrated nitric acid is added and the solution is allowed to 
stand for several hours before it is passed through the ion-exchange column, if the sofution 
should become turbid during this time or if a precipitate is formed the sorption soIution is 
filtered and then passed through the column, A very slight turbidity of the sorption solution 
can be eliminated sometimes by dilution of the solution with 8M nitric acid but care has to 
be taken that the volume of this diiuted solution does not exceed 300-400 ml so that during 
the subsequent washing of the resin with 8M nitric acid which foifows the sorption of 
thorium the b~~rou~ capacity of the resin for thorium is not exceeded, 

For the elution of thorium adsorbed on strongly basic anion-exchange resins dilute mineral 
acids and water have been recommended3 but these eluents are much less effective than 
6M hydrochloric acid. Thus, when 6M hydrochloric acid is used as the eluting agent for 
thorium, an eluate is obtained which contains only thorium, provided that this was adsorbed 
on the resin from a compfetely clear sorption solution, 

Although not ~on~nated with other metal ions the thorium eluate &ways contains 
varying quantities of chelating organic substances originating from the resin, which have to 
be destroyed before thorium is determined spectrophotometrically. Otherwise, these 
organic substances are able to mask a portion or the entire amount of the thorium present; 
this situation is not changed after repeated evaporations with aqun regiu. The quantitative 
destruction of the organic substances is achieved with potassium ~~anga~ate and hydro- 
chloric acid, and thorium can then be determined free from interferences. The organic 
matter can also be completely destroyed by fuming with excess of perchioric acid.2 

Because nitrate may still be present in the evaporation residue after the destruction of the 
organic substances and subsequent evaporation with concentrated hydrochloric acid, it is 
destroyed by treatment of the residue with concentrated formic acid in the presence of 
~on~n~a~d hydr~hlo~c acid before thorium is determined by use of the arsenazo III 
method. If this method is employed in the presence of nitrate (even if present in traces only) 
part of the arsenazo III is destroyed oxidatively so that the amount of dye remaining is not 
sufficient to react quantitatively with the thorium (even if not more than 5 ,ug of thorium 
are present in 10 ml of sot&ion). Another method of avoiding the effect of nitrate is to carry 
out the measurement of thorium in the presence of ascorbic acid.’ 

When using the arsenazo III method it has also to be taken into ~o~ideration that aid 
solutions of the dye (older than about 2 weeks) give lower absorbances for thorium and 
furthermore turbid measuring solutions are obtained because a precipitate may form in the 
dye solution. It is necessary to use a recently prepared dye solution and to construct 
the calibration curve at the same time. Since the rest&s obtained by use of the arsenazo III 
method are de~ndent on the acid ~on~utra~on in the test solution (increase in absorbance 
with increasing concentration of hydrochloric acid or chloride salts) care has to be taken in 
preparation of the calibration curve that the standards contain the same amounts of man- 
ganese chloride as the test solutions. If this is not done, a positive error of about 15 % may 
be obtained. The standards are prepared by evaporation of aliquots of the dilute thorium 
standard solutions and then the residues are treated in exactly the same way as those 
obtained after evaporation of thorium eluates. 

The results of thorium determinations in uranium-bearing minerals, standard samples 
and geochemical standards are shown in Tables 1, 2 and 3. 
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Table 1. Results of thorium determination in IAEA standard uranium samples and geological standards 

Sample 

Soil-l, Shale 
(Germany)s (IAEA) 
Soil-2, Shale 
(SwedetV (IAEA) 
Soil-3, Limestone 
(Iran)’ (IAEA) 
S-l, Torbernite (Australia)5 (IAEA) 
S-2, Torbernite 
(Spain)5 (IAEA) 
S-3, Camotite (U.S.AJ5 (IAEA) 
U.S. Geological Survey Standrad G-l 
U.S. Geological Survey Standard W-l 
New Brunswick Laboratory, USAEC 
Analysed Sample No. 83 

Thoronol method 
Thorium content 

ppm 

1.75 8.00’ 
1.60 
5.00 5.08’ 
5.10 
0.75 0.80, 
0.75 
3.50 3.60* 
3.25 3.10* 
3.85 
2.70 2.60. 
- - 
- - 

117 1150 

Arsenazo III Results of 
method other 

Thorium content authors, 
(ppm) ppm 

8.08 8.50, - 

5.52 5.95* - 

0.98 1.13* - 

3.61 3.40’ - 
3.40 3.82’ 1o.ot 

2.76 2.97* 4.0t 
35.0 - 21-806 

5.0 - I .8-56 
92.0 1123 100 

* After deduction of 2.0 pg of Th which was added as a spike. 
t Thorium content (ppm ThOt) found by semi-quantitative spectrographic analysis. 
$ After deduction of 5.0 pg of Th which was added as a spike. 
$ After deduction of 20.0 pg of Th which was added as a spike. 

Table 2. Results of thorium determinations in geochemical 
standards from the Centre de Recherches Petrographiques et 

Geochimiques 

Sample 
Thorium content, 

ppm 

Results obtained 
in other 

laboratories,’ 
ppm 

Granite GA 17 18.5’ 158 
Granite GH 56 59.0, 9.5; 54.1; 72; 110: 

Basalte BR 
Biotite Mica-Fe 
Phlogopite Mica-Mg 
Diorite DR-N 
Serpentine UB-N 
Bauxite BX-N 
Disthene DT-N 

-155. 
15 15.6+ 12.6; 21; 57 
60.5 60.0’ 55: 60: 170 . , 

1.8$ 2.1-u 
11 12.5* 2: 
2.0$ 3.m - 

45.5 43.0* 65 
11.6 13.0+ - 

*After deduction of 10 pg of Th/g added as a spike before 
dissolution of the sample. 

t After deduction of 2.5 pg of Th/g added as a spike before 
dissolution of the sample. 

$ Thorium determined in these samples by means of the 
arsenazo III method while in all others the thoronol procedure 
was used. 

§ Established with 5 results. 
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Table 3. Results of thorium determinations in Canadian radioactive- 
ore standards 

No. of deter- Thorium content, 
mination ppm 

Dl D2 BLl BL2 BL3 BL4 

: 78.7 81.2 1250 1200 24.0 27.0 23.0 18.0 30.0 28.5 20.0 21.5 
3 80.0 1150 22.0 20.5 30.5 18.0 
4 80.0 1180 23.0 19.0 26.0 20.0 

: 92.0 76.0 1300 1390 31.0 18.0 20.0 21.5 30.0 34.0 22.5 18.5 
7 73.0 1340 22.0 18.0 30.0 20.0 
8 85.0 1180 34.0 18.5 26.0 21.5 
9 87.0 1140 27.0 21.5 30.5 20.5 

10 108.0 1190 22.0 17.0 30.0 20.0 
11* 80.0 1140 26.0 18.0 29.0 22.0 

Arithmetic I A 82.3 1234 22.8 20.4 29.0 20.4 
m#mst B 84.2 1230 27.2 19.0 30.1 20.1 
CDEMR$ 80.0 1100 15.0 13.0 14.0 12.0 
AAEC$ 62.0 1043 16.0 18.0 18.0 14.0 

*The results of these. thorium determinations were obtained by ana- 
lyzing batches of the same samples which were made available by the 
Australian Atomic Energy Commission. 

tArithmetk mean A was obtained from the results of thorium determina- 
tions l-5 while mean B was calculated from determinations 6-10. 

SApproximate thorium contents (in ppm) as given by the Canada 
Department of Energy, Mines and Resources, Mines Branch, Ottawa, 
Ontario, Canada. 

8 Thorium contents (in ppm) as determined in the Inorganic Chemistry 
Section of the Australian Atomic Energy Commission, Research Establish- 
ment, Lucas Heights, N.S.W., Australia. 

These results show that good agreement between the thorium values irrespective of the 
spectrophotometric method used. From Tables 1 and 2 it is seen that larger deviations in the 
results are observed when the thorium contents are in the range of 1 ppm or lower than at 
higher thorium concentrations as would be expected. . 

The Canadian radioactive-ore standards in which thorium contents of the magnitude 
shown in Table 3 were found have the following approximate mineralogical compositions. 
Dl is a quartz pebble conglomerate with a pebble-to-matrix ratio of about 2: 1. The pebbles 
are mainly quartz, while the matrix consists of quartz, sericite, feldspar, chlorite, pyrite, 
and the uranium-containing minerals brannerite, uraninite and monazite, along with minor 
amounts of thucholite, uranothorite and coffin&e. The ore also contains rare earths, the 
yttrium and heavy rare earths being associated with the uraninite and brannerite, while the 
light rare earths are found in the monazite. D2 is an arkose sandstone believed to have 
essentially the same radioactive minerals as Dl. BLl, 2, 3 and 4 were selected from ores 
which consist of reddish-brown mylonitized oligoclase, saturated with dusty haematite. 
Gangue minerals include calcite, chlorite, quartz, and some pyrite and other sulphides. The 
major uranium mineral is pitchblende. Vanadium is also present, as the iron vanadate, 
nolanite. 

The samples were made available in two different containers for each sample. Each pair 
of samples was analysed in quintuplicate, one of each, each day, using 5 weighed portions of 
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the sample. All the results (determinations l-l 1) listed in Table 3 were obtained by employing 
the anion-exchange procedure followed by spectrophotometric measurement of the thorium 
by the thoronol method. 

Because of the fact that the method described in this paper is based on the enrichment 
and isolation of thorium 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 thorium. 
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Zusamtnenfassung-Urn Thorium in geologischen Proben zu bestimmen, wird es zuerst von 
allen Hauptbestandteilen durch Anionenaustausch abgetrennt. Nach der Elution wird das 
Thorium spektrophotometrisch mit Thoronol oder Arseazo III bestimmt. Die Eignung der 
Methode zur Bestimmung von Spuren und grol3eren Mengen Thorium wurde geprtlft, indem 
zahlreiche geologische Standardprob-en mit Throiumgehalten von l-1000 ppm analysiert 
wurden. Es wurde in allen Fallen sehr gute lfbereinstimmung erzielt. 

R&sun&-Pour determiner le thorium dans des echantillons gblogiques, on le &pare d’abord 
de tous les elements de la matrice au moyen d%change d’anions. Apt& Clution, on dose le 
thorium spectrophotomttriquement en utilisant le thoronol ou l’arsenazo III. On a essay& la 
valeur de la methode pour le dosage tant de traces que de quantit&s plus importantes de thorium 
en analysant de nombreux &chantillons standard geochimiques avec des teneurs en thorium de 
1 a 1000 ppm. Dans tous les cas, on a obtenu un trr?s bon accord. 
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SHORT COMMUNICATIONS 

SPECTROPHOTOMETRIC DETERMINATION OF MOLYBDENUM 
BY EXTRACTION OF A GREEN MOLYBDENUM(V) SPECIES 

(Received 18 April 1973. Accepted 10 May 1973) 

Methods for the determination of milligram amounts of molybdenum in natural and industrial samples 
by gravimetry or titrimetry require its prior separation from several elements.’ The gravimetric methods 
area ften tedious. The calorimetric methods are generally suitable for microgram amounts of molybdenum.’ 
The calorimetric thiocyanate method is used for the rapid determination of l-6 % of molybdenum but there 
are difficulties and inaccuracies’ and separation from several interfering elements is neceu%ry.3 

Molybdenum forms a brown MO(V) species in sulphuric acid and also a green one at higher concentrations 
of hydrochloric acid.” The former species has been used for the determination of milligram amounts of 
molybdenum.4-’ The method presented below makes use of the green species, which is extractable by 
organic solvents. 

EXPERIMENTAL 

Reagents and test solutions 

Solutions ofthe elements. Molybdenum solution was prepared by dissolving sodium molybdate dihydrate 
in water to give 10 mg of MO per ml, and standardized by the oxinate method.’ Solutions of other ions were 
prepared by dissolving their easily available salts to give 10 or 20 mg of ion per ml, and standardi by 
conventional methods8 

Zsoamyl acetate. The fraction distilling at up to 130” was used. 
Hydrazine sulphate. 
Samples. Synthetic samples were prepared by mixing hydrochloric or sulphuric acid solutions of the ions 

to give the required composition (Table 3). 
Ferromolybdenum. Finely powdered sample (0.1 g) was dissolved in 3 ml of concentrated hydrochloric 

acid and 1 ml of concentrated nitric acid by gentle warming. Nitrate was destroyed by careful addition of 
solid hydrazine sulphate. The solution was then subjected to the procedure. 

Procedure 

To a hot lo-ml aliquot of sample solution containing not more than 135 mg of molybdenum and other 
ions (in 55M hydrochloric acid) add solid hydraxine sulphate (1 mg for mg of each reducible ion) and boil 
the solution for 2 min in a 50-ml covered beaker, with occasional stirring. Cool the solution under tap 
water, transfer it to a lOO-ml separatory funnel, adjust it to be 7M in hydrochloric acid in a final 20-ml 
volume (adding the acid last) and mix well. Then extract with one lo-ml and three 5-ml portions of isoamyl 
acetate, shaking each time for 1 min. Two extractions, each with 10 ml of solvent, are sticient for up to 
10 mg of molybdenum. Combine the extracts and dilute to 25 ml in a volumetric flask. Pass the solution 
through a Whatman No. 41 filter paper, rejecting the first few drops, and measure the absorbance at 720 nm 
against a similarly treated reagent blank, within 45 min. 

Samples containing iron. To the hot solution, after reduction of molybdenum by hydraxine sulphate, add 
concentrated stannous chloride solution dropwise in calculated slight excess to reduce all the iron(II1) 
(approximately known). Before repeating the extraction with the solvent, add a drop or two of the stannous 
chloride solution to reduce any iron oxidized during the previous equilibration. 

Samples containing tungsten. Add enough tartaric acid to the neutral or just alkaline sample solution to 
mask all the tungsten and then apply the procedure. 

Samples containing copper. After reduction of molybdenum, add enough thiourea to mask the copper. 

RESULTS AND DISCUSSION 

Eflect of varying experimental conditions 

Reductants other than hydrazine are not suitable-metallic mercury forms insoluble mercurous chloride, 
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making phase separation diiBcuIt, stannous chloride does not produce a single oxidation state,’ and ascorbic 
acid in excess suppresses the extraction. The effect of conditions of reduction and extraction on the green 
MO(V) absorbance is shown in Table 1. Solvent extraction of molybdenum solutions obtained by reduction 

Tabk 1. Dependence of the absorbance of green Ma(V) on acidity of the aqueous phase 
(MO = 1976 mg/ml of sokent phase) 

[Ha] for reduction, M O-5 1.0 1.5 2.0 35 
Absorbance* O-860 O-430 0.416 0409 0.390 

[HCll for extractiont, M S-5 60 7.0 
AbsorbattCe @348 0.360 :I:67 O-374 07:;70 

Z81 z74 

8.0 
O-359 

* After extraction from 7&f HCl. 
t After reduction in 55&f HCI. 

in <5iU hydrochloric acid and below the boiling point, gives a slightly dlfkrent green colour in the solvent 
phase; a b&wash from the solvent shows a blue colour indicating that some “molybdenum blue” is still 
present after r&ction under these ronbitions. If the reduction is carried out in > SM hydrochlork acid and 
at boiIing point, a ba&extraction from the green solvent phase gives a brown to orange colour. Moly~~ 
blues once formed, is su&ierttly stable even in 7M hydrochlork acid, hence its fetid should be prevented 
by carrying out the reduction in > J&4 hydrochloric acid. The presence of even small amounts of molybdenum 
blue e&ances the absorbance at 720 nm as it has very much higher molar absorptivity than the green MO(V). 
This can be se@n from Table 1, Reduction with hydraxine is complete in 2 min and gives a single oxidation 
state, Mo(V).t” At hydrochloric acid concentrations > 5&& the brown species decreases and the green species 
increases abruptly.4 When the aqueous phase is made 7&f in hydrochloric acid, the acid should be added last, 
otherwise the absorbance is slightly lowered. Extraction from 7M hydrochloric acid gives maximum absor- 
bance, These conditions are incorporated in the procedure and give satisfactory rmults ~pr~~ibk to 
f0.2 mg. 

The oxygenated solvents, isoamyl acetate , isoamyl alcohol, methyl isobutyl ketone, n-butyl acetate and 
trl-n-butyl phosphate, extract the &p-een MO(V) but the absorbance is the highest in isoamyl acetate at 720 nm. 
Isoamyl acetate also extracts less of the other elements. The absorption maxima at 305 nm and 440 nm are 
not so useful, Extraction of MO(V) is complete after the four separate equilibrations. Beer’s kw is obeyed at 
720 nm from O+O8 to 5.4 mg of molybdenum per ml. The absorbance is constant for 45 min. The spectrum 
mat&tea that known to correspond to H*MoUCld . 

Table 2. Extraction of other elements 

Element* Colour of extract Absorbance 

CO 

CU 

E# 
Pdt 
U 
Ni, Ru, Pt. Cr. 
V, Mn, Se, Te, 
Cu,li Fe.7 Ce 
Nb_ Ti, Zr, BG$ 
Th, Be, Mg, Q% 
Ba, Sr, Zn, Al, 
Pb, Cd, Bi, La, 
W, Sb, Sn, As 

Blue 
c$!eglt Yellow 

Faintly coloured 
Orange yellow 
Faintly yellow 

Colourfess 

Colourkss 

0.298 
O-047 
O*Of8 
O-002 
oXlO 
OJXJO 

O-00 

0030 

* 5 m&ml, in its normal oxidation state, unkss otherwise 
stated. 

# 3.75 m&ml; 7 l-5 mgjmi; $0-005 mgiml. 
8 On adding 2 g of thiourea. 
.y On adding stannous chloride. 
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Effect of diverse ions 

Sulphate has no effect, and acetate, oxalate, tartrate, citrate, phosphate and EDTA even in saturation 
amounts, decrease the extraction only slightly. Excess of ascorbic acid gives a dark brown aqueous solution 
and lowers the extraction of the green species. Fluoride (> 25 mg/ml) decreases the extraction considerably. 

Except for cobalt and very large amounts of palladium and osmium, other elements do not interfere 
(Table 2) in the method. Particularly remarkable is the absence of interference from Ti, V, Nb, Cr, W, Fe, Ni, 
Cu, U and Sb, which have to be separated for most methods of moybdenum determination. 

Applications 

The wide applicability of the method is shown by the satisfactory analysis of different synthetic samples 
and of ferromolybdenum (Table 3). Samples weighing 0.2-5 g (not containing cobalt and large amounts of 

Table 3. Analysis of samples by the proposed method 

Sample composition* 

V(100) Ti(40) Mn(30) 
V(20) Ni(40) 
V(10) Ni(20) Cr(50) 
Ru(9) Pt(l0) Nb(15) 
U(100) 
W(20) 

MO added, MO found, Sample composition* MO added, MO found, 
mg mg mg mg 

19.3 19.1, 19.2 W(50) 9.7 
57.9 57.9, 58.0 Ti(100) 

2i.o” 
20.0 

28.9 29.1 Fe(40) 48.3 48.4 
67.6 67.7 Fe(20) Ni(6O)t 19.3 19.3 
25.0 25.0 Fe(1000) 45.6 45.7 
38.6 38.7 Ferromolybdenum$ - 58.6 % 

* Amounts (mg) are given in brackets. 
t Analogous to Hastelloy A. 
$ 58.8 % by oxinate method.’ 

platinum metals) can be directly analysed for l-60 % of molybdenum in 15 min or less with sufficient accuracy 
for all routine purposes. The method requires only simple reagents and is also useful for rapid series analyses. 

Acknowledgements-The authors wish to thank Prof. S. M. Mukherji, Head of the Chemistry Department, 
for laboratory facilities and the authorities, Kurukshetra University, for the award of a research scholarship 
to J. R. 
Chemistry Department v. YATIRUAM 
University of Kurukshetra JASWANT RAM 
Kurukshetra, India 

REFERENCES 

1. K. Kodama, Methods of Quantitative Inorganic Analysis, pp. 215-l 8. Interscience, New York, 1963. 
2. D. H. Killeffer and A. Linz, Molybdenum Compounds, p. 154. Interscience, New York, 1952. 
3. E. B. Sandell, Calorimetric Determination of Traces of Metals, 3rd Ed., p. 648. Interscience, New York, 

1959. 
4. C. F. Hiskey and V. W. Meloche, J. Am. Chem. Sot., 1940,62, 1819. 
5. T. Yuasa, Bunseki Kagaku, 1962, 11,449. 
6. M. A. Ashy and J. B. Headridge, Anal. Chim. Acta, 1972, 59,217. 
7. V. M. Tarayan and A. N. Pogosyan, Arm. Khim. Zh., 1966,19,586. 
8. K. Kodama, Methods of Quantitative Inorganic Analysis. Interscience, New York, 1963. 
9. C. E. Crouthamel and C. E. Johnson, Anal. Chem., 1954,26, 1284. 

10. A. I. Busev, Analytical Chemistry of Molybdenum, pp. 70-71. Israel Program for Scientific Translations, 
Jerusalem, 1964. 

Summary-A simple method is described for the rapid spectrophotometric determination of 
molybdenum in samples containing l-60% MO, with satisfactory accuracy. Molybdenum is 
reduced with excess of hydrazine sulphate in boiling 5.5M hydrochloric acid and extracted 
with isoamyl acetate from 7M hydrochloric acid. The green colour is measured at 720 nm 
against a reagent blank. Beer’s law is obeyed over the range 0.08-5.4 mg of molybdenum 
per ml. Interference from iron and copper is removed by adding stannous chloride and thiourea 
respectively in slight excess. Titanium, vanadium, niobium, chromium, tungsten, nickel, 
uranium, and antimony do not interfere even in large amounts. Only cobalt interferes seriously. 
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Z-E& cinfache Methode wird bcschrieben, urn Molybd&n in Proben, die 
l-60% MO enthaltcn, rasch und hinreichcnd genau spektrophotometrisch zu bcstimmen. 
Molyti wird mit elncm UbcrschuB von Hydraxlnsulfat in siedcnder 5,5M Sal&lure und mit 
Isoamylacetat aus 7M Salx&tre extrahicrt. Die grilne Farbe wird bci 720 nm gcgen eine 
Reagentien~Blindprobe gemcssen:Das Becrsche Gcsetz wird im Bereich 0,0&5,4 mg Molybdlln 
pro ml bkfolgt. Die St&ung durch Eisen bxw. Kupfer wird b&t& indcm man Zinn(II)-chlorld 
bxw. ThlohamstotTin schwa&cm Uberschug xugibt. Titan, Vanadium, Niob, Chrom, Wolfram, 
Nickel, Ursa und Antimon storms such in grogen Mcngen nicht. Nur Kobalt start in crhc- 
blichcm AusmaD. 

R&utt&Gn dhit me mbhode simple pour le dosage spectrophotomttrique rapide du 
molyb&tte dam dss 6chantillons contenant 1-6p% de MO, avec une prdcision satisfaisante. Lc 
molybd&na est r&tit par un ends de sulfate d’hydraxine en acide chlorhydrlque 5, 5 M 
bouillant et extrait par &&ate d’lsoamyle a partir d’acide chlorhydrique 7M. On mesum la 
coloration verte B 720 nm par rapport a un t6moin dcs r6actifs. La loi de Beer cst suivie dans 
le domaine 0$X-5,4 mg de molybd&ne par ml. On &mine l’interf6rcnce du fer et du cuivrc 
par addition en l&r cx& de chlorure stanneux et de thiourte rcspectivement. Lcs titane, 
vanadium, niobium, chrome, tungstlne, nickel, uranium et antimoine n’interf&rent pas, 
m6me en fottcs quantit6s. Scul le cobalt interf&e s&icuscment. 
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THIOTROPOLONE AS A CHROMOGENIC REAGENT FOR THE 
SIMULTANEOUS DETERMINATION OF COBALT(I1) AND 

NICKEL(II) 

(Received 20 March 1973. Accepted 12 May 1973) 

Thiotropolone (TT) is a chelatmg agent, the complexes of which with certain metal ions have been iso1ated.t 
However, no solution studies have been reported. The present paper &als with investigation of the use of 
thiotropolone as a chromogenic reagent for the simultaneous determination of cobalt and nickel, in metals 
and alloys. Cobalt and nickel form reddish-brown and violet insoluble complexes respectively, extractable 
into chloroform and other non-polar solvents. 

EXPERIMENTAL 
Rcogents 

Thiotropolone was synthesized by the method of Nozoc er af.‘s3 and a stock solution (O.OlM) in chloro- 
form prepared. Cobalt(I1) and nickel(H) solutions were prepared by dissolving the corresponding sulphates 
in doubly distilled water and standard&d gravimetrically. 

Acetate buffers, hydrochloric acid and sodium hydroxide were used for pH adjustments. All other chemi- 
cals used were of reagent grade. 

Procedure 

To a suitable aliquot containing 6.0-25.0 ,ug of cobalt or 7.545~7 pg of nickel, add an excess of chloro- 
form solution of thiotropolone, keeping the pH at 7.0. Make the volumes of both phases 10 ml and shake 
the mixture for 5 min. Separate the organic layer and measure its absorbance (at 500 nm for cobalt and 
580 nm for nickel) against the corresponding reagent blank. Read the cobalt or nickel concentration from 
a previously prepared calibration curve. 

RESULTS AND DISCUSSIONS 

Absorption spectra, and effect of pH and reagent concentration 

The cobalt and nickel complexes exhibit maximum absorbance at 500 and 580 nm rsepectively (Fig. 1). 
Absorbance due to the reagent is negligible at 580 nm. Therefore subsequent studies on the nickel complex 
were done with a chloroform blank, but reagent blanks were used for cobalt. 
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Z-E& cinfache Methode wird bcschrieben, urn Molybd&n in Proben, die 
l-60% MO enthaltcn, rasch und hinreichcnd genau spektrophotometrisch zu bcstimmen. 
Molyti wird mit elncm UbcrschuB von Hydraxlnsulfat in siedcnder 5,5M Sal&lure und mit 
Isoamylacetat aus 7M Salx&tre extrahicrt. Die grilne Farbe wird bci 720 nm gcgen eine 
Reagentien~Blindprobe gemcssen:Das Becrsche Gcsetz wird im Bereich 0,0&5,4 mg Molybdlln 
pro ml bkfolgt. Die St&ung durch Eisen bxw. Kupfer wird b&t& indcm man Zinn(II)-chlorld 
bxw. ThlohamstotTin schwa&cm Uberschug xugibt. Titan, Vanadium, Niob, Chrom, Wolfram, 
Nickel, Ursa und Antimon storms such in grogen Mcngen nicht. Nur Kobalt start in crhc- 
blichcm AusmaD. 

R&utt&Gn dhit me mbhode simple pour le dosage spectrophotomttrique rapide du 
molyb&tte dam dss 6chantillons contenant 1-6p% de MO, avec une prdcision satisfaisante. Lc 
molybd&na est r&tit par un ends de sulfate d’hydraxine en acide chlorhydrlque 5, 5 M 
bouillant et extrait par &&ate d’lsoamyle a partir d’acide chlorhydrique 7M. On mesum la 
coloration verte B 720 nm par rapport a un t6moin dcs r6actifs. La loi de Beer cst suivie dans 
le domaine 0$X-5,4 mg de molybd&ne par ml. On &mine l’interf6rcnce du fer et du cuivrc 
par addition en l&r cx& de chlorure stanneux et de thiourte rcspectivement. Lcs titane, 
vanadium, niobium, chrome, tungstlne, nickel, uranium et antimoine n’interf&rent pas, 
m6me en fottcs quantit6s. Scul le cobalt interf&e s&icuscment. 
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Fig. 1. Absorption spectra 
Curve (A) ligand blank LX. chloroform F = 2.5 x 10V4M] 
Curve (B) cobalt complex vs. ligand blank [Co(II) = 2.5 x 10-5M, TT = 2.5 x 10e4M] 
Curve (C) nickel complex vs. ligand blank [Ni(II) = 50 x lows, TT= 5.0 x lo-•M]. 

The nickel complex was found to exhibit maximum absorbance over the pH range 6.0-9.0 and the cobalt 
complex over the pH range 7*0-8.5. 

A mole-ratio study revealed that for full colour development, a fivefold molar excess of the reagent is 
required for cobalt and fourfold for nickel. However, a minimum of a tenfold excess was used in subsequent 
studies. 

Calibration curve, sensitivity and range for accurate determination 

Linearity between absorbance and metal ion concentration was observed up to 2.6 ppm of cobalt and 
4.7 ppm of nickel. The optimum ranges for accurate determination, as deduced from Ringbom plots, are 
06-2.5 ppm and 0.75-457 ppm for cobalt and nickel respectively. 

The sensitivities of the colour reactions (in terms of Sandell’s definition) are 0.0031 pg/cm2 (at 500 nm) 
for cobalt and 0.0048 pg/cm2 (at 580 nm) for nickel, with molar absorptivities 1.91 x lo* and 1.21 x lo4 
1 * mole-’ - cm-’ respectively. 

The precision of the procedures was checked by measuring the absorbance of 8 samples, each containing 
a final concentration of 1.47 ppm of cobalt or 2.93 ppm of nickel, values approximately in the middle of the 
optimum ranges. The mean absorbances of the cobalt and nickel complexes were found to be 0.475 and 
0605, with standard deviations of 0.002 and 0.003 respectively. 

Composition and apparent instability constants 

Job’smethod of continuous variations and the mole-ratio method indicate the formation of 1: 3 (cobalt : lT) 
and 1: 2 (nickel : TT) complexes. The 1 : 3 complex seems to contain tervalent cobalt as do the cobalt chelates 
with nitrosonaphthols,4 violuric and thiovioluric acids. 6 That cobalt exists in the tervalent state in the 
complex is supported by its stability in strongly acidic solutions, a characteristic of a spin-paired d6 cobalt 
complexes.’ The apparent instability constants for cobalt and nickel complexes have been calculated from 
mole-ratio plots8 The values are 1.91 x lO-15 and 5.58 x 10-l’ forcobalt and nickel respectively. 

Efect of diverse ions 

The general procedure was followed, except that the solutions of foreign ions were added before the reagent 
solution. 
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Common anions such as acetate, nitrate, nitrite, chloride, bromide, iodide, sulphate, sulphite, iodate, 
citrate, tartrate, phosphate, fluoride, thiocyanate and thiourea are tolerated up to lOOO-5000-fold molar 
ratio relative to cobalt or nickel. 

Tolerance limits (in ppm) for various cations, in the determination of cobalt, are as follows: Mo(VI), 
Mn(II), Sb(III), Th(IV), U(V1). each 50; Ca(II), WI), Ba(II), Mg(lI) each 500; Sc(III), As(W), V(V), 
Zr(IV), In(III), Al(III), Ga(III) and Bi(II1) each 20. 

For nickel, the tolerance. limits are MO(W). Mn(lI) each 100; Sb(III), Th(lV), U(W) each 50; Ga(III), 
Bi(II1) each 20; Al(III), In(W), As(III), V(V) each 30: Sc(III), Zr(IV) each 40; Ca(II), Sr(II), Ba(lI) and 
Mg(I1) each 500. 

However, zinc, cadmium, mercury, tin, copper, EDTA, lead, palladium and iron interfere seriously in the 
determination of either of the metals. 

Fe(II1) (10 ppm) and Sn (IV)(SO ppm) can be masked with fluoride (1000 ppm); Hg(l0 ppm) and Cd(l0 
ppm) with iodide (500 ppm); Zn(IIXl0 ppm) with tartrate (500 ppm); Cu(II) (10 ppm) with thiourea 
(500 ppm). Pb(II) (50 ppm) can be precipitated with sulphate (500 ppm) and filtered off. 

Sitnultaneous &termination of cobalt and nickel 

There is a difference of 80 nm in the wavelengths of absorption maximum of the cobalt and nickel com- 
plexes. In view of this, the following equations derived by Sandeli for simultaneous determination of 
the two components were employed for the determination of cobalt (A) and nickel (B) 

Kt CA + K,B = A1 (total absorbance at 500 nm) 
K$ CA + Kf C’, = Al (total absorbance at 580 nm) 

where K$, Kt and KY and Kf the molar extinction coefficients for cobalt and nickel complexes at 500 and 
58Onmrespectivelyare l-91 x 104(Kt), 5.20 x 103(K$),4*80 x lO’(Ki)and 1.21 x lo4 1 . mole-’ . cm-‘(Kf). 
The results for the determination of cobalt and nickel in synthetic mixtures of the two are tabulated below. 

Table 1. Simultaneous determination of cobalt and nickel 
in synthetic mixtures 

Cobalt taken, Nickel taken, Cobalt found, Nickel found, 
PPm PPm PPm PPm 

2.00 2.50 2.00 2.52 
l-50 I.00 1.50 I.01 
1.20 1.50 1.20 1.51 
1.00 2.00 1.01 2.00 
060 2.93 O-58 294 

Determination of cobalt and nickel in alloys 

Solutions of a few alloys containing cobalt, nickel, iron and copper were prepared and suitable aliquots 
of the solutions were taken. Large excesses of thiourea and ammonium fluoride were added in order to 
mask copper and iron. Determinations were then done as described above, by measuring the absorbances 
of the solutions at 500 and 580 nm against the corresponding reagent blanks. 

The results for a few such determinations are recorded in Table 2. 

Table 2. Determination of cobalt and nickel in alloys 

Alloy Cobalt Nickel Cobalt Nickel 
reported, % reported, % found, % found, % 

‘K’ Monel wire o-51 65.6 0.50 65.0 
Nile-K wire 17.4 29.0 18.2 30-l 
Brightray ‘B’ wire nil 60.0 nil 60-8 
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Summary-Thiotropolone forms chloroform-soluble reddish-brown and violet complexes with 
cobalt(R) and nickel(H), in the pH range 74-8.5 and 6+-9-O respectively. Based on this, a sensi- 
tive and rapid method for the spectrophotometric determination of traces of cobalt and nickel 
in metals and alloys has been developed. The two metals can be determined accurately in the 
range 06-2.6 ppm of cobalt and 0.75457 ppm of nickel, simultaneously. 

Zusammenfassung-Thiotropolon bildet mit Kobalt(I1) und Nickel(H) bei pH 7,0-8,5 bzw. 
6,0-9,0 chloroformlbsliche rotlichbraune und violette Komplexe. Auf dieser Grundlage wurde 
ein empfindliches und schnelles Verfahren zur spektrophotometrischen Bestimmung von 
Kobalt- und Nickelspuren in Metallen und Legierungen entwickelt. Die beiden Metalle kiinnen 
gleichzeitig und genau im Bereich O&2,6 ppm Kobalt und 0,754,57 ppm Nickel bestimmt 
werden. 

Rbum6-La thiotropolone forme des complexes brun-rouge%tre et violet solubles en chloro- 
forme avec le cobalt(I1) et le nickel(II), dans les domaines de pH 7,0-8,5 et 6,0-9,0 respec- 
tivement. En se basant sur ceci, on a Clabore une methode sensible et rapide pour le dosage 
spectrophotometrique de traces de cobalt et de nickel dans les metaux et alliages. Les deux 
mttaux peuvent &re doses avec precision dans le domaine O&2,6 p.p.m. de cobalt et 0.75457 
p.p.m. de nickel, simultantment. 

7alanro, Vol. 20, pp. 1213-1215. Pergamon Press, 1973. Printed in Great Britain 

GRAVIMETRIC DETERMINATION OF CADMIUM 
N-PHENYLBENZOHYDROXAMIC ACID* 

(Received 11 April 1973. Accepted 19 May 1973) 

WITH 

Hydroxamic acids are characterized by remarkable versatility as reagents in organic and inorganic analysis.1-5 
No systematic investigation seems to have been made hitherto of their use for gravimetric determination of 
cadmium. N-Phenylbenzohydroxamic acid has now been found to be satisfactory for this purpose. 

* Presented at the Convention of Chemistry, Allahabad, 1972, India. 
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EXPERIMENTAL 

Reagents 

Codnriwn solution. Prepared by dissolving cadmium acetate, and standardized volumetrically.6 
N-Phcnyrbcnzo~y&ox~fc acid. Prepared by the method of Priyadarshini and Tandon;’ m.p. 121” 

(literature value 121’). 

Table 1. Gravimetric determination of Cd with PBHA 

Cd taken, Cd found, 
mg mg 

Z:$ 6.05 5.98 
9.00 9*00 

15.00 15.03 
15.00 14.98 

In a I-litre beaker, 6-15 mg of cadmium acetate and 500 ml of water were heated to 60” on a water-bath. 
Then 20 ml of -0alMPBHA in ethanol ware added dropwise (mole ratio Cd : PBHA = 1 : 2) with constant 
stirring. The pH was adjusted to 58-65 with ammonium acetate and ammonia. The granular precipitate 
thus formed was digested for 2-3 hr over a steam-bath, filtered off on a sintered-glass crucible of porosity 
G4 and washed thoroughly with hot water and finally with 50 % aqueous ethanol (10 x 10 ml). The cadmium 
complex thus obtained was dried at 110” and weighed as (CiaHioNO&Zd. 

Separation of ctzhinm from fore&m ions 

A mixture containing cadmiurn(ID (9.0 ot 12 mg), and silver(I) (60 mg), lead(H), (80 mg), manganese(I1) 
(80 mg), -1) (60 mg), palladium(I1) (100 mg), gallium(III), (100 mg), bismuth(W) (80 mg), lantha- 
num(III), (80 mg), titanium(IV) (100 mg), xirconium(IV) (100 mg), vanadium(V) (80 me), or molybdenum(V1) 
(100 mg) was taken and the foreign metal ion was precipitated in presence of acetate ions ::t pH below 5.0 by 
PBHA. The precipitate was filtered off and washed with an acetate solution at pH 5.0. The filtrate and 
washings were combined and concentrated to about 150 ml, and cadmium was precipitated with PBHA 
from the solution, collected, washed with 50% aqueous ethanol mixture (15 x 20 ml) and dried at 110”. 

Cadmium was also precipitated with PBHA from 150 ml of solution containing beryllium(I1) (80 mg), 
nickel(I1) (80 mg), copper (80 mg), xinc(I1) (80 mg), aluminium(II1) (100 mg), antimony(II1) (100 mg) or 
uranium(VI) (68 mg) in presence of acetate and citrate ions and the complex was washed, dried and weighed 
as before. The weights quoted in brackets are the maximum amounts of these ions that can be tolerated. 

The experimental results are given in Table 1 and 2. The Cd-PBHA complex is fairly soluble in ethanol 
and chloroform but only sparingly soluble in ether, benzene, carbon tetrachloride, acetone and glacial 

Table 2. Separation of Cd from other metals. 

Cd Foreign Cd Cd Foreign Cd 
taken, ion, Masking agent found, taken, ion, Masking agent found, 
mg W mg mg mg mg 

;:g 
940 
940 

12.00 
12*00 
12.00 
9.00 
9.00 
9.00 

Ag+ 60 Acetate 8.98 
Bea+ 80 Acetate + citrate 899 
Pb’+ 80 Acetate 9.01 
Mnz+ 80 Acetate 8.99 
Ni’+ 80 Acetate + citrate 11.96 
Cu’+ 80 Acetate + citrate 11.96 
Zna+ 80 Acetate + citrate 12.01 
Hsa+ 60 Acetate 9.00 
Pd’+ 100 Acetate 903 
Ga3+ 100 Acetate 9.01 

;:z 
9-00 
9.00 
940 
990 
940 
940 
940 

Al” + 100 Acetate + citrate 9.01 
Bi3 + 80 Acetate 8.98 
Sb3+ 100 Acetate + citrate 8.96 
La3 + 80 Acetate 9.02 
Ti* + 100 Acetate 9.00 
W+ 100 Acetate 8.98 
V”+ 80 Acetate 8.97 
Mo6+ 100 Acetate 9.00 
U”+ 60 Acetate + citrate 9.01 
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acetic acid. It is decomposed when treated with cont. sulphuric, perchloric, nitric or hydrochloric acid and 
melts at 225”. The analytical results indicate the complex to be (C1,HloNO&Cd. 
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Summary-A quantitative gravimetric determination of cadmium in presence of Ag+, Be2+, 
Pb*+, Mn2+, NiZ+, Cu3+, Zn2+, Hg 2+, Pd2+, Gas+, AIs+, Bi’+, Sb”+, Las+, Ti*+, Zr4+ 
V5+, Mo6+ and U6+ was made by selective precipitation with N-phenylbenzohydroxamic acid 
from a solution containing 6-15 mg of cadmium acetate at pH 5.8-6-5. The precipitate was 
weighed directly after drying at 110-120”. The cadmium complex is curdy white, granular and 
melts at 225”. The analytical results indicate the complex to be (CilHloNO&Cd. 

Zusammenfassung-Cadmium wurde in Gegenwart von Ag+, BeZ+, Pb’+, Mn2+, NiZ+, Cu’+, 
Zn2+, Hg2*, Pdz+, Gas+, AIS+, Bi3+, Sbs+, Las+, Ti*+, Zr4+, Vs+, Mo6+, und U6+ quant- 
itativ gravimetrisch bestimmt. Es wrude selektiv mit N-Phenylbenzhydroxamsiiure aus einer 
Losung gefallt, die 6-l 5 mg Cadmiumacetat bei pH 5.8-6.5 enthielt. Der Niederschlag wurde 
nach Trocknen bei 11 O-l 20” direkt gewogen. Der Cadmiumkomplex ist k8sig weil3 und kilmig 
und schmilzt bei 225”. Die analytischen Ergebnisse zeigen, dal3 der Komplex die Formel 
(C13H10N02)2Cd hat. 

R&mt&-On a effect& un dosage gravimetrique quantitatif du cadmium en presence de 
Ag+, Bel+, Pb2+, MnZ+, Ni2+, Cu2+, Znz+, Hg’+, Pd’+, Gas+, Als+, Bis+, SbS+, Las+, 
Ti4+ Zr4+ V5 + Mo6 + et U6 + par precipitation selective avec l’acide N-phenylbenzohydroxa- 
mique a pktir dune solution contenant 6-15 mg d’adtate de cadmium a pH 5,8-6,5. Le 
prtcipitt a tte ped directement aprbs sechage a 110-120”. Le complexe de cadmium est blanc 
caillebott, granulaire, et fond a 225”. Les resultats analytiques indiquent que le complexe est 
GsHmNW~Cd. 

Tahm, Vol. 20, pp. 1215-1217. PerSamon Press, 1973. Printed in Grut Britain 

SPECTROSCOPIC DETERMINATION OF SULPHATE IN THE 
PRESENCE OF EXCESS OF NITRATE AND NITRITE 

(Received 26 April 1973. Accepted 15 May 1973) 

The determination of sulphate in alkali metal sulphates, or of sulphuric acid in the presence of other anions, 
is important analytically. A survey of the chemical literature indicates that a vast number of methods has 
been proposed for the determination of sulphate, ranging from classical procedures to modern techniques 
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acetic acid. It is decomposed when treated with cont. sulphuric, perchloric, nitric or hydrochloric acid and 
melts at 225”. The analytical results indicate the complex to be (C1,HloNO&Cd. 
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V5+, Mo6+ and U6+ was made by selective precipitation with N-phenylbenzohydroxamic acid 
from a solution containing 6-15 mg of cadmium acetate at pH 5.8-6-5. The precipitate was 
weighed directly after drying at 110-120”. The cadmium complex is curdy white, granular and 
melts at 225”. The analytical results indicate the complex to be (CilHloNO&Cd. 

Zusammenfassung-Cadmium wurde in Gegenwart von Ag+, BeZ+, Pb’+, Mn2+, NiZ+, Cu’+, 
Zn2+, Hg2*, Pdz+, Gas+, AIS+, Bi3+, Sbs+, Las+, Ti*+, Zr4+, Vs+, Mo6+, und U6+ quant- 
itativ gravimetrisch bestimmt. Es wrude selektiv mit N-Phenylbenzhydroxamsiiure aus einer 
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Ag+, Bel+, Pb2+, MnZ+, Ni2+, Cu2+, Znz+, Hg’+, Pd’+, Gas+, Als+, Bis+, SbS+, Las+, 
Ti4+ Zr4+ V5 + Mo6 + et U6 + par precipitation selective avec l’acide N-phenylbenzohydroxa- 
mique a pktir dune solution contenant 6-15 mg d’adtate de cadmium a pH 5,8-6,5. Le 
prtcipitt a tte ped directement aprbs sechage a 110-120”. Le complexe de cadmium est blanc 
caillebott, granulaire, et fond a 225”. Les resultats analytiques indiquent que le complexe est 
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Tahm, Vol. 20, pp. 1215-1217. PerSamon Press, 1973. Printed in Grut Britain 

SPECTROSCOPIC DETERMINATION OF SULPHATE IN THE 
PRESENCE OF EXCESS OF NITRATE AND NITRITE 

(Received 26 April 1973. Accepted 15 May 1973) 

The determination of sulphate in alkali metal sulphates, or of sulphuric acid in the presence of other anions, 
is important analytically. A survey of the chemical literature indicates that a vast number of methods has 
been proposed for the determination of sulphate, ranging from classical procedures to modern techniques 
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such as ion-selective electrodes’ and spectrosc~py.~ Recently, an infrared method using the KBr pellet tech- 
nique has been successfully applied for the determination of some alkali metal nitrates,’ ~arbonates,~ and 
sulphatess We have applied the method to the determination of sulphate in the presence of large excesses 
of nitrate or nitrite. 

EXPERIMENTAL 

Merck analytical-reagent grade potassium sulphate, potassium nitrate and sodium nitrite were recrystal- 
lixed from distilled water. These chemicals and Merck spectroscopic grade potassium bromide were dried 
under vacuum. 

Discs were prepared covering the range 0.1-1.0 mg of stdphate and containing 20 mg of potassium nitrate 
or 5 mg of sodium nitrite and enough potassium bromide to yield a total mass of 200 mg. Each sample was 
weighed to &O.ql mg, finely ground in an agate martar and transferred to a die which was subsequently 
evacuated and the disc pressed under 15 tons pressure for 5 min. The spectra were then scanned from 1000 
to 400 cm-’ on a Perk&Elmer Model 457 infrared spectrophotometer. The absorbances of the band at 
619 cm-’ were measured. 

RESULTS AND DISCUSSION 

Nitrite and nitrate do not absorb signit%antly between 800 and 600 cm-’ and therefore sulphate was 
determined by measuring the absorption of radiation at 619 cm-’ by the v* vibration of the sulphate ion. 
The information for the construction of calibration curves is shown in Table 1. The calibration curves differ 
considerably in slope, so presumably the intensity of the vs vibration of the sulphate ion is sensitive to 
chemical environment. Consequently, if both nitrate and nitrite are present the ratio of the two would have 
to be known and an appropriate calibration curve constructed, or the standard addition technique used. 

Table 1. Calibration curves for sulphate in (0) presence of 20 mg of KNOs and (b) 5 mg of NaNO, 

Weight of sulphate added, mg 0.13 0.25 0.35 040 0.52 0.53 0.62 0.95 
Absorbance (n) 0.100 0.185 0.270 0.306 0400 - 0460 - 
Absorbance (b) 0.075 - 0.205 - - 0.285 0.355 0.535 

Results obtained for syntheticmixtures of sulphate with nitrate or nitrite are shown in Table 2. 

Table 2. Determination of sulphate in presence of (a) 20 mg of KNOs and (b) 5 mg of NaNOs. 

(u) Suipip; Zen, mg 035 0.16 0.17 @28 @30 0.38 0.41 046 048 057 0.63 0.68 

Sulphat; 
0.04 0.15 0.16 0.26 0.30 0.35 0.38 044 0.45 O-53 060 0.71 

(6) taken, mg 0.04 0.06 @I7 0.21 0.33 0.42 044 0.50 0.52 0.73 
found, mg 0.04 0.07 0.16 0.19 0.35 044 0.45 0.46 055 0.71 

Sulphate could be determined in the presence of up to a 4OO-fold molar excess of nitrate and a 60-fold 
molar excess of nitrite. The maximal amount of nitrate tolerable was a function of the maximal baseline 
adjustment available and whilst greater than 60-fold molar excess of nitrite did not interfere in the 600- 
800 cm-’ region, a practical difftcuhy was encountered in mixing the sample, so there was poor disper- 
sion of the sulphate through the sample. 

The results indite that this method for sulphate determination in the presence of nitrate and nitrite 
compares reasonably with other techniques, 6 the relative standard deviation being about 5 %. 
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Summary-The KBr pellet technique has been used for the determination of alkali metal sul- 
phate in the presence of large excesses of nitrate and nitrite by measuring the absorption of the 
sulphate at 619 cm-‘. The sulphate can be. determined in a 400-fold molar excess of nitrate and a 
60-fold molar excess of nitrite with a relative standard deviation of about 5 %. 

Zusammenfassung-Die KBr-Tablettentechnik wurde zur Bestimmung von Alkalimetallsulfat 
in Gegenwart grol3er Uberschiisse von Nitrat und Nitrit durch Messung der Absorption von 
Sulfat bei 619 cm-’ verwendet. Das Sulfat kann neben einem 400-fachen molaren UberschuB 
von Nitrat und einem 60-fachen molaren Uberschuli von Nitrit mit einer relativen Standard- 
abweichung von etwa 5 ‘A bestimmt werden. 

R&me-La mtthode a la pastille de KBr a tti: utilide pour le dosage de sulfate de metal alcalin 
en la presence de grands ex& de nitrate et nitrite en mesurant l’absorption du sulfate P 619 
cm-‘. Le sulfate peut etre dose dans un exds 400 fois molaire de nitrate et un exds 60 fois 
molaire de nitrite avec un ecart type relatif d’environ 5 %. 

T&ma, Vol. 20, pp. 12174220. Pergamon Press, 1973. Printed in Great Britain 

GRAVIMETRIC DETERMINATION OF URANIUM(V1) WITH 
PYRIDINE-2,6-DICARBOXYLIC ACID 

(Received 27 September 1972. Accepted 12 May 1973) 

During research on the chemistry of uranyl co-ordination compounds, we found a need for a rapid, simple 
and precise method for the determination of relatively small amounts of uranium in solution. Many methods 
have been reported,lT5 but the gravimetric techniques usually require either ignition of a precipitate to 
UBOs or else the formation of a stoichiometric complex which can be separated and weighed. The ignition 
method is of limited precision when small quantities of uranium are involved and most of the complexes 
present problems in filtration, which makes the process time-consuming. 

When studying the formation of complexes of uranyl ion with pyridine-2,6_dicarboxylic acid (HIL) in 
aqueous solution,6 we found that the anionic complex [u02Lz I’- can be rapidly precipitated by addition of 
tetraphenylarsonium chloride (Ph,AsCl). The precipitate is a crystalline solid, which can be rapidly filtered 
off and washed. We have devised a method for the gravimetric determination of uranium based on this 
reaction. 

EXPERIMENTAL 

Reagents 

Uranyl nitrate solution. Approximately 2 g of reagent-grade uranyl nitrate hexahydrate was dissolved in 
1 1. of distilled water, and the solution standardized by evaporation of an aliquot in a porcelain crucible 
under an infrared lamp, ignition at 800” for 5 hr, and weighing of the product as UJOs . Analysis of six 
25-ml aliquots gave an average value of 23.80 mg of uranium with a standard deviation of 0.11 mg (Table 1). 

Tetraphenylarsonium chloride solution. A 1% solution in water was treated with active charcoal to remove 
the ctoudiness due to impurities. 

Pyridine-2,6-dicarboxylic acid. The reagent grade chemical was used without further purification. 
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Table 1. Detcrmina tion of uranium as the oxide and as the complex from 25-ml 
aliquots of uranyl nitrate solution 

Weight of UtOa, tng U found,* mg Weight of complex,t mg U found,S mg 

28.10 23.83 140.82 23-88 
27.98 23.73 140.22 23.78 
27.91 23.67 140.62 23.84 
28.07 23.80 14052 23.83 
28.12 23.84 MO-30 23.79 
28.23 2394 140-20 23.77 

+ Average value 23.80 mg; s.d. @ll mg (calculated from the range’). 
t In each determination the molar ratio of reagents is: uranyl nitrate:pyrl- 

dine-2&dicarboxytic acid : tetraphcnylarsonium chloride = 1: 6 : 6. 
$ Average value 23.81 mg; s-d. 0.04 mg. 

Procedure 

The required amount of pyridlne2,6-dicarboxylic acid was added to 25 ml of 1% tetraphcnylarsonium 
chloride solution and the mixture heated at 80” and stirred until dissolution was complete. Then 25 ml of 
the stock uranyl nitrate solution, previously heated to the same temperature, were added rapidly and tho 
resulting solution was I& to reach room temperature, during which time (- 30 min) precipitation took 
place. The precipitate was filtered off on a medium-porosity sintared-glass crucible, washed with several 
small portions of cold distilled water and dried to constant weight in vucuo (0.1 Torr) for 2 hr. When the 
precipitation is carried out at room temperature the product is microcrystalline, although still easily collected 
on a Alter. 

RESULTS AND DISCUSSION 

Tho pale greenish-yellow crystalline complex obtained as described above displays no tendency to craep. 
It is soluble in water at above 60“ and in methanol but is practically insoluble in chloroform, acetone, ether, 
carbon tctrachloride and in water at room temperature. The analytical data accord with the formula (Ph&& 
[UO~L&2Ha0 (calculated: C, 53.03%; N, 199%; H, 356%; U, 16.96%; found: C, 52.8%; N, 2.0%; 
H, 3.5%; U, 16*9yJ. 

The presence of two molecules of water was independently conlirmed by infrared and thermogravimatric 
analysis. The infrared spectrum has a broad band in the 3300-3600 cm-i region and the thermogravimetric 
curve shows clearly the loss of two molecules of water in the range 7(1-126”. 

The results listed in Table 1 indicate that uranium(V1) is quantitatively precipitated. 

Effect of reagent concentration 
The pmcipitation was carried out with various amounts of the reagents, the other conditions remaining 

the same (Table 2). For rapid and complete precipitation of the metal the optimum ratio of reagents re- 
quired was: uranyl nitrate : pyridine-2,Mlcarboxylic acid : tetraphenylarsonium chloride - 1 : 6 : 6. 

Table 2. Effect of reagent concentration* 

Molar ratio of reagents 
Weight of Precipitation 

UO,(NOs)z HIL Ph.AsCl comp’wr’t mg 
time, min 

3 

6 3 

15 6 

3 Incomplete Long time 
precipitation 

6 3 140.20 140.50 120 120 

15 6 MO-27 140*41 : 

+ Each determination was performed on a 25-ml aliquot 
of standard uranyl nitrate solution. 

t Calculated for complete precipitation: 140.29 mg. 
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EfSect of pH 
Solutions containing uranium(VI), H2L and Ph&Cl in the ratio 1 : 6 : 6 were adjusted to different pH 

values with nitric acid (2M) or with potassium hydroxide (2M), digested as usual and filtered and the pH 
of the filtrate was measured. The precipitates were washed, dried and weighed in the usual way. The precipi- 
tation is complete between pH 2.1 and 6.9. Below pH 2.1 precipitation is incomplete and above pH 6.9 
the precipitate is impure, probably because of the presence of uranate. 

Precipitation of uranium in the presence of foreign ions 

When separation from Na+, A13+, Ni2+, Cu2+, Fe”+ or Th4+ was studied, an equimolar amount of 
one of these ions with respect to uranyl ion was added as acetate, sulphate, nitrate or chloride to a solution 
of the reagent, the molar ratios of metal ion : pyridine-2,6dicarboxylic acid : tetraphenylarsonhrm chloride 
being 1 : 6 : 6, in the pH range 2-3. An aliquot of uranyl nitrate solution was added and the uranium deter- 
mined by the method above. 

The results of the analysis of four 25-ml aliquots resulted in an average value of 24.62 mg of uranium 
with a standard deviation of O-04 mg. Na + , Al 3+, Cu’+, Ni2+, Cl-, NO:, SOi- and acetate ions do not 
interfere under these conditions (Table 3), but Fe3+ and Th4+ do precipitate. The addition of a large 
excess of EDTA prevents the co-precipitation of thorium and iron to some extent, but the separation is not 
complete. 

Table 3. Determination of 24.62 mg of uranium 
in the presence of foreign ions 

Foreign ion present* U found,t mg Error, mg 

CH3COONa 24.59 & 0.02 -0.03 
Na2S04 24.67 i 0.04 +0*05 
Cu(NO3)z 24.68 & 0.06 +0*06 
NiC12 24.54 l 0.06 -0.08 
AlCl3 24.59 f o-03 -0.03 

* In every experiment an equimolar amount of 
foreign ion with respect to uranyl ion was 
added. 

t Average values of four determinations. 

CONCLUSION 

The use of pyridine-2,6_dicarboxylic acid in the presence of tetraphenylarsonium chloride for precipi- 
tation of uranium offers the advantage of forming rapidly a highly insoluble crystalline material with a 
very favourable gravimetric factor. There is a twofold improvement in the precision of the determination 
compared to the method based on ignition to U30s. 
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!%mmuy-Uranium(V1) can be quantitatively precipitated from aqueous solution in the pH 
range 2.1-6.9 with pyridine_2&dicarboxylic acid in the presence of tetraphenylarsonium 
chloride. This provides a new rapid gravimetric method for uranyl ion as an organic chelate 
complex of high molecular weight. Sodium, aluminium, copper and nickel as well as nitrate, 
chloride, sulphate and acetate ions, do not interfere, but iron(II1) and thorium(IV) do. 

7namwafimrw-Uran(V1) kann aus wiil3riger Lasung bei pH 2,1-6,9 quantitativ mit Pyridin- 
2.6-dicarbonsi-iure in Gegenwart von Tetraphenylarsoniumchlorid quantitativ gefitllt werden. 
Dies liefert sine neue rasche Methode zur gravimetrischen Analyse von Uranylionen als 
organischer CheIatkomplex von hohem Molekulargewicht. Natrium, Aluminium, Kupfer und 
Nickel sowie Nitrat, Chlorid, S&fat und Acetat St&en nicht, dagegen Eisen(II1) und Thorium- 
(IV). 

R&sum&-On peut prccipiter quantitativement l’uranium (VI) d’une solution aqueuse dans le 
domaine de pH 2.1-6.9 avec Wide pyridine 2.6-dicarboxylique en la pr&ence de chlorure 
de t&raphtnylarsonium. Ceci foumit une nouvelle mtthode rapide pour l’analyse gravimhtrique 
de l’ion uranyk sous forme d’un complexe chblat& organique de haut poids mo&culaire. Lcs 
sodium, aluminium, cuivre et nickel, ainsi que les ions nitrate, chlorure, sulfate et a&ate 
n’interf&nt pas, mais le fer (III) et le thorium (IV) g2nent. 

Tolonto. Vol. 20, pp. 1220-1223. Pergamoa Press, 1973. Printed in Great Britain 

QUANTITATIVE MEASUREMENT OF MIXTURES OF 
HALLUCINOGENS BY FLUOROMETRY AND PHOSPHORIMETRY * 

(Received 8 May 1973. Accepted 14 June 1973) 

Currently, in forensic chemistry, most quantitative drug analyses are performed on as pure a sample as 
possible. This usually entails at least one chemical separation because most “street ” drugs are mixtures. 
They usually contain one or two drugs and an inert matrix in the form of a tablet. There. are many procedures 
to separate a drug from its matrix.’ but fewer to separate a mixture of drugs from each other without signifi- 
cant losses. Therefore, it is of interest to look into methods of quantitative analysis not requiring separation 
of mixtures. 

Lysergic acid diethylamide (LSD) has become one of the most widely used illicit drugs. It has also been 
mixed with many other drugs, either to enhance the physiological effect of the LSD or in order to be sold as 
some other drug. Many samples of “ street ” drugs which are examined contain mixtures of LSD and some 
other hallucinogen. 

Fluorometry and phosphorimetryf*’ offer the advantages of sensitivity, simplicity, accuracy, and relatively 
inexpensive equipment for the analysis of binary mixtures of LSD and some other hallucinogen. Recent 
improvements in phosphorimetry*Os allow its application to the measurements of analytes in aqueous, 
snowed matrices, e.g., a predominately aqueous solvent (methanol/water lo/90 v/v). This has enabled 
workers to use the same solvent for both fluorometric and phosphorimetric measurements. 

The present study was carried out to develop methods for the analysis of mixtures containing LSD and 
other hallucinogens, which are rapid, sensitive, and do not require physical separation (chromatographic) of 
components. 

EXPERIMENTAL 

Apparatus 

All fluorescence and phosphorescence signals were measured with an Aminco-Bowman spectrophoto- 
fluorometer (American Instrument Company, Silver Spring, Maryland) with both fluorescence and phos- 
phorescence cell assemblies and with an RCA lP21 multiplier phototube powered by a model 244 high- 
voltage supply (Keithky Instruments Inc., Cleveland, Ohio). A 150-W Hanovia xenon arc lamp was powered 
by a Harrison model 6268A DC power supply (Hewlett-Packard. Palo Alto, California). The lamp was 
started by a circuit described by Zweidinger.6 Signals were measured with a low-noise nanoammeter des- 
cribed previously.’ 
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For fluorescence measurements at room temperature, a 1 x 1 cm quartz sample cell was used. Phos- 
phorescence measurements were made at 77” K, using a rotating capillary tube (approximately 45 mm 
diameter and I.0 mm bore) made from T21 Suprasil quartz capillary tubing (Amersil Inc., Hillside, New 
Jersey); this cell contained approximately 20 ~1 and was used under the conditions described in the work by 
Lukasiewicz, Rozynes, Sanders and Winefordner.4 

Spectra were checked against available literature data. a.9 An X-Y recorder (No. 1620-827, American 
Instruments Company, Silver Spring, Maryland) was used to record all spectra. 

Reagents 

The following hallucinogens were studied : lysergic acid diethylamide (LSD), 2-5-dimethoxy-4-methyl- 
amphetamine (STP or DOM), psilocybin (from NIMH, Center for Studies of Narcotics and Drug Abuse, 
Rockville, Maryland), mescaline hydrochloride (from Sigma Chemical Company, St. Louis, Missouri), and 
phencyclidine hydrochloride (from Philips Roxane, Inc., St. Joseph, Missouri). All drugs were used as 
received, i.e., without purification. 

Methanol (Matheson, Coleman and Bell, Manufacturing Chemists, Norwood, Ohio, “ Spectroquality ” 
grade) and demineralized water were used as solvents. 

Sodium iodide (Fisher Scientific Company, Fair Lawn, New Jersey, “ Certified reagent” grade) was used 
for the heavy-ion effect in phosphorimetry. 

Procedures 

Stock solutions of the hallucinogenic drugs were prepared in a darkened room at concentrations of 
10-2-10-3M in methanol/water (lo/90 v/v). For phosphorescence, drug mixtures containing LSD were also 
prepared in 0.75M sodium iodide. The stock solutions were prepared just before use because LSD was 
observed to decompose rapidly even when stored in darkness and at 5”. Because heavy-ion effect studies on 
mescaline hydrochloride and phencyclidine hydrochloride had not previously been performed, two stock 
solutions of each were prepared, one in methanol/water (lo/90 v/v) and 0*75M in sodium iodide, the other 
in methanol/water (10/90) v/v. 

The stock solutions were mixed and successively diluted to 10e9M for preparation of the analytical 
curves. Each mixture was run at three different concentration ratios of LSD to the other hallucinogens: 
(a) 1OO:l; (b)l:l; (c) 1:lOO. The only exceptions were mixtures containing mescaline and phencyclidine, 
which were run at only two different concentrations because these species are only weakly fluorescent and 
phosphorescent. 

The slit arrangement for fluorescence measurements was 3,2,2,3 (17 and 11 nm spectral half-band passes). 
A slit arrangement of 3,3,3,3 (17 and 17 nm spectral half-band passes) was used for phosphorescence measure- 
ments. In Table 1, the excitation and emission wavelengths at which measurements were made are given. 

RESULTS AND DISCUSSION 

Fluorometric and phosphorimetric analytical curves (luminescence signal vs. analyte concentration) for 
mixtures containing LSD and other hallucinogens at different concentrations were measured; the results are 
given in Table 2. All the hallucinogens except mescaline and phencyclidine (PCP) have fluorescence signals 
(and signal-to-noise ratios) high enough to be analytically useful. The phosphorescence signal of PCP is 
high enough to be analytically useful although the phosphorescence signal level of mescaline is too low. 

Table 1. Excitation and emission wavelengths* (nm) used 

Compound 
Fluorescencet Phosphorescence§ 

Excitation Emission Excitation Emission 

‘LSD 330 430 320 515 
STP (DOM) 295 340 295 408 
Psilocybin 283 352 
Mescaline 

,: -_$ 
418 

Phencyclidine 265 385 

* Peak wavelength error i-3 nm. 
7 In methanol/water (lo/90 v/v). 
5 In 0.75M NaI, methanol/water (IO/90 v/v). 
$ Psilocybin was not measured by phosphorimetry. 
C; Mesacline and phencyclidine were not measured by fluorometry. 
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Table 2. Fluorometric analytical chacteristics of mixtures of hallucinogens 

Hallucinogen Fluorescence* 

LSD 
STP 
Psilocybin 
Phencyclidine 

(P(X) 

Slope of 
anal. curves 

0.%,0.94,1.09,1.28 
090 
0.89 
- 

Factor for 
concentration range 

of near linearityt 

Literaturel/ This work 

IO3 lo* 
10s lo4 
IO3 10’ 
- - 

Limit of detection, 
nglf4 

LiteratureY This work 

65 3.6 

:: 2: 
2.5 x lO*q - 

Phosphorescence# 

LSD 0*67,@80,0*76,0*73 104 103 8 530 
SIP 0.99 1 
Psilocybin 

0;8 
:o”s 

lo4 33 
- :9 

- 10’ 320 

* In neutral methanol/water (lo/90 v/v) at 298” K. 
6 The slopes of the analytical curves for LSD are for mixtures of LSD with SIP, psilocybin, PCP. and 

mescaline, respectively. 
t “ Near linearity” means region over which analytical curve (log-log plot) deviates less than 1% from 

linearity. The absolute concentration range extends from the limit of detection to an upper concentration 
determined by the range factor times the limit of detection. 

$ Limit of *ion is de&d as the concentration giving a fluorescence of .phosphorescence signal 
(l~~ti~n~~ear part of the analytical curve) that IS twtce the background notse. 

# In 0*75M ia solution in methanol/water (lo/90 v/v) at 77” K. 

Results for mescaline are therefore not reported. It was not possible to determine LSD and psilocybin by 
phosphorlmetry. The excitation and emission peaks of the two were so close to each other that there would 
be severe spectral interference. 

Limits of detection (deSned as the concentration giving a fluorescence or phosphorescence signal twice 
the backgrouad noise) were approximately the same as reported by Aaron, Sanders and Winefordner’ 
except for LSD by phosphorimetry (see Table 2). The limit of detection of LSD in this work was approxi- 
mately 66 times that obtained by Aaron, Sanders and Winefordner.9 This was a result of a much higher 
background, which for low concentrations of LSD effectively hid the phosphorescence signal in the noise. 
However, the high limit of detection for LSD does not present a problem because the normal dose in “ street ” 
tablets of LSD is 240 pg.’ The phosphorimetric limit of detection for PCP was found to be about 250 ng/ml. 
Sodium iodide, which was added to enhance the signal intensity of LSD by the heavy-ion effect, was also 
found to enhance the phosphorescence signals of PCP and mescaline. The phosphotescence signal level for 
PCP was increased by a factor of four and for mescaline by a factor of ten. The presence of LSD in a mixture 
also containing mescaline of PCP prevented reiiable measurement of fluorometric signals from either 
mescaline or PCP, owing to the high background noise level. However, in phosphorimetry, if sodium iodide 
is present, it would be possible to determine low concentrations of phencyclidine (but not mescaline). 

There were no severe fluoresamce interferences between the two compounds in the mixtures (see Table 2) 
i.e., neither component affected the analytical curve for the other. However, in phosphorlmetry, there were 
several cases of rather severe interference and analytical curve slopes appteclably below unity were obtained. 
It should be stressed, however, that in these cases the slopes were the same whether the ratio of LSD concen- 
tration to the other hallucinogen concentration was 100, 1, or 0.01, The reason for the departure from linear- 
ity is not known to the authors, However, by proper calibration procedures, such non-ill ctuves could be 
used for analytical purposes. The linear dynamic ranges of the analytical curves (see Table 2) compare well 
with those reported by Aaron, Sanders and Winefordner.9 The standard deviation of the slopes for all 
analytical curves was 5%. 
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Because of the low limits of detection, lack of severe spectral interference, simplicity of procedure, and 
versatility of application, a combined fluorometric and phosphorimetric method seems appropriate for the 
quantitative analysis of hallucinogenic drugs in mixtures. It is sensitive, rapid, and does not require separation 
of the mixture. An examination of the spectra of the mixture can also give information on the identity of the 
hallucinogens. 

The use of fluorometric and phosphorimetric methods fox the analysis of hallucinogenic mixtures should 
be extended to other drug mixtures. A possible example would be quantitative analysis of a morphine- 
strychnine mixture by phosphorimetry.” 

This study was done under ideal conditions in which the drugs were pure and did not have to be extracted 
from a real sample. A study should be performed on regular “street” drugs to determine if the extraction 
of the hallucinogens will be satisfactory and which solvents are compatible with the background requirements 
of fluorescence and phosphorescence. A useful further extension of this work would be the analysis of 
hallucinogenic mixtures by time-resolved phosphorimetry. 11,12 Such studies are currently in progress. 

DuPont D. M. FABRICK 

Savannah River Plant 
South Carolina, U.S.A. 

Department of Chemistry 
University of Florida 
Gainesville 
Florida, 32601, U.S.A. 

J. D. WINEFORDNER@ 
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Sunnnary-Room temperature fluorometric and low-temperature phosphorimetric analytical 
curves of hallucinogens in methanol/water solution have been prepared to demonstrate the 
absence of interference in common binary mixtures of hallucinogenic drugs. Limits of detection 
and linear dynamic ranges have been determined for drugs in mixtures. Mixtures containing 
LSD and another hallucinogen such as STP (DOM), psilocybin, mescaline, and phencyclidine 
have been studied. Detection limits are low, and analytical curves are linear over wide concen- 
tration ranges. 

Zusammenfassung-Es wurden bei Zimmertemperatur fluorimetrische und bei tiefer Tem- 
peratur phosphorlmetrische analytische Kurven von Halluzinogenen in MethanoI-Wasser- 
Liisung aufgenommen, urn die Abwesenheit von StSrungen in gilngigen bin&en Gernischen 
halluzinogener Drogen zu zeigen. Fiir Drogen in Gemischen wurden Nachweisgrenzen und 
lineare dynamische Bereiche ermittelt. Gemische, die LSD und ein anderes Halluzinogen wie 
STP (DOM), Psilocybin, Mescalin und Phencyclidin (l-(l-PhenylcyclohexylJ-pip&din) 
enthielten, wurden untersucht. Die Nachweisgrenzen sind niedrig und die analytischen Kurven 
sind in weiten Konzentrationsbereichen linear. 

R&m&-On a prepare des courbcs analytiqua fluorimCtriques a temp6rature ambiante et phos- 
phorimetriques a basse temp&ature d’halIucinog&nes en solution mCthanol/eau pour dCmontrer 
I’absence d’interference dans des melanges binaires communs de drogues haIlucinog&nes. On 
a determine les Iimites de dCtection et les domaines dynamiques 1inCaires pour des drogues en 
melange. On a Ctudit des melanges contenant du LSD et un autre hallucinog6ne tel que STP 
(DOM). psilocybine, mescaline et phencyclidine. Les limites de detection sont basses, et les 
courbes analytiques sont Iin&aires dans de larges domaines de concentrations. 
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ANALYTICAL DATA 

FORMATION AND THERMODYNAMIC PROPERTIES OF 
COMPLEXES OF Ag(1) WITH THIOUREA AS LIGAND* 

(Received 30 December 1971. Revised 14 May 1973. Accepted 31 May 1973) 

Thiourea (Tu) has a marked tendency to give co-ordinate bonds with many univalentid and multivalent’-9 
ions and is therefore considered one of the most important masking agents having sulphur as donor atom. 
Tu has three potential co-ordination centres, i.e., the two nitrogen atoms and the sulphur atom. Tu almost 
always co-ordinates through the sulphur atom, although some authors do not exclude co-ordination through 
the nitrogen atoms for some metal ions such as Cu(I), I%(H) and Pd(II).‘-’ 

Preferential bonding through the sulphur atom is in agreement with some structural characteristics. 
Sulphur can form both (T and r bonds; moreover, the presence of empty anti-bonding ?T* orbitals in Tu 
leads to a further stabilization of the M-S bond through back-donation from the metal to the ligand. 

Finally, factors such as the complete planarity of Tu, including the hydrogen atoms,5 the C-S and C-N 
bond lengths, and restricted rotation round the C-N bonds, lo show a significant contribution of the polar 
structure to the ground state of Tu. 

Y,CH 
i?H, e- /NH, 

‘NH, 
- I~--c, 

VH2 

(1) 

The charge separation in this structure decreases the donor capacity of the nitrogen atoms and increases 
that of the sulphur atom. Some authors have studied the Ag(I)-Tu system and found two- and three-co- 
ordinate complexes’-4 for which only the stability constant of AgTu: is known. 

Diffractometric studie? on a his-Tu(AgC1) crystal showed it to have a very distorted tetrahedral structure 
with sulphur atoms contiguous to silver ions, at long and short distances alternately; in contrast the Ag-Cl 
distance was large and the chloride probably bonded ionically. 

Here we report the values of the formation constants, obtained in a potentiometric study on the Ag(I)-Tu- 
Hz0 system. The results give definitive information about the chemical species present and their stability 
in dependence on ionic strength and temperature. 

EXPERIMENTAL 

The method used by several authors ‘i-i3 is based on mathematical analysis of equation (2), valid in this 
form only for a mononuclear system. 

The l/a0 values were obtained by potentiometric measurements made by using a silver wire electrolytically 
coated with silver iodide as a measuring electrode, and a cell of the type: 

* Part of this paper was presented at the 2nd Conference on Applied Physical Chemistry, Vesxprem, Hungary, 
August 1971. Research supported by the Consiglio Nazionale delle Richerche. 
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for which the following relationship is valid: 

E = E” + E, + k log [Ag+ ]t,c. (4) 

The potential di&ence measurements free for solutions at constant ionic strength (KNOB = 0.25, 0.5 
and 0*75&f) and containing different amounts of silver nitrate, show a constant value of E,. The k values 
used in equation (4) to determine -log ao are those experimentallyfoundfor thespecific ionic strengths used, 
and are in agreement with theoretical values in the Nernst equation. The reproductibility of E was & 2-3 mV. 

The -log a,, values were extrapolated to [Ag+llot = 0 at constant Tu concentration and variable 
[Ag+]$., concentration ranging from 5 x lo-” to 6.25 x 10-sM. The expression (2) is then valid and 
iT&.= r]ru],.,. The pH of the solutions, measured by glass-calomel electrode at 25”, was 6.8. At this 
value the reaction Tu + H+ = TuH+ and the hydrolysis of silver ion are negligible.‘* 

Tu solutions were prepared just before use from Tu that had been recrystallized from ethanol and dried 
at 85Ym.p. 181-183”). Silver nitrate solutions were kept in dark flasks and standardized periodically by 
dielectrometric titration with potassium chloride. 

Measurements were made at 25, 35 and 45” with 100-m] samples with ionic strength kept constant by 
means of 0.25, 0.50 and 0.7SM potassium nitrate. 

When stoichiometric amounts of the two reagents were mixed, a white precipitate appeared which black- 
ened immediately. This was accompanied by a smell of hydrogen sulphide and appearance of a metallic 
fihn on the surface of the solution. Later it was found that these phenomena arise when the potential of the 
silver electrode becomes 60-70 mV us. S.C.E. 

On the other hand when the silver nitrate solution was added to an excess of Tu, a clear colourless and 
stable solution was obtained. Before measurement the solutions were equilibrated for 5-6 hr in a thermostat. 

RESULTS 

Because of the large number of experimental data and calculations, only the final resultsare given here. 
Figure 1 shows the dependence of -log a0 on pTu at 25” and [KNO,] = 0.25M. The value of tan 0 = 

II I I 
-2-O -I*0 

-log [Tu] 

Fig. 1. Relation between -log ac and --log[Tu] at 2Y, [KNOJ ==0.25M and [Ag+] = 0 
(tan eo = 3.4). 

a( -log ao)/a(pTu) = 3.4 indicates the formation of AgTut . The values of a0 are not quoted here, but 
mathematical analysis of l/a0 tu.~uk,,. gives the values of the overall formation constants (@,) of four 
mononuclear complexes AgTu.+. Table 1 gives the values of log & at different ionic strength and temper- 
ature together with thermodynamic values of log & extrapolated to KNOI = 0, and thermodynamic for- 
mation parameters. 
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Table 1. Over-all stability constants and thermodynamx data. 

T, “C KNOa =@75M KNO$ zD5M KNOs =@ZM KNOs -0 AG” AH” ASO 
kc&/mole kcoljmole cal/mole.deg. 

25 7.30 Y-18 7*30 7.30 
log 81 ::: 6.40 6.69 6.48 6.52 r;; -36.9 -!Xl 

560 560 5.60 5.60 -8:l 
25 1060 10.60 10.36 

log Bz :: 9-92 *::z 9.92 ‘E 
-14.4 

9:34 
1;::‘: -25.3 -36 

9.34 9*34 

:: 
12.68 13.0 12.74 

:2:E 
-17.4 

log Bs 11.98 1190 12.22 -16.9 -26.1 -29 
45 11.53 11.67 11.56 11.59 -16.9 

:: 
13.78 13.75 13.64 13.72 -18.7 

log 84 12895 13.04 
45 12.16 12.24 

:2t:: Z -18.3 -34.1 -51 
-17.7 

CONCLUSIONS 

Four mononuclear complexes of rather high stability have been found in the Ag(I)-T’u-Hz0 system. 
The overall formation constants were 7-10 orders of magnitude greater than those for complexes of silver 
with organic sulphides as ligand15 and were similar to those for phosphine ligands.16 The order KI > K2 c 
& > K4 indicates a probable change in co-ordination on entrance of the third l&and, confirmed by the 
sequence of partial heats of formation (AH, < AH, > AH,); the first two groups are probably co-ordinated 
linearly to the silver. 

The thermodynamic data for the reaction 

Ag(Hz0): + n Tu = AgTu.(HzO): + (x - v)HzO 

indicate a markedly higher stability of the Ag-S bond in AgTuz than of the Ag-0 bond in the aquo-ion. 
The large negative entropy term can be explained by a partial release of water molecules in the complexation 
process. 

Institute of Analytical Chemistry A. BELLOMO 
University of Messinu D. DE MARCO 
Messina, Italy A. DE ROBERTIS 
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Summary-A potentiometric study has been made of the Ag(I)-CSNIH,-H,O system. Mathe- 
matical analysis of the formation functions reveals the existence of the complexes AgCSN2H:. 
Ag(CSN,H,)t, Ag(CSN,H& and Ag(CSNIH& for which the stability constants have 
been calculated at different ionic strengths and temperatures. No evidence was found for the 
formation of polynuciear complexes. 

Zm-Das System Ag(I)-CSN,H4-Ha0 wurde potentiometrisch untersucht. Die 
mathematische Analyse der Bildun~funktionen zeigt die Existenx der Komplexe AgCSN2H4+, 
Ag(CSNzH&+, Ag(CSN,H&+ und Ag(CSN2H4>4+ an. Deren Stabilitiitskonstanten wurden 
bei vemchiedenen Ionenstarken und Temperaturen berechnet. Es fand sich kein Hinweis auf die 
Bildung mehrkemiger Komplexe. 

R6smr&-On a effectu6 une etude potentiometrique du systeme Ag(I)-CSN2H4-H20. L’anaiyse 
mathbmatique des fonctions de formation revtIe l’existence des complexes AgCSNtH4+, 
Ag(CSN2H&+, Ag(CSN,H& + et Ag(CSN2H&+ pour lesquels on a calcule les constantes de 
stabilite a differerentes forces ioniques et temperatures. On n’a pas trouve de preuve de la 
formation de complexes polynu&aires. 
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ERRATUM 

On page 645 in the July 1973 issue, lines 15 and 16 should be replaced by the following. 

und FAT II als fltissige Membranelektroden von Interesse. 
Fur die schnelle Fltissigkeitschromatographie brauchbare Produkte erhalt man durch 

NOTICE 

21st CANADIAN ‘SPECTROSCOPY SYMPOSIUM 

This symposium will be held in Ottawa, 7-9 October 1974. For further information contact 
Mr. J. L. Dalton, Secretary, 21st Canadian Spectroscopy Symposium, Department of 
Energy, Mines and Resources, Mines Branch, 555 Booth Street, Ottawa, Ontario, Canada. 
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TALANTA REVIEW” 

THIN-LAYER CHROMATOGRAPHY IN THE HEAVY 
ORGANIC INDUSTRIES 

R. AMOS 
Esso Research Centre, Abingdon, Berkshire, U.K. 

(Received 7 February 1973. Accepted 11 April 1973) 

Summary-The technique of thin-layer chromatography, as practiscd in the organic industrial 
laboratory, is described and its applications to the analysis of petroleum hydrocarbons, fuels, 
lubricants, polymers, plastics and their additives, non-ionic surfactants and explosives are 
reviewed. The role of thin-layer chromatography in the conservation of the environment is also 
considered. 

Thin-layer chromatography (TLC) is a quick and simple semi-quantitative analytical tech- 
nique requiring only inexpensive apparatus for many routine applications. Taken in con- 
junction with other sophisticated analytical techniques, however, it becomes a powerful tool 
and often plays a vital role in the separation of complex organic mixtures. 

Over the last decade, the technique has been widely applied in the following areas 

Lipids 
Terpenoids and essential oils 
Vitamins 
Steroids 
Alkaloids 
Pharmaceuticals 
Drugs, antibiotics 
Clinical medicine 

Plant extracts 
Food additives 
Insecticides 
Proteins, amino acids 
Nucleotides, nucleic acids 
Sugars 
Inorganic ions 

These applications have been adequately chronicled in the several textbooks on TLC, such 
as those edited by Stahl’ and Kirchner.’ Applications in industrial organic analysis have 
been much less adequately treated, however, and, if mentioned, are usually tucked away 
under such headings as “ Miscellaneous “. The object of this review is to help to redress this 
imbalance. The range of industrial applications it is intended to cover mainly derives from 
the petrpleum and coal industries and includes fuels,_lubricants, polymers, plastics, additives 
and other manufactured chemicals. Not only does TLC play a part in the research, develop- 
ment and process and quality control of these materials, it also fulfils vital roles in analytical 
schemes devised to unravel the composition of unknown mixtures. TLC is also useful in 
problems concerned with conservation of the environment. 

* For reprints of this Review see Publishers announcement near the end of this issue. 
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HISTORICAL 

Although Izmailov and Shraiber3 first used TLC in 1938 to separate plant extracts, for 
the next twenty years bed-layer chromatography was dominated by paperchromatography, 
introduced in 1944 by Consden, Gordon and Martin4 This technique was much used in, 
for example, the biochemical field, where it was ideal for the separation, by partition chroma- 
tography, of hydrophilic solutes between an aqueous mobile phase and the water held by 
the cellulose support, i.e., the paper. Paper chromatography did not enjoy wide spread popu- 
larity in the organic industrial laboratory-the procedure was too slow for most applications 
and the mainly hydrophobic samples were not amenable to the hy~ophi~ic systems which 
had been evolved. 

In contrast, the industrial organic analyst during the 1950’s was deeply involved in apply- 
ing the rapidIy deveioping and enormously successful technique of gas chromatography, but 
by the early 1960”s the limitations of this technique for the analysis of increasingly involatile 
materials became apparent. At about the same time the emergence of TLC as a successful 
technique for the separation of lipophilic mixtures was noted. The last ten years have seen 
the ~~b~s~ent of TLC as the second most widely-used separation technique in many 
analytical organic chemistry laboratories. 

GENERAL TECHNIQUE 

A recent account of the practice of TLC in the industrial organic laboratory, based on experience at the 
Esso Research Centre, Abingdon, has been given by Perry, Amos and Brewers to which the reader is referred 
for fuiler details. The technique, in outline, involves the appIi~tion of microgram quantities of sample com- 
ponents in the form of dilute, typically l-5%, solutions to a thin layer of stationary phase bound to a sup 
porting plate, usually glass. The most common stationary phase is silica gel; alumina is also often used, both 
acting as adsorbents. However, many examples have been reported (see “ Applications “) involving separa- 
tions by normal partition chromatography (e.g., on cellulose as the stationary phase), reversed-phase partition 
c~o~to~phy (e.g.* by using a non-adsorbent support such as kieselguhr, impregnated with hi~-~il~g 
non-polar organic liquids such as squaIane), ion-exchangechromatography and gel exclusion chromatography 
(using swollen organic gels of known pore size as the stationary phase). In the early days, TLC plates were 
prepared in the laboratory, but nowadays many brands of precoated plates are commercially available.s@ 

After sample application. the plate is placed in a developing tank containing a few mm depth of theappro- 
priate mobile phase which then travels through the layer by capillary action. In doing so, it carries with it the 
sample components, which travel at dit%rent rates dependii on their distribution coefficients between the 
stationary and mobile phases. Various methods of development have been described1J~5 and several types 
of development tank are commercially available.’ 

Development is most conveniently carried out by ascending chromatography with the plate standing 
vertically in either a sandwich-type chamber or in a glass tank. The choice of mobile phase depends first 
upon tltc cbromatographic mechanism to be exploited and secondly on the chemical nature of the sample. 
Other factors which must be considered in choosing a mobile phase include volatility, viscosity, solubility of 
the solute and possible mobile-stationary phase interaction. All these factors have been discussed recently.s 
For example, to carry out a separation by adsorption chromatography with a silica stationary phase one 
would try out a series of vofatile solvents of gradually increasing eluent strength, using mixtures if necessary, 
until an optimum separation is achieved and the components of interest lie between one-fifth and four-fifths 
of the length of the developed chromatogram. A typical series of solvents in order of increasing polarity in 
adsorption chromatography would be a-pentane, carbon tetrachloride, toluene, diethyl ether, chloroform, 
ethyl acetate, nitromethane, pyridiie, methanol and acetic acid. 

Development is stopped by removing the plate from the chamber when the mobile phase has reached a 
predetermined position, and the plate is then allowed to dry. The separated so&es are located, if not alreedy 
visible, by viewing under ultraviolet light or by spraying with a chemical solution that will react with the 
solute to give a characteristic colour when viewed in normal or ultraviolet light. 

Gradient techniques may also be used, the gradient being applied by varying the activity of the stationary 
phase, the eiuent strength of the mobile phase, or the temperature. 
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Fig. 1. Equipment suitable for field use 

GENERAL APPLICATIONS 

The use of TLC in industrial organic analysis fails into three main categories, for moni- 
toring a chemical process, for identification of unknown components or in quantitative 
analysis. The general principles of these three different types of application will now be 
considered in turn. 

For process monitoring 

In this application, full advantage is taken of the speed and simplicity of the technique. 
All that may be required is a packet of precoated plates, a microsyringe, a simple sandwich- 
type development chamber, a bottle of solvent and a pressurized can of revealing reagent. 
As can be seen from Fig. 1 this can be easily packed away in a briefcase, demonstrating that 
this technique can be readily adapted to field use. Examples of this type of application 
include the following. 

ChemicuZsynthe.sis. Here, conditions are first established for obtaining a thin-layer chrom- 
atogram of the reactants. As the reaction proceeds, samples are taken at regular intervals and 
chromatographed. The disappearance of spots due to the reactants and the appearance of 
fresh spots due to the products are noted. If the position of the reaction product, or more 
usually its behaviour with a chromogenic reagent, can be predicted, its appearance can be 
observed. Furthermore, spots due to undesirable by-products may be detected at an early 
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Fig. 2. TLC cbromatogram of lubricating oil fractions I-10. Adsorbent, Merck silica gel G; 
mobile pbasc. benzene; revealed by phosphomolyWic acid reagent. A = base oil; B = zinc 

dialkyldithiophosphate; C = isopropyl oleate; D. E, F = alkyl phenols; G = amine. 

stage and appropriate corrective action taken. Some typical examples are discussed in the 
section on explosives. 

Purt$cation. Arising from the use of TLC in chemical synthesis, the technique can be used 
to monitor progress during the various work-up procedures required for the purification of 
the final product and can even be used to establish a specification limit. This is especially 
valuable in cases where an undesirable impurity has an RF value fairly close to that of the 
required product. By comparing solutions of known increasing dilutions it can be established 
at which concentration the impurity in question can no longer be seen under standard 
chromatographic conditions. 

The use of TLC as a monitor for the fractionation of a complex sample on a large scale 
liquid chromatographic column is illustrated by the work of Killer and Amos.* A lubricating 
oil was chromatographed into 10 fractions on an activated silica column, a tiny portion of 
each fraction being spotted on to a silica gel TLC plate. The chromatogram (Fig. 2) gives 
an insight into the relative concentrations of the different components in the mixture. 

Additive depletion studies. Manufactured chemicals are added to many industrial products 
to improve their properties. Such products may be used in a hostile environment and their 
deterioration can conveniently be monitored by TLC, enabling onset of failure to be pre- 
dicted and avoided. As an example, Killer and Amos’ studied the thermal decomposition of 
zinc di-isopropyl dithiophosphate, a compound of the type commonly used as antioxidant 
antiwear additives in lubricating oils. This was followed up by studying the behaviour of a 
similar additive in service by taking oil samples from an engine after each successive 1000 
miles. The observed degradation of the additive and the appearance of fresh spots could be 
correlated with oil quality and the condition of the engine. 

Qualitative analysis 

The identification of unknown compounds by TLC is based on RF values and specific 
colour reactions; confirmation is obtained by isolation of the separated components from 
the stationary phase and positive identification by an ancillary technique such as infrared 
speqtroscopy or mass spectrometry. 

Identification by RF values. The position of a solute spot on a developed TLC plate is 
described by measuring its RF value, defined as 
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RF= 
Distance moved by solute from point of application 

Distance moved by mobile phase from point of application 

RF values therefore vary from 030 (no movement) to 1.00 (movement with solvent front). 
The precision with which this measurement can be made (i.e., reproducibility from lab- 

oratory to laboratory) is rather poor. This is because of the many factors which can affect the 
R, value.5 In adsorption chromatography, for example, such factors as the quality of the 
adsorbent (surface properties, surface area and particle size), activity of adsorbent, layer 
thickness, purity of the mobile phase, exposure of the adsorbent to solvent vapour in the 
developing tank, effect of temperature, position of starting point in relation to depth of 
mobile phase in the developing tank, development time, mobile phase velocity, sample size 
and complexity of the sample, all influence the measured RF value. To make matters worse, 
difficulties may be encountered in determining the position of the true mass centre of the 
spots, particularly when they are not symmetrical. As a result, the TLC procedure must be 
carefully standardized if RF values are to be measured, and several such procedures have 
been described.5*g9’0. 

Tables of RF values are regularly published” which, taken in conjunction with behaviour 
with specific revealing reagents, are used to make a tentative identification of a separated 
solute. In spite of the poor reproducibility of RF values, the published tables are useful be- 
cause they indicate whether it is possible to separate a particular group of compounds and 
they also serve as a guide as to the conditions to be chosen when attempting to carry out a 
similar separation for the first time. 

Identification by chromogenic reagents. Colourless solutes on a developed chromato- 
gram are revealed by spraying the plate with a solution of a reagent that will form a coloured 
derivative with the solute. Whilst some reagents, e.g., phosphomolybdic or sulphuric acid, 
form coloured derivatives with most organic compounds (these two give rise to blue and 
charred spots respectively), many reagents can be chosen that will react with one or more 
specific functional groups to give a characteristically coloured derivative. For example, 
2,6-dichloroquinone4chloroimine has been extensively studiedI and produces a variety 
of intense colours with primary, secondary and tertiary aromatic amines, carbazoles, primary 
and secondary aliphatic amines, aromatic hydrocarbons and phenols. Amines, amine oxides 
and other oxidized nitrogen compounds give weak or negative reactions, as do aromatic 
compounds with electron-attracting groups. This reagent is widely used for the detection 
of antioxidants. Further colour changes may occur on spraying with borax solution. 
Table 1 gives a selection of chromogenic spray reagents which may be used for the identifi- 
cation of specific functional groups. Other examples and further details on their preparation 
will be found elsewhere.5 

Identification after removalfrom the stationary phase. The combination of TLC with other 
sensitive instrumental methods, particularly infrared spectroscopy, mass spectrometry and 
gas chromatography, provides a powerful identification tool for identifying complex 
organic mixtures. The sample sizes required by these techniques are compatible with the 
microgram amounts of material readily separable by TLC. When using these high-sensitivity 
identification techniques special care must be taken to avoid solute contamination.r3 Adsorb- 
ents and solvents must be especially pure, atmospheric pollution and contamination by 
plasticizers must be avoided, and sample handling must be reduced to a minimum. 

An effective way of carrying out this task”‘r4 is to chromatograph on a specially purified 
adsorbent, using redistilled solvent. The area of stationary phase bearing the separated com- 
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Table 1 

Functional group 

Acids and bases 
Alcohols 
Aldehydes and ketones 
Amides, anhydrides, esters 
Aliphatic amines 
Aromatic amines and phenols 
Antioxidants I 
Peroxides 
Phosphorus compounds 
Polynuclear aromatics 
Sulphate and sulphonate esters 
Sulphur-containing compounds 

Reagents and reactions 

indicators, e.g., Bromocresol Green, Methyl Orange 
ceric ammonium nitrate, vanadium oxinate 
hydraxotte formation with 2,44initrophenylhydrazine 
hydroxamic acid/ferric ion reaction 
cobalt thiocyanate, ninhydrin 
axe-dye formation with diaxonium salts; 
coupling reactions with 2.6dichloroquinone4chloroimine. 
N,Kdhnethyl-p-phenylene diammonium dichloride 
molybdenum blue formation with ammonium molybdate 
fluorescence under long-wave ultraviolet light 
Pinacryptol Yellow 
palladium chloride 

ponent is transferred, by microspatula, to a capillary tube. The solute is eluted, by perco- 
lating, drop by drop, a polar solvent such as acetone through the tube into the sampling 
accessory of the appropriate identification instrument. This could be, for example, the direct 
insertion probe of a mass spectrometer, or a small pile of potassium bromide powder which 
is then used to prepare a microdisc suitable for infrared spectroscopy. 

Quantitative analysis 

Quantitative analysi$*” in TLC can be carried out either directly on the plate or after 
elution of the separated solutes from the stationary phase. To obtain an error of less than 
10% requires a considerable amount of skill and patience on the part of the experimenter 
and also requires the use of ancillary equipment. In addition, the component to be measured 
needs to be well separated from other components and must either possess a chromophoric 
group or react quantitatively with a chromogenic reagent. 

All this detracts from the basic simplicity of the technique and it seems likely that routine 
quantitative TLC will soon be superseded by the rapidly emerging technique of high-perfor- 
mance column chromatography.’ Nevertheless, many highly successful quantitative TLC 
applications have been reported, with precisions of 5% or better. 

The simplest, and often adequate though the least precise, technique of quantitative analy- 
sis is by visually comparing the size and intensity of the sample spots with those from a 
series of standard solutions of similar composition. An improvement in precision is achieved 
by measuring the areas of the spots, e.g., by planimetry, photographing or copying onto 
tracing paper, cutting out and weighing, or by copying onto millimetre-squared paper and 
counting the number of squares. The amount of material in the sample spot is found by 
interpolation, after plotting an appropriate function such as the logarithm of the weight of 
material in the standard spots VS. square root of the spot areas, to obtain a straight line or 
(more usually) a smooth calibration curve. 

Such methods of measuring spot areas are tedious and time-consuming and better results 
are obtained more quickly by densitometry. In this technique, an integrated function of spot 
area and intensity is measured by scanning the TLC spot with a beam of light. The reflected 
or (more usually) the transmitted light is directed to a photomultiplier and the difference in 
intensity between this and the incident light is measured electrically and indicated on a 
strip-chart recorder. A symmetrical spot would give rise to a Gaussian peak, the height of 
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which would be proportional to the intensity of the spot, and the peak-width proportional 
to the spot diameter. As before, some function of the peak areas of a series of reference solu- 
tions is plotted against the weight of solute per spot to obtain the calibration curve. 

The quantitative methods described so far suffer from several sources of error inherent 
in the TLC procedure itself. Major sources of error arise from the difficulty in applying a 
reproducible amount of sample to the layer, variations in layer thickness, and, which is 
probably the most important source of error, the difficulty of spraying a plate uniformly and 
ensuring that a reproducible, quantitative reaction between solute and chromogenic reagent 
occurs to produce a spot with a colour that is stable long enough for evaluation. 

The highest accuracies in quantitative TLC have been reported for use of fluorimetry in 
which a fluorescent spot on a dark background is scanned under ultraviolet light. The prep 
aration of the chromatogram, the mechanics of scanning and interpretation of the results 
are the same as in densitometry. Highest accuracies are achieved with naturally fluorescing 
compounds such as the polynuclear aromatics that do not require treatment with a chromo- 
genic reagent, thus eliminating the major source of error. The application of in situ fluori- 
metry to the determination of atmospheric pollutants has been described by Sawicki16 in a 
previous review article. 

A number of densitometers and fluorimeters are commercially available. The modes of 
action of some of them have been compared in a recent review article by Lefar and Lewis.” 
In general, it can be said that the errors involved in producing reproducible chromatographic 
spots far outweigh the instrumental errors. 

The most widely reported method of quantitative TLC involves spectrophotometric deter- 
mination of the solute after it has been eluted from the stationary phase. Although more 
time-consuming than densitometry, and subject to many errors, it presumably owes its 
popularity to the fact that a spectrophotometer is a standard piece of equipment in most 
laboratories. Errors arise mainly from incomplete recovery from the stationary phase, and 
interference from impurities in the stationary phase. These are much more more serious in 
ultraviolet than in visible-region spectrophotometry. A number of workers’s*i9 have 
compared spectrophotometry with densitometry and conclude that the precision of the two 
methods is similar, with relative standard deviations in the 3-5x region. Some examples are 
des,cribed in the section on plastics and polymers. 

APPLICATIONS IN PETROLEUM ANALYSIS 

The use of TLC in the analysis of petroleum and its products has been described in some 
detail by Killer and Amos8 and by Coates.’ Applications can be divided into two main parts, 
those concerned with the composition of the hydrocarbon oil itself and, more importantly, 
qualitative or semi-quantitative determination of the various chemicals that are added to 
petroleum products to enhance their useful properties. 

Hydrocarbon types 

Non-volatile oils can be separated, to some extent, according to class of compound, on 
layers of silica or alumina, with C,-C, paraffins or cycloparaffins as mobile phase. Saturated 
compounds, being unadsorbed, travel with the solvent front, closely followed, in order, by 
mono-, di-, and tricyclic aromatics. Naturally-occurring sulphur compounds (sulphides, 
thiophenes) travel with the aromatics. 

Difficulties are encountered’ in obtaining regularly shaped spots, particularly of the satur- 
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ated hydrocarbons, for samples of high viscosity in the range from gas-oil to lubricating oil. 
This is because the solvent front passes so quickly over the substance on the starting line that 
the separated zones have no time to distribute themselves evenly over the adsorbent surface. 
This problem may be overcome by applying the sample solution to an adsorbent surface pre- 
wetted by a relatively high-viscosity mobile phase such as cyclohexane. This process is best 
achieved by using the horizontal “BN chamber” for development of the chromatogram. 
Aromatics are detected either by their fluorescence or fluorescence-quenching characteristics 
when viewed under ultraviolet light (long-wave and short-wave respectively), whilst saturated 
compounds are revealed by spraying the plate with 5% potassium dichromate in 40% 
sulphuric acid. 

Ole8ns are only separable from saturated compounds on silica gel plates impregnated 
with silver nitrate. A more impressive separation is obtained after prior conversion of the 
olefins into their mercuric acetate derivatives by the procedures of Braun” and Prey et ~1,~’ 
After the sample containing olefin has been allowed to stand with an alcoholic solution of 
mercuric acetate for 30 min, the reaction mixture is chromatographed on a silica gel plate 
with a mobile phase of n-propanol-triethylamine-water (50:25:25 v/v). The adducts are 
revealed as violet spots on a pink background after spraying with a 2% alcoholic solution 
of diphenylcarbazone. Less than 0.1 pg of mercuric adduct can be detected, which means 
that less than 0.1% of olefin in a petroleum product can be detected. 

The usefulness of TLC is generally restricted to identification of different product types, 
e.g., in tracing possible sources of pollution. Grump”’ was able to classify oils into four 
groups--mineral oils, synthetic esters, naturally-occurring glycerides (e.g., olive, mustard, 
and sulphurized sperm oils) and others and thus was able to recommend procedures for 
detecting contamination of edible oils by lubricants. 23 The samples were chromatographed 
on layers of silica gel anddeveloped with chloroform-benzene (70:30 v/v). After development, 
the plates were examined under ultraviolet light, mineral oils being revealed as blue fluores- 
cent zones of high RF value. The plates were then sprayed with concentrated sulphuric acid, 
heated at 120” for 15 min and then re-examined under ultraviolet light; esters and glycerides 
appeared as grey spots of lower RF value. Silicone oils were not revealed by these procedures 
but could be detected by respraying the plate with chromic acid followed by a further heating 
treatment. Similarly, petroleum oil diluents in coal-tar creosote were measured24 down to 
the 0.25% level, by chromatography on Merck silica gel H with hexane as mobile phase. 
The mineral oils were revealed as brown spots by spraying with an cr-cyclodextrin solution 
followed by exposure to iodine vapour. A similar application is the estimation of mineral oil 
contamination in synthetic hydraulic fluids. ’ This is of vital importance in the aircraft 
industry. 

Heavy oils, particularly petroleum resins, can be characterized by use of a 3-stage discon- 
tinuous layer-gradient plate. ” The plates consist of three parallel sections coated, in order, 
with Florisil, alumina and silica gel and developed in the direction from the Florisil towards 
the silica. Various solvent combinations are utilized according to the type of separation 
required. For example, with cyclohexane-benzene-ethyl acetate (105 : 1: 1 v/v) a chromato- 
gram containing one of the separated cuts in each stage is obtained whilst petroleum 
ether-ethyl acetate-acetone (380: 1: 1 v/v) produces a separation between saturated com- 
pounds and monocyclic aromatics within the silica-coated portion. Semi-quantitative 
information is obtained from the completed chromatogram by measuring the size of the 
bands with a ruler or photoelectric scanner. 

The most extensively used application of TLC in hydrocarbon analysis lies in the detection 
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and determination of polynuclear aromatic hydrocarbons, particularly the carcinogenic 
benz[a]pyrene. 

Lubricating oil additives 

The most successful application of TLC in the petroleum industry has been in lubricating 
oil additive analysis. 7P8~26 These applications can be classified as follows. 

(i) Detection and determination of additives in unknown products. 
(ii) Monitoring the preparation of additives. 

(iii) Blending control. 
(iv) Following additive depletion in used oils. 

TLC can provide information on the additives in a drop of oil, which may be either im- 
possible or time-consuming to get in any other way. For example, whilst the infrared spec- 
trum of an oil containing an overbased detergent-additive may be completely dominated by 
carbonate absorption bands, a rapid TLC test will establish whether the additive is of a sul- 
phonate or phenate type. Similarly, the infrared spectrum of a oil containing several addi- 
tives may be too complex to interpret, whereas TLC of the same oil rapidly separates the 
additive components and, with the help of specific spray reagents, provides valuable infor- 
mation on the type and quantity of specific additives present. 

Table 2. Lubricant additive types 

Function 

Antioxidants 

Detergents, dispersants 

Antiwear, load bearing 

Corrosion inhibitors 

Viscosity index improvers; pour 
point depressants 

Compound type 

hindered phenols, bis phenols and amines, phenothiazine deriva- 
tives. 
calcium or barium sulphonates, phenates, bis phenates, sulphurixed 
phenates, phosphosulphurixed phenates, salicylates. carboxylates, 
polyisobutenyl polyamides. 
zinc dialkyldithiophosphates, dithiocarbamates, phosphate and 
carboxylate esters, amine salts, sulphurixed unsaturated esters and 
terpenes. 
colloidal carbonates (incorporated in detergent inhibitors), alkanol- 
amines, N-substituted benxotriaxole and mercaptobenxthiaxole 
derivatives, carboxylic acids. 
high molecular-weight polymers not separable by TLC. 

Some common additive types found in lubricating oils are given in Table 2. In many in- 
stances, the additives are not discrete chemical compounds but complex reaction mixtures 
of natural products (e.g., sulphurized sperm oil), but because adsorption chromatography 
separates by compound type, and not by molecular weight, relatively simple and identifiable 
chromatograms are usually obtained. The total additive content of modern lubricants may 
range from about O*l’A of a simple antioxidant to more than 10% of a complex mixture, 
depending upon the environment in which the lubricant is to be used. 

Additives in unknown products. An analysis scheme, based on TLC, of a complex lubricant, 
is illustrated in Fig. 3. 

A useful first step is an elemental analysis on the original sample for metals, phosphorus, 
chlorine and boron. X-ray fluorescence, ultraviolet emission and atomic-absorption spectro- 
scopy are the techniques most commonly used. Since hydrocarbon oil contains naturally- 
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TLC 
elemental analysis 

hydrolysis 

methanol insolubles 
(polymers) 

methanol solubles 

I 

TLC 

spectroscopy 

gel-permeation chromatography 
infrared spectroscopy 

spectroscopy 

Fig. 3 

occurring sulphur and nitrogen compounds, the determination of these elements is delayed 
until the dialysis residue has been obtained. If the oil is low in carbonate and polymer 
content, TLC can be applied directly to the sample. However, high carbonate and polymer 
concentrations produce smears on the plate which interfere with effective chromatographic 
separation. They can be removed from the sample by dialysis2’ followed by hydrolysis of 
the dialysis residue. Polymers are removed by precipitation with methanol and characterized 
by gel-permeation chromatography and infrared spectroscopy. The methanol-soluble frac- 
tion, containing phenols, sulphonic and carboxylic acids can then be examined by TLC. 
The dialysate, containing the hydrocarbon base oil and low molecular-weight ( < 1000) 
additives are also examined by TLC and the separated spots are scraped off, eluted with 
acetone and identified by infrared and mass spectrometry. 

Table 3 summarizes the sequence of experiments carried out to locate the additive types 
present in an unknown sample. The use of specific spray reagents provides valuable infor- 
mation on the likely additive types present, and where the presence of a well-known additive 
is suspected, the simultaneous chromatography of a reference additive often renders the 
spectroscopic identification of the eluted spot a formality which can be dispensed with. 

Lynes’a found TLC to be a rapid method for the identification of alkanolamines used as 
corrosion inhibitors in hydraulic brake fluids and cutting oils, and their salts (e.g., oleate, 
stearate, naphthenate) which are used as emulsifiers and detergents. The best chromato- 
graphic system was found to be dichloromethane-ethanol-ammonia (43:43:15 v/v) on 
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silica gel. Solutions of 0.2% ninhydrin and alizarin in acetone were used to reveal the separ- 
ated allcanolamines. By means of the characteristic colours produced, and differences in 
RF values, it was possible to distinguish between the primary, secondary and tertiary amines. 
Extra spots were obtained when the acid salts were chromatographed. 

The alkyl- groups of zinc dialkyl dithiophosphates can be tentatively identified by their RF 
values. To maximize differentiation of R, values, a hydrocarbon solution of the additive 
is tist shaken with diethylamine and the resulting alkylammonium salts are chromato- 
graphed on an activated alumina G plate with n-hexane-acetone-ethanol-triethylamine 
(20:30:1:1 v/v) as mobile phase. ” The spots are revealed by spraying first with an iodine- 
azide solution, followed by a starch solution. RF values increase with increasing size of the 
alkyl groups. A more informative and sophisticated method is to chromatograph the addi- 
tives directly on layers of silica gelaV3’ using heptane-acetic acid (95 :5 v/v) as mobile phase. 
After development, the spots are eluted with acetone directly into a pyrolysis unit coupled 
to a gas chromatograph. The separated sample is pyrolysed and the products swept into the 
column. The olefins so formed are separated and identified by retention values, from which 
the structure of the original dialkyldithiophosphate can be deduced. 

Diamond3’ distinguished the various n-(Cr-C,,) p-alkyl phenols used in lubricating oil 
formulations by separation on polyamide layers with 1M sodium hydroxide-methanol 
(70:30 v/v) as mobile phase. As the alkyl chain length increased, the RF value approached 
zero, so that it was not possible to distinguish between phenols having alkyl groups longer 
than Ci2. Cr&s alkyl phenols can, however, be separatedg2 by reversed-phase chroma- 
tography on silicone oil impregnated silica gel with acetic acid-water (80:20 v/v) as mobile 
phase. 

Additive preparation. Coates’ used TLC to follow the preparation of alkyl phenothiazine 
for use as an antioxidant in aircraft engine lubricants by a Friedel-Crafts alkylation of 
phenothiazine with a C,-Cg olefin cut. The disappearance of alkenes was monitored by 
chromatography of their mercuric acetate derivatives, and the reaction product was shown 
to be a complex mixture. Similarly, the alkylation of phenols by polyisobutylene was followed 
and the ratio of ortho- to p&a- substitution determined by the use of spray reagents which 
distinguished the different product types. 

Blendbtg control. TLC provides a rapid and simple method of blending control. A 30% 
solution of the oil under test is chromatographed alongside the reference blend it is required 
to match in composition. A visual comparison of spot size and areas is all that is required 
to determine whether a component has been correctly added to within 5% of the required 
amount. 

Additive depletion studies. TLC is particularly useful for following additive depletion 
rates in used oils during service or during a laboratory simulated engine test because only 
small amounts of sample are required, e.g., a drop of oil from the end of a dipstick. Further- 
more, it can be established whether the additive is actually still within the oil itself or deposi- 
ted in the engine sludge. When a fresh oil is available for comparison, the chromatogram 
allows a semi-quantitative assessment of the decrease in additive concentration in the used 
oil. For example, it was shown* that the two major spots in a zinc dialkyl dithiophosphate 
antiwear additive had disappeared after 1000 miles whilst a further spot persisted right 
through a 5000-mile road test. Furthermore, a new spot appeared after 2000 miles and 
gradually increased in size as the test proceeded. The changes observed could be reproduced 
during thermal oxidation experiments in the laboratory. Similarly, the fate of sulphonates 
and phenates in motor lubricants and the depletion of oxidation inhibitors in turbine oils 
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have also been followed by TLC. ‘,* A further important application’ has been the detection 
of mineral oil contamination in synthetic hydraulic fluids, e.g., brake fluids, which can lead 
to breakdown of the hydraulic systems owing to oil-swelling of rubber seals. 

Fuel additives 

Various materials, such as anti-icing compounds, antioxidants, corrosion inhibitors, metal 
deactivators, surfactants and dyes are added to fuels to improve their properties. Quick ana- 
lytical techniques are required to check that each batch of finished product contains the 
correct amount of additive and to check on possible losses of additive in the distribution 
system. TLC has proved to be the most effective technique for those additives too involatile 
to be determined by gas chromatography. Since the additive levels lie in the l-100 mg/l 
concentration range, a preconcentration step is generally necessary. Two general methods 
have been found to be most useful. The first is solvent extraction with methanol-water 
(95:5 v/v) and the second is to shake the fuel with activated alumina followed by desorption 
of the adsorbed polar additives with acetone or ethanol. In both cases, the additive extract 
is concentrated by removing the solvent at 40” under vacuum and the residue is examined by 
TLC. As an example, the author developed a routine method ” for the determination of the 
antioxidant 2,4-dimethylt-butylphenol added at the 10 mg/l. level toaviation turbine fuels. 
Evaluation of the finished chromatogram by densitometry with the Joyce-Loebl Chromoscan 
gave a precision of & 5%. 

TLC has been used34 for identifying furfuraldehyde, used as a marker in gas oils and 
kerosenes. The oil is chromatographed on silica gel with iso-octane-chloroform (IO:90 v/v) 
as mobile phase and the furfuraldehyde is revealed as a pink spot, in the region of RF = O-35, 
by spraying with 10% v/v aniline in glacial acetic acid. As little as 20 ng of furfuraldehyde 
can be detected. 

Grump” was able to recognize the crude source of different kerosenes, using a two-dimen- 
sional TLC separation of their indigeneous phenols in the form of azo dyes. The phenols 
were extracted from the kerosenes with aqueous sodium hydroxide solution and coupled 
with diazotized p-nitroaniline. The azo dyes were chromatographed on alkali-impregnated 
silica gel with acetone-chloroform (lo:90 v/v) in the first direction and di-n-propylamine- 
benzene (I:4 v/v) in the second. Identification was achieved by comparison with the relative 
positions and characteristic colours of a reference chromatogram of 20 known alkyl phenols. 

APPLICATIONS IN POLYMER AND PLASTICS ANALYSIS 

The application of TLC to the analysis of plastics and polymers, as with petroleum, can 
be divided into two categories. The first deals with the examination of the polymers them- 
selves; the second and more important application involves the detection, isolation and 
identification of additives in polymer formulations. 

Some examples of additive types and their functions are given in Table 4. Since a polymer 
formulation may contain up to half a dozen different additives, chromatography is nearly 
always necessary before a spectroscopic identification. 

Attempts to chromatograph polymer solutions directly are generally unsuccessful since 
a smear of the large excess of polymer over the full length of the chromatogram often masks 
or distorts the spots of additive. Additives are, therefore, initially separated from the polymer 
by solvent extraction and concentrated by removal of the solvent by evaporation. The 
general procedure is to disperse the polymer in a non-polar solvent such as toluene or halo- 
hydrocarbon under reflux for 1-24 hr followed by precipitation of the polymer by the addi- 



1244 R. AMOS 

Table 4. Some additive types in plastics 

Antioxidants 

Stabilixers 

Ultraviolet absorbers 

Plasticizers and lubricants 

Polymerization catalysts 
Accelerators 

Antistatic agents 

hindered phenols 
hindered amines 
hydroquinone derivatives 
metal stearates 
urea derivatives 
organotin compounds 
benwphenone derivatives 
salicylic acid esters 
resorcinol esters 
benxotriaxole derivatives 
coumarin derivatives 
substituted acrylonitriles 
organonickel compounds 
esters of dicarboxylic acids 
phosphate esters 
chlorinated hydrocarbons 
stearate esters 
organic peroxides 
thiaxoles 
dithiocarbamates 
thiurams 
xanthates 
guanidines 
amine derivatives 
sulphonates 

tion of a polar solvent such as acetone or ethanol. The supematant liquid containing 
additives is then reduced in bulk by evaporation under vacuum. During this process, further 
low molecular-weight polymer may be precipitated, which is removed by centrifugation. 
The concentrated extract is then examined by TLC combined with spectroscopy. 

Several problemsJ6 can arise during the extraction procedure. First, the solubility of differ- 
ent polymer types in the non-polar solvent varies widely. Table 5 offers a guide for the 
selection of suitable solvents. Secondly, the extraction of additive by the polar solvent may 
be incomplete. Thirdly, decomposition of the additive by heat or light or interaction with 
other species may occur during the extraction procedure, and fourthly the additives may 
have altered in composition during the manufacture of the finished plastic, e.g., during the 
milling stage. 

As in petroleum product analysis, an elemental analysis of an unknown polymer should 
be done before the separation so that all elements other than carbon, hydrogen and oxygen 
can be accounted for subsequently. The methods used should be capable of detecting 10 
ppm of each element in the polymer. This means that as little as 0.01% of an additive con- 
taining 10% of the element in question could be detected. The most useful elemental analysis 
techniques include ultraviolet emission, X-ray fluorescence and atomic-absorption spectro- 
scopy together with micro-Kjeldahl or better, microcoulometry techniques, for nitrogen. 

Early chromatographic separations of additive extracts were carried out37*38S3g by class- 
ical liquid-solid adsorption chromatography using alumina, silica gel or mixtures of silica 
and Celite as stationary phases, on which additives were successively displaced by a series 
of solvent mixtures of gradually increasing eluent strength. Fractions were collected and 
weighed and examined by ultraviolet or infrared spectrometry or in some instances, by 
means of specific chromogenic reagents. Zijp 4o devised a comprehensive scheme for syste- 
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Table 5. Solvents for extraction of additives 

Polymer type Extraction solwnts 

Polyethylene 
Polypropylene 
Polyvinylchloride 
Rubbers 
Polystyrene 

toluene. chloroform 
dichloromethane 
ether 
ether, acetone 
toluene, methyl ethyl ketone, propylene oxide 

matic identification of antioxidants and accelerators by paper chromatography, using RF 
values and specific colour reactions. This work was extended by Auler41 and Williamson42. 

As a result of combining the most advantageous features of column and paper chromato- 
graphy, TLC has emerged as the most useful separation technique over the past ten years 
for the identification of additives in plastics. TLC of each of the various additive types will 
now be described in turn. 

Antioxidants 

Methods for the determination of antioxidants in polymeric materials have been reviewed 
by Wheeler43 who concluded that a general analytical scheme based on TLC showed the 
most promise. For example, antioxidants in polyethylene have been extracted with either 
4% methanol in cyclohexane or 10% ethyl acetate in petroleum ether.44*45 After concen- 
tration by evaporation and filtration to remove any precipitated polymer, the antioxidants 
were separated on layers of silica gel, with the same solvent mixtures as the mobile phase. 
Detection was by 3% phosphomolybdic acid or 2% 2,6-dichloroquinone4chloroimine in 
ethanol followed by a second spraying 15 min later with a 2 % borax solution,which produces 
a wide variety of characteristic colours. 

An example of a semiquantitative determination of a specific additive is given by Cromp 
ton46 who determined Santonox R (4.4’-thio-bis-6-t-butyl-m-cresol) in polyethylene in 
amounts down to 20 ppm with an error of f 20%. The additive was extracted with toluene 
for 90 min on a boiling water-bath. Dissolved polymer was precipitated by the addition of 
ethanol to the hot toluene solution. After cooling, the polymer was removed by filtration 
and the filtrate evaporated to dryness. The residue was redissolved in a small amount of 
chloroform and aliquots were chromatographed on a precoated Merck GF254 silica gel 
plate with petroleum ether (b.p. 40-6O”)-ethyl acetate (5:1 v/v) as mobile phase, together 
with a ‘series of Santonox R solutions in chloroform, covering a concentration range of 
0$05-0~05% w/v. The intensities of standard and sample spots were compared visually by 
viewing under ultraviolet light (254 nm) and by comparing the purple spots produced by 
spraying with 2% alcoholic 2,6dibromo-~benzoquinone4chloroimine solution, drying 
the plate and spraying with 2% aqueous borax solution. 

Schrbder et aL4’ extracted antioxidants and thermal stabilizers from formaldehyde poly- 
mers with chloroform. The evaporated extract was shaken with heptane to leach out anti- 
oxidants, and the heptane-insoluble fraction was shaken with methanol to leach out stabi- 
lizers. The remaining insoluble portion was hydrolysed with hydrochloric acid. Identifica- 
tion of individual components was by TLC followed by infrared spectrometry. 

Dobies4* determined phenolic antioxidants down to the 0.02% level in polyethylene 
and polypropylene films by Soxhlet extraction of the film with a heptane-octane (4:l v/v) 
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mixture followed by concentration by evaporation. The antioxidants were separated by 
reversed-phase partition chromatography on silica gel impregnated with 5% Dow silicone 
oil as stationary phase, with ethanol-water (3:l v/v) as mobile phase. Development times 
were 30-40 min and the spots were revealed by spraying with 3% alcoholic phosphomolyb- 
die acid solution. 

Kreiner and Warner4’ list RF values of 36 amine antioxidants and 31 phenolic antioxi- 
dants which together represent most of the rubber-compounding materials of these types 
manufactured in the United States. Merck silica gel G was the stationary phase and develop- 
ment was carried out under standard conditions in development tanks having atmospheres 
saturated with solvent vapour. The mobile phase for amine antioxidants was benzene- 
acetone-ammonia (100:5:0.1 v/v). After the solvent front had advanced 15 cmfrom theorigin 
the samples were located by spraying with a 4% solution of benzoyl peroxide in benzene, 
which gave a wide range of characteristic colours. Where several such antioxidants occurred 
in a mixture, the separation was improved by redeveloping the plate at right angles to the 
original development, with cyclohexane-acetone-ammonia (100:5:0*1 v/v) as mobile phase. 
A better separation of certain multi-component reaction mixtures such as alkylated di- 
phenylamines and amine-acetone reaction products was obtained by using a mobile phase 
such as cyclohexane-benzene-acetone (100: 10: 1 v/v). 

Benzene was found to be the most useful mobile phase for the separation of phenolic anti- 
oxidants, which were revealed by spraying with a borax buffer solution followed by @l% 
methanolic 2,6dichloroquinone4chloroimine solution. Again a wide range of character- 
istic colours was produced, which greatly assisted in identification. A less polar mobile phase, 
n-hexane-benzene (8 : 1 v/v), is recommended for the separation of the most highly hindered 
phenols. Simpson and Currell,‘” however, used benzene-ethyl acetate-acetone (100:5 :2 v/v) 
as mobile phase to measure the RF values of 21 commercial antioxidants available in the 
U.K. Chromatography was carried out in sandwich-type chambers, on Merck precoated 
silica gel plates. 

Stabilizers 

These are compounds added to plastics to prevent degradation by heat or light. Cromp- 
ton46 has determined the Cyasorb W 531 (2-hydroxy4n-octoxybenzophenone) content 
of polyethylene, down to the 2O-ppm level, by TLC and ultraviolet spectroscopy. The additive 
was concentrated by extraction with hot toluene, any dissolved polymer being precipitated 
by the addition of ethanol and removed by filtration. The filtrate was evaporated to dryness 
and redissolved in a small, known volume of chloroform. Reference additive solutions were 
prepared by milling a series of blends of UV 531 in additive-free polyethylene powder 
(covering the concentration range 0*05-0*5% w/w) and putting them through the same 
extraction procedure. Aliquots of sample and reference extracts were chromatographed 
on Merck silica gel GF254 plates with dichloromethane as mobile phase. The zones correspon- 
ding to UV 531 were located as dark spots when viewed under short wavelength ultraviolet 
light, scraped off, eluted with ethanol and made up to known volumes. An area of silica gel 
close to the sample spots was also scraped off to use as a blank. Absorbances at 295 run were 
measured, from which the concentration of additive in the sample was deduced. 

Simpson and Currell ” list the RF values of eleven commercial ultraviolet absorbers 
covering the range of compound types shown in Table 4, when separated on Merckprecoated 
silica gel plates developed in a sandwich chamber with chloroform-hexane (2: 1 v/v) as 
mobile phase. Spots were located either by visualization under ultraviolet light or by spraying 
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with the 2,6-dichloro-pbenzoquinone4chloroimine reagent. The same authors also success- 
fully separated by the same technique a series of organotin compounds used as heat and light 
stabilizers. The mobile phase was butanol-acetic acid (97:3 v/v) and the additives were 
revealed as blue spots by spraying with O*l% Catechol Violet solution in ethanol. 

Uhde and Zydek” determined substituted 2-hydroxybenzophenones in poly(viny1 chloride) 
by shaking the sample with tetrahydrofuran and precipitating the polymer by dropwise 
addition of methanol. The ultraviolet absorbers were separated on silica gel plates with 
cyclohexane-ethyl acetate (4 : 1 v/v). Detection was by viewing under ultraviolet light (365 nm), 
by spraying with 2% aq. Fast Red salt AL solution, or 5% ferric chloride-5% potassium 
ferricyanide solution in 1M hydrochloric acid and heating the plate briefly at 100”. 

Durisinova and Bellus” have studied the behavior of 38 2-hydroxybenzophenone deriva- 
tives used as ultraviolet stabilizers, in five different chromatographic systems. Polyamide 
layers, with chloroform-acetic acid (150:0*5 v/v) were found to be the most useful for 
separating polyhydroxy derivatives, whilst silica gel containing boric acid as a complexing 
agent gave good separations of monohydroxy derivatives with heptane_ethanol(75:25 v/v), 
carbon tetrachloride-ethanol (180: 1.5 v/v) or chloroform-benzene (80:20 v/v) as mobile 
phases. The phenones were revealed as yellow-orange-brown spots on spraying with a 
solution of diazotized sulphanilic acid. 

Dobies53 described a specific quantitative TLC method for determining ultraviolet absor- 
bers (hydroxybenzophenone derivatives) at the O*OOS-O*Ol% level in paraffin wax used for 
paper coating. The additive was extracted from a hexane solution of the wax with alcoholic 
potassium hydroxide, and the acidified extract. back-extracted with carbon tetrachloride 
(which was then removed by evaporation). The concentrate was chromatographed on silica 
gel plates with ethanol-water (3 : 1 v/v) and the separated ultraviolet absorbers were revealed 
by spraying with a solution of diazotized p-nitroaniline. Quantitative estimation was by 
densitometry with a Joyce-Loebl Chromoscan. 

Plasticizers 

Brauns4 has measured RF values of 26 plasticizers chromatographed on silica gel G with 
dichloromethane as mobile phase. The compounds examined included esters of phthalic, 
phosphoric, adipic, sebacic and citric acids. The most useful general spray reagent was a 
20% solution of antimony pentachloride in carbon tetrachloride, which produced brown 
spots after the plate had been heated at 120”. More specifically, phthalates were detected as 
orange-red spots on a yellow background by first spraying with 20% resorcinol solution 
containing zinc chloride and heating the plate at 150” for 10 min. The plate was then re- 
sprayed with 4N sulphuric acid and heated for a further 20 min at 120”. Finally, the plate 
was resprayed with 40% aqueous potassium hydroxide solution. Haase” carried out similar 
work but identified the plasticizers by infrared spectrophotometry after eluting them from the 
adsorbent with ether onto potassium bromide discs. 

Although ester plasticizers can be positively identified by eluting the spot from the silica 
gel and examining the extract by mass spectrometry, they can be readily saponified and the 
products recognized by means of gas chromatography. Braun identified the alcohols in the 
form of their 3,5-dinitrobenzoates by TLC after direct trans-estertication of plasticizer 
esters with 3,5_dinitrobenzoic acid. Chromatography was carried out on layers of silica gel 
G with benzene-methyl acetate (150: 1 v/v) as mobile phase and the spots were located by 
viewing under ultraviolet light (366 nm) after spraying with 0.05% alcoholic Rhodamine B 
solution. C,-Cs esters were readily distinguishable by their RF values, but higher alcohols 
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were not separable from each other. Diemair et al. 56 also identified plasticizers by hydrolysis 
with hydrochloric acid and separation of the alcohols in the form of their 3,5_dinitrobenzoate 
esters on kieselguhr impregnated with polyoxyethylene glycol, using petroleum ether (b.p. 
IOO-140’) as mobile phase. The esters of the C,-Cl0 normal alcohols were separated from 
each other. 

Plasticizers in milk pipes made from plasticized poly(viny1 chloride)5’ were determined 
gravimetrically after separation by preparative layer chromatography. The additives were 
extracted for 5 hr with dirnethoxymethane and the evaporated residue, redissolved in a 
little benzene, was applied as a band to a plate coated with silica gel H and developed with 
dichloromethane. The plasticizer zone, remaining at the origin was scraped off, eluted with 
acetone-methanol (9:l v/v) and chromatographed again on a second silica gel plate with 
di-isopropyl ether-methanol (8:2 v/v) as mobile phase. Partial identification was achieved 
by chromatographing known plasticizers on the same plates and revealing with O-1 % iodine 
solution in chloroform. 

Hagen ‘s identified lubricants such as stearic acid, butyl and hexyl stearates, octadecanol 
and doclecanol, wax and oligomeric alkyl expoxy stearate in PVC moulding powders by 
their RF values after extraction with chloroform. The separated lubricants were revealed 
either by spraying with an alkaline iodine solution or with Rhodamine B and viewing under 
ultraviolet light. 

Campbell et al.” determined plasticizers in poly(viny1 chloride) by dissolving the sample 
in tetrahydrofuran and precipitating the polymer with methanol. The evaporated extract, 
dissolved in ether, was separated on Merck silica gel G layers with mobile phases consisting 
of (a) ethyl acetate-2,2,4-trimethylpentane (3 : 17 v/v), or (b) dichloromethane, or (c) diethyl 
ether-petroleum ether (b.p. 4060”) (1:4 v/v). The spots were revealed by the resorcinol or 
dichlorobenzoquinonechloroimide reagents previously mentioned. The RF values of 15 
plasticizers were given. 

Curing agents 

Several workers49*60 have described the use of TLC for the separation of curing agents 
extracted from rubber. Both RF values and the wide range of colours developed after 
spraying with various revealing reagents are helpful in identification. For more positive 
identification, the combination of spectroscopy with TLC is recommended. Kreiner and 
Warner have studied the chromatographic behavior of most of the commercial products 
used as accelerators in the United States. 4g Since only one or two accelerators are generally 
used in a particular rubber compound, identification is not too difficult even though many 
commerical products are themselves mixtures. The RF values of 28 commercial products 
developed on layers of silica gel G with benzene-ethyl acetate-acetone (100 :5 : 1 v/v) as mobile 
phase are listed. Those compounds containing a readily liberated amine were sprayed with 
41%f hydrochloric acid and heated in an oven at 130” for 15 min and then resprayed with a 
ninhydrin reagent. Thiazoles were revealed by spraying with 5% bismuth nitrate solution in 
1M nitric acid. Benzothiazole disulphide did not react with this reagent until after reduction 
to 2-mercaptobenzthiazofe with 0.5% ammonium sulphide solution. These reactions were 
carried out directly on the plate. 

Amos” used a similar chromatographic system to study the cause of bloom formation 
during vulcanization of ethylene-propylene-diene terpolymers. It was shown to be due to 
the insolubility of certain accelerators or their derivatives formed during the vulcanization 
process. For example, the bloom swabbed with chloroform-soaked cotton-wool from the 
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surface of a polymer containing the accelerators mercaptobenzthiazole, trimethyl- and tri- 
ethylthiuram disulphides was shown by TLC to consist of zinc dimethyl- and diethyl-dithio- 
carbamates in roughly equal proportions, together with a small amount of zinc benzothiazyl 
sulphide. Zinc oxide was present in the original cure system. 

Other additives 

Davies and Thuraisingham6’ described a q uantitative TLC method for free sulphur in 
rubber vulcanizates, from which the degree of vulcanization could be assessed. No interfer- 
ence from the more commonly used accelerators, antioxidants or processing oils was observed. 
The sulphur from milled rubber samples was Soxhlet-extracted with acetone for 16 hr and 
carbon disulphide solutions of the evaporated extract were separated on silica gel plates 
with heptane as mobile phase. Sulphur was revealed as well-defined white spots on a yellow- 
brown background by spraying with a 3% solution of sodium azide in O*lN iodine solution. 
Quantitative results were obtained by using the spot-area method of Purdy and Truter.‘j3 A 
linear relationship was obtained between the square root of the area and the logarithm of 
the weight of sulphur in reference solutions over the range O-40 pg of sulphur per 5 ~1 of 
sample chromatographed. The limit of detection was 0.2 pg of sulphur, corresponding to 
0.01% w/w in the original sample. The relative standard deviation was less than f 4%. 

Cornille64 has described a scheme based on TLC and spot-tests for the identification of 
antistatic agents such as iV,N-bis(hydroxyethyl)alkylamines, polyoxyethylene compounds, 
alkylaryl sulphonates, quaternary ammonium compounds, alkyl pyridinium chloride and 
Tris-2-hydroxypropylamine. 

Brammer et ~1.~~ developed a method for the determination of dicumyl peroxide added to 
polystyrene to impart fire-resistance properties. A method was necessary to check that the 
additive did not deteriorate during manufacture or subsequent storage. It was extracted 
with acetone and separated from other additives on silica gel layers, with toluene-carbon 
tetrachloride mixtures as mobile phase. The silica gel in the area of the peroxide spot (located 
by viewing under ultraviolet light) was transferred to a small reaction flask and refluxed 
with a sodium iodide-glacial acetic acid mixture. The liberated iodine was then titrated with 
sodium thiosulphate. The reproducibility of the method is about + 12% at the 0*25-0*50% 
level. Other organic peroxides commonly used in polystyrene formulations did not interfere. 

Monomers 

The level of unreacted volatile monomer in a polymerized product is best determined by 
gas chromatography. However, Braun and Vorendohre 66 describe an interesting application 
in which TLC was used to distinguish, by RF value, derivatives of styrene, vinyl alcohol and 
acrylic acid as well as olefins. The monomers were separated, in the form of their mercuric 
acetate adducts on layers of silica gel G with butanone-1-propanol-ethanol-ammonia 
(91:9:36:64 v/v) as mobile phase. The adducts were revealed as red or yellow spots by 
spraying with 0.1% dithizone solution in carbon tetrachloride. 

Polymers 

TLC is seldom used for the examination of the polymer structures themselves, since column 
gel exclusion chromatography is a more powerful separation tool from which deductions 
about the molecular weight distribution can be made. Pyrolysis, followed by gas chromato- 
graphic, infrared or mass spectrometric examination of the degradation products has been 
widely used to glean information on polymer structures. 
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Otocka and Hellman6’ separated a 1.03 x lo*-140 x IO6 molecular-weight range poly- 
styrene into seven fractions bn silica gel layers by a gradient elution technique. S&ming 
the chromatogram of a commerical sample by densitometry gave results in good agreement 
with those obtained by gel exclusion chromatography. By a similar technique a 1.5 x lo’- 
24 x IO* molecular-weight range poly(ethylene oxide) was separated by mixed-solvent 
development on silica gel or by gradient elution on alumina. 

The hydrolysis products of polyamides have been identified by using TLC68*6g on silica 
gel 0, and polyesters7o (e.g., those of hexanediol with adipic or succinic acids) have been 
separated according to molecular weight, on silica gel with bone-met~ol-attic acid 
(80: 10: 1 v/v) as mobile phase. 

TLC has also been used for ~stin~is~ng between natural and synthetic rubber. The 
method” depends upon the fact that natural rubber contains about 1 “/o of acetone-extract- 
able lipid materials such as phospholipids, sterols, tocopherols, tocotrienols, carotenes and 
squalene, whilst synthetic polymers contain only acetone-extractable additives of the type 
we have already discussed. A characteristic spot in natural rubber was found to be due to 
&sitosterol, having an’ RF value of about 040 when developed on a silica gel plate with 
4&60* petroleum ether-diethyl ether (5050 v/v) mobile phase’and revealed by phospho- 
molybdic acid after heating at 105” for 10 min. This component was used to detect the pres- 
ence of natural rubber down to the 5% level in blends. 

APPLICATIONS TO ANALYSIS FOR NON-IONIC SURFACTANTS 

The most important non-ionic surfactants are the reaction products of ethylene or 
propylene oxide with com~unds such as ~-alkylphenols, glycols or fatty acids containing 
a reactive hydrogen atom. The commercial products, termed oxyalkylates, are mixtures with 
rather broad molecular-weight distributions. TLC has been used to produce “fingerprint ” 
chromatograms to identify commercial products, to determine molecular-weight distribution 
and to produce fractions for identification of specific components by, for example, gas 
chromatography, gel exclusion chromato~aphy and infrared and nuclear magnetic reson- 
ance spectroscopy.” 

Non-ionic su~actants of the poiyethyien~ oxide-acid, amine, aIcoho1 or phenol type73 
can be separated by TLC according to the number of ethylene oxide units. The chromato- 
gram can, therefore, be used to give information on the molecular-weight distribution of the 
condensation products. For example, Burger ‘* determined the molecular-weight distribu- 
tion of polyethylene oxide condensates with fatty acids, fatty alcohols and alkylphenols 
using silica gel as the stationary phase and the upper layer of a well-shaken mixture of methyl 
ethyl ketone and water (5O:SO v/v) as mobile phase. 

Polyglyco~ samples were refluxed for 1 hr with 3,~initro~nzoy~ chloride in benzene 
containing a small amount of pyridine. The separated esters were chromatographed and the 
number and dis~ibution of the spots, which were revealed with a modified Dragendorff- 
barium chloride reagent, were found to be related to the molecular weight of the polyoxyethy- 
lene glycol. Koenig” described a general method for the separation of all classes of non- 
ionic detergents on silica gel plates impregnated with oxalic acid, using chloroform- 
methanol (9: 1 v/v) as mobile phase. With the modified Dragendorff revealing reagent, down 
to 20 pg of detergent could be detected. 

ANALYSIS OF CHEMICAL INTERMEDIATES 

TLC has been shown to be a useful technique for the separation of fatty alcohols, used 
as chemical intermediates for plasticizers or synthetic detergents, obtained either from natural 
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sources, e.g., wax, whale oil or sperm oil, or from chemical synthesis, e.g., by oxidation of 
paraffins to fatty acids, followed by high-pressure hydrogenation or uiu oxo-synthetic routes. 

Kaufmann and Das76 separated C16-Cz6 alcohols on plates impregnated with tetradecane, 
using isopropyl alcohol-acetic acid-ethanol-water (8 :4 :3 :2 v/v) as mobile phase, the alcohols 
being located by spraying with Rhodamine B solution and viewing under ultraviolet light. 
Hashimoto et ul.“*‘* separated C10-C16 alcohols from natural sources on silica gel impreg- 
nated with paraffin, using mobile phases such as hexane-diethyl ether (7:3 v/v), and unsatur- 
ated alcohols, such as mono- di- and trienoic alcohols in the form of mercuric acetate deriv- 
atives, on silica gel plates impregnated with silver nitrate, using petroleum ether-diethylether. 
(80:20 v/v), propanol-acetic acid-pyridine (150: 1: 1 v/v) or di-isobutyl ketone-acetic acid 
(4:l v/v) as mobile phases. The range of alcohols separated has been extended to C&& 
alcohols, or their acetates, on kieselguhr plates impregnated with paraffin, with acetone- 
water (75:25 and 9O:lO v/v respectively) as mobile phases.” 

Prey et ~21.~~ separated glycerol from glycol on silica gel G layers impregnated with boric 
acid, using butanol-water (9O:lO v/v) as mobile phase, and Seher*’ has separated the non- 
ionic surfactant polyglycerols from each other and from glycerine on layers of silica gel, 
using ethyl acetate-isopropyl alcohol-water (65 :22*7 : 12.3 v/v) as mobile phase. Detection 
was achieved by first spraying with 0.1% sodium metaperiodate solution, followed by a 
second spray, 3-5 min later, with a benzidine solution. As little as 1% of diglycerol in 
glycerol could be detected in this way. 

Polyethylene glycols in the 200-600 molecular weight-range can be fractionated on layers 
of silica gel G by using chloroform-methanol-water (6 :50 :24 v/v) as mobile phase. *2 However, 
development with aqueous alcoholic mobile phases is tediously slow by TLC standards, 
often taking 2-3 hr, especially with precoated plates. A range of glycols from ethylene glycol 
to tridecane-1,13-diol was separated on silica gel G with ethanol as the mobile phase and it 
was founds3 that a linear relationship existed between log RF and the number of carbon 
atoms in the diol. Similarly, tetra-, penta-, hexa-, hepta-, and nona-oxyethylene glycols were 
separated on silica gel G impregnated with sodium acetate, with ethyl acetate-isopropyl 
alcohol-water (65:23:12 v/v) as mobile phase. By spraying with a modified Dragendorff 
reagent, red spots on a yellow background were obtained and again a relationship between 
RF values and the content of oxyethylene groups was found. *4 Favretto et al.*’ have studied 
the degree of polymerization of polyethylene glycols by conversion into the dichloro- 
derivatives and determination of their molecular-weight distribution by TLC on silica gel 
by repeated development with 2-butanone-water (9O:lO v/v) as mobile phase. The spots 
were visualized with iodine vapour and evaluated densitometrically with a Joyce Loebl 
Chromoscan. The method was found to be applicable for up to 21 ethylene oxide units. 

APPLICATIONS TO EXPLOSIVES ANALYSIS 

The role of TLC in following the course of chemical reactions is well illustrated in the 
control of product quality in the explosives industry. Yasudas6 described a two-dimensional 
TLC method for separating and identifying 14 impurities in a-trinitrotoluene. Dinitro- and 
other trinitrotoluenes were found to be the most common impurities and a novel feature 
of the method was that zinc dust was incorporated into the stationary phase (silica gel) so 
that reduction to anilines could be carried out in situ to facilitate identification. The spots 
were then revealed by spraying with acidified alcoholicp-diethylaminobenzaldehyde solution 
to form coloured condensation products. The most useful mobile phase was ethyl acetate- 
petroleum ether (15 :85 v/v). The method was extended to include the separation and identi- 
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fication of nineteen N-nitroso- and nitrodiphenyl~ines in a study of the reaction between 
diphenyl~ne and nitrogen oxides. ~phenyl~~e is used extensively as a stabilizer in 
explosives and propellants containing nitrocellulose, which otherwise would slowly decom- 
pose, releasing nitrogen oxides. 

The production of 2-nitrodiphenylamine (used as an oxidation inhibitor in rocket propell- 
ants), starting from chlorobenzene, has been monitored by TLC,” and Kohlbeck et aZ.** 
used TLC for studying and improving a continuous TNT-production process by examining 
the effect of changes in nitrating conditions on the reaction products and thus were able to 
establish optimum conditions for the process. 

Parihar et uf.*’ studied the TLC of polynitrodiphenyl ethers employed as plasticizers in 
solid rocket propellants and used as intermediates in the synthesis of high explosives. 
Reversed-phase TLC utilizing cellulose-calcium sulphate plates impregnated with 5% 
sesame oil and 10% ohve oil gave excellent separations on development with aqueous alco- 
holic mobile phases. They also developed TLC systems 9o for pol~i~ophenols, nitroso- 
phenols, nitrohydroquinones and their esters, used in the synthesis of high energy fuels for 
rockets. TLC was necessary to monitor the synthesis of new explosives and for quality 
control work. 

TLC has been combined with ultraviolet, visible and infrared spectroscopy to study the 
degradation of plasticizers and stabilizers, e.g., nitroglycerine, triacetin, 2-nitrodiphenyl- 
amine and resorcinol in aged propellantsgl and for the determination of impurities in penta- 
erythritol tetranitrateg2 which affect the firing characteristics of detonators. These impurities 
were determined colorimetrieally with a Nester-Faust Uniscan 900 after conversion into 
their red diazo dyes by spraying with ~,~d~ethyl-l-naph~yl~ine in acetic acid. Relative 
standard deviations of better than 0.2% were obtained. 

ENVIRONMENTAL CONSERVATION APPLICATIONS 

Over the past ten years TLC has played an important part in providing&m data to identify 
possible sources of pollution. In keeping with the subject matter of this review, this discus- 
sion will be limited to air- and waterborne pollutants from industrial organic chemical 
sources and will exclude the study of, for example, the effect of b&ides on the environment. 

Polynuclear aromatics 

One of the most difficult and emotive problems in recent years has involved the recog- 
nition of materials possessing carcinogenic activity, to which the human race may be 
exposed in the environment (food, clothing, and atmosphere). Since biological methods of 
measuring ~r~ino~nicity are intolerably lengthy, recent work has been directed towards 
chemical or physical methods of measuring the concentration of a small number of known 
carcinogens. The most ubiquitous class of compound having known carcinogenic activity 
is that of the polynuclear aromatics (PNA) which may be formed during any hydrocarbon 
combustion process. Though not all polynuclear aromatics are carcinogenic, nearly half of 
the known carcinogens belong to this class, the most important being benz[a]anthracene, 
dibenz[a,fr]anthracene, benz[u]pyrene and 20-methylcholanthrene. Why these structures are 
carcinogenic is not fully understood and the problem becomes even more confused because 
of the apparent existence of co-carcinogens, e.g., certain straight-chain paraffins which 
greatly enhance carcinogenic activity though they themselves are non-carcinogenic. In the 
present state of knowledge, the problem is generally oversimplified by measuring benz[a]py- 
rene Q3aP) concent~tions and these are taken as indicators of a carcinogenic environment. 
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Fig. 4 

From the hundreds of papers which have been written on PNA analysis, the best methods 
of isolation, identification and measurement of individual PNA’s at the ng-pg level now 
fall into a recognizable pattern, summarized in Fig. 4. 

The sample is generally obtained in the form of a cyclohexane, benzene or dichlorome- 
thane extract (of particulate matter, for example). Since ultraviolet absorption or, better, 
ultraviolet fluorescence spectroscopy are the two most powerful and sensitive identification 
and quantitative tools, a clean-up procedure is required, the complexity of which depends 
upon the complexity of the sample. For really difficult samples, i.e., trace amounts of PNA 
in the presence of large amounts of other aromatic hydrocarbons and sulphur, oxygen and 
nitrogen compounds, the relevant fractions may have to be rechromatographed several 
times before background interferences are reduced to a sufficiently low level. 

The first step, therefore, is to remove the bulk material by solvent extraction of the PNA. 
Dimethylsulphoxide and dimethylformamide are the most effective extractants, but unfor- 
tunately are relatively involatile and high losses are incurred on attempting to backextract 
the PNA into a more volatile solvent. Extraction with acetonitrile or nitromethane is there- 
fore preferred even though the partition coefficients of PNA between these solvents and ali- 
phatic hydrocarbons are much less favourable. Nevertheless, recovery is virtually complete 
after five or six extractions. 

The second step is to separate the PNA concentrate into simpler fractions. This is readily 
achieved on a short (20 x 1 cm) column packed with alumina deactivated with 2-4% water, 
with a mobile phase of dichloromethane or diethyl ether in a volatile aliphatic hydrocarbon 
such as pentane. The fractions of interest are located by running reference compounds under 
identical conditions. 

The final separation, identification and concentration measurement are made by a high- 
efficiency chromatographic separation combined with ultraviolet absorption or fluorescence 
spectroscopy. At present, considerable success is being achieved by gas chromatography- 
ultraviolet absorption. For example, Sear1 et aI.” used this technique to measure seven 
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Table 6. Rs values of polynuclear aromatic hydrocarbons 
(R,, of BaP = 1 *OO) 

System 1 System 2 System 3 

Phenanthrene 
Ant hracene 
Fluoranthene 
Chrysene 
Pyrene 
Triphenylene 
Benz[a]anthracene 
11 H-Benzo[blfluorene 
Benzo[e]pyrene 
Perylene 
Benzo[klfluoranthene 
Fknzo[u]pyrene 
Anthanthrene 
Ecnzo[ghi]perylene 
Dibenz[a>]anthracene 
Naphtho[l,2,3,4&jWwysene 
Benzo[rsrlpentaphene 
Coronene 
Eenzo[a]coronene 
Dibenzo[h,rsrjpentaphene 

1.13 3.74 1.99 
1.14 3.33 1.99 
1.09 2.92 1.89 
1.10 - 1.75 
1.25 3.16 1.72 
1.07 - 1.49 
1.03 2.70 1.47 
1.08 3.54 1.33 

;:z 2.94 2.86 1.16 1.14 
0.98 240 1.03 
1.00 1.00 1.00 
0.71 2.17 0.70 
0.89 3.04 0.69 
0.74 2.92 0.66 
0.78 1.85 048 
0.68 2.41 0.45 
0.46 2.87 0.37 
0.10 2.48 0.15 
0.12 2.35 0.14 

PNA’s in coke-oven eflluents. Difficulties are encountered because of the high operating 
temperatures of the columns, resulting in loss of resolution and contamination of column 
efhuents by stationary phase. High-performance liquid chromatography in columns will 
probably be increasingly used for this type of separation in the future. For example, Pop1 et 
uZ.g4~gs have examined extracts from coal-tar pitch by gradient elution from a high-efficiency 
alumina column, and the potential of controlled surface-porosity supports has also been 
indicated.g6 The most popular technique in recent years has been TLC combined with ultra 
violet fluorescence spectroscopy, on account of its high sensitivity, high selectivity and short 
analysis time. Furthermore, the spots can be examined directly on the plate.” The appli- 
cation of spectrofluorimetry to this type of analysis has been the subject of a recent Talanta 
Review-l6 

The use of TLC for the separation of PNA’s has been reviewed by several workers.g8*gg~‘00 
It can be said at the outset that no one TLC system is superior to all others, so that the choice 
of a particular system depends upon the complexity of the mixture to be separated and upon 
the particular components of interest. Consequently, where one system fails another may 
succeed. With a complex mixture, therefore, successive fractionations on different systems 
may be necessary. The three most widely used systems are as follows 

Alumina with pentane-diethyl ether (19:l v/v) System 1 
Cellulose acetate with ethanol-toluene-water (17 :4 :4 v/v) System 2 
Cellulose with dimethylformamide-water (1: 1 v/v) System 3 

These three systems have been compared by Sawicki et ai.” who obtained the data shown 
in Table 6. The retention values (R, values) are the ratios of the distances travelled by the 
compounds to the distance travelled by benz[a]pyrene. Though alumina gave the best separ- 
ation of PNA’s from other compound types, they were poorly separated from each other. 
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The cellulose system gave the widest range of retention values and the separation of difficult 
pairs could often be improved with a slight change of water content in the mobile phase. 
The cellulose acetate system gave the best separation of the “ benzpyrene ” fraction obtained 
from alumina column chromatography, i.e., benzo[a]pyrene is completely separated from 
benzo[k]fluoranthene, benzo[e]pyrene and perylene. Schaad et ~1.‘~’ however, preferred 
ethanol-dichloromethane-water (2O:lO:l v/v) as mobile phase for the separation of the 
“ benzpyrene” fraction. 

Recoveries from cellulose and cellulose acetate are much higher (93-98x) than from alu- 
mina (50-80)x. Poor recoveries are mainly attributed to photochemical changes taking 
place during chromatography and these are more pronounced on silica gel and alumina 
than on cellulose acetate. These reactions are accelerated by ultraviolet light and by the 
presence of chlorinated solvents. For these reasons, chromatography should always be 
carried out in the dark and the use of chlorinated solvents as mobile phases avoided. 
Inscoero2 identified l&and l,&pyrenedione among the numerous photo-oxidation products 
formed during the chromatography of pyrene on silica. 

White and Howardlo measured the R, values of 29 PNA’s by partition chromatography 
between cellulose impregnated with dimethylformamide and iso-octane, which separated 
the PNA’s into groups according to their ring structure, but they found the cellulose acetate 
system previously described superior in separating the 4-, 5-, and 6-ring compounds. This 
technique was used to separate these hydrocarbons from certain vegetable oils,104*105 
followed by ultraviolet absorption measurements after elution with methanol. They also 
showed that carcinogenic hydrocarbons were absent from commercial hexanes used in the 
extraction of edible oils from cottonseed, soya beans and peanuts.lo6 

Stromberg and Widmark”’ used the two-dimensional method of KBhler”s et al. to 
separate and identify, by ultraviolet absorption spectroscopy, thirty-five fractions from 
benzene extracts of air particulates taken on glass-fibre filters near gas-works retorts. The 
stationary phase was a 2:l mixture of alumina-cellulose acetate, the mobile phase in the 
first direction being n-hexane-toluene (9 : 1 v/v) and diethyl ether-methanol-water (4:4: 1 v/v) 
in the second direction. It was pointed out that while the ultraviolet spectra of isomeric 
PNA’s are readily distinguishable, the spectra of a given PNA and its alkyl derivatives can 
be very similar. Such compounds are, however, readily distinguished by their mass spectra. 

Several successful attempts have been made to improve the TLC separation of PNA’s by 
using an electron-acceptor as the stationary phase. For example, Berg and Lamlog found 
that the separation of PNA’s on alumina or silica was improved by impregnating these 
adsorbents with 2,4,7_trinitrofluorenone or caffeine, which with many PNA‘s formed 
brightly-coloured fluorescent spots. The most useful mobile phases were aliphatic or acyclic 
hydrocarbons containing about 1% of a polar solvent such as ether, acetic acid or pyridine. 
Short and Young’ f ’ achieved similar success by incorporating 30% pyromellitic dianhydride 
into their silica gel stationary phase. 

PNA’s in atmospheric dust have been determined by combining TLC with gas chromato- 
graphy.“’ A’ 2 The dust itself, or a cyclohexane extract, was chromatographed on a silica gel 
plate, with cyclohexane-benzene (2:3 v/v) as mobile phase. This separated PNA’s as a class 
from other types of compound (saturated compounds, heterocyclics). The PNA’s (RF = 
0.65-0.75) were located by viewing under long-wave ultraviolet light, the silica gel was 
scraped off the plate, and the PNA’s were eluted with ether. The evaporated extract was 
then separated by gas chromatography on a glass capillary column coated with SE52 silicone 
rubber. This combination of techniques provided a fast and simple procedure since the 
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use of large volumes of solvent was avoided andre peated chromatographic separations 
reduced. 

Benzofa]pyrene 

Sawicki et ~2.“~ have compared eleven procedures for the determination of BaP in particu- 
lams, for precision, accuracy, man-hours of work and total analysis time. Seven of these 
procedures involved TLC on alumina or cellulose acetate with a s~tro~uoromet~ finish, 
usually after treatment of the eluted BaP spot with sulphuric acid to enhance selectivity. 
These proved to be the most sensitive methods available, with detection limits down to 
0.003 pg of BaP. Analysis times ranged from 1.1 to 4.5 hr. Greatest losses occurred during 
the extraction procedure and dichloromethane was recommended on the basis of high 
solvent power and volatility. The 2dimensional procedure (alumina and cellulose acetate) 
proved to be the only one in which BaP was completely separated from ~nzo[e]p~ne, 
benzo[kJfluoranthene and perylene as well as from the other known PNA’s. Since benzo[k]- 
fluoranthene has a similar ultraviolet spectrum to BaP it is likely that some early data re- 
ported for BaP concentrations are erroneously high because of interference from benzo[k]- 
fluoranthene. 

Scholz and Altman114 determined the BaP content of water samples down to the 0.1 ngfl. 
level, with a relativeerror of f 15% in the t-10 rig/l.. range. The water was shaken with cyclo- 
hexane and the concentrated extract separated on layers of silica gel impregnated with poly- 
oxyethylene glycol 1000, with benzene-hexane (1:3 v/v) as mobile phase. The BaP spot was 
eluted with cyclohexane and the amount present measured by ultraviolet fluorescence. 

The most powerful tool for the identification and quantitative determination of organic 
airborne pollutants is the combination of ultraviolet fluorescence spectroscopy with TLC. 
This is due to high selectivity, sensitivity and rapid analysis times. High precision is also 
obtainable, the main limitation being the accuracy with which representative samples for 
analysis can be collected. In addition to polynuclear aromatics, the technique has been used 
for the characterization of heterocyclics, phenols, aromatic amines, aldehydes, ketones, 
polynuclear ring carbonyl compounds and amino-acids in e&rents. Sawicki’s reviewg6 
discusses the factors affecting the use of excitation and emission spectra under various con- 
ditions such as solvent, pH and photochemical effects arising from the use of TLC and shows 
how this combination of techniques has led to a better understanding and more sensible 
control of our environment. 

Waterborne pollutants 

TLC has been effectively used both to monitor trade el%tents and to identify sources of 
contamination in sewers, rivers and in the marine environment. Berthold”s has described 
a novel technique he calls “Channel Thin Layer Chromatography ” for determining oil in 
water down to the 1-15 ppm level. A carbon tetrachloride extract of the water sample is 
chromatographed on precoated silica gel plates, with chloroform as mobile phase. Before 
the development, parallel thin lines of adsorbent are removed perpendicular to the direction 
of development so that the samples are confined to narrow bands of constant width. The 
amount of material in the spot is then calculated, after calibration by measuring the length 
of the spot. 
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The phenolic content of drinking water is monitored”‘j by concentration on active carbon 
and extraction with diethyl ether. The separation and identification of o-, m- and p-cresols, 
phenol, l- and 2-naphthols, 2,5-, 3,4- and 3,5-xylenols is achieved on layers of silica gel 
G impregnated with potassium carbonate (1:2 w/w) after coupling the phenolic concentrate 
with diazonium salts. Mobile phases used include dichloromethane-ethyl acetatediethyl- 
amine (92:5:3 v/v), dichloromethane-ethyl acetate-chloroform-benzene (88:2:5:5 v/v), and 
dichloromethane-benzene (1: 1 v/v). Polyhydric phenols were identified directly on silica 
gel, by using dioxan-benzene-acetic acid (25:9 :4 v/v) or benzene-acetone (9: 10 V/V) as 
mobile phases, and revealed by spraying with a solution of either diazotized sulphanilic acid 
or phosphomolybdic acid. These procedures have been extended to include the separation 
of chlorophenols. 

TLC has also proved invaluable in the control of the discharge of non-ionic detergents of 
the alkyl phenol-polyoxyethylene type into sewage effluents and rivers.’ ” Such materials 
are highly resistant to biological degradation and the technique enables amounts down to 
less than 0.1 ppm to be determined much more simply and rapidly than by any other tech- 
nique. The detergent is salted-out from the effluent by addition of magnesium sulphate 
before extraction into chloroform and concentration by evaporation. The concentrate is 
chromatographed on silica gel coated plates and the detergent revealed as red-coloured spots 
by spraying with an acetic acid solution of bismuth oxynitrate-potassium iodide. As little 
as 1 pg of detergent can be detected and the colour of the spots is stabilized by inclusion of 
ethanol and phosphoric acid in the spray reagent. The choice of mobile phase depends on 
whether identification or determination is the object of the separation. For example, a 
solvent system consisting of ethyl acetate-water-acetic acid (70:15:16 v/v) separates the 
detergent Lissapol NX into a series of spots depending upon the number of ethylene oxide 
units in the molecule, i.e., a “ fingerprint ” chromatogram is obtained which provides infor- 
mation on the commercial source of the detergent in the effluent. On increase of the polarity 
of the mobile phase, e.g., ethyl acetate-water-acetic acid (40:30:30 v/v), the individual spots 
merge into a single, larger and more intense spot nearer the solvent front, which is suitable 
for quantitative analysis. 

The varying chromatographic and fluorescence characteristics of petroleum and coal-tar 
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derived oils, fats and greases are used to form a simple systematic approach to trace the 
source of these materials in trade e&ems, which contribute to the blockage of sewers or of 
screens in pumping stations and sewage works. The scheme, proposed by Matthews,“* is 
illustrated in Fig. 5. The sample (or a chloroform extract) is first chromatographed on an 
alumina T plate with acetone as mobile phase and the developed chromatogram is viewed 
under long-wave ultraviolet light. As a result the sample can usually be placed in one (or 
more, if the sample is derived from more than one source) of 6 classes. The choice within 
each class can be further narrowed down by chromatographing further portions of the 
sample with other chromatographic systems, e.g., alumina T/petroleum ether, kieselguhr 
G/acetone, silica gel G/acetone. By this stage, the source of pollution can generally be 
narrowed down to only a few possible locations and a final positive identification can be 
made by comparison with reference samples. Since the introduction of this technique by the 
Greater London Council, the proportion of cases in which sources of oil have been suc- 
cessfully traced has greatly increased and it seems probable that similar methods will also 
be used to track down sources of pollution in the marine environment. 

CONCLUSIONS 

It is evident that for the past g-10 years TLC has been, and still is being, used for a wide 
variety of applications within the organic chemical industry, and during this period has been 
the major separation technique apart from gas chromatography. Although the equipment 
is cheap and the technique simple to use it has provided much information quickly which 
would have been difficult or impossible to get in any other way. 

There are, however, some limitations to this technique. Its resolving power is limited be- 
cause chromatographic conditions, e.g., mobile phase velocity, are difficult to control. In 
quantitative analysis the extra cost of ancillary equipment and the extra effort required is 
out of all proportion to the additional information obtained and finally, the technique is 
not suitable for automation. For these reasons TLC in industry is likely to be partially 
superseded by the newly developing technique of high-efficiency high-speed column chroma- 
tography, especially in routine quantitative analyses and for the recovery of unknown frac- 
tions for further identification. Nevertheless, the use of TLC as a rapid and simple spot-test 
either in the laboratory or in the field, is likely to remain with us for many years to come. 
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Z--Die Technik der Dilnnschichtchromatographie wird beschrieben, wie sie im 
organ&hen Industrielaboratorium praktiziert wird. Es wird eine hicht tiber ihre Anwen- 
dungen auf die Analyse von Petroleum-Kohlenwasserstoffen, Brennstoffen, Schmierstoffen, 
Polymeren, Kunststoffen und ihren Additiven, nichtionischen oberflZlchenaktiven Substanzen 
und Explosivstoffen gegeben. Die Rolle da Diinnschichtchromatographie bei der Erhaltung 
der Umwelt wird ebenfalls eriirtert. 

R&sum-n d&it la technique de la chromatographie en couche mince, telle qu’elle est 
pratiq& dans le laboratoire industriel organique. et passe en revue ses applications B I’analyse 
des hydrocarbures du p&role, combustibles, lubrifiants, polym&es, plastiques et leurs additifs, 
tens&actifs non ioniques et explosifs. On considhre aussi le ri31e de la chromatographie en 
couche mince dam la conservation de l’environnement. 
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INTRODUCTION 

The detection and determination of residual traces of pesticides in foodstuffs, plant and 
animal tissues, etc., is not a simple matter. Insecticides, fungicides, herbicides, acaricides and 
rodenticides together comprise several hundred compounds of widely differering chemical 
constitutions and properties and a pesticide residue analyst may be called upon to determine 
traces of any of these materials; frequently several may occur together in a single sample. 

The analysis for residues of inorganic pesticides such as lead arsenate, sulphur &d 
calomel does not differ significantly from standard trace element analysis and will not be 

* For reprints of this Review, see Publishers announcement near the end of this issue. 
t Crown copyright reserved. 
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discussed further. Despite the undoubted advantages of pesticide usage, concern has been 
expressed at the potentially harmful effects of using compounds which are very stable and 
which might accumulate in man and his environment. New and improved compounds are 
continually being sought and evaluated to avoid this difficulty. The work of the residue 
analyst is thus not confined to detecting and determining pesticide residues in directly treated 
crops and animals, but also in crops subsequently grown in treated areas, animal produce 
(domestic and wild), soils, water and in man himself. It will be appreciated that these analy- 
ses need to be carried out on a wide variety of commodities each with its own problems, 
and the most efficient methods must be used in order to determine the quantity as well as 
the identity of any residue present. The analysis often is further complicated by chemical 
changes undergone by pesticides when absorbed into living tissue, adsorbed onto the soil, 
or exposed to light. These changes may produce compounds which are more toxic than 
the original pesticides and the analyst has to be able to determine the rate of breakdown, 
the nature and quantity of these metabolites and end-products, as well as the residue of the 
parent pesticide. 

The stages of analysis are usually as follows. 
(1) The extraction of the residue from the sample matrix by using an efficient and selective 

solvent. 
(2) The removal of interfering substances from the extract-usually referred to as the clean- 

up procedure. This often involves either chromatography or solvent partition. 
(3) The estimation of the quantity of pesticide residues, together with metabolites and 

breakdown products, in the cleaned-up extract. These are determined at very low levels 
(as low as IO-i2 g), and to obtain this sensitivity stringent requirements of selectivity 
are imposed on the end-method. 

(4) The confirmation of the presence of the residue by, for example, using a different end- 
method or the formation and identification of a derivative. 

There are five basic end-methods of analysis. 
(a) Functional group analysis. This method involves, for example, the calorimetric assay 

of a particular group or element in a compound. It does not give precise identification and 
requires thorough clean-up and consequently is not used very frequently. However, a degree 
of specificity can be built into the procedure, which may be useful for confirmation purposes. 

(b) Biological test methods. These can show the presence of biologically significant 
residues by, for example, inhibition of the enzyme cholinesterase by certain classes of pest- 
icide, or effects on larvae. As it is possible to use these methods without clean-up they are 
useful as screening tests by always need additional confirmation. 

(c) Chromatographic methoa!s. These include thin-layer (TLC), paper and gas-liquid 
chromatography which give separation and accurate identification and estimation of a 
wide range of residues. High-pressure liquid chromatography is of growing importance. 

(d> Spectroscopic methoak These provide evidence of identity and can in ideal conditions 
be used for quantitative analysis. 

(e) Radiochemical methods. Included under this heading are neutron-activation analysis, 
direct isotope-dilution methods and the more sophisticated double-isotope derivative analy- 
sis technique. 

For all methods of analysis there is a detection limit below which it is impracticable to 
differentiate between the noise level of the background and the analytical signal. These 
levels range from 10e6 g for chemical methods to IO-r4 g for radiochemical procedures. 
The importance of modern analytical instrumentation in pesticide analysis cannot be 
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exaggerated. The available sensitivity and versatility have made it relatively easy to solve 
complex problems which only a few years ago were insoluble. This progress is especially 
noticeable in advances in gas chromatographic detection where the electron-capture and 
phosphorus-sensitive flame-ionization detectors have lowered the detection limits to 
the nanogram (10m9 g) and picogram (lo-l2 g) levels. Techniques such as nuclear magnetic 
resonance, radioisotope labelling and mass spectrometry are proving increasingly useful 
for the identification of unknown metabolites and breakdown products and for confirming 
identification of unknown metabolites and breakdown products. In recent years there has 
been a need for continuous monitoring of pesticide residues and the use of automated 
analysis is being investigated where applicable. 

Each stage of the analytical procedure is dictated both by the chemical nature of the 
pesticides under investigation and by the nature of the substrate. Separate discussions of the 
extraction, clean-up and end-method stages will follow. 

EXTRACTION PROCEDURES 

The extraction procedure depends on the type of pesticide and the nature of the sample 
under examination. It should be at least 80% efficient and sufficiently selective to require 
only the minimum amount of clean-up before the estimation. It is important that reagents 
used in the extraction and clean-up do not in any way interfere with the end detection method. 
A highly selective extraction procedure is desirable for pesticide residues since the concentra- 
tion of residue in the substrate is normally low and it may be useful if this can be achieved, 
even at some loss of extraction efficiency. Because of the high sensitivity of the end-methods 
used, great care must be taken to avoid contamination by contact with plastics or rubber, 
and all solvents used must be sufficiently pure to avoid any interference problems in the 
end-method. Particularly when gas-liquid chromatography is to be used as an end deter- 
mination method it may be necessary to redistil all solvents used. This is especially impor- 
tant in the case of the electron-capture detector, which, being somewhat unselective and 
highly sensitive, requires an almost pure solution of the pesticide in a suitable solvent. 

Solvent extraction is widely used and gives great scope for choice of suitable polarity of 
solvent or solvent mixture, time of contact of solvent with sample and the manner of contact, 
so that optimum extraction conditions can be found. Many pesticides are found on the sur- 
face only of vegetables and fruit and it is possible, in some cases, to remove effectively all 
the pesticide residues from the sample by simply washing the sample whole with a suitable 
solvent. This method removes very little co-extracted material and enables the analysis to 
be carried out with little clean-up. However, it would be unwise to use this procedure 
without evidence that good recoveries are obtained by it in the particular circumstances 
concerned. Maceration with a solvent followed by centrifuging or filtering is particularly 
efficient for vegetable samples. The water in the sample may give rise to emulsions with 
non-polar solvents and this can be avoided by the use of a drying agent such as anhydrous 
sodium sulphate or propan-2-01 together with, or before, the solvent. 

Meat samples may contain too much connective tissue for a macerator to deal with 
effectively and it is usually preferable for such samples to be cornminuted before maceration. 
Soxhlet extraction of the finely cornminuted sample is often used for meat samples. An even 
simpler method can often be used, namely, heating the minced sample in a beaker on a steam- 
bath with the solvent, possibly after grinding the sample with sodium sulphate and sharp 
sand which helps to break down some of the connective tissue. This technique can be used 
for organochlorine pesticides, for which n-hexane has been found to be a suitable solvent. 
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Care must be exercised however to ensure that the more volatile pesticides, e.g., lindane 
(y-BHC), are not lost in the process. 

Water samples are normally shaken with solvent to extract any pesticide residues. Hexane 
is the usual solvent for organochlorine compounds and for many others chloroform is 
useful. It is strongly advisable to wash out the sample container with solvent since alarge part 
of the residue may be retained in the film of grease etc. on the vessel walls. Extraction of pest- 
ticides from air or water samples may be affected by adsorption on to a solid such as car- 
bon whence itcan be removed by elution. This method has been used in surveys’ and gives 
a means by which large samples may be taken (1000 litres or more), and is effective at the 
very low levels (lo-i2 g/l.) at which pesticides may be found in water. The desorption is 
carried out by Soxhlet extraction with a suitable solvent or combination of solvents. The 
adsorption of pesticides has been found to be very high’ but the recovery on desorption may 
be low in some cases3 

The organochlorine pesticides and their initial breakdown products are fat-soluble 
and therefore tend to accumulate or be concentrated in the lipoid portions of food such as 
the cream of milk and the fat of meats. Extraction of these pesticides from foods rarely 
presents serious difficulties. Nevertheless careful choice of solvents and method will often 
minimize the amount of co-extracted material and thereby reduce the need for a more 
stringent clean-up procedure with its concomitant lower recovery factors. Hexane or acetone- 
hexane mixtures, in combination with either Soxhlet extractors, blenders of the Waring 
type, or simple shaking devices, are usually employed, but other solvents such as acetonitrile, 
benzene, dimethylformamide, dimethyl sulphoxide and propan-2-01 have also been used. 

The extraction of residues of organophosphorus pesticides and their metabolites from 
various sample substrates poses several difficulties. Not only does the nature of the sample 
under examination govern the process to be applied, but the wide range of polarities 
encountered in these compounds makes it essential to use a general solvent for preliminary 
extraction if residues of unknown compounds are being sought. Such solvents also remove 
considerable amounts of co-extractives that are apt to complicate clean-up stages. Extrac- 
tion solvents are usually chosen from benzene, chloroform, dichloromethane or acetonitrile, 
often in the presence of anydrous sodium sulphate to aid in the liberation of the more 
water-soluble compounds. The chopped or shredded sample is usually treated with the 
chosen solvent under vigorous agitation in a topdrive macerator or similar apparatus; 
frequently centrifugal action is required to break the emulsion formed and filtration of the 
solvent extract may also be essential. Deep-freezing of the produce followed by rapid 
thawing in the presence of solvent may be used to shatter the cell structure, thus giving 
ready release of the contents which may hold systemic pesticide residues. A more efficient 
clean-up technique may subsequently be required when such methods are used. 

Two interesting methods of extraction are those of Grussendorf et aL4 and Johnson 
and Starr.5*6 The former method used a rapid sample preparation by ball grinding, extrac- 
tion, freeze-out, and semimicro column clean-up. Johnson and Starr extracted insecticides 
from soil samples with the acid of ultrasonics and concluded that this was superior to the 
roller and blender methods in extraction efficiency and as efficient as an 8-hr Soxhlet 
extraction. 

CLEAN-UP PROCEDURES 

Before the quantitative determination of a pesticide residue can be carried out, the residue 
must be extracted and generally this extract must be purified or cleaned up. Even when a 
highly selective extraction procedure has been used, the extract will normally contain 
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sufficient co-extracted matter to interfere with the end determination. Different end-methods 
will vary in the amounts and types of co-extractives which can be tolerated. For example, 
the electron-capture detector is extremely intolerant of halogenated impurities, and thin- 
layer chromatography tends to be intolerant of fatty material which can often grossly 
affect the rate of migration of a compound. Other types of co-extractives can interfere with 
thin-layer chromatography because of reaction with, or the masking of, the visualizing 
agents. Similarly, these co-extractives can affect spectrophotometric methods. Only in a 
few cases, such as the waters from reasonably clean rivers, can good gas chromatograms 
be obtained from simple hexane extracts without further treatment. The presence of co- 
extracted material when injections are made on to the gas chromatograph columns will 
not only cause non-pesticide peaks to appear on the resultant chromatograms, but constant 
injection of such material damages the separatory power of the columns, with the result 
that peaks begin to broaden, tail and ultimately to overlap. This is particularly true with 
extracts containing fatty material. Constant injection of small amounts of fat also leads to 
saturation of the first few mm of the support material with fat, which tends to act as another 
stationary phase and can radically alter the characteristics of the column. 

The extent and nature of the co-extractives are largely governed by the nature of the 
sample, and apart from judicious choice of extraction procedure, the analyst must choose an 
appropriate clean-up procedure. Broadly, the methods available are adsorption methods 
(column and thin-layer chromatography), solvent partition, distillation methods (including 
sweep co-distillation) and gel chromatography. The type of clean-up used will obviously 
depend on the nature of the co-extracted material. If the extracts are low in fat content, 
passage through a short column of prepared alumina will often suffice; silica gel, charcoal 
and “ Florisil ” have also been recommended for this purpose. The co-extractive materials 
are removed from the extract solution mostly by virtue of their higher adsorption on the 
column. The extract solution, after concentration to a small volume, is applied to the top 
of the prepared column, eluted by one or more solvents and collected in fractions. Relatively 
large amounts of co-extractives can be tolerated by columns and very effective clean-up 
can be achieved, particularly when the pesticides under investigation can be collected in 
discrete fractions. It is important that the activity of the adsorbent used is constant and 
variation between different batches is often found. 

The activity of adsorbents can be checked by recovery studies using a prepared column 
or by using standard dye materials. Adsorbents have been classified into grades of activity 
as weak, medium or strong, depending on their power of adsorption. It is also possible to 
activate or deactivate an adsorbent. Most materials may be activated by strong heating and 
some may be activated for a particular purpose by pretreatment with acids or bases (as 
with alumina) or organic solvents (as with charcoal). Deactivation of alumina has been 
effected by the addition of water, and the different grades of alumina thus produced are 
standardized according to the Brockmann activity which is based on the adsorptive 
capacity for various azo dyes.’ 

The Florisil clean-up procedure for pesticides is widely utilized and has been compared 
with a “ Chrom AR” sheet clean-up for organochlorine pesticides in spinach by Beasley 
and Ziegler*. ‘Mills9 described a simple method for standardizing Florisil compounds, 
necessitated by the variation in the activity from batch to batch. Florisil columns were used 
by Sans” to fractionate insecticidal compounds which were difficult to resolve gas-chroma- 
tographically. 

Fatty materials may be removed by a solvent partition method such as the dimethyl- 
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formamide-hexane method of de Faubert Maunder et al.” The hexane extract of the sample 
is extracted three times with dimethylformamide saturated with hexane. The combined 
dimethylformamide phases are washed with hexane saturated with dimethylformamide 
and then shaken with a large volume of 2 ‘A aqueous sodium sulphate solution, On standing, 
the hexane previously held in solution rises to form an upper layer containing the pesticides 
and can then be separated. 

Solvents used for partition methods include acetonitrile,‘2*‘3 dimethylformamide 
(DMF)“‘14 and dimethyl sulphoxide (DMSO). 15-” Wood” favoured the use of DMSO 
because it was a good solvent for chlorinated pesticide residues and dissolved less oil or fat 
than either DMF or acetonitrile. His column chromatographic method is applicable to a wide 
range of fatty samples. The sample is mixed with “Celite ” and packed into a small column, 
and the chlorinated pesticides are eluted with DMSO. The eluate is then adsorbed on 
Florisil and the residues recovered from the DMSO by elution with hexane. This method 
gives a good clean-up, the author claiming that the amount of material lost in the clean- 
up was usually less than 0.01% of the sample. Carbon columns have been used for the 
clean-up of samples for the determination of both organochlorine and organophosphorus 
pesticides as they have a high capacity for retaining plant pigments and some waxes and oils. 
McLeod et of.” compared various carbon adsorbents and also proposed a mixed column 
of carbon (“Darco G60”) and cellulose (,‘ Solka Floe”). 

Thin-layer chromatography can be used for clean-up provided that there is not much 
fatty material present in the extract. The procedure differs from the thin-layer end detection 
method in that thicker adsorbent layers are used (1-5 mm) and the extract is normally 
applied as a streak. Standard compounds developed on the same plate are used to indicate 
the region of the plate on which the pesticide will be found. The band is removed by scraping 
and extracted to give a suitable solution for an end-method of determination. 

To increase the amount of co-extractive material that can be applied to thin-layer plates, 
modified systems such as multiband chromatoplates and wedge-layer plates have been 
devised.20P21 In wedge-layer plates the sample is applied to the thicker end of the plate, 
which can take heavier loading. After passing along a decreasing thickness of material it 
reaches the thinner layer which has a lower clean-up potential but an improved resolution. 
This type of plate can be used as a combined clean-up and end detection method. 

The sweep co-distillation technique22 is a useful method because it eliminates the need 
for specialized adsorbents and equipment, large volumes of costly purified solvents and 
laborious clean-up methods. The samples are extracted with a suitable solvent, for example, 
ethyl acetate for organophosphorus pesticides. An aliquot is then concentrated and cleaned 
up by injection into a long heated glass tube packed with glass wool and followed at 3-min 
intervals by injections of ethyl acetate. Nitrogen carrier gas sweeps the vaporized volatile 
components through the tube, the organic interferences remaining on the glass wool whilst 
the pesticides are collected for analysis. An improved version of this technique was claimed 
by Rim and Wilson” who used hexane as carrier gas in the place of nitrogen when deter- 
mining organochlorine residues. A forced volatilization technique was used by Mestres and 
Barthes24 to obtain vegetable tissue extracts in a suitable state for electron-capture detection. 

Gel filtration or gel chromatography. has been widely used in the biochemical field for a 
number of years but its use in the analysis of pesticides has been limited. Recently, however, 
fresh interest in the technique has arisen following the introduction of “ Sephadex LH-20 “, 
a lipophilic modified dextran gel, which can achieve separations in non-aqueous systems. 

This mode of separation, based on molecular size, offered a potential clean-up system for 
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distinguishing organophosphorus pesticides (m.w. 200-350) from the common co-extrac- 
tives chlorophyll (m.w. 906) and carotene (m.w. 536). Gel filtration using Sephadex LH-20 
in ethanol was shown by Horler” to be a practical method for the single stage clean-up 
of insecticide residues from grain. Such clean-up was considered adequate for thin-layer 
chromatography. The possible use of the technique for the determination of organophos- 
phorus pesticides was investigated by Ruzicka et uLz6 the gel being swollen and eluted with 
either acetone or ethanol. Efficient separation of these pesticides from co-extractives could 
not be achieved, much of the pigment material eluting in the range in which pesticides were 
found to emerge. However, they found the observed elution volumes of the compounds ex- 
amined were constant and distinctive and the sequential order differed for the two solvents. 
The technique is therefore useful for the identification of organophosphorus pesticides 
at the residue level and has been incorporated in an analytical scheme by Askew et ~1.~’ 
for the qualitative confirmation of the presence of these compounds in river waters. A 
chromatographic system using “ Bio-Beads S-X2 ” and cyclohexane was successfully used 
by Stalling et al, 28 for the removal of lipids from fish extracts before the determination of 
commonly occurring pesticides and polychlorinated biphenyl residues. A useful feature 
of gel chromatography is that the column can be used repeatedly over long periods without 
any detectable change in the elution volumes or the recoveries. Application of the technique 
to organochlorine pesticides has not been successful as the separation is poor. 

Calderbank2’ has reviewed the use of ion-exchange resins as a clean-up procedure. 
Cationic resins are particularly useful in the determination of “ diquat ” in potato tubers3’ 
and “paraquat ” in fruit.31 

END METHODS OF DETERMINATION 

The main end determination methods used in residue analysis fall into three groups, 
namely, biological, spectrophotometric and chromatographic. Other methods such as 
electrochemical (chiefly polarographic) and radiochemical have been advocated, but their 
use is extremely limited. 

Biological methods 

Biological methods for the determination of pesticide residues include both bioassay 
and enzymatic techniques. They have the advantages of simplicity and sensitivity, their 
main disadvantage being a lack of specificity. Bioassay depends on the measurement of a 
phys;ological response of a test organism induced by exposure to the pesticide. Although 
the technique is relatively non-selective within the pesticide group tested for, it has been 
used to determine total residues of a particular group and of pesticides of known identity.32 
The insect bioassay technique has been adequately reviewed by Sun.33 

A parallel biochemical system dependent upon the inhibition of the enzymes carboxyl- 
esterase and cholinesterase by organophosphorus and certain carbamate pesticides has been 
found to be particularly useful when combined with TLC. Several workers3”36 improved 
the sensitivity of the combined TLC and enzyme-inhibition procedures by incorporating 
indoxyl acetate as the fluorogenic agent. Typical detection limits by this procedure are 
“ carbaryl ” 0.5 ng, “ carbofuran ” 5 ng, “propoxur” 10 ng, “parathion ” 0.1 ng and 
“ malathion ” 2.5 ng. 

Spectrophotometric determination 

Spectrophotometric determinations of pesticide residues rarely achieve the sensitivity 
of thin-layer and gas chromatographic techniques. They may not be able to distinguish 
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between the parent compound, metabolites and hydrolysis products, but can be utilized 
along with chromatography as a confirmatory technique. There are three types of spectro- 
photometric determination, based on (a) ultraviolet and visible (700-700 nm) (b) infrared 
(2-15 pm) and (c) fluorescenec and phosphorescence methods. 

Ultraviolet and visible. Ultraviolet methods require a rigorous .clean-up to ensure that 
the final solution is free from any other material that will absorb light in the region of’the 
spectrum in which the pesticide content is to be measured. The solvent used for the initial 
extraction of a crop material should be chosen with care to ensure extractability of the pest- 
icide and with consideration of its ultimate effect on the analysis in the ultraviolet region. 

Since most pesticides are not coloured a chromophoric structure must be created or 
introduced into the pesticide molecule before it can be determined spectrophotometrically 
in the visible region. This calorimetric method of detection is specific to the functional group 
or other moiety involved in the colour-producing reaction. 

Ultraviolet and visible spectrophotometry are commonly used in the determination of 
compounds which are difficult to separate by gas chromatography such as the acids 2,4-D3’ 
and 2,4,5-T,38 and the ionic bipyridinium herbicides diquat39 and paraquat.40 A distinct 
advantage of calorimetric end detection methods is that they are readily adaptable to 
automated analysis. 

Many of the chlorinated pesticides have been determined by calorimetric methods but 
with the advent of gas-liquid chromatography with its superior detection limits, they have 
rapidly lost favour. Fresh interest has been shown recently in the calorimetry of organophos- 
phorus pesticides in an automated process. This method determines total phosphorus, so a 
suitable extraction and clean-up procedure is necessary to remove, natural phosphorus- 
containing compounds. Direct spectrophotometric techniques can be used for water-quality 
monitoring or for confirmatory evidence after chromatographic separation. In many 
cases the sensitivity and selectivity of spectrophotometry after clean-up is sufficient for identi- 
fication and quantification of organic pesticides, especially aquatic herbicides, in water. 

Infrared methods. This absorption spectrophotometric technique is useful in pesticide 
residue analysis as it is possible to obtain qualitative identification as well as quantitative 
determination with one physical measurement. Generally, relatively large quantities of 
pure material are required to obtain suitable spectra. Good spectra can be obtained with 
microgram quantities of pesticide provided that background absorption due to extraneous 
extractives is low. The problem of obtaining a clean extract is the major disadvantage. 
Quantitative infrared analysis also requires scrupulously water-free solutions and thus the 
drying of reagents and final aliquots is necessary. Unfortunately some of the common 
solid drying agents may absorb or react with the pesticide and most do not remove water 
completely. 

Pesticides can be separated and collected by gas-liquid chromatography with a fraction 
collector or by preparative thin-layer chromatography, and the infrared spectrum obtained 
by micro-infrared techniques. This procedure is particularly useful when multiple residues 
are present.41 

Fluorescence and phosphorescence methods. Fluorometric methods, if applicable, are 
preferable to absorption methods because selectivity of measurement and sensitivity of 
determination are generally greater. The principal disadvantages are the limited applicability 
and the difficulty in obtaining suitable clean-up procedures which will remove naturally 
occurring fluorescent biological materials. The relationship between fluorescence and con- 
centration is linear only up to a certain concentration. 
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A survey of the phosphorescence of certain pesticides and potential utility of the technique 
was made by Moye and Winefordner42 who obtained the excitation and emission spectra, 
decay times, analytical curves and limits of detection for 32 pesticides in 10m2M ethanolic 
solution. Based on the fluorescence and phosphorescence spectra obtained by Bowman and 
Beroza43 for methylenedioxyphenyl synergists, fluorescence methods were developed to 
determine piperonyl butoxide residues in commercial fly-sprays, stored grain and milled 
products. Fluorescence analysis provides a rapid and sensitive method for the determination 
of carbonate residues, which are not readily determined by gas chromatography, and has 
been used for screening milk samples for carbamates. The fluorescence in methanol-tetra- 
methylammonium hydroxide solution was measured.44 Carbaryl and I-naphthol have been 
determined in bees, pollen and honey by measurement of the fluorescence in 0.25M sodium 
hydroxide.45 Freed and Hughes46 suggested the technique for the determination of low 
concentrations of the herbicide diquat. They found a linear relationship between the fluores- 
cent intensity and concentration over the range 0.1-6.0 pg/ml. Unfortunately the procedure 
is inapplicable when small concentrations of the compound are to be determined in plant 
material because of interference from naturally occurring substances remaining after clean- 

up* 
Fluorescence intensity is dependent on a number of experimental conditions, the most 

important being the solvent effect and the pH. These factors are discussed in the review 
articles by MacDouga11.47948 

Chromatographic methods 

Paper chromatography. This is the simplest method of identification and estimation. It 
gives a reasonable degree of sensitivity and selectivity for chlorinated and organophos- 
phorus insecticides and chlorophenoxy acid type herbicides. Before the introduction of gas 
and thin-layer chromatography, paper chromatography was the only process generally 
applicable to the separation and indentification of many pesticide residues. Thin-layer has 
virtually replaced paper chromatography in pesticide residue analysis because of its increased 
resolution and shorter development time. 

Generally when paper chromatography has been used for pesticide residue analysis, 
no chemical modification of the paper has been made but acetylated papers have been 
used for the reversed-phase separation of organophosphorus pesticides.4g Fibre-glass 
papers have also been used for the reversed-phase chromatography of organophosphorus 
compounds. 5o Paper chromatog r ap y h has been used for the determination of organochlorine 
herbicides in soil and water.51 substituted urea herbicides and their trichloroacetates52 and 
for the determination of organophosphorus residues in foodstuffs.s3 The use of paper 
chromatography in pesticide residue analysis has been reviewed by Getzs4 and Coffin.55 

Thin-layer chromatography (TLC). This technique has grown rapidly in importance in 
recent years and is now widely accepted as a quick and efficient technique for the detection 
and determination of very small quantities of the majority of pesticides. Though lacking 
the precise specificity of gas-liquid chromatography, thin-layer is more precise and more 
sensitive than paper chromatography. TLC can be used in pesticide analysis for diagnostic 
work, for accurate quantitative evaluation and as a clean-up procedure for sample extracts. 
The adsorbent layer on the glass plate should present an even, firm and continuous surface. 
For most pesticide residue work a 0*25-mm layer of alumina or silica gel gives the best 
results, but other adsorbents such as kieselguhr and magnesium oxide are also useful in 
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some circumstances. Recent developments have made use of polyamide layers and the 
microcrystalline cellulose “ Avicel”.‘” 

After air-drying, the applied layer is completely dried and activated by heating the plate 
in an oven at 120” for 2 hr, and then cooled before use. The solvent in the solutions to be 
spotted on the plate should be volatile and care must be taken that the micro-pipettes used 
for spotting do not penetrate the surface layer. Standard solutions of pesticides must be 
developed on the same plate as the sample, preferably on both sides of the sample spot. 
For TLC of organochlorine compounds a number of mobile phases may be used, but it is 
important that the developing tank contains a saturated and stabilized atmosphere. The 
chromatogram is developed by the ascending technique, with the plate vertical and the start 
line approximately 1 cm above the solvent surface. After development the plate is air-dried 
and then the pesticides may be visualized by various means. One method is to spray the 
plate with ethanolic silver nitrate solution and irradiate with ultraviolet light, the pesticide 
spots appearing as dark areas against a white background. This process is not particularly 
sensitive, the detection limit being approximately O-5 pg, and discolouration of large areas 
of the plates occurs unless precautions and care are taken. If the silver nitrate is incorporated 
into the adsorbent layer improvement is obtained and organochlorine pesticides in the 
5-200 ng range can be detected.57-58 Other visualizing agents that have been used are 
aromatic amines, bromine vapour and fluorescent indicators such as fluorescein, Rhodamine 
B and dichlorofluorescein. 

Two-dimensional development of chromatograms with hexane and cyclohexane on 
silica gel chromatoplates has been used for the. identification of organochlorine pesticides 
in blood and tissues.5g Another development has been the use of one-dimensional chroma- 
tography but using multiple development. This technique has been used for the separation 
of thirteen commonly occurring organochlorine pesticides.60 The thin-layer chromatogra- 
phic behaviour of ninety pesticides on Florisil with five solvent systems has been studied.61 
A rapid screening test for detecting organochlorine pesticides present in fats and vegetables 
by using TLC has been published and may be useful for surveys.58 

Carbamates which are difficult to analyse by gas chromatographic techniques have been 
identified and determined by TLC. Ramasamy5s published data for seven carbamates, 
using a combination of two different adsorbents, three solvent systems and three chromato- 
genie sprays. Mendoza and Shields63 developed a TLC-enzyme-inhibition technique 
which they used to detect carbamate and organophosphorus pesticides. This technique 
enabled carbaryl to be detected at the low level of 0.1 ng. N-Phenyl-, N-methylcarbamates 
and related ureas have been detected, separated and identified by thin-layer chromatography.64 
Using polyamide layers, Nagasawa and his co-workers65 separated and determined car- 
bamates and related compounds. They compared the detection limits on polyamide and 
silica gel layers and confirmed the superiority of polyamide layers. Abbott et ~1.~~ have 
described a TLC procedure for the separation, identification and estimation of some car- 
bamates in soil and water. 

The organophosphorus pesticides are also susceptible to treatment by TLC using adsor- 
bents and mobile solvents similar to those used for organochlorine pesticides and car- 
bamates. The merits of TLC in the separation of organophosphorus pesticide residues have 
been reviewed.67*6* Getz and Wheeler6’ have reported the separation and selective visuali- 
zation of 42 organophosphorus compounds. They used five ternary solvent systems and 
three selective chromatogenic sprays for the identification of the migrated spots. The use 
of polyamide layers has been recommended.70*7’ Watts” has reviewed the use of chroma- 
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togenic spray reagents for the detection of organophosphorus pesticides. The separation 
and identification of organophosphorus pesticides from tissues for medico-legal purposes 
has been achieved by the use of two-dimensional TLC. 73 Fluorescent silica gel can be 
used to separate and detect organophosphorus pesticides. Villeneuve er aZ.74 have made an 
assessment of the applicability of these gels. Because the organophosphorus pesticides are 
inhibitors of esterases the combination of TLC with cholinesterase detection methods 
permits very rapid and sensitive procedures for separation and detection. The work done 
by Mendoza et al., W’5.76, Ackermann,“.‘8 Winterlin et al.,‘? and Ernst and Schuringso 
gives examples of this technique. TLC is particularly applicable to herbicides, many of 
which are of a polar nature and not susceptible to gas chromatography unless first converted 
into a suitable ester or derivative. It has also been used for the detection and determination 
of phenoxyaliphatic acids51*81 and phenylurea herbicides.*2 Cellulose layers have been 
used for the separation of dinitrophenols and their methyl ethers.83 The various aspects 
of the detection and determination of residues of triazine herbicides by TLC have been 
reviewed.84-86 

For a simple, rapid and inexpensive procedure for determining minute amounts of some 
herbicides Coha and Kljajic” have sugges ted a combination of TLC and ring-oven. Homans 
and Fuchs** have used direct bioautography on thin-layer chromatograms for the detection 
of fungitoxic substances. TLC has been used for organomercurials: Takeshita et aLsg 
detected mercury and alkylmercury compounds by reversed-phase TLC. It has also been 
used for estimating methylmercury in fish, meat, liver and eggs.go*g1 The thin-layer character- 
istics of the dithizonates of a number of organomercurial fungicides in common use have 
also been studied.g2 

Gas-liquid chromatography (GLC). The most versatile and sensitive end-method for 
pesticide residue analysis is undoubtedly gas-liquid chromatography. Following considera- 
ble research to perfect this technique some features of the apparatus have become standard. 
The column tubing is usually made of glass and 1 or 2 m in length, but Crossleyg3 has sugges- 
ted the replacement of glass or metal by Teflon. Columns of copper and stainless steel are 
best avoided as both can cause decomposition of compounds on the column unless precau- 
tions are taken. 

The most used stationary phases for the GCL analysis of pesticides are the organosilicones 
SE30, QFl or DC200; mixtures of QFl and DC200, “Apiezon,” butane-l+diol succinate, 
“ Versamid 900,” “ Carbowax ” 20M and GE-XE60. A recent introduction is a phenylmethyl- 
silicone, OV 17, which has been used by itself or mixed with the fluorosilicone QF1.g4 
After examining five different stationary phases, Taylor ” found the most suitable one for 
chlorinated pesticides was a mixture of QFI and neo-pentylglycol succinate. The retention 
times and responses for 60 organophosphorus pesticides and metabolites on three different 
stationary phasesg6 have been reported.g6 

It cannot be over-emphasized that all samples should be examined on at least two different 
types of column and no conclusions should be drawn unless the results agree. If necessary, 
injections should be made on a third type of column with a different composition from the 
other two. The two (or three) columns used should incorporate stationary phases of differing 
polarities so as to produce different sets of relative retention times for the various pesticide 
residues. 

The electron-capture (electron-affinity) detector has become the standard detector for 
organochlorine compounds, with either tritiated titanium on copper foil, or a nickel-63 
foil as the source of beta-radiation. The latter detector is more expensive but can be used at 
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temperatures above 250”, which would damage the tritiated detector. The nickel-63 detector 
can be used up to a maximum of 400” and its use at high temperatures reduces the possibi- 
lity of ~on~mination of the source from sample impurities and from bleeding of the liquid 
phases from columns. In the U.S.A. the most commonly used detector for organochlorine 
pesticides was originally the microcoulometric detector but except for certain special 
purposes it has now been replaced by the electron-capture detector. The electron-capture 
detector responds to all electron-capturing species whereas the microcoulometric detector 
can be operated to be specific for halogenated compounds. The microcoulometric detector 
originally lacked sensitivity but modifications have lowered the detection limit for sulphur 
or halogen to about IO-’ g. This detector is still relatively expensive for residue work 
despite its high degree of specificity. The theory and modes of operation of electron-capture 
gas chromatography have been reported by many authors. Amongst these are Lovelock and 
Lipsky, ” Lovelock,g*-‘OO Clark,“’ Dimick and Hartmann,‘02 Gastonlo3 and Peters and 
Schmidt’04 These references should be studied for an understanding of electron-capture 
detection and the effect of various gas chromatographic parameters. 

It is only in very recent years that GLC of organophosporus pesticides has reached a 
state comparable with that achieved in the organochlorine field. The electron-capture 
detector can be used for a few or~nophospho~ ~om~unds such as “parathion ” and 
“ fenchlorphos ” which contain certain electrophoric groups such as Cl and NO, but the 
sensitivity is generally rather low, requiring about 5 or 10 ng to produce a reasonable response. 
The flame-ionization detector is equally sensitive to organophosphorus compounds and to hy- 
drocarbons. The need for a highly sensitive detector for these compounds was met with the 
introduction by Giuffrida of the sodium thermionic detector.ioS This was an important de- 
velopment because the detector showed a special sensitivity to phosphorus and nitrogen 
compounds and was comparatively insensitive to chlorine compounds. The detector consisted 
of a Same-ionization detector with the cathode coated with a sodium or other alkali metal 
salt. Unfortunately the sodium thermionic detector proved unstable in practice because its 
sensitivity declined rapidly and it required constant recharging with fresh sodium salt. 
I&utmann’06 fitted a tip made of caesium bromide and Celite prepared under high pressure. 
This tip was positioned on the burner so that the gas flow passed through a hole in it and 
the flame was produced at the exit hole; thus the flame produced contained caesium ions. 
The caesium tip enhanced the stability of readings and also had a reasonable working life. 
The sensitivity of this detector is of the order of 2 ng for full scale deflection, with no base- 
line noise, but for compounds with shorter retention times, such as “ dichlorvos,” the sensi- 
tivity is increased; full-scale deflection can be readily obtained with 0.4 ng. Conversely, the 
detector is less sensitive to compounds with long retention times, such as “carbopheno- 
thion,” of which 5 ng are required to give full-scale deflection. The sensitivity of the instrument 
can be improved by re-injecting the sample extracts on shorter columns at higher temper- 
atures. This considerably shortens the retention times with corresponding narrowing and 
sharpening of the chromatogram peaks, coupled with loss of resolution. A very compre- 
hensive review of thermio~c detectors used in gas chromatography has been recently 
published.’ ” Under specific instrumental conditions the alkali-metal flame detector will give 
negative peaks for chlorine-containing compounds and positive peaks for bromine-, iodine-, 
nitrogen- and phosphorus-containing compounds. The detector has been used in the nitro- 
gen mode for determining carbaryl direct without converting it into a derivative.“’ The 
negative response was used to detect chlorinated pesticides in soil at levels between 0.01 
and 10 mg/kg without purification of an exhaustive hexane extractlog 
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Recent developments in detectors specific for phosporus compounds have included the 
flame photometric detector. Draegerwerk and Draeger”’ were granted a German patent 
in 1962 for the detection of sulphur and/or phosphorus compounds in air by flame photo- 
metry in a hydrogen-rich flame. Using this principle Brody and Chancy’” produced a 
detector sensitive to subnanogram amounts of phosphorus compounds and/or submicro- 
gram amounts of sulphur compounds, but relatively insensitive to all other organic com- 
pounds. The principle upon which the detector is based is the photometric detection of 
flame-emission of phosphorus and sulphur compounds in the hydrogen-air flame. The 
flame is monitored by a photomultiplier tube which has an interference filter for spectral 
isolation of the particular emission. The filter at 526 nm is used to sense phosphorus com- 
pounds while a second photomultiplier tube with a 394 nm interference filter for sulphur 
compounds provides an additional check on pesticides based on phosphorothioic acids. 
The usefulness of the detector for measuring organophosphorus pesticide residues in 
extracts of plants and animal products, with and without clean-up, has been reported.‘12 
The detector has been used for the determination of organophosphate pesticides in cold- 
pressed citrus oils113, oranges, apples, sugar beet and potatoes.‘14 Beroza and Bowman”’ 
concluded that GLC with flame photometric detection was a verstile, sensitive, reliable and 
efficient means of analysing pesticides and their metabolites containing phosphorus or 
sulphur. The detector also proved useful for analysing insecticides such as carbamates in 
the form of derivatives containing phosphorus or sulphur. By the use of two columns 
of differing polarity together with the flame photometric detector, Stanley and Morrison”6 
identified organophosphate pesticides by comparison of the peak retention times of the 
unknown sample with those of a known sample. The flame detector has been improved by 
combining the phosphorus and sulphur detectors into a single unit.“’ Since the two 
detectors monitor the same burning effluent from the gas chromatographic column, precise 
determination of their relative response to various compounds may be made. Using twenty- 
one pesticides at three concentrations Bowman and Beroza”” found that the phosphorus 
response was linear with concentration but the sulphur response was not. They defined the 
response ratio as the phosphorus response divided by the square root of the sulphur res- 
ponse. This ratio provided a means of estimating the atomic ratio of phosphorus to sulphur 
in a molecule. The operating temperature of the flame photometric detector was approxi- 
mately 160” but by replacing the original air-cooled heat-sink with a water-cooled one the 
operating temperature could be increased to 25Oo.“8 

For the detection. of halogenated compounds Bowman and Berozalrg used a gas chro- 
matographic photometric detector which responded to the green flame obtained when 
compounds containing chlorine, bromine and iodine burn in the presence of copper. The 
sensitivity of the detector to chlorinated hydrocarbons was usually 100 ng, but for the analysis 
of chlorinated pesticides in crops a thorough clean-up was required because the copper 
screen used in the detector could easily be deactivated. Unlike the normal flame-photometric 
detector, it was not highly selective. A recent development has been the combination of the 
two different flame photometric detectors to give the dual-flame photometric detector.12’ 
In the lower flame the compounds emerging from the column are burnt and monitored for 
sulphur and phosphorus. Between the upper and lower flames is a stainless-steel net holding 
indium pellets. The chlorine-containing compounds react with indium and the resulting 
emission is monitored at a wavelength of 360 nm. In this way, the simultaneous and selec- 
tive determination of phosphorus-, sulphur- and chlorine-containing compounds eluted 
from a GLC column can be obtained. 
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Another specific detector is the Coulson electrolytic conductivity detectori21 which 
operates in the following manner. The column effluent passes into an aluminium block 
where it mixes with a reactant gas (either oxygen or hydrogen), The mixture passes into a 
pyrolysis tube containing a combustion catalyst. The pyrolysis conditions are then chosen 
to produce a water-soluble species containing only the desired element. Thus for halogen 
detection the pyrolysis unit contains a platinum gauze which g&s oxidi~ng conditions, 
the products being sulphur dioxide and hydrochloric acid. The sulphur dioxide can be 
removed by a scrubber of calcium oxide and the hydrochloric acid can then pass into con- 
ductivity water. The change in conductivity of this water is measured and can be related to 
the organochlorine pesticide content. For nitrogen detection the column eflluent is reduced, 
with a nickel catalyst, and the interfering species are removed with a strontium hydroxide 
scrubber. The Coulson detector can therefore be useful as a specific detector for nitrogen- 
containing pesticides such as the triaxines. It is also useful for the determination of chlori- 
nated pesticidal residues when the solution has not been satisfactorily cleaned up for 
electron capture. An evaluation of the electrolytic conductivity detector for residue analysis 
of nitrogen-containing pesticides has been made. The wide distribution of naturally occurring 
compounds did not present any serious obstacles to the use of this detector at the 0.02 mg/kg 
level in the analysis of crops.‘22 

A highly selective detector which was reported as early as 1965 and has yet to come to the 
fore is the emission spectrometer detector. Bathe and Lisk pioneered this type of detector 
and have successfully used it for deter~ning organophosphorus pesticides,‘23-‘26 carba- 
mate and triazine pesticides”” and organomercurials.‘z8 The detector responds to the 
emission from the atoms of a specific element carried in a helium or argon stream from a 
gas chromatograph, when passed into a microwave-sustained plasma discharge at either 
atmospheric or reduced pressure. Reduced pressure permits the use of helium as the carrier 
gas with the advantage of less background radiation and higher excitation energy than 
argon plasmas. All elements of organic compounds can be detected and it is possible to 
examine for more than one element simultaneously. Dagnall et al. have published several 
papers on the detector, including a short review article on its evaluation.‘2g Attractive 
features of this detector are its sensitivity, range of linearity and the multi-channel examina- 
tion of the various specific emission lines of the constituent atoms of compounds. Detection 
limits for most elements are of the order of O-l-1.0 ng/sec; for oxygen and nitrogen they 
are about 3 n&ec. Moyez3’ compared the efectron-capture detector and the microwave 
emission detector responses for celery extracts containing 10 pg per kg; of parathion. 10 ng 
of parathion gave the same response with the microwave instrument as 1 ng with theelectron- 
capture instrument, but there was a complete absence of extraneous peaks with the micro- 
wave detector. 

A new flameless ionization (chemi-ionization) detector has been proposed recently.‘31 
When phosphorus compounds from the column pass into a heated atmosphere of caesium 
bromide vapour and inert gas, ionization takes place and can be detected. Results from 
this detector for several organophosphorus pesticides were compared with results obtained 
with an alkali metal flame-ionization detector. Although the flameless ionization detector 
was less sensitive to phosphorus compounds, it was also much less sensitive to the hydrocar- 
bon solvent. This gives the flameless ionization detector a certain degree of specificity to 
non-hydrocarbons, the resulting chromatograms being cleaner, with fewer interfering 
peaks. 

Liquid-liquid chromatography, Liquid-liquid chromatography has taken its place beside 
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GLC as a powerful technique for the separation and analysis of complex mixtures. Separa- 
tion depends on the compounds having sufficiently different partition coefficients in the 
selected solvent system, and by this technique an extremely wide range of compounds can 
be separated, since there are no limi~tions set by volatility requirements. Modern liquid 
chromatographs are characterized by small-particle column packings (down to 5 pm), 
narrow-bore columns (as small as 1 mm) and high inlet pressures (up to 5000 psig). Suitable 
column packing materials are reviewed by Kirkland13’ and Majors.“’ Important recent 
developments include the use of stationary phases chemically bonded to the support material 
and also controlled surface-porosity supports. Commercially available detectors include 
refractometers and those based on electrolytic conductivity, heat of adsorption, spectro- 
photometry, and flame ionization. Various systems have been used to transfer the sample 
from the liquid chromatograph column to the flame ionization column. These include a 
carrier wire,134 a closed-loop’35 and a rotating circular net.‘36 The last system, with its 
greatly increased surface area, overcomes the deposition problems of the earlier “wire 
collectors.” Cassidy and Frer ‘13’ have published details of a fluorescence detector with 
which 3 ng of ~methylamino-7-nitro~nzo-2,1 ,Ioxadiazole (a fluorogenic labelling com- 
pound} could be detected consistently. Lambert and Porter13’ reported the application of 
liquid-liquid chromatography to the analysis of insecticides, using water-ethylene glycol 
as the stationary phase, adsorbed on siliconed fire-brick, and hexane-carbon tetrachloride 
as the mobile phase. A pressurized-flow scheme incorporating an automatic recording 
differential refractometer as the detector was employed. 

Bombaugh et uI.,iJp using a high-~rformance liquid chromato~aph, determined 
organochlorine pesticides which were separated on a Corasil II column with n-hexane as 
solvent. The separated insecticides were detected with a differential refractometer and the 
sensitivity was of the order of 1 pg. Liquid chromatography also offers a means of carrying 
out a rapid and direct analysis of such compounds as the insecticidal carbamates (“ carbaryl,” 
“butacarb” etc.) and their hydrolysis products, with minimal interference from the bio- 
logical matrix. 

The logical combination of liquid chromatography and polarography was looked at 
initially by Kemula.14’ Separation of the components of a mixture by liquid chromatography 
overcomes the limitation of polarography when dealing with a mixture containing com- 
ponents of similar half-wave potentials and permits its use as a specific detector. The use of a 
~rbon-imprecated silicone rubber membrane as an alternative to the dropping-mercury 
electrode has been examined14’ and subsequently evaluated as a detection method for high- 
*peed liquid chromatography.‘42 

Polarogruphy 

Polaro~aphy has been applied to the detection and determination of several pesticides. 
Although classical polaro~aphy has poor selectivity and low ~nsiti~~, it can be used for 
the analysis of nitro compounds such as commercial parathion products. The fast sweep 
used in cathode-ray oscillographic polarography makes the instrument particularly useful 
in quickly finding suitable polarographic conditions and for completing rapid determina- 
tions. To yield a polarogram the compound must contain an oxidizable or reducible group 
such as nitro, halogen, carbonyl, etc. Pesticides not confining such a group can usually 
be determined by formation of a suitable derivative. From the published literature on 
polarographic behaviour, solvents and electrolytes may be selected and their suitability 
can be tested in the laboratory. 
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Gajan’43 and Allen144 have reviewed the application of polarography to the detection 
and determination of pesticide residues. 

Radiochemical techniques 

In neutron-activation analysis, radioactivity is induced in the trace elements. The con- 
centration of these trace elements (as low as 1 pg/kg) is determined by measuring the radia- 
tion so induced and comparing it with that of standard samples. The technique has found 
only limited use because expensivekquipment is involved, but its potential in the analysis of 
pesticides has beeri discussed by Bogner.14’ Schmitt and his co-workers146*14’ developed 
a quick neutron-activation method for determining several elements, including bromine and 
chlorine, in milk products and fruit. 

Radioactive isotopes have often been used in metabolism studies (for example’44 
metabolism of “ trichlorfon" by using pJ2), and in the development of analytical methods 
for routine residue determinations. The technique-involves the introduction of a radioactive 
atom into the pesticide molecule. By tracing the radioactivity emitted, the progress of the 
pesticide through the metabolism or analytical method may be closely followed. The method 
is quite sensitive (0.1 pg/kg for pesticides) and measurement is relatively independent of the 
chemical and physical state of the sample to be measured. The common isotopes used are 
“H , i4C, 32P, 35S, 36Cl, and *‘Br, of which 14C is the most important.‘4g*150 A disadvantage 
is that most pesticide laboratories are not equipped to synthesize their own radioactive 
compounds. 

Isotope-dilution analysis is a means of measuring the yield of a non-quantitative process 
and it also enables an analysis to be performed where no quantitative isolation procedure 
is known. A known weight of a radioactive compound is added to an unknown mixture 
containing that compound. They mix chemically indistinguishably. A small amount is 
isolated and determined chemically and radioactively. The proportion of radioactive 
compound to the total gives the dilution and hence the original concentration. The method 
has been used by Bazzi for determining “ dimethoate” and “ Cidial “.i’i 

Derivative formation 

Derivatives of pesticides are prepared for two main reasons. These are (i) altering the 
structure in order to aid characterization, a technique discussed in the section covering 
confirmatory techniques, and (ii) increasing the stability of the compound to permit chro- 
matography. Furthermore, a particular detection system is often more responsive to the 
conversion products. Formation of a new compound may be necessary in order to decrease 
the volatility of the pesticide for paper of thin-layer chromatography, increase the volatility 
and/or stability for gas-liquid chromatography, enhance the sensitivity of a particular 
detector to the pesticide, or to avoid non-Gaussian peaks. 

The need for derivative formation is clearly shown by the carbamate series of compounds 
which are used as herbicides and, in some cases, insecticides. Few carbamate pesticides can 
be gas-chromatographed directly, because of thermal breakdown and poor detector response. 
This has led to an interest in the formation of derivatives from products of hydrolysis of the 
pesticide. The method of Cohen and Whealsls2 involves hydrolysis and formation of the 
2+dinitrophenyl derivative of the amine on a silica gel thin layer. The derivative is extracted 
and injected into a GLC column. Frei and Lawrence ls3 have investigated the formation 
of fluorescent carbamate derivatives. Under optimum conditions, by use of dansyl chloride 
and TLC separation, nanogram levels of carbamates could be determined instrumentally 
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Recently they published details of the use of 4-chloro-7-nitrobenzo-2,1 ,Zoxadiazole 
(NBD-Cl)rs4 which was considered to be superior to dansyl chloride in that it does not 
form fluorescent derivatives with phenols, thiols, alcohols or anilines, and, unlike dansyl 
chloride, the hydrolysis product of NBD-Cl is non-fluorescent. By use of this reagent, 
carbamates at the ,ug/kg level have been determined in water and soil samples. Se&errs5 
has proposed the formation of the iV-perfluoroacyl carbamate derivatives. These are stable 
to gas chromatographic conditions and may be detected by electron-capture and alkali 
metal flame detectors. The method of forming the 2,4_dinitrophenyl ethers has been extended 
to phenols in general, which usually show tailing characteristics and poor detection sen- 
sitivities.ls6 Herbicide acids also have poor chromatography characteristics but the problem 
has been overcome by the preparation of the methyl derivatives.“‘*’ ‘* 

CONFIRMATORY TECHNIQUES 

It is important that the identity and level of pesticide residues determined should be 
confirmed by a different method from that used in the determination. When the end deter- 
mination method is TLC, confirmation can be obtained by using alternative developing 
solvents or visualizing agents. Frequently the pesticide can be removed from the thin-layer 
plate with a suitable solvent and injected directly on to a gas chromatograph. 

Interference peaks may occur on gas-liquid chromatograms even when the most selective 
detectors available are used. It is poor technique to run samples on only one column and 
in some cases two columns are insufficient. The diagnosis of BHC isomers on chromato- 
grams is hindered at times by the presence of hexachlorobenzene (HCB). This compound 
is eluted along with a-BHC on silicone columns and at the same retention time as y-BHC on 
Apiezon but all three compounds are resolved on a cyano-silicone column. However, despite 
the fact that resolution can be effected on polar columns, further proof of identity is desira- 
ble. The pentachlorophenyl propyl ether derivative prepared by Collins er ~1.‘~’ can be 
used to confirm HCB at the nanogram-microgram level by GLC. When “ dieldrin” and 
“&-DDE” occur together in a sample extract there is no separation on a silicone column. 
Both the Apiezon and cyano-silicone columns will resolve the mixture but with the latter 
the order of emergence is reversed, i.e., &-DDE appears before dieldrin. 

A simple confirmation technique for GLC is afforded by TLC when the levels of residues 
present are high enough. An aliquot of the cleaned-up extract, calculated to contain a 
suitable amount of the pesticides, can be evaporated to dryness, dissolved in a suitable 
solvent and run on a thin-layer plate together with the appropriate standards. The identity 
of the residues can be confirmed and the levels substantiated within the limited quantitative 
nature of thin-layer chromatography. 

For a limited number of pesticides GLC results obtained by using one detector can be 
confirmed by using another type of detector. Thus a microcoulometric detector can be 
used with an electron-capture detector for organochlorine compounds and the thermionic 
and flame photometric detectors for the organophosphorus compounds. 

Nuclear magnetic resonance (NMR) spectroscopy is one of the most important tools for 
the structural elucidation of organic molecules and therefore finds a place in pesticide 
analysis. It is an extremely useful technique for structural elucidation of pesticide metabol- 
ites and degradation products, for structural confirmation of new pesticides, or for product 
analysis of existing ones. It has also been used for the confirmation and estimation of relative 
concentrations of pp’-DDT and &-DDE isolated from adipose and liver tissue samples.16’ 
Because NMR spectroscopy has low sensitivity and pesticide residues generally encountered 
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are at low concentration, it has at present only limited use in residue work. Reference- 
spectra of pesticides have been published and will be useful for identity confirmation. 
Keith et ~1.‘~~ have presented a description of the lOO-MHz nuclear magnetic resonance 
spectra of forty organophosphorus pesticides. The more interesting and unusual spectral 
features are discussed and reproductions of some of the spectra have been included. The 
same authors also published reference spectra for commercially available pesticides having 
the diphenylmethane or substituted diphenylmethane skeleton.“j2 The NMR spectro- 
meter was used quantitatively to determine the amount of each isomer present in a mixture. 
The mixtures were technical DDT (containing o,p’-DDT and p,p’-DDT) and a mixture of 
“ Bulan ” [l, l-bis(4-chlorophenyl)-2-nitrobutane] and “ Prolan ” [ 1, I-bis(4-chlorophenyl)-2- 
nitropropane]. Keith and Alford’ extended their work, by the publication of the NMR 
spectra of compounds of the carbamate class of pesticide. They also reviewed the appli- 
cation of NMR spectroscopy to pesticide analysis. 164 Residues of p,p’-DDT and p,p’-DDE 
have been isolated from liver and adipose tissue and subjected to NMR and GLC using 
electron-capture and conductivity detectors. The results show that NMR can be used to 
confirm the presence and to ascertain (semi-quantitatively) the relative composition of 
pesticide residues isolated from tissue samples. In preparation for the application of photo- 
electron spectrometry to pesticide analysis, Baker et al., i6’ have examined five-membered 
aromatic heterocyclic and related molecules. This technique, which measures the binding 
energies of electrons in molecules, can be used to give structural information. 

Mass spectrometry, because of its high sensitivity, is a useful technique in the identifica- 
tion of pesticides isolated from residues. It is widely used for the analysis of individual 
pesticides and metabolites isolated by conventional separation techniques such as TLC, GLC 
etc. When mass spectrometry is coupled to gas chromatography it enables positive identi- 
fication to be made of the components of mixtures without prior separation and at a sensi- 
tivitycompatible with thelow level of residues encountered. Under ideal conditions, quantities 
as small as 10 ng will produce a useful mass spectrum. Using an extensive extraction and 
clean-up procedure adapted from existing analytical methods, Biros and Walker’66 separated 
pesticide residues from human adipose and liver tissues. Identification, quantitative deter- 
minations and confirmation of the pesticide residues were carried out with a combined 
gas chromatograph (with electron-capture detection) and mass spectrometer. The pesticides 
found were &SHC, y-BHC, heptachlor epoxide, dieldrin, p,p’-DDE, p,p’-TDE, o,p’-DDT 
and p,p’-DDT. The authors discuss the advantages and limitations and suggest modifications 
for improving the combined technique. 

One very important use of mass spectrometry is the confirmation of pesticides in the 
presence of polychlorinated biphenyls (PCB’s). It is difficult to separate these compounds 
from chlorinated pesticides because they have similar chromatographic and electron- 
capture characteristics. Techniques for identification of trace quantities of PCB’s and chlori- 
nated insecticides in crude natural samples and their semi-quantitative determination by 
mass spectrometry have been investigated.‘67 Bagley et ~1.‘~~ have identified PBC’s in the 
presence of organochlorine pesticides by combined GLC-mass spectrometry. From the 
spectral data obtained they showed that the compound extracted was identical with a parti- 
cular PCB, oiz. “Aroclor 1254.” 

The recent development of high-resolution mass spectrometry permits the accurate 
measurement of masses of ions produced in the spectrometer. The precise mass of any 
ion is dependent on its atomic constituents and hence the elemental composition of the 
pesticide molecule from which the ion was formed. Therefore, by measuring precise ionic 
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masses, it is possible to recognize individual pesticides in complex mixtures without prior 
separation into the components. Lovins169 investigated several mixtures of chlorinated 
pesticides and one of organophosphorus pesticides, using this technique. A mixture con- 
taining “ parathion,” “ malathion,” “ carbophenothion,” “ diazinon,” “ ethion ” and 
“ OMPA ” was one of those for which successful identification of the individual components 
was achieved. The method at present is limited to distinguishing between species of different 
elemental composition and cannot differentiate between two structurally isomeric pesticides 
of identical elemental composition such as p,p’-DDT and o,p’-DDT. The mass spectra of 
isomeric compounds differ in the relative intensities of the ions in the spectra and work 
is under way for the accurate measurement of the relative intensities of the exact masses. 
With these data the isomeric pesticides can be identified and it is then hoped that the method 
can be used in the identification of pesticide residues in extracts of food and soil samples. 
Damico et al. have published the mass spectra of some bridged polycyclic chlorinated 
pesticides,“’ quinquevalent organophosphorus pesticide esters,“’ and carbamates.‘72*‘73 
Zink’74 has used the mass spectrometer to identify chlorinated phenoxycarboxylic acid 
herbicides. Tong et a1.‘75 have used spark-source mass spectrometry for the determination 
of mercury in apples, the method being sensitive to 0.002 ppm. 

If an individual residue is sufficiently large and enough sample is available, then an 
infrared spectrum of the compound can be obtained and this will confirm the identity of 
the compound. Modern infrared spectrophotometers with their beam condensers and .micro- 
cells of as little as 3 ~1 capacity can produce a clear trace from 10-20 pg of most of the 
organochlorine pesticides. By TLC or column chromatography these amounts can be 
separated before the infrared spectra are obtained. The infrared spectrophotometer is more 
sensitive to organophosphorus pesticides than to organochlorine pesticides. Amounts as 
little as O-5 pug can give a good spectrum and these quantities can be obtained from a gas 
chromatograph equipped with a stream splitter, 1% of the effluent stream going to the 
detector for monitoring purposes and the remaining 99% going to a collecting device.41 
The use of infrared spectroscopy as a confirmatory technique requires the pesticide to be 
isolated in a pure form in microgram quantities. 

Bowman and Beroza’76 have proposed a method of identifying or confirming the identity 
of pesticides at levels down to a nanogram through the use of extraction p-values. The 
p-value is determined by the equilibration of a solute between equal volumes of two immis- 
cible liquid phases followed by the analysis of one of the solvents for the solute. This value 
can be derived from a single distribution between the phases or form a multiple distribution, 
as in counter-current distribution. Although the general technique has many analogies 
with the use of several gas chromatography columns in identification by retention volumes. 
it has the great advantage over that procedure of being both simpler experimentally and 
more versatile. It is especially useful for confirming the identity of pesticide residues at 
levels amenable to quantitative analysis by electron-capture gas chromatography. 

AUTOMATION OF PESTICIDE ANALYSIS 

In the pesticide residue field, wholly automated procedures from sample to final chart 
record are feasible for foodstuffs and soil, when minimum detectability requirements are 
not too stringent. In other instances, automated procedures can be used for the extraction 
and clean-up of samples and preparation of a concentrate for manual or automatic injection 
into a gas chromatograph. 

To automate gas chromatography, it is necessary to provide a means for the automatic 
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transfer of samples onto the column. Applegate and Chittwood”’ proposed such a system, 
using stainless-steel gauze rings onto which the sample solution is transferred. After the 
solvent is driven off, the rings are inserted into a slotted Teflon wheel mounted above the 
column. At suitable time intervals the gauze rings are dropped into a chamber where the 
sample is vaporized and carried on to the column by carrier gas. The technique was devel- 
oped to analyse samples from a particular area when only DDT, methyl parathion and 
parathion were used. Eberle et ~1.“~ used a similar system with the sample solutions 
being transferred to capillary glass tubes, which after evaporation of the solvent are auto- 
matically passed into a heating chamber directly connected to the gas chromatograph. 
The system could handle about seventy samples and was used for the automated analysis 
of triazine herbicides and halogenated hydrocarbons. Stockwell et al.“” described a method 
of automated injection for gas chromatography, together with internal standards. This 
system has not been applied to pesticides, but the use of injection rather than the alternative 
application methods could prove to be a significant advantage. 

One of the methods of determining certain organophosphorus and carbamate pesticides 
is an enzymatic method based on the inhibition of cholinesterase, When the enzyme is 
incubated at pH 7.4 with a thiocholine ester, enzymatic hydrolysis takes place, yielding 
thiocholine. This is reacted with 5,5-dithiobis-(2-nitrobenzoic acid) to give the yellow anion 
of S-thio-2-nitrobenzoic acid which can be measured calorimetrically at 420 nm. In the pres- 
ence of organophosphorus pesticides the cholinesterase is partially inactivated, resulting 
in decreased hydrolysis of the ester. This inhibition of the enzyme can be measured and readi- 
ly used in an automated determination of organophosphorus pesticides. With crop samples 
manual clean-up to remove interfering non-pesticidal phosphorus compounds is required 
before the automated technique can be applied. The samples can then be wet-digested 
automatically and the resulting orthophosphate determined by the automated measurement 
of the phosphomolybdate. The combustion products have also been adapted to an auto- 
mated procedure.“r OttiE2 has extended the determination to a dual system. The stream 
is split and the organically-bound phosphorus determined simultaneously by a calorimetric 
method and by cholinesterase inhibition. This method used in a screening programme 
offers greater validity than either system alone, with little extra effort required, but other 
evidence regarding the identity of the residue will also be required. 

For the determination of organophosphorus insecticides and carbamates Voss also 
used an automated cholinesterase inhibition method. Is3 He found that by changing the 
type of cholinesterase, sensitivity could be improved and up to forty samples an hour 
could be determined with a precision equal to that of manually performed chemical 
methods. Many of the thiolo- and thionophosphorus pesticides are converted into much 
more potent cholinesterase inhibitors by selective oxidation of the sulphur atom. An auto- 
mated screening procedure measuring the inhibition before and after such oxidation is 
useful in giving total residue information. Leegwater and van Gendla4 used an automated 
enzymic procedure for the detection and determination of organophosphates and carried 
out differential analyses on samples before and after oxidation with bromine water. The 
method was applied to the screening of lettuce without requiring clean-up of the extracts. 

A review article on the automated analysis of pesticides and screening techniques has 
been published by Gunther and Ott. I*’ As an example the completely automated determina- 
tion of biphenyl in citrus rind is given. The rind samples were automatically homogenized 
in water and then steam-distilled to liberate oils, waxes and biphenyl. The steam-volatiles 
were trapped in cyclohexane and the oils and waxes extracted into concentrated sulphuric 
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acid and discarded. The isolated biphenyl was then determined at a wavelength of 246 nm. 
This automated method takes about 10 min compared with 2 hr for the normal method. 

The Technicon “ Auto-Analyzer ” system has been used by Friestad’ 86 for the determina- 
tion of “linuron” (3,4-dichlorophenyl-N-methyl-N-methoxyurea) in soils. The linuron is 
hydrolysed to 3,4_dichloroaniline and evaluated by diazotizing and coupling with N-(1- 
napthyl)ethylenediamine, the resultant diazo dye being readily determined spectrophoto- 
metrically at 550 nm. 

Recent progress in the application of computers to determine low levels of pesticides has 
resulted in a reduction in the time required for calculations. Modern gas chromatographic 
systems can be readily adapted to computers as the nature of the gas chromatographic 
signals permits the insertion of digitizers between the chromatograph and the computer. 
A system has been devised by Jennings et al., ’ *’ who used a magnetic tape analogue-to-digital 
conversion, in which a tape playback supplies data for the digital integrator interfaced with 
the computer. The recording device receives the analogue signal, converts it into a digital 
signal and records it on magnetic tape. The magnetic tape is replaed on the playback system 
to yield the results through the integrator computer system. 

PRESENT PROBLEMS 

The residue analyst’s chief task is the identification and estimation of pesticide residues, 
and in carrying this out many problems are encountered. Examples of these are the disap- 
pearance ofthe pesticide owing to metabolism, break-down, or volatilization, and the nature of 
metabolites and other end-products, particularly those of toxocological significance. Unlike 
the persistent organochlorine pesticides, many organophosphorus pesticides breakdown 
or are metabolized within a few days, and in some cases a few hours, after application. 
For example, the P-S grouping can be readily oxidized to P-O, and sulphide groupings are 
oxidized to sulphoxides and sulphones. Because some of the metabolites may be more 
toxic than the parent compound, it is necessary to be able to establish the presence of 
these compounds also. As the polarity of the metabolites may differ from that of the parent, 
extraction and clean-up procedures may have to be modified accordingly. 

Difficulties may arise from the presence in the sample of compounds having an analytical 
behaviour similar to that of the pesticides being sought and this may lead to erroneous 
conclusions. One of the problems in the analysis of material for organochlorine pesticides 
has been interference from polychlorinated biphenyls (PC%). These compounds all have 
similar structures and are obtained on a large scale by free radical reaction between benzene 
and chlorine. Distillation of the product gives fractions which are graded according to 
carbon atom content and amount of chlorine present. These grades vary from a pale yellow 
mobile oil of low chlorine content, to a yellow brittle resin with a high chlorine content. 
The PCB compounds have been widely used in industry as lubricants, heat-transfer media 
and insulators and they have been added to paints, varnishes, synthetic resins, etc., to improve 
the product resistance to chemicals, water, erc. As a result of their common usage they 
appear to be as widely distributed as organochlorine pesticides and because they are resis- 
tant to oxidation, and to both acidic and basic hydrolysis, they tend to persist in the environ- 
ment. 

The presence of the multicomponent PCB’s in a sample examined for pesticide residues 
can interfere with or prohibit identification and measurement of some chlorinated pesticides. 
When PCB’s are present, they give a pattern of GLC peaks with retention times similar 
to those of dieldrin, DDT, DDE, aldrin and heptachlor epoxide. Methods for the separation 
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of PCB’s from organochlorine pesticides generally involve separation on a silica gel column 
although this does not separate &-DDE from PCB’s. Armour and Burke,lss using a 
column of silicic acid with a controlled activity, separated PCB’s from DDT and its ana- 
logues, although aldrin was eluted with the PCB’s. This work was later extended to chlori- 
nated naphthaleneslsg which may also interfere with the GLC determination of several 
organochlorine pesticides. Gas chromatography combined with mass spectrometry has 
been used for separating and identifying the PCB’s in ecological samples. The technique is 
discussed in greater detail in the section on confirmatory techniques. Recently the individual 
chlorobiphenyls have been synthesized and their retention times and the response of an 
electron-capture detector to then have been reported. lgo Aids to the positive identification 
of these compounds are detailed in a recent review article.lgl In addition to gas chroma- 
tography, reversed-phase partition thin-layer chromatography has been used successfully for 
the separation of the components of a PCB mixture by de Vos and Peet.ig2 The problem 
of expressing the amount of PCB’s present in a sample is very real, since the pattern of 
PCB peaks obtained by GLC examination rarely corresponds to that of any commercial 
PCB preparation and also these peaks represent mixtures of PCB isomers. Collins et ~1.‘~’ 
found that the mean electron-capturing power of the highly-chlorinated biphenyls as 
grouped by the specified GLC conditions were similar to that of &-DDE. PCB peaks 
obtained from wild-life specimens generally correspond to the highly-chlorinated biphenyls 
and could be equated to p,p’-DDE. It was shown that known weights of “ Aroclors ” com- 
pared favourably with results obtained by using peak height times retention time data with 
p,p’-DDE as reference standard. Chlorinated naphthalenes may interfere in PCB deter- 
minations since they give similar GLC peak patterns and are eluted in the same fraction. 
Holmes and Wallenig4 published a method based on the relative ease of oxidation of the 
chlorinated napthalenes as opposed to the non-reactivity of the PCB’s, which differentiated 
between the two types of compounds. 

Solvents or reagents used in analysis may contain contaminants such as di-n-butyl 
phthalate (commonly used as a plasticizer), which could be confused with BHC and aldrin 
in GLC with electron-capture detection. Organic solvents in contact with polythene can 
extract a contaminant, which reacts with the common thin-layer chromatographic reagent 
silver nitrate, giving a spot at an Rf value close to that of ~,p’-DDE and having similar 
retention times to o,p’-DDE and p,p’-DDE. Sulphur and sulphur-containing compounds 
may be present in solvents, column materials (e.g., carbon cellu10se’~~) or in the substrate 
such as onion, cabbage, turnips, etc. 1g6*1g’ Elemental sulphur can give rise to a “pseudo- 
aldrin” peak in gas-liquid chromatography.“* 

One of the more difficult problems in pesticide residue analysis is the positive identification 
of the pesticides present in a sample. In general, chromatographic techniques can rarely 
give absolute indentification of a pesticide. Dieldrin and “ photo-dieldrin” have similar 
retention times irrespective of the GLC column used and corresponding Rf values with a 
number of thin-layer solvent systems. p,p’-DDE and dieldrin provide another example of 
pesticides with similar retention times on certain stationary phases. There are many other 
examples of pesticides with similar retention times, as demonstrated in retention data 
given by Burke and Holswade.‘gs~‘g6 

It must therefore be emphasized that confirmation of the identity of an unknown residue 
is essential before decisions of a legal or health nature are taken. This need for a full under- 
standing of results is particularly important as possible alternative and misleading deductions 
can be made from results from the simpler non-specific residue analysis procedures. 



Pesticide residue analysis 1283 

Acknowle&emea&-This paper is published with the permission of the Government Chemist. 

REFERENCES 

1. U. S. Dept Health, Education and Welfare The Identification and Measurement of Chlorinated Hydro- 
carbon Pesticides in Surface Warer. Public Health Service Publ. No. 1241, Washington, D.C., 1964. 

2. A. A. Rosen and F. M. Middleton. Aml. Chem., 1959,31,1729. 
3. H. Burtchell and H. E. Boyle (1964). Preprint, 14th Meeting Am. Chem. Sot. Div. of Water and Waste 

Chemistry, Philadelphia, Pennsylvania, April 1964, Vol. 4, p. 134. 
4. 0. W. Grussendorf, A. J. McGinnis and J. Solomon, J. Ass. Off. Anal. Chem., 1970,53, 1048. 
5. R. E. Johnson and R. I. Starr, J. Eron. Ent., 1967, 60, 1679. 
6. I&m, ibid., 1970, 63, 165. 
7. H. Brockmann and H. Schodder, Chem. Ber., 1941,74,73. 
8. T. H. Beasley and H. W. Ziegler, J. Ass. Off. Awl. Chem., 1970,53, 1010. 
9. P. A. Mills, ibid., 1968, 51, 29. 

10. W. W. Sans, J. Agric. Food Chem., 1967,15,192. 
11. M. J. de Faubert Maunder, H. Egan, E. W. Godley, E. W. Hammond, J. Roburn and J. Thomson, 

Analyst, 1964, 89, 168. 
12. L. R. Jones and J. A. Riddick, Anal. Chem., 1952,24,569. 
13. P. A. Mills, J. Ass. Off. Agric. Chem., 1959, 42, 734. 
14. H. P. Burchfield and E. E. Storrs, Contrib. Boyce. Thomson Inst., 1053, 17, 333. 
15. E. 0. Haenni, J. W. Howard and F. L. Joe, J. Ass. Off. Agric. Chem., 1962, 45,67. 
16. M. Eidelman, ibid., 1962,45,672. 
17. Idem, ibid., 1963, 46, 182. 
18. N. F. Wood, Analyst, 1969,94, 399. 
19. H. A. McLeod, C. Mendoza, P. Wales and W. P. McKinley, J. Ass. Off. Anal. Chem., 1967,!!0,1216. 
20. D. C. Abbott and 3. Thomson, Chem. Ind. (London), 1964,481. 
21. Idem, Analyst, 1964, 89,613. 
22. R. W. Storherr and R. R. Watts, J. Ass. Ofi Agric. Chem., 1965.48, 1154. 
23. J. J. S. Kim and C. W. Wilson, J. Agric. Food Chem., 1966,14,615. 
24. R. Mestres and F. Barthes, Bull. Envir. Contam. Toxicol., 1966, 1,245. 
25. D. F. Horler, J. Sci. Food. Agric., 1968, 19,229. 
26. J. H. Ruzicka, J. Thomson, B. B. Wheals and N. F. Wood, J. Chromatog., 1968,34,14. 
27. J. Askew, J. H. Ruzicka and B. B. Wheals, Analyst, 1969,94,275. 
28. D. L. Stalling, R. C. Tindle and J. L. Johnson, J. Ass. Off. Anal. Chem., 1972,55,32. 
29. A. Calderbank, Residue Reviews, 1966, 12, 14. 
30. A. Calderbank, C. B. Morgan and S. H. Yeun, Analyst, 1961,86,569. 
31. A. Calderbank and S. H. Yeun, ibid., 1965, 90,99. 
32. J. E. Dewey, J. Agric. Food Chem., 1958, 6,274. 
33. Y. P. Sun., Analytical Methods/or Pesticides, Plant Growth Regulators and Food Addirives, G. Zweig 

(ed.), Vol. 1, p. 471. Academic Press, New York, 1963. 
34. C. E. Mendoza, P. J. Wales, H. A. McLeod and W. P. McKinley, Analyst, 1968,93,34. 
35. P. J. Wales, H. A. McLeod and W. P. McKinley, J. Ass. Ofl Anal. Chem., 1968, 51, 1239. 
36. F. Geike, J. Chromatog., 1970, 53,269. 
41. D. C. Abbott, N. T. Crosby and J. Thomson, Proc. SAC Co& Nottingham, 1965, p. 121. Heffer, 

Cambridge, 1965. 
42. H. A. Moye and J. D. Winefordner, J. Agric. Food Chem., 196513,516. 
43. M. Bowman and M. Beroza, Residue Reviews, 1966, 17, 1. 
44. Idem, ibid., 1966, 17, 23. 
45. R. J. Argauer, H. Shimanuki and C. Alvarez, Abstracts, 158th National Meeting of the American 

Chem. Sot., New York, Sept. 1969, Pesticide Chemicals Division. 
46. V. H. Freed and R. E. Hughes, Weeds, 1959,7, 364. 
47. D. MacDougall, Residue Reviews, 1962, 1, 24. 
48. Idem, ibid., 1964, 5, 119. 
49. W. P. McKinley and S. I. Read, J. Ass. Of. Agric. Chem., 1962,45,467. 
50. W. P. McKinley and S. A. Magarvey, J. Ass. Ofi Agric. Chem., 1960,43, 717. 
51. D. C. Abbott, H. Egan, E. W. Hammond and J. Thomson, Analyst, 1964,89,480. 
52. L. C. Mitchell, J. Ass. Off. Anal. Chem., 1966, 49, 1163. 
53. J. A. R. Bates, Analyst, 1965, 90, 453. 
54. M. E. Getz, Residue Reveiws, 1963, 2, 9. 
55. D. E. Coffin, J. Ass. Off. Anal. Chem., 1966,49,1018. 
56. M. T. H. Ragab, Lab. Pratt., 1968, 17, 1342. 



1284 J. H. A. RU~ICICA and D. C. Aasmn-r 

57. N. V. Fehringer and J. D. Ogger, 1. Chromatqt., 1966,X& 95. 
58. D. C. Abbott, J. O’G. Tatton and N. F. Wood, ibid., 1969, 42, 83. 
59. C. E. Eliakis, A. S. Coutselinis and D. C. Eliakis, Analyst, 1968.93.368. 
60. A. Szokolay and A. Madaric, J. Chromatog.. 1969.42.509. 
61. D. J. Hamilton and B. W. Simpson, ibid., 1%9,39,186. 
62. M. Ramasamy, Amlyst. 1%9,94, 1075. 
63. C. E. Mendoza and 3. B. Shields, J. Chromatog., 1970, SO, 92. 
64. M. A. El-Dib, J. Ass. Of. Anal. Chetn., 1970,X$756. 
65. K. Nagasawa, H. Yoshidome and F. Kamata, J. Chtwmutog.., 1970. S2,453. 
66. D. C. Abbott, K. W. Blake, K. R. Tarrant and J. Thomson, ibid., 1967, Jd, 136. 
67. D. C. Abbott and J. Thomson, Resiake Reoiews. 1%5,11, 1. 
68. D. C. Abbott and H. Egan, Analyst, 1967,92,475. 
69. M. E. Getz and H. G. Wheeler, J. Ass. 0s Aml. Chem., 1%8,51,1101. 
70. R. T. Wang and S. S. Chou, J. Cbromutog., 1969,42,416. 
71. J. T. Huang, H. C. Hsiu. T. B. Shih. U. T. Chou, K. T. Wang and C, T. Cheng, J.Pburm. Sci., 1968, 

S7,1620. 
72. R. R. Watts, Resirlur Reviews, 1967,18,105. 
73. A. C. Koutselinis, G. Dimopoulos and 2.1. Smimakis, Me&ire Sci. Law. 1970.10,178. 
74. D. C. Villeneuve, A. G. Butterfield, D. L. Grant and K. A. McCully, J. Cbromutog., 1970,9,567. 
75. C. E. Mendoza, P. J. Wales, H. A. McLeod and W. P. McKinley, Amlyst, 1968,93,173. 
76. C. E. Mendoza, P. J. Wales, D. L. Grant and K. A. McCully, J. A&. Food Cbem.. 1969,17,11%. 
77. H. Ackermann, J. Chnmnuog., 1!%8,36,309. 
78. I&m, ibid. 1%9,44,414. 
79. W. Winterlin, G. Walker and H. Frank, J. Agric. Food Chem.. 1%8,16,808. 
80. G. E. Ernst and F. Schuring, J. Cbromutog., 1970,49,325. 
81. K. Eme, Actu Vet. Scat&., 1966.7, 77. 
82. H. Geissbuhler and D. Gross, J. Chromatqt., 1%7,27 296. 
83. G. Yip and S. F. Howard, J. Ass. Off. Anal. Chem.. 1966,49,1166. 
84. R. W. Frei and N. S. Momura, Mikrochim. Acta, 1%8,565. 
85. R. W. Frei and C. D. Freemann, ibid, 1968,1214. 
86. R. W. Frei and J. R. DutIy. ibid., 1969,480. 
87. F. Coha and R. Kljajic, J. Chromatog., 1969,40.304. 
88. A. L. Homans and A. Fuchs, ibid., 1970.51,327. 
89. R. Takeshita, H. Akagi, M. Fujita and Y. Sakami, ibid., 1970.51.283. 
90. G. Westoo, Actu Chem. &and., 1966,20,2131. 
91. I&m, ibid., 1%7,21, 1790. 
92. J. O’G. Tatton and P. WagstaiIe, J. Chromutog., 1%9,44,284. 
93. J. Crossley, J. Chromatog. Sci., 1970,8,426. 
94. V. Leoni and G. Puccetti, J. Chromatog., 1969,43,388. 
95. I. S. Taylor, ibid., 1970, 52, 141. 
96. R. R. Watts and R. W. Storherr, J. Ass. Off. Anal. Chem., 1969,52,513. 
97. J. E. Lovelock and S. R. Lipsky, J. Am. Chem. Sot., 1960,82,431. 
98. J. E. Lovelock, Anal. Chem.. 1961,33,162. 
99. Z&m, Nature. 1%1,189.729. 

100. I&m, Anal. Chem., 1%3,35,474. 
101. S. J. Clark, Residue Reviews, 1964,5, 32. 
102. K. P. Dimick and H. Hartmann, ibid., 1%3,4,150. 
103. L. K. Gaston, ibid.. 1964, 5,21. 
104. U. J. Peters and J. A. Schmidt, F. & M. Res. Bull., 1964,s. 1. 
105. L. Giuffrida, 1. Ass. Off. Agric. Cbcm., 1964, 47, 293. 
106. C. H. Hartmann, Bull. Enuir. Contam. Toxicol., 1966,1,159. 
107. V. V. Brazhnikov, M. V. Gurev and K. I. Sakodynsky, Chromatog. Reu., 1970.12.1. 
108. M. Riva and A. Carisano, J. Cbromatog., 1969,42,464. 
109. S. Lakota and W. A. Aur, ibid., 1969,44,472. 
110. H. Draegerwerk and W. Draeger, W. German Patent, 1.133.918. 
111. S. S. Brody and J. E. Chancy, J. Gas Chromutog.. 1966.4,42. 
112. M. E. Getz, ibid., 1967.5, 377. 
113. R. K. Stevens, J. Ass. Off: Anal. Chem., 1967, SO, 1236. 
114. J. C. Maitlen, L. M. McDonough and M. Beroza, J. Agric. Food Cbem., 1968,16,549. 
115. M. Beroza and M. C. Bowman, Emu?. Sci. Tech&., 1968.2.450. 
116. C. W. Stanley and J. I. Morrison, J. Chromutog., 1969,40,289. 
117. M. C. Bowman and M. Beroza, Anal. Chem., 1%8,40,1448.. 



Pesticide residue analysis 1285 

118. W. E. Dale and C. C. Hughes, J. Gas Chromufog., 1968,6,603. 
119. M. C. Bowman and M. Beroza, J. Chromatog., 1969,7,484. 
120. B. Versino and G. Rossi, Chromatogruphia, 1971,4, 331. 
121. D. M. Coulson, J. Gas Chrormtog., 1965,3, 134. 
122. G. G. Patchett, J. Chromutog. Sci., 1970, 8, 155. 
123. C. A. Bathe and D. J. Lisk, Anal. Chem., 1965,37, 1477. 
124. Idem, ibid., 1966,39,783. 
125. Idem, ibid., 1966,38, 1757. 
126. Idem, J. Ass. Off. Anal. Chem., 1967,50, 1246. 
127. Idem, J. Gas Chromatog., 1968, 6, 301. 
128. Idem, Anal. Chem., 1971,43,950. 
129. R. M. Dagnall and P. Whitehead, Proc. Sot. Anal. Chem., 1972,9,201. 
130. H. A. Moye, Anal. Chem., 1967,39, 1441. 
131. M. S&nick, J. Chromatog. Sci., 1970, 8,462. 
132. J. J. Kirkland, Anal. Chem., 1971 43(12), 36A. 
133. R. E. Majors, InternationalLaboratory, July/August (1972) p. 25. 
134. A. T. James, J. R. Ravenhill and R. P. W. Scott, Gus Chromutography, A. Goldup (ed.), p. 197. Insti- 

tute of Petroleum, London, 1964. 
135. E. Haahti, T. Nikkari and J. Karkkainem, ibid., p. 190. 
136. H. Dubsky, J. Chromutog., 1972.71, 395. 
137. R. M. Cassidy and R. W. Frei, J. Chromatog., 1972,72,293. 
138. S. M. Lambert and P. E. Porter, Anal. Chem., 1964,36,99. 
139. K. T. Bombaugh, R. F. Levangie, R. N. King and L. Abrahams. J. Chromutog. Sci., 1970, 8, 657. 
140. W. Kemula, Roczn. Chem., 1952,26,281; Chem. Abstr., 1953,41,73&Y. 
141. E. Pungor and E. Szepesvary, Anal Chim. Actu, 1968,43,289. 
142. P. L. Joynes and R. J. Maggs, J. Chromatog. Sci., 1970,8,427. 
143. R. J. Gajan, Residk Reviews, 1964,5, 80; 6, 75. 
144. P. T. Allen, Pesticides, Plant Growth Regulators and Food Additives, Vol. 5. p. 67 Academic Press, New 

York, 1967. 
145. R. L. Bogner, Radioisotopes in the Detection of Pesticide Resiakes, p. 67. International Atomic Energy 

Agency Vienna, 1966. 
146. C. E. Castro and R. A. Schmitt, J. Agric. Food Chem., 1962,10,236. 
147. R. A. Schmitt and G. Zweig, ibid., 1962, 10,481. 
148. D. L. Bull and R. L. Ridgway, ibid., 1969, 17, 837. 
149. R. R. Watts, J. Ass. Ofl Anal. Chem., 1971,54,953. 
150. R. D. Cannizzaro, T. E. Cullen and R. T. Murphy, J. Agric. Food Chem., 1930,18,728. 
151. B. Bazzi, Radioisotopes in the Detection of Pesticide Residues, p. 27. International Atomic Energy 

Agency Vienna, 1966, 
152. I. C. Cohen and B. B. Wheals, J. Chromatog., 196,43,233. 
153. R. W. Frei and J. Z. Lawrence, ibid., 1971, 61, 174. 
154. J. F. Lawrence and R. W. Frei, Anal. Chem., 1972,44,2046. 
155. J. N. Seiber, J. Agric. Food Chem., 1972, 20, 443. 
156. I. C. Cohen, J. Norcup, J. H. A. Ruzicka and B, B. Wheals, J. Chromutog., 1%9,44,251. 
157. C. W. Stanley, J. Agric. Food Chem., 1966, 14, 321. 
158. J. E. Scoggins and C. H. Fitzgerald, ibid., 1969, 17, 156. 
159. G. B. Collins, D. C. Holmes and M. Wallen, J. Chromutog., 1972,69, 198. 
160. F. J. Biros, J. Ass. Off. Anal. Chem., 197O,S3, 733. 
161. L. H. Keith, A. W. Garrison and A. L. Alford, ibid., 1968,51, 1063. 
162. L. H. Keith, A. L. Alford and A. W. Garrison, ibid., 1%9,52,1074. 
163. L. H. Keith and A. L. Alford, ibid., 1970,53, 157. 
164. Idem,ibid., 1970,53,1018. 
165. A. D. Baker, D. Betteridge, N. R. Kemp aod R. E. Kirby, Anal. Chem., 1970,42,1064. 
166. F. J. Biros and A. C. Walker, J. Agric. Food Chem., 1970,18,425. 
167. 0. Hutzinger, W. D. Jamieson and V. Zitko, Nature, 1970,226,664. 
168. G. E. Bagley, W. L. Reichel and E. Cromartie, J. Ass. OB: Anal. Chem., 1970,53,251. 
169. E. R. Lovins, J. Agric. Food Chem., 1969, 17, 663. 
170. J. N. Damico, R. P. Barron and J. M. Ruth, Organic Muss Spectrometry, 1968, 1, 331. 
171. J. N. Damico, J. Ass. OS: Anal. Chem., 1966,49, 1027. 
172. W. R. Benson and J. N. Damico, ibid., 1968,51, 347. 
173. J. N. Damico and W. R. Benson, ibid., 1965,48,344. 
174. P. Zink, Arch. Tox., 1969, 25, 1. 
175. S. S. C. Tong, W. H. Gutenmann and D. J. Lisk, Anal. Chem., 1969,41,1872. 



1286 J. H. A. RUZICKA and D. C. Asaorr 

176. M. C. Bowman and M. Beroza, J. Ass. Of. Agric. Chem., 1965,48,943. 
177. H. G. Applegate and G. Chittwood, Bull. Envir. Contam. Toxicol. 1968,3,211. 
178. D. Eberle, D. Naumann and A. Wuthrich, J. Chromatog., 1969,45, 351. 
179. P. B. Stockwell, W. Bunting and R. Sawyer, Gas Chromatography, 1970, R. Stock (ed.), p. 204. Institute 

of Petroleum, London, 1970. 
180. D. E. Ott and F. A. Gunther, J. Ass. Ofi Anal. Chem.. 1968,51,697. 
18 I. Idem, Bull. Envir. Contam. Toxicol, 1966, 1,90. 
182. D. E. Ott, J. Agric. Food Chem., 1968,16,874. 
183. G. Voss, J. Ass. Oft: Anal. Chem., 1969,52, 1027. 
184. D. C. Leegwater and H: W. Van Gend, J. Sci. Food Agric., 1968, 19, 513. 
185. F. A. Gunther and D. E. Ott, Residue Reviews, 1966,14, 12. 
186. H. 0. Friestad, Bull. Envir. Contam. Toxicol., 1967,2, 236. 
187. R. W. Jennings, D. L. Jue and J. E. Suggs, Chromatographia, 1970,3.353. 
188. J. A. Armour and J. A. Burke, J. Ass. Off. Anal. Chem.. 1970,53,761. 
189. Idem, ibid., 1971,54, 175. 
190. V. Zitko, 0. Hutzinger and S. Safe, Bull. Ettuir. Contam. Toxicol., 1971,6, 160. 
191. 0. Hutzinger, S. Safe and V. Zitko, Analabs Research Notes, 1972.12(2), 1. 
192. R. H. de Vos and E. W. Peet, Bull. .?Wir. Contam. Toxicol., 1971,6,164. 
193. G. B. Collins, D. C. Holmes and F. J. Jackson, J. Chromatog., 1972,71,443. 
194. D. C. Holmes and M. Wallen, ibid., 1972, 71, 562. 
195. W. P. McKinley and K. A. McCully, Canadian Food industries, Part 1, 1%7,38(2), 47. 
196. D. M. Oaks H., Hartmann and K. P. Dimick, Anal. Chem., 1964,36,1560. 
197. Aerograph Research Notes, Wilkins Instrument and Research. Summer Issue, (1964). 
198. J. R. Pearson, F. D. Aldrich and A. W. Stone, J. Agr. Food Chem., 1967, 15,938. 
199. J. Burke and W. Holswade, J. Ass. 0s Agric. Chem., 1964,47, 845. 
200. Idem, J. Ass. Off. Anal. Chem., 1966,49, 374. 

Z-&sung-Die llbersicht umfagt weitgehend das Gebiet der Analyse nach Spuren von 
Pestiziden und diskutiert die Probleme der Abtremmhg. des Nachweises und der Bestltigung. 
Siluberungsverfahren und GLC-Methoden werden mehr im einzelnen beachtet. Etwa 200 
Literaturstellen werden zitiert. 

l&m&-La revue couvre a grands traits le domaine d’analyse pour les traces de pesticides 
et discute des problemes de separation, detection et confirmation. Les techniques de purification 
et les m&hodes CPV sont trait&es avec une attention plus detaillee. On cite quelques 200 
rcftrences. 
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ANWENDUNG VON IONENAUSTAUSCHVERFAHREN 
ZUR BESTIMMUNG VON SPURENELEMENTEN IN 

NATURLICHEN WiiSSERN-I 

KOBALT 

J. KORKISCH und D. DIMITRIADIS 

Analytisches Institut der Universitlt, Abteilung: Rohmaterialanalyse nuklearer 
Brennstoffe, WLhringerstraRe 38 A-1090 Wien, C)sterreich 

(Eingegangen am 6 April 1973. Angenommen am 12 Juni 1973) 

Zusammedssung-Zwei Verfahren zur Bestimmung von Kobalt in nattirlichen W&em 
werden beschrieben. Biem ersten wird die Probe mit HCI angesiiuert, dann werden Ascor- 
binsaure und Kaliumthiocyanat zugegeben, und man l@t die Lbsung durch eine S;iule mit 
einem stark basischen Anionenaustauscher (Dowex l-X8) laufen. Der Kobalt-Thiocyanat- 
Komplex wird auf der SBule festgehalten, wahrend andere Ionen mit einem Gem&h aus 
organischem Lbsungsmittel und wiil3riger HCI ausgewaschen werden. Das Kobalt wird dann 
mit rein waDtiger 6M HCl eluiert und mit Nitroso-R-Sal2 photometrisch bestimmt. Beim 
zweiten Verfahren (fur sehr verunreinigtc Proben) wird die filtrierte Probe mehrstufig einge- 
dampft und ann in dem Losungsmittelgemisch auf die SBule gegeben. Ftir viele in Nieder- 
osterreich gesammeite Proben werden Ergebnisse mitgeteilt. 

Da der Kobaltgehalt natiirlicher Wiisser’ -lz in der Regel sehr gering ist (im ppb-Bereich), 
kann dieses Element erst nach vorangehender Anreicherung quantitativ bestimmt werden, 
wozu sehr haufig Verfahren beniitzt werden, die auf fliissig-fliissig Extraktion von Komplexen 
des Kobalts mit organischen Reagenzien beruhen. Die dazu verwendeten Extraktionssysteme 
sind: l-Nitroso-2-naphthol-Chloroform, ’ Picolinaldehyd 2-chinolylhydrazon-isoamyl- 
alkohol oder Jsobutylmethylketon,2 8-Hydroxychinolin-Chloroform,4 2-Nitroso-I-naphthol 
-Tolu01,~ Dithizon-Tetrachlorkohlenstoff,’ 3-Methoxy-2-nitrosophenol-Chloroform* und 
Ammoniumtetramethylendithiocarbamat-Isobutylmethylketon.12 Die meisten dieser 
Chelatbildner sind gleichzeitig such empfindliche Farbreagenzien, so daB das Kobalt 
nach Extraktion in die organische Phase direkt in dieser spektrophotometrisch bestimmt 
werden kann. 

Zur Kobaltanreicherung aus Wassern wurden weder stark saure Kationen- noch stark 
basische Anionenaustauscherharze herangezogen, da diese Harze keine besondere Selek- 
tivitlt gegentiber Kobalt aufweisen. So ist es z.B. unmoglich, das Kobalt unter Anwendung 
eines Kationenaustauscherharzes von dem in grol3en Mengen in W&ssern anwesenden 
Calciumion und anderen zwei- und hoherwertigen Ionen zu trennen, und zwar unabhlngig 
davon, ob die Ionenaustauschoperationen in verdtinnt salz-, salpeter- oder schwefelsauren 
Medien ausgefiihrt werden.” 

Eine der sehr wenigen Moglichkeiten, urn Kobalt auf einem stark basischen Anionenaus- 
tauscher anzureichern und gleichzeitig von einer grBl3eren Anzahl von Begleitelementen 
(wie z.B. den Alkalimetallen, Erdalkalimetallen, Aluminium, Chrom und Nickel) abzutren- 
nen, ist dadurch gegeben, da8 das Kobalt aus stark salzsaurer Losung (8-12 M) auf dem 
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Harz adsorbiert wird.14,15 Diese Methode ist jedoch zur direkten Isolierung des Kobalts 
aus natiirlichen WZssern nicht anwendbar, da das Kobalt aus verdiinnt salzsauren Lbsungen 
(kieiner als 8M), d.h. such aus mit Salzdure angesauerten Wasserproben, praktisch iiber- 
haupt nicht von stark basischen Anionenaustauscherharzen, wie z.B. Dowex 1, festgehalten 
wird. 

Ganz andere Verhaltnisse liegen vor, wenn die Kobaltabtrennung mittels Anionenaus- 
tausches aus einem verdiinnt salzsauren Medium in Gegenwart von Thiocyanation erfolgt. 
Es ist unter solchen Bedingungen miiglich, das Kobalt direkt aus der Wasserprobe (ohne 
vorangehendes Eindampfen) selektiv abzutrennen und es nach Entfernung von koad- 
sorbierten Elementen durch Nachwaschen mit einem gemischt waBrig-organischen 
Liisungsmittelsystem der storungsfreien spektrophotometrischen Bestimmung mittels der 
Nitroso-R-Salzmethode zugllngig zu machen. 

Liisrcngen und Reagenzien 
EXPERIMENTELLER TEIL 

Ionenaustauscker. Es wurde der stark basische Anionenaustaucher Dowex 1, X8 (100-200 mesh; Chlorid- 
form) verwendet. Vor dem Einfiillen in die Ionenaustauscherslule werden 4g des Anionenaustauscherhas 
in 1 ml der Vorbehandlungsl&tng (siehe unten) aufgeschliimmt und nach Ablauf von etwa 15 Minuten 
wird der Austauscher so vollstilndig wie moglich in die mit derselben Liisung gefilllte lonenaustauscherssiule 
gebracht und mit 20 bii 30 ml der Vorbehandlungsldsung nachgewaschen. In jenen Fallen, bei denen die 
Kobaltabtrennung nach Eindampfen der Wasserproben erfolgt, wird das Han (ebenfalls 4 g) nicht mit der 
Vorbehandlung&sung, sondem unter Anwendung der THF-MG-HCI-M&hung (siehe unten) in die 
Ionenaustauschers%ule gebracht. 

Kobalt-Standardldsungen. Durch L&en von 4,411 g Kobaltchloridhexahydrat in 6iU Salzsiiure und 
Verdbnnen der L&sung mit Silure derselben Molar&t wurde eine Stammlijsung hergestellt, die I,0 mg 
Kobaltlml enthielt (der Kobaltnehalt dieser Ldsuna wurde durch ADTA-Titration tibernrilft). Durch 
Verdi&en mit 6M Salz.%ure w&den daraus Stand&dliisungen mit Kobaltgehalten im K&zentrations- 
bereich von 5 bis 500 pg Co/ml hergestellt. 

Vorbehandhmgsi~sung. Zur Herstellung der Lijsung werden 100 ml dest. Wasser mit 1 ml konzentrierter 
Salzs&ure ange&uert und darin 0,5 g Ascorbinsaure und 1 g Kaliumthiocyanat geliist. Diese Mischung sol1 
tunlichst immer frisch bereitet aber nicht sofort, sondem erst einige Stunden nach ihrer Herstellung, ange- 
wendet werden. 

THF-MG-HCI-Mischung. Diese M&hung besteht aus 50 vol. % Tetrahydrofuran, 40 vol. % Methylgly- 
kol und 10 vol. % 6M Salzsiiure. Urn zu vermeiden, daD es in den Ionenaustauschersliulen zur Bildung von 
Luftblasen kornmt, sol1 die Liisung nicht unmittelbar vor ihrer Anwendung hergestellt werden. sondem am 
besten schon einige Stunden vorher. Sie ist praktisch unbeschrankte Zeit haltbar und es treten selbst bei 
monatelangem Stehenlassen keine Zersetzungserscheinungen der organ&hen Losungsmittel auf. 

Phosphat-Borsiiurepujrerl6sung. Dinatriumphosphatdihydrat(35,6g) und Orthoborsaure (6,2 g) werden 
in 500 ml 1M Natriumhydroxydlosung gel&t, und die Losung wird mit dest. Wasser auf 1 Liter verdtinnt. 

Reagensfiisung. WiiRrige. Liisung von Nitroso-R-Salz, 0.20 gew. zig. 
Organische Ltisungsmittel. Tetrahydrofuran und Methylglykol (Monomethyllther des Athylenglykols). 
Andere Reagensien. Femer wurden verwendet: 0,2OM Citronens&uelbsung (4,2 g des Monohydrats in 

100 ml wlil3riger Lbsung), Kaliumthiocyanat (p.a.), Ascorbinsaure, konzentrierte Perchlorsaure (70 %ig), 
konzentrierte Salpetersilure (65 %ig). konzentrierte FluDs;iure (40 %ig), sowie 6M und konzentrierte Salz- 
silure. (37 %ig) (p.a.). 

Apparaturen 

Die Ionenaustauschtrennungen wurden in Austauschersaulen eines in einer fruheren Arbeiti6 angegebenen 
Typs ausgefiihrt. 

Flir die photometrischen Bestimmungen des Kobalts wurde ein Beckman Spektralphotometer, Model1 B 
und l-cm-Kiivetten verwendet. 

Arbeitsvorschriften 

Methoa2 A-Direkte Abtrennung des Kobalts. Ein Liter der Wasserprobe wird sofort nach der Probenahme 
(mittels einer gut verschliel3baren Plastikrlasche) mit 10 ml konzentrierter Salzs&ue an@uert und dann im 
Laboratorium durch ein dichtes Filter filtriert. Dem Filtrat werden 5 g Ascorbinsiiure und 10 g Kalium- 
thiocyanat zugesetzt, gut durchgemischt bis sich beide Reagenzien aufgelost haben und danach wird die 
Mischung (Sorption&sung) etwa 5 bis 6 Stunden stehengelassen. 
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Die, wie oben angegeben, hergestellte Sorptionsliisung wird durch eine mit 4 g des lonenaustauscherharzes 
beschickte Saule (die vorher mit etwa 20 bis 30 ml der Vorbehandhmgslijsung gewaschen wurde) mit einer 
dem Gegendruck des Hatzbettes entsprechenden Geschwindigkeit (etwa 70 bis 80 ml/Stunde) ffiel3en 
gelassen. AnschlieBend wird mit der THF-MG-HCI-Mischung so lange nachgewaschen, bis die, durch den 
am Han adsorbierten Thiocyanatkomplex des Eisens wlhrend der Sorption gebildete, rote Adsorptionszone 
vollstlndig verschwunden ist (dazu sind etwa 80 ml der THF-MG-HCI-Mischung erforderlich). Hierauf 
wird dan adsorbiirte Kobalt (selbst 10 pg sind als griin-blaue Zoneam Han noch deutlich erkennbar) mit 50 ml 
6M Salzs&ure eluiert (Kobalteluat). 

Methode B-Abtrennung des Kobalrs nach Eina’ampfen der Wasserprobe. Ein Liter der mit 10 ml konzen- 
trierter Salzslure angesauerten Wasserprobe wird durch ein dichtes Filter filtriert und das Filtrat zur 
Trockne eingedampft. Der Eindampfriickstand wird mittels 1 ml 6M Salzsaure in eine Platinschale gebracht, 
worin dann die Losung auf dem Wasserbad zur Trockne eingedampft wird. Der Riickstand wird in m5 1 
konzentrierter Perchlorslure und 1 ml konzentrierter FluRslure aufgenommen und die Liisung auf einer 
Heizplatte oder auf dem Sandbad zur Trockne gebracht. Der Eindampfriickstand wird in 10 ml 6M Salzslure 
aufgenommen und die Losung am Wasserbad zur Trockne eingedampft. Nun wird der Riickstand in 5 ml 
6M Salzs;iure aufgenommen und die Losung mit 25 ml Tetrahydrofuran und 20 ml Methylglykol versetzt 
(Sorptionslosung). Falls dabei eine triibe Losung erhalten wird, mu8 diese vor der Ionenaustauschtrennung 
(siehe unten) durch ein trockenes Papiertilter filtriert werden. Zum Nachwaschen dienen 1 ml der THF- 
MG-HCl-Mischung. 

Die vollkommen klare Sorption&sung aus 50 vol. % Tetrahydrofuran, 40 vol. % Methylglykol und 
10 vol. % 6M Salzsaure (siehe oben) wird durch eine mit 2 g des Anionenaustauschers beschickte SLule (die 
vorher mit etwa 20 ml der THF-MG-HCl-Mischung vorbehandeh wurde), mit einer dem Gegendruck des 
Harzbettes entsprechenden Geechwindigkeit (etwa 1 ml/Minute), flieRen gelassen. AnschlieRend wird 
mit 50 ml der THF-MG-HCI-Mischung nachgewaschen und das adsorbierte Kobalt mit 50 ml 6M Salzsaure 
eluiert (Kobalteluat). 

Quantitative Bestimmung des Kobalts 
Das gesamte, nach Methode A oder B erhaltene, Kobalteluat (oder nur ein Aliquot falls mehr als 10 pg 

Kobalt im Eluat erwartet werden) wird in einem 250-ml Becherglas auf dem Wasserbad zur Trockne einge- 
dampft. Der Rtickstand wird mit 8 bis 10 ml konzentrierter Perchlorsiure versetzt und die Losung auf einer 
Heizplatte oder auf dem Sandbad zur Trockne gebracht. Der Riickstand wird in etwa 20 ml 6M Salzsiiure 
aufgenommen, die Losung auf dem Wasserbad auf etwa 10 ml eingeengt und unter Nachwaschen mit 
1 ml 6M Salzsaure in ein 50-ml Becherglas gebracht, worin dann die Losung auf dem Wasserbad zur Trockne 
eingedampft wird. Der Eindampfriickstand wird in 1 ml der 0,2M Citronensaurelosung aufgenommen und 
1,2 ml Phosphat-Borslurepufferiosung (wobei sich ein pH urn etwa 8 einstellt), sowie 0,50 ml der Reagens- 
losung zugesetzt. Danach wird die Losung genau 30 Sekunden lang gekocht (Bunsenbrenner) und sofort 
danach 1 ml konzentrierte Salpeterslure zugegeben und emeut 30 Sekunden lang gekocht. Nach dem 
Abkiihlenlassen auf Raumtemperatur wird die Losungin ein en IO-ml MeBkolben gebracht, mit Wasser 
zur Marke aufgefiillt und ihre Extinktion gegentiber einer Reagensleerlosung bei 420 nm gemessen. Mittels 
einer analog aufgestellten Eichkurve (im Konzentrationsbereich von 0 bis 12 pg Kobalt/lO ml MeDIBsung) 
wird dann der Kobaltgehalt der Probe&sung, deren Extinktion einige Tage lang konstant bleibt, ermittelt: 
10 pg Kobalt entsprechen einer Extinktion von 0,575 bis 0,580. 

RESULTATE UND DISKUSSION 

Das Prinzip des in der Arbeitsvorschrift beschriebenen Verfahrens zur direkten Abtrennung 
des Kobalts aus Proben natiirlicher WHsser (Methode A) beruht darauf, daf3 das Kobalt 
mit Thiocyanationen einen stabilen anionischen Komplex bildet, der aus verdiinnt salzsaurer 
Losung relativ stark auf dem stark basischen Anionenaustauscher Dowex 1 adsorbiert wird. 
Unter den angegebenen Bedingungen, d.h. in Gegenwart von 10 ml konzentrierter Salzslure, 
5 g Ascorbinsaure und 10 g Kaliumthiocyanat pro Liter Wasserprobe, wurde fur Kobalt 
ein Verteilungskoeffizient von 980 ermittelt, d.h. die Adsorption des Kobalts aus dieser 
Losung ist urn etwa eine Zehnerpotenz gr6Ber als aus 8-12M SalzsHure. Es ist daher mdglich, 
das Kobalt nach Zugabe der obigen Reagenzien direkt durch einfaches DurchflieBenlassen 
der Wasserprobe durch eine kleine Siiule des Anionenaustauschers quantitativ am Ionen- 
austauscherharz anzureichern und gleichzeitig von den in Gewksern in grakren Konzen- 
trationen vorhandenen Calcium-, Magnesium- und Sulfationen zu trennen. 

Wie aus den in Tabelle 1 gezeigten Resultaten ersichtlich ist, wird das Kobalt bis zu 
Konzentrationen von 100 pg pro Liter quantitativ am Austauscher adsorbiert, und 
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zwar unabhiingig davon, ob 10 oder 20 g Kaliumthiocyanat in 1 Liter der Wasserprobe 
anwesend sind. Erwartungsgem2iB treten jedoch in Anwesenheit von nur I g Kaiiumthio- 
cyanat bzw. bei hoheren Koba~~onzentrationen Kobaltverluate auf, die darauf zurtickzu- 
fihren sind, dai3 die anwcsende Menge an Thiocyanation in diesen F%lIen nicht mehr 
ausreicht, urn die quantitative Bildung und Adsorption des anion&hen Kobaltthiocyanat- 
komplexes am Nan iu ermbglichen. 

Tabeile 1. Resultate van Kobaltbestimmungen im Wiener 
Trinkwasser* 

Zugesetzte 
Kobaltmenge, 

t&Ill. 

40 
5.0 

50.0 
100 
500 

1000 

Wiedergefundene Kobaltmenge, 
Et@. 

KSCN 1 g/l. KSCN 10 g/l. KSCN 20 g/l. 

42 42 02 
592 5.2 

43,0 SO,4 4gs’: 
Q%O 9910 

400 4% 493,0 
880 954’ 1006 

Tabelle 2. Resultate von Kobaltbestimmungen im Wiener 
Trinkwasser (10 g KSCN + 5 g Ascorbinsiiure + variierendc 

Mengen an konz. HCl/Liter)* 

Wiedergefundene Kobaltmenge, 
pl?P. 

1 ml Sml 10 ml 5omI 1OOml 
HCI HCI HCI HCI HCl 

0.0 oj! 02 OJ 0,2 0,2 
5.0 52 52 52 5J 52 

SO.0 49,s 48,0 50.4 49.2 51,7 
E 502 103 4E 478,5 99.3 476 101 467 98.2 

1000 987 990 954 926 896 

* Bei ilhnlichen Versuchen, die mit deatilliertem Wasser 
durchgefihrt wurden, stellte man keinen me&arcn Co-Gehalt fest. 

Diese Versuche, sowie such jene, welche die in Tabelle 2 gezeigten Ergebnisse fieferten, 
wurden unter Verwendung von l-Liter Proben Wiener Trinkwassers durchgeftihrt, in denen 
jeweils die in den Tabellen 1 und 2 angefiihrten Konzentrationsparameter, d.h. Kobalt- 
Thiocyanat- und Salzs&trekonzentration, variiert wurden. Nach Einstellung der gewtinschten 
Ve~uchs~in~gen wurde dann das Kobalt mittels der in der Ar~i~vorsch~ft beschrie- 
benen Methode A abgetrennt und quantitativ bestimmt. 

Wie aus den in Tabelle 2 gezeigten Ergebnissen ersichtlich ist, treten wesentliche Kobalt- 
veriuste erst bei hohen SabGiure- und Kobaltkonzentrationen auf. 

Der Zustaz von Ascorbinsgure zu den angesaurerten Wasserproben dient dazu, urn 
Eisen(II1) weitestgehend zu zweiwertigem Eisen zu reduzieren, wodurch vermieden wird, 
daB der rote anionische Eisen(III)-Thiocyanatkomplex zusammen mit dem Kobalt am 
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Harz adsorbiert wird. In Anwesenheit griil3erer Eisen(III)-Mengen konnte durch diese 
Koadsorption das Kobalt ganz oder teilweise vom Harz verdrangt werden und so betrgcht- 
lithe Kobaltverluste eintreten. Da diese Reduktion des Eisens zur zweiwertigen Oxyda- 
tionsstufe nicht ganz vollstlndig verliiuft, ist oft eine geringe Rosafiirbung des Harzbettes 
wahrend der Sorption des Kobalts aus den thiocyanat- und ascorbinssturehaltigen Wasser- 
proben zu beobachten. Dieses beeintrachtigt jedoch in keiner Weise die Adsorption des 
Kobalts am Harz. Wird die mit Ascorbinsaure und Thiocyanat versetzte Wasserprobe 
einige Stunden vor der Sorption stehen gelassen (siehe Arbeitsvorschrift), so ist die Reduk- 
tion des Eisen(III)-Ions wesentlich vollstandiger als unmittelbar nach Zugabe dieser 
Reagenzien . 

Durch das der Sorption des Kobalts nachfolgende Nachwaschen mit THF-MG- 
HCI-Mischung (siehe Arbeitsvorschrift) werden nicht nur die in der Ionenaustauschersaule 
vorhandenen Reste an Ascorbinsaure und Kaliumthiocyanat entfernt, sondern es wird 
such das als Thiocyanatkomplex adsorbierte Eisen quantitativ eluiert und gleichzeitig wird 
dabei der Thiocyanatkomplex des Kobalts in einen anionischen Chloridkomplex iiberge- 
fiihrt, der aus diesem salzsauren organischen Losungsmittelsystem ebenfalls sehr stark vom 
Harz festgehalten wird (Verteilungskoeffizient des Kobalts = 5870).” Fernerhin werden 
such andere Metallionen, die als anionische Thiocyanatkomplexe adsorbierbar sindra*r’, 
entweder zusammen mit dem Eisen eluiert oder in Chloridkomplexe iibergefiihrt. Bei 
Anwendung dieses THF-MG-HCl-Systems werden zusammen mit dem Kobalt folgende 
Ionen vom Anionenaustauscherharz adsorbiert” : . UO,(II), Sn(II,IV), Pb(II), Bi(III), 
Cu(II), Ag(I), Zn(II), Cd(II), Hg(II), Mn(II), Ru(IV), Rh(III), Pd(II), Os(III), Ir(IV) und 
Pt(IV). 

Bei der Elution des Kobalts mit 6M Salzsliure (siehe Arbeitsvorschrift) werden von den 
oben genannten Metallionen (falls anwesend) nur Cu(II), Mn(II), Pb(II), Ag(1) und Rh(II1) 
quantitativ zusammen mit dem Kobalt eluiert. Diese Ionen rufen jedoch keine Storungen 
bei der spektrophotometrischen Bestimmung des Kobalts hervor. Nach der Elution des 
Kobalts kann das Harz erneut fur eine Kobaltabtrennung beniitzt werden, nachdem man 
es zuerst mit 1M Salzslure und dann mit der Vorbehandlungsliisung gewaschen hat. 

Da bei Anwendung des THF-MG-HCl-Systems selbst schon 10 ,ug Kobalt als deutlich 
sichtbare grilnlich-blaue Zone am oberen Teil des Harzbettes erkennbar sind, ist es in allen 
Fallen schon vor der Elution des Kobalts mit 6M Salzsaure auf Grund der Intensitat bzw. 
Breite der Adsorptionszone des Kobalts moglich, das Volumenaliquot des Eluats abzu- 
schatzen, welches fiir die quantitative Kobaltbestimmung verwendet werden mu& 

Da das Kobalteluat organische Substanzen enthalt (stammend aus dem Anionenaus- 
tauscherharz und dem THF-MG-HCl-System), welche die Kobaltbestimmung empfindlich 
stbren, ist es erforderlich, diese durch Abrauchen mit konzentrierter Perchlorslure quantimtiv 
zu zerstoren (siehe Arbeitsvorschrift). Danach ist es jedoch erforderlich, das Kobaltoxid, das 
sich bei langerem Erhitzen auf der Heizplatte oder auf dem Sandbad bilden kann, wieder 
durch Eindampfen in Gegenwart iiberschiissiger 6M Salzslure in Lijsung zu bringen. 
Danach ist der Eindampfrtickstand leicht in der Citronensaurelbsung und in der Phosphat- 
Borslurepufferlosung liislich (siehe Arbeitsvorschrift). Die Anwendung dieser beiden 
Losungen (Grundlage der sogenannten Citratmethode”) ist jener Variante der spektro- 
photometrischen Kobaltbestimmung mittels Nitroso-R-Salz vorzuziehen, bei welcher der 
rotbraune Komplex des Kobalts mit Nitroso-R-Salz in stark acetathaltigem Medium 
gebildet wird (Acetatmethode”). Im Gegensatz zu dieser Acetatmethod wird die in dieser 
Arbeit angewendete Citratmethode durch die zusammen mit dem Kobalt miteluierten 
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Metallionen (siehe ohen), vor allem durch Kupfer (selbst wenn dieses in grol3er Menge 
anwesend sein sollte), nicht gestort, so da13 das Kobalt nach Durchfiihrung der Ionenaus- 
tauschtrennung stiirungsfrei bestimmet werden kann. 

Die in der Arbeitsvorschrift beschriebene Methode B wurde zur Analyse von stark mit 
organischen Substanzen verunreinigten Wasserproben herangezogen. Durch die dabei 
angewendete NaBveraschungsmethode mittels Perchlordure werden die organischen 
Verbindungen weitestgehend zerstijrt (such Kieselsiiure wird durch die gleichzeitig anwe- 
sende FluBslure entfemt) und es besteht danach nicht mehr die Gefahr, dal3 diese die 
Adsorption des Kobalts am Anionenaustauscher beeinflussen kiinnen. 

Aus den in Tabelle 3 gezeigten Ergebnissen von Kobaltbestimmungen in zahlreichen 
niederosterreichischen Gewiissern geht hervor, da13 mit Methode A, mit Ausnahme der 
Analyse einer sehr stark verunreinigten Probe (Schwechat bei Traiskirchen), dieselben 
Resultate erzielt wurden wie mit Methode B, deren Anwendung naturgemlg einen llngeren 
Zeitaufwand erfordert. 

Tabelle 3. Ergebnisse von Kobaltbestimmungen in Wasserproben aus Niederosterreich 

Kobaltgehalt, 
CLSII. 

Probenbezeichung und Datum der 
Prober&me 

Methode A Methode 
(1) (2). B 

Donaut bei Ybbs-Persenbeug; 9.2.1973 
Erlauf bei Erlauf; 1, 
Melk bei Mclk; ,> 
Pielach bei Prinzensdorf; ,V 
Ybbs bei Ybbs; II 
Krems bei Krems; ,, 
Kamp bei Hadersdorf; ,, 
Traisen bei St. Poiten; ,. 
Ysper bei Ysperdorf; 
Teich im Industriegebiet N.C).Siid; 23.iI1973 
Brunnen bei Ebteichsdorf; ,. 
Madling bei Wiener Neudorf; ,, 
Teich bei Brunn am Gebirge; 
AbfluB der Metallfabrik, Mdllersdorf; 1: 
AbfluBkanal von Wr. Neustadt ; I, 
AbfluD der Fa. Stall-Lack; >, 
Schwechat bei Traiskirchen; 1, 
Tristing bei Leobendorf; 
Pisting bei Miesenbach; l.l.i973 
Quellwasser der Schmida bei Eggenburg; 17.3.1973 
BNMen bei Zitternberg; ,, 
Ysperklamm bei Ysper; ,, 
Quelle bei Kotzenberg; ,. 
Weisen bei Diezheim; ,, 
Bach bei Rosenburg; ,* 
Crundwasser bei Rosenburg; 9. 
Enter Stausee der Kamp; ,, 
Quelle bei Ottenschlag; 9. 

1.4 
196 
191 
l-5 
133 
193 
0,75 

G 
0165 
0,45 
090 
192 
196 
172 
190 

co-4 
017 

;:“6 

2’: 
2:s 
0.75 
0,75 
0.8 

< 0.4 
<0,3 

196 
195 
1s 
198 
12 
195 
LO 
1.2 
1.1 
0,80 
060 
0,80 
192 

:*: 
(2 
0,35 
038 
195 
037 
5,2 
036 
2,7 
098 
037 
190 
0.20 
0.25 

1.5 
- 

193 
137 
- 

1.6 
192 
- 

1,l 
090 

- 
- 
- 

197 
192 
- 

038 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

* Kobaltgehalt nach Abzug von 5 pg Kobalt-Spike, die 1 Liter Wasserprobe vor 
der Ionenaustauschtrennung zugesetzt wurden. 

t Durch spektralanalytische Messungen wurden im Jahre 1972, in mehreren an 
verschiedenen Stellen gezogenen Donauwasserproben, Kobaltgehahe von 0,55 bis 
3,7 pg Co/Liter ermittelt2’ 
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Aus Tabelle 3 ist such ersichtlich, da13 bei Analysen, die nach Abzug der als Spike zuge- 
setzten Kobaltmenge von jeweils 5 pg, ebenso gute Ergebnisse erzielt wurden, wie bei jenen, 
die in Abwesenheit von Spike-Kobalt ausgefiihrt wurden. 

Da die vorliegende Methode A auf der direkten Anwendung der weitgehend automati- 
sierbaren Anreicherung und Abtrennung des Kobalts auf Anionenaustauschersaulen 
beruht, ist es miiglich, viele Wasserproben gleichzeitig nach deren AnsHuern und Filtration 
zu analysieren, d.h. das Verfahren eignet sich vorziiglich zur serienmHBigen Bestimmung 
des Kobalts in Gewbsern. 

Danksagung-Dem Fonds zur Forderung der wissenschaftlichen Forschung wird an dieser Stelle fur die 
Bereitstellung der zur Durchfiihrung der beschriebenen wissenschaftlichen Arbeit erforderlichen Mittel 
bestens gedankt. 
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Private Mitteilung. 

Summary-Two methods are described for the determination of cobat lin natural waters. In 
the first the sample is acidified with HCl, then ascorbic acid and potassium thiocyanate are 
added, and the solution is run through a column of strongly basic anion-exchanger (Dowex 
l-X8). The cobalt thiocyanate complex is retained on the column while other ions are washed 
through with a mixture of organic solvent and aqueous HCI. The cobalt is then eluted with 
purely aqueous 6M HCI and determined photometrically with nitroso-R salt. In the second 
method, (for very dirty samples) the filtered sample is taken through a multi-step evaporation 
procedure and then added to the column in the mixed solvent. Results are presented for 
many samples collected in Lower Austria. 

R&me--On decrit deux methodes pour la determination du cobalt dans les eaux naturelles. 
Dans la premiere l’&chantillon est acidifie par HCI, puis on ajoute de l’acide ascorbique et du 
thiocyanate de potassium, et la solution est passee sur une colonne d’echangeur d’anions forte- 
ment basique (Dowex l-X8). Le complexe de thiocyanate de cobalt est retenu sur la colonne 
tandis que les autres ions sont laves avec un melange de solvant organique et de HCl aqueux. 
Le cobalt est alors Clue avec HCl6M purement aqueux et dose photometriquement avec le sel 
nitroso-R. Dans la seconde mtthode (pour les echantillons tr& sales), l’e&antillon filtre est 
soumis a une technique d’tvaporation multistades puis ajoute a la colonne dans le solvant mixte. 
On presente des r&hats pour de nombreux echantillons prelevts en Basse-Au&he. 
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ANWENDUNG VON IONENAUSTAUSCHVERFAHREN 
ZUR BESTIMMUNG VON SPURENELEMENTEN IN 

NATURLICHEN WIiSSERN-II 

CADMIUM 

J. KORKISCH und D. DIMITRIADIS 

Analytisches Institut der Universititt, Abteilung: Rohmaterialanalyse nuklearer Brennstoffe, 
WBhringerstraBe 38, A-1090 Wien, 6sterreich 

(Eingegangen am 9. Mai 1973. Angenommen am 16. Juni 1973) 

Zusammenfaasung-Eine Methode wird beschrieben, die es ermoglicht ppM-Mengen Cadmium 
aus nattirlichen W&ssern zu isolieren und der spektrophotometrischen Bndbestimmung zug&n- 
gig zu machen. Die Wasserprobe (1 Liter) wird durch Zugabe von konzentrierter Salz- oder 
Bromwasserstoffsaure 1,2M bzw. 1,OM an diesen Siiuren gemacht, filtriert und anschlie8end 
durch einc Saule des Anionenaustauscherharzes Dowex 1, X8 (Chloridform) flieSen gelassen. 
Dabei wird das Cadmium nicht nur am Ionenaustauscher quantitativ angereichert, sondern 
such gleichzeitig von den anderen, in der Wasserprobe anwesenden Begleitelementen getrennt. 
Koadsorbiertes Zink wird mittels O.lSM Bromwasserstoffsiiure entfernt. das adsorbierte Cad- 
mium mit 2M Salpetersiiure eluiert und im Eluat, tmter Anwendung der Dithizonmethode, 
spektrophotometrisch bestimmt. Die Methode wurde zur Bestimmung des Cadmiums in zahl- 
reichen osterreichischen Gewhsern herangezogen, wobei Cadmiumgehalte im Konzentrations- 
bereich von 0,l bis 4,0 ppM gefunden wurden. 

Der Entwicklung von analytischen Methoden, die eine serienmtigige Bestimmung von 
Cadmium in natiirlichen wlssem gestatten, wird zunehmende Beachtung geschenkt, und 
zwar im Zusammenhang mit dessert Toxizit3t und den damit eng verbundenen Problemen 
des Umweltschutzes. 

Da die in nattirlichen Wlssern auftretenden Cadmiumgehalte liuBerst gering sind (im 
ppM-Bereich), ist es hlufig erforderlich, das Cadmium vor seiner quantitativen Bestimmung 
zu isolieren bzw. von den Begleitelementen abzutrennen. 

Auf Grund von Literaturangaben”‘” ist ersichtlich, dal3 die im Zusammenhang mit der 
Cadmiumbestimmung in natiirlichen W&em inklusive Meerwasser1*2*g angewendeten 
Abtrennungsmethoden im wesentlichen darauf beruhen, daD das Cadmium entweder durch 
Liisungsmittelextraktion oder durch Kationenaustausch isoliert wird. Eine der am haufigsten 
verwendeten Methoden beniitzt die Extraktion von Cadmiumdithizonat mittels Chloroform 
oder Tetrachlorkohlenstoff urn dieses Element aus Wasserproben zu isolieren.“’ Auch 
die Extraktion des Cadmiumchelats mit 2-Merkaptobenzthiazol in Butylacetat und an- 
schliegende Bestimmung des Cadmiums mittels Atomabsorptionsspelctrophotometrie 
wurde dazu verwendet, urn den Cadmiumgehalt von FluDwissem zu ermitteln.6 Kationen- 
austauschmethoden wurden zur Abtrennung des Cadmiums aus Mineralwilssem’ und 
anderen SiiDwasserproben8 bentitzt, sowie such nach vorangehender Isolierung des Cad- 
miums durch Mitfallung mit Kupfersulfid zur Best&mung dieses Elementes im Meer- 
wasserg herangezogen. Aus Mineralwlssern kann das Cadmium such durch Zementierung 
mittels metallischen Magnesium isoliert und dann polarographisch bestimmt werden.” 

1295 
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Obwohl zur Trennung des Cadmiums von vielen Begleitelementen sehr Mufig stark 
basische Anionena~ta~~r~~ ve~en&nt werden,‘“” hat dieses Trennun~rin~p 
zur Cadmiumanalyse von natiirlichen W&sem bis jetzt keine Anwendung gefunden. Wie 
jedoch in der vorliegenden Arbeit gezeigt wird, sind Anionenaustauschverfahren sehr gut 
dazu gee&net, um Cadmium aus W&em zu isolieren, wonach dieses Element, unter Anwen- 
dung der Di~zo~eth~, ~~~n~~i s~k~ophotomet~~h bestimmt werden kann. 

EXPERIMENTELLER TEIL 

Ionenaus:~cher. Es wurdc dcr stark tmsischt Anionenaustauscher Dowex 1 X8 (100-200 mesh; Chlorid- 
form) verwendet. Vor dem Einftten in dii lonenaustauschersgule werdcn 4 g des Austauscherharxes in 
1 ml 1,2M salpiiure bxw, 1,OM BromwassemtofUure aufgaschUmmt und nach Ablauf voa etwa 10 bis 15 
Minuten wird der Austauscher so volleti&dig als m6ghih in die mit derselben Losung gefullte Ionenaus- 
tauschemaule gebracht und mit 20 his 30 ml 1,2&f Sal&ure bzw. 1,Oh-f Bromw~to~~ nachgewa- 
s&en. 

Cadmium-Stam&zrd&ungen. Dumb L&en van 2,424 g Cadmiumnitrat [Cd(NO~)s.2H,O] in ZM Salz- 
s&e und Verdiinnen der L&sung mit SIure derseiben Molilritgt wurde eine Stammll)sung hergestellt. die 
1 mg Cadmiumjml enthielt (der Cadmiumgehalt dieser Lasung wurde dumb ADTAmTitration iiberprtift). 
Durch Verdbnnen mit 2M Sal&hue wurde daraus eine S~~~~~ hergeatelit, deren Gehah 4,0 pg 
cd/mJ betrug. 

Komp&x&ruags#swrg. Diese L&sung, die immer frisch hergmtellt werden soil, wird folgendermaben 
bereitet: 50 ml einer 40% igen NatriumhydroxydMsung, die gieichxeitig 1% ig an Kahumcyanid ist, werden 
mit 10 ml 25% iger Kafium-N&riumtartratl6sung und 10 ml 20% iger HydroxylaminhydrochloridMsung 
vennischt und schhei%ich mit deatiBiertem Wasser auf 250 m3 verdunnt. Mittels dieser Kornp~~- 
lissung werden St&ungen ausge&altet, die auf gegebenenfalIs anwesende Sch wermetallspuren in der zur 
EJution des Cadmiums verwenderen 2M salpctusilure und den xur C&niumbeatimmung venvendeten 
Reagetuien xurtkkxufbhren sind. 

Dlthium-CMorofbmrlihrag. Eine 0,012 gew.o/Qge Losung von Dithizon (Diphenyldithiocarb) in 
Chloroform. 

Andere &agexz&. Femer wurden verwendet : 6 gcw. %ige Na~~y~oxydl~~g, 1fM und konzen- 
trierte Sabr&ure (37 “/g; p.u.) und O,lSM, 1,084 und kcmzentrierte Bromwasserstofftiurc sowie 2M und 
So/ge !3alpetemiture. . 

Die Ionenaustauschtrennungen wurden in Austauscher&ulen eines in einer fri&ren Arbeit’a angegebencn 
Typs ausgefuhrt. 

Yor&reititwyl de Wasserprobe 

Ein Liter der Wasserprobe wit-d sofort nach der Probenahme (mittels einer gut ~~~ie~~n Plastik- 
Sasche) mit 100 ml konx. Salm&ure baw. 120 ml konx. Bromwasserstoffsthue angesauert und dann im 
Laboratorhun durch tin dichtes Filter lih&t. Das Filtrat (= SorptionsRknmg) wird danach iibernacht 
stehengelassen, wodurch, Kohkndioxyd und andere Gase, die durch Gasblasenbildung das Austauschver- 
fahren st&en w&den, entfernt warden. 

Zonwau.vtauschtrennrcmrwrg 
Chforidm&o&. Die wie oben angegeben hergestellte Sorptionsliisung wird dumb eine mit 4 g des 

Anionenaustauschers beschickte S&de (die vorher mit etwa 20 ml 1,2M Salz&ure gewaschen wut’de) mit 
einer dem Gegendruck des Harxbettes entsprechenden Geschwindigkeit (etwa 50 his 60 ml&nde), SiiSen 
gelassen. Am&&Bend wird mit 20 bis 30 ml 1,2&f Salx&tre nachgewaschen, um die das Cadmium begki- 
tenden nicht oder nur schwach adsorbierbaren Fremdionen zu entfernen. Hierauf wird koadsorbiertes Zink 
mittels 100 ml 0,lSM Bromwassemtoffsgure quantitativ entfernt und danach das Cadmium mit 50 ml 2M 
Salpete&ure ehdert (Cadmiumehrat). 

Bmmt&set&zfe. Die mit Bromwassersto@!&re angesauerte und fihrierte Wasserprobe (siehe oben) wird 
durch sine mit 4 g des ~j~~~~ beschiikte S&de (die vorher mit etwa 50 ml 1,OM 
BromwasserstotTsiUre gewaschen wurde), mit einer dem Gegendruck de-s Harxb&tes entsprechenden 
Geschwindigkeit (etwa 50 bis 60 ml/Stun&), flieflen gelassen. AnschlieSend wird mit 100 ml 0,15M 
Bromwasserstoffr&re nachgewasehen (Ehrtion von koadsorbiertem Zink) und danach das Cadmium mit 
50 mi 2M Salpetemiture ehdert (Cadmiumehrat). 
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Quantitative Bestimmung &s Cadmiums 

Das nach Anwendung der Chlorid- oder Bromidmethode (siehe oben) erhaltene Cadmiumeluat wird auf 
dem Wasserbad xur Trockneeingedampft, der Riickstand in 5 ml 5 %iger Salpetersaum geliist und die Liisung, 
unter gleichxeitigem Nachwaschen mit weiteren 5 ml dieser Saum, in einen 50-ml Scheidetrichter gebracht. 
Diese Losung wird mit 25 ml der frisch bereiteten Komplexierungsl&ung versetxt und danach 30 Sekunden 
lang mit 7 ml der Dithixon-Chloroformlijsung kraftig geschiittelt. Danach wird die Chloroformschichte 
abgetrennt, 30 Sekunden lang mit 5 ml der 6 % igen Natriumhydroxydlosung geschtittelt (dieser Waschvor- 
gang ist zu wiederholen, falls dabei die Natriumhydroxydlbsung gelb gefiirbt wird) und das organische 
Extrakt direkt durch ein trockenes Filter in eine 1-cm-Kiivette filtriert, worm dann die Extinktion bei 490 nm 
gegentiber einer analog hergestellten Reagensleerlijsung (ein Dithixon-Chloroformextrakt, das in Abwesen- 
heit von Cadmium aber unter genauester Einhaltung der obigen Arbeitsvorschrift erhalten wurde) gemessen 
wird. Aus der gemessenen Extinktion der MeDlijsung wird dann mit Hilfe einer analog aufgestellten Eichkurve 
(im Konxentrationsbereich von 0 bis 12 pg Cadmium/7 ml Chlorofotmextrakt) der Cadmiumgehalt der 
Brobelosung ermittelt ; 4 pg Cadmium entsprechen einer Extinktion von 0,26. 

RESULTATE UND DISKUSSION 

Stark basische Anionenaustauscherharze zeigen gegentiber Cadmium eine sehr hohe 
Selektivitat vorausgesetzt, da8 dieses Element ah. anionischer Chlorid- oder Bromidkomplex 
vorliegt. Aus Messungen der Verteihmgskoethzienten des Cadmiums an Dowex 1 X8 unter 
Anwendung der in dieser Arbeit verwendeten salz- und bromwasserstoffsauren Lijsungen 
geht hervor, da8 dieser Koefhzient in 1,2M Salzsiiure einen Wert von 1646 (bei einer Bela- 
dung des Harzes mit 1 mg Cd) und in 0,lS bis I,0 M Bromwasserstoffsiiure einen solchen 
von 2,0 x lo4 (bei Beladung des Harzes mit derselben Cadmiummenge) aufweist. Auf 
Grund dieser Tatsache ist es daher leicht miiglich das, in nattirlichen W&em vorkommende 
Cadmium, nach An&em mit Salz- oder Bromwasserstoffsaure und Filtration der Probe, 
auf einer kleinen Siiule des Anionenaustauschers anzureichem. Dadurch wird nicht nur 
das zeitraubende Eindampfen der Wasserprobe vet&eden, sondem es kann such das 
Cadmium gleichzeitig aus vielen verschiedenen Proben isoliert werden. 

Wie aus den in Tabelle 1 gezeigten Resultaten ersichtlich ist, wird das Cadmium bis zu 
Konzentrationen von 100 pg pro Liter quantitativ am Austauscher adsorbiert, und zwar 
unabhiingig davon, ob die in der Arbeitsvorschrift beschriebene Chlorid- oder Bromid- 
methode zur Anwendung gelangt. Diese Versuche wurden unter Verwendung von Wiener 

Tabelle 1. Resultate von Cadmiumbestimmungen im Wiener 
Trinkwasser 

Zugesetxte 
Cadmhnnmenge, 

/.&I. 

Wiedergefundene Cadmiummenge. 
&I. 

Chloridmethode Bromidmethode 

w 
490 

so,0 
100 
500 

1000 

091 0,lf 
491 4.1 

so,2 so,1 
102 101,5 
489 493 
937 930 

* Auch nach DurchtIuD von 5 Litem mit Bromwasserstoff- 
siiure entsprechend angesluertem Trinkwasser wurde ein 
Cadmiumgehalt von 0,l pg Cd/Liter gefunden. Dieser Gehalt 
ist um einen Faktor von etwa 7 bis 36 geringer als die Cad- 
miumgehalte der in den Tabellen 2 und 3 angeftihrten Gewasser. 
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TabcUe 2. Ergebnisst von Cadrniumtx&itnmungtn in Wassuprobcn aus Niederostcm?ich 

Frobcnbez&hnung und Datum dcr Robutahme 

cadmiumgehait 
pd. 

Donaut bci Rhxterneuburg; 11.11.1972 
Donaut b#i Ybbs-Farsonbeug; 9.21973 
Fisting bei Fe&z; 2.12.1972 
Fisting bei Miibach; 2.12.1972 
March bei Mar&egg; 14.21973 
Fischa bci Ebrcichsdo& 21.1973 
Ybbs bsi Ybbs; 9.2.1973 
Erlauf bei Rrlauf, 9.2.1973 
Fielacb bai Frhrzensdorf: 9.2.1973 
Melk bei Mclk; 9.2.1973 
Ramp bsi Iiaderadorf; 9.2.1973 
Trais& bei St. l%ltcn; 9.2.1973 
Ysoer bei Ysoerdorfr 9.2.1973 
Icmns bei I&ins; 9i2.1973 
RuUbaoh bei Eng&utstetten: 14.1.1973 
Teich im Industriegabiet N. 0. SUd; 23.2.1973 
Rrunnen bei Ebmichsdorf; 23.2.1973 
M&I&q ki Wiener Ncudorf; 233.1973 
T&h bei Rrunn am Gcbirgcq 23.2.1973 
AbUuU der M~fa~ MUD 23.2.1973 
AbiluUkanal van Wr. Neustadt: 23.21973 
AMui3 da Fa. &&Lack; 23.2.1973 
S&w&at bei Tmiskkchen; 23.2.1973 
T&ting bsi Lcobemdorf; 23.2.1973 
Qucllwasscr der S&&la bci Eggenburg; 17.3.1973 
Rrunnen bei Zittcrnberg; 17,3.1973 
Yspcrklsmm bei Y&tar; 17.3.1973 
Quelle bei Icotzcnberg; 17.3.1973 
W&en ki Diczbcim; 17.3.1973 
Racb bei Rosenburg; 17.3.1973 
Gm bei Rosonburg; 173.1973 
Enter stausca der Ramp; 17.3.1973 
Quellc boi Gttcns&ag; 17.3.1973 
Seitenbach der TUmitz: 3.4.1973 
Traisun oberhalb Fr&nd; 3.4.1973 
Seitenarrn der TUrnitz bci TUmitz; 3.4.1973 
Laaberbach (IClam& (Qua& der Gr. Tulln); 3.4.1973 
TUrnitz bai Moosbach; 3.4.1973 
Quelle der Schwechat bci Agsbach; 3.4.1973 
Quelle der Schwcchat hei Lamcrau; 3.4.1973 
Nattembach-NebenlIucnfluD dcr Fielach; 3.4.1973 
Flclach bci Schwarzenbaoh; 3.4.1973 

0.85 
1,70 
090 
1.30 
0,80 
1,40 
1,lO 
1.70 
090 
0,65 
0.70 
0,fS 
1,70 
f,90 
1.70 
1,30 
1.70 
0.80 
1,30 
OPO 
1,lO 
1.15 
LOO 

;: 
3:40 
1,lO 
1,70 
1.00 
0,ao 
o&o 
0,75 

2: 
0:so 
430 
440 
0.30 
0.30 
0340 

GHsun bei ~~nf8Id-Ne~uR dcr Traiscn;J. 4.1973 460 
Tradlgist bci Rirchberg-Nebcnflug der Fklach; 3.4.1973 0.40 
Soiscrbach-NebcnfluU der Fielach; 3.4.1973 0.50 

0,80 
1,so 
480 

:*: 
$0 
1,25 
1.70 
1900 
1,20 
475 
1.20 
l,gO 

:z 
1:20 
200 
090 
120 
1,lO 
t,25 
1.20 
1.30 
1,70 
465 
3.60 
120 
160 
090 
0.70 
0.50 
0,70 
0,80 
0.35 
O# 
0,35 
0340 
0.35 
0,30 
0.40 
430 
0,so 
0,70 
0,50 
0.60 

1.25 1.20 

0,85 
1.10 
0,70 
0.70 
0,75 
O,@ 
1.30 
1,SO 

1.15 
1,75 
475 
1.15 
ogs 
1,15 
1,lO 
1,lO 
1,70 
0980 
3,70 
1,30 
1,70 
090 
U,8Q 
0,70 
0,ao 
0,80 
O&l 
0,30 
0,30 
0,30 
U,40 
O&O 
0,50 
O&J 
040 

z: 
0150 

MO 
1.20 
060 
0,70 
1,lO 
0,so 
125 
190 

1,25 
2,lO 
1.00 
1,30 
0990 
120 
1,25 
1,20 

:K 
3190 
1,20 

f;: 
0180 

x’: 
0:70 
0,50 

2: 
0;50 
0,30 
0.30 
0.40 
0.50 
060 
0980 
0,so 
0,70 

* Cadmiumgchalt in der awcitc Spalte ist naoh Abzug von 4.0 pg Cadmium-Spike, die 1 Liter 
Wasserprobe vor der Ioncnaustauschtrennung !cugcsctzt wurdcn, berechnct. 

t Dutch sp&rala&ytischc Messungen wurden in Jahre 1972 in mchreren, an verschiedenen 
Grten gczogcnen, ~auw~ro~n ~~~~ van 0,04 his 26 pg Cd/Liter ermitteh.‘* 
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Tabelle 3. Ergebnisse von Cadmiumbestimmuqen in Wasserproben aus dem Burgenland und der 
Steiermark 

Cadmiumgehalt 
Wrll. 

Probenbezeichnung und Datum der Probenahme Chloridmethode* Bromidmethode* 

Bur~e~i~d 
Leitha bei Hornstein; 3.12.1972 
Neusiedlersee bei Rust, 3.12.1972 
Zicksee; 2.1.1973 
Wulka bei Wulkersdorf; 2.1.1973 
Guns bei Landeck; 2.3.1973 
Pinka bei Gberwart; 2.3.1973 
Strembach bei Kemeten; 2.3.1973 
Stoober bei Weppersdorf; 24.1973 
Edlau bei D&8; 2.4.1973 
Rabnitz bei D&l?; 2.4.1973 
Siegrabenbach bei Kalkgruben; 2.4.1973 

Sreiermark l 

Mtin bei Kindberg; 19.11.1972 
Gebirgsbach bei AIIlenz; 19.1 I. 1972 
obelbach bei Peggau; 2.3.1973 
Kleinsttlbingerbach; 2.3.1973 
Rabnitz bei Eggersdorf; 2.3.1973 
Raab bei Gleisdorf; 2.3.1973 
Feistritz bei Willfersdorf; 23.1973 
Lafnitt bei Burgau; 2.3.1973 
Ilz bei Gnies; 2.4.1973 
Saifenbach bei Blumau; 2.4.1973 

19 
1,20 
I,20 

?z! 
0160 
0,80 
0,50 
0,80 
1300 
0,70 

ho0 
1,70 
0,7.5 
0,60 
090 
1,20 
0,70 
l,OO 
1,30 
0,80 

2,oo 
0,90 
1,30 
1,20 
0,60 
0,70 
0,90 
060 
098 
I ,20 
0,60 

I,25 
1.45 

i% 
(10 
1,30 
060 
1,lO 
LOO 
l,OO 

O,@ 
OH 
0,70 
0,40 

0,70 
0,70 
0,80 
0960 

1,lO 
u,80 

1SJ 
0,70 

0960 0,80 
0,80 0,70 
lJJ0 1,lO 
1,20 1,20 
0,80 0,60 
0.90 l,OO 
0,90 1,20 
0,90 0,70 

* Cadmiumgehalt in der zweite Spalte ist nach Abzug von 4,0 pg Cadmium-Spike, die 1 Liter 
Wasserprobe vor der Ionenaustauschtrennung zugesetzt wurden, berachnet. 

Trinkwasser durchgeftlhrt, dem pro Liter jeweils eine der in Tabelle I angefiihrten Cadmium- 
mengen zugesetzt wurde. Danach wurde das Cadmium mittels beider in der Arbeitsvorschrift 
beschriebenen Methoden abgetrennt und quantitativ bestimmt. 

Wie aus Tabelle 1 ersichtlich ist, sind die bei Anwesenheit von hohen Cadmi~kon~n- 
trationen auftretenden Cadmiumverluste relativ gering, so da13 die Anionenaustausch- 
methoden such unter diesen ~din~ngen angewendet werden konnten. 

Aus 1,ZM SalzsSiure werden auSer Cadmium such die Ionen Zn(II), Hg(II), TI(III), 
Bi(III), Pb(II), Ag(I), Sn(I1, IV), Sb(III), Te(IV), Re(VII), Au(III), Pt(IV), Ru(IV), Pd(II), 
Os(III), Rh(IV) und Ir(IV) vom Anionenaustauscher adsorbiert, und zwar, mit Ausnahme 
von Blei und Silber, mit etwa derselben Starke sie das Cadmium. 

Da praktisch alle dieser koadsorbierten Fremdionen in natiirlichen W%ssern nur in 
Konzentrationen vorkommen, die der Cadmiumkonzentration entsprechen bzw. noch 
geringer sind als diese, ist eine StSrung der Ionenaustau~htrennungen durch Koadsorption 
dieser Ionen nicht zu erwarten. 

In einer wesentlich hoheren Ronzentration als das Cadmium tritt jedoch das Zink auf, 
welches auberdem ein dem Cadmium sehr gihnliches Anionenaustauschverhalten, sowohl 
in salzauren als such in salpetersauren Losungen, aufweist. Aus bromwasserstoffsauren 
Lijsungen wird jedoch das Zink zum Unterschied vom Cadmium nur relativ schwach vom 
Anionenaustauscher adsorbiert (in 0,15, 0,s und l,OM BromwasserstoffsPure weisen die 
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Ve~eilunsk~~e~ten des Zmks Werte von 3,20 und 100 auf),l* so daB VOP allem 0,15M 
Bromw~~toff~ure als ein sehr wirksames Elutionsmi~el fiir das, z~mmen mit dem 
Cadmium aus 1,2&f Salzs&ne oder 1,OM Bromw~~toff~~e, am Anionenaustau~her 
adsorbierte Zink beniitzt werden kann. Dabei reicht das in der Arbeitsvorschrift angegcbene 
Volumen von 100 ml 0,lSM Bromwasserstoffs&ure dazu aus, urn selbst Milligrammengen 
Zink quantitativ vom Cadmium zu trennen wobei, im Fall der mit Salzs&ue angcsiiuerten 
Proben, das ursprtinglich als Chloridkomplex adsorbierte Cadmium in den noch st&rker 
adsorbierbaren anion&hen Bromidkomplex tibergefiihrt wird. 

In Tabellen 2 und 3 werden die Ergebnisse von Cadmiumbestimmungen in Wasserproben 
gezeigt, die zahlrcichen Gewisssem einiger osterreichischer Bundeshinder cntnommen 
wurden. Diese Analysen wurden unter Anwendung der in der Arbeitsvorschrift beschriebe- 
nenAnionenaustauschtrenungenundderspektrophotometrischenEndbcstimmunl 
mittels Dithizon du~h~~~~. Wie daraus ersichtlich ist, werden bei den Analysen nach 
Abzug der als Spike zugesetzten Cadmiummenge von jeweils 4 gg, ebenso gute Ergebnisse 
ais bei jenen enielt, die in Abwesenheit von Spike-Cadmium dur~h~f~h~ wurden. 

ErwartungsgemiiB weisen die beiden untersuchten Grundwasser deutlich hohere Cad- 
miumgehalte auf als die mcisten anderen Gew%sser. 

Da die vorliegenden Methoden auf der Anwendung der weitgehend automatisierbaren 
Anreicherung und Abtrennung des Cadmiums auf Anionenaustauschersilen beruht, ist 
es moglich, viele Wasserproben gleichxeitig nach deren An&em und Filtration zu analy- 
sieren d.h. das Verfahren eignet sich voniiglich zur serienmlgigen Bestimmung des 
Cadmiums in Gewllssem. 

~nksag~~~ Fends zur Fikderung der w~~~t~~~ Forschung wird an dii St& fiir die 
~i~te~~g der zur ~~hf~~g der beschriebenen w~n~h~~c~ Arbeit erforderlichen Mittel 
bestens gedankt. 
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Summary-A method is described for the isolation of ppM levels of cadmium from natural 
waters, and their spectrophotometric determination. The water sample (1 litre) is made 1.2M 
in HCl or l*OM in HBr, filtered, and passed through a column of Dowex l-X8 (chloride form) 
anion-exchanger. The cadmium is quantitatively sorbed and simultaneously separated from 
other trace metals in the sample. Co-adsorbed zinc is removed with 0.15M HBr. and the cad- 
mium eluted with 2M HNO, and determined by the dithixone method. Many Austrian water 
samples have been analysed and found to contain @l-4*0 ppM of cadmium. 

Rknn6-On d&-it une methode pour l’isolement de teneurs de l’ordre de la ppM de cadmium 
d’eaux naturelles, et pour leur dosage spectrophotometrique. L’kchantillon d’eau (1 litre) est 
rendu 1,2M en HCl ou l,OM en HBr, filth, et passe sur une colonne d’kchangeur d’anions 
Dowex l-X8 (forme chlorure). Le cadmium est sorb4 quantitativement et simultanement s&park 
d’autres metaux a l’etat de traces dam l’kchantillon. Le zinc co-adsorb6 est Climine par HBr 
0,15M, et le cadmium tlu6 par HNOa 2M et dkrminC par la methode ir la dithizone. On a ana- 
lysk de nombreux kchantillons d’eaux autrichiennes et trouve qu’ils contiennent 0,14,0 ppM de 
cadmium. 
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ANWENDUNG VON IONENAUSTAUSCHVERFAHREN 
ZUR BESTIMMUNG VON SPURENELEMENTEN IN 

NATURLICHEN Wh;SSERN-III 

THORIUM 

J. KORKISCH und D. DIMITRIADIS 
Analytisches Institut der Universittit, Abteilung: Rohmaterialanalyse nuklearer 

Brennstoffe, WIhringerstraDe 38 A-1090 Wien, &terreich 

(Angenommen am 14 Mai 1973. Eingegangen am 5 Juni 1973) 

Zusammenfassung--In der vorliegenden Arbeit wird eine Methode beschrieben. die es ermiiglicht 
ppb.-Mengen Thorium aus natiirlichen W&em abzutrennen und der spektrophotometrischen 
Endbestimmung zug%ngig zu machen. Nach dem Eindampfen der mit Salpetersiiure 
angesiiuerten und liltrierten Wasserprobe (1 Liter) wird das Thorium aus 8M Salpetetiure 
durch Adsorption auf einer Siiule des stark basischen Anionenaustauschers Dowex l-X8 
(Nitratform) von den Begleitementen getrennt. Das adsorbierte Thorium wird mit 6M!Sal&ure 
eluiert und im Eluat, unter Anwendung der Arsenazo III-Methode, spektrophotometrisch 
bestimmt. Die Methode wurde zur Bestimmung des Thoriums in zahheichen Bsterreichischen 
Gewiissem herangezogen, wobe.i Thoriumgehalte im Konzentrationsbereich von 0,4 bis 43 ppb. 
gefunden wurden. 

Infolge des sehr geringen Thoriumgehaltes natiirlicher Wlsser (Thoriumkonzentrationen 
im ppb-Bereich) ist es in praktisch allen Fillen erforderlich, das Thorium vor der quantita- 
tiven Bestimmung anzureichern bzw. von den Begleitelementen abzutrennen. 

Aus Literaturangaben iiber Thoriumbestimmungen in natiirlichen W&sern’-17 inklusive 
Meerwasser1*5*8*17 geht hervor, dal3 die angewendeten Anreicherungsmethoden im Wesent- 
lichen darauf beruhen, dal3 das Thorium entweder durch Mitf%llung’-’ mit geeigneten 
Kollektoren oder durch Adsorption auf Ionenaustauscherharzen1*8*g isoliert wird. Danach 
wird das Thorium entweder spektrophotometrisch bestimmt,‘~2*5*6*8-‘3 wie z.B. durch 
Anwendung der Arsenazo III-MethodeS~‘o*” oder des Thoronolverfahrens,2*6*g oder 
radiochemisch nach vorangehender Neutronenaktivierung der Analysenproben.71’“‘7 

Zur Abtrennung des Thoriums aus Wiissern durch Mitfillung wurden u.a. folgende 
Kollektoren beniitzt :’ * basische Phosphate des Calciums und Magnesiums,’ Calcium- 
oxalat,296 Eisen(III)hydroxid3p7 und Bariumsulfat.3 Nach erfolgter Mitfillung ist es jedoch 
oft erforderlich, das Thorium einer weiteren Reinigungsoperation zu unterziehen, damit es 
stijrungsfrei spektrophotometrisch bestimmt werden kann. Dazu eignet sich z.B. ein 
System bestehend aus 40 vol. % 1 M Salpeterslure und 60 vol. % Ethanol, aus dem das 
Thorium auf dem stark basischen Anionenaustauscher Dowex-1 adsorbiert und gleichzeitig 
von allen begleitenden Fremdionen getrennt wird.’ 

Eine Isolierung des Thoriums aus natiirlichen WZissern mittels Ionenaustausches ist such 
ohne dessen vorangehende Mitfillung miiglich, und zwar durch Adsorption des Thoriums 
auf dem Chelatharz Chelex-lOO* oder auf Amberlite IRA-400 aus einer ascorbins%urehalti- 
gen Wasserprobe vom pH-Wert 4 bis 4,5.’ Jm letzteren Fall ist es jedoch erforderlich diese 
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Anionenaustauschtrennung mit einer nachfolgenden Kationenaustauschoperation auf 
Dowex 50 zu kombinieren, urn die ebenfalls als anionische Ascorbinatkomplexe auf Amber- 
lite IBA-400 koadsorbierten Fremdionen (vor allem Titan und Zirkonium) vom Thorium 
zu tennen, so dag dieses storungsfrei spektrophotometrisch bestimmt werden kann. 

Obwohl sich die Adsorption des Thoriums auf stark basischen Anionenaustauscher- 
harzen wie z.B. Dowex 1 aus 5 bis 1044 salpetersauren, rein-wibrigen Lbsungen gut zur 
Abtrennung von Begleitelementen eignet,‘* hat dieses Trennungsprinzip zur Thorium- 
analyse von natiirlichen Wiissern bis jetzt keine Anwendung gefunden. Wie jedoch in der 
vorliegenden Arbeit gezeigt wird, ist dieses Anionenaustauschverfahren sehr gut daxu 
geeignet, urn Thorium aus Wassern zu isolieren, wonach dieses Element, unter Anwendung 
der Arsenazo III-Methode, st6rungsfrei spektrophotometrisch bestimmt werden kann. 

EXPERIMENTELLER TEIL 

Ldsungen und Reagenzien 

Ionenaustauscher. Es wurde der stark basische Anionenaustauscher Dowex l-X8 (100-200 mesh; 
Chloridform) verwendet. Zur Umwandhmg in die Nit&form wurde das Han (4 g) in die Ionenaustau- 
schersiiule gebracht und solange mit 8M Salpeters&ure gewaschen bis im ElBuenten mit Silbemitrat kein 
Chlorid rnehr nachweisbar war. Das so hergestellte Nitratharz kann danach zur Abtrennung des Thoriums 
aus den Wasserproben bent&t werden. 

Thorium-Standardkmgen. Dutch Liken von 12.67 g Thoriumnitrathexahydrat in 8M Salpetersiiure und 
Verdilnnen der I&sung mit S&me derselben Molar&t wurde einc Stamml&umg hergestellt, die 5 mg 
Thorium/ml enthielt (der Thoriumgehalt dieser Losung wurde durch ADTA-Titration iiberprtlft). Die zur 
Aufstelhmg der Eichkurve nach der Amenazo III-Methode erforderlichen Standardl&ungen enthielten 1 bis 
15 pg Thorium/ml konz. Salzsilure. Diese LaSungen wurden durch Eindampfen von entsprechend ver- 
diinnten aliquoten Teilen der Stammlosung in Gegenwart van konz. Sal&ure und Ameisens&ure und 
Aufnahme der Eindampf&kst&nde in konz. Salzsiture hergestellt. 

Arsetarw ZIZ--li2srmg. Eine 0.2 gew. %ige WilBrige LaSung von Arsenazo III [2,2-(1.8-Dihydroxy-3,6- 
disulfo-2,7-naphthylenbisazo)-diphenylarsonsluue] (frisch bereitet oder ho&tens zwei Wochen alt). 

~wrt#rern=@m tlc!kmg. Bine 2 gew. %ige wgl%ige L&sung von Kaliumpermanganat. 
Salpeterskue 8 M. Diese Sliure wurde durch Vennischen von konz. SalpeterSaure (etwa 16M) und dest. 

Wasser im Verhiiitnis 1 :1, ohne Bertlcksiitigung von Volums&nderungen, hergestellt. Urn die Bildung von 
Gasblasen in den Ionenaustauschersitulen zu vermeiden. sol1 diese angen8hert 8M Salpeters&ure erst nach 
dem Abktlhlenlamen auf Raumtemperatur verwendet werden. 

Anakre Reageden. Femer wurden venvendet : konz. Ameisens&ne, lM, 6M und konz. Salzsslure (37 
%ig; pa.) sowie konz. Salpetersiiure (65 %ig). 

Apparaturen 
Die ionenaustauschtrennungen wurden in Austauschers&ulen eines in einer friiheren Arbeitlg angegebenen 

Typs ausgefbhrt. 
Ftir die photometrischen Bestimmungen des Thoriums wurde ein Beckman Spektralphotometer, Model1 B 

und 1 cm-Kiivetten verwendet. 

Arbeitsvorschrift 
Vorbereitung drr Wa.werprube. Ein Liter der Wasserprobe wird sofort nach der Probenahme (mittels 

einer gut verschlie&aren Plastikflasche) mit 70 ml konz. Salpeters&ure anmuert und dann im Laboratorium 
durch ein dichtes Filter filtriert. Das Filtrat wird in einem 2-l. Becherglas auf dem Wasserbad zur Trockne 
eingedampft und der Riickstand in etwa 25 ml 8M Salpetersiiure gel&t. Sollte sich dabei der Rilckstand 
nicht vollst&tdig auf&en, so werden unlosliche Anteile durch ein mit 8M Satpeter&tre gewaschenes, 
dichtes Filter abfiltriert und mit etwa 5 bis 10 ml 8M Salpeter%um nachgewaschen. Die so hergestellte 
L&sung stellt die ftlr die Anionenaustauschtrenmmg des Thoriums erforderliche Sorptionsltisung dar. 

Zonenaustauschtrennung. Die, wie oben angegeben, hergestellte Sorption&sung wird durch eine mit 4 g 
des Ionenaustauscherharzes beschickte S?iule (die vorher mit 8M Salpetersiiure vorbehandelt wurde), mit 
einer dam Gegendruck des Harbettes entsprechenden Geschwindigkeit (etwa 2 bis 3 ml/Minute), flieDen 
gelassen. Anschliel3end wird mit 40 ml 8M Salpeters8ure nachgewaschen, urn die das Thorium begleitenden 
nicht oder nur schwach adsorbierbaren Fremdionen zu entfemen. Hierauf wird das adsorbierte Thorium 
mit 70 ml 6M Salaiiure eluiert (Thoriumefuat). 

Zur Regenerierung des Harzes (Uberfilhrung in die Nitratform) wird die S&de nach Elution des Thoriums 
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so lange mit 8M Salpeterslure gewaschen bis im Effluent kein Chlorid mehr nachweisbar ist. Danach ist das 
Han fiir eine weitere Thoriumabtrennung benutzbar. 

Quantitative Bestimmung des Thoriums. Das Thoriumeluat (siehe oben) wird auf dem Wasserbad zur 
Trockne eingedampft, und zwecks Zerstarung organ&her Substanzen wird der Eindampfriickstand in 5 ml 
1M Salzsiiure und 5 ml der 2 %igen Kalium permaqanatliisung aufgenommen, und die LLisung auf dem 
Wasserbad zur Trockne eingedampft. Der im Eindampfrlickstand vorhandene Braunstein wird dann 
durch Zusatz von 10 ml konz. Salzslure und darauffolgendes Eindampfen der tisung zur Trockne auf dem 
Wasserbad in leicht 1Ssliches Mangan(II)chlorid iibergefiirt. Der Eindampfriickstand wird zwecks Ent- 
femung von gegebenenfalls anwesendem Nitration mit einigen Tropfen konz. Ameisetiure und 10 ml 
konz. SalzGiure versetzt, und die tisung auf dem Wasserbad zur Trockne eigedampft. Der Riickstand wird 
in 5 ml konz. Salzs%ure aufgenommen, die LGsung in einen IO-ml MeDkolben gebracht, 1 ml der 0,2 zigen 
Arsenazo III-LBsung zugesetzt und mit Wasser zur Marke aufgefiillt. Anschliel3end wird die Extinktion der 
Ltisung gegeniiber einer ReagensleerlGsung bei 660 nm gemessen, und mittels einer analog aufgestellten 
Eichkurve (im Konzentrationsbereich von 0 bis 15 pg Thorium/l0 ml MeDlijsung) der Thoriumgehalt der 
Probe&sung ermittelt (10 pg Thorium entsprechen einer Extinktion von 0,210). Von der gemeasenen Bxtink- 
tion der Probelasung mu13 jedoch vor Berechnung des Thoriumgehaltes ein Extinktionswert von 0,035 
abgezogen werden (Reagensleerwert, den man erhllt, wenn 1 Liter dest. Wasser genauso behandelt wird wie 
die auf Thorium zu analysierende Wasserprobe). 

RESULTATE UND DISKUSSION 

In rein wHDrigen salpetersauren Systemen hoher Sguremolaritit bildet Thorium einen 
stabilen anionischen Nitratkomplex, dem die Formel [Th(NO,),]‘- zugeschrieben wird.” 
Demzufolge ist es m8glich, diesen Hexanitratkomplex auf stark basischen Anionenaus- 
tauscherharzen zu adsorbieren, und so das Thoriuq von anderen Metallionen, die keine 
oder nur instabile anionische Nitratkomplexe bilden, zu trennen. Diese Trennung wird am 
besten in 5 bis 10M Salpetersgure ausgefiihrt, da bei diesen Siiurekonzentrationen die 
Verteilungskoeffizienten des Thoriums z.B. auf Dowex-1 am hbchsten sind. So weist der 
Verteilungskoeffizient des Thoriums in der in der vorliegenden Arbeit verwendeten Sorp- 
tionsliisung (etwa 8M an Salpeterdure; siehe Arbeitsvorschrift) einen SVert von etwa 300 
auf’* wghrend unter denselben Bedingungen Calcium, Magnesium und alle anderen in 
natiirlichen WBssern in relativ groDen Mengen auftretenden Elemente nicht adsorbiert 
werden. Demzufolge ist dieses Medium sehr gut dazu geeignet, urn ppm-Mengen an 
Thorium aus den EindampfriickstPnden von Wasserproben abzutrennen. Da rnittels 
dieser Anionenaustauschtrennung such die in Gewlssern vorhandenen Spurenelemente 
wie z.B. Uran, Titan, Zirkonium und die seltenen Erdmetalle, sowie Anionen, wie Phosphat, 
Fluorid und Sulfat quantitativ vom Thorium trennbar sind (sie werden ebenfalls nicht vom 
Austauscher adsorbiert) ist es maglich, das Thorium nach dessen Elution vom Austauscher 
starungsfrei, spektrophotometrisch unter Anwendung der Arsenazo III-Methode zu bestim- 
men. Eine wesentliche Vorausssetzung fiir die Anwendung von Arsenazo III zur Thorium- 
bestimmung ist ngmlich die weitgehende Abwesenheit von stiirenden Fremdionen, vor 
allem Zirkonium, Titan, Uran und der seltenen Erdmetalle. 

Das nach Elution des Thoriums erhaltene 6M salzsaure Thoriumeluat enthat keines der 
oben angefiihrten Elemente, dagegen aber immer wechselnde Mengen von aus dem Anionen- 
austauschir stammenden, organischen Substanzen, die unbedingtvor der spektrophotometri- 
schen Bestimmung des Thoriums zerstijrt werden miissen. 2o Dazu eignet sich vorziiglich die 
in der Arbeitsvorschrift angegebene oxydative Methode. Da selbst nach Zerstbrung der 
organischen Substanzen und dem darauffolgendem Eindampfen mit konz. Salzsgure der 
manganchloridhaltige Riickstand noch immer Nitration enthalten kann, so mu0 dieses vor 
Anwendung der Arsenazo III-Methode zerst6rt werden (siehe Arbeitsvorschrift). Anderen- 
falls tritt eine oxydative Zerstiirung des Farbstoffes ein, wodurch verursacht wird, dal3 die 
angewendete Farbstoffmenge nicht mehr dazu ausreicht, urn mit dem anwesenden Thorium 
quantitativ den fiir die Messung erforderlichen Komplex z-u bilden. 
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Tabelle 1. Reaultate van Thoriumbestimmungen im Wiener Trinkwasser 

Probenbezeichnung und Datum der Prober&me Thoriumgehalt 
(tcgll.) 

Leitungswasser, Analytisches Institut der Universitiit, Wien 1090; 19.1.1973 3.75 4,lO’ 
Leitungswasser, Analytischea Institut der Universit& Wien 1090; 24.1.1973 3.35 - 
Leitungswasser, Analytisches Institut der Univemitiit, Wien 1090; 12.3.1973 3,137 - 
Brste Wiener Hochquellenwasserleitung (Rosenhtigel); 7.4.1973 3,50 3,40+ 
Zweite Wi~nst Hochquellenw~itung (Mauer); 7.4.1973 390 * 
Pumpcnwassor aus der L&au; 7.4.1973 0.60 c%* 
Grundwassn aus Nuodorf; 7.4.1973 0,50 0:40* 

* Thoriumgehalt nach Abzug von 5 pg. Thorium-Spike, die 1 Liter Wasserprobe vor der Ionenaustausch- 
trennung zugesetzt wurde. 

t Thoriumgehalt nach Abtrennung des Thoriums aus einer 3 Liter Wasserprobe. 

Bei Anwendung der Arsenazo III-Methode ist ferner zu beachten, da13 alte Lijsungen 
dieses Farbstoffes nach langerem Stehenlassen (liinger als etwa 2 Wochen) niedrigere 
Extinktionswerte fur Thorium ergeben und such oft, inf’olge Bildung eines Niederschlags in 
der FarbstofIbung, triibe MeBl&ungen erhalten werden. Es ist daher erforderlich die 
Messungen von unbekannten Thoriumgehalten unter Beniitxung einer erst kiirzlich her- 
gestellten FarbstofIbung ausxufilhren und die Extinktionswerte mit jenen von gleichzeitig 
hergestellten Standard-Meglbungen von bekannten Thoriumgehalten zu vergleichen, d.h. 
die Aufstellung der Eichkurve sol1 zur selben Zeit erfolgen. 

Tabelle 2. Ergebnisse von Thoriumbestimmungen in Wasserproben aus Niederi%erreich, dem 
Burgenland und der Steiermark 

Probenbezeichmmg und Datum der Probenahme Thoriumgehalt 
@/0+ 

Donau bei Ybbs-Persenbeug; 9.2.1973 
Erlauf bei Erlauf; 9.2.1973 
Melk bei Melk; 9.2.1973 
Pielach bei Prinzensdorf; 9.2.1973 
Pielach bei Schwatzenbach; 3.4.1973 
Nattembach-Seitenarm der Pie&h; 3.4.1973 
Ybbs bei Ybbs; 9.2.1973 
Krems bei Krems; 9.2.1973 
Kamp bei Hadersdorf; 9.2.1973 
Traisen bei St. pi)lten; 9.2.1973 
Traisen, oberhalb F&land; 3.4.1973 
G&en bei Hainfeld-Nebenflui3 der Traisen; 3.4.1973 
Ysper bei Ysperdorf; 9.2.1973 
Tradigistbach bei Kirchberg, NebenfluD der Pielach; 3.4.1973 
Soiserbach bei Kirchberg; 3.4.1973 
NebenfluD der Pielach 
Teich im Industriegebiet N.t).Stld; 23.2.1973 
Brunnenwasser bei EbreichsdorZ; 23.2.1973 
MMling bei Wiener Neudorf; 23.2.1973 
Teich bei BII.IM am Gebirge; 23.2.1973 
AblIuB der Metallfabrik Mollersdorf; 23.2.1973 
AbtIuOkanal von Wr. Neustadt; 23.2.1973 
AbfluD der Fa. Stall-Lack; 23.2.1973 

1.4 199 g 
330 219 
1.4 193 
196 28 

1.7 191 :; 
1.5 (3 
1.7 195 

g 
4;o 

114 
231 
1.6 

3;1 2;g 

::: t: 

1,5 1.6 

214 :‘;: 
139 
291 29 

192 193 
135 194 
0.7 0.7 
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Probenbezeichnung und Datum der Probenahme Thoriumgehalt* 
@g/l.) 

Schwechat bei Traiskirchen; 23.2.1973 
Quellwasser der Schwechat bei Agsbach ; 3.4.1973 
Quellwasser der Schwechat bei Lamerau; 3.4.1973 
Tristing bei Leobersdorf; 23.2.1973 
Schmida bei Eggenburg; 17.3.1973 
Brunnen bei Zitternberg; 17.3.1973 
Ysperklamm bei Ysper; 17.3.1973 
Quelle bei Kotzenberg; 17.3.1973 
Weisen bei Diezheim; 17.3.1973 
Bach bei Rosenburg; 17.3.1973 
Grundwasser bei Rosenburg; 17.3.1973 
Erster Stausee der Kamp; 17.3.1973 
Quelle bei Ottenschlag; 17.3.1973 
Seitenarm der Ttlrnitz bei Schwarzenbach; 3.4.1973 
Seitenarm der Ttlrnitz bei Ttirnitz; 3.4.1973 
Tiirnitz bei Moosbach; 3.4.1973 
Laaberbach (Klamm), Quellflug der Grol3en Tuln; 3.4.1973 
Kalter-Gang bei Klostertal, Quellwasser der Piesting; 24.4.1973 
Quellwasser der Schwarza 
Trinkwasser-Pemitz (bei Schallhof); 24.4.1973 
Burgenland 
Giins bei Landeck; 2.3.1973 
Pinka bei Oberwart; 2.3.1973 
Strembach bei Kemeten; 2.3.1973 
Stoober bei Weppersdorf; 2.4.1973 
Edlau bei Dorfl; 2.4.1973 
Rabnitz bei D&S; 2.4.1973 
Siegrabenbach bei Kalkgruben ; 2.4.1973 
Steiermark 
&elbach bei Peggau; 2.3.1973 
Kleinstiibingerbach; 2.3.1973 
Rabnitz bei Eggersdorf; 2.3.1973 
Raab bei Gleisdorf; 2.3.1973 
Feistritz bei Wilfersdorf; 2.3.1973 
Lafnitz bei Burgau; 2.3.1973 
Ilz bei Gnies; 2.4.1973 
Saifenbach bei Blumau; 2.4.1973 

4s 
394 
3.2 
1.4 
196 

.x 
118 
1,s 
198 

:*: 
114 
L8 
134 
195 
L6 
3.4 
3;s 
3,2 

194 
1,7 

z 
310 

::: 

198 
198 

:‘;t 
1:s 
1,s 

:5 

493 

3*: 
112 
1,7 

2: 
1:s 
194 
197 
197 
199 
1.3 
1.5 

E 
(9 

:+ 
3:2 

192 
195 

:: 
310 

;;: 

199 
l-7 
1.4 
3.2 

::: 

+ Die Resullateder zweiten Spalte wurden nach Abzug von 5 pg Thorium-Spike, die 1 Liter der Wasserprobe 
vor der Ionenaustauschtrennung zugesetzt wurden, erhalten. 

In Tabellen I und II werden die Ergebnisse von Thoriumbestimmungen in Wasserproben 
gezeigt, die zahlreichen Gewlssern einiger bsterreichischer Bundesliinder und dem Wiener 
Trinkwasser entnommen wurden. Diese Analysen wurden unter Anwendung der in der 
Arbeitsvorschrift beschriebenen ‘Anionenaustauschtrenmmg und der spektrophotometri- 
schen Endbestimmungsmethode mittels Arsenazo III durchgefiihrt. Wie daraus ersichtlich 
ist, werden bei den Analysen oder mit Spike versehenen Proben, nach Abzug der als Spike 
zugesetzten Thoriummenge von jeweils 5 pg, ebenso gute Ergebnisse als bei jenen erzielt, die 
in Abwesenheit von Spike-Thorium durchgefiihrt wurden. 

Aus den in Tabellen I und II gezeigten Resultaten ist such ein allgemeiner Trend ablesbar, 
und zwar weisen Trink- und Quellwiisser meist betrslchlich hohere Thoriumgehalte auf als 
Grund- oder Abflugwasser und such Wasser stammend aus Fliissen oder graDeren B&hen. 
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Der Grund hierfiir diirfte darin liegen, da13 in allen Gewlssern mit Ausnahme der Trink- 
und Quellwiisser eine starke Abreicherung durch Mitfallung des Thoriums eintritt, die umso 
gri5Ber ist, je verunreinigter das betreffende Wasser ist. 

Da die vorliegende Methode auf der Anwendung der weitgehend automatisierbaren 
Anreicherung und Abtrennung des Thoriums auf Anionenaustauschersaulen beruht, ist es 
m6glich, viele Wasserproben gleichzeitig nach deren Eindampfen zu analysieren, d.h. das 
Verfahren eignet sich vorztiglich zur serienmlBigen Bestimmung des Thoriums in Gewiis- 
sern. 

Dunksagung-Dem Fends zur Fiirderung der wissenschaftlichen Forschung wird an dieser Stelle ftlr die 
Bereitstellung der zur Durchftihrung der beschriebenen wissenschaftlichen Arbeit erforderlichen Mittel 
bestens gedankt. 
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LITERATUR 

Summary-A method is described for separation of ppb levels of thorium from natural 
waters and a spectrophotometric finish. A I-litre water sample is acidified with nitric acid and 
filtered, then evaporated, and the thorium adsorbed on Dowex 1-X8 strongly basic anion- 
exchanger (nitrate form) from 8M nitric acid to separate it from accompanying elements. The 
thorium is eluted with 6M hydrochloric acid and determined spectrophotometrically by the 
Arsenazo III method. The method has been applied to determination of thorium at the 
0.4-4.5 ppb level in Austrian natural waters. 

R&sun&-On d&it une m&ode pour la separation de teneurs de l’ordre de la ppb. de thorium 
des eaux naturelles et le dosage spectrophotomitrique final. Un tchantillon d’eau de 1 litre est 
acidifit a l’acide nitrique et liltrt, puis evapore, et le thorium absorb& sur l’echangeur d’anions 
for tement basique Dowex 1 -X8 (forme nitrate) 8 partir ‘dacide nitrique 8 M pour le s&parer des 
elements qui l’accompagnent. Le thorium at Clue par l’acide chlorhydrique 6Met dose spectro- 
photomttriquement par la methode a I’Arsenazo III. On a applique la methode au dosage du 
thorium au niveau de 0,4-4,5 p.p.M. dans des eaux naturelles autrichiennes. 
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COULOMETRIC MICRODETERMINATION OF PEROXIDES-II* 
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Summary-An iodometric method for the rapid microdetermination of organic peroxides, utili- 
zing electrochemical reduction in the iodine-iodide system, has been developed. After complete 
reaction between peroxide and iodide in an acidic semi-aqueous medium the iodine produced is 
reduced at a rotating platinum electrode, at constant potential. Electronic integration is used. 
Organic peroxides of different reactivities have been analysed by making use of the increased rate 
of reaction at elevated temperatures. Accurate and precise results were obtained for samples at 
the I-mg level and the total time of analysis varied from 8 to 20 min, depending on reactivity. 

Organic peroxides are of importance because of their use in industry and their occurrence 
in many industrial products. The problem of the analytical chemist is to select the most 
appropriate method of analysis; this is particularly important for organic peroxides where 
reactivity varies widely and the compounds have to be determined in very diverse materials. 
The purpose of the present work was to develop a simple and general method for the micro- 
determination of pure organic peroxides and for application to some problems concerning 
industrial products. 

The choice of a suitable method for the determination of organic peroxides depends on 
several factors, such as concentration, reactivity and solubility of the peroxide and the na- 
ture of the matrix. An excellent survey of present analytical methods for organic peroxides 
has been given in a book by Johnson and Siddiqi.’ Titrimetric, calorimetric, polarographic, 
spectroscopic and chromatographic techniques are discussed. For the determination of 
pure organic peroxides iodometric procedures are the most generally applicable. Resides, 
the simple iodometric methods are often adequate for the non-selective determination of 
total peroxide content, as in most routine analyses of peroxides in industry, such as deter- 
mination of the peroxide value of fats and oils. Finally, the iodometric technique may be 
used as a sensitive analytical method for the determination of traces of peroxides in petro- 
chemicals. 

Iodometric methods for the determination of organic peroxides are based on quantitative 
reduction by iodide ions in acid solution: 

ROOR’ + 2H+ + 21- = Iz + ROH + R’OH 

where R and R’ denote hydrogen., alkyl, acyl or aralkyl groups. The determination of 
hydrogen peroxide (R = R’ = H) has been discussed in an earlier paper.’ The reaction above, 
carried out in the absence of oxygen, proceeds at various rates depending on the reactivity 

* Part I-Talanta, 1973,20, 1097. 
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of the peroxide. After complete reaction the liberated iodine is usually determined by titra- 
tion with standard thiosulphate solution. Provided no other oxidizing agents or unsaturated 
compounds are present, the iodometric method is simple and relatively quick and can give 
reliable and reproducible results. However, one of the limiting factors in this procedure is the 
titration end-point determination for small samples. Electrometric methods have been 
reported as possible alternatives to visual methods in the titration of very dilute solutions. 
In the newly developed method presented here, this difficulty has been completely eliminated, 
by replacing the titrimetric iodine determination by a coulometric iodine reduction. 

An electroanalytical method, based on controlled-potential coulometry in the iodine- 
iodide system, has been investigated for the microdetermination of organic peroxides of 
different reactivities. In the working electrolyte, consisting of an acidic semi-aqueous 
iodide solution, the organic peroxide added reacts quantitatively, producing an equivalent 
amount of iodine. When reaction is complete, the iodine is reduced at the working electrode, 
maintained at a controlled potential. The number of coulombs consumed in this reaction, 
which is a measure of the amount of iodine, is determined by electronic integration of the 
decaying current-time curve. By keeping the reaction mixture at thermostatically controlled 
elevated temperatures this method has been made applicable to a wide range of organic 
peroxides, and samples in the range 0.1-1.5 mg have been determined with good accuracy 
and a precision around rt 0.2 % (Table 1). 

EXPERIMENTAL 

Electrolysis cell 

The electrolysis cell used is of the same basic construction as described previously.z To allow analysis of 
peroxides of different reactivities, the sample compartment has been furnished with a glass jacket for cir- 
culation of water, thereby allowing the reaction mixture to be kept at different constant temperatures below 
100”. 

Electrodes 

A three-electrode system, consisting of a platinum gauze working electrode, a saturated calomel reference 
electrode and a platinum-spiral counter-electrode, has been used as described earlier.* 

Apparatus 

The electronic circuitry was identical to that described in Part L2 For the calculation ofp-values, current- 
time curves were registered by means of a recorder. 

Reagents 

All solutions were prepared from analytical-reagent grade chemicals and demineralized, freshly distilled 
water. 

The supporting electrolyte, used for filling the connecting chamber and auxiliary compartment of the cell, 
was IM aqueous sodium perchlorate. The working electrolyte consisted of IM sodium perchlorate-1M 
sodium iodide in a medium of glacial acetic acid-water (1 :l). 

Nitrogen, used for continuous deaeration of the working electrolyte, was of a high purity (> 99*9%), 
and passed over copper at 500’ for removal of any oxygen. 

As a test substance for the coulometric cell potassium iodate (KIOs ; Merck) was used. After drying at 
150’ for 8 hr, a purity of 99.95-100*05 % was obtained according to the manufacturer. 

Organic peroxides. The following classes of peroxides are listed in order of decreasing oxidative rc- 
activity (e.g., towards iodide ions): 

(I) hydroperoxides 
(2) peroxy esters 
(3) diacyl and diaroyl peroxides 
(4) dialkyl and diaralkyl peroxides 

From these groups the following peroxides have been tested: 
t-butyl hydroperoxide (Schuchardt); technical, 2 79.5 % 
cumene hydroperoxide (Schuchardt); w 70 % 
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t-butyl perbenzoate (BDH) 
benzoyl peroxide (BDH) 
lauroyl peroxide (BDH) 
t-butyl peroxide (Schuchardt); 2 98 % 
cumyl peroxide (Schuchardt); 96-99 % 

As benzoyl peroxide is one of the most frequently analysed organic peroxides mentioned in the literature, 
it was the iirst tested in this work. The analysis was performed on the commercial product, both untreated 
and after purification by precipitation from a chloroform solution with an excess of cold absolute methanol, 
followed by drying in vacuum over concentrated sulphuric acid.l Lauroyl peroxide was also purified by 
this method. All other compounds tested in this work were analysed for peroxide content without further 
purification. 

Glacial acetic acid and chloroform were used as solvents for the peroxides. 

Procedure 

The three compartments of the electrolysis cell were Alled with the appropriate electrolytes. The semi- 
aqueous working electrolyte, consisting of acetic acid and water, was at about pH 2. This solution was con- 
tinuously deaerated with nitrogen, passing at a flow-rate of 10 ml/min. The glass jacket, surrounding the 
working compartment of the cell, was provided with circulating water, thermostatically controlled at the 
desired temperature. All iodine present in the reaction mixture was reduced at the rotating platinum gauxe 
working electrode until the current reached a stable m&dual value ( c 10 PA). 

After this start-up, the analysis was performed according to the same sequence of operations as described 
earlier for large samples of HsOz.’ The pre-rcaction time, MC*ISII~~ for complete iodine formation, varied 
for the different peroxides and also with the reaction temperature. Whenever the pre-reaction time was 
superlhrous, the simpllfled procedures described for small samples of HtOz was adopted. 

The integrator reading obtained was converted into mg of organic peroxide as follows: 

IO' * A . U, 
M* F 

= mp of organic peroxide 

where M= equivalent weight of the peroxide and A, Fand 17~ have the same meaning as before.’ 
Sample vohunes ranging from 50 to 250 ~1 of acetic acid or chloroform solutions of peroxides were added 

from a glass syringe microburette (Agla) with an accuracy of f0.02 ~1. The analysis time varied from 8 
to 20 min over the sample range investigated (@l-1.5 mg) for the different peroxides. 

RESULTS AND DISCUSSION 

Reactivity 

Organic peroxides are characterized by an oxygen-oxygen bond (ROOR’) and may be 
classified according to the functional groups R and R’ attached to the central oxygen atoms. 
The electron density on the peroxy bond has a marked influence on the oxidizing power of 
the compound. Thus, peroxides having a low electron density are more reactive towards 
iodide ions. The electron density on the peroxy bond is affected by the character of adjacent 
functional groups. Peroxides containing strongly electron-releasing groups, such as dialkyl 
peroxides, have least oxidizing power. Bulky alkyl groups, such as t-butyl, may also exert 
steric hindrance to reaction with large ions or molecules. These effects will be much less 
pronounced in the case of the hydroperoxides where only one alkyl group is present, and in 
fact hydroperoxides are far more reactive than the dialkyl peroxides. One would expect that 
most of the other classes of peroxides would have a reactivity somewhere in between, and 
this is generally true. 

Johnson and Siddiqi’ have described earlier investigations of iodometric peroxide 
determinations. Summarizing these results, it has been found that peroxy acids are the most 
reactive peroxides. Alkyl hydroperoxides are also very reactive. These peroxides have been 
determined iodometrically although reaction times of l&20 min are required at room 
temperature. In some cases elevated temperatures are necessary for complete reaction. 
Per-esters also react with iodide ionsin, e.g., aqueous acetic acid. However, in the absence of 
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a catalyst the reaction requires prolonged reaction times (l-4 hr at room temperature). 
Aqueous acetic acid or chloroform-acetic acid has been used as a solvent for diacyl or 
diaroyl peroxides, which react somewhat slowly with iodide ions. The reaction time and 
temperature required depend on the particular peroxide and the solvents used. Finally, 
dialkyl peroxides dissolved in the above-mentioned solvents react very slowly with iodide 
ions and need to be heated at 60 or 120” for 45 min to ensure complete reaction. Thus, the 
majority of organic peroxides can be reduced by iodide ions in acid solution. 

Choice of solvent and working electrolyte 

The choice of solvent depends on the sample and on the peroxide to be determined. Water 
is only suitable for the low molecular weight per-acids. Acetic acid has proved a useful 
solvent for many organic peroxides and was subsequently used for dissolving most of the 
peroxides tested. Whatever solvent mixture is chosen, each component must be free of 
peroxides and dissolved oxygen must be removed. The absence of peroxides is confirmed by 
a low blank value. The matrix-correction for pure acetic acid corresponded to about PO02 peq 
of peroxide per 100 ~1 of acetic acid at 25” but amounted to 0.015 peq/lOO ~1 at 60”, 
traces of peroxides in the solvent then being more readily reduced. Thus, this method can 
be used for the determination of traces of peroxides in solvents such as ether and dioxan 
(see Applications). 

The working electrolyte has to meet at least two requirements : the peroxide has to dissolve 
and furthermore react rapidly, i.e., in a few minutes, with the iodide ions in the usable 
temperature range 25-90°C. The organic peroxide does not dissolve in a purely aqueous 
acidic medium. In that respect an acetic acid medium would be more suitable. However, a 
semi-aqueous acetic acid medium containing iodide ions was selected as the most appropriate 
working electrolyte. This medium readily dissolves most organic peroxides and reduces 
them quantitatively, forming iodine. The cell resistance was reduced to a reasonable level 
by addition of a supporting electrolyte, sodium perchlorate. However, it has been stated 
that the presence of water in the acetic acid medium retards the reaction between peroxide 
and iodide ions.4 This effect, although small, can be compensated for by increasing the 
reaction time or the temperature. The main advantage in using a semi-aqueous medium as 
electrolyte in the coulometric determination is that the following reduction of iodine can 
be carried out with a high initial electrolysis current due to low cell resistance. Furthermore, 
the diffusion coefficient for iodine is larger, giving a more rapid determination (high pvalue) 
and a low residual current. 

For the analysis of strongly lipophilic peroxides, such as lauroyl peroxide and for the 
determination of peroxides in lipids, such as dils and fats, water has to be absent during 
the reaction with iodide ions. Chloroform and acetic acid-chloroform were two of the possi- 
ble solvents. After complete reaction, water (containing supporting electrolyte) was added 
to the reaction mixture in order to facilitate rapid electrochemical reduction of the iodine 
produced. Thus, the simple procedure of making successive analyses in the same reaction 
mixture was not applicable to this group of peroxides. However, results proved that the 
method used was quite feasible. 

The iodide ions of the working electrolyte were provided by sodium iodide, which has a 
high solubility in organic solvents. There are two main advantages in using a liberal excess 
of iodide.’ First, losses of iodine either from heating or purging the reaction mixture with a 
stream of inert gas are prevented, since non-volatile I,- is formed.2 Secondly, since 
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t&iodide ion will not add to oletic double bonds, errors due to absorption of liberated 
iodine by unsaturated compounds in the sample are eliminated. 

Choice of reaction conditions 

As with the choice of solvent, the reaction conditions selected depend upon the nature 
of the sample and the class of peroxides present. In the coulometric method described here, 
complete reaction with iodide in the reaction mixture selected was established by means of 
varying the temperature and time of reaction. As a rule lower temperature and/or shorter 
time of reaction could be used with this method than with iodometric methods earlier 
described, and the sample size was essentially smaller. 

A helpful guide in selecting the most suitable reaction conditions was the p-value of the 
cell, defined according to: 

i=i,*e -p*t 

As mentioned earlier the p-value increases with the diffusion coefficient (D). If the other 
parameters determining p (electrode area, solution volume and rate of stirring) are kept 
constant, an elevated reaction temperature influences p by increasing D. Thus, favourable 
conditions are obtained both for reaction between peroxide and iodide and for reduction 
of the iodine produced. It was found that p increased linearly with the temperature in blank 
tests, the gradient being 0.032 min”. deg-‘, and the value of p about 1.2 min-’ at 25”. 
By studying the p-value for reduction of the iodine produced by an organic peroxide, the 
most suitable temperature and reaction time can be chosen. If the temperature is too low 
or the reaction time too short, the p-value will be smaller and the linear range of log i vs. 
time will be less than for the corresponding blank test, owing to incomplete formation of 
iodine before starting the reduction. As a rule reaction times longer than 3 min were un- 
desirable; the use of a higher temperature was preferred, to obtain a rapid determination. 

The working electrolyte of pH = 1.9 was studied by means of current-voltage measure- 
ments’ in order to choose the most suitable working potentials. Thus, the iodine produced 
was reduced at 0 mV us. SCE in all experiments, and the electrolytically generated iodine for 
blank tests was produced at +300 mV US. SCE. 

The loss of iodine from the sample compartment was studied by means of blank tests. 
In addition to the previously mentioned parameters,’ the temperature of the reaction 
mixture influenced the total loss, as the aerial oxidation of iodide increases with temperature, 
giving an efficiency larger than 100 %. However, the effect was small and the results obtained 
for a given temperature were reproducible. For oxidation and reduction of about 2.5 pmole 
of iodine with a pm-reaction time of 1 min, the efficiency was lOO*O % at 25” and 100.4 % 
at 60” (c$ Fig. 4 in ref. 2). 

Application 

In order to test the accuracy of the coulometric method a suitable test substance of a high 
and specified purity was analysed, using the working electrolyte selected. The method was 
then used for the determination of the purity of some organic peroxides of different 
reactivities (Table 1). Furthermore, it was applied for analysing traces of peroxides in 
some solvents and for the determination of low peroxide values of fats and oils. 

Test substance. Potassium iodate reacts instantaneously with iodide ions in an acid 
medium 
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103- + 51- + 6H+ e 31Z + 3H,O 

Samples containing 0.1-0.3 mg of KIO, were analysed at 25” according to two methods. 
The simplified procedure with no pre-reaction time resulted in a purity of 100.02 + 0.05 % 
with a confidence limit of 95 %. After a pre-reaction time of 30 set, the result, corrected for 
the blank test, was 99.98 + 0.04 % with the same confidence limit. 

Benzoyl peroxide. Many iodometric methods for the determination of benzoyl peroxide 
have been described in the literature. They have all been developed for relatively large 
sample sizes ( > 10 mg) and require at least 5 min reaction time at room temperature. In 
the coulometric method complete reaction is established within 30 sec. The purity of the 
commercial product after drying over phosphorus pentoxide was determined to be 99.83 %. 
After suitable purification (see Reagents) the increased melting point (103.5-103.9”) indicated 
a higher purity. A value of 100.08 % was now obtained with the coulometric method. 
Samples containing 0.3-1.4 mg of peroxide were thus analysed with a high precision. 

As benzoyl peroxide has often been used as a test substance in e.g., standard addition 
methods, an examination was made with this peroxide over a wider range of sample size. 
For triple determinations of samples containing from 10 pg to 10 mg, the relative standard 
deviation never exceeded O-3 % and the accuracy relative to the value determined earlier 
was within &0.2x. 

The kinetics of the decomposition of benzoyl peroxide in various solvents have been 
extensively studied.6 For a 0.050M solution of benzoyl peroxide in acetic acid the calculated 
decrease in concentration is about 0.1 “/, in 10 hr. Thus, all sample solutions had to be freshly 
prepared daily. 

Lauroylperoxide. Lauroyl peroxide reacts much more slowly than does benzoyl peroxide. 
Complete reaction was established after 2 min in a non-aqueous solution of iodide in 
acetic acid, maintained at 50”. Aqueous sodium perchlorate solution was added before 
electrolytic reduction. In this case the blank test was performed according to the same pro- 
cedure, on pure solvent (chloroform). In spite of careful deaeration of the solutions, this 
method gave higher blank values but still with good reproducibility (corresponding to 
0.127 + 0.002 mg lauroyl peroxide with 95 % confidence). 

t-Butylperbenzoate. With ferric chloride being used as a catalyst, reaction times of 10-15 
min have been reported for peroxy-esters;‘,* without any catalyst the reaction has proved 
to be very slow. In the coulometric method it was found that a reaction time of at least 
10 min was necessary for complete reaction at room temperature when ferric ions were 
present. To decrease the total time of analysis, the reaction temperature was increased to 
60”, whereby use of catalyst was made superfluous, and the reaction time was reduced to 
2-3 min. 

t-Butyl hydroperoxide. To get a rapid reaction between peroxide and iodide a relatively 
high reaction temperature had to be chosen. At 60” reaction was complete within 3 min. 

Cumene hydroperoxide. This peroxide, being slightly more reactive than t-butyl hydro- 
peroxide, required 2 min reaction time at 60”. 

t-Butylperoxide. This peroxide is one of the least reactive organic peroxides. As it 
often occurs as an impurity in the corresponding hydroperoxide, it was first determined 
under the same conditions as t-butyl hydroperoxide, i.e., 3 min reaction at 60”. The total 
recovery obtained was 0.57 %, assuming a 100 % pure dialkyl peroxide. Thus, on the assump 
tion that the impurity of the hydroperoxide is mainly dialkylperoxide, the maximum error 
in the calculated purity is 0.13 % (see Table 1). 
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By investigating different reaction conditions it was found that complete reaction between 
this peroxide and iodide ions could not be obtained in the working electrolyte used. Even 
at 90” a reaction time of 5 min yielded a recovery of only about 1%. 

Cumyl peroxide. Experiments proved that this peroxide really is more reactive than the 
bulky t-butyl peroxide. Reaction was complete after 5 min at 90”. 

It has been reported5 that the determination of cumyl peroxide in solutions containing 
water gives somewhat low results. However, this is considered as a minor drawback since all 
interferences from any cumyl alcohols present disappeared. 

Peroxides in solvents. The determination of traces of peroxides in some ethers was 
investigated. 

It has been stated in the literature that ultraviolet light produces peroxides in ethers.4 
Pure diethyl ether was analysed, and showed no peroxide content whatsoever. After 30 
min exposure to ultraviolet light (254 nm) the peroxide content, determined after 30 set 
of reaction at 25”, was 4.24 f O-16 ppm active oxygen with a 95 y0 confidence limit. 

Pure dioxan was analysed according to two methods. Direct determination of the peroxide 
content yielded 77.6 f @3 ppm active oxygen. Determination by means of standard addi- 
tion of pure benzoyl peroxide (of known purity) yielded 78.7 f l-7 ppm active oxygen, 
both precisions referring to a confidence limit of 95 %. 

Peroxide values offats and oils. This coulometric method was finally applied to a practical 
problem of great interest. Low peroxide values of fats and oils are almost impossible to 
determine by the usual titrimetric methods, especially when coloured samples have to be 
analysed. However, successful results were obtained by the coulometric method, where 
peroxide values down to 0.06 were determined with reasonable precision. The results of 
this investigation will be reported elsewhere.g 

Acknowledgcmcnr-Thanks are due to Professor K. J. Karrman for his helpful advice and to the Swedish 
Board for Technical Development for financial support. 
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ZBEine jodometrische Methode zur raschen Mikrobestimmung von organisc- 
then Peroxiden mit Hilfe elektrochemischer Reduktion im Jod-Jodid-System wurde entwickelt. 
Nach Beendigung da Reaktion zwischen Peroxid und Jodid in saurem halbw&igem System 
wird das gebildete Jod bei knostantem Potential an einer rotierenden Platinelektrode reduziert. 
Die Integration wird elektronisch ausgeftihrt. Organ&he Peroxide verschiedener Reactivit;it 
wurden analysiert, indem die hohere Reaktionsgeschwindigkeit bei hoherer Temperatur aus- 
genutzt wurde. Genaue tmd richtige Ergebnisse wurden bei Proben von etwa 1 mg erhalten; 
die gesamte Analysenzeit lag je nech der Reaktivitiit zwischen 8 und 20 min. 



Coulometric microdetermination of peroxides-II 1317 

R&an&-On a mis au point une methode iodometrique pour le microdosage rapide de per- 
oxydes organiques, utilisant le reduction Bectrochimique dam le systeme iode-&lure. Aprks 
r&action complete entre le peroxyde et l’iodure dans un milieu semi-aqueux acide, l’iode 
produit est r6duit a I’Gctrode tournente de platine, 51 potentiel constant. On utilise I’int&ra- 
tion electronique. On a analyse des peroxydes organiques de diffkrentes rkctivitks en utilisant 
la vitesse accrue de reaction aux temperatures elevkes. On a obtenu des r&ultats prkcis et 
justes pour des kchantillons a khelle de 1 mg et le temps total d’analyse a vari6 de 8 a 20 mn, 
d&pendant de la rktivite. 
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CONTROLLED-POTENTIAL BACK-TITRATION 
WITH ELECTROGENERATED IODINE AS AN 

INTERMEDIATE 

APPLICATION TO THE DETERMINATION OF THIOLS 
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Department of Analytical Chemistry, Chemical Center, 
University of Lund, S-220 07 Lund 7, Sweden 

(Received 9 May 1973. Accepted 15 June 1973) 

Summary-A controlled-potential electroanalytical method has been devised for the accurate 
determination of small amounts of thiols. An adequate excess of iodine is generated, the sample 
is added and the unreacted iodine is then electrolytically reduced. The iodine consumed is 
calculated from the measured number of coulombs. Amounts of thiols in the range 0.2-5 mg 
may be determined with an error of &0*05 %, A coulometric cell has been constructed which 
permits very high electrolysis rates, owing to efficient stirring by a large rotating platinum 
electrode combined with a high electrode-area to solution-volume ratio. A constant of O-11 
set-’ is found for the reduction of iodine. The necessity of careful control of background 
currents and current efficiency in coulometric determinations is discussed. 

Controlled-potential coulometry is a well-established technique for precise and accurate 
analysis. Its usefulness is, however, limited to systems with fast and well-defined electrode 
reactions. In cases where efficient electrode reactions are difficult to obtain, the introduction 
of a chemical intermediate and use of constant-current coulometry is often used as an 
alternative. While the end-point in controlled-potential coulometry is obtained directly 
when the electrolysis current has reached a low, nearly constant value, the constant-current 
coulometric method requires a suitable end-point indicating system. A combination of these 
methods whereby controlled-potential coulometry is applied to an intermediate system 
seems attractive. 

In this investigation a method is developed in which a chemical intermediate is generated 
in a controlled-potential back-titration (CPBT). The following procedure is adopted. An 
excess of an intermediate is generated at a rotating platinum electrode. The sample is then 
added and after complete reaction the remainder of the intermediate is re-electrolysed at 
controlled potential. The electrolysis currents are electronically integrated and the quantity 
of intermediate consumed by the sample is calculated from the difference in the quantity of 
electricity used in the generating and re-electrolysis steps. The method is applied to the 
determination. of thiols with iodine as the intermediate. 

It is well known that thiols are rapidly and quantitatively oxidized by iodine to the 
corresponding disulphides I4 according to the reaction 

2RSH + Iz - RSSR + 2HI (1) 
More recently, Danehy’ has investigated the reaction mechanism for the oxidation of 

thiols by iodine. He has shown that there is a tendency for further oxidation to higher 

1319 
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oxidation states of sulphur. The thiols investigated here are not problematic in this respect. 
In other cases, especially for cystein and other fl-mercaptocarboxylic acids, precautions must 
be taken in the choice of experimental conditions in order to avoid errors caused by over- 
oxidation. Furthermore, many thiols are unstable in solution and sensitive to aerial oxi- 
dation. Therefore it is necessary to control carefully the sample pre~tion and handling. 
Much effort was spent on preparing pure thiols in order to facilitate testing of the accuracy 
of the determination. 

From a practical viewpoint, fast electrolysis is desirable and it is important to shorten 
the electrolysis time in order to minimize the error introduced in the correction for the 
background current. A cell with small volume and a rapidly rotating platinum gauze electrode 
was constructed. Because of the high ratio of wor~ng~l~trode area to solution volume 
and the efficient stirring, very high electrolysis rates could be used. The constant for the 
reduction of iodine was 046-0*11 see”. When iodine was used,as the intermediate in the 
l-25 pmole range the electrolysis time was 2-5 min. The initial current was 100 mA for 
reduction of more than @mole of iodine and the background current was smaller than 5 PA. 

EXPERIMENTAL 

Electrolysis ceil 

The couk~~c cell shown in Fig. 1 is made in two parts, the lower consisting of a plate with a filter 
system connecting to the auxiliary electrode, and the upper where a depression facing the lower part con- 
stitutes the working compartment. The lower part is made of glass. It consists of a plate (1 l), 60 mm in 
diameter, sealed to the bridge (20) and auxiliary electrode (18) compartments which are of conventional 
design, including a glass frit (19) of porosity 4. The surface of the plate is carefully ground with ~rbo~d~ 
No. 800. A 6-mm hole (13) through the glass plate provides connection to the bridge compartment. From 
the surface to a depth of 3 mm the bore is 10 mm. This provides room for a filter (12) between the bridge 
compartment and the working compartment. The filter used is a Haldenwanger clay filter with a pore size 
smaller than that of glass frits of porosity 4 but giving higher conductivity. The clay filter cannot be heat- 
sealed to glass, but a special cement supplied by Haldenwanger is used instead. When the filter is put in 
position itis polished with emery paper to the level of the glass surface. 

The utmer oart is a Teflon disc. 80 mm in diameter and 30 mm thick. In the lower surface of the disc 
a circular depression, 45 mm in dia&eter and 4mm deep, is machined. The axis of the depression is displaced 
25 mm with respect to the axis of the disc. When the disc is placed on the glass plate the depression consti- 
tutes the working-electrode compartment (17). Sealing against the ground-glass surface is effected with an 
O-ring (9). Tbt working electrode (10) is positioned centrically with respect to the Teflon disc and eccen- 
t&ally with respect to the- working-electrode compartment. The shaft of the electrode is placed in two 
stainless-steel ball-bearings mounted in the support (4) protruding 20 mm above the upper surface of the 
Teflon disc. The shaft of the electrode is guided in a narrow tube which is enlarged to 10 mm for a length 
of 5 mm at the lower end in order to prevent electrolyte from creeping up the shaft. Two 3-mm holes (6,7) 
ending in the enlarged part of the shaft tube are used as sample and nitrogen inlets respectively. The nitrogen 
inlet is threaded in the upper end for attachment of a Teflon tubing connector. Holes for reference electrode 
and glasselectrode are positioned near the circumference of the working compartment in such a manner 
that the electrodes are placed completely outside the area covered by the working electrode. This prevents 
disturbances caused by mechanical scraping. 

The upper and lower parts of the cell are placed together and secumd with the aid of six winged screws 
and a ring-formed PVC holder (14) pmssed against the glass part. 

Electtodes 

The rotating circular working electrode is made from 36mesh platinum gauze. It is 40 mm in diameter 
and has an etfective area of about 25 cm’. The electrode is attached to a 15 mm long, 3-mm platinum rod 
which is soldered to a stainless-steel shaft of the same diameter. The shaft is mounted in the Teflon disc 
with two stainless-steel ball-bearings. The entire length of the shaft is Teflon-covered to prevent contact 
between steel and the solution. Electrical contact to the potentiostat is made by a mercury pool contact 
(1 in Fig. 1). The gauze is rotated by a stirring motor (Radiometer Type M22) via a tran~ion system 
permitting choice of speed in the range 1 SO-1 SO0 rpm. The reference electrode is a saturated calomel elec- 
trode (Radiometer K 401) with a potential of 0,244 V vs. the standard hydrogen electrode. The glass elec- 
trode is a combination electrode including a saturated calomel electrode (Radiometer GK 2321 CJ. Both 
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Fig. 1. Electrolvsis cell. 
1. Mercury contact 
2. Drive belt 
3. Stainless-steel ball-bearings 
4. Teflon support 
5. Working-electrode shaft 
6. Sample inlet 
7. Nitrogen inlet 
8. Teflon disc 
9. O-ring 

10. Working electrode 

Il. Glass plate 
12. Clay filter 
13. Connection to bridge compartment 
i4. PVC holder 
15. Glass electrode 
16. Reference electrode 
17. Working compartment 
18. Auxiliary electrode 
19. Glass frit 
20. Bridge compartment 

electrodes are held tight against the Teflon disc with Teflon tape. The auxiliary electrode (18) is 36mesh 
platinum gauze with an area of about 10 cm’ mounted in a Teflon plug containing a narrow bore for 
ventilation. 

Electronics 

The coulometric circuit is shown in Fig. 2. In addition to the electrolysis cell the coulometric apparatus 
consists of a potentiostat and an integrator. The potentiostat, which is constructed around an operational 
amplifier (Burr-Brown 3312/12C) and a booster, controls the workingclectrode potential at a constant 
preselected value us. the saturated calomel electrode. The quantity of electricity consumed is measured by 
time-current integration with an integrator consisting of a chopper-stabilized operational amplifier (SP 65A) 
with a IO-PF feedback capacitor. The output of the integrator is measwd with a digital voltmeter (Eldorado 
Model 1820) and the electrolysis time with an electric timer. The value of the integrating resistor RI can be 
selected from 6 resistors with values between 0.05 and 10 Ma, giving a broad working range to the integrator. 
The integrator was calibrated for each resistor R, by application of known voltages for measured times. 
The integration error was determined to be smaller than f0,02 % with 95 % confidence. The number of moles 
of iodine is determined from the output of the integrator according to 

(2) 

where U = integrator read-out (V), A = factor for integrating components (set/ohm), F = Faraday’s 
constant (96487 coulomb/mole). 

An ordinary pH-meter (Radiometer pH-meter 26) was used for pH measurement with the glass electrode. 

Chemicals 

All chemicals used were of pro analysi quality. The distilled water used was boiled and cooled under 
nitrogen. The electrolyte was thoroughly bubbled with a rapid stream of nitrogen to remove any dissolved 
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Fig. 2. Coulometric circuit. 

oxygen before introduction into the cell. A stream of nitrogen through the coulometric cell was purified by 
passage over copper at 500” then over “ Ascarite ” and “ Dehydrite “. Commercially available buffer solutions 
wereused. 

Puri~&n of thiols. Heptanethiol was purchased from American Petroleum Institute (API-USBM 
standard sample 30-5s) with a guarantee of less than @04 f 0.02 mole per cent impurity. Benzthiazolin-2- 
fhbne of pro analysi quality was purchased from Merck (Darmstadt). These two thiols were not further 
pm-i&d. 2-hfereaptoethancl, mercaptoacetic acid and rhiophenol were purified by repeated vacuum distil- 
lations under nitrogen. p-Thiocnsol was subjected to zone melting at 44’ and then dried over phosphorus 
pentoxide ln a vacuum. Samples were taken after different numbers of oven passages and analysed coulo- 
met&ally. The iodine consumption successively increased. After t&en oven passages the iodine consump- 
tion became constant. a-Tolumethiol was purifled by means of preparative gas-liquid chromatography on an 
“Apiexon” column. The product was chromatographed on an analytical column, and gave only the thiol 
peak. Pyrid-2-thione was recrystallized from a chloroform-hexane mixture to a constant melting point of 129’. 

Sampling of thiols 

After purification the thiols were stored under nitrogen in darkness. For non-volatile thiols a special 
sampling technique was adopted in which the thiols were weighed in glass capillaries on a Sartorius electronic 
ultramlcrobalance 4125. The balance was first tared with one clean glass capillary on each pan. For liquid 
thiols one of the glass capillaries was co~ectai to a syringe by a silicone rubber tube and an adequate 
amount of thiol was sucked up. The glass capillary was again placed on the pan and weighed. The capillary 
was then connected with a silicone rubber tube to an Agla syringe microburette containing the same medium 
as the cell with the exception of iodide. The Agla microburette with micrometer was mounted on a rigid 
steel stand which could be adjusted so that the glass capillary dipped precisely into the solution in the 
working compartment. The thiol in the glass capillary was rinsed out with about 100 ul of solution from the 
Agla syringe. 

Solid thiols were transferred to the glass capillary in a way similar to the filling of a melting-point glass 
capillary. After weighing, the thiol was rinsed down into the cell in the same manner as for the liauid thiols. 
S&e of the. thiols &rediEcult to keep in the glass capillary during handling of the sample. In those cases 
one end of the glass capillary was closed by introduction of a small column of electrolyte immediately after 
the weighing. 

One thiol, benxthiaxolin-2-thione, was not rapidly dissolved in methanol and therefore it was not feasible 
to add the pure thiol directly to the coulometric cell. A standard solution of benxthiaxoline-2-thione in 
methanol was prepared in a calibrated-volume vessel and known volumes of this solution were added with 
an Agla microburette syringe. 

The tdtmmkrobalance was calibrated against a set of tbree I-mg weights which had been compared 
with a I-mg mass standard calibrated by the National Bureau of Standards. The weighing error was less 
than 0.05 % from 0.2 to 5 mg. The mass standard was recently compared with a newly calibrated set of mass 
standards (NBS), the earlier calibration being contlrmed. 
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RESULTS AND DISCUSSION 

Current-time behaviour and background current 

For controlled-potential coulometry to be an attractive and accurate analytical technique, 
the electrolysis time must be short and the background current low. The relationship 
between current and time in controlled-potential coulometric determinations carried out at 
a potential where the rate of reaction is limited by the rate of mass transfer of the eiectro- 
active species to the working electrode is given by the equation? 

i, = i0 e e-P” (3) 

where i, = initial current, i, = the current at time t, p = electrolysis rate constant. 
A coulometric system with a high, constant p-value indicates a high electrolysis rate and 

good cell design.’ The relationship between the electrolysis rate constant and experimental 
parameters is 

where D = diffusion coefficient of the electroactive species, A = working-electrode area, 
V = volume of working-compartment solution, 6 = thickness of the Nernst diffusion layer. 

Thus the rate of electrolysis is highly influenced by the ratio of electrode area to electro- 
lyte volume and the stirring efficiency. Different approaches have been made in order to 
optimize these factors. Bards used a stationary platinum electrode made from platinum 
gauze wound in a spiral to fill the working compartment and the stirring was attained by an 
ultrasonic generator in combination with a rapid nitrogen flow through the electrolyte. 
Another high-speed controlled-potential coulometric cell was devised by Goode and 
Herrington.g They used a stationary annular platinum gauze combined with magnetic 
stirring. Recently, Clem lo has constructed a rotating platinum cell where the electrolyte 
solution is kept against the cell wall by rotation and is stirred by its motion against a special 
stationary reference-counter electrode probe. The cell in the present investigation (see 
Fig. 1) is provided with a rotating platinum electrode in very effective contact with the 
working-compartment solution, resulting in a very high electrolysis rate. The ratio of the 
working-electrode area to the working-compartment volume is very high, and since the 
solution is strictly confined to a small closed volume, effective stirring can be obtained 
by rapidly rotating the platinum gauze. The stationary reference electrode contributes to 
the efficiency by giving turbulence in the solution. From log i-time curves for reduction of 
iodine in water and water-methanol (1 :I), electrolysis rate constants were found, from 
equation (3), to be O-1 1 and 0.06 see-’ respectively. The curves were linear over the whole 
range except for a tendency to deviate from linearity at currents below 10-20 PA, de- 
pending on influence from the background current. The solution volume in the cell was 5 ml 
and the rotational speed of the working electrode 1000 rpm. 

In discussing residual currents it is essential to differentiate between background current 
and current caused by the remaining portion of the electroactive species to be determined. 
A generally accepted approach is to consider the electrolysis completed when the current 
has decreased to 0.1% of the initial value. * According to equation (3) this will give 99.9 % 
electrolysis. This, however, assumes ideal behaviour with a negligible background current. 
When the background current cannot be neglected it is of interest to find a suitable method 
for correction of its influence. If the background current is considered to be constant the 
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electrolysis current finally decays to this background value rather than to zero. This means 
that the background current contributes with a constant increment to the current caused by 
the electroactive species and the observed current will not satisfy equation (3). If 99.9% 
completeness of electrolysis is desired the measured current is not a reliable indication of the 
end-point. A better approach is to use the electrolysis time. Laitinen” has used the term 
half-time of electrolysis. The half-time t,,z = 2.3 log 2/p, where p is the electrolysis rate 
constant for the species to be determined. Thus, for instance, if 99.9 % electrolysis is desired 
the electrolysis is to be terminated after a time period equal to 10 half-times. 

A correction can be applied in the case of constant background current by subtracting 
this from the current caused by the species to be determined. The fact that the background 
current in reality varies means that the best result is obtained when its influence is as small 
as possible, i.e., background currents in the pA range combined with a high p-value. In the 
present investigation the background current never exceeded 5 pA and the p-value was 
046411 sec- i. An error of 10% in the estimation of the quantity of electricity caused by 
the background current will then result in an error smaller than 0.01% in the determination. 

Controlled-potential back-titration of thiols 

Iodine is a relatively weak oxidizing agent with good selectivity, widely used in volumetric 
analysis. 

I1 +2e- _ - 21- E” = 0.5355 V 

The system is reversible with well-defined electrode reactions and is therefore very useful in 
electroanalytical applications. Many coulometric determinations involving iodine have been 
described12113. Generally iodine is used as an intermediate in controlled-current coulometry. 
An alternative technique has been devised whereby iodine is used as an intermediate but 
the coulometric determination is performed at controlled potential. 

In this investigation controlled-potential back-titration (CPBT) has been developed and 
applied for the determination of thiols. The basic procedure is that iodine is generated in 
excess relative to the thiol to be determined. After addition of the sample the remainder of 
the iodine is determined at controlled potential. 

The electrolyte was 1M sodium iodide and IM sodium perchlorate in water. For thiols 
only slightly soluble in water, methanol-water (1: 1) was used as solvent. From the current- 
voltage curves in Fig. 3 the potential of the working electrode for oxidation of iodide to 
iodine and the potential for reduction of iodine to iodide were chosen as 300 and 0 mV 
respectively us. SCE. The procedure adopted for the determination of thiols was (1) oxi- 
dation of an adequate amount of iodide to iodine at 300 mV us. SCE, (2) addition of the 
sample, (3) reduction of the unreacted iodine to iodide at 0 mV cs. SCE. 

In step (1) iodine is generated at virtually constant current, owing to the high concentration 
of iodide in the solution. This means that the oxidation is very rapid. The quantity of 
electricity consumed is monitored on the integrator read-out and the electrolysis is inter- 
rupted when the preselected amount of iodine has been formed. Upon addition of the thiol 
[step (2)] an equivalent amount of iodine is consumed. Generally the reaction is instan- 
taneous but for some thiols 2 or 3 min must be allowed to pass before step (3) is started. 
In this step the unreacted iodine is reduced at 0 mV. The ordinary exponential current-time 
relationship holds unless the quantity of iodine exceeds about 5 pmole, in which case the 
current at the beginning is limited to 0.1 A by the booster. Since the current is reversed 
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Fig. 3. Current-voltage curves. 
1. Oxidation of supporting electrolyte (1M NaC104, pH 7). 
2. Reduction of supporting electrolyte (1M NaClO., , pH 1). 
3. Oxidation of iodide (1M NaI). 
4. Reduction of iodine (1M NaI, 0.OOSM 12). 

compared to step (1) the integration is now performed with opposite sign, resulting in sub- 
traction from the integral stored in the integrator. Thus the read-out on the integrator is a 
direct measure of the thiol when the reduction step is completed. 

The determination is preceded by a check procedure in which an amount of iodine in the 
same range as the excess used in the determination is generated and immediately re-elec- 
trolysed. This check procedure is repeated directly after the determination. Under ideal 
conditions the read-out on the integrator is zero at the end of a check procedure. Thus any 
deviation from zero indicates non-ideal behaviour and can be used as a correction. In the 
experiments described in this investigation the correction never exceeded a value corre- 
sponding to 0.1% of the amount of thiol and was often considerably smaller. The fact that 
the check procedure after the determination gave the same correction as before the deter- 
mination indicates that the reaction between thiol and iodine was completed during the 
determination and also that the disulphide was not slowly consuming iodine. 

Table 1. Coulometric determination of thiols. 

Thiol 
Thiol found$ 

mQ 
Number of 

determinations 
Standard 

deviation, pg PH 

Heptanethiol; 
2-Mercaptoethanol 
Mercaptoacetic 

acid 
Thiophenol* 
p-Thiocresol* 
a-Toluenethiol* 
Pyrid-2-thione 
Eknzthiazolin-2- 

thione* 

l+OOl 5 
0.9999 7 

0.9997 6 
l-0002 9 
0.9994 5 
1.0004 7 
0.9998 6 

0.9999 6 

0.6 self-pHt 
0.7 5-7 

0.8 5-7 
o-9 3-8 
0.6 self-pHt 
0.7 self-pHt 
0.8 6-g 

1.3 self-pHt 

* Solvent water-methanol (1: 1) 
t pH not controlled with buffer 
$ Data recalculated as for exactly l*oooO mg of sample. 
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The results from the coulometric determination of 1-mg samples of eight different thiols 
are presented in Table 1. The actual sample size varied between O-9 and 1.1 mg because of 
the weighing technique but is recalculated to 14000 mg in order to facilitate the comparison 
of the accuracies. The thiols were determined in the range 0.2-5 mg. The accuracies in this 
range show no significant deviation from those illustrated in Table 1 for 1 mg. In the last 
column the pH interval is given where the iodine consumption is in agreement with reaction 

(1). 
The results in Table 2 for the determination of different amounts of 2-mercaptoethanol 

show that the precision in the range 0.24 mg is about + 1 c(g (95 % confidence). The time 
for generating an excess of iodine, addition of the thiol and reduction of the unreacted 
iodine was 2-4 min. The check procedures described above take 2 min each, giving a total 
analysis time of 6-8 min. In the cases where the solvent was water-methanol (1 :I) these 
times were increased by 20x, because of the smaller pvalue for the reduction of iodine. 
The lower limit of O-2 mg for the sample size is set by the working range of the ultramicro- 
balance. Smaller amounts of thiol can be analysed if known volumes of standard solutions 
are used. In this case, however, the result is less precise than if the pure thiols are used. 

Table 2. Precision of 2-mercaptcethanol determination. 

2-Mercaptoethanol Recision at a confidence 
taken, mg limit of 95% pg 

Number of 
determinations 

o-2-1 f0.6 6 
l-2 f0.9 a 
2-5 fl.2 5 

Current eficiency 

For coulometric determinations with good precision and accuracy, high current efficiency 
is a necessity. The oxidation of iodide to iodine at a platinum electrode is generally con- 
sidered to take place with satisfactory current efficiency.r4*15 The reduction of iodine to 
iodide has not been so extensively studied but there is no reason to expect greater errors in 
this case. In order to determine the current efficiency in the reduction step in the system 
investigated, the reaction 

IO,_ + 51’ + 6H+ - 31,+3H,O 

was employed. A measured amount of potassium iodate was added to an acidified iodide 
solution and the iodine formed was electrolysed. The current efficiency for reduction of 
iodine in amounts corresponding to more than 1 mg of thiol was lOO*l f 0.1%. Measure- 
ment of the background current before and after the analysis gives a correction of -0.1%. 

A pure electrochemical current efficiency can be obtained as described by Marinenko and 
Taylor. ls They evaluated from current-voltage curves a current efficiency for generation of 
iodine at a platinum electrode by subtracting the current in pure phosphate buffer of pH 7 
from the current for solutions which in addition contained potassium iodide in different 
concentrations. Current efficiencies of 9999999% were obtained at background currents 
smaller than lo- * PA. These values are found under very ideal conditions since they are 
evaluated with the assumption that the generating current is due only to the oxidation of 
iodide to iodine, except for a negligible background current. A more relevant method for 
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practical use is to determine a titration efficiency by measuring the amount of iodine 
formed and comparing this with the number of coulombs consumed in the electrode 
reaction. In the case of constant-current coulometry the titration efficiency can be obtained 
chemically by titration of standard materials, for example arsenious oxide and thiosulphate. 

In the controlled-potential back-titration a corresponding efficiency is obtained electrically 
by performing the check procedure described above. This gives an overall titration efficiency 
including, for example, losses of iodine in the clay filter, in side-reactions and in non- 
electroactive adsorption16 at the platinum electrode as well as background currents. A small 
deviation from 100 % efficiency can be accepted and applied as a correction to the analytical 
result. 

CONCLUSION 

Controlled-potential back-titration as applied to the determination of thiols with iodine 
in this investigation renders possible the coulometric determination at controlled-potential 
of substances not themselves readily electrolysed at an electrode. With a suitable choice of 
intermediate very good accuracy and precision can be obtained. The check procedure 
involving generation and re-electrolysis of the intermediate without sample addition gives 
an opportunity for close control over the coulometric efficiency. 
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REFERENCES 

1. P. Klason and T. Carlson, Ber., 1906, 39, 738. 
2. J. W. Kimball, R. L. Kramer and E. E. Reid, J. Am. C/rem. Sot., 1921, 43, 1199. 
3. C. C. Lucas and E. J. King, Biochem. J., 1932,26, 2076. 
4. J. Larrouquere, Ann. Chim., 1961, 6, 733. 
5. J. P. Danehy, Int. J. .Yufir Chem., 1971, 6, 159. 
6. J. J. Lingane, Anal. Ch&. Acta, 1948, 2, 591. 
7. J. E. Harrar and I. Shain. Anal. Chem.. 1966. 38. 1148. 
8. A. J. Bard, ibid., 1963, 3$ 1125. ’ ’ ’ 
9. G. C. Goode and J. Herrington, Anal. Chim. Acta, 1965, 33, 413. 

10. R. G. Clem, Anal. Chem., 1971,43, 1853. 
11. H. A. Laitinen, Chemical Analysis, p. 319. McGraw-Hill, New York, 1960. 
12. D. G. Davis, Anal. Chem., 1972,44, 79R. 
13. A. J. Bard, ibid., 1970, 42, 22R. 
14. J. J. Lingane, Electroanalytical Chemistry, Set A, p. 551. Interscience, New York, 1958. 
15. G. Marinenko and J. K. Taylor, Anal. Chem., 1967,39, 1568. 
16. A. T. Hubbard, R. A. Osteryoung and F. C. Anson, ibid., 1966,38, 692. 

Zusammenfassung-Zur genauen Bestimmung kleiner Mengen von Thiolen wurde ein cl& 
troanalytisches Verfahren bei geregeltem Potential entworfen. Es wird ein passender &r- 
schul3 an Jod erzeugt, die Probe zugegeben und dann das nicht verbrauchte Jod elektrolytisch 
reduziert. Der Jodverbrauch wird aus der gemessenen Anzahl Coulomb berechnet. Thiol- 
mengen von 0,2-5 mg kbnnen mit einem Fehler von fO,OS % bestimmt werden. Es wurde eine 
coulometrische Zelle konstruiert, die sehr hohe Elektrolysegeschwindigkeiten erlaubt: dies 
beruht auf wirksamem Rtihren mit einer groI3en rotierenden Platinelektrode, verbunden mit 
einem hohen Verhaltnis von Elektrodenflache zu Losungsvolumen. Ftir die Red&ion von Jod 
wird eine Konstante von 0.11 xc-’ gefunden. Die Notwendigkeit, bei coulometrischen Bestim- 
mungen die Untergrundstrome und die Stromausbeute sorgfaltig zu kontrollieren, wird 
diskutiert. 
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Rkrum&-On a Ctabli tmc m&ode Clcctroanalytiqua a potentiel contr8lt pour la d&rmination 
pt+cisc de pet&s quantitk de thiols. Un cxcbs convenable diode est cngcndr&, khantillon cst 
ajoutc et l’iode non rkagi cst alors r&kit Clcctrolytiquement. L’iode consomm6 cst calcul6 a 
partir du nombre mesur6 de coulombs. On peut d&rminer des quantitts de thiols comprises 
cntrc 0,2 et 5 mg avec une errcour de ,tO,OS%. On a construit unc ccllule coulom&rique qui 
pet-met de trks hautes vitcsses d’&ctrolyw, du fait d’une agitation et&ace par une grande 
Clectrode tournante de platinc combmk avec un rapport Clcvt de la surface d’tlcctrode au 
volume de solution. On trouve une constante de 0,ll see-’ pour la Muction de l’iode. On 
disc& de la nkessitC d’un contr8le rigourcux des courants de fond et de l’cfhcacit~ de courant 
dans lcs dosages coulom&iqucs. 
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SHORT COMMUNICATIONS 

P-DITHIOCARBAMINOPROPIONIC ACID AS A NEW MASKING 
AGENT 

COMPLEXOMETRIC DETERMINATION OF ZINC IN 
THE PRESENCE OF CADMIUM 

(Received 3 May 1973. Accepted 26 June 1973) 

Masking by means of complex formation is the most convenient method for eliminating interferences in 
complexometric titrations. It is very difficult to find a specific masking agent for cadmium, which is why 
only a few methods for determination of zinc in the presence of cadmium without previous separation are 
known. Mekada et al.’ have examined dimercaptosuccinic acid as a masking agent for cadmium in the 
EDTA titration of zinc. At pH 6 it is possible to determine zinc in the presence of cadmium if the amount 
of the latter does not exceed that of the zinc. Piibil and Vesely2 have proposed a method for the determina- 
tion of zinc, based on the masking of cadmium with fl-mercaptopropionic acid (MPA). The masking is 
effective if triethylenetetraminehexa-acetic acid (‘ITHA) is used as titrant, as the Cd-MPA complex is not 
stable enough to mask cadmium completely in the titration of zinc with EDTA. Good results for zinc are 
obtained if the Cd : Zn ratio does not exceed 40 : 1. Dithiocarbaminoacetic acid (TCA)3 is another 
masking agent which can be used successfully in complexometry. It masks cadmium at pH 5-6, thus making 
possible the complexometric determination of zinc in the presence of cadmium in amounts up to 60 mg. 
Flaschka and Butcher4 have proposed an EDTA titration of zinc in the presence of cadmium at pH 5, in 
which cadmium is first masked with iodide. Good end-points are obtained for Cd : Zn mole ratios up to 
300 : 1. Cadmium is also masked with iodide in the photometric titration of zinc at pH 5 with diethylene- 
trinitrilopenta-acetic acid (DTPA) as titrant.’ Correct results have been obtained with Cd/Zn mole ratios 
up to 3300 : 1. Fabregas et ~1.~ masked cadmium with lead-EDTA complex. The results are satisfactory up 
to a weight ratio Cd : Zn = 17 : 1. The pyridinium salt of hydroxyethyldithiocarbamic acid’ was used as a 
masking reagent for lead and cadmium in a photometric titration of microgram amounts of zinc. About 
100 pg of the interfering metals could be masked with this reagent. A rapid method for successive com- 
plexometric determination of zinc and cadmium was proposed,8 in which cadmium was masked as the 
ethyl xanthate complex. Good results were obtained with Cd : Zn ratio 24 : 1. 

In the course of our investigations on the properties of new selective dithiocarbamic derivatives of amino- 
carboxylic acids which form stable water-soluble complexes with metal ions, &dithiocarbaminopropionic 
acid (fl-DTCPA) has now been studied. It has one more methylene group than TCA.” The stability con- 
stants of the complexes of p-DTCPA with cadmium, lead and zinc have been determined9 and show that 
/3-DTCPA may be useful as a masking agent in complexometric determinations (see Table I). 

Table 1. Values of the concentration stability constants 

j%DTCPA TCA 

Cd log /9i = 6.35 i 0.16 
82 = 

log/?, = 5.4 rt 0.4 
log 12.10 l 0.22 log& = 9.3 f0.3 
log ,& = 16.96 & 0.22 

/31= 
log j33 = 13.7 * 0.5 

Pb log 8.20 i 0.26 log /3* = 7.30 f 0.1 
log ,& = 15.59 & 0.08 log 82 = 13XuJ f 0.2 

Zn log 8, = 3.55 * 0.12 
log /3z = 

logbl = 3.4 f 0.3 
6.47 &- 0.08 logB, = 6.6 f 0.2 

log,!?, f 8.9 f 0.3 

1329 
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EXPERIMENTAL 

The diammonium salt of &DTCPA was prepared from p-alanine and carbon diiulphide in ammoniacal 
medium in the same way as TCA.3 fl-Alanine, 4 g (O-05 mole), was dissolved in 20 ml of concentrated am- 
monia (06 mole), 12 ml of carbon disulphide were added (0.2 mole) and the mixture in the reaction flask was 
stirred for 3 hr (magnetic stirrer) at room temperature. The unreacted carbon disulphide was discarded and 
the diammonium salt of &DCIPA precipitated with ethanol. It forms white crystals of composition 
NIQCSNHCH2CHzCOONH4, calculated: C 2412%. H 6.55% N 21*09%, S 32.19%; found: C 24.2%. 
H a-4”/, N 21.4% S 31.7 %. The diammonium salt of /3-DTCPA is stable in air and needs no special storage, 
while TCA is stable only when kept in a desiccator.5 The stability of aqueous solutions of &DTCPA was 
examined and establiihed to be like that of TCA’O; BDTCPA is not very stable in acidic solutions. but 
stable enough above pH 4. 

Pre&mWry investigations 

In acidic medium (PH 2-3) &DTCPA masks bismuth, indium, thallium(III), lead, cadmium, mercury(I), 
mercury(II), iron(II1). Al&um, gallium and thorium are not masked. In the pH range 5-6 the lead, 
cadmhun, mercury(I), rrmxry(I9, copper(I9, iron( nickel and cobalt(H) are masked. The complexes 
of mercury, copper, iron, nickel and cobalt are coloured. The complexes of nickel and cobalt are of interest, 
since the &lo&-is intense and stable. The stability of these compiexes is close to that of the corresponding 
EDTA complexes. The Cu-p-DTCPA complex is more stable than the Cu-EDTA complex but the solution 
becomes turbid on standing. In the pH range 9-10 lead, cadmium and copper are masked with fl-DTCPA, 
but zinc, manganc%e(II) and alkaline earth metals are not. 

Applications of &D~PA in compkxomctry 

On the basis of the qualitative examination, quantitative determinations of various pairs of ions were 
made, namely: Zn-Cd, Zn-Pb. Ni-Pb, Mn-Pb, Mn-Cd, Co-Pb and Co-Cd It appeared that &DTCPA 
could be used most successfully as a masking agent in complexometric determinations of zinc in the presence 
of cadmium. 

Zinc was determined in the following manner. To a solution containing appropriate amounts of zinc and 
cadmium, 40 ml of pH 5.5 buffer solution (potassium phthalate-sodium hydroxide), solid diammonium 
salt of @-DTCPA (dfold excess with respect to Cd content) and a few drops of Xylenol Orange indicator 
solution were added. After dilution to about 70 ml the solution was titrated with 0.01 M EDTA. The results 
of titrations are summarixed in Table 2. The results of complexometric determinations of other pairs of 
ions are shown in Table 3. 

Table 2. Titration of zinc in the presence of cadmium 

Zn Cd j3-DTCPA Zn DiiTerence 
taken, mg present, mg added, mg found, mg mg 

4.24 
4.24 
940 
940 
940 
1.26 
1.26 
1.26 
1.26 
0.85 

1.1 
11-o 
49.7 
99.3 

198.6 
100.3 
159.3 
212.4 
265.5 
275 

50 4.26 
100 4.28 
300 9.43 
600 9.39 

1100 9.41 
650 1.28 

1000 1.25 
1300 1.28 
1600 1.19 
1650 0.83 

+0*02 
+0*04 
+0*03 
-0.01 
f0.01 
+0*02 
-0.01 
+0*02 
-0.07 
-0.02 

RESULTS AND DISCUSSION 

&DTCPA can be used successfully as a masking agent for cadmium and lead in complexometric deter- 
minations of elements which do not form stable complexes with it. Zinc can be titrated selectively in the 
presence of large amounts of cadmium. Correct results have been obtained with Zn : Cd ratios from 10 : 1 
up to 1 : 300, but with more than 280 mg of cadmium the end-point is not very sharp because of the high 
concentration of fl-DTCPA. It is also possible to determine zinc and cadmium in one sample by titration 
of both ions with EDTA followed by addition of /%DTCPA, which liberates an equivalent amount of EDTA 
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from the cadmium complex. The EDTA liberated is titrated with a suitable titrant under the same con- 
ditions (e.g., a zinc solution). In this way zinc and cadmium in weight ratio Zn : Cd = 1: 5 can be determined. 
,3-DTCPA can be used successfully for masking lead in EDTA titrations of zinc at pH 5-6 if the amount of 
lead does not exceed 10 times the amount of zinc. At pH 5-6 Pb-/?-DTCPA complex is precipitated but in 
the course of titration the precipitate dissolves and it is possible to see the end-point clearly. fi-DTCPA can 
also be used to mask cadmium and lead in EDTA titrations of nickel and manganese. Cadmium and lead 
cannot be masked in EDTA titrations of cobalt, however, owing to the higher stability of the Co-p-DTCPA 
complex and its intense colour. 

Table 3. Complexometric determinations of various ions, with 
p-DTCPA as a masking agent 

Metal (1) Metal (2) 
taken, mg taken, mg 

jI-DTCPA 
added, mg 

Metal (1) 
found, mg 

Difference, 
mg 

Zn 9.89 Pb 9.76 50 9.87 -0.025 
Zn 940 Pb 99.50 500 9.41 +0*01* 

Ni 11.12 Cd 29.91 150 11.16 +0*04t 
Ni 11.12 Pb 3045 150 11.18 + 0.06t 

Mn 9.85 Cd 49.75 250 9.90 +o*osg 
Mn 9.85 Pb 50.75 250 9.91 +0*06§ 

* pH 5.5, buffer hexamine, indicator Xylenol Orange; 
t pH 5.5, buffer hexamine, indicator Xylenol Orange, back-titrated 

with ZnSOr; 
0 pH 5.5, buffer hexamine, indicator Xylenol Orange, back-titrated 

with ZnSO,. 

The main advantage of @-DTCPA over TCA3 is its stronger masking ability for cadmium. The extra 
CHz-group in the BDTCPA molecule causes changes in the stability constants and in the composition of 
some of its metal complexes. Zinc forms two comparatively weak complexes with p-DTCPA, unlike TCA 
which forms three (see Table 1). Probably the ,&DTCPA molecule provides steric difficulties for co-ordi- 
nation of the third ligand. On the other hand, the Cd- and Pb-@-DTCPA complexes are more stable than the 
corresponding TCA complexes (see Table 1). A drawback of p-DTCPA is its unsatisfactory masking efh- 
ciency at pH 9-10. 
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Summary-A new masking agent in complexometry, fl-dithiocarbaminopropionic acid 
(/%DTCPA) is proposed. fi-DTCPA forms very stable water-soluble complexes with a number 
of metal ions. Zinc can be titrated selectively with EDTA at pH 5-6 in the presence of large 
amounts of cadmium, which is masked effectively as a cadmium-fi-DTCPA complex. Correct 
results have been obtained with Cd/Zn ratios up to 300 : 1. 
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BEin neues Maskierungsmittel ftir die Komplexometrie wird vorgeschlagen: 
p-Dithiocarbaminopropions&tre @-DCTBA). p-DTCPA bildet mit einer An&l v01l Metal- 
lionen sehr stabiie’wasserltrsliche Komplexe. Zink kann mit EDTA bci pH 5-6 selektiv in 
Gegenwart groBer Mengen Cadmium titriert werden; Cadmium wird wirkungsvoll als Cad- 
mium-/%DTCPA-Komplex maskiert. Es wurden mit Cd/Zn-Verhitltnissen bii ho&stem 300 : 1 
korrekte Ergebnisse etzielt. 

R&um&Gn propose un nouvel agent de dissimulation en complexom&ie, I’acide fl-dithio- 
carbaminopropionique (p-DTCPA). Le &DTCPA forme des complexes solubles dans I’eau 
t&s stables avec un certain nombre d’ions metalliques. On peut titrer le zinc s&ctivement a 
I’EDTA a pH 5-6 en la presence de grandes quantitcS de cadmium, qui est efficacement dissi- 
muI6 en tant qu’un complexe cadmium-@-DTCPA. On a obtenu des r&Bats corrects avec des 
rapports Cd/En jusqu’a 3OO:l. 

T&ma. Vol. 20, pp. 13324334. Perptnon Pm@, 1973. Rintod in chat Britain 

INDIVIDUAL MICRODETERMINATION OF CHLORINE, 
BROMINE AND IODINE IN HALOGENATED ORGANIC 

COMPOUNDS BY THE OXYGEN-FLASK METHOD 

(Received 11 April 1973. Accepted 26 June 1973) 

The growing interest in the synthesis of halogenated organic compounds containing more than one halogen 
necessitated the development of an accurate and rapid method for estimation of the individual halogens. 
Methods are already known, based on use of aliquots of a solution obtained from a single sampl~.‘*~ The 
pmsent work was undertaken to develop a micro-method for the individual de-nation of chlorine, 
bromine and iodine in all possible combinations, by oxygen-flask combustion. In the combustion of chlor- 
inated organic compounds containing less than about 30% of chlorine the oxygen-combustion reaction 
gives only hydrogen ~hloride.~** On the other hand, in the combustion of brominated and iodinated organic 
compounds, some free haiogen is always formed, especially with the latter.” It is now found that bromide 
and iodide can be oxidized to the elements by addition of potassion bromate or hydrogen puoxide re- 
spectively, and the elements removed by boiling, facilitating determination of the remaining halide(s) 
by standard mathods. 

SBr- + BrGl- + 6H+ - 3Brs + 3Hz0 

Hz02 + 2H* + 21- - 2H20+ 11 

It is found that addition of potassium bromate (0.24 ml of O-5 % solution) has no effect on chloride, the ana- 
lytical results being correct within experimental error (& 1% relative). 

Reagents 
EXPERIMENTAL 

Bromine-giacbl acetic acid-sodium acetate solution.5 
Sodium hypochlorite solution. Absorb chlorine in l.lM sodium hydroxide until the solution is about 

1 N in chlorine. 

Procedures 

(i) Determination of chlorine or bromine in presence of iodine. Bum the sample (3-5 mg) as usual by 
the oxygen-flask method. Absorb the combustion products in 5 ml of distilled water and 3 drops of 30% 
hydrogen peroxide. Shake thoroughly, then leave for 15 min. Rinse the stopper and the walls of the flask 
with 20 ml of distilled water. Boil gently for a few min then evaporate the mixture to about xrnl with inter- 
mittent swirling. Cool to room temperature. For chlorine, rinse down with 20 ml of 95 % ethanol, add 0.5 ml 
of @5M nitric acid and titrate with O.OOSM mercuric perchlorate, using 1% ethanolic diphenylcarbaxone 
solution as indicator.s For bromine, place in the mixture during evaporation a 25-mm square of platinum foil 
(held in a glass rod and electrolytically coated with a rough surface of platinum black) to destroy the excess of 
hydrogen peroxide. Warm the solution, and when the evolution of oxygen ceases (cu. 10 mm) remove the rod, 
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rinsing it and the foil with distilled water into the flask.’ Cool, add 5 ml of sodium hypochlorite solution and 
5 ml of 20 % sodium dihydrogen phosphate solution, cover the flask with a watch-glass and heat almost to 
boiling during 10 min, with shaking. Add 5 ml of 50 % sodium formate solution, and cool to room tempera- 
ture with swirling. Add 20 ml of 3M sulphuric acid and 05 g of potassium iodide. Titrate with 0.02M 
sodium thiosulphate solution.6 

(ii) Determination of iodine in the presence of chlorine or bromine. Burn another sample (3-5 mg), using 
10 ml of 0.05Msodium hydroxide as absorbent. Shake thoroughly, leave for I5 min, rinse down with 15 ml 
of distilled water and then add 10 ml of bromine solution. Leave for 2-3 min, add a few drops of 98 % 
formic acid, with shaking, to destroy the excess of bromine. Add 5 ml of IM sulphuric acid and 0.5 g of 
potassium iodide. Titrate the liberated iodine with standard sodium thiosulphate solution.’ 

(iii) Determination of chlorine in presence of bromine. Burn a sample as in (i) but use only distilled water 
as absorbent. Rinse with 20 ml of distilled water, add O-2 ml of 0.5 % potassium bromate solution, 05 ml 
of 0.5M nitric acid and evaporate to about 5 ml, then determine the chloride by Cheng’s meth0d.a 

(iv) Determination of bromine in presence of chlorine. Burn another sample, using 5 ml of sodium hypo- 
chlorite solution and 10 ml of sodium dihydrogen phosphate solution as absorbent, then determine bromine 
iodometrically.? 

(v) Determination of chlorine in presence of bromine and iodine. Burn a sample and proceed as in (iii). 
(vi) Determination of bromine in presence of chlorine and iodine. Bum a sample and apply procedure (i). 
(vii) Determination of iodine in presence of chlorine and bromine. Burn a sample and apply procedure (ii). 
For all procedures do a blank determination under the same experimental conditions. 

RESULTS AND DISCUSSION 

Potassium bromate and hydrogen peroxide are used as selective oxidants for bromide and iodide, the 
peroxide to oxidize iodide but not chloride or bromide, and the bromate to oxidize bromide and iodide 
but not chloride. Cheng’s method* is recommended for the chlorine determination, but has a poor conversion 
factor for determination of bromine and iodine.g The hypochlbrite and Leipert methods are superior for 
determining bromine and iodine because of the six-fold amplification. Large numbers of samples have been 
analysed under routine conditions with good results. The mean absolute error is ~0.2% for all three ele- 
ments (see Table 1). 

Microanalytical Unit 
Faculty of Science 
Cairo University, Giza, Egypt 

ALFY B. SAKLA 
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Table. 1. Results obtained for microdetermination of individual halogens in organic compounds 

Compound 

a % Br, % 

Calc. Found Calc. Found 

I, % 

Calc. Found 

2-Chloro4Godoaniline 

4-Bromo-2-iodoaniline 

l,l,l-Tribromo-2,2-bis-p-chloro- 
phenylethane 

l,l-Dibromo-2,2-bis-p-chloro- 
phenylethylene 

2-Bromo-l,l-di-p-chlorophenyl- 
3,3-diphenylprop-1-ene 

4-Bromo-2-iodoaniline 
hydrochloride 

14.01 14.2 
14.1 
14.3 

1454 14.6 
14.4 
14.2 

1744 17.6 
17.4 
17.4 

14.36 14.6 
14.6 
14.4 

10.62 10.7 
10.7 
10:8 

26.83 26.6 
27.1 
26.8 

49.16 49.1 
49.5 
49.5 

39.29 39.3 
39.0 
39.4 

16.18 16.0 
16.2 
16.3 

23.91 24.0 
24.1 
24.0 

50.08 50.1 
50.2 
50.0 

42.61 42.4 
42.6 
42.7 

37-96 37.9 
38.0 
37.8 
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W-A simple and accurate micro-method for the individual determination of Cl, Br 
and I in halogenated organic compounds by the oxygen-flask method is described. Addition 
of potassium bromate to oxidii bromide, and of hydrogen peroxide to oxidize iodide, fol- 
lowed by boiling, is used to eliminate these two halides in mixtures with chloride or each other. 

BEine einfache und ganaue Mikromethode zur Eiilbestimmung von Cl, 
Br und J in halogenlerten organischen Verbindungen mit der Sauerstoffkolbenmethode wird 
beschrieben. Die Zugabe von Kaliumbromat zur Oxidation von Bromid und von Wasserstoff- 
peroxid zur Oxidation von Jodid mif nachfolgendem Kochen dient dazu, diese beiden Halo- 
genide in Gemischen mit Chlorid oder untereinander zu eliminieren. 

R&a&-On d&it une microm&hode simple et p&&e par la determination individuelle de 
Cl, Br et I dans la compo&s organiquea halo@& par la m&hode B la fiole d’oxyg&ne. On 
utilise l’addition de bromate de potassium pour oxyder le bromure, et de peroxyde d’hydrog&ne 
pour oxyder l’iodure, suivles d’tbullition, pour dlhniner ces deux halogenures en mClanges avec 
le chlorure ou I’un avec l’autre. 

Talam, Vol. 20, pp. 13344338. Per~mmn Press, 1973. Priited in Omt Britain 

POLAROGRAPHIC DETERMINATION OF NITRAMIDE 

(Received 22 March 1973. Accepted 3 July 1973) 

Nitramide is a weak acid with equilibrium constant for 

NHzNOz e NHNO,- fH+ 

K = 2.55 x 10“ at ISo.’ It is thus weaker than the isomeric hyponitrous acid (NOH)2 which has KI = 
9 x 10s3 and Kz = lo- I1 at 25”, and is also weaker than acetic acid. The decomposition kinetics have 
been studied by La Mer and Greenspan and the effect of catalysis on its decomposition has been looked at 
by Liotta and La Mu.* In these studies the course of the reaction was followed by measuring the volume of 
NpO liberated. The object of the present work was development of a direct method for determination of 
n&amide. 

EXPERIMENTAL 

N&amide was prepared by the method of Thiele and Lachmann as improved by La Mer and Greenspan.’ 
The curves were recorded with a polarograph LP 55, and a Kalousek cell with SCE was used. The capillary 
constants were m = 273 mg/sec, r = 3 set at a column height h of 85 cm (open circuit). 
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NpO liberated. The object of the present work was development of a direct method for determination of 
n&amide. 

EXPERIMENTAL 

N&amide was prepared by the method of Thiele and Lachmann as improved by La Mer and Greenspan.’ 
The curves were recorded with a polarograph LP 55, and a Kalousek cell with SCE was used. The capillary 
constants were m = 273 mg/sec, r = 3 set at a column height h of 85 cm (open circuit). 
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RESULTS 

Stability of aqueous solutions of nitramide 

Solutions of nitramide in water (3 x IO-jM) are stable for some 5 hr at O-2”. In buffered solutions, as 
reported by other workers,3*4 the stability is strongly dependent on the pH. Some results are presented in 
Fig. 1. At pH 25 and at 2”, the solutions are stable for about 100 min; at pH 4.5 the half-life is about 200 

T, min 

Fig. 1. Nitramide decomposition expressed as height of first wave us. time. Nitramide, 10W3M 
in Britton-Robinson buffer. pH: l-256; 2456; 3-680. Temperature2°C. 

min, and at pH 6.8, 15 min (both at 2”). It is clearly necessary to work rather quickly at higher pH values in 
order to obtain reproducible results. 

Polarographic waues 

Figure 2 shows the two waves found at pH 7.24. For neutral solutions they are of about the same height, 
but for more acidic solutions the second wave is higher. Comparison with thallium waves for similar con- 
centrations indicates that these waves represent two-electron reductions. 

! J 
--I,64 v 

I 

I 

Fig. 2. Reduction waves of nitramide. Britton-Robinson buffer, 0*026M, pH = 7.24. 
NHZN02, lo-‘M; temperature, 1°C; anode, SCE. 
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Reversibility 

The wave-height is a linear function of d/I;,., for both waves for pH c 4.56 (/I,., is the corrected reservoir 
height). The extrapolated plot passes through the origin only for the first wave-the second gives an inter- 
cept on the abscissa; this anomaly has been reported previously only for the catalytic hydrogen wave of the 
nitrohydroxylamine complex of cobalt in ammoniacai butIer.6 It is likely that in both cases there is a secondary 
reaction at the electrode. Both nitramide waves are therefore ditTusion_controlled at pH 4.5. but only the 
first is purely noncontrolled. 

Fig. 3. Wave-height us. square root of corrected mercury reservoir height. NH*NO* IO-3M, 
in B&ton-Robinson buffer, pH = 7.24, at 1°C. 

Figure 3 shows the variation of wave-height with dh,,, at pH 7.24. The wave-height is seen to remain 
constant at higher values of t/&., . This may be due to a secondary reaction between the initial reduction 
product and the excess of nitramide. At larger values of t/L, the higher rate of mass transfer increases the 
concentration of both species but favours the secondary reaction. 

Two further approaches have been used to investigate the reversibility of the electrode reactions: Iogarith- 
mic plots, and the Ralousek commutator technique. Plots of lo&l& - i)] us. AE gave straight lines from 
which apparent transfer coefficients were calculated to be CQ = I.06 and a2 = 1.035. These values would 
suggest that the waves are quasi-reversible, though the criterion is not a decisive one. In the Kalousek 
commutator technique, occurrence of an anodic wave when the applied potential is rapidly switched between 
an oxidizing and a reducing potential, indicates a reversible wave. Neither the t%st nor the second wave gave 
an anodii wave with this technique. However, it should be remembered that if the reduction products are 
highIy unstable, there will be no anodic wave under these conditions even for reversible reactions. 

Variation ofpHand ionic strength 

Owing to the poor stability of nitramide at higher pH values, it was not possible to make a thorough 
study of the variation of wave-height with pH. In acid solutions the wave-height is constant.The half-wave 
potentials, however, do change with PI-I, and are well separated below pH 8 but overlap at pH > 9. The 
experimental values shown are in Fig. 4. The relationship between half-wave potential and pH is appreciably 
modified in the presence of a supporting electrolyte such as potassium or lanthanum chloride. Small quanti- 
ties of supporting electrolyte improve the separation of the waves, though with larger amounts of lanthanum 
chloride the second wave becomes less well-defined as it tends to merge with the discharge potential for the 
electrolyte. which becomes more positive as the pIi is lowered by the increased concentration of lanthanum. 
However, the half-wave potentials are not affected over a wide range of potassium or lanthanum chloride 
concentrations. Variation in the ionic strength (concentration of added buffer) results in maximum wave- 
height in 0*013Melectroiyte. This is di@icuh to explain, but at low concentrations migration may occur to 
some extent, and at higher concentrations the electrolyte may catalyse the nitramide decomposition. No 
polarographic catalytic effect, has, however, been found in the reduction of nitramide. 
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Catalytic waves 

Unlike the nitrohydroxylamine iotP*’ nitramide has no effect on the cobalt polarographic wave. Its 
effect on the hydrogen catalytic wave produced by the cobalt-nitrohydroxylamine complex has been studied 
previously.* Hyponitrous acid has no effect on the polarographic reduction of nitramide. 

I I I I I I I 
0 2 4 6 6 IO 12 

PH 

Fig. 4. HaIf-wave potential of the first (1) and second (2) waves as a function if pH. 
Britton-Robinson buffer, 0*013M; nitramide, IO- “M, SCE.; temperature, 1°C. 

DISCUSSION 

From the waves in Fig. 2 the reduction of nitramide in neutral media can be represented as follows: 

NH2N03 + 2H+ + 2e- = NH2N0 + Hz0 (1) 

NHZNO + 2H+ + 2e- = NH,NHOH (2) 

where nitrosamine (NH2NO) is formed in the first step and hydroxylhydrazine in the second. This second 
compound has not so far been isolated.’ 

The explanation of the reaction mechanism becomes more difficult for acidic media. If the spontaneous 
decomposition of nitrosamine in water is considered 

2 NHzNO = Nz + NHhN& (3) 

the second wave should be smaller than the first one, not larger as is found experimentally. It is possible 
that more than two electrons are consumed in the second step, e.g., 

NHINO + 4H+ + 4e- = NH2NH2 + Hz0 (4) 

The reduction of nitramide to hydrazine has already been postulated.’ In this case the four-electron wave is 
diminished owing to the decomposition reaction (3). 

We have already suggested that the anomalous variation of the wave-height with d/5;,, (Fig. 3) and the 
similarity in behaviour of the two waves may be ascribed to some reaction between nitramide and nitrosamine 
produced from it. This reaction is not known, and cannot be determined from the polarographic data alone, 
but together with equation (4) it might explain the decreased four-electron wave. 

Another problem is the variation of half-wave potential with pH, and the existence of a minimum in the 
curve (Fig. 4). It is likely that protonation plays an important role in this effect. It has been suggested* that an 
ammonium-type ion NH3N02 l may be produced in more acidic media. If the minimum half-wave potential 
corresponds to the neutral species NHIN02, the maximum concentration of this form should be present 
at pH 4.5 (Fig. 4). It follows that the dissociation constant of the hypothetical NHSNO1+ should be about 
3 x 10m3. Similar considerations apply to nitrosamine, and a protonated species NHSNO+ may be formed. 
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Analyticul proceakre 

Nitramide can conveniently be determined in the range lo- *-lo-=M in a solution containing Britton- 
Robinson buffer at pH 5, and with added potassium chloride (0~05-O*lA4), and at low temperature (O-2”) to 
slow down the decomposition. The first wave should be used, as its height is not dependent on the pH, and 
is a linear function of nitramide concentration. The precision is improved by using freshly prepared solutions 
and working to a strict time schedule. 

Znstitute of Atomic Physics 
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Summary-Nitramide gives two cathodic polarographic waves with half-wave potentials 
varying with pH, and having minimum values - 1.22 V at pH 4.5 and - I.58 V at pH 8.8. 
Nitramide is first reduced tonitrosamine in a two-electron reduction. In the second step, hydroxy- 
hydra&e may be formed in a two-electron reduction, or hydraxine itself in a four-electron 
step. For the polarographic determination of nitramide the first wave is used, and the support- 
ing electrolyte is a Britton-Robinson buffer 0.1 Min KCI, at pH < 5 and at &2”. 

-Nitramid gibt xwei kathodische polarographische Stufen mit pH-abhiin- 
aiaem Halbstufennotential: Minimalwerte sind -1.22 V bei DH 4.5 und -1.58 V bei DH 8.8. 

N&amid wird zukrst in &em Zweielektronen-Pro& xu N&o&in reduxieit. In der -&&en 
Stufe kann durch Zweielektronen-Reduktion Hydroxyhydraxin oder durch einen Vierelektro- 
nemchritt Hydra& selbst gebildet werden. Zur polarographischen Bestimmung bon Nitramid 
wird die erste Stufe verwendet; der Tragerelektrolyt ist ein Britton-Robinson-P, der 
0,l M an KC1 ist, bei pH < 5 und bei O-2”. 

R&mm&La nitramide donne deux vagues polarographiques cathodiques avec des potentiels 
de demi-vague variant avec le pH, et ayant des valeurs minimales - 1,22 V a pH 4,5 et - 1.58 V 
a pH 8.8. La nitramide est d’abord rcduite en nitrosamine dam une r6duction a deux electrons. 
Dans le second stade, l’hydroxyhydraxine peut dtre forr& darts une reduction a dew elec- 
trons, ou I’hydrixane elle-meme dam un stade a quatre Uectrons. Pour le dosage polarographique 
de la nitramide on utilize. la premiere vague, et Electrolyte support est un tampon Britton- 
Robinson 0,lM en KCl, a pH < 5 a O-2’. 

Tahto. Vol. 20, pp. 133S-1341. Pergmmn Press, 1973. Printed in Great Britain 

EXTRACTION WITH LONG CHAIN AMINES-VII 
POLAROGRAPHIC DETERMINATION OF URANIUM 

(Received 30 November, 197 1. Revised 8 June 1973. Accepted 28 June 1973) 

Many polarographic determinations of uranium have been proposed. Their common disadvantage is the 
interference of many cations. To increase the selectivity of the determination, preliminary isolation of 
uranium as uranyl ammonium phosphate has often been recommended.14 Ion-exchange has also been 
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used.5 Marshall and Kendie? avoided interference from iron(III), molybdenum(V1) and cerium(IV) by 
reducing them with ascorbic acid to lower oxidation states that do not interfere. Fluoride medium was 
reported to be suitable for the determination of uranium in the presence of iron,’ but traces of titanium and 
lead interfere. The polarographic determination of uranium in the presence of organic complexing agents 
such as oxalic acid,8-* EDTA,10-i3 tiron’* and 8-hydroxyquinoline derivatives’5-‘6 does not satisfactorily 
soive the problem of seiectivity. More advantageous seems to be preliminary separation of uranium by 
extraction with tributyl phosphate.“*‘* Adam and PIibilip recentiy suggested extraction with trioctyl- 
amine (TOA, Alamine S-336) and calorimetric determination with oxine or dibenzoyhnethane. This extrac- 
tion is rather selective, only chromium(VI), molybdenum(VI), vanadium(V), gold and the platinum metals 
being co-extracted.20-22 In the present paper, trioctylmethylammonium chloride (TOMA) was used for the 
extraction of uranium before its polarographic determination. 

Reagents 
EXPERIMENTAL 

Uranyl suiphute solution, 0.05M. Prepared by evaporation of 5.319 g of UOZ(CtH302)2 * 2H20 with 
dilute sulphuric acid, followed by dissolution of the residue in 250 ml of water to give a solution which 
was standardized gravimetrically. 

Trioctylmethylammonium chloride solution, 5%. Prepared by dissolving 50 g of Aliquat S-336 (General 
Mills Inc., Kankakee, Illinois) in 1 litre of chloroform. 

other metal solutions were prepared from reagent grade chemicals. 

Polaro~raphic determj~ation of uranium 

Uranium(VI) in 0*5M HCl-O%4 KC1 medium gives two waves that correspond to the reductions U(VI)+ 
U(V)+U(IV). The first wave is well developed with El12 = -0.15 V us. SCE. The diffusion character 
of the limiting current was proved by its dependence on the square root of the height of the mercury head, 
The reversibility of the electrode reaction was confirmed by means of the Kalousek commutator. The 
concentration dependence of the limiting current is linear in the range 40-2400 pg/mi. 

The supporting electrolyte used is also a very suitable medium for the stripping of uranium from the 
chloroform extract into aqueous solution. 

Extraction and stripping of uranium 

It has been found that the conditions for the extraction of uranium with TOMA are similar to those for 
T0A.O Uranium is extracted quantitatively from sulphuric acid solutions (pH l-35). With a single extrac- 
tion at least 24 mg of uranium can be separated with S ml of 5 % TOMA. Uranium is very easily stripped 
into acid solutions of sodium or potassium chloride. Uranium was determined as follows: A 05-20 mf 
portion of 5 x lO_jM uranium sulphate solution was placed in a 150.ml separatory funnel, diluted to 
40-50 ml with water and adjusted to pH l-O-35 with dilute sulphuric acid. Uranium was then extracted by 
shaking for 1 min with 5 ml of 5% TOMA soiution in chloroform; 2 ml of saturated sodium sulphate 
solution were added to accelerate separation of the phases. After transfer of the organic phase into another 
150-ml separatory funnel, the aqueous phase was washed with 5 ml of pure chloroform, which was then 
added to the fist chloroform extract. Uranium was stripped by shaking for 1 min with 10 ml of supporting 
electrolyte, which was then transferred into a Kalousek cell and deaerated with pure nitrogen; the polaro- 
graphic wave was recorded from +O.l V us. SCE. 

This procedure was employed in the investigation of the completeness of the extraction. It was found 
that a single extraction with 5 ml of TOMA solution is quantitative over the pH range l*O-3.5 for up. to 
24 mg of uranium. 

Influence of anions 

It has been found that the extraction is not quantitative in the presence of chloride, nitrate, acetate or 
fluoride, and that phosphate precipitates uranium. Low concentrations of chloride (0.~3~) or nitrate 
(0.02~) are tolerable, decreasing the extraction by about 1%. Fluoride hinders the extraction even in very 
low concentrations. 

Influence of other metals 

Attention has been paid to elements that are frequently present in rocks and minerals. It was found 
that the determination of uranium is not affected by the presence of 400 mg of iron, 240 mg of zinc, 200 mg 
of manganese, 500 mg of copper and cobalt, 250 mg of rare earths, 50 mg of cerium, 200 mg of thorium 
or 300 mg of arsenic. Chromium(VI), which is extracted together with uranium, does not interfere in 
amounts up to 250 mg, if reduced with ascorbic acid before the polarography. Interference is caused by 
molybdenum(VI), gold and the platinum metals, which are extracted with uranium and are reduced at the 
dropping mercury electrode. 
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Applications 
The proposed method was checked by analysing monazite sand to which various amounts of uranium 

were added and by replkxte analysis of a standard reference sample of river deposit containing 0.104% 
of uranium. The samples were decomposed by using the following procedure. 

Approximately 1 g of the sample was fused with a mixture of potassium and sodium carbonates and the 
fused mass was treated with dilute sulphuric acid; the resulting solution was filtered into a lOO-ml volu- 
metrlc ilaak. Various amounts of O.OOSM many1 sulphate solution were then added in the case of mona- 
nite sand samples, and the solution was made up to the mark with distilled water. This solution was used, 
after pH adjustment, for uranium determination according to the procedure described above. The results 
of replicate determinations are shown in Table 1. 

Table 1. The determination of uranium 

Sample 
Standard 

U present, U found,* deviation, 
/-Qr CLB cls 

Monazite 1 476 475 
sand 2 952 956 ;:; 

3 2142 2130 21.3 
River 1 232-l 236 7.2 
sediment 2 458 9.3 

3 919 12-o 

+ Average of five determinations. 
t Corresponds to thegiven valueof0.104% uranium. 

The proposed method is applicable for the rapid determination of uranium in rocks, minerals &d sili- 
cates, as well as in uranium concentrates, with sufficient accuracy and precision (see Table). 
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Summary-A polarographic determination of uranium is described, based on the highly 
selective extraction of uranium(V1) with a chloroform solution of trioctylammonium chloride, 
followed by re-extraction of uranium into an aqueous 0.5&f KCI-@SM HCI solution, which 
also serves as the polarographic supporting electrolyte. In this medium, uranium(N) is reduced 
at the dropping mercury electrode to give two polarographic waves, the first of which is of 
analytical significance. In this way it is possible to determine Xl-2400 pg of uranium in 1 ml 
of supporting electrolyte and in the presence of large amounts of accompanying elements. 

Zusammenfasstmg-Es wird eine polarographische Uranbestimmung beschrieben, die auf der 
hochselektiven Extraktion von Uran(V1) mit einer Chloroformlosung von Trioctylammonium- 
chlorid und nachfolgender Riickextraktion des Urans in eine wii8rige 0,5M KCI+SM HCI- 
Losung beruht; diese dient such als polarographischer Tragerelektrolyt. In diesem Medium 
wird Uran(V1) an der Quecksilbertropfelektrode reduziert: es ergeben sich zwei polarogra- 
phische Stufen, von denen die erste von analytischer Bedeutung ist. Auf diese Weise kann 
man 50-2400 pg Uran in 1 ml Trlgerelektrolyt in Gegenwart grol3er Mengen von Begleitelemen- 
ten bestimmen. 

R&sun&-On d&it un doage polarographique de I’uranium, base sur I’extraction hautement 
selective de I’uranium (VI) par une solution chloroformique de chlorure de trioctylammonium, 
suivie de la reextraction de I’uranium dans une solution aqueuse 0,SM KCI-O,SM HCI qui sert 
aussi comme electrolyte support polarographique. Dans ce milieu, l’uranium (VI) est rtduit ii 
I’electrode a goutte de mercure pour donner deux vagues polarographiques, dont la premiere 
est de signification analytique. De cette facon, il est possible de doser 50-2400 pg d’uranium 
dans 1 ml d%lectrolyte support et en la presence de grandes quantites d’eltments accompag- 
nants. 

Tahnta. Vol. 20, pp. 1341-1344. Pcrgamon Press, 1973. Printed in Great Britain 

ION-EXCHANGE ISOLATION OF CHROMATE FROM ALKALINE 
PEROXIDE SOLUTIONS 

(Received 6 June 1973. Accepted 17 June 1973) 

The sexivalent state of chromium plays a significant role in the analytical chemistry of the element. Two very 
well known volumetric methods are based on the reduction of dichromate, with iron(I and with iodide 
followed by a thiosulphate titration.2 Gravimetric procedures involving barium3 and lead4ss chromate are 
also often employed. Solutions of chromate have been used directly in calorimetric and spectrophotometric 
methods,6*7 and for greater sensitivity the coiour reaction with diphenylcarbazide can be used.*-lo Solu- 
tions of chromium(V1) are employed in determination of the element by atomic absorption.“-I3 Kinetic 
methods employing chromium(V1) for microdetermination of chromium have been reported.‘* Recently 
ion-exchange separation methods for chromium, employing solutions of sexivalent chromium, have 
appeared in the literature.‘5-‘B 

The element is usually present in its lower oxidation states, and there is therefore a need for a reliable 
method of effecting its rapid oxidation. Oxidation with peroxide in alkaline solution or by fusion with the 
sodium salt qualifies well for the purpose. At present however, there is a scarcity ofsatisfactory ways of remov- 
ing excess of peroxide once the oxidation is completed, so on acidifying (a necessary step in most of the deter- 
minations) there is partial decomposition of the chromium peroxide formed to chromium(II1). Some of the 
procedures presently available for removal of the peroxide interference are either cumbersometg or have 
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Zusammenfasstmg-Es wird eine polarographische Uranbestimmung beschrieben, die auf der 
hochselektiven Extraktion von Uran(V1) mit einer Chloroformlosung von Trioctylammonium- 
chlorid und nachfolgender Riickextraktion des Urans in eine wii8rige 0,5M KCI+SM HCI- 
Losung beruht; diese dient such als polarographischer Tragerelektrolyt. In diesem Medium 
wird Uran(V1) an der Quecksilbertropfelektrode reduziert: es ergeben sich zwei polarogra- 
phische Stufen, von denen die erste von analytischer Bedeutung ist. Auf diese Weise kann 
man 50-2400 pg Uran in 1 ml Trlgerelektrolyt in Gegenwart grol3er Mengen von Begleitelemen- 
ten bestimmen. 

R&sun&-On d&it un doage polarographique de I’uranium, base sur I’extraction hautement 
selective de I’uranium (VI) par une solution chloroformique de chlorure de trioctylammonium, 
suivie de la reextraction de I’uranium dans une solution aqueuse 0,SM KCI-O,SM HCI qui sert 
aussi comme electrolyte support polarographique. Dans ce milieu, l’uranium (VI) est rtduit ii 
I’electrode a goutte de mercure pour donner deux vagues polarographiques, dont la premiere 
est de signification analytique. De cette facon, il est possible de doser 50-2400 pg d’uranium 
dans 1 ml d%lectrolyte support et en la presence de grandes quantites d’eltments accompag- 
nants. 

Tahnta. Vol. 20, pp. 1341-1344. Pcrgamon Press, 1973. Printed in Great Britain 

ION-EXCHANGE ISOLATION OF CHROMATE FROM ALKALINE 
PEROXIDE SOLUTIONS 

(Received 6 June 1973. Accepted 17 June 1973) 

The sexivalent state of chromium plays a significant role in the analytical chemistry of the element. Two very 
well known volumetric methods are based on the reduction of dichromate, with iron(I and with iodide 
followed by a thiosulphate titration.2 Gravimetric procedures involving barium3 and lead4ss chromate are 
also often employed. Solutions of chromate have been used directly in calorimetric and spectrophotometric 
methods,6*7 and for greater sensitivity the coiour reaction with diphenylcarbazide can be used.*-lo Solu- 
tions of chromium(V1) are employed in determination of the element by atomic absorption.“-I3 Kinetic 
methods employing chromium(V1) for microdetermination of chromium have been reported.‘* Recently 
ion-exchange separation methods for chromium, employing solutions of sexivalent chromium, have 
appeared in the literature.‘5-‘B 

The element is usually present in its lower oxidation states, and there is therefore a need for a reliable 
method of effecting its rapid oxidation. Oxidation with peroxide in alkaline solution or by fusion with the 
sodium salt qualifies well for the purpose. At present however, there is a scarcity ofsatisfactory ways of remov- 
ing excess of peroxide once the oxidation is completed, so on acidifying (a necessary step in most of the deter- 
minations) there is partial decomposition of the chromium peroxide formed to chromium(II1). Some of the 
procedures presently available for removal of the peroxide interference are either cumbersometg or have 
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been exposed to even more serious criticisms. 20.21 Excess of peroxide may be destroyed by boiling. This 
technique has often been employed in analysis of chrome iron ores. la However, there is no reliable indication 
as to when peroxide has been completely eliminated, so that one must be prepared to carry out several deter- 
minations and select those which glve consistent results. The results of the present work indicate that the 
presence of peroxide does not interfere with the absorption of chromate from alkaline solution on strongly 
basic anion-exchange resins, provided suitable precautions are taken. Further, compkte removal of peroxide 
from the resin may be achieved by ~hi~with 2% sodium hydroxide solution. The chromate may be quan- 
titatively eluted with sodium hydrogen carbonate solution.” 

EXPERIMENTAL 

Analytical grade reagents were used throughout. 

Procedure 

A small ion-exchange column with dimensions 1 cm2 x 8 cm and a bigger column 1.5 cm’ x 20 cm, 
nacked with 7 and 20 ml of the wet resin (Amberlite IRA 400, chloride form) were used for chromium 
&nounts in the ranges S-50 and 50400 mg re&ectively. To ensure reproducibility-of experimental conditions, 
constant flow-rate ion-exchange columns were used as previously describeda Stock solutions of potassium 
dichromate and potassium chromic sulphate were prepared from accurately weighed amounts of the reagents. 
If the usual pncautions’* were taken, there was no need for standardization of the dichromate solution. The 
dichromate solution was used to standardize tht sodium thi~ulp~~ and ferrous ammonium sulphate 
solutions used. Potassium chromic sulphate solution was standardized according to two independent pro- 
ced~res.~*~~ Each of the stock solutions contained 10 mg of Cr/ml. Suitable aliquots of potassium dichromate 
were taken and diluted to 50 ml, and reduction was carried out with hydraxine sulphate solution. The mixture 
was warmed, and when necessary more hydra&e sulphate was added to achieve complete reduction. The 
chromic hydroxide obtained was green and there were no signs of any yellow colour of chromate. Sodium 
hydroxide solution (10 ml of 20% solution) was added. After heating to just boiling, 29% hydrogen peroxide 
solution was added drop by drop with constant shaking. An equally effective peroxide solution may be prt- 
pared by dissolving 1 g of sodium peroxidt in 10 ml of 2% sodium hydroxide solution. With solutions con- 
taining up to 200 mg of chromium, the oxidation is complete in 5 min with less than 2 ml of hydrogen peroxide. 
Under those conditions there is still an excess of peroxide, as is easily indicated by the frothing when the 
reaction vessel is swirled. The solution was immediately allowed to cool to room temperature and after 
dilution with distilled water to 400 ml, it was passed through the ion-exchange column at the rate of 20 
drops/min. The ion-exchange column had previously been treated with 50 ml of 2% sodium hydroxide solu- 
tion. The dilution step is essential for prevention of the build-up of too many bubbles in the resin bed, which 
would interfere with the flow and the sorption of chromate by the resin. When ail the solution had passed 
through the column, the bubbles in the resin bed were removed with the aid of a glass rod, and then ZOO ml 
of 2% aqueous sodium hydroxide were passed through the column. A saturated solution of sodium hydrogen 
carbonate in 10% sodium carbonatt decahydrate solution was used to remove chromate from the resin. 
The removal is regarded as complete when the efIIucnt becomes colourless and on acidification no longer 
gives a blue colour with starch-iodide paper. All the chromium is removed by about 400 ml of the eluent 
solution. Aliquots of chromium(II1) solutions were treated in the same way. 

RESULTS AND DISCUSSIONS 

Table 1 gives a summary of the results. There is good agreement between tht amount of chromium 
taken and that recovered. The errors are within the range expected from the accuracy of the titrations. 
The results were obtained from 10 samples of dichromate solution and 8 aliquots of potassium chromic 
sulphate solution. For half of the determinations from each solution the alkaline peroxide solutions were 

diluted to 400 ml before passage through the column. With the other aliquots, the peroxide content was 
reduced by additional boiling for 10 min, and the solutions were thtn diluted to only 150 ml. In the second 
case, the flow of the solution through the column was smoother and easier to regufate. It is therefore recom- 
mended that the solution should be boiled to mduce the peroxide concentration before passage through the 
column. The results demonstrate that peroxide oxidation can be used for accuratedeterminationof chromium, 
and standardization of chromium solutions, if the interference of peroxide is eliminated according to this 
procedure. 

Recommended proredure 

Take a neutral solution containing ch~mium(III) and make it alkaline with 10 ml of 10% aqueous sodium 
hydroxide solution. Heat the solution nearly to boiling and add hydrogen peroxide (30% w/v) or 10% 
sodium peroxide solution in 2% sodium hydroxide drop by drop with constant shaking In about 5 min. when 
1 ml of the peroxide solution has been added, the solution loses its gmen colour, and is yellow. Now boil the 
solution gently for an additional 5 min. Allow the solution to cool, dilute it to 150 ml, and pass it through 
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Table 1. Recovery of chromium in the ion-exchange removal of 
peroxide 

Chromium(II1) from hydrazine 
reduction of chromate, mg 

Chromium in potassium chromic 
sulphate solution, mg 

Added Recovered Added Recovered 

25.0 
30.0 
41.0 
53.0 

E 
loo*0 
122.0 
150.0 
200.0 

25.0 
30.2 
40.9 
53.1 
60.0 
84.9 

100.0 
122.1 
149.8 
200.2 

15.0 
20.0 
40.5 

59.0 58.8 
80.1 80.1 
95-o 95.1 

104.5 104.9 

200.5 200.4 

15.1 
20.0 
40.4 

the ion-exchange column. Use 250 ml of 2 % aqueous sodium hydroxide solution to wash away any peroxide 
still in the resin bed. Then elute the chromate with a saturated solution of sodium hydrogen carbonate in 
10% sodium carbonate decahydrate solution. Determine the chromate in the usual way. 

Department of Chemistry, University of Dar es Salaam ADOLF M. MULOKOZI 
P.O. Box 35 061, Dar es Salaam, Tanzania 
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Summary-The interference by excess of peroxide seriously affects the reliability of chrpmium 
determination procedures involving prior oxidation of the element with sodium or hydrogen 
peroxide. Some of the methods used to overcome this problem are either cumbersome or 
unreliable. A method for quantitative and rapid isolation of chromate from alkaline peroxide 
solutions is now presented. This involves sorption of chromate on a strongly basic anion- 
exchange resin. The interfering peroxide is washed away with 2% aqueous sodium hydroxide 
solution. 
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Z-Es wird iiber eine potentiometrische und spektrophotometrische Untersu- 
chung der Bilding von Zink(II)-Komplexen mit Semi-Xylenolorange (SXO oder H*L) berichtet. 
In einer wit&&n Losung (cc = 0.1) existieren anscheinend drei 1 :1-Komplexspexies MHIL, 
MHL ‘und MLZ- sowie ein 1:2-Komplex ML2 +. In stark alkalischem Medium (pH iiber 
12.5) konnen die Komplexe au Ziiydroxid und L*- dissoziieren. Die Bilding eines Hydroxy- 
komplexes wird nicht beobachtet. Die Absorptionsmaxima liegen bei 445 nm (MH,L), 466 nm 
(MHL-) und 561 nm (MLz-), die molaren Extinktionskodfizienten betragen 2,34 x 104, 
2.42 x lo* bxw. 3,13 x 104 1 mol-’ cm-‘. Die Bildungskonstanten sind (bei 25 f 0.1”) log 
K$ = 11.84, log K&,,_ = 7,13, log K&s,= 2,70 und log KiL2 = 1660. 

R&nm&L’interf&ence par un ex& de peroxyde affecte serieusement l’exactitude des tech- 
niques de dosage du chrome mettant en jeu une oxydation preliminaire de l’element par le 
peroxyde de sodium ou d’hydrogtnc. Quelques-unes des methodes utili&es pour surmonter ce 
problhne sont pcnibles ou incertaines. On pr6sente maintenant une methode pour l’isolement 
quantitatif et rapid0 du chromate a partir de solutions alcalines de peroxyde. Elle comprend la 
sorption du chromate sur une rtsine 6changeuse d’anions fortement basique. Le peroxyde 
ghant cst dhin6 par lavage avec une solution aqueuse a 2 % de soude. 

Tdanta, Vol. 20. pp. 1344-1347. Peraamoa Press, 1973. Printed in Gnat Britain 

DETERMINATION OF URANIUM AFTER ITS SELECTIVE 
EXTRACTION AS PHENYLACETATE 

(Received 22 May 1973. Accepted 19 June 1973) 

Of the many methods for the complexometric determination of uranium’ the best is that proposed by Kiinu- 
nen and Wennestrand.z It is based on the reduction of uranium by boiling with ascorbic acid in the presence 
of an excess of EDTA at pH 3-4. The U(IV)-EDTA complex so formed is very stable (log Ku, = 25) and 
allows the determination of the excess of EDTA by titration at pH 2-3 with thorium nitrate solution, Xylenol 
Orange being used as indicator. A similar method has been proposed by BudeSinsky,” who reduced uranium 
with dithionite and titrated the excess of EDTA with thorium nitrate, using Methylthymol Blue as indicator. 

The determination of uranium in this way cannot be performed in the presence of thorium, hafnium, 
zirconium, tervalent iron, gallium and indium, and separation of the uranium from interfering elements is 
necemary. Many extraction methods4 are not selective enough and in many cases are useful only for trace 
amounts ofuranium. 

In a previous communications describing the extraction properties of metal phenylacetates, we mentioned 
that in the presence of EDTA the extraction of uranium is highly selective. During further study we found 
that such extractions were not entirely quantitative and the results for uranium were a little low. Very good 
results were obtained with extraction of uranium from solutions containing nitrilotriacetic acid (NTA), 
which is capable of masking all the interfering metals. Because the extraction with phenylacetic acid (PAA) 
itself is highly selective and practically limited to only a few elements (Fe, Cu, Pb, In, Ga)s*6 it was obvious 
that with the use of NTA it would be possible to work out very simple conditions for specific extraction of 
uranium. 

Reagents 
EXPERIMENTAL 

A 1M solution of PM was prepared by dissolution of 136 g of phenylacetic acid in one litre of pure 
chloroform. A 05M solution of NTA was prepared by dissolution of 955 g of NTA in 500 ml of 2M sodium 
hydroxide and dilution to one litre with distilled water. A 09OSM solution of uranyl chloride was prepared 
by diilving 4.711 g of UO&I, . 2H10 in 250 ml of redistilled water, and standardized complexometrically.L 
A O*OSM solution of thorium nitrate was prepared by dissolving 28507 g of Th(N03)..5H20 in 1 of water. 
Further magents include @OSM EDTA, saturated hexamine solution, solid ascorbic acid, IM acetic acid, 1 M 
hydrochloric acid and @5 % Xylenol Orange solution. 
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Extraction and &termination of uranium 

In preliminary experiments we found that uranium can be quantitatively removed from its aqueous 
solutions buffered with hexamine, by double extraction with a chloroform solution of PAA. In the aqueous 
phase (after double washing with pure chloroform) uranium cannot be detected with either potassium 
ferrocyanide or dibenzoylmethane. We have obtained the same result for the extraction of uranium from 
solutions containing excess of NTA. 

Procedure. A slightly acidic solution containing IO-80 mg of uranium was taken in a 200-m] separatory 
funnel and diluted to 70 ml with water, and IO ml of 1M PAA were added. The mixture was gently stirred 
for a while and 3 ml of saturated hexamine solution were added, then the mixture was shaken for 1 min. 
The yellow extract was transferred into another separatory funnel and the extraction repeated with 10 ml 
of 1M PAA and the extract added to the first one. The aqueous phase was twice washed with 5 ml of pure 
chloroform, and the washings were also added to the second separatory funnel. The combined chloroform 
extract was stripped twice with 20 ml of water and 3 ml of 1 M hydrochloric acid, the strippings being trans- 
fered into a 500-ml titration flask. After the addition of an excess of 0.05M EDTA and 1 g of ascorbic acid, 
the pH was adjusted to 3-4 with 1M sodium hydroxide. Then the solution was gently boiled for at least IO 
min, cooled and diluted to 200-250 ml. The pH was adjusted to 2-3 by addition of lo-20 ml of 1M acetic 
acid and the excess of EDTA was back-titrated with 0*05M thorium nitrate solution, with Xylenol Orange 
as indicator. 

When other metals were also present, 10-25 ml of 0.5M NTA-or more if necessary-were added before 
the PAA, and then the procedure described above was followed. 

RESULTS 

Table 1 summarizes results for determination of uranium in the presence of large concentrations of zirco- 
nium, thorium, bismuth, iron and some rare earths. Table 2 includes results of uranium determination in 
the presence of bivalent metals, iron and aluminium. 

Table 1. Determination of uranium in the presence of Zr, Th, La, Bi, Fe, etc 

Metals, mg 
0*05M EDTA required 

for uranium, ml 

Zr Th La Pr Dy Bi Fe Cu Calculated Found 

23 _ - _ - 
46 - - - - 

137 - - - - 
137 - - - - 
137 - - - - 
- 116 - - - 
- 116 - - - 
- - 35 35 40 
- - 70 70 80 
- 116 70 70 80 
- 116 70 70 80 
- 116 70 70 80 
- - :: 35 40 
- - 35 40 
- - 35 35 40 
- - - _ _ 
- - - _ _ 
- - - _ .- 

- 
- 
- 

- 
- 
- 

- 

- 
104 
104 
104 
- 

- - 
- - 

- - 
- - 
- - 

- - 

- - 
28 32 
28 32 
28 32 
- - 

3.86 
3.86 
1.93 
3.86 
7.72 
3.86 
1.93 
3.86 
3.86 
1.93 

::g 
3.86 
1.93 
7.72 
3.86 
1.93 
7.72 

388 
386 
1 *go 
3.86 
7.70 
3.87 
1.90 
3.87 
3.87 
1.90 
3.86 
7.69 
3 -90 
1 a91 
7.70 
390 
190 
7.69 

Similar results were obtained in the presence of molybdenum(V1) and vanadium(V), which are not ex- 
tracted with PAA at all. Tungsten, together with silicic acid, has to be separated by evaporation. Smaller 
amounts of titanium are masked with NTA. Masking of large amounts of titanium with hydrogen peroxide 
failed, because uranium in its presence is precipitated with PAA and is not properly extracted. Scandium is 
reliably masked with NTA and does not interfere. 
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Table 2. Determination of uranium in the presence of bivalent metals, iron and aluminium 

Metals, rag 
0*05&f EDTA required 

for uranium, ml 

Fe Cu Co Ni Mn Zn Pb Al Ca Mg Calculated Found 

28 
14 :: 
- - 
- - 

- - 
28 16 
28 32 
14 16 
28 - 
14 - 
14 - 

- - - - 
- - 
15 15 

:; :: 
30 15 
15 15 
- - 
- - 
- - 

:: :: 

- 

278 
14 
14 

;: 
28 
14 
14 
14 

- 
10 
16 
16 
16 
16 
- 
- 
- 
16 
16 

- - 
- - 
51 4 

103 I 
103 13 
103 13 
51 1 
- - 
51 7 
- 7 
51 7 
51 7 

- 
- 
- 
- 
- 
- 

20 

: 
- 
- 

_ 
- 
- 
- 
- 
- 
- 

6 
12 
12 
- 
- 

3.88 
::; 

3.88 
::: 

7.76 
3.88 
7.76 
7.76 
7.76 
3.88 

3.98 
3.90 
3.86 
4.00 
3.92 
I.78 
7.18 
3.92 
7.88 
7.76 
7.74 
3.86 

DISCUSSION 

The proposed method for uranium extraction is highly selective, without any interference from at least 
twenty elements. It is suitable for large amounts of uranium up to 80 mg and applicable for the analysis of 
uranium alloys, minerals and uranium concentrates. Because of the high sensitivity of the extraction, it 
should be possible to use it for separation of uranium before its polarographic or calorimetric determination 
in trace amounts. It should be more suitable than the recently described extraction of uranium with a chloro- 
form solution of trioctylmethylammonium chloride (Aliquat 336-S), where molybdenum(VI), vanadium(V) 
and chromhrm(V1) are also quantitatively extracted.’ 

Elements such as nickel and cobalt are not extracted if present in concentrations < 10m3M, even in the 
absence of NTA,J and in some circumstances the NTA might be omitted if low concentrations of these species 
were to be determined in the aqueous phase after the extraction. 
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Summary-The method described is based on the extraction of uranium with a chloroform 
solution of phenylacetic acid from slightly acidic solution containing nitrilotriacetic acid, which 
masks all interfering metals. After stripping into very dilute hydrochloric acid, uranium is re- 
duced with ascorbic acid and determined complexometrically. The method permits reliable deter- 
mination of uranium in the presence of all quad&, ter- and bivalent metals investigated, 
moIybdenum(VI), tungsten(VI), and vanadium(V). 
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Zusannnenfassnng-Das beschriebene Verfahren beruht auf der Extraktion von Uran mit einer 
ChloroformIGsung von Phenylessigsaure aus schwach saurer Losung, die Nitrilotriessigslure 
enthllt, durch die alle stiirenden Metalle maskiert werden. Nach Riickextraktion in sehr ver- 
dtinnte Salz.Qbtre wird Uran mit Ascorbinsaure reduziert und komplexometrisch bestimmt. 
Das Verfahren erlaubt die zuverlassige Bestimmung von Uran in Gegenwart aller untersuchten 
vier-, drei- und zweiwertigen Metalle sowie von Molybdln(VI), Wolfram und Vanadium(V). 

R&urn&-La methode d&rite est bas&e sur I’extraction de I’uranium par une solution chloro- 
formique d’acide phtnylacetique a partir d’une solution ltgbrement acide contenant de I’acide 
nitrilotriacttique, qui dissimule tous les metaux g&ants. Aprts extraction dans une solution 
tres dilde d’acide chlorhydrique, I’uranium reduit par I’acide ascorbique et dose complexo- 
metriquement. La methode permet le dosage exact de I’uranium en la presence de tous les 
metaux tetra-, tri- et divalents ttudits, des molybdbne (VI), tungstbne (VI) et vanadium (V). 
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Among the spectrophotometric methods for the determination of manganese, those based on the permangan- 
ate reaction are undoubtedly the most widely used. The methods are specific but not sensitive (E = 2.42 x 

IO3 1. mole-‘. cm-’ at 546 nm).’ On the other hand, many of the more sensitive reagents such as 4,4’-tetra- 
methyidiaminotriphenylmethane* (tetrabase) are not selective and give strongly coloured oxidation products 
which are not stable. Thus, a search for a more suitable reagent led us to the application of the very sensitive 
reaction between manganese(H) and PAR for determining minute amounts of the metal. 

Yotsuyanagi et al.’ described the use of PAR in the analysis of water and gave the molar absorptivity as 
E = 780 x lo4 I.mole-I. cm-‘. Tataev and Anisimova. found E = 3.83 x 104, K,N,.b. = 3.9 x 1O-12 and 
M:L = 1:2. Corsini et al.” established the stability constant of the complex potentiometrically and found 
log K1 = 9.7 and log K2 = 9.2, i.e., log & = 18.9 in 50% aqueous dioxan solution. Ueda et aI.” reported the 
formation of a manganese(H)-PAR complex with a molar ratio 1:3, finding E = 8.50 x 104 and h,., = 500 nm. 

The present paper attempts to resolve these discrepancies, reporting a detailed investigation of the reaction 
between manganese(I1) and PAR and its application for the spectrophotometric determination of this metal. 

Reagents 
EXPERIMENTAL 

4-(2-PyridyIazo)resorcinoI monosodium salt. A 10m4M solution was standardized by spectrophotometric 
titration with copper(H) nitrate solution at pH 5 and 520 nm.’ 

Manganese(ZZ) nitrate solution. A 10m2M solution was standardized complexometrically.* The working 
solutions were prepared by appropriate dilution. 

Bufir solution. Disodium phosphate (O*lM) and sodium hydroxide solutions were used to prepare a 
buffer solution of pH 11.2, a pH-meter being used to check the pH. 

Sodium nitrate solution, 1 M. Used to maintain the ionic strength constant at O-1. 
All chemicals were analytical-reagent grade. 

Properties of the complex 

Composition. The metal to l&and molar ratio of 1 :2 at pH > 9 was confirmed by the Job, Harvey- 
Manning and isosbestic point’ methods. 

Optimum pH value. The dependence of the absorbance spectrum on pH was recorded at different pH 
values for equimolar solutions (Fig. l), then absorbance measurements at pH > 10 were performed. These 
experiments revealed a maximum sensitivity at pH 1 I .2-l 1.7 and A,,,., of the complex at 496 nm. The curves 
in Fig. 1 pass through one isosbestic point, thus proving a simple complex-forming equilibrium in solution 
and only one complex formed under the various conditions. 
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nm 

Fig. 1. Dependence of absorbance spectra on pH 
c = 0.8 x lo-“M; C,,,, = 1.6 x 10-‘&f; 2-cm cells. 
pK (1) 6.10; (2) 7.00; (3) 8.50; (4) 9.15; 

(5) 9.80; (6) 10.70; (7) 11.00; (8) 11.70. 

Reugenr excess. Investigation of solutions containing a constant amount of manganese(I1) showed that 
the minimum molar excess of PAR necessary in solutions buffered at pH 11.2-l 1.7 is from 4- to Sfold. 

Deuelopment rime. Full colour development occurs immediately, and the absorbance remains constant 
for half an hour, then slowly decreases. When potassium cyanide is added as masking agent, the solution 
requires IO-15 min for full colour development. 

Beer’s law. Under the optimum conditions described, a calibration graph over the range 0.02-0.5 pg 
of Mn per ml is linear (2-cm cells). 

Molar ubsorpfiuity. The molar absorptivity of the complex was determined at the optimum pH value and 
h,. 496 nm in the presence of an approximately IO-fold excess of PAR, the least-squares procedure being 
applied to the calibration curve. Fourteen points were used and a value E = 7.91 f 0.06 x lO*l.mole-I. cm” 
was obtained. To determine the true value of E, the absorbances of a series of solutions containing an exactly 
known and constant amount of PAR and a 2- to 200-fold excess of manganese(II) were measured, thus elim- 
inating the e&t of the absorbance of the free reagent. The molar absorptivity E = 8.65 f 0.04 x 104 was 
found (95% confidence limits, 36 variates). 

The sensitivity according to Sandell was calculated to be 0.63 ng/cm’. A comparison of the sensitivity 
of various methods is given in Table 1. 

Table 1. Sensitivities of some methods for 
spectrophotometric determination of 

manganese2 

Method 
Mn, t.&ma 
for A = 0401 

KMn04 0.027 
Diethyldithiocarbamate 0.025 
Formaldoxime 0.005 
Tetrabase O%lOl 
PAR 0.00063 



SHORT COMMUNICATIONS 1349 

Znvestigation of the reaction and determination of the stabSty constant 

Methods based on the relationship A = f(pH) were used (A = absorbance). Because of the considerable 
absorption by the reagent at higher pH values and the working wavelength, complex-formation was investi- 
gated only with equimolar solutions and solutions containing a small excess of metal ion. The straight-line 
portions of the absorbance-pH plots were used for calculations. The number of protons n split off during 
complexation, as well as the equilibrium constants, were established graphically. The graphs for equimolar 
solutions:‘0 

A 
‘og (A, = 

Ao’ 
log K., - log 4m + n PH 

and for solutions with a slight metal-ion excess: 

log (2A 
A 

o _ mA)(Ao _ A)2 = log Ke, - log & + n PH 

(1) 

gave straight lines with slopes of 2.0, i.e., two protons are released during complexation (A is the absorbance 
at a given pH value, A0 is the maximum absorbance, C, is the total metal concentration, and m = CL/C, < 1 
where CL is the total ligand concentration). Assuming that the HL- species of PAR predominates at the pH 
used,” the following reaction should take place:* 

MnZ++2HL-=MnL’-+2H+ 2 

The equilibrium constants were determined from the intercepts of the straight lines on the pH axis and the 
corresponding stability constants were calculated from the equation /& = K,JKa2 where KS is the third 
dissociation constant of PAR. The value pK, = 12.31 was used. r1*i2 The results obtained are summarized 
in Table 2. 

Table 2. Constants for manganese(H)-PAR complex 

Slope Intercept log K,, log 82 

Equimolar solutions 
Excess of manganese(H) 
tn = 0.506 
m = 0.651 

2.0 9.10 -8.99 15.6 

2.0 9.15 -8.97 15.3 
2.0 8.85 -8.61 16.0 

In order to verify the value of the stability constant obtained, we used it for calculation of the optimum pH 
range within which the reaction is practically complete, I3 i.e., [MnPARJ[Mn’] > IO”. According to liter- 
ature dataI there is no evidence for complex-formation of manganese(H) with phosphate, so to determine 
the conditional stability constant KMLP2 only the side-reaction coefficient apARtH) was taken into account. 
The results are presented in Table 3, which shows that complex-formation is complete at pH > 11, which is 
in accord with the experimental results. 

Table 3. 

log[MnPARr]/[Mn] 
PH log &AR(H) log &I,.~~ = 15.6 - 2 log apAR at CPA, = IO-“M 

1 Il.5 -19.4 -29.4 
2 14.6 -13.6 -23.6 
3 12.0 -8.4 -18.4 
4 9.8 -4.0 -14.0 
5 7.9 -0.2 -10.2 
6 6.4 2.8 -7.2 
7 5.3 5.0 -5.0 
8 4.3 7.0 -3.0 
9 3.3 9.0 -1.0 

IO 2.3 Il.0 I *o 
II 1.3 13.0 3.0 
12 0.5 14.6 4.6 

* The anionic nature of the complex was confirmed by electrophoresis. 
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Interfering ions 

The e&t of several interfering metal ions on the determination of manganese(II) with PAR was investi- 
gated. Potassium cyanide was used as masking agent in a solution containing 2 ml of 10m4M manganese(II), 
O-5 ml of 5 % ascorbic acid solution (as reducing agent), 3 ml of 0.1 M sodium hydroxide, 5-20 drops of 5 % 
potassium cyanide solution, O-5 ml of 0.05 % PAR solution and 2 ml of buffer solution in a 25-ml volumetric 
flask (preliminary teats showed that the amount of potassium cyanide does not affect the absorbance). The 
following results were obtained: UD to 200-fold amounts of Ni(I1). Cu(I1). HP(H) and AI(II1). 5-fold amounts 
of Zn(IIj and Cd(II), and 50.fold amounts of Co(H) do not interfere. Irc&iI) interferes’when present in 
concentration equal to or greater than that of the manganese. In this case the order of adding the reagents 
is important: the solution containing Fe(II1) must be mtroducedafter the potassium cyanide, sodium hydrox- 
ide and ascorbic acid. In all experiments using potassium cyanide as masking agent, the PAR was added 
10-15 min after the potassium cyanide, and a development period of 10-15 min was allowed. 

Application of the method 

AS a~ e~teaJion of this work, attempts were made to apply the reaction for determining manganese in a 
standard steel (CO-56; Mn O-77; SO-007; Ni 152; Al @024; Si 0.28; P 0.027; Cr l-22; Ti O-16%), a standard 
ARMCOiron(C@014;Si@OOS; MnO*OS;PO*OlO; SO.030; Ni0.05; CoWO12; CuOG9; As @016; Sn0.014; 
Sb @006; N 0.0027; and Fe 9964%) and a pure ferrous sulphate certified to contain not more than O-025 % 
Mn. 

The bulk of the iron was removed by extraction with diethyl ether from 6M hydrochloric acid solution.15 
The results are shown in Table 4. 

Table 4. Determination of manganese 

Sample 
Certitkate 

Mn.% 

Relative 
Mn found, standard 

Number of mean value, Standard deviation 
determinations % deviation % 

standard steel 0.77 8 0.77 0.046 
ARMCO iron 0.05 :; 0.046 0.0014 ! 
Ferrous sulphate 0.025 @026 0*0012 5 

Metkod 

Diiolvc O-05-0-1 g of steel (0.5 g of ferrous sulphate) in 2-3 ml of 6M hydrochloric acid. Oxidize the 
iron with 1 ml of concentrated nitric acid. Evaporate almost to dryness, add a little 6M hydrochloric 
acid and digest to dissolve the salts. Cool, and transfer the solution to a lOO-ml separatory funnel with 
the aid of several ml of 6M hydrochloric acid. Add about 10 ml of diethyl ether and extract the bulk of the 
iron(III). Separate the two phases. Repeat 5 or 6 times with fresh solvent until the organic phase is colourless. 
Run the aqueous phase into a W-ml tall-form beaker and evaporate the solution to dryness to remove the 
acid. Dissolve the residue in distilled water, transfer to a 56 or lOO-ml volumetric flask and dilute to the mark. 
Pipette an appropriate fraction (1-5 ml) into a 25-ml volumetric flask containing 05 ml of 5 % ascorbic acid 
solution, 2-3 ml of O*lMsodium hydroxide, 2-5 ml of buffer and 4-6 drops of 5 % potassium cyanide solution. 
Mix well and stand for 10-15 min. then add 1 ml of 0.05% PAR solution, make up to the mark and stand for 
a further 10-15 min. Measure the absorbance of the solution in a l-cm cell at 496 nm against a reagent blank. 

Prepare a calibration graph by applying the procedure to 70-mg samples of high-purity iron and suitable 
quantities of a standard manganese(H) solution. 
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Snmmary-A highly sensitive method for spectrophotometric determination of manganeae(I1) 
with 4-(2-pyridylazo)resorcinol (PAR) as reagent is described. The molar absorptivity of the 
complex was found to be 8.65 & O-04 x 104. The stability constant of the ML2 complex was 
found to be log & = 1 5.6. Beer’s law is obeyed within the range 0.02-0.5 pg of Mn/ml. An 
application of this reaction for analytical purposes is described. 

Znsammenfassnng-Eine hochempfindliche Methode zur spektrophotometrischen Bestimmung 
von Mangan(I1) mit 4-(2Pyridylazo)resorcin (PAR) als Reagens wird beschrieben. Der molare 
ExtinktionskoetTizient des Komplexes wurde als 8,6510,04 x IO4 1 mol-‘cm-l bestimmt, die 
Stabilitiitskonstante des MLp-Komplexes als log f12 = l&6. Das Beersche Gesetz wird bei 
0,02-0,5 pg Mn im ml befolgt. Es wird eine Anwendung dieser Reaktion fIir analytische Zwecke 
angegeben. 

Resume-On decrit une methode hautement sensible pour le dosage spectrophotometrique du 
manganese (II) par le 4-(2-pyridylazo) resorcinol (PAR) comme reactif. On a trouve que le 
coefficient d’absorption molaire du complexe est 8,65 & 0,04 x 104 l.mole-‘cm-‘. On a 
trouve que la constante de stabilitt du complexe ML2 est log #I2 = 15,6. La loi de Beer est suivie 
dans le domaine 0,02-0,5 pg de Mn/ml. On d&it une application de cette reaction a des fins 
analytiques. 
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ANALYTICAL DATA 

STABILITY CONSTANTS OF SOME BIVALENT METAL COMPLEXES 
OF N-PHENYL-o-TOLYLBENZOHYDROXAMIC ACID 

(Received 30 May 1973. Accepted 16 June 1973) 

The thermodynamic stability constants of the Mn’+, Ni2+, Zn2+ and Cu2 + chelates of N-phenyl-o-methyl- 
benzohydroxamic acid have been determined by the procedure described earlier.’ The results given in Table 
1 were reproducible within f 0.05. 

There was no evidence of polynuclear protonated complexes, or metal ion hydrolysis. Nitrate, chloride, 
perchlorate, sodium and potassium ions have no effect on the formation constants under the experimental 
conditions used. The maximum ii values of about 2 suggest I:2 complex formation in solution. 

The log K values are in the Irving-Williams2 order. The value for zinc is higher than that for nickel, as 
for other hydroxamic acidsgm5 and other chelates6*’ where steric hindrance prevents formation of a square 
planar structure for the nickel complex. 

The log K1 values were a linear function of the ionization potential of Mn(II), Ni(II) and Zn(II) but not 
for Cu(I1). The extra stability of the copper complex may be attributed to the tetragonal distortion of octa- 
hedral symmetry as a result of the Jahn-Teller effect. 
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Indian Institute of Technology 
Powai, Bombuy-400 076, India 
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Bhabha Atomic Research Centre 
Trombay, Bombay-400 085, India 
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Table 1. Stability constants of o-MBHA metal com- 
plexes in 50 % v/v aqueous dioxan media at 30°C. 

Ion log K, log K2 

(fO.05) (*o*os) 
Ionization 

potential, kcal/mole 

cu2+ 10.45 647 
Zn2* 8.16 632 
Ni2+ 7.52 601 590 
Mn2+ 6.33 5.59 532 

The values of log K, and log Kz are the averages of 
six titration points. 

I. Y. K. Agrawal and S. G. Tandon, J. Inorg. Nucl. Chem., 1972.34, 1291. 
2. H. Irving and R. J. P. Williams, J. Chem. Sot., 1953, 3192. 
3. J. P. Shukla and S. G. Tandon, J. Electroanal. Chem., 1971, 33, 195. 
4. Y. K. Agrawal and S. G. Tandon, J. Inorg. Nucl. Chem., in the press. 
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5. J. P. Shukla and S. G. Tandon, &II. Chem. Sot. Japan., 1972,4!!, 3073. 
6. W. D. Johnston and H. Freiser, Anaf. Chim. Acta, 1954,11,201,301. 
7. M. B. Kabadi and K. S. Math, Proc. Coordination Compounak, Agra, Part III, p. 65, 1959. 

Summary-The stability constants of the Cu z+, ZnS + , Ni’ + and Muz + complexes of N-phenyl- 
o-methoxybenzohydroxamic acid at 30” in 50% v/v aqueous dioxan are: log K1 10~45,8~16,7~52, 
6.33; log K2 8.90, 6.70, 6.01, 5.59 (for the ions in the order given). 

ZumbgDie Stabilitistskonstanten der Komplexe von Cu2 +, Zn2 +, Ni’ + und Mn2* 
mit N-Phenyl~methoxybenzhydroxam&re betragen bei 30” in 50 % V/V wiI&igem Dioxan: 
log KI 10.45. 8.16, 7,52, 6,33; log K2 890, 6,70, 6,01, 5,59 (fttr die Ionen in der angegebenen 
Reihenfolge). 

R&m&-Lea constants de stabilite des complexes de Cu2+, Zn2+, Ni2+ et Mn2+ avec l’acide 
N-phtnyl-o-methoxybenzohydroxamique il 30” en dioxane aqueux a 50 % v/v sont: long Kl 
10.45; 8,16; 7,52; 6,33: log K2 890; 6,70; 6,Ol; 5,59 (pour les ions darts l’ordre don&). 

Tdawro. Vol. 20, pp. 13544356. Pergmon Press, 1973. Printed in Grmt Britain 

CORRECTION FACTORS FOR THE GLASS ELECTRODE IN 
AQUEOUS DIOXAN 

(Received 25 May 1973. Accepted 3 June 1973) 

Van Uitert and Ha& have discussed the conversion of pH measurements in aqueous dioxan media into 
hydrogen ion concentrations and given the necessary data.‘* 3 Irving and Mahnot4 have pointed out anomal- 
ies in these data and published revised values. The data published so far refer only to 25 and 30”. The present 
work has m-exammed these values and extended the temperature range to 35”. Van Uitert’s method’ was 
used for mixtures of dioxan and water (both put&d as indicated earlier”), and the result (Table 1) evaluated 
according to the van Uitert method. 

The values found for lop fJi at 30” are similar to these found by van Uitert’, but the values at 25 and 30” 
are lower than those reported by Irving and Mahnot,* possibly because of the different methods of calculation. 
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of Technology, Bombay, for his inspiring guidance. Grateful acknowledgement is made to C.S.I.R., New 
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o-methoxybenzohydroxamic acid at 30” in 50% v/v aqueous dioxan are: log K1 10~45,8~16,7~52, 
6.33; log K2 8.90, 6.70, 6.01, 5.59 (for the ions in the order given). 

ZumbgDie Stabilitistskonstanten der Komplexe von Cu2 +, Zn2 +, Ni’ + und Mn2* 
mit N-Phenyl~methoxybenzhydroxam&re betragen bei 30” in 50 % V/V wiI&igem Dioxan: 
log KI 10.45. 8.16, 7,52, 6,33; log K2 890, 6,70, 6,01, 5,59 (fttr die Ionen in der angegebenen 
Reihenfolge). 

R&m&-Lea constants de stabilite des complexes de Cu2+, Zn2+, Ni2+ et Mn2+ avec l’acide 
N-phtnyl-o-methoxybenzohydroxamique il 30” en dioxane aqueux a 50 % v/v sont: long Kl 
10.45; 8,16; 7,52; 6,33: log K2 890; 6,70; 6,Ol; 5,59 (pour les ions darts l’ordre don&). 
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CORRECTION FACTORS FOR THE GLASS ELECTRODE IN 
AQUEOUS DIOXAN 

(Received 25 May 1973. Accepted 3 June 1973) 

Van Uitert and Ha& have discussed the conversion of pH measurements in aqueous dioxan media into 
hydrogen ion concentrations and given the necessary data.‘* 3 Irving and Mahnot4 have pointed out anomal- 
ies in these data and published revised values. The data published so far refer only to 25 and 30”. The present 
work has m-exammed these values and extended the temperature range to 35”. Van Uitert’s method’ was 
used for mixtures of dioxan and water (both put&d as indicated earlier”), and the result (Table 1) evaluated 
according to the van Uitert method. 

The values found for lop fJi at 30” are similar to these found by van Uitert’, but the values at 25 and 30” 
are lower than those reported by Irving and Mahnot,* possibly because of the different methods of calculation. 

Acknowk&ement-The author is indebted to Prof. A. B. Biswas, Professor of Chemistry, Indian Institute 
of Technology, Bombay, for his inspiring guidance. Grateful acknowledgement is made to C.S.I.R., New 
Delhi for the award of a Senior Research Fellowship. 

Department of Chemistry 
Indian Institute of Technology 
Powai, Bombay 400 076, India 

Y. K. AGRAWAL 
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Summary-The conversion factors for obtaining the hydrogen ion concentration from pH 
measurements at different mole fractions of dioxan in water at 25, 30 and 35” are reported. 

M-g-Die Umrechnungsfaktoren zur Bestimmung der Wasserstoffionenkonzen- 
tration aus pH-Messungen bei verschiedenen Molenbriichen von Dioxan in Wasser bei 25”,30” 
und 35” werden mitgeteilt. 

R&um6-0n rapporte les facteurs de conversion pour obtenir la concentration en ion hydro- 
g&ne A partir de mesures de pH pour diff&rentes fractions molar& de diozane dans l’eau A 20, 
30 et 35”. 
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OBITUARY 

ANDERS RINGBOM 

Professor Anders Ringbom passed away in Abe, Finland, on 21 December 1972. Anders 
Ringbom was born in Abe in 1903. After going to school in the same city, he 
entered the Faculty of Chemical Engineering at Abe Akademi where he became M.Sc. 
in 1925 and Dr.&. in 1936. When he retired on January 1, 1969 he could look back on 
42 active years at Abe Akademi, first as research and teaching assistant, later as 
Iecturer and finally as professor of analytical and inorganic chemistry. 

His scientific contributions bear witness of deep knowledge and outstanding ability. 
His papers are characterized by clarity of thought and presentation and by a rare 
ability to find elegant solutions to complicated problems. The treatment is always based 
on theoretical calculations. It is therefore not surprising that his papers have been highly 
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appreciated among analytical chemists. Several of his contributions may now be considered 
classics. 

The greatest achievement of Anders Ringbom is his contribution to the development 
of the theory of complexometric analysis of metal ions in solution. He began his 
research work in this field about 1950 and was soon able to show how the mathematical 
problems could be solved in a simple and elegant way. He presented his method in the 
form of a paper and later as a chapter in a large compilatory work. Both received 
much favourable attention, and Professor Ringbom was invited to several countries to 
give lectures about the new technique. 

In 1963 Professor Ringbom published the monograph Complexatiun in Analytical 
Chemistry where different types of chemical analysis were treated according to the 
principles developed for the complexometric analysis of metal ions. The book has 
greatly influenced theoretical analytical chemistry all over the world. Its importance is 
further evidenced by the translations into French and Japanese. 

In 1966 Finska Vetenskapssocieteten selected Anders Ringbom for the E. J. Nystrom 
award for outstanding scientific contributions. The same year Abe Akademi awarded him 
the Harry Elving teacher’s grant. In 1969 Svenska Kemistsamfundet honored him with 
the Torbern Bergman medal for excellent scientific work. He was also a honorary member 
of the Finnish Chemical Societies, Finska ~emistsamfundet and Suomalaisten Kemistien 
Seura. 

After his retirement in 1969 Anders Ringbom remained active in research. He was 
particularly interested in the determination of equilibrium constants for complexation 
reactions and was also working on a new edition of his monograph. Professor Ringbom’s 
ability was also utilized by international organizations. As a member of the Analytical 
Section of the International Union of Pure and Applied Chemistry he took an active part 
in the compilation of solubility product tables for metal sulphides. 

At Abe Akademi Professor Ringbom took an active part in the administration as 
vice president 1954-57 and as dean of the Faculty of Chemical Engineering 1962-66. 
During the period 1961-65 he was a member of the State Commission for Technological 
Research and in 1965 The Ministry of Education appointed him a permanent adviser 
on technical education for the period 196547, Professor Ringbom also took an active 
interest in student organizations. He was president of the student corporation at Abe 
Akademi 1953-57 and was elected honorary member of the corporation in 1957. 

Anders Ringbom was highly regarded as friend and colleague. His pleasant and cheerful 
personality made everybody enjoy his company. His memory shall live among those who 
had the privilege of being his friends. 

ERKKI W~NNINEN 
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ADVISORY BOARD OF TALANTA 

The Editorial Board and Publishers of Talanta take pleasure in welcoming the following new members to 
the Advisory Board of the journal. 

R. GIJBEU D. JAGNER 
L. K~STA H. B. MARK, JR. 
J. M. OTTAWAY S. SIGGIA 
J. D. WINEFORDNER 1. A. VOIN~VITCH 

Tfiey also wish to record their sincere thanks for the help given by 

E. CERRAI H. MALISSA 
L. C. PASZTOR J. E. REIN 

E. SAWICKI 
who retire from the Advisory Board. 

DR. DANIEL JAGNER, born in 1940, has been working as research 
assistant and lecturer with Professor D. Dyrssen at the University 
of Goteborg, Sweden, since 1965. His research interests include 
high-precision photometric and potentiometric titrations, and in 
particular, their application to the analytical chemistry of sea- 
water. Emphasis has been placed on the use of computer calcuta- 
tions to study the theoretical aspects of titration procedures. 
Latterly, his research work has also included the automation of 
analytical instruments and procedures, using easily programmable 
mini-computers, in connection with, e.g., ion-selective electrodes 
and atomic-abso~tion spectroscopy. He iscoauthorof “Computer 
Calculation of Ionic Equilibria and Titration Procedures” and 
joint editor of “The Changing Chemistry of the Oceans.” 
Dr. Jagner’s British wife is an inorganic chemist and they have 
three sons. 

DR. R. GIJBELS was born in 1939 and graduated Fh.D. at 
Ghent (Belgium) in 1965. After a stay at the Laboratory 
for Nuclear Sciences of M.I.T. Cambridge, Mass. and at the 
U.S. Geological Survey, Denver, Colo., he is now working 
in the Institute for Nuclear Sciences of the University of 
Ghent as a research associate of the Interuniversity Institute 
for Nuclear Sciences. He is also lector in geochemistry at 
the same University, and teaches physical chemistry at the 
University of Antwerp. 

His scientific interests include activation anaIysis with 
reactor and I4-MeV neutrons (applied to geological samples 
and industrial products, including high-purity materials), 
nuclear chemistry (cross-section measurements of fission 
neutron-induced threshold reactions) and geochemistry 
(trace-element analysis refated to the differentiation of 
volcanic rocks and layered intrusions). He has written 40 
papers and is co-author of two monographs (on neutron- 
activation analysis). Dr. Gijbels is married and has one child. 



DR. JOHN M. OTTAWAY has been a lecturer in Analytical 
Chemistry at the University of Strathclyde since September 
1966 and was previously, for three years, assistant lecturer at 
the University of Exeter where he obtained the degrees of B.Sc. 
(1961) and Ph.D. (1965). A major research interest is in the 
application of kinetics in analytical chemistry, particularly to 
the determination of traces of metals and non-metals by catalytic 
analysis. Dr. Ottaway also has a strong interest in atomic 
spectroscopy, related particularly to mechanisms of atom forma- 
tion and interferences in flame and non-flame atom cells. 
Dr. Ottaway has been Honorary Secretary of the Scottish 
Region of the Society for Analytical Chemistry for a number 
of years and currently serves on the Council, The Analyst 
Executive Committee and Advisory Board, The Programmes 
Committee and The Analytical Methods Committee of the 
Society. He is also a member of the committee of the Glasgow 
and West of Scotland Section of the Chemical Society. 

PROFESSOR SIDNEY SIGGIA was  born in New York City in 1920. 
He attended Queens College in New York, receiving a B.S. 
degree in 1942. He was then employed as research fellow at the 
Polytechnic Institute of Brooklyn, where he received an M.S. 
degree in 1943 and a Ph.D. in 1944. Dr. Siggia had his first 
contact with analytical research while at Queens College, where 
he worked with Dr. A. A. Benedetti-Pichler. At Brooklyn Poly 
he was connected with Dr. H. Mark, and his work was on kinetic 
studies in polymer chemistry and analysis of polymeric materials. 
From Brooklyn Poly, Dr. Siggia went to General Aniline and 
Film's Central Research Laboratory in Easton, Pennsylvania, 
where he was employed as a research analyst. He became manager 
of GAF's Analytical Department in 1955. In 1958 he joined Olin 
Mathieson's New Haven Research Lab to set up and direct their 
Central Analytical Services--Research group. In 1966 he joined the 
faculty of the University of Massachusetts as professor of chemistry. 

Dr. Siggia specializes in organic analysis with emphasis on the 
handling of mixtures of organic compounds. He has published over 
80 papers in the field and also four books: "Quantitative Organic 
Analysis Via Functional Groups" (now in its 3rd edition); "'An 
Introduction toModernOrganicAnalysis";"Continuous Analysis 
of Chemical Process Systems," and "Survey of Analytical 
Chemistry." He has also contributed sections to eight textbooks. 

Dr. Siggia is a member of the American Chemical Society, 
American Association for the Advancement of Science, American 
Society for Testing Materials, Sigma Xi, and Phi-Lamhda Upsilon. 
He has been advisory board member to Analytical Chemistry; 
chairman of the ASTM committee on Functional Group Analysis; 
chairman of the Gordon Conference on Analytical Chemistry; 
President of the Olin Chapter, Research Society of America. He 
was chairman of the Division of Analytical Chemistry of the 
American Chemical Society for the years 1969-1970. He has served 
on the Advisory panel to the National Bureau of Standards and 
is serving on the advisory panel to the Oak Ridge National 
Laboratory. Dr. Siggia is winner of the 1969 Anachem Award. 
He has also been appointed to the Editorial Board of Analytical 
Chimica Acta. 
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JAMB D. WINEF~RDNER received his B.S., MS., and Ph.D. 
degrees in Chemistry from the University of Illinois in 1954, 
1955, and 1958 respectively. His research advisor was Professor 
H. V. Malmstadt. He is married to Laura Whitney of Galva, 
Illinois and has three children, Philip, Carl, and Anne. From 
September 1958 to September 1959 he served as a postdoctoral 
fellow at the University of Illinois. In September 1959, he was 
appointed Assistant Professor of Chemistry at the University 
of Florida. In September 1965. he was promoted to Associate 
Professor of Chemistry and in July 1967. he was promoted to 
Full Professor at the University of Florida. He is currently 
Chairman of the Analytical Division of the Department of 
Chemistry. His research interests include: atomic and molecular 
emission, absorption and fluorescence in flames and other hot 
gases; molecular fluorescence and phosphorescence of species 
in the condensed phase; development of sensitive. selective, 
accurate methods of trace analysis of metals and mote&es in 
materials based on the above spectroscopic methods; develop 
ment of sensitive, selective gas and liquid chromatographic 
detectors: and development of spectroscopic instrumentation 
for analysis. He has published nearly 200 scientific papers and 
chapters on these topics and given over 80 invited talks and 
seminars at international and national conferences and 
symposia and in universities, colleges, and industries. Since 
his coming to the University of Rorida, 30 of his graduate 
students have received Ph.D. degrees and 10 MS. degrees. 
He has also had 16 postdoctorate fellows work with him. He 
is a member of the American Chemical SoCiety, Society of 
Applied Spectroscopy. Phi Lambda Phi. Alpha Chi Sigma, and 
American Association for Advancement of Sciences, He is a 
member of the Advisory Boards of ~~ectroc~irn~~a Acta B, 
Chemical instrumentotian, Analyticat Letters, Talanra, and the 
Wiley’s Chemical Analysis Series, and has been a member 
of the advisory board of Anaiyticaf Chemistry. Dr. Winefordner 
is a titular member of IUPAC Commission V-4 (Spectro- 
chemical and Other Optical Procedures for Analysis). He 
received the 1971 Sigma Xi University of Florida Research 
Award, the 1968 Meggers Award, the 1973 ACS Award in 
Analytical Chemistry (Fisher Award), and the 1973 Pittsburgh 

PROFE~~QR L. KOSTA was born in 1921, graduated as 
B.Sc.(Eng.) in chemistry at the University of Ljubljana in 
1944, and started his career as toxicologist at the Medicaf 
Faculty, Institute for Legal Medicine. In 1952 he ioined the 
‘“Jo&f Stefan” Institute-as head of the Analytical Section. 
He obtained his Ph.D. in 1957. From 1963 to 1967 he was 
on the Staff of the IAEA, Laboratory Seibersdorf, his main 
responsibilities being activation analysis and preparation of 
standard reference materials. At present he is Professor of 
Analytical Chemistry, University of Ljubljana and head of 
the Nuclear Chemistry Section of the IJS. He has been a 
member of the IUPAC Commission on Analytical Radio- 
chemistry and Nuclear Materials since 1965. 
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HARRY B. MARK, JR., Professor of Chemistry and Chairman 
of the Analytical Chemistry Division, Department of Chemistry, 
University of Cincinnati, received his B.A. degree from the 
University of Virginia in 1956 and his Ph.D. degree from Duke 
University in 1960. He was a postdoctoral research associate 
at the University of North Carolina (with C. N. Reilley) from 
1960 to 1962 and at the California Institute of Technology 
(with F. C. Anson) from 1962 to 1963. He was a member of 
the staff of the Department of Chemistry at the University of 
Michigan from 1963 to 1970, Visiting Professor of Chemistry 
at the Universite Libre de Bruxelles, 1970, and joined the staff 
at the University of Cincinnati in 1970. His research interests 
are in electrochemistry, surface chemistry, kinetic methods of 
analysis, environmental analytical problems, and instrumenta- 
tion. In addition to research papers, he is the coauthor of 
the books "Kinetics in Analytical Chemistry," "Activated 
Carbon," "'Surface Chemistry and Adsorption from Solution," 
and "Simplified Circuit Analysis; Digital-Analog Logic." He 
is also a coeditor of the monograph series "'Computers in 
Chemistry and Instrumentation" and a member of the Editorial 
Boards of Analytical Letters and Chemical Instrumentation. 

I. A. VOINOVITCH studied at the Lyceum and University in Paris, 
and from 1945 to 1950 worked on enzymology and micro- 
analysis, discovering (with Prof. Kahane and Dr. Grabar) the 
antioxidant and bacteriostatic effect of thiamine. After four years 
in industry he became chief of the analytical laboratory of the 
French Ceramic Society. and in 1962 published his book on 
analysis of silicates (English edition 1966). In the same year he 
became head of the Chemical Department, Central Laboratory 
of Roads and Bridges, and has remained there since. In 1971 he 
published books on mineralogical analysis of clay soils and on 
atomic-absorption spectrometry. Dr. Voinovitch is President of the 
Analytical Group of the French Industrial Chemistry Society. 

ANNOUNCEMENT 

Professor T. FUJINAGA has been awarded the new appointment on the Editorial Board as Regional Editor 
for Japan. 
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EDITORIAL 

Readers will observe that with this issue we have a new format for Talanta, as a 
result of a change of printer and printing process. The new style allows us to use a 
lighter paper and to print about 5”,/, more per page. We hope that this will enable us 
to withstand the ever-increasing cost of printing without having to increase the subscription 
price. We are sure that readers will find the new style as pleasing as the old, and that 
contributors will note the few changes in overall house style and make the necessary 
adjustments to their manuscripts. 
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SuIphur species reaction in (K-Na)SCN eutectic melt: PAOLO’CESCON, FILIPPO PUCCURFLLI, VITO BARTOCCI 
and ROBERTO MARASSI. (15 June 1973) 
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LOUIS GORDON MEMORIAL AWARD 

The Editorial Board and Publishers of Talanta have great pleasure in 
announcing that the Louis Gordon Memorial Award for the best-written 
paper appearing in Talantu during 1972 has been made to Ludmila Huderovi 
and Karel Stulik, of the Department of Analytical Chemistry, Charles 
University, Prague, for their paper “A contribution to increasing the sensitivity 
of anodic-stripping voltammetry,” which appeared in the November issue of 
Volume 19, p. 1285. 
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PROFESSOR A. CORSNI presenting the Louis Gordon Memorial Award for 1971 to MRS. ELSE M. 
DONALDSON, joint winner with Dr. Humphries and Dr. Briscoe. 
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ERRATA 

In the paper by A Bariliskel and Z Galus. Tulonta. 197 2. 19. 761. the followmg changes should be made 

1 On p 762, equation (15) should be 

[HgX,2-“1 = j,[Hg’+][X-] 

Instead of 

[HgX,z-“1 = /?n[H$+][X-] 

2 On p 765. equation (27) should be 

Instead of 

3 The captions to Fig 1 and Fig 2(b) should be interchanged 

In the article “Moghchkelten und Grenzen be] der Verwendung von Fdterpapler als Triger bender 
Rontgenspektrometrlschen Analyse” by G. Ackermann, R.-K Koch, H. Ehrhardt and G Sanner, Talanta, 1971, 
18, 293, the paragraph on p. 294, starting “Durch Verglelch rnit den MeDwerten . ” should be replaced 
by the followmg text 

Durch Verglelch tmt dem MeSwert ftir die remen Lbsungen kann dann auf den EmfluB der Matrix-Elemente 
geschlossen werden Dabel ergab sich, daI3 der Anstreg der Eichgeraden such m den untersuchten Element- 
gemlschen von den noch vorhandenen Komponenten beemfluDt wird. Urn Schwankungen durch die MeBanord- 
nung zu besemgen. smd die Messungen nut iu&rem Standard vergenommen worden. 
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Contribution to the basic problems of complexometry-XXV. Determination of uranium after its selective 
extraction as phenylacetate: Jriii ADAM and RUDOLF PRIBIL. (22 May 1973) 
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~-&&WI, aml an impraved th~~metrk procedure for determination of aiuminiurn: P. R. HADD’AD, P. W. 
ALZXANOER and L. E. SMYTHB. (11 June 1973) 



PAPERS RECEIVED 

Ttre determi~ti~ of ehr~ium in steel by attic-a~rpti~ spectrometry with an air-acetylene flame: 
J. M. OTTAWAY and N. K. PRADHAN. (1.5 March 1973) 

Analytical properties of _%hydroxypicolinaldehyde azine: A. GARCIA de TORRE~. M. VALCARCEL and F. PINO. 
(20 March 1973) 

A note on the determination of thorium in the presence of some bivalent metals: R. PRIBIL and V. VESEL~. 
(20 Mar& 1973) 

Thiotropolone as a chromogenic reagent for the simultaneous determination of cobalt(II) and nickel(II): 
J. N. SRIVASTAVA and R. P. SINGH. (20 March 1973) 

Spectrophotometric estimation of molybdenum(VI) with potassium ethyl xanthate and ammonium thiocyanate: 
M. K. ARUNACHALAM and M. K. KLJMARAN. (20 &far& 1973) 

Addition compounds of lanthanum and cerium trichlorides with phosphorus oxychloride: M. K. ARUNACHALAM. 
(20 March 1973) 

Polarographic study and determination of nitmmide: A. CALUSARU. (22 Mnrch 1973) 

Application of the David~Fletc~-Powell method to the calcubrtion of stability eoustants: P. CANS and 
A. VACCA. (23 March 1973) 

Miniquad-A general computer programme for the computation of formation constants from potentiometric data: 
A. SABATINI. A. VACCA and P. CANS. (23 March 1973) 

A Buorimetric method for the dete~inati~ of long-chain amines in water: G. E. BATLEY, T. M. FLORENCE and 
J. R. KENNEDY. (23 Murc~ 1973) 

On the pK values for picoline aldehyde thiosemicarbazone: D. J. LEGQETT and W. A. E. MCBRYDE. (26 March 
1973) 

Rapid determination of acid in chemical process solutions by using an n-silicon semiconductor electrode: 
D. R. KEIU‘DALL. S. D. REEDER, and S. S. YAMAMU~. (26 Februury 1973) 

Application of diamminosilver(1) to the precipitation of molybdate as silve molybdate from homogeueuus solution 
by volatalizatiou of ammonia: SOMA~EKHARA RAO KAZA and VISHNU GOPAL RAO VAIDYA. (30 March 1973) 

Spectrophotometric method for the microdetermination of some oxidants: S. A. RAHIM, H. ADBULAHAD and 
N. E. MILAD. (2 April 1973) 

New approaches to geochemical analysis and sampling: C. 0. INGAMELLS. (3 April 1973) 

Anwendung von lonenaustauschverfahren zur Bestimmung von Spurenelementen in natfirliihen W&rem-I: Kobalt: 
J. KORKISCH and D. DIMITRIADIS. (6 April 1973) 

Complexation of Fe(IIIf with some odipbenols adsorbable at the dropping mercury electrode: S. K. SHARMA 
and R. N. SONI. (6 April 1973) 

Atomic-absorption spectrophotometric determination of vanadium and molybdenom in samples of yellow cake., 
uranium-bearing minerals and geochemical standards: J. KORKISCH and H. GROSS. (10 April 1973) 

Individual microdetermination of chlorine, bromine and iodine in halogenated organic compoutuIs by the 
oxygen-flask method: ALFY B. SA~ZA, S. A. ABO-TALEB and S. B. AWAD. (11 April 1973) 

Gravimetric determination of cadmium with N-phenylbenzohydroxamic acid: Y. K. AGRAWAL. (11 April 1973) 

A temperature-controlled graphite tube furnace for the determination of trace metak in solid biological tissue: 
GILLIS LUNDCREN and GILLIS JOHANSSON. (11 April 1973) 

Applicati~ of mix~-liga~ complexes in analytical chemistry: A. T. FILJPENKO and M. M. TANANAIKO. (11 April 
1973) 

Selectrode-the universal ion-selective electrode-v. Complex formation studies with the Cu(I1) selectrode: 
E. H. HANSEN and J. RUZICKA. (11 April 1973) 

Potentiome~ie determination of stability constants with ion-selective electrodes-I. Chelates of Cu(11) and 
rhromotropie acid and chromotrope-ZB: C. BERT~GLIO RIOLO, T. FULLE SOLDI, G. GALLO~TI, M. PESAVENTO. 
(12 Aprii 1973) 



ii PAPERS RECEIVED 

Liquid-liquid extraction of palladium(II~ with triethylamine, and its separation from mixtures: PRAPHL.LL;\ K. 
PARIA and SANTOSH K. MAJWMDAR. (13 April 1973) 

Pesticide residue analysis: J. H. A. RUZ~CKA and D. C. ABBOTT. (16 April 1973) 

Determination of rare-earths and thorium in apatites by therm4 and epithermal neutron-activation analysis: 
A. 0. BRUUFELT and I. ROE~A~~TS. (16 Aprif 1973) 

Anion-exchange separation and s~ctrophotometr~~ determination of thorium in geological samples: J. K~RWCH 
and D. DMITRIADS. (16 April 1973) 

Couiometric trace determination of water with the Karl Fischer reagent and potentiometric end-point detection: 
ANDER~ CEDERGREN. (17 April 1973) 

AmperomWically indicated “pseudotitrations”- 
J. Mock (18 Aprii 19733 

I: Complexometric determination of CrfIIff: D. i. Bus~ts and 

Amperometrkally indicated “psettdotitrations’*- II: .~ete~i~ti~ of Cr(II1) in the presence of eteetroaetive 
admixtures rentting with compiexone: D. f. BUSTIN and J. Moc&. (18 April 1973) 

Determination of molybdenum by absorptiometry of green mdyhdenum(V): V. YATIRAJAM and JASWAST R4xi. 
(18 April 1973) 

The precipitation of barium chromate from homogeneous solution: Heterogeneous nuclei numbers and induction 
periods: A. PACKTER and S. SAHAY. (20 April 1973) 

A zqtectrapcopic method for the det~mi~ti~ of sulphnte in the presence of excess of nitrate and nitrite: 
B. J. MEEHAN and S. A. TARIQ. (26 April 1973) 

Automated determination of fluoride ion in the parts per miliiard range: I. SEKERKA and J. F. LECHNER. (30 A@ 
1973) 

Calculation of stability constants from photometric data: FOLKE INGMAN. (30 April 1973) 

Photometric ~t~i~ti~ of a~umin~um with a&z&n fluorine bhze: FOLKE INGMAN. (30 April I973) 

Thermodytutmic ionization ~~~~~ of puru-e&t&uted ~~-~ny~~~y~ox~mic acids: K. R, Guprn and 
S. G. TANWN. (30 April 1973) 

~uanti~tive estimation of metaI ions in a mixture by EDTA titrations: D. G. PALERAR and A. P. JOSHI. 
(1 Muy 1973) 

/3-Dithiocarbaminopropionic acid as a new masking agent. Complexometric determination of zinc in the presence 
of cadmium: E. RU~~EVA and 0. BUDEVSKY. (3 Muy 1973) 

Spectrophotometric determination of aluminium with ferron and a quaternary ammonium salt: KATSWI Go-roe 
HWXI TAWURA, MITXJKO ONODERA and MAWCHI NAGAYAMA. (3 May 1973) 

Co&metric m~~ete~ination of peroxides-I: Hydrogen peroxide: ULLA FIEDLER. (3 May 1973) 



Tobnra. Vol 20, pp I-U Pergamon Press, 1973 Prmted tn Great Brttam 

TAL 2013 TALANTA 215112 

PAPERS RECEIVED 

o-(2Hydroxy-S-dodecyIphenylazo)benzosiiure und -arson&re als Chelatnildner fliissiger Ionenaustauscher: 
E. BLASIUS and H.-J. FINKENAUER. (26 October 1972) 

Interference functions: IOAN AL. CRI~AN and ANIXA VhN. (8 November 1972) 

Analytical and conductometric studies on the soluhility behavior of cuprous thiocyanate in potassium thio- 
cyanate-scetone media: MORD MAHF~~Z KHAN. (8 Norember 1972) 

Thermometric titration in investigation of the formation of polyanions of molybdenum(VI), tungsten(VI), 
vanadium(V), and chromium(VI)-I. Comparison of thermometric and potentiometric titration curves: 
NOBUTOSHI KIBA and TSUGIO TAKEUCHI. (10 Nowmber 1972) 

Spectrophotometric determinationof uranium(V1) with l-(4-biphenyl)-S-pentylpent-4-yne-1,Idione: N. S. AL-NIAIMI 

and S. S. NUR. (13 Nooember 1972) 

Atomabsorptionspektralphotometrische Bestimmung von Chrom in Elektrodenkoks: K. DIXTRICH and G. LIESCH. 
(13 Notlember 1972) 

Emissiousspektrographische Bestimmung von Germanium und Zinn in Galliumarsenid: K. DIT~RICH and 
H. ROSSLER. (13 Nooember 1972) 

New transistor high-frequency conductometers: B. A. LOPATIN and Y. N. TISCHENKO. (14 November 1972) 

On the separation of Al, Ga, In and TI by cation-exchange chromatography: E. CERRAI and G. GHERSINI. 
(14 Norember 1972) 

Indirect complexometric determination of chromate: ARTHUR DE SOUSA. (15 November 1972) 

Determination of ,impurities in high-purity gold with a gas-stabilized low-temperature arc: B. ZMBOVA and 
M. MARINKOVIC. (22 November 1972) 

Spectrophotometric study and analytical application of the reaction between manganese(I1) and 4(2pyridylazo)- 
resorcinol: D. NONOVA and B. EVTIMOVA. (27 Nocember 1972) 

Determination of copper and molybdenum in the hard dental tissues of rats by atomic-absorption spectro- 
photometry: CHRISTINE A. HELSBY. (27 November 1972) 

Spectrophotometric determination of ascorbic acid with potassium hexacyanoferrate(II1): NICOLETTA BURGER 
and VINF;A KARAS-GASPAREC. (28 Nooember 1972) 

Complexation of polyvinyl acetate with iodine: J. G. PRITCHARD and F. T. SERRA. (29 November 1972) 

Oxidati,ve coulometric trace determination of sulphur in hydrocarbons: ANDERS CEDERGREN. (29 Norember 1972) 

Tetracyanoethylene x-molecular complex chemistry. Indirect spectrophotometric determination of Diels-Alder 
active 1,3dienes: DALE A. WILLIAMS and GEORGE H. SCHENK. (30 November 1972) 

Instrumental parameters for determination of mercury by flameless atomic-absorption spectrophotometry: 
F. E. HOGGINS and R. R. BROOKS. (1 December 1972) 

Determination of traces of zinc by complexometric titration and Ruorimetric end-point detection: R. VAN 

SLAGEREN, G. DEN BOEF and W. E. VAN DER LINDEN. (4 December 1972) 

On the properties of Calcein Blue: GERALDINE M. HUITINK and HARVEY DIEHL. (5 December 1972) 

Continuous monitoring ion-selective electrode system for cyanide ion based on computerized calculation of 
Gran plots: B. FLEET and A. Y. W. Ho. (7 December 1972) 

Spcctrophotometric determination of cobalt in laterites with 2,2’-bipyridyl: SIDDHESWAR BANERJEE and AMAL 
KANTI BHADRA. (8 December 1972) 

Analytical applications of hipyridyl glyoxal dithiosemicarbazone. Chelate formation with iron and photometric 
estimation of Fe(I1): J L. BAHAMUNDE, D. PEREZ BENDITO and F. PINO. (12 December 1972) 



ii PAPERS RECEIVED 

Spectrophotometric determination of niobium and its application to niobium-stabilized stainless steel: R. K. DUTTA 
and SAMARESH BANERJEE (13 December 1972) 

Effects of quaternary ammonium base on a valence-saturated but co-ordination-unsaturated chelate-I. Extrac- 
tion of GHA and SAPH chelates: MASAKICHI NISHIMLIRA. SHINICHIR~ NORIKI and SEIJI MURAMOTO. 
(14 December 1972) 

Analysis of the species in the cobalt(l1) chlorid~~ni~~-l-~phthol system in benzene-ethanol mixtures: 
VIWENZ~ CARKJNCHIO, ROBERTS BEDETTI and GIUSEPPE DF CECCO. (14 December 1972) 



SUMMARIES FOR CARD INDEXES 

Determination of chromium in steel by atomic-absorption spectrometry with an air-acetylene llame: 
J. M. OTTAWAY and N. K. PRADHAN, Tnlanta. 1973, 20,927. (Department of Pure and Applied 
Chemistry, University of Strathclyde, Cathedral Street, Glasgow, Gl lXL, U.K.) 

Summary-A new atomic-absorption procedure is described for the determination of chromium, 
at levels up to l%, in steel. The method involves the use of the air-acetylene flame and 
incorporates I-hydroxyquinoline as a releasing agent to suppress metallic interferences. Chemical 
operations have been reduced to a minimum in order to provide a simple, rapid and accurate 
procedure. 

Photometric complex-formation titrations of submicromole amaunts of metals-III. Back-titrations: 
J. KRAGTEN. Talanta, 1973. 20. 937. (Natuurkundig Laboratorium. University of Amsterdam, 
Valckenierstraat 65, Amsterdam, The Netherlands). 

Summary-In this paper the theoretical considerations on photometric complex-formation 
titrations of submicromole amounts of metals in the presence of an approximately equivalent 
amount of indicator are completed by considering the back-titration of a metal in the presence 
of another metal which is displaced by the tltrant. The stmultaneous formation of different 
metal-Indicator complexes M,l, is taken mto account. Titration conditions have been derived, 
with which optimal experimental conditions can be selected. Optimum conditions for the analysis 
of an indium-ytterbium alloy are deduced from the theory. 

Electroanalytical study of the catalytic enhancement by antimony(II1) of the anodii wave for 
bromide in acidic media: LARRY R. TAYLOR, RONALD J. DAVENPCJRT, and DENNIS C. JOHNSON, 
Talanta, 1973, 20, 947. (Department of Chemistry, Iowa State University, Ames, Iowa SoolO, 
U.S.A.) 

Summary-The results are given of a study using a rotating disk electrode to develop an 
amperometric method for the determination of Sb(III) in acidic media, based on the catalytic 
increase of the limitmg anodic current for Br-. Analytical application was successful provided 
the bulk concentration of antimony(II1) was less than that of bromide. The enhancement 
technique was also applied to the determination of Sb(II1) injected into a stream of electrolyte 
passing through a platinum coulometric detector. 

Forced-fiow liquid chromatography, with a coulometrIc detector: DENNIS C. JOHNSON and JOHN 
LARWHELLE: T&M, 1973,20,959. (Department of Chemistry, Iowa State University, Ames, 
Iowa 50010, U.S.A.) 

Summary-A tubular platinum electrode packed with small chips of platinum is described 
which was shown to function with 100 ‘A electrolytic efficiency. Application of the electrode is 
described for the coulometric determination of electroactive species in the effluent from a liquid 
chromatograph. Cu and Ff were determined in a series of standards. An average relative devia- 
tion of less than 2 ppt was obtained for analysis of samples containing 5 pg of Cu(I1) and 5 pg of 
Fe(II1). 



ii AHHoraJ4siE CTaTeii 

OnpeAeJwnuexpwa BC’T~~JIHM~TOAOM aTomRo-a6cop6uuoimoiiccnempoMeTp~HC HCllOJlb3O~HHt?M 
ILMMWI so3Ayx-awwnewJ. M. OTTAWAY and N. K.PRADHAN, Talgnta 1973,20,927. 

EieoIOMe-%HCaHa HOBaR MeTOAHKa aTOMHO-a6COp6UHOHHO8 ClliKTpOi$OTOMeTpHW A.Wl 
OlIpeAeAeiiHH XpOMa B CTaAH BMOTb 1%. MeToA HClTOAb3yeT IIJtaMIl BO3AyX-aUeTHAeH H 
BK.wSaeT ~-OKCUXHHOARH B KawzcTBe sburycxa~tuero areHTa AAR noAaeneHwff BAHI~HHR 
M~T~OB.XHM~~~~~~~~~~HH~~H~A~H~~X~~H~M~M~C~~J~~~~~~~C~~WB~HHII ~ecnoxc- 
Hero, Gucrporo H aKKypaTHor0 MeToAa. 

@hl’OIMeTpU==e Tfftpnlpsl CY6MKKpOMoAeB~X KOJlRWCTB M-OB(III) tIB OCKOBe KOM- 

MeKCOO6pa30-: III. 06parrrve ~mpommm: J. KRAGTEN, Tufunra, 1973, 20,937. 

Pewme -B H&ZTOSUUefi CTaTbe 06CyXUIeHO o6paTHoe THTpOBaHHe OAHOrO MeTanna B 
II~HCYTCTBHH Apyroro MeTanna 3abfeIueHHoro T5iTpowiHbw pacrnopo~, B 3axnmqeHsiH 
TeoprmuecpHx 06cyxuaeHsift @OT~M~T~H~~CKHX THT~~W~ cy6MsixpoMoneBb~x KOAHY~CTB 
McTBnnOB Ha OCHOBC KOMllJIeKCOO6pa30BiUiHff, B IlpHQTCTBHH UpH6AH3HTeJIbHO WBHBaJIeHT- 
HoroKoJuiwicTBa HEtAEKaTOpa.~pHHKTOBOB ~eOAHOBpeMeHHOe o6pa3oBaHHepassus¶- 
HblX KOMUAeKCOBMCTUIA-HiiAHKaTOp M,I,.OnpeAureHbI YCJlOBlur THTpOBaEiHS IIpH IIOMOIAH 
KOTOpblX MO=0 OT6paTb OllTEiMWIblibIC 3KCIIepHbfeHTWbHbIe YCAOBHH. OIITHMaJIbHbIe 
YCAOBHsl AAS aHAJIH3a CIIJAWHHAHI-HTTep6HII BMBeAeHbI H3 TeOpeTHYeCKHX p%CMOTpeHHti. 

H3y'leUlW 3JlmKHM MeTOAOM KiNWIKTK’leCK0~O YCKAenWa iUlOAHOfi BOilKbd 

6po~nAa cypbmoil(III) a KUCWX cpe~ax: LARRY R. TAYLOR, RONALD J. DAVENPORT and 
DENNIS C. JOHNSON, Talanta 1973,20, 947. 

Pe3loMe --pHBeAeHbl pe3yAbTaTbl HJY'IeHHII ilMIIepOMeTpH'ieCKOr0 MeTOAa AAX OlI~Ae- 
AeHHIi %(III) B KHCJIMX CpeAaX C HClIOAb30BaHHeM BpalLWOUICrOC~ AHCKOBOTO MeKTpOAa, 
OCHOBbIBBIO~eI'OCII Ha KaTaAHTHWCKOM YCHJleHHH ApeAeJIbHOrO aHOAHOr0 TOKa AAl Br-. 
MeTOA MOXCHO IIpHMeHITb B BHaJlH3e eCJIH 06aeMHan KOHUeHTpaIIHIHII CYpbMbl(III) MeHbUIe 
'IeM KOHUeHTpaUHI 6pOMHAa. MeTon )‘CHJIeHHSl TaYXe ITpHMeHeH B OIIpeAeJieHHH sb(III) 
BUpbIcHyTOrO B CTpylO 3AeKTpOAHTa, llpOXOARLUer0 'iepC3 IIJlaTHHOBblti KYAOHOMeTpH'leCKSifi 
AeTerrop. 

-V--cW-Ym- npoToKoMnoJlb3~cpsyJwIloMeTpll- 
wurmu~: DENNIS C.Jo~~so~and JOHN LAROCHELLE, Talanta,1973,20, 959. 

PaJrocwe-tia ~pYg=~b~ii, womiezikwii ~yco9nabiu m7aTiim ~~~THHOB~I@ 3~exTpoA, 

3JICI[TpOlIRTm S@CXTHBHOCT~ KOTO~O~O 6ma 100 %. Ormaw up-m 3AexTpona 
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NMR determiaation of the microscopic constants of diprotonated diimines in aqueous ~olotion: 
H. S. CREYF, L. C. VAN POUCKE and Z. EECKHAUT, Talanta. 1973, 2@, 973. (Department of 
General and Inorganic Chemistry, University of Ghent, Ghent, Belgium). 

Summary-The microscopic acidity constants of the diprotonated asymmetric N-methyl- 
substituted etbylenediamines and N-methylpiperazine were determined by using the change of the 
chemical shift of the methyl protons with varying acidity. The determination was carried out 
at 25” in aqueous solution and in an ionic medium of 1M KNO,. The basicity of the 
amino-functions follows the expected sequence: secondary > primary % tertiary. The influence of 
the substituent on the basicity of the end-group is primary > secondary % tertiary. 

Aadytical appllcatloa of orgaalc nrgants fn ky&@mblc gel media-I. Gcaual prladple aad the 
ue of dlthlzoae gel: YUKIO SEKIZUKA, TAKEHIRO KOJIMA, TAIROKU YANO and KEIHU UENO, 
Tulunru, 1973, 20, 979. (Department of Organic Synthesis, Faculty of Engineering, Kyushu 
University, Fukuoka 812, Japan). 

Summary-Two types of hydrophobic gel particles containmS ditbixone were prepared, eitber 
by the swelling of low cross-linkage polystyrene beads with a dithlinesolution in chlorobenzene, 
or by the gelatinization of a dithizone solution with dibenzalsorbitol. The extraction capacity 
of the pl particles for metal ions such as mercury, cadmium, zinc and lead from dilute aqueous 
solution, was investigated at various dithiine concentrations and pH values. A column packed 
with such gel particles is found to be useful for the selective preconcen tration or the selective 
trapping of specific metal ions at low concentration levels. 

Fluorimatric method for the deter&m&on of loag&ala amlnas in water: G. E. BATLEY, T. M. 
FLORENCE and J. R. KENNEDY, Tulantu, 1973,20,987. (Australian Atomic Energy Commission, 
Research Establishment, Lucas Heights, N.&W., Australia.) 

Stmtmary-A method is preSented for the determination of long-chain quaternary ammonium 
salts, tertiary amines and secondary amines in water or aqueous raffinates, based on their 
extraction and fluorimetrfc determination as amine sahs with Eosine Yellowish in toluene- 
hexanol(4 : 1) as solvant. No intarferences were obtained from metal ions, or chloride, nitrate 
or phosphate ions when a back-washing method was applied to the sample extract. The method 
allows the determination of long-chain tertiary amines down to 4 PPM. 

Calculation of stabllity coastaats from pbotometrlc data: FOLKE INGMAN, Talmtu, 1973, 29, 993. 
(Department of Inorganic and Analytical Chemistry, Ati Akademi, AIM, Finland). 

Summary-A metbod originally designed for the de~r~ation of stability constants by using 
a wedge calorimeter has been adapted to normal photometric measuring techniques. The cal- 
culations are simple and the method is especially suitable for use when the absorptivities of the 
absorbing species are unlvcrailable because these species cannot be obtained alone in solution. 
Results of some determinations are given. 



iV AHHoTaqm craTei 

Onpenenerme MIIIEpocKOilH’leCKUX ICOlWTWT All~TormpOaai0lb1X A~UWWOB 

MWOAOM 5IlbIP: H. S. CREYF, L. C. VAN POUCKE and 2. EECKHAIJT, 7"&~%,%~ 

Pe3IOMB-MHKpOCKOnHYecKHe KOHCTaIiTbI KHCJIOTHOCTH AHnpOTOHiipOBaHHblX aCHMMeTpH- 
yeCKHX N-Me?HJI3aMeIUfZiHbIX 3THJWiAHaMHHOB H ~-MeTHlIIIHIlepa3HHa OIIpCAeJICSbl Ha 
oc~o~e nepeMeHbr XHMH~~CK~TO cABHra ~~OTOHOB MeTHna c H3MeHeHHeM KHuI~TEI~CTH. 

Oll~AeJEHH~ ITpOBeAeHOnpH25" BBOAHOMpaCTBO~HBKOHIiO~C~Aei MKNOJ.&HOB- 
HOCTb aMHHO&tKUHft CHHx(KaeTCR B OZ-KHAaSIHOM I’IOpKAKe: BTOPHYHblfi > lTCpBHnHblft S 

TPeTHW&f. ~HnHHl? 3aMETHTem Ha OCHOBfiOCTb KOHeViOft rpylIIIb1 - nepBHlmbIti > BTO- 
pHyHbI$k % TpeTHYHbI%k. 

nparaaem- ~~Brmpo9o6anrrBnnx:-L~l~ 
B npmm~me mmaawmrr: YUKIO SEKIZUKA, TAKLHIRO KOJIMA, TA~BOKU YANO and KEIHEI 
UENO. Tukznru, 1973.200, 979. 

Pmarm- IIpHroTosnem ABa Tmm yacTHu rHnpo@6Horo renn coAepxamer0 A~H~OH: 

~~6yx~~sser.s IllBpHXOB IlOJlHCTHpOJla C He6OJIbIXlUM ‘IHCJIOM nouepernarx CB%+eft, HAH wna- 
TlwmaUE~pacTwpaAitTH3oEaAH6e~COpBHTOAOM. Cnoco6mmbYamiurem 3KcTparH- 
~BBTbEOlIbtMeT&-fJIOB,~aKHalIpIt~p pm tiaAblii#.UHHKHCBHlleUSi3 &%dbJKiHHbIX 

E)OllHhlx paCrsOpOB B3J'ytHBC HCUOJlb3oBaHHeM prUnRylU4X KOHUeHTpaU&AWlDOHa H tlpH, 

mx pH. Konomm s~uonyemrpn IWCEME yacTHUaMErens0Ka3aJw% nommoii nm 
ce.nemiBtioro npemapmenbnoro Kornrempnpolluran RICH cenemnBiior0 wepmierutsfB 
H3WCTHbIXHOHOBMeTannaBnpHHH3XBXKOHUeHTpaI4Hnx. 

@4-w_ Melul OapapeneaDu - c ~nmmoii peauo B wAe: G. E. BATLEY, 

T. M. FLOI~ENCE and J. R. KENNEDY, Tulunta, 1973,20, 987. 

PeWMe--&KWOXeH MCTOA Oi’IPeACJIeHHn COAeti yeTBepTHPHOr0 BMMOHHR, TperrtyHbIX 
2lMHHOB H BTOpHyHbJX BMllHOB C AAHHHOti UelIblo B BOAe MH BOAHbIX piIl#@SiHaTaX, OCHOBUBB- 

iou@Ca m AX ii3~.nCPe~x~ H ~~~YO~OMCT~AS~CKOM 0npeAeAeBHH B @opMe ~MHHOBMX conel 
c iicnonb3o88HweM 303HHoBoro XemoBaToro B pacreope Tonyona-rercwiona (4: 1). Elo~bi 
MeTIWIOB, xnopiw, HrrpaT- HJni &%&THOHbi He BnaRnn Ha oupenureinie euxH M~OA 

06paTHOff npoMblBUrnpw4eHeH ~a 3KcTpa~npo6sl.MeT0Ano3BonneTonpeAensrb~pe~~~- 

HbIeaMHHbICAJIHHHO~UeIXblonpHKOHUeHTpaUHnXBIIJIOTbAO 4’I.Ha MHAJIHOH. 

PaeqeTlcomemTy~ERoaBoBo~ w: FOLKE INGMAN, 
Talmrtu, 1973,20, 993. 

h3MJMe- MeTOA,IIepBOHayaJIbHO Ha3H8yeHHbitiAJUl Ol.QXAeJleHHn KOHCTBHT yCTO&HBOCTH 
C ~EMeHeIiHeM KJUiHOBO~O KOJIOPHMerpa, HUIOAb3oBaH B CBS3H C hOpbWIbH0~ F.leTOAHKOft 

~TOI@e'lpWIecK3XH3MepeHl& ~H~OlrcH,BMeTonOpa3anCK~OA~HblM~o6uurO B 

CAy’tUXKOr~HCAM~TCSl 3KCTliHKUHHIIOrJIOIUiWlUHXWIUCCTB,nOTObQ'YTOOHHHCMO~ 
IIpifrOTOBHW B pBCTBopaX COA~lUilX TOJlbKO 3TO BeIUecTBo. npEBeAeHbl pe3yAbTaTbI 
HeKOTOpblX OI&Ji2ACJIeHEi$i. 
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Photometric determination of nluminium with Alizarin Flwrine Blue: FOLKE INGMAN, Tdonfu, 
1973. 20, 999. (Department of Inorganic and Analytical Chemistry, Abe Akademi, Aim, 
Finland). 

Suinmary-In order to decide whether Alizarin Fluorine Blue (alizarin complexan, 3-amino- 
methylalizarin-N,iV-diacetic acid) is a suitable reagent for the spectrophotometric determination 
OT aluminium, values of the stability constants for some reactions of this reagent with 
aluminium(II1) and iron(II1) have been determined spectrophotometrically in a medium con- 
taining 20 % dioxan and 80 % water at ionic strength 0.1. The values of the constants that were 
determined are log K& = 14.3, log KifiL = 25-3 and log KEHL = 19.6. These results were 
employed in the design of a method for the spectrophotometric determination of aluminium in 
the presence of iron and titanium. The Sandell sensitivity is 0.01 pg/cm’ and the coet%cient of 
variation for 34 determinations was 0.9 %. 

Calculation of equilibriom concentrations: G. A. CUMME, Talanta, 1973, 20, 1009. (Institut ftlr 
Physiologische Chemie, Friedrich-Schiller-Universitiit, Jena, G.D.R.) 

Stunmary-Metal complexes often act as substrates in enzymic reactions. Because their concen- 
trations cannot be measured directly, they must be calculated from the formation constants and 
the total concentrations of the different metal and ligand species. An iteration algorithm 
devised by Sayce has been used to formulate a FORTRAN (ICT 1900) programme, which 
meets the following requirements. (1) The programme may be made to calculate the total 
concentrations for the parent species, if the free concentration of any metal or ligand species is 
known or to calculate the free concentrations of all species for which the total concentrations 
are known. This feature of the programme is useful for calculation of the total amounts which 
must be put into a solution in order to achieve prescribed free concentrations. (2) To allow for 
the uncertainty in the formation constants of the complex species the programme permits the 
input values of the formation constants to be varied automatically and the resulting variation of 
the calculated concentrations to be evaluated. 

Indii spectrop&tometric determination of tbhyanate by extraction as biiabiocynnrtbios- 
quhtoIinemereury(II) complex and its ligand substitution reaction with ditbkme: HISAHIKO 
EINAGA and HAJIME ISHII, Tuhtu, 1973, 20, 1017. (National Institute for Researches in In- 
organic Materials, Sakura-mura, Niihari-gun, Ibaraki-ken, Japan). 

Summary-Thiocyanate forms with mercury(I1) in the presence of quinoline a mixed-ligand 
mercury(l1) complex, bisthiocyanatobisquinolinemercury(II), and is extracted into chloroform. 
This mixed-ligand complex is treated with dithizone and forms the bisdithizonatomercmy(I1) 
complex. Maximum and constant absorbance of the dithizone complex is obtained when 
thiocyanate is extracted it pH 51-6.5, and Beer’s law is obeyed at 498 nm, where the difference 
in absorbance between the dithizone complex and dithizone is largest. Chloride, bromide, 
iodide, cyanide and large amounts of ammonium and copper(H) ions interfere. 



vi AIiHoTatuui cTaT& 

~onpBA~aJno-c - aJlH3awo CIIHtrQ: 
FOLKE INGMAN, Talanta, 1973,20. 999. 

PewMe-&In OUCHKH aJIH3apHH~TopacToro cwiero (WlH3apJiH-KOIGIJICKciW, 3-aMHHo- 
MCTHJWIH~~~HH-N,N-J~H~W~CH~X WrrcnoTa) B XawxBc pcarcrrra anr CUCKT~O@OTOM~T~H- 
wxoro 0upewwurX tunorwfii~, OwCJICHbl CIICXTpOI#OTOMCTpSfWCXXM IlyTCM KOHCTmTbl 

yCTo_ HCKOT~biX peanrait 3TOrO -HTa C iWIIOMHHHCM(I~) H XCCJlC3OM(~~) B 
PaCTBOW COAC~XalUCM 20% AEOKCWa H 80% BOAbt, IlpH HOHHO& CHAC o,l. O~ACACHHblC 
KOIiCTaHTbI panrrar h &%:HL = 14.3, 10 K&$ = 25,3 B lg K& = 19,6. ~TH puymratbl UlYC& 
CTaBJIXIOTCO6O~ OCHOByMCTOl.WJUIfl ~~~TOMcTpweclroroO~A~C~nanroMrnrnnB 

npw"=T=Jf xeJIuaR:TxTaH8.tIyBcTB~ ocn ClKsuura pasHa 0,Ol Mgr/&, a XO*R- 
UACHT epPaaUrnr J.t.W 34 OUpCACJICHEji - 0,9 %. 

PalYIerpDmeamx~ G. A. C~MME, Talanta, 1973,20,1009. 

Pe3tome -KoblUJICKcbl MCT&lJIOB WCTOCilyXfaT BKiWCCTE4CCy6CTPBTOB B 3H3EMHblX m- 

ruwc. Hcmcpm- E3M&WiXC BX KOHUCWQWUdi HC BOWOXWO, UOJTOMy HX HBJlO 
pac~aTbaaoczwac~~ O6pBSONUiXSl H 06-X KOHUCHTpWE8 p83HbIx pOPrOB MCTWIJIOB 
HJIltlWAOB.P&3F&YWUW# CNCOM ETcpaTAB~ BJlropHTM IIcnojTb3oBaH Qnn ycTaHoBJIe- 
HHII npoq+wMbI FORTRAN(ICT I-), yAOBJICTBOpnrrelt CACA~IOUU~M TpC6OMHERM. 
(I) nporpaxMa lIo3noJmeT pIIFwarrobI.UHC KOHUOH’QMUHE pOACT=HHMX BeuwTBecw 
3HBIOMB CdOdHW? KO wunpuw nroeOr0 pona MCT~UUIB HUH maxvia, H~IH pac¶iTaTb 
cBo6oAabIe ICOB = pOJ&OS, 06llJIte KOIUSHTPW HH KOTOpblX 3IIBI(OMbl. *a 

Xapairrep~cTnxa npOrp8wubz lloncwo .zvn pwmTa OBrrrero xonHwc~q pacreopamoro B 
paCTBOpC AJW IIOJlyWHiW McaHBbiX CBO6Om KOHUCHTpauHtt. (2) @ ma XCHWCCT- 
HoCIliKO~O~lwaAlrKO~~~B,~O~~AO3~A~~TOMa~ eBwiauHA 
BXOAGI KOHCTUT 0@30Mff H OUr;loty ll'pOHcTWQUOJIt~ 8apHNltH -X KOH- 

UCHTpaUrrft. 

K-~~--~m”-~B~W~ 
IcamJma-n3.6~~)aero~-rmrrylamrm* 
uow HISAHIKO EINAGA and HAJI~~E ISHII, Tafanta, 1973,20,1017. 

Pcuo~e - THOIIIWS~T 06pa3yeT c pmMo(II) B npucym~rm XHHOJIEHB KOMMCKC pQ”TH(II) 

CCMCI~IB~IH~IMH~M- B~mrolracurarob~~0A~p~~~)-~0~0pHft3K~B- 
PyCTCX XAO&UJ@OpMOM. %OT XOMUACKC IQ%l 06p$&ioTKC C AWTH3OHOM 06pSl3y~ KOMIIJEKC 

6HCJIHTE3OHaTO~. M BOC H IIOCTOSIIHOC CBerOIIOt'JIOlUCHH~ AHTH3OHOBOrO 

KOMUACK~ II- 3~~~par~po~u5rc~ taou~aiwa np~ pH 5.1455 a 3airo~ &pa 
nO¶KTWTCXnpH 498HM, rllcpa3HIruaMexAy C~OUOAOIu~Hlleh4llRTH30tiOBOrOKOMnneKCBH 
AHTH30H&l RBJlStTC I( ca~oft 6onburoii. XAOPHA, 6p0~1tA, HOAHA, UH~HA H 6onbU.w KOAA- 
q~saaMMOHHnHMeIUI(II)Mem~OIIPCA~CHHK). 
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Interpretation of mass spectra: J. D. LEE, Talanta. 1973, 20, 1029 (Department of Chemistry, 
Loughborough University of Technology, Loughborough, Leics., LEll 3TU, England.) 

Summary-A computer programme is described winch calculates the mass numbers and the relative 
intensities of each of the lines in the cluster formed in a mass spectrometer from a single 
typ of fragment ion which contains one or more polyisotopic elements. Many elements such as 
B, C, S, Cl and Br possess more than one naturally occurring isotope. and the relative 
abundances of the various isotopes are known. A whole series of possible fragment ions may be 
calculated quite readily, and the results, which are printed numerically and in the form of a 
histogram, facilitate the interpretation of mass spectra. Trial data, a FORTRAN listing of the 
programme, and a sample of the output are given. The programme requires approximately 17K 
of fast core, and should be implemented without difficulty on any computer with a FORTRAN IV 
compiler. 

Indirect complexometric determination of chromium: ARTHUR DE SOUSA, Talanra, 1973, 20, 1039. 
(Research Laboratories, Alpha Materials Technology, P.O. Box 816, Pottstown, Pa. 19464, U.S.A.) 

Summary-Chromate is determined indirectly, by precipitation as silver chromate, dissolution of 
the precipitate in potassium tetracyanonickelate, and titration of the liberated nickel with EDTk 
with Murexide as Indicator. 

Indirect flame-photometric determination of silicon: IVAN GABROVSKY. TONCA TCHEHLAROVA and 
AYTOANETA DELYISKA, 7alanra. 1973. 20. 1040. (Department of Analytical Chemistry, Institute of 
Ferrous Metallurgy. Botunetz. Sofia. Bulgaria). 

Summary-An indirect flame-photometric method for the determination of silicon in terms of the 
potassium in precipitated K2SiF6 has been developed. Optimum conditions have been found for 
the precipitation and the washing of the precipitate with aqueous ethanol. Satisfactory results 
have been obtained for sihcon contents > 19, in ores and alloys. 



. . . 
VU1 Amonwix maTea 

m wacc-awcTpO~: J. D. LEE, Talanta, 1973, 20, 1029. 

%IOMe-omN%a IIpOwa 3BM JIJW BMWCJIeIiHI MaCCOBbIX rfirCeJI H OTIiOCHTeJIbHblX 
IitITWCEBHOCTd KiWA0i-i JIHIiHH B rp)'llIIe UIiKOB 06pa30lWiHbIX B MaCC-ClIeKTpOMwfl H3 
omoro mm) @pameHnwx 5i01i0~ compxcauax onmi mu 6omnxe nonm30ronHbIx meMew 
TOB. Pm 3nenmno~, B TOM wcne B, C, S, Cl H Rr CoAepmuoT 6omme YeM OAHH np~po~wtl 
moron, a oniocmenbmde xconuempaumi pa3nux H~OTOUOB 5i3necmbl. Jlerxo npowxm 
pacVn CCPHH BO3MOlIMbiX @ptU’MCH-fHMx HOHOB, a pe3J'JIbTaTbI, IIpHKa3aIGibIe B UH&OBOti 

&OpMCHJlH B@OpMCl-HCTO~paMM,O6JlCl'%IOT HliTCpUpeTWSilO MacC-CIfUrTpOB. npHB&?AC?HbI 
oub~mb~e~awb~e, FORTRANnporpa~~aar~p~~ep sb1xo~a.Ilporpa~~a~3b1c~yeT np~6n~- 
3HTCJlUO 17 K 6bn~poro mpa Het MOXHO AOAb3OBBTbCI HB KWiJIOt WIeKTpOHHOBbIWCAH- 
TCJIbHOftMamprHeCWI6~HHO~KOMllHJ-f~TOpOM FORTRANJV. 

KoeBelmm tCOMEWKCOnOIUe~pwlncKoe OlIpf?ACneWe xponce: ARTHUR De%USA, Talanta,1973, 
20.1039. 

Pc3nncC -&JOMaT Oll~AWIKIOT KOCBeHHbIM MWOAOM, OCWeHHeM B 4OpMe XpOMaTa 
Cepe6pa,p&ZTBOpCIiEeM OWlKaBT~p~WHO-HHKWlKTe Ka.IIHIlH THTpO~HeMBbIA~AWfHO~O 
HHKWIIIC 3ATAC HClIOJIb3OBaElHeMMJ'~KCHAaBKaYtZCTBeUHAUKaTOpa. 

K--Pa--em MeTOAOM UASM@lR#Oti cmempo@To~(?Tpww: IVAN GABROVSKY, 
IONCA TCHEHLAROVA and ANT~ANETA DELYBKA, Tafanta, 1973.20, 1040. 

PG3lfNW- %pdOTiW KOCBeHHbIlt MCTOA WIiWeHHOtt CIIeKTpO@TOMeTpHH AA% OnpeAene- 
HHnKpeMHanHaocHOeeOnpcAencHHffKamrrBOCanSqeHHOM K2SiFs. OIIpf2AeJIeHbIoUTHMa.iIb- 
Hbie YCnOBH5I JXJUI OtXWEHHII H IQOMbIBKH O!WJKa BOAHbIM pNTBOpOM 3TWlOBOl-0 CIISfpTa. 
nOJly’iCHbl yAOBn~eopH~HMepe3yAbTaTbIBpyAaxHcnnaaaxCOA~~KaryHX >l%KpWIEf5i. 
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Ascorbic acid, Spectrophotometric determination with ferricyanide . 
Atomic-absorption spectrophotometry (AAS), Carbon-rod atomizer . 
---- , determination of chromium in steel , . . . 
---f----3 Suppression of interferences . . . . 
- - -, - - copper in ammoniLlm fluoride solution . . . 
---,----- rat-teeth . . . . . 
- - -, - - lithium stearate in sebacate-based lubricants . . 
----,--- molybdenum in rat-teeth . . . . . 
-----,----- rocks VIC. . . . . . . 
----,--- vanadium in rocks rtc. . . . . 
--- Oxygen-shielded air-acetylene flame . . . . . 
---: Reporting research on . . . . . 1 
Automated analysers, Determination of fluoride . . . . 
--, Review . . . . . . + . . . 

Eases, Potyfunctionai Differentiation . . . I . . 
~eryliium, Ion~exchange separation 
~ipyridy~~~yoxal dithiosemicarbazone, Reagent for iron : : 
Bisthiocyanatobisquino~inemerc~ry(1~~ reaction for thiocyanate detetmination 
Bivalent metal electrodes for calcium titration . . . . . 
Blank determinations, Standard deviation of, As performance characteristics 
Bromide anodic polarographic wave, Effect of antimony . . . . 
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Bromine, Determination in organic compounds . 

Cadmium, determination in water . 
-, Gravimetric detern~in~tion with ~-phenylbe~zoh~drox~“~i~ acid 
-, Malate complexes . 
-, Pseudotitrat~on with ED1.A : : : : : : 
-, Separation with dithizone gel . . . . . . 
-, Stability constants of ~-d~thiocarbaminopropionic acid complexes 
-, Titration with TRIEN and TETREN . . 
Calcium, Electrode . . . . . . . 
--, Oxide, Determination in caicined phosphate ores . . 
-, Potentiometric titration . . . . . . 
Calmagite, More acidic hydroxyl group of . . . 
Carbon-rod atomizer in AAS . . . . . 
Catalytic hydrogen wave, polarographi~ . . . . 
Cerium(IV) as titrant in non-aqueous media . . . 
Chlorine, Deterl~~nat~on in or~aniccompounds . . 
Chloroaurate, Desorption from anion-exchangers . + 
Cllromatography, Liquid, Forced flow 
Chromium, AAS determination, in electrdde-grade cdke : 
-,----,insteel . . . . . . . 
--,-- ,supprcssionofinterferences . . . . 
Chromium(III), EDTA titration . . . . . 
Chronlium(VI~, Indirect coinplexometr~c determination . 
-, Polyanions, formation . . . . . 
--, Separation from alkaline peroxide solution . . . 
..- , Titration with hydrazine sulphate 
Cinnamic acid,Tit~tion with di~hlorami~e-T : : . 
Cobalt, Determination in water . . . . . 
-, -withthiotro~oio~e . . . . . a 
Cobalt(II) chloride 2-nitroso-l-naphthol system 
Coke, Electrode-grade, DeterR~ination of chromiu~~ dy AA& 
Complexation equilibria, Computer programme for . . 
Computer pro~ra~ime, For con~plexation equilibria . . 
.-- , -dipole moments . . . . . 
--> - Gran plots . . . . . . . 
--- -interpretation of mass spectra . , . 
Copier, Determination by AAS, in ammoniumkuoride solution 
--,---,inoit . . . . . . . . 
--, - - --, in rat-teeth . . . . . . . 
---- forced-flow liquid crhomato~raphy . . . . 
--,-- titration withTRIEN andTETREN . . . . 
-, -with I-isonitroso-(1,2,3,4)t~trahydrophenazine . . 
-,-- ~~~~-~-OximinophenyIa~tamide . . . . 
-, ‘Selectrode’ . 
-, Stab~l~tyconstantsw~tl~ EdTA ’ : : : : : 
-, - - - glycine . 
-, - - - ~~-pt~enyl-o-~olyl~~~zo~ydro~a~~i~ acid 

. I . 

. 
Coulometric detector in forced-flow liquid ~brornato~raph~ . 
Colliolnetry, ~etermi~~ation of hydrogen peroxide . . . 
--, - - organic peroxides . . . . . . 
-,-- tracesulpbur in hydrocarbons . . . . . 
--, With the vitreous carbonelectrode . . . 
Cross-over points in formation functions 
Crude oil, Determination of trace metals by AAS : : : 
Crystal Violet in ion-selective electrode for arOmatiC sldphonates 

Curve-fitting for differentiation of polyfunctional acids and bases 
Cyanide, Determination by computerized ion-selective electrode system 
Cytosine and cytidine, Phosphorescence, Anomalous heavy-atom cfkt 

DCTA, Titrant for calcium . . . . . . . . 
Detection limits . . . . . . . . . . 
Deuterium, ~eterill~~ation in organic compounds . . . . 
Diamines, Diprotonated, Dissociation constants of . . . . 
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Dichloramine-Tasoxidative titrant . 
Diels-Alder-active dienes, Determination 
I ,3-Dienes, Diels-Alder-active, Deterlnin~~tion . . 
2,5-Dimethoxy-4-methylamphetamine, Determination . 
Dioxan, Aqueous, Glass electrode correction factors . 
Dipole moments, Computer programme . , 
Dissociation constants of diprotnated diamines 
~-Ditlliocarbanlinopro~ioni~ acid as nlasking~~~nt : 1 : 
Dithizone gel . . . 
- ligand-substitution reaction for determination of thiocyanate 
DOM, Determination . . . 
DTPA, Titrant for calcium . 

ERTA titration of cadmium . . . . 
----calcium . ‘ 1 
-----chromium(lIl) : : 1 : . . 
- ----chromiun~(Vl), Indirect . . . . . 
---_ - mercury , . . . . . 
---zinc . . , ~ 
EGTA, Stability constant of copper complex . 
-. , Titrant for calcium . . . . 
Electrode, Bivalcnt metal . . 
-, Calciunt . . . , . . . 
-, Crystal Violet for aromatic sulphonatcs . . . 
-, Cyanide . . . . 
-, Fluoride . . . 
-, Glass, Correction factors for aqt;eour dioxan media . 
-, -, Twinned, Mercury-filled . . 
-, Cilassy carbon . , . 
-3 Manganese dioxide . , . , 
-, Mercury . . . . ~ . 
-t ‘Selectrode’ for copper I . . . . . . 
-, Silver . . . . . . 
-,Vitreouscarbon . , . . 
Eosine Yellowish for determination of amincs and quaternary ammonium salts in water 
Eriochrome Black T, More acidic hydroxyi group of . 
Eriochrome Blue Black R, More acidic hydroxyl group of : 

. 

Ferricyanidc, Spectrophotoi~letric detet-n~ii~~ltiol~ of ascorbic acid 
Ferrocyanidc. Titration with dichloramine-T . . . . 
Fission-track method, Deternl;natioll of Liraniull~ in water . . 
Flame, Air--acetylene, Oxygen-shielded . 
Flame photometry, Indirect determination of silicon . . 
Flufenamic acid, Fluorescence of . . . . . 
Fluorescence offlufenamicacid . , . . . 
- -- meclofenamic acid . . . . . 
-- -- mefanamic acid . . . . . . 
Fluoride, Automateddetcrmination ~ . _ . 
Fluttrimetric deternlination of h~~llLlcino~e~ls . . . . 
- ----. long-chain amines and quaternary ammonium salts in water . 
Formation function, Cross-over points . 

Gallium arsenide, Determination of gcrmnrrium and zinc in . 
Gas-stabilized arc in spectro~ra~!li~ analysis . . . . 
Germanium, Determination in gallium arsenide . . . , 
Glass electrode, Correction factors for aqueous dioxan media . _ 
Glycine, Copper(O) complexes, Stability constants . . 
Gold, High-purity, Trace metals in . I 
-. , Separation by ion-cxchangc . . . . . 
Gran plot, Computerized, In cyanide determination . . . 

~~~llLiciiloge~ls, Fluorimetry and ~hospllorinletry . . . . 
Heavy-atom effect, Anomalous, In phosphorescence . . . . 
Mydrazine, Titration with dichloraItline-T 
- sulpbate, Titrant for vanadium(V) and chron~ium(VI) : : , 
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Hydrocarbons, Trace sulphur in Coulometric determination . . . . 621 
Hydrogen peroxide, Coulomet~cdeternlination . . . . . . . . 1097 
- -, Titration with thallium(II1) . . . . . . . . . . 903 
~~(2-Hydroxy-5-dodecylphenylazo)-benzo~c and arsenic acids as chelating liquid ion-exchan- 

gers 
Hydroxyl group, More acidic,‘On &‘-dihydroxyazo dye indicators : 

* . . . 639 
. . . . 589 

3-Hydroxypicolinaidellyde azine ascolour reagent . . . . . . . . 919 
~-Hydroxyquinoline, Titration witildichloramine-T . . . . . . . . 696 
8-Hydroxyquinoline-5-sulphonic acid as indicator for zinc . . . . . . 739 
Hydroquinone, Titration with dichloramine-T . . . . . . . . 696 
Hydroxytriazenes, Spectrophotometricdetermination . . . . . . _ 689 

Indicators, Fluorimetric, For zinc . . . . . . . , . . . 739 
-, Me~allochromic, More acidic hydroxyl group of . . . . . . . . 589 
-) -, Rate of colour change . . . . . . . . I . 
Indium, ~eterminatioll in indium-y~terbi~malloys . . . . . . . . 

829 
937 

Infrared spe~troscopy,Retermination ofsulphate . . . . . . . . 1215 
Iodine, Determination in organiccompounds . , . . . . * L 
Ion-exchangers, Chelating liquid, ~-(2-hydroxy-S”dode~~lp~enylazo)-benzoi~ and arsenic acids 

1332 
639 

-, Separation 0faluminiLlm . + . . , . . . . 
--,--- beryllium , . . . . . . . . . . 
-,--cadmium . . . . . . . . . . . 
-,--- cobalt . . . . . . . . . . . . 
-,--gold . a . . I . . . . . . . 
--,---- chromate . . . . . . . . . . . 
-,--iron . . . . . . . . . . . . 
-, -- tiloriLln1 . . . . . . . . . . . 
-,--uranium . . . . . . . . . . . 
Ion-selective electrodes, See ~~f~c~~o~~~ , . , . . . . . 
-, Titanium(iV)-based . . 1 . . . . , . . 
Iron, Forced-Row chromatograpilicseparation . . . . . . 
-, Ion-exchange separation . . . . . , . . . . 
-, Sp~tropboton~etric determination with bipyridylgiyoxaI dithiosenlicarbazone . 
-, Titration with TETREN . , . . . . 
-, Traces in oils, AAS determination . . . . 

Lead, Determination by AAS of traces in oils . . . 
--->--- dithizone gel separation . 
-, Stability constants with fi-dithiocarbaminopropionic acid : : : 
Ligand substitution reaction for determination of thiocyanate . . . 
Limit of detection . . , . . . . I . 
Lithium stearate in sebacate-based Iubri~~nts . . . . . . 
Long-chain amincs, Determination in water . . . f . . 
--, Reagents for extraction of uran~uIn . . . ‘ 1 . 
LSD determination 
Lubricating oils, Determination of l~tl,i~~,~ steamte by AAS‘ 

. . . 

. . * 
--,--tracemetals by AAS . . . . . . * I 
Lysergic acid d~ethylanlide, Determinatioil . . . . . . 

Magnesium ammonium phosphate, Precipitation from l~#nlogencous solution . 
Manganese, Stability constant of ~~r-phenyl-~~tolylbenzo~~ydroxamic acid complex . 
Manganese dioxide electrode . . _ . . . . 
Mass spectra, Computer programnle for interpretation . . . . . 
Matrix, Alkali metal nitrate and nitrite, sulphate in . . , . . 
-, Alloys, Determination of cobalt . . . . . . _ . 
-,-,--copper . . . _ . . . . . . 

- --indium . . . . . 1 . . m . . -7 , 
-- -,--iron. . . . . . . . . . . . 3 
-,-,--molybdenum . . . _ . . . . . . 
-,-,--nickel , . . . . . . . ~ . 
- -,--ytterbium . . . . 
-1 Basemetals, Separation ofgold : : : : : : . . . 
-, Cafcined phosphate ores, Calcium in . . . _ . . . 
-, Coke, electrode-grade, Chromium in 1 _ . . . . . . 
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-, ~ih~droxy-compounds, More acidic hydroxy group in . 
--* Galhum arsenide, Germanium and zinc in . . . 
-, Geological sampies,Tbori~m in . , . . 
-, Gold, high-purity, S~c~rog~phic trace analysis . . 
-, Hydrocarbons, Trscesulphurin , . . 1 
-, Lubricants, Sebacate-based, Lithium stearate in . 1 
-, -, Tracemetals in . . . . I . 
-, MetaI chelates, Zone-melting of’ . . 1 . 
-, Minerals, Chromium in . . . _ . . 
-, -, Molybdenumandv~nad~u133 in . . . . 
-, Ores, Molybdenum and vanad~~im in . ” . L 
---,SiIiconin . . ~ . . . . . 
-, Organic compounds, Deuterium in . . . . 
-,--,HaIogensin . . . + . . 
-, Rat-teeth, Copper and n3ol~/bden~~n3 in , I . 
-, Rocks, Cbrom~umin . . . . . . 
-,-, Molybdenum in . . I . . . 
-,---,Oxygenin. f . f . . . ” 
-,--,Sificonin . . . . . . I . 
-,-, Vanadium in . . . . . I . 
-, Steel, Chromium in . . . . . v . 
-t -, Manganesein . . . . ~ 1 1 
-, Wa~er,Cadmiun3 in . f . . . t 
-, -, Cobalt in , . . . . . s s 
-,--,Ffuoridein . . . . . . . 
-” -, , Long-chain amines and quater~ary a~?rno~~l~rn salts in 
--,-‘Thoriumin . _ . . . . . 
-, -, Uranium in 
Mectofenamic acid, Fluorescence of : : : f 
Mefenamic acid, Fluorescenseof _ . . . . 
h4ercury, ~eterrn~na~~on by strippir3g vofta~33n3e~ry . f 
-, Determination with dithizone get . . _ . 
-f Electrode . . . . . . . . 
-, Pseodot~~ra~jon 
Metal&elates, Zone-melting of : : 1 1 I 
Metals, Trace, AAS determination . . I v 
~-Me~I3~letb~ienediamincs, ‘association constants of a 
~-.~eih~~~ipcr~ine, Dissociation constant . L I 
Minera~s,Chr~m~um in . . . . . _ 
--$ ~oiybdenumand vanadium in . . s j . 
Molybdenum, AAS determination in rat-teeth . . . 
-, - -- ..- rocks, ores and minerais . . . I 
-, E?ctractionasmolybdenumfY) . . . _ T 
-, - -- phosphomolybdel3Llnl blue . 1 s I 
--,Polyanions, Formationof . . _ . I 

Nickel, ~~tern3inatio~ of traces ion oits . a L . 
--I -with thiotropolone . . _ _ . L 
-, Stability constant of ni-phenyt-ct_tolylbenzohSIdroxatttic acid complex 
N&amide, Po~arogr~pb~c deternlina~jon . . . . . . 
p-Nitrophenylphosphate, Hydrolysis for PFHS of magnesium _ . 
2-Nitcnso-I-naphthoi cobalt(H) chloride system + . . . 
NMR in determination of dissociation constants . . I) . 

Ures,Analysis for molybde~3um . . . _ . 
-,--silicon . . . * . . 1 . 
-1--- vanadium . . . _ . . I 
sm-a-Oxiininopl3enylacetamide, Reagent for copper . I 
Oxine, Titration with dicbloramine-T , . , . 
Oxygen, Avoidance of removal of in polarography I I 
-,Determination in rocks . . . . _ s 
-, Shielding for air-acetyfene flames . . _ . 

Papaveraidine, Thin-layer chromatography s . . ” L 
Papaver~ne,Thj~-laycrchroma~ography . a I 1 + f 
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Papaverinol, Thin-layer chromatography . . . . . . 
PAR, More acidic hydroxy group of . . . . . . . 
-, ReAction with manganese . . . . . , . . 
Performance characteristics . . . . . . , . . 
Peroxide, Hydrogen, Coulometric determination . 
-,-,Titrastionwith thal~ium(III~ . . 1 1 : : 
-, Organic, Coulometricdetermination, . . I _ . . . 
-, Separation from chromate in alkaline medium . . + . . 
Pesticide residues, Analysis of . . . . . . . . 
Phencyclidine, Fiuorometry and phosphorjmetry . . . . . 
Pbenylacet~cacid in separation ofuranium . . . . . . 
TV-PhenyIben~ob~droxamic acid, ~cterrnin~tioff of cadmium . . . 
~-Phenyl-~-toiylbenzohydroxamic acid, Stability constants of metal complexes 
Phosph~nlolybdenum blue, Extraction . 
Phosphorescence, Anomalous heavy-atomeffeci : : 
Phosphor~metry of haliuc~nogens . . . . . 
Photometric titrations . . . . . . s 
Polarography, Catalytic enhan~ment of bromide wave . 
-, -hydrogen wave . . . . . . . 
-, Nitramide . . ( . . . . . 
-, Non-removal ofoxygen in . . . . . 
-,Uranium + . . . . . . a 
Potentiometric titration of calcium . . , . . 
Precision ofactivat~onanalysis . . . . . 
Programmes, Computer, For dipole moments . . , 
---I-- , -mass spectra . . . . . . . 
Pseudotitrations . . . . . . . . 
Psiiocybin, ~luorometry and phophorimetry . . . 
Pyridine-2,6-dicarboxylic acid, Reagent for uranium . . 
4-~2-Pyridyla~o)resorcinol, More acidic hydroxy group of . 

Quaternary ammonium salts, Determination in water . 

Reagent, Alizarin Fluorine Blue for aluminium and iron . 
-, Alkaline phosphatase in PFHS of magnesium . ~ . . . 
-, Ammonium bifluoride for suppression of interferences in AAS of chromium 
-, B~pyridylglyoxal dithiosemicarbazone for iron(U) . . . . 
-, DCTA for titration of calcium . . . . . . . . 
-, ~ichloramine-T as oxidative titrant . 
~-~ith~ocarbaminopropion~c acid as masking agent : : : 1 : 
-, ~ithizone gel . . . . . . . . . . 
-, Dithizone in ligand-exchange reaction for thiocyanafe . . . . 
-, DTPA for titration of calcium . . . . . . . . 
-- , EDTA for titration of cadmium . . . . . . . 
------caicium . 
-,----chromium(II1)’ 1 1 1 1 1 1 1 1 
-,----chromium(W) indirectly . . I . . . . 
-,----mercury . . . . . * . . _ 
-,----zinc . . . . . , . . . . 
-, EGTA for titration of calcium . . . . . I . 
-, Eosine Yellowish for long-chain amines and quaternary ammonium salts * 
-, Ferricyanide for ascorbic acid . 
-, Hydrazine sulphatc for titration ofchrbmiu&VI). : : : : 
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_- , N-Phenylbenzohydroxamicacidfor cadmium . . . 
.-, N-Phenyl-o-tolylbenzohydroxamic acid for copper, manganese, nickel and zinc 
---, Pyridine-2,6-dicarboxylica~id for uranium . . . . , 
_- ,4-(2-I’yridylazo)resorcinolforman~anese . . . . . 
_- , Rhodamine B for silicomolybdic acid . . . . . . . . 
_- , Tetracyanoethylene for Dieis-Alder-active dienes. , . . . . 
_- , Thallium(III) for titration of hydrogen peroxide . . . . . 
-, Thiotropolone for nickel and cobalt . . . . . . 
--, Thiourea for silver . . . . . . . . . . 
Rhodamine B, Reaction with silicomolybdicacid . . . I . . 
Rocks, Analysis for chromium . . . . . I 
---,--- molybdenum . . . . . . . . 
~--,--oxygen . . . . . . . . . . 
.- - - silicon . . . . . . . . . . . , 
---t - -- vanadium . . . . . . . . . . . 

Selenocystine, Catalytic hydrogen wave in polarography of . . . 
Siliconlolybdicacid, Reaction with Rhodamine B . . , . . 
Silicon, Indirect ~anlephotometric d~terillination . . . . . . 
-, In rocks, By neutron-activation analysis . . . . . . . 
Silver, Complexes with thiourea . . . . . . . 
-, Electrode for titration of calcium _ . . . . . . . 
-, - - - -copper, cadmium, zinc and iron . . . . . . 
-,Tracesinoils . , . . . . . . . . . . 
Spectrographic analysis, Determination ofgermanium and zinc in gallium arsenide 
- -, - - impurities in high-purity gold 
Spectrophotometric determination of aluminium 
---aascorbicacid . . . . . 
--..- - -copper . I . . . . . . 
-- -- 1,3-dienes . . . . . , . , 
- -- hydroxytriazenes . . . . . . . 
-.-- - - iron(I1) . . . . , . 
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Aufschiui3methoden der anorganischeo undorgnnischen Chemie: RUDOLF BOCK, Verlag Chemie, WeinheimiBergstr. 
1972. Pp. 232. DM 64. 

Here in one book is an attempt to cover what has been divided between two in the English language. 
dealing with all types of samples, organic and inorganic, though listed according to procedure and reagent 
used. The index lists many sample types. This is a thorough and critical survey of the literature. is up to 
date, and presents much of the i~ormation in some 75 tables (of particular help to non-German-shaking 
readers). In addition to the three major sections on decomposition by oxidation, by reduction. or by 
neither, shorter chapters on materials, solvents, and thermal decomposition complete this very useful and welcome 
compilation. 

Quantitative measurement9 and chemical equilibria: E. H. SWIFI. and E. H. BUTLER, Freeman, San Francisco, 
1972. Pp. xviii + 719. $14.50. 

The emphasis in this book seems curiously unbalanced. It is intended for freshman students-but 
certainly in British universities there is unlikely to be time to devote to so much practical chemistry at this 
levei. Precipitation methods are discussed in detail-but not thermodynami~lly-and most of the interesting 
material is in the footnotes. Redox reactions are treated to an extensive discussion, particularly of practical 
details (though the use of electron-dot chemical formulae is not to be recommended). There are numerous 
problems involving stoichiometry, but very few on equilibria. Complexometry is sadly neglected in spite of its 
practical importance and its usefulness as a basis for the study of ionic equilibria in solution. There is much 
material in this book-too much for an elementary book, but not treated with sufficient rigour for it to be 
useful at a later stage. 

ii 



EDITORIAL 

In this issue we present the fifth paper in our series on the ideal format for a paper 
describing a piece of research based on a particular technique such as spectrophotometry 
or titrimetry. These articles are intended to show research workers what information is 
regarded as essential for other workers in the field to use the work to full advantage, 
and include explanations of why the information is regarded as important. The articles 
therefore constitute a guide to research and investigational procedures, and should prove 
most useful to students besides reminding others of what they might otherwise forget. 
The series has attracted the interest of IUPAC, which has established a working party 
(Analytical Chemistry Division, Commission V3, Project 3.9) to consider the presentation 
of papers for publication. It is expected that our series will provide at least the basis for 
any IUPAC publications on the subject. Further articles in the series are in preparation 
and will appear from time to time. 

II 
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Ian-Seketive Elaetmdea: edited E. PUNWR and I. Buzis, Akademiai Kiado, Budapest, 1973. Pp. 283. E3.50. 

This work contains the text of 7 plenary lectures and 10 discussion lectures which were delivered and a 
summary of discussions which took place-at a Symposium held in Matrafdred in October 1972. The rapid 
publication endows the work with a topical&y to which publishers aspire but rarely attain. The plenary 
lectures were given by B. Fleet, A. Liberti, C. Liteanu, J. D. R. Thomas, G. Milaxxo, W. Simon and K. Toth. 
They, and the discussion lectures, fairly reflect the state of the art. They include up-to-date work, 
predictions and controversial statements. It is unfortunate that there are no contributions from the 
U.S.A. and Denmark, but all in the geld will wish to acquire a copy and general readers will also find it a 
convenient source book. The editing and production are particularly noteworthy and at f3.50 it must be 
rated a good buy. 

m of tbc 3rd Sympmimm 011 Ctitioa Cbamiatry, VoI. 2: editor MIHALY T. BECK, Akadtmiai 
Kiado, Budapest, 1971. Pp. 287. 

This second volume of the “Proceedings of the 3rd Symposium on Co-ordination Chemistry” contains the 
Plenary Lectures and the discussion of contributed papers. The.lectures by J. Bjerrum and by H. Diebler are 
concerned with the detailed mechanism of the formation of complexes. The former deals with the relation 
between outer and inner sphere complexes while the latter is a general survey of the field. Ya. D. Fridman’s 
lecture is a detailed survey of mixed-&and complexes while A. E. Martell’s is concerned with the reaction of 
certain ligands in metal ligand complexes. The remaining pknary lecture by D. N. Hume describes the use of 
computers in evaluating mixed-Iigand stability complexes. These five papers are all useful surveys of their fields 
as plenary lectures should be and are certainly worthy of preservation in the literature. The same does not seem 
to apply to the remainder of the volume (some 40%). This consists of supplements to the contributed papers 
which appear in Vol. 1 of the Proceedings: a considerable number of corrections to contributed papers 
and an account of the discussion of papers. From the number of errata associated with some papers it 
would appear that in their uncorrected form in Vol. 1 they could be misleading. Now it is true that 
both volumes appeared within a short time of the actual conference but how much better it would have 
been to have published both together and properly proof-read at the expense of a short delay in 
publication. 

It has become fashionable to publish detailed proceedings of conferences in recent years but as most of the 
material has either been published in the journals or will be published at a later date the desirability of this 
practice is open to question. There are undoubtedly times, when a subject is in a seminal stage, when 
publication of proceedings is just&d, but these are few and far between. 

The value of the volume certainly lies in the plenary lectures from which many chemists will gain an 
enhanced insight into reactions of co-ordinated metal ions. 

HIg&greeisii Titrimetry: C. W~XIDWARD and H. N. REDMAN, Society for Analytical Chemistry, London, 1973. 
Pp. viii + 63. f2.50. 

This little volume on high-precision titrimetry is full of hints and tips for achieving the precision that is 
well-known by older aualysts to be attainable in titrimetry, and is so seldom achieved by analysts who have 
not undergone the rigorous training of an older generation. It is therefore all the more the pity that the 
publishers should have set the price at about twice what might have been thought a fair market price. 
The book is recommended to all who like to read shrewd and informed comment on the analytical scene. 

Modem Inorganic Cbamiatry: J. J. LAG~WSKI, Dekker, New York, 1973. Pp. xii + 806. S13.75. 

It will probably never be possible to produce a textbook of inorganic chemistry that will please everybody. 
This one does as good a job as most, but likewise has similar shortcomings to those of other texts. The 
Born-Haber cycle has proved a pitfall for many a student in the past, largely because it was enunciated 
before thermochemical sign conventions became established, and because’most texts reproduce the original 
form without bothering to point out the consequences of ignoring sign conventions. The main stumbling 

ii 
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block is the sign to be used for the electron affinity, and this text does not appear to help the reader as much 
as it might. Redox reactions get very short shrift, and the Nernst equation does not seem to have been heard 
of (it is not mentioned in the index at any rate). Crystal field theory is mentioned, but the reader will 
look in vain for ligand field theory in the index. Nevertheless, the book contains a vast amount of up to date 
treatment of inorganic chemistry, and at the price represents a bargain for students. 



HUNGARIAN CHEMICAL SOCIETY 3rd SYMPOSIUM ON ION EXCHANGE 
LAKE BALATON, 28-31 May 1974 

The topics for this symposium will be ion-exchange materials, theory, applications to analysis, and technology. 
There will be about 6 main lectures and a limited number of papers covering original unpublished work 
(those wishing to submit papers should send a 250-300 word synopsis in English as soon as possible but not 
later than end of July). Further details can be obtained from The Hungarian Chemical Society, Organizing 
Committee, 3rd Synposium on Ion Exchange, H-1368 Budapest, P.O.B. 240, Hungary. 

If, 
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Symmetry-A Stereoscopic Guide for Chemists : IVAN BERNAL, WALTER C. HAMILTON and 
JOHN S. RwCL Freeman, San Francisco. 1972. pp. viii-180. $9.50. 

The usual applications of symmetry arguments to chemistry, mvolving the relevance to 
wavefunctions, selection rules, etc., are not included in this book. However, the title in no way 
implies that they should be, and the prime objective of the book is to instruct the reader so that 
he is able to classify molecules according to their symmetry. Symmetry operations are explained 
and related to groups, but this is done at a very elementary level and representations of 
groups, characters, etc. are not dealt with. The Schoenflies and Hermann-Mauguin symbols are 
both used, and one molecule is given as an example for each point group. Each molecule is 
drawn as a stereoscopic pair, and with the aid of the stereoscopic viewer which accompanies the 
book. a realistic three-dimensional effect is obtained. It will come as a surprise to inorganic 
chemists that the point group 0, is not exemplified by an octahedral six-co-ordinate complex. 
The easiest way to learn about the symmetry of molecules is to receive personal instruction 
with the aid of models. If this is not possible, then this book will prove useful. 

. . . 
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Symmetry-A Stereoscopic Guide for Chemists : IVAN BERNAL, WALTER C. HAMILTON and 
JOHN S. RICCI. Freeman, San Francisco, 1972. pp. viii-180. $9.50. 

The usual applications of symmetry arguments to chemistry, involving the relevance to 
wavefunctions, selection rules, erc., are not included in this book. However, the title in no way 
implies that they should be, and the prime objective of the book is to instruct the reader so that 
he is able to classify molecules according to their symmetry. Symmetry operations are explained 
and related to groups, but this is done at a very elementary level and representations of 
groups, characters, etc. are not dealt with. The Schoenflies and Hermann-Mauguin symbols are 
both used, and one molecule is given as an example for each point group. Each molecule is 
drawn as a stereoscopic pair, and with the aid of the stereoscopic viewer which accompanies the 
book, a realistic three-dimensional effect is obtained. It will come as a surprise to inorganic 
chemists that the point group 0, is not exemplified by an octahedral six-co-ordinate complex. 
The easiest way to learn about the symmetry of molecules is to receive personal instruction 
with the aid of models. If this is not possible, then this book will prove useful. 
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The Determination of Sulphur-Containing Croups: M R. F. ASHWORTH. Academic Press, London. 1972. 
Pp. viii + 149. f3.20. 

This book constttutes the first volume m the second topic m the series of monographs on the analysis of 
orgamc materials, which IS concerned wtth the determmatton of sulphur-contaming groups. The classes of 
compounds which are dealt with here m&de sulphones. sulphoxides. sulphonyl halides, thiocyanates, 
isothiocyanates and. unexpectedly, isocyanates. There are full expertmental details for carrying out both 
qualitative and quantttattve analyses and very full hsts of references are given at the end of each section 
dealmg with a particular class of sulphur compound. 

Handbook of Commerical Scientific Instruments; Volume 1. Atomic Absorption: CLAUDE VEILLON. Dekker. 
New York 1972. Pp. XVI + 174. $11.75. 

This is a compendium of informatton about atomic-absorption mstrumentation. There ts a brief 
mtroductory chapter which outlines the technique and gives short descrtptions of essential components ,~f 

atomic-absorption spectrophotometers The remainder of the book ts a serves of sections, each dealing wtth an 
Instrument or instruments marketed by specific manufacturers, and based on informatton supplied by the 
mdivtdual comparnes. The list ts not exhaustive. including mainly those instruments whrch are readily available 
In the United States. Spectrophotometers manufactured by British Compames are not included. The purpose 
of the book is to provide a survey of existing equipment with relative prtces and performance, to assist a 
potenttal customer to make an mtelligent choice. 

An Experimental Contribution to the Knowledge of Average Cross-Sections in a Fission Neutron Spectrum 
(in Flemtsh). J. P. FRANCOIS. Paleis der Academien. Hertogstraat 1, Brussels. 1972. Pp. 104. B.F. 330. 

This work IS rather spectahzed and deals mainly wrth the determination of some average cross-secttons in a 
fission neutron spectrum. The reaction “Mn(n 2n)s4Mn IS shown to be of interest for monttoring the hard , 
part of the fission spectrum. especially for long irradiations. The (n. p) and (n, 2n) reactions upon ruthetuum-free 
monotsotoptc ‘03Rh are also useful for fast neutron dosimetry. but post-activation chemical separations of 
‘03Ru and lo2 loZmRh are required. The gamma-ray spectra and yields of “*Rh and ‘02mRh are described for 
sources prepared by the nuclear reactions ‘03Rh(n. 2n), lo3Rh(;,, xn). ‘04Pd(d, a) and Ru(d, xn). The 
preparation of carrier-free long-hved rhodium tracer from deuteron-irradiated ruthenmm may be of Interest for 
developmg an tsotope dilution method for rhodium. This element IS. Indeed, difficult to determine by 
thermal-neutron activation analysis because of the short half-hves produced. This monograph contams useful 
mformation for those faced wtth fast neutron dostmetry and absolute countmgs in general. Some parts contain 
analytical mformatton. e.g.. for the separation Rh/lr. It IS the reviewer’s hope that the Royal Academy of 
Belguun will encourage its authors to pubhsh in a more universally used language. 

Nomenclature. Symbols. Units and their Usage in Spectrochemical Analysis-l: General Atomic Emission 
Spectroscopy: IUPAC. Butterworths. London. 1972. Pp. 30. $1.20 or fO.40 (post free if cash with order). 
Available as a reprmt from: IUPAC Secretariat, Bank Court Chambers, 2-3 Pound Way. Cowley Centre. 
Oxford OX4 3YF. UK. 

The purpose of this document IS to propose a consistent nomenclature for workers m spectrochemical 
analysis Many of the terms have already been defined m several nomenclature documents, especially those 
developed by IUPAC. IUPAP. and ASTM. The fact that many of the symbols. untts. nomenclature and 
definitions prevtousl) recommended are repeated in this document demonstrates that the nomenclature of a 
specific field. i.e.. spectrochemtcal analysts. is deeply rooted m the general nomenclature of chemistry and 
physics However. the adaptation of a general system to a specialized field required a careful selection of 
general terms and the addition of new ones. The tentative version of Part I was published as Tenrariw 
Norner~cloturr .4pperttiis No. 1 (December 1969) to the Injorrnariort Bulletzn. After careful revision the Commission 
on Spectrochemtcal and other Opttcal Procedures for Analysts of the Analytical Chemistry Division has now 
produced a definitive version for IUPAC. Included In Part I are the following: General Recommendations 
and Practices: Terms and Symbols for Phystcal Quantittes m General Use: Terms, Symbols, and Units 
Related to Radiant Energy. Terms and Symbols for Descriptton of Spectrographic Instruments; Terms and 
Symbols Related to Analytical Procedures: Terms and Symbols Related to Fundamental Processes Occurring 
m Light (Excttationl Sources: Photographtc Intenstty Measurements (Photographtc Photometry’). A statement 
by ASTM on General Principles of Nomenclature Standardtzatton is reprinted as an Appendix. A second 
Appendix deals with Application of the Concept of Optical Conductance. 
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Die Chemische Industrie und ihre Heifer: KLRT R. SELRA (Ed.) Industrleschau Verlagsgesellschaft mbH.. 
Darmstadt. 1972 73. Pp. 612. DM 30.00. 

As this year sees another ACHEMA exhibition. this guide to the German chemical Industry could well proie 
to be more than usually useful. The section on new machmes and devices ~111 be studied beforehand. ‘Ind 
the comprehensive buyers’ gtude to manufacturers and agents ~111 certainly remam within easy reach of the 
chemical engineer’s hand at his desk. 

Handbuch der analpischen Chemie. Teil 3, Band 6bS_Uran: J. K~RKIXH and F. HECHT. Springer-Verlag. 
Berlin. 1972. Pp. 524. DM 168. US $53.30. 

The detailed and somewhat formidable list of contents of this volume suggests that the authors have simply 
made a very thorough search of the literature, as one comes fo expect from this series. but the seemingly 
endless cham of procedures IS hberally interspersed with general dIscussIons of the usefulness of the approaches. 
and with observations which are of considerable help to the non-specialist reader m pomtmg out possible 
sources of trouble, other related procedures. or perhaps also more useful ones. It is m these addittons that the 
expertise of the authors becomes evident. Fluorimetry-openly adnutted as a technique much preferred by the 
authors-gets an admirable discussion. but electrochemical methods, III particular coulometry. come off very 
poorly (the latter dealt with m 3 pages). In addition to chapters on methods of determination are those on 
chromatography. solvent extraction, spectroscopic methods (in particular mass spectrometry) and radiochemlcal 
analysis. A final chapter by H. Sorantm deals with the problem of analysis of Irradiated fuel elements. 

Workbook in Organic Chemistry: T. A. GEISSMAN. Freeman, San Francisco. 1972. Pp. XII + 245. S4.95. 
While the primary purpose of this book is “to provide the student in the mtroductory course m organic 

chemistry with the opportumty to review and reinforce tus understanding of the fundamental modes of behavior 
of organic compounds.” it IS the reviewer’s opmion that Its greatest value will be to the advanced student and 
to the industrially orlented orgamc chennst. The book fills a number of deficiencies of the ordinary textbook. 
mainly the use and mterpretation of simple analytIcal data. Also included are sections on molecular bonding. 
stereochemistry. the mechanisms involved in organic synthesis. a novel treatment of organic oxldatlon equations. 
and many problems and examples of the elucldatton of structure and Identity from functional and elemental 
analytical data. The book IS extremely well Illustrated. printed on good paper. and contains many worked 
problems to illustrate procedures. Tlus book can be recommended. without reservation. to the student and 
practlsmg organic chemist. The price IS much lower than one would expect for such a valuable and well done 
publication. 
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Pharmadeai Applications of Thin-Layer and Paper Chromatography: KAREN MACEK (editor), Elsevier, 
Amsterdam, 1972. Pp. XVI i 743. Dfl. 250 (cc7 $73.50). 

Whenever one is confronted with a v&me of this nature, one’s iirst reaction is one of wonder and admir- 
ation at the industry and expertise of the authors. The name of the editor is a household word in cbromato- 
graphic circles and by it&f a guarantee of authenticity and thoroughness. Any analyst in the pharmaceutical 
industry will want to have a copy of this volume for laboratory use. One’s second reaction, however, is to 
consider the economics and mechanics of the operation, and to ask whether something cheaper could have 
been contrived without loss of essential information. A quick look at the ihustrations in the first part of the 
book (the part which discusses apparatus and techniques) shows that something like twenty photographic 
reproductions are of commercial equipment or laboratory apparatus and convey little or nothing to the 
reader that is not already in the text. fn any case, the manufacturers will gladly sand an illustrated brochure 
on receipt of a postcard. Then the manner of presenting references is the Harvard system, which inevitably 
wastes space on the repetition of authors’ names. At the end there is a 2O-page author index which repeats 
ail the names yet again. The layout in some sections also seems rather wasteful of paper-surely the seetions 
in the chapter on detection reagents need not have been so widely spaced, for example. The ‘.m&’ of the book 
is in the sections deafing witb specific classes of compound, and much of the first 150 pages or so is already 
available in some form or other in books likely to be at the reader’s disposal. At the rule-of-thumb costing 
rate of f2 per 100 pages the book would cost about fl5; its length could have been reduced by at least 
40 pages by elimination of material on the lines suggested above, and by much more if the ‘apparatus and 
techniques’ section had been omitted or curtailed. The conclusion is that a very limited market is expected; 
the resultant price may limit it even more. 

Analyticat Chemistry of Phosphorus Cam: M . HALMANN (editor>, Wikey, New York, 1972. Pp. x + 850. 
$39.95, 

With literature coverage up to 1970 (in some chapters) this book gives a survey of the analytical methods 
for phosphorus and its compounds, and for determination of phosphate species in various types of natural 
and synthetic samples. The division of the writing between a number of experts has led to a certain ammmt 
of repetition of material, and it might have been better to use fewer authors. In some parts the coverage 
is less complete than would be expected in a book of this nature, but in general the volume is to be welcomed 
as a useful tool in the analyst’s library, and the price is reasonable in view of the length of the book. 

Separation and Purification Methock, Vol. 1: EDMCPND S. PERRY and CARET J. VAN 0% &&to&, Dekker, 
New York, 1972. $19.50 per volume (2 issues) pius 81.30 postage outside U.S.A. and Canada. 

According to the preface this new journal is the successor of the same editors’ earlier series Progress ilr 
Sepmzrion and Pur~~c~~i~~ (Wiley]. The price quoted is for the soft-bound version. A hard-cover version 
(price not specified) will also be availabie. A reduced combined subscription ($59.50) is offered for Sep@?c@fi 
Science taken along with this new journal. 

Khimiya protsessov ekst&tsii: YIJ. A. Zo~orov and B. YA. SPJVAKOV (editors), Izdat. Nauka, Moscow, 
1972. Pp. 288. 1 R. 91 K. 

Readers of Russian will welcome this new contribution to the literature of extraction chemistry, prepared 
under the able editorship of two well-known Russian workers in the field. It is, in fact, a collection of research 
papers on the chemistry of ehtraction processes. It ends with a tear-out section of card-index summaries, a 
good idea that is slightly spoiled by the fact that both sides of the pages are used. However, a photocopying 
machine would soon deal with that problem. 

Act&it&s de Chimie Analytique: J. A. GAUTIER, P. MALANGEAU and F. PELLERIN (editors}, Masson, Paris, 
1972. Pp. 186. 98 F. 

This volume, the 2lst in the series, contains a number of review-type articles, on applications to various 
organic or biological systems, of a.c. polarography, thin-layer chromatography, vanadium(V) as an oxidant, 
GLC, ion-exchange, and nmr. 

Modern Analytical Methods: D. B~~~ER~GE and l-L 6. HALLAM, Chemical Society, London, 1972, Pp. 
vii + 227. f2.00. 
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This is No. 21 in the “Monographs for Teachers” series, intended for use at GCE A level and above. 
Even a quick glance at the contents shows that it is ‘above’ that is the operative word. Those who deal with 
entrants to university know only too well that exposure to ‘advanced’ topics at school level results in a very 
patchy knowledge of the material, and a woeful ignorance of many of the essentials, since time spent on being 
‘modern’ is then not available for the traditional. Taken as a text for students at say second year university 
level or above the book does an admirable job as far as it goes. Some, however, will regret that gravimetric 
analysis is ignored and will feel that the 300 words or so on sample dissolution might as well have been 
left out too. II may be argued that gravimetry has no place in modern analysis, but that is highly debatable. 
What is certain is that the decomposition techniques used correlate large areas of factual chemistry with 
theoretical considerations,and provide innumerable object lessons in the logic of development of an analytical 
procedure. The important topic of sampling is also not discussed. An extra 30 pages (and IO shillings on the 
price) would have transformed a valuable book into an invaluable one. 

Spot Tests in Inorganic Analysis, 6th English Edition: FRITZ FEIGL and VINZENZ ANGER (translated by 
RALPH E. OESPER), Elsevier, Amsterdam, 1972. Pp. XXIX + 669. Dfl. 125 (ca. $39.00). 

The long-awaited new edition of “Feigl” will be a lasting memorial to the work of the senior author. 
The treatment is as wide-ranging and authoritative as ever, and the number of tests has been expanded by 
over 30%. The accumulated experience of the last 14 years has been sifted and documented, and laid out in 
orderly manner for general use. Dr. Anger is to be warmly congratulated in his preservation of the flavour 
of the original, so that the blend is as smooth as could be desired. The extensive applications of spot tests 
amply illustrate the power and utility of the technique, and all who need to investigate small samples will 
be glad to have this book as guide. Professor Oesper’s translation has that easy flow that disguises the fact 
that the original language was not English. 



SUMMARIES FOR CARD INDEXES 

Oxidation with permanganate in presence of fluoride: Potentiometric determination of rn8~~n~j~) : 
1. M. 1ss.h and M. M. GHONEIM, T~l~ta. 1973. 20,517. (Chemistry Department, Assiut University, 
Assiut. Egypt .) 

Summary-The effects of acidity, Fluoride concentration, temperature and concentration of 
manganese in the reaction between KMnO, and Mn(II) were studied potentiometrically. The rate 
of reaction is increased by increasing the Ruoride con~utratjon and/or decreasing the acidity of the 
solution. The formal redox potentials ofthe M~O~~~n~JJJ~ and the ~n(Ir~)~~n(II) systems were 
determined at eiiflerent pH values. The E- values obtained by extrapolation to pH = 0 were 1.58 
and 1.52 V respectively. The amount of Mn(ll) determined was varied from 5 to 56 mg. The nc! 
reaction can be represented as MnO; + 1OHF; + 4Mn”’ =SMnF; + 2H’ + 4H20. 

Simuttaucous de~~j~tiou of .~u~~tit~~- and ~~u~tut~ nitruazutes and criteria fur their 
identification-k Nitroimidazoies and nitropyraz&s--Polarographk determination: DRACIGA 
DUMANOVI~ and JANKA &RI& Talanra, 1973, 20, 525. (Research Laboratory “Galenika,” 
Zemun. Yugoslavia.) 

Summary-The N-unsubstituted nitroazoles have an imino hydrogen atam in contrast to the 
~-subsrjtu~ed derivatives and react with hydroxide to give nitroazole anions. The strongly 
negative shift of Ej.2 for these anions makes possible simultaneous polaragraphic determination 
of any pair of compounds. one of which is an ~-unsubstjtuted nitroazole and the other a 
corresponding N-substituted derivative. Simultaneous polarographic determination of three 
compounds [4(s)- 4- and 5-nitroimidazole] is also possible from alkaline medium, but only 
when &E , 2 between the N-substituted isomers is at least 100 mV. Chramatographically. and/or 
by some other criteria it is possible to distinguish between the N-unsubstituted nitroazole and 
the ~-substi?ut~d derivatives. These compounds appear together in reaction mixtures arising 
during su~st~t~tj~n of the hydrogen atom. 

Anion-exchange hehaviour of various metals on DEAEceUuluse in mixed acetic acid-nitric acid 
medii: ROKURO KURODA. TAKAAKI KONDO and KQKHI OGUMA. Talania, 1973, 26. 533. 
(~borator~~ For Analytical Chemistry, Faculty of Engineering, University of Cl&a, Yayoi-cho. 
fhiba. Japan.) 

Summary-A number of nitrato complexes of metals have been found to be adsorbed on 
DEAE-cellulose from mixed acetic acid-nitric acid media. although none can be adsorbed from 
aqueous nitric acid solutions. The distribution coefficients of SC, MO, La, Sm, W. Re, Bi, Th and W 
are given as functions of acetic acid and nitric acid concentrations (sometimes in the presence 
of hydrogen peroxide to prevent hydrolytic precipitation). For 25 other metals column adsorption 
behaviour is described for a 902; acetic acid-IO:< 7*6&f nitric acid mixture. Favourable 
differences in the distribution coe@cients diow useful separation such as Fe-MO-W and 
W-Sm-Mo-Bi-Th, to be achieved. 

Complexatiuu of polyvinyl acetate with iodine: J. G. PRITCHARD and F. T. SERRA. T&ma, 1973, 
2ft. 541. (North East London Poiytechnic. London. E.15. U.K.). 

Summary-Polyvinyl acetate and iodine form a characteristic red complex in the presence of 
potassium iodide. Spectrophotometry of the complex at 510 nm in a methanol water-system at 
20. yields linear calibration curbes over the range 25-100 mg of polyvinyl acetate per 1. of 
final solution. The limit of detection is O,l mg of polyvinyl acetate in 0.5 ml of initial sample. 
Replacement of acetate groups by inert groups reduces the sensitivity of the method. and other 
details of the system are discussed. 



AHHOTaUHH CTaTei 

&ill?JCWle nepMaVraHpTOM B llpllCyTCTBWl *TOM: oll~ACJlGNllt? MapHlU3 llOTelilllfOMe~ll- 
veaa~.~ M~TOAOM: I. M. ISSA and M. M. GHONEIM, Tnlantu 1973, 20, 517. 

PeXOMe- MSyllCHO IIOTeHuHOMeTpH'feCKHMMeTOAOM BJIHRHHeKWCnOTHOCT~,KOHUeHTpaUWW 
~TopsiAa,TeMnepaTypbl~KoHueHTpau~~MapraHuaHapeaKumo KM~O,C Mn(II). CKOpOCTb 
peaKUliH IIOBbIlUaeTCR C lTOBbi&JleHHeM KOHUeHTpaUHH 4TOpliAa %l/HJlIi CHHmeHHeM KHCnOT- 
HOCTll p%TBOpa.OII~AeneHbl +OpM~bHbleOKHCnHTeflbHO-BOCCTaHOBWTenbHbleIIOTeHUH~bt 
c&icTeM Mn04-/Mn(III) w Mn(III)/Mn(II) np~ pa3nawibIx Benwimiax pH. BenwreHbr E”, 
no~eHHbIe 3KcTp~OJIKLWCti A0 pH=O CocTaBnRnW I,58 H I,52 B, COOTBeTCTBeHHO. 
KO~XY~CTBO onpeAen%etioro Mn(I1) 83MeHnnti B AHana3oHe 5-56 Mr. 061uyro peawulo 
MOXCHO npwcasaTb @opMynol MnOL- + IOHFZ- + 4Mn2+ * SMnF,- + 2H+ + 4H20. 

On110~pe~euuoe onpenenenne N-neuweqeunbix II N-3aMeIueRHbDi HHTp83OAOB II KPHTePlUl WX 
IlAw- I.HllTpoilMwwwwHHuTpomlpa3onbl- OnpeAejreAlrenonnpor~~nqecKHM 
~TOAOM: DRAGICA DUMANOVIC and JANKA CIRIC, Tuluntu 1973, 20, 525. 

PeSOMe-B OTnH'iHH OT N-SaMelUeHHblX llpOH3BOAHbIX, N-He3aMeJAeHHble HliTpOa3OnbI 
HMeIOT HMLIHO-aTOM BOAOpOAa W pear&ipyKIT C rHApOOKliCbE0 C o6pasoBaHweM HHTpasOna- 
HHOHOB. cHJIbHOOTpHUaTe.JIbHOe AepeMeIIleHHe E 1,~ AJlX 3TWX aHWOHOB II03BOnlleT OAHO- 
BpeMewioe nonnporpa@iecKoe 0npeAeneHHe nw6o8 napbl coeAHiieHa8, ecnw 0~~0 13 HWX 
N-HesaMeweHHbtti wiTpoa30n a Apyroe - COOTB~TCTB~I~~~~~ N3aMeweHHoe npoe3BoAHoe. 
OAHOBpeMeHHOe llOJIXpOrpa@VIeCKOe OlIpeAeneHHe TpeX COeAHHeHHti (4(5)-, 4-. Si 5-HHTPO- 
HMHAiuona)TaK%e BO3MOXHO H3 IAenO'IHOfi CpeAbI,HO TOnbKO eCnH AEllz MemAy N-3aMe- 
lqeHHb,MH H30MepBMH ITpeBbUUaeT 100 MB. BO~MOIKHO pa3nH'IaTb XpOMaTOrpa&VieCK&iM 
IlyTeM H/HnH HCIIOnb30BaHHeM HeKOTOpblX ApyrllX KpHTepHeB MeZKAy N-He3ahleIUeHHblM 
HHTpa3OnOhl H N+aMeLUeHHbIMH llpOH3BOAHbIMH. 3TH COeAHHeHBR I-IOIIBJVUOTCR OAHOBpe- 
MeHHO B&!4Z4lKuHOI1HbIXCMeCIlXCy~eCTBytOIUHXIlpH 3aMeLUeHHW aTOMa BOAOpOAa. 

&tIIOuoo6MeutIb8e XapiIICTepIICTHKH pB3HbIX MCTaJIAOB tI8 AEAE UeJIntOnO3e B CpeAaX COAep- 

~~Iuu~~K~~~~~H~~~TII~H)K~CJI~I%I: ROKUROKURODA, TAKAAKI KONWAND and KOICHI 
OGUMA, Tuluntu 1973, 20, 533. 

Pe3IOMe-YCTaHOBJTeHO YTO pxA HHTpaTOKOMnneKCOB MeTaJUIOB aACOp6HpykOTCx Ha AEAE 
uej-UlIOnO3e H3 CpeA COAepXaLUHX )‘KCyCHyrO H a3OTHyEO KWCnOTbI, XOTff OHW He ancopba- 
pylOTCnLi3 BOAHMXpaCTBOpOBa30THO~KKPCnOTbl.flpHBeAeHblK0~~WUReHTbI pi3CIIpeAWICHHR 
SC, Mo,La,Sm, W, Re, Bi,Th,w U B 3aBHCHMocTH OT KoHueHTpauHfi ~KCYCHOB w a3oTHo8 
KHCnOTaX (B HeKOTOpbIX CnyU;illX B KlpNGyTCTBHH nepeKBCH BOAOpOAa AllR ITpeAyllpexAeHHlI 
rHApOnIiTH'ECKOr0 OCaXEAeHHSI). OlIHCaHbI aACOp6uHOHHble XapaKTepHCTHKH 25 ApyrHX 
MeTanJIOB C HCtlOnb30BaHHeM CMeCW %0/O yKCyCHOR KWCnOTbI H lOoA 7,6M a30THOZi KHCnOTbI. 
nOAXOASl~e pa3HHUbI MexAy KO3@JHUHeHTaMH paCtIpeAeneHHn lT03BOnR~T UpOBeCTH 
pasneneawe Fe- MO -W H U -Sm - MO- Bi- Th. 

06pn3osawe KoMnnewa nonwww.naueTaTa c HOAOM: J. G. PRITCHARD and F. T. SERRA, 
Tuluntu 1973, 20. 541. 

Pe3iOMf?---0nHBHHHnaueTaT o6pa3yeT C HOAOM XapaKTepHCTHrieCKH8 KOMoneKC B IIpH- 
CyTCTBHH HOAHAa Ka,,HII. C,,eKTpO,,,OTOMeTpHefi KOMAneKCa IIpH 510 HM BCHCTeMe MeTaHOn- 
BOAa ,TpH 20” rIOny'ialOTCX nHHetiHbIe KanH6pOBO'iHbIe KpHBbIe 13 AHaIEUOHe KOHUeHTpaUHfi 
25-100 iW/_Q ITOnHBHHUnaUeTaTa B KOHeYHOM paCTBOpe. YyBCTBBTenbHOCTb MeTOAa paBHa 
0.1 Mr nonHBHHwnaueTaTas0,5 MnHawnbHok npo6bl.3aMemeHseaueTaTrpynn HHepTHbwA 
rpyIlIIaMH CHHxaeT YyBCTBHTenbHOCTb MeTOAa; TaKxe 06CyXCAeHbI ApyrHe AeTanH MeTOAa. 



SUMMARIESFOR CARD INDEXES v 

A proposed sampiig ce~~tanf for use in geocbemifa~ nnn!ysis: c. 0. hGAMELLS and P. %vIrzER, 
Tah~rnru. 1973. 20, 547. (Climax Molybdenum Company. Golden, Colorado and Departments of 
Statistics and Geology. Stanford University. Stanford, California. U.S.A.). 

Summary-The error in a determination of an element in a rock or mineral sample depends on 
the analytical error, the weight of sample analysed, and the nature and history of the laboratory 
sample. The most probable result is not independent of the weight of sample analysed. This is 
due to the fact that trace constituents often reside in isolated mineral grains. The chance of such 
mineral grains appearing in any one analysed sample becomes more remote as the sample weight 
decreases, even when rock or mineral samples are reduced to f&e powders. Such subsampling 
errors can be controlled through the use of sampling constants. These may be estimated by 
several procedures, including repetitive determination of a constituent and physical measurement 
of relevant sample characteristics. Sampling constants can be usefully employed during the 
establishment and certification of reference samples or standards. When subsampling is deficient, 
analytical results may yield erroneously low values, sometimes with high precision. High precision 
never implies high accuracy: it may be a symptom of gross error. 

Use of non-selectiive reagents in direct thermometry: P. MARIK-KORDA, L. Butisr and T. CSERFALVI. 
Taimrn. 1973, 20. 569. (Institute ol General and Analytical Chemistry, Technical University, 
Gel&t t&r 4, Budapest Xi, Hungary). 

Summary-A method has been developed for the simultaneous determination of sulphide and 
thiosulphate with non-selective reagents on the basis of the difference in their heats of reactian. 
Iodine solution was used as one reagent and bromine water as the other. An error diagram has 
been calculated and the theoretical errors compared witb those obtained in practice. 

Relative sensitivity coefficients for rare earths in spark-source mass spectromeby: IL J. CONZEMIU~ 
and H. J. SVEC, Tulanm, 1973, 20, 575. (Ames Laboratory-USAEC and Department of 
Chemistry. Iowa State University, Ames, Iowa 50010, U.S.A.). 

Summa~y~Relative sensitivity coefficients have been computtxf for rare earth elements a~rding 
to emptrrcal models which have been proposed in the literature. Explanations concerning 
differences between the computed and observed values are based upon possible instrumental 
discrimination effects which negate some processes occurring in the ion source. Computations 
relating elemental physical constants to observed results in a semi-random manner are shown 
which support this contention. 

Synthesis and ion-exchange properties of retie mugstate: S. N. TANDON and J. S. GILL. Tafnnta, 
1973. 20.585. (Department of Chemistry. University of Roorkee. Roorkee (UP.), India.} 

Summary-Ccric tunpstate has been prepared under varying conditions of precipitation. Its 
properties and ion-exchange behaviour have been studied. Separations of IQ2 + from ZnZ’, Cd2 * 
and Pb2’: Co?’ from Mn” and Fe3”: and A13+ from Cr3+ and Fe3” have been carried out 
on ceric tungstate columns. 



vi AHHOTaIIHH CTaTe8 

rIpeAJIoiKerman HoucTBuTa OIipommm Ann HeIr0nb30BBmIB B rOXHMHWCKOM aHanwe: 
C.O.INGAMELL~ and P.SWITZER, Talanta 1973,20,547. 

~e3IoiWe- Omx6Ka ~o~peA~eH~~oAHoro3AeMeHTa~ropHoP~opoAe~A~MwHepane3anw- 
CHT OT aHaJIIiTH%CKOfi OIIIH6KH, BeCa aHaJIIi3HpyeMO8 npo6bI Ii IlpEpOAbI Ii HCTOpHH 
na6opaTopHo% npo6bI. Hti6OAee BepOaTHb& pe3yJIbTaT 3aBIiCHT OT BeCa aIia.rIH3I.fpyeMOii 
npo6br. &O IlOIlaRReTCJl B pe3yAbTaTe TOrO 'IT0 We BCerO CAeAOBble KOMIIOHeHTbI CyIAeCT- 
ByIOT B H3OJTHpO aaHHbIXMHHepaJlbHbIX 3epHaX.~pOHTHOCTbnOWIeHWI 3TIIXMHHepaAbHbIX 
3epH B aIWIH3HpyeMOti 11p06C am~ae’rcn c yMeHbIIIeHIieM BeCa npo6br, Ame ecm npodbr 
rOpHbIX IIOpOAHJIHMIiHepaJIOBIi3MeAb%IoTC~ BMeJIK03epHHCTble IlOpOIIIKH.TaKIie OUIH6KH 
onpo60~a~5in MO)KHO KOIiTpoJIHpOBaTb C WCIIOJIb30BaHHeM KOHCTaIiT onpo6oBaHHn. 3TH 
KOHCTaHTbI MO=0 OIIpeAeJUITb pa3HbIMH MeTOAaMH, BKAXYIaR IIOBTOpHOe OIIpeAeneHHe 
oAHoro KOMuOHeHTa H ~H~HwcKoC H3Mepe.HHe KaCaiOWiXCII XapaKTepHCTHK npo6bI. KOHC- 
TaHTaMH onpo6oaaH~r MOxCHO ITOJTb3OBaTbUI IIpH OIIpeAeAeHHH Ii yA.ocTOBepeHIiH 3TaAOHOB 
HJIH CTaHAapTOB. B CsryYae HeAoCTaTO'IHOrO BTOpH¶HOrO oT6opa npo6 MOryT IIOJQ'lraTbCa 
OIIl&YIHbIe HH3KHe pe3yJIbTaTb1, BHOrAa C BbICOKOti BOCITpOH3BOAHMOCTbH). BbIcoKaR 
BOCIIpOH3BOAHMOCTb HHKOrAa He 3aKJIKYIaeT B Ce6e BbICOKyH) TO'IHOCTL; OHa MOW(eT TIpeA- 
naann~b co6ofi CIimOM 6onbmoti OIUH~KH. 

Henonb3oaauae ueeenemmuux peere~ro~ a ueno~peAc~eesaoti TepMoMeTpnn: P. MARIK- 
KORDA,L.B~~ZASLWII and T. CSERFALVI, Taianta 1973,20,569. 

PE!3IOMe- Pa.3paCjoTaH MeTOA OAHOBpeMeHHOrO OIIpeAeJIeHHX CyJIb&iAa If THOCyJIb+aTa C 
IiCIlOAb30BaHkieM HeCeneKTHBHbIX peareHTOB Ha OCHOBe pa3HHLIbI MeWy 1(X TeIIAOTaMW 
peWVW.PaCTBOp HOAaHCIIO~b30EWIH BKaWCTBeOAHOrO WeHTaaBKaWCTBe ApyrOIO- 

6po~~y~) BOA)‘. BbIYHCAeHa AHarpaMMa OIIIH6OK, a TeOpeTH'IeCKIie OIIIH6KIi CpaBHeHbI C 
OIIIH6KaMti,IIOJIy'IeHHbIMH B IlpaKTIiKe. 

07uoarrwe ICO*H~ ~)%CTBUT- AA!4 PeAKOSMWlbKbIX 3AeMWTOB B MBCC- 

C~KTPOM~TPKK c KCK~OBUM WTO~KKOM: R. J. CONZEMIUS and H. J. SVEC, Talanta 1973, 20, 
575. 

PWOMt2- BbIYHCJIeHbI OTHOCWTeJIbHbIe K03@IHLIHeHTbI 'IyBCTBHTenbHoCTIi AJIl peAKO- 
3eMeJIbHbIX 3neMeIiToa Ha OCHOBe 3hlIIIfpH'IeCKHX MoAeneltt npeAAoneHHbIx B nwTepaType. 
06blICHeHHII PB3HHU MemAy BbI'UiCJIeHHbIMIi H 06Hapy)IIeHHbIMH BeJIH'IHHaMH OCHOBaHbI Ha 
803MO~HbIMSi e&KTaMH AHCKpHMHHaUHH npabopa, KOTOpbIe OTpHIIaIOT IieICOTOpbIe IIpO- 
UeCCbI IIOllBJIffW)UUfeCR B HCTOWHKe BOHOB. npHBeAeHb1 paC=IeTbI CBSI3bIBaIOIIWe 3JIeMeHTap- 
HbIe 4H3HWCKHe KOHCTaHTbI C 06HapyXeHHbIMH pe3yIIbTaTaMH B ITOJIyCJIy'IafiHOM CIIOCO6e, 
IIOAKpeIIJTXIoIAHe3TOTCITOp. 

Cmrre3w~onoo&eImbIexapaIcrepwTwaIBon~~TauepllP:S.N.T~~~0~ andJ.S.GLL, 

Talanta 1973, 20, 585. 

pe3mMe- ~~b~paMaTUep~~~pHrOTO~eH~pHpa3~~9HbIXyC~OB~~XOCa~AeHH~.~3y~eHbI 
ero CBOfiCTBHIl H HOH006MeHHbIe XapaKTepHCTBKH. YAa.WZb OTAeAHTb Hg2+ OT zn*+, Cd*+ 
A Pbf+,CoZ+ OT MI?+ w Fe2+,w Al"+ OT Cr’+ U Fe3+ Ha KOnOHKaX BOnb4paMaTa IlepIUI. 



Volume 20, 1973 

July-December, Nos. 7-12 

CONTENTS 

NUMBER 7 



Sltorf Communicafions 

C. W. N. CIJMPER: Computer programme for calculation of electric dipole moments from measurements in solution 

CHRISTINE A. HELSBY: Determination of copper and molybdenum in the hard dental tissues of rats by atomic- 
absorption spectrophotomctry . . . . 

Nrco~~rr~ BURQER and VINKA KARAS-GASPAREC: Spectrophotometric determination ofascorbic acid with potassium 
hexacynnoferrate(II1) . . . 

Analytical Data 

VINCENZO CARUNCHIO, Roewro BEDL~~I and GIUSEPPE DE CECCO: Species in the cobalt(IJ) chloride-2-“itroso-l- 
naphthol system in benzene-ethanol mixtures 

S. C. KHURANA and C. M. GUPTA: Polarography of cadmium malate con~plexes 

Papers Received . . . . . . . 
Summaries for Card Index . . . . . . . . . , . . . . 

NUMBER 9 

Professor Academician I. P. ALIMARIN . . 
B. FLEET and A. Y. W. Ho: A” ion-selective electrode system for continuously nmnitoring cyanide ion, based on a 
computerized Gra” plot technique . 
ROBERT E. ALLEN and DENNIS C. JOHNSON: Determination of H&II) in acidic media by stripping voltammetry with 
collection 

G. GO~SCHALEC and I. L. MARR*: Systems theory in analysis-I. Definitions and interpretations in the basic terms of 
Systems theory (English version*). Arbeitskreis “Automation in der Analyse”: Convener G. GOTTSCHALK 

GENKICHINAKAGAWA and HIROKO WADA: Effects of auxiliary complex-forming agents on the rate ofmetallochromic 
indicator colour change . 
K. HEYWJRN and KRISTA NOKG~RD: Analysis of precision of activation-analysis methods . . 
K. HUYSMANS, R. G:zw,s and J. HOSTS: Determination of oxygen and silicon in rocks by 14-MeV neutron-activation 
analysis and its precision . 
J. J. AARON, W. J. SPANN and J. D. WINEFORDNER: Quantitative phosphorescence study of interactions of cytosine 
and cytidine and its nucleotides in frozen aqueous solution. Evidence for anomalous heavy-atom effect 

Nosum~o ISHIBASHI. Hrrostn KOHARA and KAZUO HORINOUCHI: Aromatic sulphonate ionselective electrode mcm- 
brane with crystal violet as ion-exchange site 

Nosulosu~ KIBA and Tsucro TAKEUCWI: Thermometric titration in investigation of the formation of polyanions of 
molybde”um(VI), tungste”(VI). vanadium(V), and chromium(VD-I. Comparison of thermometric and potentiomet- 
ric titration cuves 

V. YATIRAIAM and JASWANT RAM: Separation of molybdenum from interfering elements by extraction as phospho- 
molybdenum blue . . . . . 

Short Communications 

R. S. YOUNG: Determination of calcium oxide in calcined phosphate ores 

TSUYOSHI TAKEBAYASHI, HID!XI MATSUDA and SHUNII UMEMOTO: Application of the fission-track technique to the 
determination of uranium in natural waters . . 
M. BRISKA and W. HOPFMEISTER: Determination of copper in ammonium fluoride solutions by extraction and atomic- 
nbsorptio” spectrophotometry 

K. D~~~RICH und H. RBSSLER: Emissionsspektrographische Bestimmung vo” Germanium und Zi”” in Gallium- 
arsenid 

P. D. SHARMA and Y. K. GUPTA: Determination of hydrogen peroxide by thallium(IIJ) in the presence of iron(J1) 

GEORGE No~wrrz and HERMAN GORDON: Determination of lithium stew&e in sebacate-based lubricants by atomic 
absorption . 
P. V. KRISHNA RAO and G. GOPALA RAO: Hydrazinc sulphate as reagent for titrimetric determination of vanadium(V) 
and chromium(V1) 

L. L. KOCHEVA and R. GECHEVA: Desorption of small quantities of chloraurate ions retained on anion-exchangers, 
in the separation of gold from base metals . 
M. B&ANT and J. G~ono~s: A twinned mercury-filled glass electrode system for acid-base titrations in a number of 
non-aqueous solve”ts . 

BALBIR CHAND VERMA and SWATANTAR KUMAR: Non-aqueous cerinxtric dcterminntion ofthioureas 

Analytical Doto 

A. GARCIA DE TORRES, M. VALCARCEL snd F. PINO: Analytical properties of 3-hydroxypicolinaldehyde arine 

HAMED M. EL FATATRY, ALFRED W. VON SMOLMSRI, CECIUO E. GRAC~AS and DOMINICK A. C~VIELLO: Chelating 
properties of a-oximinocarboxamides-II. syn-a-Oximinophenylacetamide: copper complexes 

Papers Received. . 
Publications Received . 
Notices . . . . . . . 
Summaries for Card Indexes . . . . . . . . 
Notes for Authors . . . . . . . . . . . . . . . . 

775 

719 

782 

787 

789 

iii 

I 

793 

799 

811 

829 

835 

843 

855 

867 

875 

885 

891 

8Y2 

895 

897 

903 

905 

907 

910 

914 

‘1 I 6 

919 

923 

Ii 

iv 

” 

xv 



NUMBER 10 

.I. M. 0rmw.b.~ and N. K. Pn~o~ah: Detcmmination of chromium steel by atomic-absorption Spectrometry with an 
air-acetylene flame . . . . 
J. KRAGT&N: Photometric complex-tbrmntion titrations of submicromole amounts of metals-111. Back-titrations 

LAKRY R. TAYLOR, RONAL!> J. DAVENPORT and DEP~NIS C. JOHNSON: Electroanalytical study of the catalytic enhance- 
ment by ~ntin~ony(ili) of the anodic wave for btomidc in acidic media . 
DE~‘N~s C. JOKMON and IOHN LAR~CHELLE: Forced-Aow liquid cl~rol~~to~~phy vith a soulomettic detector 

H. S. CREYP, L. C. VAN Pouctir. and Z. EECI;HAUT: ??MR determination of the microscopic constants ofdiprotonated 
diamines in aqueous solution . . . 

YUK~O SEKIZURA, TAKEHIRO KO~IA, Tnw.xu YANO and Krt~rl UFND: Analytical application of organic reagents in 
hydrophobic gel media--I. General principle and the ux of dithizonc gel 

(i. E. Brsmu, T. M. Front wx and J. R. K~NNI.DY: Fluorimctric method for the determination of long-chain nmines 
in water , . . , 

Faux INGS~AN: Calculation ofsfabilit> con\tantb from photometric Jnta 

FoLKE lNOMAN: Photometric determination ofalummium with Alirarin Fluorine Blue . . 
G. A. CUUUE: Calculation of chemical equihbrium concentrations of complexingligands and metals. A flexible com- 
puter programme taking account of oncertainry in formation constant values . . . . 
HISAWXO E~AGA, HAJIME ISH~S and IWAII Iwns~~t: Indirect spc~trop~lotometri~ determination of thiocganatc by 
extraction as bisthiocyanatobisquinoliofmerciiry(I1) complex and its iignnd substitution reaction with dithizone 

J. D. CliE: Interpretation of moss rpecttn . 

921 

937 

w7 

953 

973 

979 

1017 

1029 

A. ~6 SOUSA: Indirect complehometric dctcrminution of chromate . 1039 

IVAN Ga~~ovsrrv, 1o~r.h TCHFH~.AROVA and AN~ANETA Dct.ulsli~: Indirect flame-photometric determination of 
silicon . 1040 

Summaries for Card Indcxc~ . . . . . 

Notes k-or Authors . . . . . . . . is 

NUMBER 1X 

l,UUlS G!JRDON I\IEMOKIAL hwaur~ 1 
J. T. VW Grhtmr: Talanta Review: Automated Net chemical nnalysers end their applications . 1045 

YE~CW~RO HI~IM~, HITOSHI YOSHIDA, kbsUHllt0 T&A and SHIGERU TnGuCHI: Precipitation of mngnesium ammo- 
nium phosphate from homogeneous solrltion by means of hydrolysis of p-nitrophenylphosphate with an alkaline 
phosphatase . . . . . 1077 

I>AI.F A. WILLIAMS and GEORGE H. Scne~rc: Tetrocy.tnoethylcne If-complex chemistry. indirect spectrophotometric 
detcrtniii~tionofDiels-Alder-active 1,3-dicnes . . 1085 

Ut_r.n FIDDLER: Coulometric microdet~rn~in~ti~)n of pcroxideh--.I. Ifydrogen peroxides 1097 

E. H. HANSEN and J. Ruztcrch: Selrctrode--The universal ion-selective electrode-V. Complex formation studies 
with the Gu(l1) Selectrode . . . 1105 

ADAM HULANICKI, MARF~;TKOJ.~~‘OWICZ and JOANNA DOUANSKA: TRIEN and TETREN i’s titrants in potcntiometry 
vith a silver indicator electrode . . . . . . 1117 

F. W. E. S~RELOW and C. 13. S. W. WEINERT: Selective separation of uranium from other elements hy cation-cxchnngc 
cl~romatngrapby in hydrobromic acid and hydrochloric acid-acetone mixtura . . 1127 

A. M. 130x0: I’olwographic proccdurcb without removal of oxygen, and other approaches to making the determin- 
ations more rapidly . if39 

I. KOKK~SCH and H. Gaoss: Ditcrmin.tt~on of v;lnndiom and molybdcmm~ by atomic-absorption spectrophotomctry 1153 
I. SIXCRKA and J. F. LECI~P~LR: Automati‘d d~t~:n~in~li~~i~ of fluoride ion in the parts per millinrd range i 167 

LOUI% Mint-s and D.&x% M. BAKRY: Distinguishing pol~f~~nction~ll front lll~~nofonction~l acids and bnscs by acid- 
base ritrimetry, multipnramctric curve-fitting and deviation-pnrtcrn recognition . 1 173 

73. 1. flusTIN and J. MocAfi: Amperumctrically indicated “pseudotitrntiom”-1. Complexometric determination of 
chrornium(I11) , . 1185 

D. 1. BUSTIN and 3. Moc4~: Ampevometrically indicated “pseudotitrntions”- II. Dcterminntion of chromium(Illl 
in the presence of other reacting metal ion? I191 

J. KOIIKISCW nnd D. DIWTRW~IS: hniotbe\cll;tngc \cp,s~,ktiun :~nd s~7cctraphotometric determination of thorium in 
gcologicnl sampler . . 1113 



D. M. FABRICK and J, D. WINEFORDNER: Quantitative meaarcment ofmixtures ofhallucinogens by fluorometry and 
phosphorimetry . . . . I??0 

Analytical Dutn 

A. BELLOMO, D. DE MARCO and A. DE ROBERTIS: Formation and thermodynamic properties of complexes of As(l) 
with thioorea as ligand . . . . . . . . i 22s 

Erratum . . . , . . . . . . . ) 1229 
Reprints of Talanta Reviews . . . . . . . . . . . i 

Papers Received . . , . . . . . . . . . v 

Summaries for Card Indexes . . . . I . . . , . . . . vii 

NUMBER 12 

R. Anros: Talanta Review: Thin-layer chromatography in the heavy organic industries . . 1331 
J. H. A, Ruzrcah and D. C. ABBOTT: Talanta Review: Pesticide residue analysis . . . . , 1261 

J. KOR?XCA und D. Dt~rtw~~rs: Anwendung van Ionenattsteuschverfahren zur Brstimmung van Sp~r~~elcnl~nten 
in natiirlichen W&sern-1. Kobalt . . . . . 1287 

J. Ko~firsix und D. DIMTTRIADIS: Anwendong van lonenaustausc!lvcrf;thren zur Be?tiI,lmUIlg “on Spa~meleit~eotcil 
in nattirlichen Wtissern-II. Cadmium I295 
J. KORK~X and V. Dwtt~txt~~rs: Anwendung van lonenaustilusch\erf,rhren zur Bestimmung YC)II Spurcnelementcn 
in natiirlichen W&ern--Ill. Thorium I303 
ULLA FIEDLER: Coulomctric microdetermination of peroxides-II. Organic peroxides . . 1309 

LARS-GUNNAR TORS~W~ON: Controlled-potential back-titration with electrogeneruted iodine as an intermediate. 
Application to the determination of thiols . . . 131’) 

E. Russrx~ and 0. BUDEVSKY: B-dithiocnrbaminot~ropionic: acid as a neu masking ;t&%l. Compieronwtric d~terminn- 
tion of zinc in the presence of cadmium , . . 1329 
ALFY B. SA~~LA and S. A. ABU-TALFB: Individual microdeterminatiol~ of chlilrine, bromine and iodine in halogen- 
ated organic compounds by the oxygen-flask method 1332 

A. CALUSARU: Polarographic determination of nitrauidc . 13.:4 

RLJDOLFPRI~~L JR. and Jriir ADAM: Extraction withlongchain amines-VJL Polnroymphic determinntmn of urimiiml 1338 

ADOLF M. MULOKOZI: Ion-exchange isolation of chromate from alkaline peroxide solutions 1341 

J&I ADAM and RUDOLF PRIRIL: Determination of uranium after its selective extraction as phcnylacetate 1334 
D. No~ov~and B. EVIIA~VA: Spectrophotomctric study and analytical application of the reaction between manya~- 
ese(Il) and 4-(2-pyridylazo)resorcinol . I347 

Adyticaf Data 

Y. K. AGRAW~L and J. I’. %uw_n: Stability constants of some bivnlent metal complexec of A’-phenyl-o-tol~lbotizo- 
hydroxamic acid , . 1353 

Y. K. Ac~nwah: Correction factors for the glass electrode in aqueous dioxan . . . , 1354 
Papers Received . , . . . i 

Publications Received . . . . . . . . . . . iii 
Reprints of Talanta Revieus . . . . . V 
Summaries for Card Indexes . _ . . . . . . . . . . . . h 



SUMMARIES FOR CARD INDEXES 

How to write a paper on atomic-absorption spectrometry: J. RAM~REZ-M&IOZ, Tufunru, 1973, 
20, 705. (Beckman Instruments Inc., Fullerton, California 92634, U.S.A.). 

Summary-The present situation in the preparation of new papers on atomic-absorption spectro- 
metry is discussed. The different types of papers published in this field are reviewed and details 
given of topics that must be dealt with in writing such papers. Particular attention is given to 
experimental papers dealing with new instrumentation, study of the analytical behaviour of 
analytes, and new procedures for specitic analytical applications. 

The performance cbaracteristks of analytical methods-III: A. L. WIISN, Tdanta, 1973, 20, 
725. (The Water Research Association, M~menham, Bucks., U.K.) 

Summary-The range of concentrations covered by an analytical method is an important 
performance-characteristic, and suggestions are made for definition of this range. The ability to 
detect small concentrations are also considered, and it is suggested that the standard deviation 
of blank determinations be quoted as the performance-characteristic relevant to the power of 
detection. 

Graphical analysis of the formation function-I. The real cross-over point: L. C. VAN POUCKE and 
H. F. DE BRABANDER, Talanta, 1973,20, 733. (Department of General and Inorganic Chemistry, 
University of Ghent, Ghent, Belgium). 

Summary-From a mathematical treatment, it has been proved that a family of formation curves 
shows a real cross-over point in the following cases: (a) a mixture of mononuclear complexes 
BA,BA,... BA, and ~lynucl~r complexes of general formula (B, A&, provided that p/g c N ; 
(b) a mixture of homonuclear complexes BeA,, where Q is constant, and mononuclear 
complexes shows at least one cross-over point if the maximum value for P is smafler than NQ 
and at least two cross-over points if NQ lies between the minimum value and the maximum 
value for P. Curves calculated for three different examples are in perfect agreement with the 
theory. 

Determination of traces of zinc by fluorimetricaily indicated compiexometric titrations: R. VAN 

SLAGEREN, G. DEN BOEF and W. E. VAN DER LINDEN, Talanta, 1973, 20, 739. (Laboratorium 
voor Analytische Scheikunde, Universiteit van Amsterdam, Amsterdam, The Netherlands.) 

Summary-Zinc forms fluorescent complexes with 8-hydroxyquinoline-S-sulphonic acid (HQS) 
in the pH region 7-10. The stability of these complexes is such that two different titration 
procedures are possible: the titration of zinc with HQS and the titration of zinc with EDTA in 
the presence of HQS. For both procedures the choice of the titration conditions is described 
Also two separation procedures for zinc are described, especiafly suitable in connection with the 
EDTA titration. The practical results show that zinc in concentrations larger than 10e6M 
(@05 pg/ml) can be titrated with good precision. 

A study of tbe composition and properties of the ion-association complex of Rhodamine B with 
silicomolybdic acid, with a view to its analytical application: A. G~LKOWSKA and L. PSZONICKI, 
Tulanta, 1973, 20, 749. (Department of Analytical Chemistry, Institute of Nuclear Research, 
Dorodna 16, 03-195 Warsaw, Poland). 

Summary-The composition of the ion-association complex of Rhodamine B with silicomolybdate 
has been examined by Job’s method and spectrophotometric titration. The ratio of Rhodamine B 
to silicon in the complex is 4 : 1. The same ratio is obtained by analysis of the crystalfine 
complex. The composition of the complex is identical in aqueous medium, an organic solvent 
(ethanol) and in the crystafline state (C2sW,,NZO~)aSiMo,20.0f. The complex is stable in-the 
organic solvent and has its absorption maximum at 555 nm and a molar absorptivity of 
5 x 10’ l.mole-‘em-‘. The complex can be advantageously used for the determination of silicon. 

. . . 
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Amo~wnn cralefi 

Pe3me - Cowan ~o?mcco~~o~oro ~ohumcca pommcxa E c cwmmn4omi6~e~o~o,g 
RrfcJIoTO'0f Ef3yml c EwIom3OBaHHeM hmona JIxco6a if ClIeKTpodxsTOMC~K’XeCKEM mTpqBa- 

HH6M. thiOiIIeRHe mJV&fSlSa 6 H K~MHIIK B KOMllJIeKcG PaHO 4 : 1, 310 XCC OTHOll'fCIiXf~ 
lloilyw%io B - ~p~O~0 KOhSM@C.fk. CbCTtlE KOMIUEeKCa WleISTHWXd8 B 
BOlOioM paCrrmoPe, B pa;cTBape OpZ3EWECKOlV PWTBOpHTeJIx (3TB)IOnB) W B KpFICTWUKH= 
ueCKo& @Poe (Cz~HsoNIO1)*SiMollO1o. KomeKc R~TXCTCJI y~rro&.ii~bm B oprami* 



SUMMARIES FOR CARD INDEXES V 

Ev8hoition of 8 c&on-rod ntomizer for routine determination of trpce me&s by atomic- 
absorption spectroscopy. A~~~~~ to nn8i~is of ~~ri~ti~ oil and crude oil: G. HALL, M. P. 
BRATW, JR. and C. L. CHAKRABARTI, Ta~a~~a, 1973, M, 755, (Department of Chemistry, 
Carleton University, Ottawa, Ontario KtS 5B6, Canada). 

Summ8ry-A carbon-rod atomizer (CRA) fitted with a ‘mini-Massmann’ carbon rod was 
evaluated for routine analysis of petroleum and petroleum products for trace metal content 
by atomic-absorption spectroscopy. Aspects investigated included sensitivity, detection limit, effect 
of solvent type, and interferences. The results of analysis of oil samples with this technique 
were compared with those obtained by other techniques. Metals studied were silver, copper, 
iron, nickel, and lead. Sensitivity and detection limit values obtained with the CRA were similar 
to those obtained with the carbon-filament atomizer. Strong ‘solvent effects’ were observed as well 
as interference by cations. On the basis of this study, design changes for the CRA are 
suggested, with the object of minimizing ‘solvent effects’ and interferences, increasing the 
atomization efficiency, and increasing the residence time of the atomic vapour in the optical 
path of the instrumental system. 

Applicetion of an oxygen-shielded air-scetylene fl8me to atomic spectroscopy: R. STEPHENS, 
Talanra, 1973, 20, 765. (Trace Analysis Research Centre, Department of Chemistry, Daihousie 
University, Halifax, N.S., Canada.) 

Summary-A burner has been designed which provides an oxygen-shielded air-acetylene time 
for atomic-absorption work. The chemical reducing properties of the oxygen-shieid~ &me 
operated under fuel-rich conditions are enhanced by the higher C : 0 ratio obtainable in the 
flame and by the higher flame temperature just above the reaction zone. The frame is inherently 
essentially free from the risk of flashback, and is offered as an alternative to the nitrous 
oxide-acetylene flame for use with certain types of equipment and for particular applications. 

Computer programme for c8kuI8tion of electric dipole moments from rn~su~~ in solution: 
C. W. N. CUMPER, Talanra, 1973, 20, 775. (School of Chemistry, Thames Polytechnic, London, 
S.E.18, U.K.). 

Summary-An ALGOL computer programme is described for the calculation of an electric 
dipole moment from measurements made on dilute solutions in a non-polar solvent. 

Determination of copper and molybdenum in the hPrd dental tissues of rpts by atomic-absorption 
spectrophotometry: CHRISTINE A. HELSBY, Talanta, 1973, 20, 779. (Department of Conservative 
Dentistry, University of Manchester, Manchester 15, U.K.). 

Summary-The measurement of uptake of copper and molybdenum from the diet into rat’s 
teeth required the use of an accurate but rapid method of analysis. The simultaneous extraction 
of copper and molybdenum with APDC from the sample, combined with atomic absorption, 
proved to be both accurate and reliable. Interference from other elements present in the sample 
was easily overcome by the use of standards with a matrix equivalent to that of the teeth. 

Spectrophotometric determination of ascorbic acid with potassium hexacyanoferrate(ffI): NICOLETTA 
BURGER and VINICA KARAS-GASPAREC, Taianta, 1973, 20, 782. (Department of Chemistry and 
Biochemistry, Faculty of Medicine, University of Zagreb, 41000 Zagreb, Croatia, %Iata 3, 
Yugoslavia). 

Summary-A new, simple and rapid method of determination of ascorbic acid in amounts 
of 45-360 pg is described. The ascorbic acid is determined spectrophotometrically at 420 nm 
from the decrease in absorbance it causes in 1 x 10m3A4 hexacyanoferrate(II1) in McIlvaine 
buffer at pH 5.2. The proposed method is suitable for the determination of ascorbic acid in 
pharmaceutical preparations and probably in natural products. 



vi AHnoTauHH craTeB 

oscreraimm- mm 42epiMm onpexexeuxr cnexom ~eramo~ wetoxo~ atomo- 
a~ca#rpoarono:IIpweaawewtonasamwf3ewa3owwX Maeanncbwd 
me@~,~: G. HALL, M. P. BRATZXL, Jr. and C. L. CIUKRABARTI, 7’u~urn~u 1973, 20, 755. 

Pewwe - IIpomzte~a ouema rp@wstoso# xxowthl txna ~~M~~~-Maccmx~~ mn cepxftiroro 
swnf3a cneitoK MeTtuuIoa B cblpoL He&% H He@tKHax nponyrtTax- MeTonoM aToMHo- 
a~~~~o~ CneKtpocK0llHH. I?3yscHbl41yBCTBHT~bHOCtb MeToss, BJlHKHHe Tsgxa pactBo- 
potent x -a-He xcRcTwf. Pe3ynbTam, norryscRRMe K aRltlIH3e ~acen 3~xbz MetoaoM 
cpawww c pesynataw nonyvt~mdm~ npynwi MeTow. I13yw~~bre Meran.w BKJIIO- 
no107 cepebpo, ~wb, me30, ~H~enb H cnmeu. ~THM cnoco60~ nonyreHM uynctBHTenb- 
HOCTR, IYOXOXfHe XyBCTBWWIbHOCtKMH nOJly’KWHbIMH C HClIOJlb30WUiHCM KIOWtbl ita OcHOBe 
yWpORlIO$& HHtH. G6Hwyz4xeHbI CHJIbHblC Wt$&KTbI paCTBOpHTeJI@~ H MeIlIaW~lW @CtBHff 
KamoHois. Ha OCHOBC 3Toro Hcc~1cxo8aHsfK npexzozKe= HUrleHeHHbxe ~ne~br, c uenbzo 
ybiexbusb w&t&zbz ~~p~e~~ H Merle xe&7nwc, ny~eM ~OB~~X *KTHB- 
HEATH a1oMR38LMII R lQX?AOl=eHI!leM BpOMGmt IipC&I~R Rapa BTOMOB B OlZtHWCKO~ 

rryrH npH6oPg. 

s-i- flillaanrnm HHeJIopoAow RnBwemI Mnnym-auenuwm lura atowo- 
a6eq@md v: R. S~EPERWS, Talanto 1973,2Q, 765. 

Pamm- ~KOIfCTp~fbO~ ropurwa zwow 3aLLwweHHae KHuI0po~0M IlJlaMR Bo3Ayxa- 
z%uetHneHa IUSK atOMHo-a6cop6uHoHHo~ cncrrp~c~onHx. XHMHWCICKC ~awwmmam~sie 
XrrpKKXj?utmmE WKW4CHHO~O KiiCAOpOAOP.4 IIJIaMCHR IIpH H36bIPKe TOllJIHBa ewe ycHneHbl 
n0BB OlTiomeHlfw C: 0 nonywetdw n rfnaMeHii H nosbuneHHoft tmnepaTyp0~ ma- 
MC= m pWnr~olilI0~ ~oii.'~JIahfK CyItWTBCHHO CllO6OAHOfZ OT pHCKa BCUbllIUQI H 

Q38&II~HOnrUSfCXWXb3OB&WHKBMCCTOIfMWHH 3aKHcHa3oTsaueTHxeHa B HCKOTO~MX 
np~6upax If .wr~ xe~o~opb8~ oco6eH~bfx npHbfcHeHH1. 

-m- wmcmmam xmmbmx ~obfexrom xa oexone mxeptmdi B 

pacmopec-y-m: c. W. N. CUMPER, 

Talaeta 1973,26,775. 

Purse- Omrca~a npom ALGOL luur 3BM m wmmnems mmpmecsoro 
~OJibiEOrO MOMtRML Ha OCHOEZe Si3MePeHHi# IIpO=ACHHbiX E psU6Z+A;HHbiX pRCT3OpaX B 
HeIx0mIpH0M pactBopHTeJIe* 

oIlpwmmMaABrwoAR6ABnBBtBqJ~3ybeuxtMR3x iqbffz M~TO~M aToxHo-&eop6- 
m w: CHRLQWE A. He-r, Taiunta 1973,20,779. 

W - OnpencneHsce KowKcTBB MeilM x bfonH6aefia. nepexons4ero 83 naw~ B 3y6bz 
wpb~c R~~I~IMB~~O HCZIOIIWOBBRHC towroro Ho 6blcTporo awns TwxecKoro MeTOna. OJIHO- 
3pebWXWe 3KCrpanrpOWHHe MUM H ~omi6m~a ~3 lIpO6bt c IIOMOK~O AIIfiI.I c~sna~~oe 
C bfWOAOb¶ aToMHo-a6COpbUaOHHO~ CUtKTpO@OTOMtTpHH OlW4lJlOCb TOWbib H IiQ&KlibM. 

BJUWW~ upwzy~m+ym~ B npo6c npyrHx ~~GM~HTOO% ~36emy~o ~c~om30wmfehf cm+ 
pagroS,~~H~~TO~MXCOoTBcTcTBoBaRaM8~IIU~ 3$& 

CW oape~m aucop6moaoa ~ncno~b4 re~~cauwuao+eppnmm() 
KMI:NICOLETTA BURGER and VINKA KARAS-GASPARAC,T&MU 1973,20,782. 

Pawns- Ormm wo~widr ~ec.norr~bfR H Bb~ctp~fi hmon ompem.nem ~CKO~~HHOBO& 

~xcnm B KOJISRJCTBKX 45-360 our. ACK~~~HHOBYIO KHCJIOTY OIJ~~~~~JMT CII~KT~O@TO- 
bfetpii%cxH~ ~JIOM npH 420 HM Ha OCHOB~ CHHxeHHK CBeToixoroo~eHxn B 1 X 20-’ M 
pacmopc ~K~~ppa~I) xamfn B Gydnpepe M~K Unwe&ia rxp~ pH 52. npS3JIOZBCH- 
HbIM -0it0~ MOXHO R0JIb30BaT?8x arrff OopeAeJleHzir aCKOpfiXEfOB0~ KHClIOTbl 3 #mpbfa- 
u~xnpmapanwx~onrnoBnpHponHMX~~eclaax. 



SUMMARIES FOR CARD INDEXES vii 

Species in the cobalt(I1) chlorid&-nit-l-naphthol system in benzene-ethanol mixtures: VINCENZO 
CARUNCHIO, ROBERTO BEDRTI and GIUSEPPE DE CECCO, Tolanta, 1973, 20, 787. (Instituto 
Chimico della Universiti di Roma, 00185, Rome, Italy). 

Summary-The cobalt(H) chloride-2-nitroso-1-naphthol system in mixtures of benzene and 
ethanol has been investigated spectrophotometrically. The complexation ratios of the species 
present have been determined and the values of the respective concentration quotients at 
equilibrium at 25” have been calculated. These values se-em to be dependent to only a small 
extent on the variation of the mixture composition; the most considerable aspect is the decrease 
of the complexation ratios with increasing benzene concentration. 

Polarograpby of cadmium malate complexes: S. C. KHURANA and C. M. GUPTA, Tnlanta, 1973, 
20, 789. (Chemical Laboratories, Universities of Rajasthan, Jaipur-4, India). 

Summary-The electrode reduction reaction of cadmium malate complexes at various pH values 
and ligand concentrations has been studied. At pH i pK, the complex Cd(H2A), log K = 0.57, 
exists. At pH > pK2 Cd(A*-), species exist, log ,!I1 = 1.9, log b2 = 2.8, log Bs = 3.4. At intermediate 
pH the complex Cd(HA) exists. 



VIU 

~OMUJKYCCbl npuCj’TCTBylo4Ee B CHCTeMe X.lOpiUl K&WIbT8@)-~2-UllTpO30-l-iiE~~Wl B 
c~~~~~~~~~-~IIIRo~~:VINCENZO CARUNCHIO, ROBERTO BEDEITI and GIUSEPPE DE CECCO, 
Talanta 1973, 20, 787. 

&%O~-ki3y’ieIia ClINTpO@OTOMeTpHWCKKM MeTOAOM CWCTeMB XJ-lOPHA KO6WIbTa(II)- 
%HTp030-I-If@TOJl B CMeCIlX 6emona Fi 3TaTIOHa. OIlpWWIeH COCTaB r&GiCyTCTByiOUUiX 
KOMIZneKCOBHP%TBble KOHUeHTpaUHPnpnpaBHOBeC~ienpU 25”. ~TSiBfSUiYWHbl3~BHCXT TOJIbKO 
B He3HUIEfTWlbHOti MepC OT COCTaBa CMeCH. Hili%3Ha'iHTenbHN 06HapyxeHHe-CHHIKeHHe 
OTHOUleHHft KoMIxneKcOO6pa30BaHHa C &3CTylISfi KOHUeHTpWi&&H30JIa. 

llompoqm#u~ KOMUWKCOB Mamma ICBAMHII: S. C. KHURANA and C. M. GUPTA, Talanra 
1973, 20, 789. 

t%3lOM- ki3J"leHa pWUlAI BOCCTBHOBJICHHR Ha WleKTpOAe KOMMeKCOB MallCaTB KW 
np~ pa3mx 6emmixiax pH H KoHueHTpaumx nwrawa. npH pH < pK, cymcr~ye~ KOMIU~CKC 

Cd(H,A), lg KS: 0,57. l-Ip~ pH > pK2 cyruecrayeT POA Cd(A2-)., Ig fi, = 1,9, Ig & = 2.8, 
lg /?$ = 3,4. np&i IIpOMe~O’IIibIX pH CyUWTBj'eT KOMII.JTeKC Cd(HA). 
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NOTICE 

THE PITTSBURGH CONFERENCE 1974 

The Twenty-fifth Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy will be held ai the 
Cleveland Convention Center, Cleveland, Ohio, USA, March 4-8, 1974. An estimated 350 papers on all 
phases of Analytical Chemistry and Spectroscopy will be presented. Symposia on the following subjects are 
now being arranged. 

1. RECENT DEVELOPMENTS AND TRENDS IN CLINICAL CHEMISTRY 
2. GREAT MOMENTS IN ANALYTICAL CHEMISTRY AND SPECTROSCOPY 
3. REMOTE SENSING OF ENVIRONMENTAL AIR POLLUTANTS 
4. THE ROLE OF ANALYSIS IN CONSUMER CHEMISTRY 
5. RECENT ADVANCES IN SELECTIVE ION ELECTRODES 
6. SYMPOSIUM ON APPLIED LIQUID CHROMATOGRAPHY 
7. MONITORING OF WATER POLLUTANTS: FOR ABATEMENT, 

FOR PREVENTION, FOR ECONOMICS 
8. SYMPOSIUM ON COMPUTERIZED LABORATORY SYSTEMS (ASTM) 
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NOTES FOR AUTHORS 

1. GesKeal 

Contributions may deal with any aspect of analytical chemistry, although papers exclusively concerned with 
limited fields already catered for by specialist journals should normally be directed to those journals, and 
should only be submitted to TALANTA if their analytical implications as a whole are such as to make their 
inclusion in a more general background desirable. Original papers, prehmmary and short communications, 
annotations, reviews, and letters will be published. 

Because TALANTA is an international journal, contributions are expecmd to he of a very high standard. 
They should make a defmite contribution to the subject. Papers submitted for publication should be new 
publications. The submission of a paper is held to imply that it has not previously been published in any 
laa~m8e, that it is not under consideration for publication elsewhere, and that,if accepted for publication, 
it will not be published elsewhere without the written consent of the Editor-in-Chief. Special importance will 
be attached to work dealing with the.ptinciples of analytical chemistry in which the experimental material 
is critically evaluated, and to similar fundamental studies. Reviews in rapidly expanding fields, and mviews 
of hitherto widely scattered material, will be considered for publication, hut sbouhl he critiil. The Editor- 
in-Chief will welcome correspondence on matters of interest to analytical chemists. Annotations should 
be critical commentaries on some aspects of analytical chemistry and may deal with topics such as sources 
of error, or the scope and limitations of methods and techniques. 

Original papers, short communications annotations and reviews will be refemed (see Tulunf4, 1%2,9, 
89). Referees will be encouraged to present critical and unbiased reports which are designed to assist the 
author in presenting his material in the clearest and most unequivocal way possible. To assist in achieving 
this completely objective approach, referees will be asked to submit signed reports. At the discretion of the 
Editor-in-Chief, the names of referees may be disclosed if thereby agreement between author and referee is 
likely to result. Authors should appreciate that the comments of referees are presented in a constructive 
spirit, and that agreement between the views of author and referee must result in a higher standard of 
publication. 

Preliminary communications will be refereed urgently and will be accorded priority in publication. 
Letters to the Editor will not be refereed. but will be nublished at the discretion of the Editor-m-Chief. If 
accepted, they will also be given priority: 

. 

Fifty free reprints will be provided (regardless of the number of authors) and additional copies can be 
supplied at reasonable cost if ordered when proofs are returned. A reprint order form will accompany the 
proofs. 

By loUowing the Script Reqairements cnmfidly, aathors will atsam more mpid pmbkation of their papa?% 

General 

Contributions should be submitted to the Editor-in-Chief or to a Regional Editor where appro 
I 

riate (see 
editorial page for addresses). They may be written in English, French or German. All contn utions in 
the French language should be submitted to Dr. M. Pesez, and those in the German language to Professor 
E. Blasius. 

Preliminary communications should be limited to less than 1000 words in length and should not contain 
diagrams. If they do not fulfil these conditions they will be treated as short communications. 

Scripts &ouId be mtbmittal in duplicate; thy should be typewritten and the lines dw Where 
possible, papers should follow the pattern: Introduction, Experimental, Results, Discussions, ConcluGom 
(or such of these headings as apply). 

Because all material will be set directly in page proof, every attempt should be made to ensure that before 
being submitted, manuscripts are essentially in the final form desired by the authors, and that no alterations 
of moment will be. required at the proof stage. Alterations suggested by the referee will be agreed with the 
authors at the manuscript stage. Authors writing in a foreign language are advised that in submitting 
papers they should endeavour to have the paper thoroughly corrected before submitting for publication. 
If the manuscript requires ccksiderable editing, it may have to be returned to the authors for retyping, 
resulting in a serious delay in publication. 



Notes for Authors 

S- 

Th8ossontialcontonts 
d~~pr,a8ttbandd~ 

should be brietIy recapitulated in a summary placed at thm ba&dq~ 
or dart co5mmiation. This should be in the language of the paper, 

but for French or German papers an English version should also be provided wherever possible. 

nikWW&n9 
Illustrations should be sspnrata from the typwcript of the paper. Or$inal line drawings should be 

u1 lied(abouttwicethefWlsize 
I& % u& @lkatitm of tb jmpar wlIi 

uimd) together with one set of copses. If tlm illurtrcl~ require 

drawings: 
de&ed. The following standard symbols should be used on ill 

AAlZlO.OAO@86@ 

the naxsmry information can usually ba 

table and column 

should be indicated in the manuscript by the authors. 

8boaldkMIatallat&textby~ rppcsdor~~odlldr-YP--~ 
mrka; tbofbu- #boaldkgtTah~N8t8ttlmmdofttmpylwlatbfolblrbgform: 

1. J. B. Austin and R. H. H. Fkw, J. Am. C&m. Sot., 1955,57,661. 
2. S. T. Yoffo and A. N. N-O-I, h&&&ok of JUqnedum-0~l.c Compotad, 2nd Ed., Vol. 3, 
3. ~214. v Pmss, Oxford, 1956. 

J. Wlnterton m C. L. Wlkm and D. W. Wilson, Coinpnkrrtrlor Analytkal Chem&try, Vol. IB, 
m 1960. 

4. L;!i:z E@ct of Rndiatfon on Streqth of bfetols. A.E.R.E., M/R 6329, 1962. 
5. W. Jam, B/t. Pot. 654321, 19S9. 

Journal-llama abbrevl8tlons shw bo those usod in Chrmlcol AbJtmcti (see chrm. Ab#tr., 1961, Cl arq.). 
Footnotea to pages and to tables, as distinct from litemturs references, 

following symbols: *, t,:,tbqh-g-on@=hpag@. 
should bs lndlcated by the 



Simultaneous determination of arsenic, manganese and selenium in biological materials by neutran- 
activation analysis: KAJ HEYIIORN and EUE DAMSGAARD, Tolnnta, 1973, 20, 1 (Isotope 
Division, Research Establishment Risler, Roskilde, Denmark.) 

Snmnmry-A new method was developed for the simultaneous d~t~rmiuat~on of arsenic, 
manganese and selenium in biological material by thermal-neutron activation analysis. The 
use of &IrnSe as indicator for selenium permitted a reduction of activation time to 1 hr for a l-g 
sample. and the possibility of loss of volatile compounds during irradiation could be dls- _. 
missed. No pretreatment of the sample is required, and the radiochemical separation scheme is 
based on simple chemical operations, completed in less than 3 hr. A systematic experimental 
investigation of the performance characteristics of the method was carried out, including studies 
of the accuracy of the results. The actual precision achieved in routine application of the method 
in the analytical laboratory was in good agreement with the calcuIated precision, and the results 
are therefore well suited for statistical evaluation of differences at the ppM level in samples of 
biological tissue. 

Spectrophotometric determination of vanadium with l,l&phenanthroline: AUAL KANTI BHADRA, 
T&ma, 1973, 20, 13. (Central Chemical Laboratories, Geoiogical Survey of India, Calcutta-13, 
India). 

Summary-A simple and sensitive spectrophotometric method for the determination of vanadium 
based upon the reactlon of vanadate with IJO-phenanthroline in the presence of sodium 
dithionite in ammoniacal solution is described. The absorbance of the complex measured at 
645 nm follows Beer’s law for solutions containing 30-400 pg of vanadium in 100 ml of 
solution. A lo-fold excess of molybdenum, tungsten, phosphorus or chromium does not interfere. 
The molar absorptivity has been found to be 8-O x 103 Lmole-’ _ cm-‘. The complex is shown 
to be tris-l.IO-phenanthrofine vanadiumfff). The method has been applied successfulty to tbe 
determination of vanadium in bauxite. 

Use of the titanium(W) chelate of salicylic acid for a selective absorptiometric determination of 
titanium: R. S. RAMAKRBHNA and H. D. GUNAWARDENA. Tafanta, 1973, 20, 21. (Department 
of Chemistry, University of Ceylon. Colombo 3, Ceylon). 

Summary-Titanium forms a 1:l chdate with salicyiic acid in 407; aqueous ethanolic 
solution. The chelate is extractable into chloroform. A selective extraction method for the estimation 
of titanium in the presence of a variety of commonly interfering species is described. The 
addition of pyridine is found to increase the sensitivity and selectivitv aad makes i! UC- ------- -.i 
necessary to use alcohol in the extraction. The extracted species is a pyridine adduct of the 
ti~n~um-~~icy~ic acid chelate. 

Application of fiow microcalorimetry to analytical problems-l. Determination of organophosc 
phorus pesticides by inhibition of cholinesterase: A. E. BEEZER and C. D. %russs, Talanta. 1973, 
20, 27. (Chemistry Department, Chelsea College of Science and Technology, Manresa Road, 
London S.W.3). 

Summary-Flow micr~alorimetr31 has been applied to the determination of organophos- 
phorus pesticides by inhibition of cholinesterase. One direct inhibitor (T‘EPP) and one iatent 
inhibitor (parathion) were investigated. The former is determinable at concentrations of about 
lo-‘M and the latter at about 10m4M. The inhibitory power of parathion is increased if 
methanol is used as solvent. 
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AHHOTaUUH craTei 

0AmoBpeMetmoe 0IIpBnenelme MbnubBKB,MB~ R cenenaB6mmrmec~Be~ecraax 
MeToJIoMneilTpoHoa mn~amo~l~oro aHsnn38: 
KAJ HEYDORN and ELSE DOMEGAARD, Tuhta 1973, 20, 1. 

Pesmme-Pa3pa60ra.H HoebIR MeTon oivfoepehfenHor0 onpenene= MhIwxKa, MapraHUa 
H =JIeHB B 6~0~1ormec~m BellJecTBax MeTOAOM HefkTpOHOaK-fEBtUuiOHHOrO am.nH3a c 
BcnomoBaRAeM TepbmwcKHx HePrpoHoe. &Uom30we 9We B Ka=iecrBe -aTopa 
UO3BOIIEuIO COKpaT%fTb ~OAOJIXCHTeJlbHOCTb aKTEBaUHH A0 1 'i. B CnyVae npo6br 1 r, H 
IU6crBy~bnO?ep10~1~ COemem ~Te~eHHeHppB,U~aU~~.MeTonHeH3bIc~ye~npen- 
eap~~enb~yro obpa6omy npo6bI, a ~~AHO~KMH~~IGUI cxeMa pa3Aenem ocHomsa Ha 
m~oxamxxmmxecmx onepam, rrp0BeemrMbIx~MeIibrne~eM 3 u.~p~~e~eaoc~c~e~am- 
wc~0e. 3KcUepwrewliubwe HccnenoBwHe xapaKTepHcrm Merona, BKJ~OY~B H3yreHHe 
TOWiOCTH pe3yJIbTaTOB. %CUpOH3BOJJHMOCTb nOQ"IeHIiBB npE IlpBhfeHeHRH MflOL(a B 
ceprdbro~ aE1mzi3e B na6opaTopmr xopomo COrnanIaeTcR c BbTIRUreHHoi BOC~POE~BOLIH- 
M~bW);~yJIbTaTbIUOTO~UO~BK)TCIICTaTE~HSeCKO~OUeHKHpa3HkIUHaypOBHe 'iaCTeft 
HahnunnioH Bo6pfUUaX 6~onoru~ec~oti TKaHSi. 

Cno~~~~ee~oeonpenenetme~a~n~al,l0-~~0~:A~~~ KHANTI BADRA, 
Talanta 1973, 20, 13 

Pe3roMe-~OwcruIHeC~O~I~H~BCTBHTe~bHblZtC~eKTpO~OTOMeTpHSeCK~~MeTOp,On~~e- 
neHHIl B~HWHII, OCHOBBHHblii Ha pea~U%fu BaHwaTa c ~,~O-@H~S~~OJ-IHHOM B ~PWCYTCTBHH 
AEITEOHATaHaTpHIBaMMXa'iHOMpaCTBO~.CBeTOIlOr~O~eH5ie KOMl-IJIeKca,H3MepeHHOeIlpH 
645 HM nOBkfHyeTCff 3aKOIiy &pa B CJ-ly'Iae paCTBOpOB COnep~aIUHX 30400 MKr BaHWHR B 
100 MJI p%TBopa. lO-KpaTHbIti H36bITOK MOJUi6neHa, BOW$paMa, +OC@Opa WSIH XpOMa He 
Memaer OnpeAeneHmo. MOJIX~HO~ nOrnOUJeHHe pBBH0 8,0X 103n.MOrra-'.cM-'.CTpyKTypa 
KOMlUEKCil- TpHC-l,l@&HaHTpOSIHH-BaHaiViii(II). MeTOn yCneIlIH0 npHMeHeH B OnpeJle- 
JIeHHHBBHaLlHR B 6oKcwTe. 

lhKulb3oBBHKe XenBTB TaTann (IV) c camoourosoii HlHXOTOii AJln ceaencmmnor OO~AeJWiiHn 
TWIYNEX R. S. RAMAKNSHNA and H. D. GUNAWARDENA, Tahta 1973,20,21 

Pe3roMe-TH~aH (IV)Ogpmyer xenaT 1:l c camumfo~ott KHC~OTO~~ B pacmope 40%Tiioro 
B0AHoro crnipTa.XenaT3KcTparapyeTcn xnop040pM0~. OnHca~ceneKTHB~bI~3~csrp~ursHo~- 
HbIi? MeTOII .WIB OtIpeAeJleHHB THTBHHB B IIpHCyTCTBHH pxAB HOHOB, KOTOpbIe 06bIKHO&eHHO 
MeUIaIOT Oll~~eJIeHHlO THTaHa. npH6aB.neHHe paCTBOpy IMpHAHHa IIOBbUUaeT 'IyBCTBHTeJIb- 
HOCTbHCeneKTHBHO~bMeTOAa,aaO3Bo~eTH36eXaTbHCnO~3OBaHHeCnHpTaB3K~p~UHH. 
~K~parHpOB~HbI~KOMn~eKCRB~BeTCB~pHAHHOBblM~yKTOMXe~aTaTHT~aCC~HUH~O- 
BOii KHCJIOTOB. 

~pll~~~lle~eroAanpo~ololoii~mpoleanopll~e~~aslraw3e-I.Onpe~en~~~popra- 
nwwc~necn14~~011 ny-reMmrwkposammxomrmnepa3u: A.E.BEEZEK and C.D. SJWBBS, 
Tulanta 1973, 20, 27 

Pe3IOMt?-MeTon npOTO‘IHOfi MHKpOK~OpHMeTpHH ITpHMeHeH B OnpWleJIeHHH @OC~OpOpra- 
HHWCKWX IIeCTHUHnOB lI)'TeM HHrH6HpOBaIiHII XOJIHH3CTepa3bI. n3y'IeHbI OLIHH H3 Hel-IOCpeJl- 
CTReHHbIX WHrH6HTOpOB (mnn)H OnHH H3 IIaTeHTHblX HHrli6HTOpOB(napaTHOH). nepBbIk 
MOXCHO onpenenaTbnp&i KoHUeH-rpaUHBx 10W6M,a ~~opofi- np~ 10e4 M. MHru6npyKwee 
BePcrBHe napaTnoHa noBbIUraeTcx c mznonb30BameM MeTmor4oro cmpTa B KaqecTBe 
pacTB0pHTeJ-m 



SUMMARY FOR CARD INDEXES X1 

Electronic absorption and Ruorescence of cinehopw, einehoninic acid and their methyl esters; 
Biprotonic phototautomerism of the singly-protoaated species: B. ZALIS, A. C. CAFQMACCHIA, 
D. JACKMAN and S. G. SCHLJLMAN. Talanta. 1973. 20, 33. (College of Pharmacy, University 
of Florida. Gainesville. Florida 32601. U.S.A.). 

Summary-The pH and Hammett acidity dependences of the absorption and fluorescence spectra 
of cinchoninic acid (quinoline-4-carboxylic acid), cinchophen (2-phenylquinoline+carboxylic 
acid) and their methyl esters, were studied. The predominant uncharged ground-state species 
derived from the free acids are zwitterions. Prototropic equilibria are too slow to compete with 
fluorescence for deactivation of the excited state at hydrogen ion concentrations represented by 
the pH scale. However. fluorescence shifts accompanying protonation indicate that the carboxyl 
group is more basic than the ring nitrogen atom in the excited state. In the Hammett acidity 
range the singly-charged cations of all the compounds studied undergo phototautomer~sm in 
the lowest excited singlet state. The rate of this process is acidity dependent. In very concentrated 
sulphuric acid solutions doubly~harged cations are formed in the excited state but not in the 
ground state. The intense emissions of these compounds in moderately concentrated sulphuric acid 
may be suitable for quantitative analysis if great care is taken to control solution acidity. 

Bestimmung 35SMarkurter Polythionate aach Hochspannungsionopboretischer trennung: E. 
BLA~~KJ~ und H. WAGNER, Taianta, 1973, 20, 43. (Insitut fur Analytische Chemie und 
Radio-chemie der Universitit des Saarlandes, 6600 Saarbrucken. B.R.D.). 

Summary-The activity of s5S-iabelled polythionates has been measured on electrophoretograms 
by elution followed by pr~~pi~tion as Ba”%O, and, end-window GM-tube counting, and directly 
on the support material by liquid-scintiilation counting. The results obtained by the two methods 
are presented and compared. The count-rate yield is only 0.25% for the first method, but 55% 
for the second, though this does suffer from a slight dependence on the nature of the ion present. 

Extraction with long-chain amines- VI. Separation of manganese ~Mn(CNS)~- complex and its 
complexometric determination in ealcareous material: RUDOLF PAIBIL and J&i ADAM, T&ma, 
1973, 20, 49. (J. Heyrovsky Instute for Physical Chemistry and Electrochemistry, Analytical 
Laboratory, Prague 1, Jilska 16 and Analytical Laboratory, Institute for Geological Sciences, 
Charles University, Prague 2, Albertov 6. C~hosIovakia). 

Summary-Manganese is quantitatively extracted into benzene solution of trioctylmethyl- 
ammonium chloride (TOMA) from a solution at least 0.25&f in potassium thiocyanate and at 
pH 25-7. After stripping into dilute ammonia containing triethanolamine (TEA) and hydro- 
xylamine hydrochloride, manganese is determined by EDTA titration. Calcium and magnesium 
are not extracted even in traces. Iron is co-extracted with manganese and is masked with TEA 
during the stripping. Aluminium also does not interfere. In the aqueous phase, after the 
extraction of manganese, calcium or magnesium can be determined by the usual EDTA 
titration. The method described permits highly selective individual determination of manganese 
and calcium and/or magnesium in ail materials rich in manganese. 

Extraktion der Me~llion~ Cr(H1). Fe(iII), Co(H), Ni(II), Cu(II) and Zn(I1) mit gescbmolzeaem 
Oxin und Bestimmung der extrahierten Metalle mit Hilfe von R~ntg~fl~r~~: B. MAGYAR 
and F. I. LOBANOV. Talanra, 1973, 20, 55. (Laboratorium fur Anorganische Chemie, Eidg. Techn. 
Hochschule. Zurich. Schweiz). 

Summary-The accuracy of the determination by X-ray fluorescence spectrometry of a number 
of met&s in pressed tablets of oxine has been investigated. A procedure is described which has 
been used for the determiMtion of trace metals in fresh water and in sugar. in which molten 
oxine is used as the extractant. 



xii AIuioTaunH cTaTeR 

%IC+Klpormoe IlWJIOlWllle II t$JIyO~~ BTO&WU, aTo&lloBoii KllCJlOTbl H HX Me’IllJIOBbLX 

NIlPoD; ABynporoesP!4 @TmyTOMeplla 0 rmonpOr0torposa~~or0 poAa: B. ZALIS, A. C. CAPO- 
MACCHIA, D. JACKMAN and S. G. SCHLILMAN, Talanta 1973, 20, 33 

Pe3loMe-HMsyqeHa 3aBHcHMocTb cnempoe rIornoIueHHn B @nypecueHuwi aTo4aHoBofi 
KHCnOTbI (xHHonIiH4Kap60HOBOii KHCJIOTbI), aTO&Uia (2-&HIInXiiHOJUfH-4-Kap6OHOBOii 
KHCnOTbI)H HX MeTHJIOBbIX 3@IpOB OT pH H KHCJ’IOTHOCTH lk.fhfeTTa. AMt$HOHbI XBSIIIIOTCR 
npeobnwa~~MHe3apnxceHHMMpO~OM OCIiOBHOrOCOCTOnMn,IIOJIyYeHIiblM H3CB060uHbtX 
KHCJIOT. ~pOTOTpOIIH'IeCK&ie paBIiOBeCHn CJTHIUKOM MeAJIeIiHbI YTO6bI KOHKypHpOBaTb &IyO- 
~ueHUHHBAeaKTHBaUHHBO36y~eHHOr0COCTOIIHHnIIpH KOHUeHTp~HIIXBOAOpOAHOrOHOHa 

IIpriK&3aiUIbIX IUKWIO~~ PH. Mew TeM, CMeIUeHHn &IyOpeCUeHUHH, COIIpOBO~AaKWie 

IIpOTOIiaUIiKI j’Ka3bIBaK)T YTO Kap60KCHJIbHaR rpj’IUYa IlBJIlIeTCff 6OJIee OCHOBHOfi YeM aTOM 

a30Ta B KOmUe B m36ymeHHoM COCTOKFIHH. B 06JlacTH KHCnOTHOCTH raMMeTTa OAHO3apII- 

XeHIfbIe KaTHOHbI BCeX H3yYeIiIibIX COeAHHeHHti IIOABepraIOTCR @OTOTElyTOMepHI4 B HHmtieM 

BO36ywIeHHOM COCTOnHHH CHHTJleTa. CKOpOCTb 3TOrO UFJOUeCCa JBBHCHT OT KHCSIOTHOCTH. 

B CHjTbHOKOHUeHTpHpOBaHHbIX paCTBOpaX CepHOfi KHC.lIOTbI o6pa3yH)Tcn AByX3apSDKeHHble 

KaTHOHbI B BO36YXCAeHHOM COCTOILHHH HO He B OCHOBHOM COCTORHHH. &‘iHTeHCHBHbIe SMHCCHH 

3THX COelIHHeHHft B yMepeHH0 KOHUeHTpHpOBaIiHbIX paCTBOpaX CepHOti KHCIIOTbI MOrJIH 6bI 
6bITb HCIlOJTb3OBaHbI B KOJIHYeCTBeHHOM aHaJIH3e Ilp&i TmaTeJIbHOM ~~JIHpOBaHIiH KHCflOT- 

HOCTH pacTBopa. 

onpeilenemle 03mYemwx c 3 namrmoapTop novae pa3nenm M~TOJWM 3nempo@pe3a npn 
mepnpawerrm:E.B~~.~~s and H. WAGNER, Talanta 1973,20,43 

Pe3rcMle-~3MepeHaarraB~~oswarermblxc 3"SIIOJUfTHOHaTOBHa3~eKTpOI$epOrpttMMaX 
3~H~aaAHeMc~~e~~ocaXne~eM~~opMe~~~SO~~UCno~30~eMc~e~~~a 
re&epa, H HexIOCpeACTBeHIio - Ha MaTepIIiLlIe HCtIOJIb30BaHHOM B KaYeCTBe HOCHTeJIR, C 

BCrIOJIb30naIiHeM xuiAKo@Horo c WHTWUUILuiOHHOrO CYeTYIiKa. npHBeAeHb1 Ii CpaBHeHbI 

pe3ymTaTbI IIOJIfleHHbIe 3THMII AByMIl MeTOAZNH. B~IXOA CYeTa COCTIIIINIeT TOIIbKO 0,25 % nJIA 
IIepBOrO MeTOm, HO 55% m BTOpOrO, HO OH TepIIHT OT He6OIIbIUOrO BJIHRHHJI I,pHpOAbI 

npIicylcTByIoruer0 Houa Ha 0npeneneHHe. 

3KCIpainpoIWW C iwImwn C amolaoii WIbIo - dl. Bww~etwe ruepram@ B @p&se KOM- 

ILWKCP Mn(CNS):- II~OOllpe~elllleB H3eecTKoBblKBeIuecTBe x KoMnJleKcoHoiweTpwlecK 
~ZTOJIOM: RUDOLF PI~BIL and J&I ADAM, Talanta 1973,20,49 

Pe3IOMe-MapraHeu 3KCTpBTHpyIOT KOJ-IHYeCTBeIiHO paCTBOpOM XJIOpHAa TpHOKTH,IMeTHn- 
aMMOHHn (TOMA) B 6eH3One Ii3 paCTBOpa CO,IIepmBLUerO He MeHee YeM 0,?_5h4 THOUHaHaTa 
Ka.iwn np~ pH 2,5-7. nocne uepeHoca B pa36aBneHIwfi pacreop awiHaKa, conepmauuiti 
TpH3TaIiOnaMHH (T3A) H XnOpHCTOBOAOpOrUIbIfi rHnpOKCIUIaMHH, MapraHeu OII~AeJInIOT 
TIiTpOBaIiHeM C paCTBOpOM 3fiTA. .&XtZe He CJIeAbI KaJIbUHII A MarHHn 3KCTpaTWpyIOTCn B 
3TOM npouecce. Xeneso 3KcrparsIpyeTcn .BMWTe c MaprawueM, a MaCKHpyeTCn C T3A npu 
uepeaoce. AJIIOMHHHBT~~H~ MeuIaeTonpeneneHw0.B ~0n~0%@a3e, nocne sKcTparwpoBa- 
HHR MapraHua, M~)I(HO 0npenennTb KWlbuHfi H M~HHB 06bIKHOBeHHbIM THTPOBaHHeM c 

3ATA. oIUiCaHIibI~ MeTOA II03BOAReT BbICOKOCeneKTHBHOe UHAIiBHnysIbHOe OIIpeAeneHHe 

MapraHua wui KanbuHn H/~H M~~HHR BO ~e~uec~~ax conepxauwx 6onbuItie Konx-recrBa 
MapraHua. 

~KCT~~KIUIR IWHOB Me’rannon C (III), e(III), Co(II), aI), C (II) H (II) pacnnasnetntbw 
OKCHHOM HO~/&JleRne3KCTpelllpOBe~X MeTaJIJlOB MeTOAOM pf2llTreH&lyOpec4eHTHOii CIleK- 

T~OCKO~IH: B. MAGYAR and F. I. LOBANOV, Talanta 1973, 20, 55 

Pe3IoMe--3y’IeHil TO’IHOCTL OlTp'ZAeJIeHUn MeTOAOM ~HTreH&IyOptZCueHTHOi? CIIeKTpO- 
CKOIIWW pnna MeTaJIOB B +OpMe IIpeCCOBaHHbIX Ta6neTKaX OKCHHa. OllkiCaHa MeTOnWKa 
HCIIOnb90BaHHan anlr OIIpeueJIeHIin CJIeAOB MeTan B CBemek Bone W B CaXapC, HCIIO,Ib3yn 
pacnnaaneHHbtP 0KcHH B KawcTBe 3KcTparsipyiotuero areHTa. 



. . . 
SUMMARY FOR CARD YNDEXES Xflf 

Iron(II)-chloramine-T reaction: V. R. S. RAO and G. ARAVAMUDAN, Talanta, 1973, 20, 65. 
(Department of Chemistry, Indian Institute of Technology, Madras-36, India). 

Summary-When a large excess of the oxidant is used in the iron(II~~hlommine-T reaction at 
pH 2.56-5.6 the amount of oxidant consumed is well above the stoichiometric amount required 
to oxidize iron(H) to iron(II1). This has been attributed to the formation and subsequent 
bebaviour of free radicals during the reaction. The formation of free radicals has been experi- 
mentally demonstrate. They apparently dimerize to give products of the type R-NCI-NCI-R 
(R = CHJC6H4S02), which are further oxidized by chloramine-T. The dimerized species liberate 
iodine very slowly from acidified potassium iodide. This explanation satisfactorily accounts for 
the observed extent and rate of destruction of excess of chloramine-T in presence of small 
amounts of Fe(H) or bromide at pH 2-65-4.70. The storage of chloramine-T in metal containers 
might cause extensive destruction of the oxidant by a similar free radical mechanism and 
should be avoided. 

Infrared macro and semimicro determination of nitrogen in raw nitrocelluiose and nitrocelhdose 
contained in propeknts: GEORGE NORWITZ and DAVID E. CHASAN, Talanta, 1973, 20, 73. 
(Frankford Arsenal, Philadelphia, Pa 19137, U.S.A.). 

Summary-The infrared procedure for the determination of nitrogen in raw nitrocellulose has 
been improved. In the original method O-31-0.32 g of sample was dissolved in 45 ml of tetra- 
hydrofuran, the solution was weighed, and the infrared peak at 60 pm was measured. The 
calibration curve was prepared by plotting absorbance against mg of nitrogen per g of solution. 
The method has the disadvantage that the height of the peak is affected by the sample weight. 
In the improved method the error due to the sample weight is eliminated by using 0.3000 g of 
sample and diluting to 50 ml in a volumetric flask. The calibration curve is prepared by plotting 
absorbance against ‘4 nitrogen. The method was extended to the semimicro scale by using a 
30.00-mg sample and diluting to 5 ml in a volumetric flask. The method has been applied on 
the macro and semimicro scales to the direct determination of nitrogen in nitrocellulose after a 
methylene chloride extraction. The amounts of graphite and inorganic salts found in nitro- 
cellulose-base propellants do not interfere, but a correction must be made to refer the results 
to 0.3000 g of nitroceltulose for the macro method or 3oQ mg of nitrocellulose for the semimicro 
method. The same calibration curve is used for all procedures. 

Hydrogen peroxide formation upon oxidation of oxalic acid in presence and absence of oxygen 
and of ~~an~II)~III). I~n(III) and cop~II) as retarders: I. M. KOLTHOFF, E. J. MEECHAN 
and MASARV KIMURA. Talanra, 1973, ui, 81. (Schooi of Chemistry, University of Minnesota, 
Minneapolis, Minn. 55455, U.S.A.). 

Summary-The formation of considerable amounts of hydrogen peroxide upon the slow addition 
of various oxidizing agents to oxalic acid in dilute sulphuric acid in the presence of oxygen 
and Mn(II) is greatly retarded in the presence of Fe(III) or CufII). With hydrogen peroxide 
as oxidizing agent and a trace of Fe(H) there is considerable decomposition of peroxide, under 
a nitrogen atmosphere, after a few hours at 25” in light (from a tungsten lamp), and less 
decomposition in the dark. This decomposition is decreased by Mn(I1) and also when the original 
mixture contains FefIIIf. With oxygen as the oxidizing agent Fe(H) is about 100 times as 
effective an inhibitor of peroxide formation as Fe(II1). With all oxidizing agents used, Cu(II) is 
some 6-10 times more effective as a retarder than Fe(III). The inhibition is accounted for by 
the reaction Fe(II1) [or Cu(II)] + CO; + Fe(I1) [or Cu(I)] + CO,. 



xiv AHHOTauUU CTaT& 

Pea~~~aws~e3a@)c XJIO~MIIIIOM T:V.R.S. RAO~~ G. ARAVAMUDAN, Talama 1973,20, 
65 

Pesrome-Ilpw sicnonb30BaHsiH donbluero U36bITKa 0KHcnHTenK B peaKuaa aene3a(II) c 
XnOpaMHHOM T llpli @-I 2,56-$6 KOnU'feCTBO paCXOnOBaHHOr0 OKEiCnHTenR 3HaSETenbHO 
6onbrue CTeXWOMeTpH~eCKOrO KOnwfeCTBa noTpe6nseMoro nn~ OKBCneHWR mene3a(II) B 
menesO(III). 3TO I-lpHlTHCaHO 06pa30BaHBIO H UOCnenyfOWeMy ITOBeAeHIIH) CB060fiHbIX 
pWWKMOB B paCTBOpe B Te'ieHHe peaKUUU. 06pa3OBaHHe CBO6OnHbIX pi%AHKWOB nOKa3aHO 
3KClTepHMeHTanbHbIM Q'TeM. OHH lTOBtiAHMOMy AHMepH3BpyiOT C 06pa30BaHLieM IIpOAyKTOB 
THIIa R-NCI-NCl-R(RPCH~C6H4S02)r KOTOpble AWIee OKUCJWOTCII XnOpaMHHOM T. 
fiHMepH3HpOBaHHbIe paAHKanb1 BblAenRlOT HOA O'ieHb MeMeHHO W3 3aKHCneHHOrO HOAHAa 
K~~K.~TO~pOTOnKyeTyAOBneTBOpBTenbHO06Hapy~eH~IOCTeIIeHbA CKOpOCTbpa3pyLlIeHHji 
EI36bITKaXAOpBMHHaT B~I~~~CYTCTBHH He6onbUnix KO~~HWCTB~~A~~~(II) HJIA 6poMHAanpu 
pH2,65-4,0.Xpa~eH1ieXnOpa~wHaT BMeT&JfJTH'IeCKHXCOCyAaX MO)KeTBb13bIBaTb3HaWiTenb- 
HOe pa3pyUIeHHeOKHCn8iTeJUl llyTeM IlOXOmerO MeXaHU3Ma CBO6OnHbIX pan&iKaJtOB B IIOTOM~ 
H’dAO H36eraTb. 

MaPKO n CemPOMeTOA lonbpaKpaUiOir CneKTpoeromw arm onpenenetrnn a3oTa B cbipoii 
HKlpouenmono3entnrrpouenmono3econepwcaroloii B ~~~ICIHBIIUTOMIWX: GEORGE NORWITZ 
and DAVID E. CHASAN, 1973, Talanta 20, 73 

Pe3lOMe-YnyYIUeHa MeTOAWKa HH4paKpaCHOti CneKTpOCKOIlAW MR OIIpeAeneHHR a30Ta B 
CbIpOfi HHTpOUeMtOn03e. B ITepBOHaWAbHOfi MeTOAHKe 0,31-0,32 r npo6bI pacTBopana B 
45 MA TeTparnnpo~ypaHa,paCTBOpB3eeuw3an~~ H3MepanuuHt$paKpaCHbIPrnuKnpH 6,0 MKM. 
Kam6po~o~iym KpHByH3 lTOny'faJIH HaIieCeHHeM ITOI-JIOUIeHHR B 3aBHCHMOCTH OT MT a3OTa 
COAepXCaHHbIX B 1 r paCTBOpa. HeBbIrOAa MeTOAa B TOM 'IT0 BbICOTa ITIWKa 3aBHCUT OT BeCa 
npo6br. B y.ilyWDeHHOM MeTOJle HCKnIWieHa omi6Ka BbI3BaHa pa3nHYHbIM BeCOW npo6b1, 
WClTOnb30BaHWeM 0,3000rtfpo6brEi pa36aBneHHeMAO 50 MnBMepHOR Kon6e. KamiEipoBo~Hart 
KpHW ITOny'IaeTCR HaHeCeHWeM KIO~nOIUeHUff B 3aBHCWMOCTW OT o/O a30Ta. MeTOAOM MOXHO 
llOnb30BaTbCRHa CeM%iMHKpOIIIKUIe, WCnOnb30BaHWeM 30,00Mr npodbrpa36aBneHHO~AO 5 MA 
B MepHOfi KOn6e. MeTOA lTpHMeHeH Ha MaKpO U CeMHM&iKpOUIKWfe B HellOCpeACTBeHHOM 
0npeneneHHu a3oTa B HHTpouennwn03e nocne si3BneqewfR MeTHneHxnopaAoM. KonwecTBa 
rpa&fTa H HeOpIWiHWCKHX COnefi 06HapyXOiBaeMbIe B peaKTLiBHbIX TOlTnWBaX Ha OCHOBe 
HHTpOUeJIJUOn03bI He MeIEUOT OtI~AeneHHEO, HO HaAO CAenaTb KOppeKUHfO AnR CBeAeHUR 
pe3ynbTaTOBK0,3~rHBTpOUennlonO3bIBC~y9aeMaKpOMeTOAaunu30,~MrHuTpOUenn~- 
n03bI B CJIy'Iae CeMWMHKpOMeTOAa. ToBxce KaJW6pOBO~HO~ KpHBOfi lTOnb3yIOTCK BO BCeX 
cny%lsix. 

06pameame M~MKIICII BOflOpO&i nplr OICJICJI~IIHM UraBe~~esOii WSCJIOTI,I B ~C~TCTBHU II OTQT- 

CTBIOI ICHCJlOpO~ II MapraRlra@)-m. ~CllOJTb3OB?3HHe %JIe3a(~) II MeAll@) B IEpWCTBe 
HIOW~HTO~OB: I. M. KOLTHOFF,E.J. MEEHAN and MASARI KIMURA, Talanta 1973,20,81 

Pt?3IOMt?- 06p;uomHsie 3Ha'fEiTenbHbIX KOnH'ieCTB UepeKHCH BOAOpOAa IIpH MeAJleHHOM 
AO6aBneHHH pil3HbIX OKHCJIHTenefi paCTBOpy LUaBeneBOo8 KHCnOTbI B pa36aBneHHO% CepHOLt 
KHCJIOTe B lTPHC)‘TCTBHH KHCnOpOAa H MapWfUa(II) B 3HaYHTeJIbHOfi Me&E SZLMeAneHO B 
lTpHCyTCTBHHFe(II1) WUiCu(II). B tIpHCyTCTBHHIlepeKHCHBOAOpOAaBKaYeCTBeoKIlcnHTen~H 
cnenok3 Fe(II), HM=T MecTo 3HaYHTe.nbHoe pa3nomeHHe nepeKHcH B aTMoc&pe a30Ta, nocne 
HeCKOnbKO YaCOB IIpK 25" B CBeTe BOJIb+pahiOBOti naMIU.1; pa3nO)KeHHe 6onee MeAJIeHHO B 
TeMHOTe. Pa3nOmeHHe yMeHbUIaeTCX B ITpHCyTCTBliH Mn(I1) a TaKme B ITpHCyTCTBHH Fe(II1) 
B Ha'WlbHOti CMeCH. B IIpUCyTCTBHH KHCJIOpOAa B KaWCTBe OKHCnHTeJIR AefiCTBHe Feral 
WHrH6HTOpa06pa30Ba~Hxne~KHcH lOOKpaT donbrrre SeM Fe(II1). Bcny~ae BcexHcnonb30- 
BaHHbIXOKHCnHTeJletiCU(II)IlBnrreTC~ 610KpaT 6onee Y&&XTHBHbIMBKaWCTBeHfITH6HTopa 
YeM Fe(W). MHrH6HTOpHOe neilcreae npHKa3aHo peaKuae& Fe(II1) [mm Cu(II)] +COz-+ 
Fe(I1) [sun4 C (I)] + CO*. 



SUMMARY FOR CARD INDEXES xv 

Logarithmic diagrams and Gran-eurves as an aid in potentiometric titrations in romplexometry: 
AXEL JOHANSSON, Tulnnta 1973, 20, 89. (Royal Institute of Technology. Stockholm, Sweden). 

Summary-A detailed exposition is given of the use of logarithmic diagrams and Gran plots 
to determinate accurately the equivalence point in potentiometric complexometric titrations. 

Preparation and infrared spectra of palladium derivatives of some organophosphorous insecticides: 
T. F. BIDLEMAN and R. W. FREI, Talanta, 1973, 20, 103. (Trace Analysis Research Centre, 
Department of Chemistry, Dalhousie University. Halifax, Nova Scotia, Canada). 

Summary-The preparation of palladium complexes of phosphorodithioate (Guthion, Ethyl 
Guthion, Imidan and Cidial) and phosphorothioate (Fenthion) insecticides is described. The 
Pd : pesticide ratios in the derivatives are ca. 1 : 1 for the phosphorodithioates and 2 : 1 in 
the case of Fenthion. The infrared spectra of the derivatives are compared with those of the 
parent insecticide. Palladium complexation of phosphorodithioates results in a lowering of the 
P-S frequencies by 60-75 cm-’ and also produces changes in the P-O-C region. Milligram 
quantities of Thimet, Trithion, and Cidial on thin-layer chromatograms were reacted in siru 
with sodium tetrachloropalladate(I1). The infrared spectra of the compounds recovered from the 
plate depend greatly on the Pd : pesticide ratio on the spot, and the analytical significance of these 
results is discussed. 

A new method for the isoiation of methyimereury from biological tissws and its determiontion 
at the parts-per-miliiard level by gas chromatography: V. ZELENKO and L. K~XTA, Tdanra, 1973,20, 
115. (Medical Faculty, University of Ljubljana, Yugoslavia and Faculty of Natural Sciences and 
Technology and Institute “JoZef Stefan.” University of Ljubljana, Yugoslavia). 

Summary-A new method has been developed for the isolation of methylmercury from biological 
tissue. It is based on the volatilization of methylmercury cyanide formed in the reaction of 
methylmercury in the tissue with hydrocyanic acid released in the interaction of potassium hexa- 
cyanofe~ate(I1) with sulphuric acid at elevated temperature. The methylmercu~ cyanide re- 
leased is captured on cysteine paper in a microdiffusion cell. The isolated methylmercury is set free 
with hydrochloric acid, extracted into benzene and determined by gas chromatography. A special 
closed micro-extractor is used for the final extraction into benzene for sampies containing the 
lowest levels of meth~Imercury. The method can be used for a wide range of samples and 
concentrations (incluchng background levels). The simplicity of the method makes it suitable 
for routine application. 

Identification de submicroquantitb d’ions iodure: N. GANTCHEV, D. ATHANMVA and V. 
BOGDANOVA, Taianra, 1973. 20. 125. (Chaire de Chimie Analitique, Universitt “Pa&i 
Hilindarsky.” Rue V. Markov, 7, Plovdiv, Bulgaria). 

Summary-A spot-test. based on the formation of yellow-brown nitron tri-iodide, permits de- 
tection of 0.01 ng of iodide (limit of dilution 1 in 64 x 100). 



xvi AHHOTaUUki CTaTefi 

~CllOJlb3OBaHKe JlOlXpH&lli~KHx D8lQUlM.M H KpilBblX l)blKB B KBWCTBe BCllOMOlllTRRbWUL 

cpencr~ npn IIOT~IWIIOM~T~K-WKOM ~mpomou~ B HoMnneKcoHoMeTpnrr: AXEL JOHANSSON, 
Tulunra 1973, 20, 89 

PelIOMe- fieTaJIbH0 OIUiCaHO HCIIOJTb30BaWHe JlOrapH~MHWCIOiX AHarpaMM A KpHBblX 
~paHa~~aTO~HOrOO~~~e~eHHIKOHUaTHTpOBaHBR~pH~OT~HuHOMeTpHYeCK~XKOM~AeKCO- 
HOMeTpHWCKHX THTpOBaHWIIX. 

~pllrOTOBJleHlle II H@~K~CKble ClleKTpbl COenwserotii l%UJIa~Wl C AeKOTOPblMH @OC@OO~O&WUIII- 

WCKKMH mCeKTmm mm: T. F. BIDLEMAN and R. W. FREI, Tulanta 1973, 20, 103 

Pe3HJMe- GIIHCaHO IIpHrOTOmeHHe KOMKIJIeKCOB IIm,Ia,.IHR C HHCeKTHUHnaMW Ha OCHOBe 
~~~~$~~~AHT~~~T~(~-~THoH,~THJI~~TUOH,I~MH~~H H 9enwarI)R Ha OCHOB~ ~oc~opoTwoaTa 
(@eHTWOH). GTHOIUeHHe Pd: WHCeKTHUWa paBH0 IIpH6JlH3HTejlbHO 1:1 B CJIyYae 4OC$OpO- 
LIWTHOBTOB, a 2:1 B CJIyYae &HTHOHa. HH+paKpaCHble CITeKTpbI CIpOH3BOLIHbIX CpaBHeHbl C 
C~eKTpaMHOCHOBHblXHHCeKTHUH~OB.G6pa3oBaHHeKOM~~eKCOB~~~~H~C~OC~OpO~UTUO- 
aTaMH BbI3bIBaeT CHWKeHWe PaCTOT P--s Ha 60-75 CM-', a TaKme BbI3blBaeT Ii3MeHeHWII B 
o6nacTHP-O-CKone6~HB.MHnn~rpaMMOBbreKon~ecTBa~wMeTa,TpHTHOHa~~n~uana 
Ha TOHKOCIIOfiHbIX XpOMaTOrpaMMaX peaIWpOIWibI ifl Situ TeTpaXJTOpIWIJIaAaTOM HaTpUR. 
MH@paKpaCHble CIleKTpa COejlHIieHbIfi CHIITHXC IIJIaCTHHKH JaBHCIlT B 3HaWiTeJIbHOti Mepe OT 
OTHOIUeHHR Pd: HHCeKTHUH~;O6cyXAeHa3HaYHTe~bHOCTb3THX~3y~bTaTOBCaH~HTUY~KO~ 
TO'IKH 3peHHII. 

HoshliiMe~OABtwmm~Menrnpy~n K36HO~lOlllwQcILx TKamii I( ee onpenenemfe na ypoaee 

PaCTeii lm -pa M~TOAOM ra3onoii X~OM~T~QMI~HH: V. ZELENKO and L. KOSTA, Taluntu 
1973,20, 115. 
PesIOMe- Pa3pa60TaH'HOBbIti MeTOA BblLIeJIeHHR MeTHJIpTyTH H3 6HonorHrecKHx TKaHeti. 
MeTon OCHOBaH Ha YJIeTyWiBaHHSi UHaHYqa MeTHnpTyTH o6pruywuIeroca B peaKUHH MeTHJI- 
p'IYTH B TKaHH C UHaHHCTOBOjlOpO~HOfi KHUIOTOii, BbI&%WOLLIe%Ca IlpH BSWhfOneiCTBHH 
remaumwo-me.ne30 II-micnoro mnm c cepeofi KHC~OTO~ npH nosbIrueHHoP TeMnepaType. 
BbIAWeHHbIZt UHaHHA MeTHnpTyTH YJIaBJ-IHBaIOT Ha IIpOIIbITaHHOt UHCTeHHOM GyMare B 
MHKpO~H+#Jy3HOHHO~ WiefiKe. MeTHJlpTyTb, OCB060XCneHHyIO o6pa6omoi-i c COIIXHOB 
KHCIIOTOB, 3KcrparHpyIoT 6eH30noM H 0npeflenrIoT M~TOAOM ra30aok xpoMaTorpa&ia. 
CIIeUHajlbHblti 3aKpeIUIeHHbIfi MHKpO3KCTpaKTOp HCIIOJIb30BaH WIa ITOCJIenHeti 3KCTpaKUHH 
6eH30JIOM B CJIy'Iae 06pa3UOB COJlep~aIUHX BeCbMa HH3KHe KOHUeHTpaUHSi MeTHnpTyTH. 
MeTonMO~eT6bITbnpHMeHeH BUIApOKOMLIUaIIa30He o6pa3uoew KOHUeHTpaUHti(BKJIIOO'IaSi 
+OHOBbIe ypOBHH). &CJIO)KHOCTb MeTOLIa IlOSBOJIlIeT er0 IlpHMCH.HHe B CepIifiHOM aHaJIH3e. 

Onpenenewecy6~nIqo~orm~ KOHOBUOIUX N. GANTCHEV, D. ATHANASWVA and V. BOG- 
DANOVA, Tuluntu 1973, 20, 125 

Pe3HMle-~a~e~bHaRopO6aOCHO~HHaaHaO6pa30BaHUU~e~TO6ypOrOTpHHOAHAaHWTpOHa 
IIOlBOASIeT 06HapymHTb 0,Ol Hr nonma (npenemoe pa36aaneme 1 B 64.106). 



SUMMARY FOR CARD INDEXES xvii 

Atomabsorbtionsspektraipbotometriscbe besstimmung von Zinc in Galliumarsenid und Gallium- 
aluminiumarsenid: K. DITTRICH und W. ZEPPAN. Tolanu~, 1973, 20. 126. (Sketion Chemie, 
Karl-Marx-Universitat, DDR 701 Leipzig, LiebigstraDe 18, Germany). 

Summary-The determination by atomic-absorption spectroscopy of zinc in gallium arsenide 
and gallium aluminium arsenide is described. In 5-20 mg of sample, 0.1-3 pg of zinc can be 
determined. The coefficient of variation is 4.5%. The influence of the matrix is described and 
discussed. 

Spectrophotometric determination of osmium with 2R-acid in the presence of other platinum metals: 
8. V. AGARWALA and A. K. GHOSL Tufantu. 1973. 20, 129. (Chemical Laboratories. Umversity 
of Allahabad, Atlahabad. India). 

Summary-Osmium(VII1) produces two coloured species with i.,,, 680 nm (green) and 530 nm 
(red) with excess of 2-amino-8-naphthol-3,6-disulphonic acid in aqueous solution. The green 
complex is stable between pH 2.5 and 8.0 and the red complex between pH ll,O and 12.0. 
The effects of temperature and time. reagent concentration, optimum conditions for the spectro- 
photometric determination of trace amounts of osmium, and other variables, have been studied 
at pH 11,s. At this pH. other platinum metals do not interfere. The sensitivity of the colour 
reaction is 0.2 &$zm2 and the system conforms to Beer’s law over a concentration range of 
1.5- 10 pg of osmium. 

Rapid chelometric determination of lead in lubricating oils via mercaptoacetate extraction: 
SAMARESH BANERJEE and R. K. DUTTA. Talanra, 1973, 20. 131. (Research and Control 
Laboratory, Durgapur Steel Plant. Durgapur-3, West Bengal, India). 

Summary-A rapid complexometric method for the estimation of lead in lubricating oil has 
been developed. The lead naphthenate present in the oil is extracted with a mixture of 
dilute thioglycollic acid and nitric acid. The aqueous extract containing lead mercaptoacetate 
is titrated with EDTA at pH 5 with Xylenol Grange as indicator. The lead content can be 
determined within 15-20 min. 

Potentiometric determination of stepwise stability constants of vanadium, molybdenum and 
tungsten chelates formed with asparagine and glutamine: R. C. TEWARI and M. N. SRIVASTAVA, 
Toianra. 1973. 20. 133. (Chemical Laboratories, University of Allahabad. Alfahabad, India). 

Summary-The metal chelates of V(N), Mo(V1) and W(VI) formed with asparagine and 
glutamine hr.ve been studied potentiometrically. Stepwise stability constants of 0.1&f sodium 
perchlorate at 25’C are reported as follows: 
Asparagine chelates-log K, K, 14.50 and log K3 4.04 for V, log Kt 8.06, log K2 7.29 and 
log K3 3.45 for MO, and log K, 5.84, log K2 5.11 and log K, 3.30 for W. 
Glutami,ze chelares-log K,K, 14.45. and log Ks 4.07 for V, log K, 7.90, log K, 6.93 and 
log K3 3.35 for MO. and log K, 5.76. log K, 509 and log K3 3.20 for W. 

The acid stability constants of Alizarin Fluorine Blue: FOLKE INGMAN, Talanta. 1973, 20. 135. 
(Dept. of Inorganic and Analytical Chemistry, Abe Akadeki, Abe, Finland and Dept. of 
Analytical Chemistry. Royal Institute of Technology, Stockholm, Sweden). 

Summary-Two recent attempts to determine the dissociation constants of 3-aminomethylalizarin- 
N.;V-diacetic acid are discussed and the results compared with values that can be predicted from 
earlier work on iminodiacetic acid derivatives and from the absorption spectra of the reagent 
at different pH values. Results of a potentiometric and spectrophotometric study to determine the 
stability constants of the various protonated species of the reagent in aqueous solution at ionic 
strengths 0.1 and 05 (potassium chloride) are: log rC& = 12.1, log K!lL = 9.81, log K&_ = 5.47, 
log &, = 2.54. and log K#$, = 2.2 at ionic strength 0.5. 



. 
xv111 AHHOTaUUli CTaTelt 

Onpeneneme umca B apcemute rannm n apcemine ranmn-antomtnm MeTonoM aTOMHO- 

a6coptSuuomoii cnempoctcomw: K. DITTRICH and W. ZEPPAN, Tulanfu 1973, 20, 126 

Pe3roMe - Omicatio onpenenime umxa B apcemne rannm u apcemne rams-rmoMmim 
MeTOIlOM aTOMHO-a6COp6WOHHO8 Cl'IeKTpOCKOtlKlf. MeTon n03BOnReT OnpeneJInTb 0,1-3 MKT 

UHHKB B 5-20 Mr npo6bl. KO3@@fUHeHT BapHaUHH paBeH 4,5x. OnHCaHO U paCCMOTpeH0 
BIUiRHUeMaTp&Winpo6bI HaOnpeileJleHUe. 

Cil~TOM ~~O~AeJI~oGWUlCHCllOJlb30MHWM 2A KllCJlOTbl BlQHCyTeTBHH 
apymx IIJISTIWB~I~ M~TWIJIOB: B. V. AGARWALA and A. K. CHOSE, Tulunru 1973, 20, 129 

PeXOMe-DCMHfi ,LWeTJ.UiaOKpaLUeHHblX KOMMeKCa,C H36blTKOM2-aMHHO-8-Ha~TOJI-3,6-,WC- 
yJIb+OHOBOfiKHCJIOTO~BBOJlHOMpaCTBO~,h,,, KOTOpbIX680HM (3eneHbIi-i KOMMeKC)H 530HM 
(KpaCHbIti KOMIIJIeKC). hleHblfi KOMIUIeKC yCTO&fHBbIii npH pH 2,5-8,0, a KpaCHblii-npn 
pH 11,0-12,0. H3fleHO np~ pH 11,5 BIISiIlHHe TeMnepaTypbI U BpeMeHbI, KOHUeHTpaUWU 
peareHTa, OIITUMaJIbHbIX yCJIOBb1i-i ,ilJIa CneKTpO~OTOMeTpK'IeCKO~O OIlpeXeneHHfl OCMWII, U 
iIpyrHX@iKTOpOB.~pH 3TOM pH ,ItpyrHe lUlaTHHOBbIe MeTaJUIbI He MeUIaiOT OnpeAeJIeHWO. 
YyBCTBiiTeJlbHOCTb UBeTHOti ~KUHH paBHa 0,2 MKT %CM', a CSiCTeMa nOBBHyeTCH 3aKOHy 
6epaBo6JIaCTHKOHueHTpaWiti 1,5-10 MKrOCMWII. 

&,lcTpblii MeTOj3 XfLlIaTOMeTpwec~OrO OnpeJWElOlM CBllHl@l B CMa3O‘ltlblX MaLlaX IQ'TeM 
3re~pa~@11 mepicamoaqeTaToM: SAMARESH BANERJEE and R. K.DUTTA, Tulunra 1973,20, 131 

PetIOMe- Pa3pa6OTaH 6blCTpbIti KOMnJleKCOHOMeTpSPieCKUfi MeTOn OnpeLZeiTeHUa CBUHUa B 
cMa30wbIx Macnax. ~T~HC~TCTB~IOLL@ B Macne Ha@TeHaT cBHHua ~KCT~~~H~YI~T cMecbm 
pa36aeneHHo9THOrnwKOneBOfi KWCnOTbI H a30THO~KliCJIOTbI. COJlepXGUUEiti MepKalITOaUeTaT 
CBEiHuaBOnHblft3~CTpaK~~H~pylO~c3~~~npxpH 5 czicnonb30BaH~e~ KcAneHonopaHxe- 
BOrO B KageCTBe HHAHKiiTOpa. npOnOJI%iTenbHOCTb OIIpeneJIeHJiR CBWHUa COCTaBnReT 

15-20 MHH. 

~JOT~EIUIOM~T~HWCK~C+ onpenenetwe nomenembtx KOHCTBHT "c~oiir- xenaToB 88naAw1, 

~o~~tiA~uBon~&pa~ac acnapamon#nrnyTamwoM: R.C. TEWARI~~~M.N.SRIVASTAWA, 
zllanra 1973.20, 133 

&3lOMe- M3y'ieHbt ilOTeHUHOMeTpW'feCKWM MeTO,lOM XenaTbI v(Iv), Mo(VI) H W(V1) C 
acnaparHHoM w myTaMwHoM. OnpeneneHbI cnenymwie nocTenembIe KoHcTaHTbI ~CTOBYU- 
BOCTH B 0,lM pacTBope nepxnopaTa HaTpwn npu 25”: 

Xe.wmu acnapazu~u - Ig K,KZ 14,50 B Ig K3 4.04 nnn V; lg K1 7,29 w lg K3 3.45 nnn MO; 
Ig K, 5,84 Ig KZ 5,ll H Ig K, 3.30 mm W. 
Xe/ramu zigvma,wna - Ig KIKZ 14.25 w Ig K, 4.07 nns V; lg Kr 6,93 H Ig K3 3,35 ,nnn MO; 
Ig K, 5,76, Ig K2 5,09 H Ig Ka 3.20 AJM W. 

KmnoTtmeKoneTam ~CTO~~WIB~CT~ anmapmosoro~nyopmosororony6oro: FOLKE INGMAN, 
Talanta 1973, 20, I35 

Pesmse-06cyweHa nsa nposeneHHbrx B HacToaIuee B~~MR nonxona K onpenenemiro 
KOHCTaHT AUCCOUHaUWU 3-aMWHOMeTWWILi3apHH---,--ARyKCyCHOii KHCJIOTbI H pe3yJIbTaTbI 
3THX BCCJIenOBaHHfi CpaBHeHbI C BeJIWVHHaMW npeACKa3aHHbIMH Ha OCHOBe WCCJIeAOBaHHbIX 
3apaHee npOH3BOAHbIX HMWHOAH~KCYCHOP KHCJIOTbI w HaOCHOBeCneKTpOB cBeTonorno~eHHR 
pe.areHTa npa pa3HbIx 3HaqeHHnx pH. FIonylieHbl cnenymme aenWSr(Hbt c Wcnonb30BaHHeM 
nOTeHUHOMeTpAYeCKOr0 U CneKTpO+OTOMeTpWfeCKOrO MeTOJlOB B OnpeAeneHHH KOHCTaHT 
yCTO8'UiBOCTU pa3JIWiHbIX npOTOHHpOBaHHbIX POAOB peareHTa B BOAHOM paCTBOpe npli 
HOHHO~ cme 0,l w 0,5 (xnopan saner): Ig K& = 12,l; Ig K,H,, =9,81; Ig K,!& = 5.47; 

Ig K&L = 2754; Ig KHsLZ “zL = 2,2 IlpU HOHHOti CUJIe 0,5. 



NOTICE 

EUROPEAN SYMPOSIUM OF THE INTERNATIONAL ASSOCIATION OF 
FORENSIC TOXICOLOGISTS 

This Symposium ~111 he held at the State Unlverslty of Ghent. Belplum. Faculty of Pharmaceutical Sciences, 
Departmen of Tox~ology on 31 Aupus~ and 1 September 1973 Thrh meclinp was decided on at the last 
international Meting of Forensrc Sciences III Edmburgh. The language of the Symposium, as al the previous 
meetings, will be En&h 

Addmonal mformatron can be obtamed from the following address: Department of Toxrcoiogy, State 
Umverslty of Ghent. Hospttaalstraat 13, 9O@l Ghent. Belgmm. 
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PAPERS RECEIVED 

Limits of the molar ratio method: B. W. BUDESINSKY (25 June 1973) 

Fractional precipitation of rare earth iodates by use of complexation and of hydrolysis of dhnethyl sulphate: 
F. H. FIRSCHING, MICHAEL T. BERGER, PHILIP G. TAYLOR and DENNIS W. THURSTON. (11 June 1973) 

Improved linear titration plots for weak acid titrations: D. MIDGLEY and C. MCCALLUM. (3 July 1973) 

The extraction of Prussian Blue into chloroform in the presence of ajatin: A. GAL~K and MRS. J. VOPRAVILOVA. 
(3 July 1973) 

Acid-base titration curves for acids with very small ratios of successive dissociation constants: BRUCE H. 
CAMPBELL and Lorns MEITES. (4 July 1973) 

Determination of iodine by atomic-absorption spectrometry, using the platinum-loop technique: J. M. MAN- 
FIELD, T. S. WEST and R. M. DAGNALL. (10 July 1973) 

Study of ion-association complexes used in spectrophotometric determhuttion of iron: ADAM HULAN~CKI and 
JOLANTA NIENIEWSKA. (10 J&y 1973) 

Stepwise a.c. amperometric titration of cadmium and zinc wlth EGTA: J. ASPLUND. (10 July 1973) 

Determination of equivalence volume in potentiometric acid-base titrations, using one titration point-I: 
ARI IVASKA. (10 July 1973) 

Determination of equivalence volume in potentiometric acid-base titrations, using one titration point-II: 
ARI IVASKA. (10 July 1973) 

Determination of equivalence volume in potentiometric acid-base titrations, using one titration point--III: 
ARI IVASKA. (10 July 1973) 

Spectrographic analysis of high-purity nickel oxide for twenty-one trace impurities, using a new buffer: 
N. P. KARANJIKAR and M. D. SAKSENA. (11 Jufy 1973) 

Simultaneous ion-beam collection for precise measurement of nuclidic ion-current ratios in spark-source mass 
spectrometry: ROBERT J. CONZEMIUS and H. J. SVEC. (11 July 1973) 

Determination of yttrium in rocks by neutron activation and a simple group separation: E. STEINNES. (11 July 
1973) 

Error in potentiometric titration: P. SIDHESWARAN. (11 Jury 1973) 

Oxidimetric determination of thiourea, thiosulphate and sulphite with thallic perchlorate in acid medium: 
P. D. SHARMA and Y. K. GUPTA. (11 July 1973) 

Trace analysis by microwave excitation of sealed samples-III: P. F. E. VAN MONTFORT and J. AGTERDENBOS. 
(11 J&y 1973) 

Microdetermination of ruthenium, palladium, osmium and platinum by ring-calorimetry in conjunction with 
solvent extraction: N. K. KAUSHIK. (11 July 1973) 

Nile Blue and Brilliant Cresyl Blue as redox indicators in iron(D) titrations: K. SRIRAMAM. (17 Juiy 1973) 

Determination of iodide with chloramineT: D. VENKAPPAYYA and G. ARAVUMUDAN. (19 Jury 1973) 

Studies on chelate formation of glutamine with some rare earth metals: B. S. SEKHON and S. L. CHOPRA. 
(19 Ju/y 1973) 

Stability constants of vanadyl complexes with some ammo-acids: B. S. SEKHON and S. L. CHOPRA. (19 July 1973) 

Successive determination of chloride, fluoride and sodhun on a single sample of orthophosphate by using ion- 
selective electrodes: E. J. DUFF and J. L. STUART. (19 July 1973) 

Instrumental advantages obtained with controlled short drop-time a.c. polarography: A. M. BOND. (20 July 1973) 

Proton magnetic resonance studies of Shydroxyquinoline derivatives: A. CORSETS, W. J. LOUCH and M. THOMP- 
SON. (20 July 1973) 
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Inwrsion vobmwby of ~atimony with tripbnyhaetsllac dyes: KH. Z. BRAININA and A. B. TCHERNYSHOVA. 
(20 July 1973) 

DiIT!Ct~OfOXYgUIBOQpIiC ma&b-X D~tenmlnation of tbe carbon monoxide: R. BELCHER, 
G. INORAM and J. R. M.uen. (20 July 1973) 

Patcdioaetrkdatcnahntiolr of st@pvvh stability -ts and thermodynamic parameters of wlA ytthm- 
(III) d&tea: S. P. PANDE and K. N. MUNSHI. (25 July 1973) 

v titmtkm of acids in pyriahe: RAUL VIDAL and L. M. MUKHERJEE. (25 Jufy 1973) 

Analy6b by pbmw t&m&m of ttnmry mixtorw containing mutually miscible components: S. K. SURI. (25 July 
1973) 

spectropauoactrie d&es&m&m of caWt with 1-(2-pyridyla2o)-2-naphthoMhol and smrfaCtants: HIROTO WATA- 
NABE. (20 Jdy 1973) 

Pmtamatmity- of N4icyUhegiycine: MISS R. PANI and B. BEHERA. (25 July 1973) 

bdirt~t am-C aictcnn&tion of wimm: A. DE bJSA. (7 Augusr 1973) 
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w complex: C. H. KIM, C. M. OWENS and L. E. SMYTHE. (7 August, 1973) 

Tbe-ofSollltl,~ aml their met&o&es in body flnii: JOHN M. CLIFFORD and 
W. FRANKLIN SMYIX (7 August 1973) 

simmbww determiortioa of Iv-~ti- pad iv-substitutrd ni&oaz&s and CritCrill for twr idCmti% 
&on-II. N~tograpbk sepurtion and potorogrrphic d&m~i~tion: D. DUMANOVIC, 
R. I’&KsIw~I~, D. JERIB& md J. 6RIk. (7 August 1973) 

SpcclropLBLoretrleStfldYdUlcfcPctknrOfPrasanze III with nlkalhe earth met&: V. MICHAYLOVA and 
N. KOULEVA. (25 July 1973) 

Prepuatio~~ md starage of aqueow solutiuw of sodium 1,2,3,4-thiatriazol-S-thiolate, NaCS2N3: EDUARW A. 
NE~ES and DOUGLAS W. FRANCO. (15 Augusr 1973) 



Talanra, Vol. 20. pp. v-vh. Pergamon Press, 1973. Prmted m Great Br~lan. 

NOTICE 

ANALYTICAL CHEMISTRY DIVISION, IUPAC 
Following the elections at the XXVI Conference of IUPAC at Washington DC., U.S.A., in 1971, the 
composition of the Division Committee, responsible for the administratjon of the Division, is as foIlows: 

President: Prof. W. Kemula (Poland) 
Vice-President: Prof. N. Tanaka (Japan) 

Secretary: Mr. R. W. Fennell, Materials Department, 
Royal Aircraft Establishment, 
Famborough, Hants, U.K. 

Members: Prof. W. Fischer (Germany) 
Prof. H. Freiser (U.S.A) 
Prof. i. M. Kolthoff (U.S.A) 
Prof. 0. Samuelson (Sweden) 
Prof. Et. Tremillon (France) 
Prof. T. S. West (U.K.) 
Prof. Yu. A. Zolotov (U.S.S.R.) 

The main work of the Division is performed by its seven Commissions whose projects are listed below. 
Briefnotes are added where the title of the project is not se&explanatory. 

In addition, three od hoc Committees are studying: 

(a) the production of a compendium of analytical nomenciature 
(b) key-coding of abstracts of papers to indicate the presence of numerical and other data 
(c) information storage and retrieval in analytical chemistry. 

Commission V.I Analytical Reactions and Reogents 

Chairman: Prof. R. Belcher (U.K.) 
Secretary: Prof. F. Peflerin, Laboratoire de Chimie organique, 

Facultt de Pharmacie, 
Universitt de Paris, 
4 avenue de I’Observatoire, 
F-75 Paris 6’, France. 

Projects: 1.1 Analytical methods for the control of food additives. 
The Commission, in cooperation with the Food Section, Applied Chemistry Division, recommends 
suitable standard methods of analysis of food additives in ~ulfiiment of the contract between 
IUPAC and CEE. 

1.2 Methods for the determination of phenols. 
1.3 The identification and determination of polyphenols. 
1.4 The identification and determination of amines. 
1.5 Study of redox indicators. 
1.6 Standard substances. 

Sodium carbonate and sulphamic acid have been recommended as standards for acid-base 
titrimetry; attention is now being given to standard materials for complexometric titrations. 

Commission V.2 Microchemical Techniques and Trace Analysis 

Chairman: Dr. 0. G. Koch (Germany) 
Secretary: Dr. M. Pinta. Office de Ia Recherche scientifique et technique Outre-Mer, 

70-74 route d’AuInay, 
F-93 Bondy. France. 

Projects: 2.1 Study on the accuracy and precision of the determination of fluorine in organic compounds. 
2.2 The expression of errors in the organic analysis. An examination of the justification for the 

retention of the classical +0.3O/, absolute as a basis for a satisfactory analysis. 

V 
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2.3 Study on the accuracy and precision of the determination of nitrogen (according to Dumas) 
in organic compounds. 

2.4 Study on the accuracy and precision of the determination of carbon and hydrogen in organic 
compounds containing heteroelements. 

2.5 Study on the accuracy and precision of the determination of metals in organic compounds. 
2.6 Study on mass absorption coefficients used in electron beam microanalysis. 
2.7 The determination of carbon. hydrogen and nitrogen in organometallic compounds. 
2.8 Preconcentration of elements for trace analysis. Difficulties in the destruction of organic matter. 

and methods of overcoming these, are being studied. 
2.9 Availability of standards for trace analysis: Up-to-date data will be compiled about standard 

substances for trace analysis throughout the world. 

2.10 Evaluation of methods of calibration in trace analysis. A study is being made of the most 
accurate method of calibration for the particular element and matrix. 

2.11 Trace analysis of high purity acids. An examination of convenient methods for trace analysis 
of high purity acids will be made by means of interlaboratory tests. 

Commission V.3 Analytical Nomenclature 

Chairman: Prof. H. M. N. H. Irving (U.K.) 
Secretary: Prof. T. S. West, Department of Chemistry, 

Imperial College, 
London SW7 2AY, U.K. 

Projects: 3.1 Scale of working. Recommendations are being formulated for the exact definition of hitherto 
ill-defined terms such as micro-, submicro- and trace-analysis. 

3.2 Recommendations for the use of the concepts of molarity and normality. 

3.3 Trivial names and synonyms of analytical reagents. 
3.4 Nomenclature of chromatography. 
3.5 Nomenclature of thermal analysis. 

3.6 Nomenclature of mass spectrometry. 
3.7 Nomenclature of contamination phenomena. 
3.8 Nomenclature for a selectivity index. A means whereby the selectivity of a reagent may be 

simply but accurately indicated is being devised. 
3.9 Presentation of analytical papers for publication. The essential information required in the 

description of newly devised method of analysis is being defined. 
3.10 Nomenclature of liquid-liquid extraction. 
3.11 Criteria for sensitivity, detection limits, precision and accuracy. 
3.12 Nomenclature for ion-selective electrodes. 
3.13 Nomenclature of data processing. 
3.14 Nomenclature For kinetic methods of analysis. 

Commission V.4 Spectrochemical and Other Optical Procedures for Analysis 

Chairman: Prof. V. A. Fassel (U.S.A) 
Secretary: Mr. B. F. Scribner, Division of Analytical Chemistry, 

National Bureau of Standards, 
Washington DC 20234. U.S.A. 

Projects: 4.1 Terms and symbols related to analytical functions. sensitivity. limit of detection. accuracy and 
precision. 

4.2 Nomenclature of analytical flame spectroscopy and associated procedures. 
4.3 Nomenclature of analytical X-ray spectroscopy and associated procedures. 
4.4 Systematic classification and description of spectrochemiul radiation sources. 

These projects will be reported under the general heading “Nomenclature, Symbols, Units and Their Usage 
in Spectrochemical Analysis”: Part I “General Atomic Emission Spectroscopy” has been approved for 
publication in Pure and Applied Chemistry. 

vi 
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Commission VS Electroanalytical Chemistrg 

Chairman: Prof. R. G. Bates (U.S.A.) 
Secretary: Prof. J. F. Coetzee, Department of Chemistry, 

University of Pittsburgh, 
Pittsburgh, 
Pennsylvania 15213, U.S.A. 

Projects: 5.1 

5.2 

5.3 

5.4 

5.5 

5.6 

5.1 

5.8 

5.9 

5.10 

5.11 

5.12 

5.13 

Purification of selected organic solvents. Reports on ethylenediamine, acetonitrile, N-methyl- 
acetamide, dimethylsulphoxide, pyridine and propylene carbonate have been published; acetic 
acid, N-methylformamide, N-methylproprionamide and N,N-dimethylformamide are now being 
considered. 

Purification of electrolytes. Methods for the purification of materials most useful as “supporting 
electrolytes”, e.g., potassium chloride, tetramethylammonium chloride, in electroanalytical 
measurements. 

Half-wave potentials in N,N-dimethylformamide and sulfolane as solvents. 

Nomenclature of electroanalytical methods. 

Pretreatment of solid electrodes. 

pK values in N,N-dimethylformamide as solvent. 

Conditional diffusion coefficients. 

Recommended symbol for the medium (or solvent) activity coefficient. 

Standardization of ion-selective electrodes and scales of ion activity. 

Application and potentialities of electroanalytical methods in environmental analysis. 

Standard reference materials for calibration of electro-analytical techniques. 

Standard potentials in fused salts. 

Electric double layers at electrode-solution interfaces. 

Commission V.6 Equilibrium Data 

Chairman: Prof. D. N. Hume (U.S.A.) 
Secretary: Dr. F. J. C. Rossotti. Department of Inorganic Chemistrv. 

Uiiversity of Oxford, 
South Parks Road, 
Oxford OX1 3QR, U.K. 

Projects: 6.1 

6.2 

6.3 

6.4 

6.5 

6.6 

6.7 

6.8 

6.9 

Tables of stability constants. 

Distribution equilibria. Phosphorus-containing and oxygenated extractants, alkyl ammonium 
salts and chelating extractants are being considered. 

Critical surveys of solution equilibrium constants. EDTA, cyanide, gold and halide complexes 
are under consideration. 

Standard ionic media. 

Information retrieval. 

Symbols and terms for mixed-ligand equilibrium constants. 

Tables of ion exchange equilibrium constants. 

Solubility data. 

Non-aqueous equilibrium data. 

Projects 6.8 and 6.9 are feasibility studies of the need for coordination by IUPAC of the compilation 
of data under the respective headings. 

Commission V.7 Analytical Radiochemistry and Nuclear Materials 

Chairman: Dr. M. B. A. Crespi (Argentina) 
Secretary: Prof. R. E. Wainerdi, Activation Analysis Research Laboratory, 

Texas A and M University, 
College Station, 
Texas 77843, U.S.A. 

Projects: 7.1 Application of high-energy photon activation to analysis. 

7.2 Light elements (H to F) analysis by radioanalytical methods. 

vii 
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7.3 Intercomparison of analytical methods. 

7.4 Reference materials for trace analysis. The Commission has selected samples of (a) orchard 
leaves and (b) doped glasses, prepared by the NBS, U.S.A., as reference materials for (a) biological 
and (b) inorganic and geochemical trace determination, and is promoting detailed work with 
them. 

7.5 “State of the art” of nuclear materials analysis. At present, uranium oxides. graphite and 
tissile elements are under study. 

7.6 Information sources for analytical radiochemistry and nuclear materials. 

7.7 Nomenclature. 

7.8 Purity of reagents. The purity of commercial radioactive preparations and the constancy of 
isotopic composition of some analytical reagents has been queried and the Commission is 
keeping the subject under review. 

7.9 Revision and updating of conventions for flux monitoring. 

7.10 Nuclear methods for the determination of key elements in pollution problems. Radioanalytical 
methods for the determination of lead, mercury and cadmium are being critically reviewed. 



SUMMARIES FOR CARD INDEXES 

Electronic absorption and fluorescence of 9-anthraldehyde and its conjugate cation: JOHN F. 
YOUNG and STEPHEN G. SCHULMAN, Tulunta, 1973,20, 399. (College of Pharmacy, University of 
Florida, Gainesville, Florida 32601, U.S.A.). 

Summary-The appearance or lack of vibrational structure in the ‘L. and ‘L, absorption bands 
of the neutral species and cation derived from 9-anthraldehyde is explained in terms of ad- 
herence to or violation of the Franck-Condon principle. The lack of vibrational structure is 
attributed lo the motions of the aldehyde group durind the course of electronic transition, 
a process which destroys vibration quantization in the Franck-Condon excited state. The ap- 
pearance of well-defined vibrational structure in the ‘L. band of the cation establishes that 
intramolecular charge-transfer alone, without accompanying vibrational or solvent relaxation 
which is contemporaneous with electronic transition, is not responsible for the lack of struc- 
ture in most intramolecular charge-transfer transitions. The previously reported fluorescence of 
9-anthraldehyde in hydroxylic solvents is found to be in error and is likely to originate from 
an tmpurit! produced by photo-reduction. The actu~~l tluorescence of 9-anthraldehyde is at 
much lower frequency than previously reported. 

The adsorption of silver on potassium cyanocobalt(lI)ferra~e(ll): M. WALD. W. SOYKA and 
B. KAYSSER, Talor~ta, 1973. 20. 405. (Zentralinstitut fiir Analytische Chemie der Kernforschungs- 
anlage Jiilich. 517 Jiilich. Bundesrepublik Deutschland). 

Summary-A procedure is described for recovering silver from industrial sewage (mining and 
photo-industry. etc) with the aid of the ion-exchanger potassium cyanocobalt(II)ferrate(II) 
(KCFC). Silver is easily removed by simple mixing with KCFC, even from solutions containing 
less than 1 g of silver per ton of solution. The process is performed at room temperature at 
pH I7. There is no interference from a 600-fold amount of Ca, Cu(II), Zn, Cd, Pb, and Fe(I1). 
Pure silver may be obtained by dissolution of the ion-exchanger in potassium cyanide solution. 
subsequent precipitation as sulphide, and roasting, or by melting it out of the ion-exchanger after 
heat treatment in a high-frequency furnace. With 1 kg of KCFC, 1.25 kg of silver may be 
extracted from solution. The process is simple and economic. 

Microtitrimetric determination of uranium in tributylphosphate(3O?$ndodecane-nitricacidmedium 
in the presence of excess of ion, magnesium and_aluminium,: V. MAR&KA and V. SRAIER, 
?%lanra. 1973, 20. 411 (Nuclear Research Institute CSKAE. Rei near Prague, Czechoslovakia). 

Summary-A method is described for microdetermination of uranium in aqueous phases containing 
nitric acid, iron. magnesium. aluminium and traces of TBP, and in organic phases containing 
TBP. n-dodecane and nitric acid. Treatment of the organic phase strips the uranium, reduces jt 
to U(IV). and destroys any nitrite present. 

Indirect atomic-absorption determination of boron by solvent extraction as tris(l,lO- 
phenanthroline)cadmium tetrafluoroborate: Y. HAYASHI. S. MATSUSHITA, T. KUMAMARU and Y. 
YAMAMOTO. Talanra, 1973, 20. 414. (Department of Chemistry, Faculty of Science, Hiroshima 
University. Hiroshima, Japan). 

Summary-An indirect atomic-absorption method for boron has been developed. Boric acid is 
converted into tetrafluoroborate and extracted into nitrobenzene with Tris(l.lO- 
phenanthroline)cadmium(II). The cadmium in the extract is determined by its atomic-absorption 
at 228.8 nm. A five-fold molar excess of the cadmium chelate is necessary for the extraction from 
pH 4.3-6.0 medium. The sensitivity for boron is thus made about the same as that of cadmium. 
0,005 ppm. Metal ions that react with fluoride or phenanthroline interfere. A procedure is described 
for determination of boron in steel. 



kinoTaunH CTaTeii 

3Jlv norJl~ II @JlYOPWlWUBl %alrrpanbAel-HAa H ero conpnxeTnwr0 KaTnona: 

JOHN F. YOUNG and STEPHEN G. SCHULMAN, Talanta 1973, 20, 399. 

PWOMe- ~pHCyTCTBIieIUIII OTCyTCTBHe BII6pauIionIioPcTpyKTypbI B ~OAOC~X~~~JI~UI~HI~~ 

IL, H'& He~p~bHo~opOAaHKaTHoHanpOH3~AeHHO~O~3~-aHTp~bAe~HAanpOTO~KO~HO 

IiaOCHOBCnO'UiTaHHIlHJIHHapyUIeHHR npHHUHna@paHKa-KOHAOHa.~CyTCTBHeBH6pauHOH- 

HOti CTpyKTypbI npIiIIEICbIBaM3T ABHECHHIO aJIbAerIiAHO8 rpyMblB Te'IeIiHe IIepeCKOKa 3AeK- 

~p~~~~-nnpoueccy, pa3pynIaIoIUeMy KBaHTHJaUwO m6paum B Bo36ymeHHOM COCTORHHW 
@paIiKa-KOHAOHa. nOIIBJIeHHe XOpOIUO OnpeAeAeHHOft BH6paLlHOHHOB CTpyKTypbI B nonoce 

IL. KaTAOHa IlOK83bIBXT WIT0 OTCyTCTBIfe CTpyICTypbI B 60AbUIHHCTBe HHTpaMOAeKyAspHbIX 

IIepeXOAOB Ha OCHOBe llePeHoC.a 3JaPXAa He HaAO npHnUCaTb TOAbKO HHTpaMOJIeKyJIspIiOMy 

nepenocy 3apnAa,6e3 COUpOI%NKAaloUIei BH6paUUOHHOfi kimi paCTBOpHTeneBOfi penaxcaum, 
KOTOpas ITOsBJUIeTCff OAHOBpeMeHHO C nepeXOAOM 3AeKTpOHOB. npIiBeAeHHas paHee &IyO- 

peCUeHUHK 9-aIiTp~bAeI7iAa B ITIApOKCHJIbHbIX paCTBOpHTeJ-IRX OKa3ailaCb OUIIi60~HO~; OHa 

BepOsTHO BbI3BaHa npEiMecbIO, npOH3EIeAeHHOti &3TOBOCCTaHOBAeHHeM. AefiCTBIiTeAbHaa 

~~OpecUeH~r9-aHTp~bAe~AanOn~rre?CflnpHlracTOTeCyuIecTBeHHOHHEe qeM ony6nmo- 
BaHHOti paIibIUe. 

A~eop6uim eepe6pa tip unaaoKo6anbm(Ii)#qpaTe(II) KBA~I: M. WALD, W. S~YKA and 
B. KAYSSER, Talanta 1973, 20, 405. 

bUOMe-(hfGXH MeTOA ~KylTepUHH cepe6pa~3CTO~HblXBOAnpOMbIuuIeHHOCT~(pyA~o~ 

Ii '$OTOI-pa&i'IeCKOfi) C nOMOIUbIO HOH006MeIIHHKa UHaHOKO6~bTO(II)+3ppaTa(II) KaJIHs 

(UK@K). cepe6pO PeKYIIePHPYSOT ITPoCTHM CMeIIIHBaHHeM C uK@K, AaIKte W3 PaCTBODOB 

COAepXalUHXMeHbIUeYeM 1 rCe~6paBTOHepaCTBOpa.~~UeCCnpOBOA$ITnpIiK-OMHaT~OR 

TeMneparype A pH <7. 606-KuaTwff H36bITOK Ca, Cu(II). Zn. Cd. Pb. H FelII) He MeUUET ._. , ~, 
BbIAe.neHUE& %&TOeCepe6pO-hfOXiHO nOJIy'IHTb paCTBOpeHHeM HOHOO6MeHHHKa B paCTBOpe 

wfawylla KBIIHII, 0caxnemieM B *opwe cym&iAa H KanbuInnipoBaweM, mui nnamemiebf I43 

HOHoo6MeHHHKa nocne o6pa6oTKIi B BbICOKOSacTOTHO~ newi. OAHH Kr 4KQK no3mmeleT 
H3BneYb I,25 KTCepe6paH3 paCTBOpa. ~pOUeCCIIBJIseTCXHeCnOlKHbIMB3KOHOMHbIM. 

Mn~~p~nrrpo~e~pnwc~~e OllPeAeJlellHe "pllkl B WcTBO~X Tpw6YTHn~9aT(30%)-H-AOAeraH- 

a3oTnan KIIcsIoTa B II~ICYTCTBHH ~36bl~~a mene3a, Mamnm H anmmmn: V. MARESKA and 
V. SRAIER, Tahnta 1973, 20, 4 I I 

Pesmse - OnecaH MeTon mxpoonpenenewfn ypaHa B Bomiblx pacqopax conepmalrrex 
a3omym XwcnoTy, *eneso, MarfuG+, ZUII~MIIHH~ I4 cnenbt T6@, w B 0praHmecxsx cpenax 
CoAep~aLusX TDb, H-AOAeKaH W a30THYH3 KIICJIOTJ'. 06pa6orxa OpraHIIYeCKOk +a3bI yc-rpa- 

HseT ypas, mccTaxiammaeT ero B U(W) w pa3naram HUTPUT ecnw npwcyTcTByeT B pacmope. 

KOcnemOe Oll&AEWmlL? 6Opa MeTOAOM aTOWiO-PBcop6mO~ii cnewpOmrplur ~8 ommBe 
3KcTppnrpo~pacrsopwren eM B dwrde T’E’QWbTOP6OflIlT9 Tpuc(1,1~nTpoJlml)lcanMWII: 
Y. HAYASHI, S. MAT~USHITA,T. KUMAMARU and Y. YAMAMOTO, Talanta 1973.20, 414. 

PelIOMe- Pa3pa6OTaH KOCBeHHbIB MeTOA aTOMHO-a6COp6UiIOHHOf CneKTpOMeTpnn A.~UI 

OnpeAeJIeHHs 6Opa. 6opHyIO KHCAOTy IIpeBpaUIaIOT B TeTpaI#ITOp6OpaT II 3KCTpaTHpyIOT 

paCTBOpOM TpHC(~,~6-&HaHTpOAHH/KaAMHX(~~) B HHTpO&H3OJIe. Kamm? B 3KCTpaKTe 

OnpeAeJNUOT Ha OCHOBe er0 aTOMHOl-0 IIOrAOIUeHHR npH 228,8 HM. Hano WCnOAbJOBaTb 

~~THK~~TH~I~H~~~ITOK~~A~T~K~AMH~AA~I~K~T~~~H~~B~HH~H~C~~AH npHpH4,>6,0. ~THM 

06pa.3OM 'IyEaCTBHTeAbHOCTb AJIR 6opa paBHa 'IyIVZTBHTeAbHOCTH AIUI KaqMHR- 0,005 4. Ha 
MHJ-IAHOH. PeZUHpyIoIAIie C Ij'ITOpHAOM HAH J$hZHaHTpOJIHHOM HOHbI MeTaJIJIOB MeIUaIoT 

onpe.Aeneanm. OmicaHa MeToAma onpenenemin 6opa B CT~AH. 



SUMMARIES FOR CARD INDEXES vii 

Separation and quantitative determination of the cerium group lantbanides by gas-liquid cluomato- 
graphy: CHARLES A. BURGFIT and JAMES S. FRITZ, Talanta, 1973,20, 363. (Ames Laboratory, 
USAEC, Department of Chemistry, Iowa State University, Ames, Iowa, U.S.A.). 

Summary-A gas chromatographic method is reported for the separation and subsequent 
quantitative determination of the cerium group lanthanides. The lanthanides (RE) are synergis- 
tically extracted from aqueous sofution with the polyfluorinated fi-diketone 1 1 1 2 2 6 6 7 7 7- ,,,, ,,,,, 
dec&uoro-3,5-heptanedione, H(FHD), as ligand, and di-n-butylsulphoxide, DBSO, as neutral 
donor. The composition of the extracted species is reported to be RE(FHD), .SDBSO. Thermo- 
gravimetric analysis of the complexes is reported. Analytical curves were prepared and found 
to be usable over the range of O-l-10 pg of metal. Individual lanthanides were determined with 
99*0x recovery with a relative mean deviation of *2-O%. Mixtures of lanthanides were 
analysed with 101.2% recovery with a relative mean deviation of &2.2x. 

Coulometric titration of acids in isopropanol-II. Electrode reactinns with lithimu chioride and 
tetraethylammonium bromide as supporting electrolytes: B. G. COOKSEY, B. METIERS, 
J. M. O~AWAY and D. W. WHYMARK, Talanra, 1973, 20, 371 (Department of Pure 
and Applied Chemistry, University of Strathclyde, Cathedral Street, Glasgow, C.l, 
Scotland). 

Summary-Cathodic reactions in methanol and isopropanol have been investigated in the 
presence of both lithium chloride and tetraethylammonium bromide as supporting elec- 
trolytes. A side-reaction in lithium chloride medium leads to the formation of insoluble 
lithium hydroxide but base is generated stoichiometrically in tetrathylammonium bromide by 
reduction of solvent, oxygen and traces of water. Tetraethylammonium bromide is recom- 
mended as supporting electrolyte for the coulometric titration of acids in isopropanol. 

Some observations on the redox behaviour of N-phenylaathraaiiii acid indiitor in iron(I1) 
titrations: K. SRIRAMAM, Talanta, 1973, u), 383. (Department of Chemistry, Andhra University 
Postgraduate Centre, Guntur-5 (A.P.), India.) 

Summary-The optimum conditions for the successful use of N-phenylanthranilic acid as 
indicator in titrations of iron(I1) with dichromate, cerium(IV) sulphate and vanadate have 
been established. The influence of iron(II1) on the indicator action, and the nature of a green 
compound formed from the indicator in iron titrations, have been investigated spectrophoto- 
metrically. 

Determination of nanogram amounts of salphide by release of radioactive iodide: V. KRIV&, S. 
PAHLKE and G. T~LG, Talanta, 1973, 20, 391. (Max-Planck-Institut fiir Metallforschung, 
Laboratorium fiir Reinststoffe, SchwBbisch Gmiind, German Federal Republic). 

Summary-Two variants of a technique for determination of ng-amounts of sulphide ions in 
liquid samples are presented. They are based on the replacement of radioactively labelled 
iodide from silver iodide by sulphide. In the first variant, suitable for small sample volumes, 
the labelled silver iodide is fixed on a filter paper disc which is then shaken with the solution 
to be analysed until equilibrium is attained. In the second variant, suitable for sample volumes up 
to 300 ml. the sample solution is passed through a filter paper disc carrying labelled silver iodide 
or through a labelled silver iodide precipitate. The amount of sulphide is determined from the 
activity of the released radioiodide by comparison with standards which have been processed 
radioiodide by comparison with standards which have been processed in the same way. The 
method is applicable to sulphide amounts greater than 5 ng and concentrations greater than 
0.2 ppM. The interference by many common accompanying anions and cations has been 
investigated. 



VIII ttHnoTau&iii cTaTeR 

Pawenetme H Konwnecniemoe onpeneneme AepHesoii rpynnsl naHTannnoa MeTonohi ra30- 
ZIUI~KOCIIIO~~ xpoMaTorpa#ut: CHARLES A. BURGETT and JAMES S. FRITZ, Tu/unro 1973,20, 363 

PemoMe- l-IplzBeAeH MeToA ra30-~HnKocTHoR xpoMaTorpa@,aa nnff pa3neneean H nocne- 
nyIoourer0 Konn~ecTBeHHoro onpeneneaer uepaeBoB rpyITIIb1 naHTaHaAoB. JIaHraHunbI (RE) 
XCTparHpyIOTCR CHHepreTHYeCKH H3 BOAHOrO paCTBOpa C ITOMOLUbIO IIOflH@TOp&ipOBaHHOrO 
nHKeToHa 1,1,1,2,2,_6,6,7,7.7-neKa+TOp-3,~-rertTaHnHOHa H(@T,Q) B KaYecTBe neraHna A 
AU-H-6yTUJICynb@OKCUna HIjCO B Ka'IecTBe HeZtTpaJlbHOrO AOHOpa. COCTaB 3KCTparUpOBaH- 
Horo coenmeww - RE(@T&. 2fl6c0. npEfBeAeHbI pe3yJIbTaTbI TepMOrpaBHMeTpH- 
'IeCKOrO aHaJIH3a KOMllJleKCOB. nOCTpOeHbt aHaJ-IHTH'leCKHe KpHBMe, KOTOpbIe OKa3aJlHCb 
&fCIlOAb3yeMblMH B nHa.ITa30He 0,1.10 MKT MeTaJIAa. &'iHAHBHnyaIIbHbIe JIaHTaHAAbI OIIpeAe- 
neHbICBbIXOnOM 99,07&a COTHOCHTeJIbHOkCTaHAapTHOi-iOLUA6KOi8 h 2,0%. CMeCH AaHTaHH- 
AOBaHLUIH3HpOBaHbI CBbIXOAOM 101,2'?,a C OTHOCHTeJIbHOfiCTaHAapTHOi? OLUK6KOk + 2.2%. 

ICynowwqtmxKae wrponaume icnenoT B monponasone - II. 3neimponmbie pea- B 
npncy~c~~tm xnopnna JIHTIUI n 6ponmna T~~TWBMMORHR B icawxrne @imsoro mercrponnra: 
B. G. COOKSEY, B. MEITERS, J. M. OTTAWAY and D. W. WHYMARK, Talunra 1973, 20, 371 

Pemme- M3y~eHbIKa~onH~epeaKu~wB~eTaHonewu3onponaHone~np~cyT~T~aaxnopwna 
n~~~a~6pOMKna~re~pa3TH~a~~0~~a~Ka~e~~ae(POH0~0~03neKTponH~a.~060~~a~peaKu~~ 
B paCTBOpe XJIOpHAa JIHTHR BOnHT K 06pa30BaHHH, HepaCTBOpHMOii rHApOOKHCH IIHTAII, HO 
CTeXHOMeTpH’ieCKOe KOnHYeCTBO OCHOBbI o6pa3yeTcn B 6pOMUAe TeTpa3THnaMMOHWR, BOC- 
CTaHOBAeHHeM paCTBOpHTeAH, KHCJIOpOAa H CJIeAOB BOnbI. 6pOMEiA TeTpa3TWAaMMOHHR 
~~~O~eHBKa~eCTBe~OHOBO~O3neKTpOA~Ta~~KyAOHOMeTpH~~KOrOT~TpOBaH~RK~CnOT 
Bn30nponaHone. 

Hewropue Sa6Jllo&3lllUi B CINl3Y C OKHCJlHTeJlbHO-BOCCHTenbIlblM XaPaW’epOM ntLsHKaTOj#a 

Yi? 
IIRROBO~~ KIICJIOT~~ npn nrrposrumw menem( K. SRIRAMAM, Tuluntu 1973, 20, 

Pe3~Me-~On~neneHbIO~THM~bHbIeyCnOBHI~C~OAb30~HH~~-~H~naHTpaH~nOBO~ KHC- 
nOTblBKa'l~CTBeHHnHKaTOpaAA~THTpO~HHR~eAe3a(~~)AHXpOMaTOM,Cynb~aTOMUep~K(~~) 
H &U%inaTOM. WCCnenOlG%HbI ClTeKTpO~OTOMeTpH'fecKHM MeTOAOM BJIHRHHe )Kej-Iesa(III) Ha 
Ae&TBHeHHnHKaTOpaH ITpHpOna3eJleHOrOCOeAHHeHH5Io6pa3yIOqeroca H3 HHAHKaTOpanpH 
THTpOBaHHH XteJle3a(II). 

O~neJl~ lrsHor~MMOBblK KOnH'K?CTB CyJlb@Aa Ha OCHOBe BblllyCWlWIHSl ~~HOalCTHBHOrO 
HO-: V. KRIVAN,~. PAHLKE and GTGLG, Tuluntu 1973.20, 391. 

Pe3iOMe--peAJlO~eHbI nBa BapHaHTa MeTOAa OIIpeAeJIeHHI HaHOrpaMMOBbIX KOJIWYeCTB 
CyAb@HAHOHOB B XCHAKWX npobax. OHH OCHOBaHbI Ha 3aMelUeHHlO pailHOaKTHBHOr0 AOnLina 
H3HOAHnaCepe6paCynb~HAOM.B~epBOMBap~aHTe,uOAXOAR~eMAnrHe6OAb~wXO6beMOB 
npo6bI, MeYeHbIfi WOAHA cepedpa #IHKCHpyfOT Ha AHCKe @HJIbTpOBanbHOfi ByMaTH, KOTOpbIR 
3aTer.4 ~CTPRXHB~~TC aHanH3HpyeMbIM pac~a0p0M no nonyseHHn pamoeemioro cocTonwin. 
BO BTOpOM BapHaHTe, I-IOnXOnRUleM ASIR 065ehlOB IIpO6bI BIlnOTb 300 MA, paCTBOp npo6bI 
ITpOnyCKZUOT Yew_, nHCK 4HnbTpOBaJIbHOfi 6yMarlr C Me'IeHbIM HOAHAOM cepe6pa WnH ‘fepe3 

oca~o~~e4eHoro Momma cepe6pa.KOnH~eCTBOcynb&inaonpeAenn~~Haoc~oBeaKT~BHocTH 
OCBO60RilIeHHOrO paAHOHOALina CpaBHeHHeM C 3TaJIOHaMH, 06pa60TaHHbIMW TQM me IQ'TeM. 
MeTonnpHMeHHMAnRKOnHYecTBCynb~HAOB6onbLue~eM~ HT H KOHUeHTpaUFi~6onbUle'ieM 
0,2~.HaM~AA~apA.~CC~eAO~HOanRRHAepRna06bIKHOBeHHbIXCOupOBO~AaK)UIHX aHHOHOB 
H KaTHOHOB. 



SUMMARIES FOR CARD INDEXES IX 

Stiphooated &yes as extractive metallochromic reagents: C~LIN WINDWARD and HENRY 
FREISER, Tulatm, 1973, 20, 417. (Department of Chemistry, University of Arizona, Tucson, 
Arizona 87521, U.S.A.). 

Summary-A survey has been made of analytically useful extractable ion-pair complexes that 
are formed by the use of a series of metallochromic indicator-metal complexes in conjunction 
with quarternary ammonium ions. The reagents were o,o’-dihydroxyazo dyes and azo-oxines. 

N-(2acetyLI ,lindandione-l-hydrazone)trialkylammonium iodides as a new group of reagents for the 
carhonyl group: M. K. BACHLAUS and K. L. MENARIA, Talunra, 1973, 20, 420. (Defence 
Laboratory, Jodhpur, Rajasthan, India, and Department of Chemistry, University of Jodhpur, 
Jodhpur, India). 

Summary-Monohydrazones of N-(2-acetyl-1,3-indandione)trialkylammonium iodides have been 
synthesized and used as reagents for the carbonyl group. Aldehydes, ketones, ketoacids and cyclic 
ketones react with these compounds, producing a yellow colour. Carbonyl compounds can be 
identified by the absorption of their derivatives with these reagents. 

Sulpholane as colour-enhancing and stabilizing agent for silicomolybdic acid: H. FLASCHKA and 
J. J..TIvE IV. Talanm. 1973, 20, 423. (School of Chemistry, Georgia Institute of Technology, 
Atlanta, Georgia 30332, U.S.A.). 

Summary-Addition of between 20 and 40% v/v sulpholane gives a colour enhancement of 
silicomolybdic acid better than that achieved with acetone. The B-silicomolybdic acid is stabilized, 
and solutions yielding a pH-meter reading of 0.1-1.8 give the best results. The photometric 
measurement is made at about 400 nm. Another advantage of sulpholane is its much lower 
volatility. 

o-Amino heterocyclicazo-dyes asanalytical reagents--II. Spectrophotometric determinntion of cobalt 
with 3-[@-chloro-2pyridpl)azo]-2,6diaminopyridine: SHOZO SHIBATA, MASAMICHI FURUKAWA 
and KAZUO GOTO, Tahta, 1973, 20. 426. (Government Industrial Research Institute, Nagoya, 
Kita-ku, Nagoya, Japan). 

Summary-Cobalt(I1) and 3-[(5-chloro-2-pyridyl)azo]-2,6_diaminopyridine (5-Cl-PADAPy) in 
slightly acid, neutral or alkaline media form a blue complex which is very stable even in the 
presence of mineral acids. The complex has two absorption maxima, at 575 and 620 nm, in 
1.2M hydrochloric acid. The system conforms to Beer’s law; the optimal range for a l-cm cell 
is 0.2-1.2 ppm cobalt. Milligram amounts of common anions and cations do not interfere. The 
molar absorptivity is 3.69 x IO4 l.mole-‘.cm-’ at 620 nm. 

Metal complexation with 2-hydroxy4-methylpyridine+carboxylic acid: VEENA KUSHWAHA, R. P. 
SINGH and MOHAX KATYAL. Tdanra, 1973. 20, 431. (Department of Chemistry, University of 
Delhi. Delhi-7. India and St. Stephen’s College. Delhi-7. India). 

Summary-Metal complexation with 2-hydroxy-6-methy!pyridine-3-carboxylic acid has been 
studied. The ligand finds use in detection and determination of iron(II1). The order of stability 
constants of the bivalent transition metal complexes is Cu > Zn > Fe > Ni > Co > Mn. 



x AHHOTBUHII CTaTeB 

Cyw@oawpoeawwe asorpacnrem n tcawcme owcrpamb~x iwemnnoxpormbix pearenroe: 
COLIN WOODWARD and HENRY FREISER, To/unto 1973,20,417 

PeSOMe--pHBUleH 0630~ HCIIOJIb3)'eMblX B aHBnH3e 3KCTparIfpyeMbiX KOMIIJICKCOB Ha 
OCHOBe IIapHblX HOHOB, o6pasylotmxca C HCIlOJIb30BaHHeM pSIna MeTUI,-iOXpOMHbIX KOM- 
I'LBeKCOB HHnIIKBTOpMeTBJIn B npHCyTCTBHH HOHOB 'IeTBepTWIHOrO BMMOHWI. PeWeHTbI 
TIpenCTsBnXnH coBoR O,O'-AHOKCHa30KpaCHTenH II s300KCWHbI. 

HoJInm N-(2-BnBTWl-1 ,Sl-mnpo3 )TplramanaMMotllla B ICB'IWlBe IIoB&rpymIbI 
peonarosrvnI=W=J=Bii rpyn~w: K. BACHLAUS and K.L. MENARIA,TU/U~U~ 1973.20.420. 

%NOMe- GHHTe3HpO~bI MOHOrHJ.IpB3OHbI BOnnnOB N-(2-aUeTHn-l,3-HHnaHnHOH/Tpn- 
~KHJlaMMOHHX H IiCIIOrIb3OB3HbI B KB'IeCTBe peBreHTOB J.InR KBp60HHnbHOB I-p)'IllTbI. hbae- 
rHnb1, KeTOHbI, KeTOKBCJIOTbI II UHKJIH’iCCKHe KeTOHbI peBrIIpyB3o-r C 3THMH COe~HHeHHRMH C 
npOIIBJIeHIIeM 3KWITOrO UBeTB.Kap6oHWIbIIbIeCOeLIHHeHHX MOI-yT 6bITb HneHTHI#lKUIIpOBBHbt 
HB OCHOBenOrJIOIUeHABHX npOH3BonHbIXC 3THMHCOeJlHHeHHRMH. 

c&lb@lBH B KWBCIW? yaumawero n m6nJuunpylourero uwr pearemh nnn cu~~~o~onn6 
~~IIoI&IMI~M)~~~: H. FLAWHKA and J.J.TIvE IV, Talanrn 1973,20,423. 

Pe3rome-~o6aBneIIHe pacreopy 26-46x no 06be~y cynb&naHa ~CIUIHBWT UB~T CHnnKo- 
rdow6neHoBoii KBCJIOTbI JIy¶UIe 'IeM BIWTOH. PeBreHT CTB6HJIH3BpyeT ~-cHJIUKOMOJIII6neHO- 
Byw, KBUIOTy, a CBMbIe JIyWIBe pe3ynbTBTbI nOJQ"IeHbI B pBCTBOpBX nOKa3bIBBIOIUHX pH 
0,1-l,& GBeronornoIUeHHeH3MepnIoTnpH4o6wM. Elue OAIIHHM npeMyIWcTBobi cynbt$onaHa 
nmnmcn ero ~x3KBn neqwmb. 

o-AMHHO rerem n3ooKDpcnrerm B mwmme aifammmcm pearemos - II. Cnew 
vowl.=eT==Koe oopenm lco6aJlbTa 3-[(5-XnBp2-nqWwI)B3+2,6-LI~- 
BBM:SIIOZO SHIBATA, MASAMICHI FURUKAWA and KAZUO GOTO, Tnlanta 1973,20,426. 

Pwnme- Ko6anbT(II) 06pcuye~ c 3-[(5-~Op-2-nXpBLIBn)B3O]-2,6-nX3MHHOnHpBnBHOM 
(5-Cl-l-lAAAn) B CJ'Ia6oKIfCnbIX, HefiTptUbHbIX HnH IIIenO'IHbIX pBCTBopBX CHHHB KOMIb-IeKC, 
KOTOpb~RBBBeTCXBeCbMB yCTOhiBbIMAalKeBIlpHCyTCTBHHMHHep~bHbIX KHCJIOT.KOMMeKC 
TIOKa3bI~nBaMaKCHMyMa CBeTOnOrnOIUeHHX,npII 575 II 620 HM,B 1,2kf COJVlHOit KHCJIOTe. 
CHCTeMa EIO'IHTaeT 3aKOH &pa. OIlTHMa.JIbHa2l o6nacT KOHUeHTpaUHti C H;'IIOSlb30BaHHeM 

KIOWKH 1 CM-O&l,2 4. Ha MHJIJIHOH KO6aIIbTB. h'fHJTnHrpBMMOBble KOnH'IeCTBB 06bIKHO- 
BeHHbIX aHHoHoB H KaTKoitoB He MemaIoT 0npeneneHBto. MonnpHoe CBeTonornoUIeHHe 
cocraBnneT 3.69 x IO4 n.Monb-'.cM-' npn 620 HM. 

06fXl313BBBW KOMIIJIeICCOB MWBJInOB C 2-OKCB-&MenVrIIBpWlBH-3-KBp6B6OBo~ KBCJlOTOii: 
VEENA KUSHWAHA, R. P. SINGH and MOHAN KATYAL, Talanta 1973, 20,431. 

PesloMe- J'isy'IeHO o6pa3oBanBe KOMI-IneKCOB MeTBJInOB C 2-OKCH-6-MeTHJUTBpiIABH-3- 
KBp6OHOBofi KHC.lIOTOti. ~HrBIInOM MOlKHO llOJIb30BaTbCII B 06HapyxeHHH B OIIpeJIeJleHtiH 

XWle3a(III). KOHCTaHTbI yCTOB'IHBWTB KOMTIneKCOB JlByBaJleHTHbIX I-IepeXOilHblX MeTaTIJIOB 
yMeHbwatoTcn B nopnnKe Cu > Zt’i > Fe > Ni > Co > Mn. 



SUMMARIES FOR CARD INDEXES 

toeating the mere a&k bydroxyl gratp on dihydroxy eempuunds. ~‘~‘~j~ydruxy~ye me&ii 
kdhtors: FREDERICK LWJDSTROM and ANN EDWARDS WOMBLE, Tufnnra. 1973, 2& 589 
(Department of Chemistry and Geology. Ctemson University, South Carolina 29631, U.S.A.). 

Summary-In o.o’-dihydroxyazo-dye metal-ion indicators, one hydronyl group is 10’ times more 
acidic than the other. The location of the more acidic group has been a mystery. By methylation of 
the acidic IrouD. reduction of the monomethylated compound, isolation and characterisation of 
the spiir m&oxyamine and hydroxyamine, t6e location of the acidic group has been established. 
fndicators examined include Cabnag&_ Eriocbrome Back T, E&chrome Blue Btack R and 
4-(2-pyridylazofresrcinof (PAR). 

Application of various electrodes in putentiometric titration of ealchm: ADAM HUL&N~CK~ and 
MARE% TROJANOWICZ, Talanta, 1973, 20, 599. (institute of Fundamental Problems in Chemistry, 
University of Warsaw, Poiaad). 

Summary-In complexometric titrations various indicator electrodes may be employed for 
monitoring the course of titration and for detection of the end-point. Several of them, including 
the silver, mercury, bivalent cation membrane, calcium membrane and manganese dioxide 
electrodes were investigated and compared in their usefulness. As titrant, EDTA was mostly used, 
but results with similar chelating titrants were also obtained. The practical utiiity of the electrodes 
in titratians depends on their selectivity, magnitude of the end-point break and precision in 
determination of the end-point. For the electrodes studied, in some instances there is good 
correlation between the theoretical and ex~irnen~l~i~~t~n curves, but it is not always possible 
to predict the electrode response in the low activity range. In other cases poor correlation does 
not mean that reasonably good analytical results may not be obtained. 

Comparative study of ti~~iurn~fv~~ exrhaqers in nqueuus wtd mixed sokent systems: 
MOHSIN QURESHI, NFGHAT ZEHRA, SYED A~HEAQ NABI and VIRENDRA KuM~, Tafanta, 1973, 
20.609 (Department of Chemistry, Aligarh Muslim University, Aliparh, U.P. India) 

Summary-The antimonate, arsenate, tungstate, molybdate and salenite of titanium have been 
synthesized. Their composition and chemical and thermal stability have been determined. Effects 
of pH and temperature on ion exchange capacity have been studied. Titanium antimonate was 
found to be the most thermal& stable. The utility of these ion-exchangers For anatyticai separations 
was examined by determining the dist~butio~ coefficients for 26 metal ions in some aqueous, 
non-aqueous and mixed solvem systems. Quantitative separations of Ng-Cd, Pb-Cu and Pb-Zn 
have been achieved on titanium tungsfate columns. and La-Ba mixtures have been separated on a 
titanium arsenate column. 

Oxidative c~hm&etric trace de~e~i~~~ of s!@hur in hy&oe.arixms: AN~>Ew CEDERCREN, 
Tafnnfu. 1973. Lo, 621. {Department of Analytical Chemistry, University of Ume& S-901 87 
UmeH. Sweden.) 

Summary--A new combustion system for the oxidative coulometric determination of sulphur in 
liquid hydrocarbons is described. The conditions were selected so that the recovery as SO, was 
close to loOa,. The relative standard deviation was <lo/;; for sulphur in the range 2-lC4!0 mg/l, 
with thiophene in cyclohexane as a test substance. Thermodynamic data on the equilibrium 
between SO, _ 0, and SO, were used to select the operating conditions. To increase the 
recovery of SO, the combustion gas mixture was diluted with an inert gas lo lower the partial 
pressure of oxygen. A temperature of IOOO’ in the equilibrium zone resuited in a recovery of 
99”,. The SO, was titrated with coulometrically generated iodine, the concentration of which 
was controlled by a Pt-redox electrode. The response of this electrode has been examined. A 
rather high concentratton of I- was used to suppress iodine losses during the analysis. The 
time of analysis was 2-5 min, and sample sizes were 3-7 ~1. An LKB 16300 Coulometric 
Analyzer governed the titration procedure. 



vi AaHoraUuu craTea 

Pe3iosie--- O,O'-A~OKC~~OKp~~Ten~X 3iClIoJtb3oB&tttiblX 3 Ka%cTBe HHAHKRTO~OB M$t 
HOHOB MeTafUlOB KHCJlOTHOCTb OAHOii l-HApOKCAJlbHOfi rpyl'tttbt lo4 BbtUIe 'ieM KRCJtOTHOCTb 
Apyro#rpYnttbt. MecToaono~gen~efionee~~cnoilrpy~bt6btnoHeH3lsecrxo.O~oonpeAeneno 
MeTn3trUnefI tcsicnoTtioR rpynrtbt, BoccTatioBneHHetu bfottoMeTsiAmpoBanHoro CO~AAH~XHII, 
~3on~~~~e~ N xapattTepH3spoBattsieM 0TAeAemtbtx MeToKcsiaMsitia H 0KcsiaMmta. 
kl3yge~H~e~HA~KaTOp~B~~~~~K~~,3p~oXpO~~ep~blftT,3p~OX~Mc~ne-rep~brZL 
R w4-/2-nsp~Aana3o/pe3opunwon (IlAP). 

H- PlpMwaJx 3JRKTpOlWB AlJUl IlW’~M~KOfO nrrpOSaUlUl ICiWIblHHI: 

ADAM HULAM~I~IH~ MARBKTRUJANOWICZ, Talatm 1973,20, 599 

PesoMe----psi KO~~~OHOM~~ T%TpOBI35RIIX MO=0 fiOnb3O=TbCB pi%3HbtMH 

Europe 3nettTpoAabsi fwr rrpocn~ssisir xoAa ln~po=ax R A~B 06stapyxceEsiR 
go=&% TsTpOBaBsfs. HeK@ropljre 83 HEX, B TOM chute Cepe6pAHb&, p~y~tib& 3AeKTpoAbt, 
3JteKTpoAbt cABy~ane~T~o& xa-riroartoft Metipasoll H KanbuHeAofi MeM6pasofi H 3neKq?oA 
ABYOKHCX Mapr~a6btnHH~exo~MHHXAoAe3H~bcpaaaewa.B60~urH~crBecnysaes 
ECtIOJtb3088JIH 3ATA B KayeCree TKTpoBaHHorO pacTBopa HO Hcnbrraxibt TaKxCe aoAo6iwbte 
xenaToo6pa3yrota3ie THTpaHTbt. npaKTH%CvaR ROJIe3HoCTb SneKTpoAo3 3aBHCRT OT HX 

~e~~B~~,~~~ c~~ano~~aarrsnpaKoaxue~H~poBanHlrHBOCaPOH3BOLIHMOCTn 
O~AureHKR KOHU& THTpoeruIUR. &Bt RC~~AO~~~X 3JteKTpOAOB B HeKOTOpbtX Uty%%stX 
UO~eHBXo~~~Kop~~~~ MGiUly T~~~~HH3KCffepHMeHTSLnbHbtMHTWTpBLI~ON- 
HbtMH K$HJ%tt4i, HO He YAaJtoCb BO BceX CJtY¶ivn UvACtGUaTb OTBeT 3neKTpOAa B o6nacTu 
HHIJKHX aKTHBHOCTRX. BApYrHX CIty'tmX IieAOBOnbH~ KOppeftRuHR He HCKntO'taeT UptIMeIt&+ 
MOCTb3neKTpona BatiWX?& 

Pe3iome-iIpwroToanenbramsibi0fta~,apcexaT, sonb@paMaT,Mon~QinaT sicenetisi~~irra~a. 
oIIpeA&JteHbt HX COCTaB H XHM&%CKan H TepMH%CKan YCTO@~MBOCT~ M3yqeHO BnKIIHne pH 
H TeMttepBTypbl Ha HX HOHOO6MeHHyKI BMKOCTb. AftTWMOHaT THTaHB OKR3RACSl mil6onee 
TepMK%@KH yCTO&iiB!&M ttpOH3BOAHbiM. &i3yXeHa EpHMeHHMOCrb 3THX HOHO06MeHHWKOB 5 
~~~O~A~eU~A KO~HuUeHTOB P~A~AeAe~~ff 26 UO~OBM~~nOBB HeKOTO- 
pblX ~AH~X,~e~~bIX U CMetAaHHbtX CHCTeM paCTBOp~TeJI&. nOJty'teHb1 KOJtH'teCTBeHHMe 
pa3xene~mn Hg-Cd, Pb-Cu H Pb-Zn Ha KOJ~OHK~X Bonb@paMaTa rnraHa, a cMect+ La-Ba 
pa3xeneHbt tta KonottKeapceHaTaTHTatfa. 

Pe3me --&tHCt%H8 HOBasI CJiCTeMil C3RRraHHII AJtr O~~~~b~orO ~noHOMeTp~~eCKOr0 

OnpeAenetiHn cepbt B %sIAKWX yrneBoAopoAaX. OTo6pattbt VC~OBHR AatotuWe Bbtxon SO2 
OKOnO 100'~. OTHOCHTenbHasCTaHAapTHax oura6~aCOCTaBnBeT <~*?AJIX cepbt I? apenenax 
2-1OOO~r~/n,c~cnonb3o~a~~e~T~o*Ha5U~~.r1oremtca~e B KaqeIeCTt3e HUIbiTyeMOrO 3eutecTsa. 
YCnOBUn OtIpl!AeJteH%In OT06paHbt Ha OCHOBe TepMOAKItaMHIIeCKHX LtatiHbtX AnR paBHOt%?CHK 
SOI:.02 ~SO,.~nrnoBblLueHHIabtxoxaS0~CMecbcwrHraeMbtxra3oepa3&BneHa1l~ept~bi~ 
fa30~ Anr CfitfxcejtWs aapuu~bHor0 Aa~en~~ KHcJ'tOpOAa. TeMnepaTypa IO#" B 30He 
paBHOBeGiR AaJIa 5btXOA 99%. So, TKrpO%%JIH HOAOM reHep~pO~HH~M KynoHOMeTpEf- 
WCKHM lly-reM,KON.WiTptUlUiO KOTOPOFO ~ryIItipOBRJl&i C tlOMOtAbt0 ttnaTUHOBOr0 OKWCIIH- 
TenbBo-BoccrattoeHTenbttoro 3neKTpoxa. M3yreti 0TBeT 3Toro 3neKTpona. Mcaonbsoeatta 
AOBOnbHO BbtCOKa)t KOHUeHT~UHn I- 'tTo6br UOAaBHJtHCb nOTepi HOAa B Te'IeHHe attaJtH3& 
i-fpOAOn~t%TeJlbHOCTb aHaJIH3a 2-5 MtlH., a 06seM npo6-3 A0 7 MKn. TUlpoBatste 

UpOBeAeHO HaKy~OHOMeTp~q~KOM apft6opefiFG 16300. 



SUMMARIES FOR CARD INDEXES vii 

Suppression of interference in the AAS determination of chromium by use of ammonium hifluoride: 
A. PURUSHOTTAM. P. P. NAIDU and S. S. LAL, Talanta, 1973, 20, 631. (Central Laboratories, 
Airborne Mineral Surveys and Exploration, Geological Survey of India. Faridabad. India). 

Summary-Addition of IT, of ammonium bifluoride successfully suppresses interference by diverse 
ions in the atomic-absorption determination of chromium(V1). If the sample solutions also 
contain chromium(II1) addition of 1% of ammonium bifluoride and 0.24,, of sodium sulphate 
is recommended for the suppression. 

o-(2-Hydroxy-S-Dodecylphenylazo)Benzoesjiure und -Arsonsiiure ak Chelntbildner fliissiger lonen- 
austauscher: E. BLASIUS und H. J. FINKENAUER, Talanta. 1973, 20, 639. (Institut fur Analytische 
Chemie und Radiochemie der Universitiit des Saarlandes. 66 Saarbriickeo 15, West Germany). 

Summary-The syntheses of two new chelating agents, o-(2-hydroxy-5-dodecylphenylazo)benzoic 
acid and the corresponding arsenic acid. are described. Solutions of these in benzene or in 
chloroform have been used as liquid ion-exchangers for the separation of Be and Al. and of Zr 
and Hf. Both have proved useful for the separation of traces of Fe(III) from solutions of salts. 

Determination of impurities in high-purity gold, with a gas-stabilized low-temperature arc: B. ZMB~VA 
and M. MARINKOVI~, Talanra, 1973, 20, 647. (Boris KidriP Institute, Vinb, 11001 Beograd, 
Yugoslavia). 

Summary-A gas-stabilized arc with aerosol supply has been used for emission spectrometric 
determination of Al, B, Be. Co, Cr, Fe, Ga, In, Mg, Mn, Ni, Pd, Rh and Zn, as impurities 
in high-purity gold. Two analytical procedures were compared: (a) direct aspiration of dissolved 
samples containing 20/, of gold and 0.2% KCI as buffer, and (b) separation of impurities by ether 
extraction of go!d from 1N HCI followed by impurity determination with a stabilized arc. 
Limits of detection, precision and recovery of the extraction procedure are given. 

Application of the zone-melting technique to metal chelate systems-VI. A new apftaratus for 
zone-melting chromatography: SHIGRRU MAEDA, HIRC~SHI KOBAYASHI and KEIHEI UENC@, Talanta, 
1973, 20, 653. (Department of Organic Synthesis, Faculty of Engineering, Kyushu University, 
Fukuoka 812, Japan.) 

Summary-An improved apparatus has been constructed for zone-melting chromatography. 
An essential feature of the apparatus is that the length of the molten zone can be kept 
constant during the zone-melting operation, by employing heating and cooling compartments 
which are separated from each other by double partition plates. Each compartment is heated 
or cooled with jets of hot or cold air. The apparatus is suitable for organic materials melting 
in the range between 40” and 180”. The distribution of metal ion along the column after 
zone melting of copper acetylacetonate in 2-methoxynaphthalene was a smooth curve. The 
plot of the position of maximum concentration, x,, , against the number of zone passes, n, gave a 
relationship in accordance with theoretical prediction. 

A polarographic study of the pre-sodium type catalytic hydrogen wave exhibited by selenocystine: 
V. VOICU and A. C~LUSARU. Tahta, 1973. 20. 659. (Institute of Atomic Physics, Bucharest, 
Romania). 

Summary-Selenocysteine. formed by reduction of selenocystine at the DME at about -0.6 V 
in an ammoniacal buffer, produces a pre-sodium catalytic hydrogen wave. The effects on this wave 
of variation of several physico-chemical parameters such as selenocystine concentration, mercury 
column height. buffer capacity and concentration, and ionic strength, have been studied. The 
results obtained all support the conclusion that the wave is of pre-sodium type. The partially 
protonated species of selenocysteine seem to be catalytically active. An analytical determination 
of selenocystine in the presence of selenocysteine. based on this study. is proposed. 



“III AHHOT~UWW cTaTefi 

nonaanesme noMex 6 onpeneneimu xpoMa ~eToAo~.aTo~uo-a6cop6u11om1oii cneKTpohfeTpwu E 

wnonb3ottanneM 6ti@TopwAaaMn%ofmn: A. PURUSHOTTAM, P. P. NAIDU and S. S. 1.4~. Talanta 
1973, 20, 631. 

PeWMe- L[o6aaneHwe 1% 6tiaTopHna ~MMOHHI~ ycneuIH0 ycTpaHseT MeLUatOUleeneficTBHe 
HeKOTOpblX HOHOB IIpH OllpeneneHHH XpOMa(VI)MeTOnOM aTOMHO-a6COp6UuOHHOR CIleKTpO- 
MeTpH. B CnyYae IT~HC~TCTBHSI B IlpO6e XpOMa(III) llpe.AnOwteHO AO6aBneHkie paCTBOpy 1% 

6m$q_xina aMMOHUH W 0.2% CynbC/)aTaHaTp&fn. 

a-(2-OKc~-5-none~~~3o~~n n-apcoeosan iatcao~b4 B Kawcrne xeJlaToa6pa3y- 

nnunx mnnwx HOIKW~M~EODIKOB: E. BLA~IUS and H. J. FINKENAUER, Talanta 1973, 20, 639. 

PeWMe- OllHCaHCLiHTe3 AByX HOBbIXxenaToo6pa3yIOUUixareHTOB- o-(2-OKCH-5-AOAeUWI- 

~HWIa30)6eH3O~HO~ KBCnOTbl H COOTBeTCTByHJLUefi i3pCOHOBOk KHCJIOTLI. PaCTBOpbI 3THX 
KHUIOT B 6eH30fle linW XnOpO@OpMe HCIlOJIb30BaHbI B Ka'leCTBe XCKHAKHX HOH006MeHHAKOB 

Ana pa3neneHwn Be H AI u Zr H Hf. 06a HOHOO6MeHHHKa OKa3anHcb none3HbIMH nnn 

BblAeneHUIl CneAOB Fe(II1)w-J paCTBOpOBCOneir. 

OlI~AeJTeHW IlpliMeCeii B abRoIcOWCTOTHoM 36ROTe C HClloJlb30WHlleM cra611~u1311po~iamoii 
rason( mwco~emeparypnoii AFH: B. ZMBOVA and M. MARINKOVIC, Talanta 1973, 20, 647. 

Pe3lOMe-~Ta6HnH3~pOBaHHaK ra30M Ayra C aepOCOnOBbIM KJWTaHKeM HCIIOnb30BaHa Anfl 

onpenenemn Al, B, Be, Co, Cr. Fe, Ga, In, Mg. Mn, Ni, Pd, Rh H Zn B @opMe npHMecefi 

B BbICOK04HCTOTHOM30nOTeMeTOAOM3MHCCHOHHO~C~e~pOrpa~~~.~paBHeHbIABaaH~~T~- 

'IeCKWX MeTOAa: a)HeIIOCpeACTiEHHaR aCUHpaUkfH PaCTBOpeHHbIX 06pa3UOB COAepXCaqHX 2% 

3onoTa w 0.25 M KC1 B KaYecTBe 6y@&pa, H 6) OTneneHHe UpHMeceil 3KCTpaWpOLWIHeM 

30noTa 3&ipo~ ~3 1N HCI c nocnerZymum 0npemnewieM npsiMeceB c wznonb308aHweh4 

CTa6WWi3HpOBaHHOk AyrH. npHBeAeHb1 'IyEWZTBHTeJIbHOCTb, BOCITpOW3BOAHMOCTb H BbIXOA 

3KCTpaKUWOHHOrO MeT0A.a. 

ilpwewuwe MmoAa 3 OtWWUOrO IlilBMeliW m CHCTeMbl XeJlaTOB MeTaJlJIOB-WM. HOBO 

npll6op AJIll X~MllTOQE3#lI4 Xs OCllOBe MR&R~ROTO nnasnewta: SHIGERU MAEDA, HIROSHI 

KOBAYASHI and KEIHEI UENO", Talanfa, 1973, 20, 653. 

PeslOMe-CKOHCTpyHpOBaH yny'iUleHHbIfi np~60p Ana XpOMaTOrpa@H Ha OCHOBe 30Ha,Ib- 

Hero nnamewin. Cyuwxxb npa6opa B TOM ST0 OH n03BonneT noMepxcneaTb Anu~y pac- 

UnaBfleHHO~3OHbI~OCTOIlHHO~BTe~elelIHeO~ep~HH30H~bHOrO~~eH~~,UOnb3y~CbKaMe- 

paMii Ann Harpeww ii ox.naxueHHr, pa3AeneHHbIMtf ABORHHMS~ neperopoAKaMH. KamnaR 
KaMepa HarpeEsaeTcR HnH OxnawJaeTCn crpyf% ropnYer0 sin&i XOnoAHoro ~03nyxa. llpe6op 

noAxonRUIeii AJIll OpraHHHYecKHX IWWCTB IuIaBIlqWXCII B o6nacTH 40-180". PacnpeAeneHHe 

HOHOB MeTaJInOB BAOnb KOnOHKH nocne 30H8nbHOrO nnaBneHHn aUeTnnaUeToHaTa MeAH B 

2-MeTOKC~Ha~T~~He~~ACTaBneHOrn~KO~Kp~~~.3aBHCHMOCTbMeCTOUOjIO~HAR MPKCW- 

MaJlbHOi? KOHUeHTpaUHH Xk(BXE OT YHCJla 30HaJIbHbIX ITpOXOAOB PI 6bma B COrnaCHOCTH C 

TeopeTHrecKnMH npencKa3aHHnMH. 

IIonaporpa~n~~oe n3ywnne KaTaJnlTiweCKoii BOAOpOAJIOii BOJlRbl nepeAllaTplwsoro nma 

nponnneroloii cen~ouw~nno~: V. VOICU and CALUSARU, Tafarzra 1973,20, 659. 

Pe3mMe - CeneHoumreuH, o6pa3ymu~ficr npH mcmaHoBnermi cenexiousicmtia Ha Kanenb- 
HOM PTYTHQM snelrrpone np~ -0,6 B, B paCTBope aMt.tHa~Horo 6y4&pa, AaeT UepeAHa- 

TpHeBy KaTanHTHlreOKylO BOnOpOnHyEO BOnHy. ki3y'ieHO BnWIlHHe Ha 3Ty BOnHy p$lAa 

t$H3HKOXHMH'ieCKWX IlapaMeTpOB, B TOM YHCJIe KOHUeHTpaUHH CeJIeHOUWCTWHa, BbICOTbI 

pTyTHOr0 cTon6a, EMKOCTH H KoHUeHTpaUHH Gympa w HOHHOfi CHnbI. ke nonyqesebre 

pe3ynbTaTbI I-IOATBepXCAaIOT ITePeAHaTpHeBb1i-i XapaKTep BOJIHLI. KameTcn YTO SaCTHYHO 

IIpOTOHHpOBaHHbIfi pOA CeJIeHOUHCTeHHa o6nanaeT KaTaJUfTWfeCKOfi BKTBBHOCTbW. &JeAnO- 

xceH aHanwsrecK5iA MeToA onpeneneiuw ceneHoumxiHa B UpecyTcT~~5i CeneHoUwTeHiia, 

OCHOBaHHbIR HasTOn pa6oTe. 



SC’MMARIES FOR CARD INDEXES 1x 

Microdetermination of deuterium in organic compwnds: DANIEL FRAISSE. DENISE GIRARD and 
ROGER LEVY, Takwa. 1973, 20, 667. (Service Central de Microanalyse. du C’entre National de la 
Recherche Scientifique, 2. rue Henry Dunant- Thisis-France). 

Summary-A simple method is described for the microdetermination of oeuterium in organic 
compounds. It involves a flash combustion of the weighed sample in a hot empty chamber at 
950-1050’ and swept by oxygen at 60 mljmin. Together with this combustion in the gaseous 
phase, an oxidation of the primary combustion gases on cupric oxide at 850” is necessary. 
Oxidation products containing halogens and sulphur are retained on silvered alumina at 750-800”. 
Combustion water containing deuterium oxide and hydroxide is frozen out from the combustion 
gases in a special trap with two five-way stop-cocks which make possible the simultaneous flow 
of oxygen and hydrogen; the latter is used as a carrier-gas in the apparatus from the trap 
downwards. The frozen water is then vaporized by heating in a hydrogen flow of 30 mi/min 
and reduced on magnesium at 600”. Deuterium is obtained as deuterium hydride in hydrogen; 
it is measured versus pure hydrogen. with a thermal conductivity detector. A determination within 
a series can be completed in 15 min. The precision of the results is that obtained in classical 
organic microanalysis. 

Use of vitreous carbon as a working electrode in coulometric titration of potassium hydrogen 
phthaLete: V. J. JENNINGS, A. DOD~~N and G. TEDDS, Talanta, 1973, 20, 681. (Department of 
Chemistry and Metallurgy. Lanchester Polytechnic, Coventry. U.K.). 

Summary-The use of a vitreous carbon electrode as a cathode in the amperostatic coulometric 
titration ofaqueous potassium hydrogen phthalate solution is described. It is shown that 10 mg of 
the phthalate can be titrated with a precision better that 0.5%. Current-voltage curves for 
piatinum and vitreous carbon cathodes show that there is an overpotential on the latter relative 
to the former. 

Spectrophotometric investigation of the reaction of Cu(II) and Cu(1) with I-isonitroso-(l,f3,4)- 
tetrahydrophenazine: CARLA BERTOGLIO RIOLO, TERESA FULLE !SOLL)I and GIOVANNI SPINI, Talanta, 
1973. 20. 684. (lstituto di Chimica Generale, dell Universiti di Pavia, 27100 Pavia, Viele 
Teramelli 12, Italy). 

Summary---The reactions of Cu(I1) and Cu(I) with 1-isonitroso-( 1,2,3.4)-tetrahydrophenazine 
(HITF) have been studied spectrophotometrically. Both ions form complexes with metalfligand 
ratio 1 : 2. The complex of C”(I) and I’TF can be used for copper determination in the range 
Z-50 x iO-hrM, and has been separated as the perchlorate in crystalline form. The spectro- 
photometric characteristics and the equilibrium constants for the l&and and for the complexes 
are reported. 

Speetrophotometric microdetermination of hydroxytriazenes: D. N. PUROHIT and KUSUM C. 
GOSWAMI, Tulanra. 1973, 20, 689. (Department of Chemistry. School of Basic Sciences and 
Humanities. University of Udaipur. Udaipur, India). 

Summary-A method is reported for the determination of hydroxytriazenes, based on development 
GOSWAMI. Tnlarlra. 1973, 20. 689. (Deportment of Chemistry, School of Basic Sciences and 
and can be used for the determination of any hydroxytriazenes. 

Atomahsorptionspektralphotometrische (A.A.S.) bestimmung von chrom in elektrodenkoks: K. 
DITTRICH and G. LIEWH. Talanra. 1973, 20, 691. (Sektion Chemie der Karl-Marx-Universitat 
Leipzig. 701. Leipzig. Leibigstr. 18. D.D.R.) 

Summary-A method is described for the determination of chromium in eiectrode-grade coke 
in the range 0.1-Z ppm (or l-20 pg,rnl in solution). The limit of detection is @4 fig/ml, the 
standard deviation is 0.008 absorbance units and the sensitivity is @02 absorbance units per pg. 
The influence of sulphuric acid and potassium hydrogen sulphate concentrations is discussed. 



x AHHOTaUHH CTaTeH 

MnqwnpeAenenne Aefirepun B opra~nrecrmx newcmax: DANIEL FRAISSE, DENISE GIRARD 
and ROOER LEVY, Talanta 1973, 20, 667. 

PesloMe - Oruicaii Hecnoxou& MeTon Mr,fxpoonpenenefnis nekTepwR B 0prariuyecKHx 
BeLUecTBaX. OH OCHOBaH Ha MTHOBeHHOM CXOUaHHH BSBeLUeHHOT0 o6pa3ua B IIyCTOti 
KaMepe IIpH 950-1050” W BbIMbIBaHHH KHCnOpOAOM CKOpOCTbIO 60 Mn/MHH. RMecTe C 3TWM 
CXHrSIHeM B IaJOBOH @a3e HeO6XOAHMO OKHCneHHe UepBH'IHbIX IIpOAyKTOB CKOITaHHR Ha 
OKHCH MeAH npH 850”. Conepmaluwe ranokinbl w cepy nponylc~li cxHraHH% ynepmwealoT Ha 
nocepe6peHHoii OKHCW ~JUOMHHHR npn 750-800”. 06pa3OBaHHyIO B cxo%ranww BOAY conepxa- 
IQ’H, OKHCb H IHApOOKHCb AeiTepHH BbIMOpaWiBaIOT H3 I-a30B CXCHTaHHIl B CIIeUHanbHOiI 
nOByIUKe C AByMa IlRTHXOAOBblMH KpaHaMH KOTOpble II03BOflRIOT OAHOBpeMeHHblk IIOTOK 
KHcnopona H aonopona; nocnemb&i cnyxo~~ n KaHecTae ra3a-HocuTenn nocne ~OBYUKH. 

RbIMOpa)KeHIiyIO BOAy 3aTeM HCIIapHBaIOT HaTpeBaHHeM B IIOTOKe BOAOpOAa 30 Mn/MHH H 
aouxaHannHBaIoT Ha MarHHH UpH 600”. AefiTepHB 0npeAenrloT n +opMe rHApHAa AefiTepHa 
B BOAOpOAe Ii H3MeplltOT AeTeKTOpOM Ha OCHOBe TeUJIOIIpOBOAHOCTH B CpaaHeHHH C HHCTbIM 
BOAOpOAOM.~pOAOn~HTenbHOCTb OAHOI-OCepHfiHOTO OnpeAeneHaa- 15 MWH. Bocnpom~o- 

AHMOCTb pe3ynbTaTOB CpaBHAMa C BOCITpOH3BOAHOCTbIO KnaCCHYeCKOrO OprilHWIeCKOrO 
MUKpOaHalUI3a. 

kicnonb3onamfe crewxoBnimor0 yrnepona 6 KaWcT6e pa6oqero snekqona npn Kynonorderpn- 

WXOM nrrposawol BTO~UWWO wcnoro @anam wmw: V. J. JENNINGS, A. DODSON and 
G. TEDDS, Tafanta 1973.20, 681. 

Pe3roMe-Q3ennoEexio Hc~onb30BaHHecTeKnonHAHoro yrnepoAHor0 3neKTpoAa B KaHecTae 
KaTOAa UpU aMIIepOCTaTHWCKOM KynOHOMeTpH'IeCKOM THTpOBaHAW BOAHOTO paCTBOpa 
BTOpHHHOrO KHCnOTO I#lTanaTa Ka.lIHSI. DOKa3aHO 'IT0 MeTOA II03BOnKeT OIIpe.AenRTb 10 MT 
~T~aTaCBOCIIpOH3BOAHMOCTbIOny'UUe'IeM 0,5%. RpHBbIeTOKa-HaIIp%KeHHKAnfl nnaTHHO- 
BO~OHCTeKnOBHAHO~Oy~ne~AHO~O3neKTp0A0B~OKa3bIBa~T~pHCyTCTB~e~epeHa~p~~eHHX 
Ha nO~eAHeM3AeKTpOMOTHoCHTeAbHO K IlpemHeMy. 

ClW~TOM e~pweacoe mxaeaomamw pe8NUIll cU(II) II (h(I) C l-HHlpo30-(1,2,3,4)-TeTpa- 

n1npo#e1m3unom: CARLA BERT~GLIO RIOLO,TERESA FULLE SOLDI and GIOVANNI SPINI, Talanta 
1973, 20, 684. 

PeSlOMe- M3y'IeHbI CIIeKTpO@JTOMeTpH%CKHM MeTOAOM peaKUHH cU(IL) Ii cU(L) C 1-H30- 
HHTpO30+,2,3,4)-TeTpaTHApO@Ha3HHOM (HUT@). 06a HOHa o6pa3yIoT KOMUneKCbI C 
OTHOUIeHHeM MeTa.IIJ-I-nHI-aHA 1:2. KomeKc cU(J) C MT@ MOW(H0 HCIIOnb30BaTb AJUl 
OrIpeAeneHHn MeAH B o6nac-ra 2-50. 10e6M; OH BbrAeneH B KpHCTaJInHHeCKOfi +OpMe B 
@OpMe IIepXnOpaTa. DpHWAeHbI CIIeKTpO~OTOMeTpH'IecKHe XapaKTepHCTHKH H KOHCTaHTbI 
paBHOBeCHs AJ-UI n&II-aHAaH KOMIIneKCOB. 

OnpBAeneIIHB 0 KWT~WWWB cne~~ome~pweeHnM MnkqoMeToAoM: D. N. PUROHIT and 
KUSUM C. G~~WAMI, Tafanta 1973,20, 689. 

k3IOMe- npHBeAeHMeTOAOn~AeneHsROKCPrTpHa3eHOB,~HOBbI~~uraiiCXHa npoRBneHBH 
p030B0T0UBeTa~aKUHe~OKCHTpHa3eHOBCa-Ha~THnaMHHOM. M~ToA~~EuIsI~TCSIO~U~~~HM~- 
HHMbIM Ii HMMO)I(HO IIOJIb30BaTbCIIAJIROtl~AeneHHR KaKHX-nH6OOKCHTpHa3eHOB. 

Onpe~weaae xpoMa I) 3nex~poAmo~ yrne ~eToAom aTohum-a6cop6 IlHOHHoii CW?KTpO@OTO- 

MW~DI: K. DTITRICH and G. LIESCH, Tafanta 1973, 20, 691. 

Pe3roMe - Oruica~ ~e.T0n 0npeneneHHn XpoMa B 3nexTponiioM yrne B o6nacTH O,l-2 Y. Ha 
MHJlllHOH(HJlH 1-20 MKT/Mn B paCTI3Ope). qyBCTBHTenbHOCTb MeTOAa0.4 MKT/MJI,CTaIiAapT- 
was oluH6Ka cocraanneT 0,008 en5tHHu nornoulefuirr a npenen 06HapyxeHHff - 0,02 enHH5fu 
IIOTnOIUeHHR/MKT. PaCCMOTpeHO BnHRHWe KOHUeHTPilUHti CepHOfi KHCnOTbI H BTOPHYHOTO 

XHcnoro cyn@aTa K~~UIWII. 



SllMMARlES FOR CARD INDEXES Xl 

Determhstioe of kon@I) with bi~~id~~~~ox~~ di~~rn~~~: J. L. BAHAMONDE, D. PCFZ 
BENDITO and F. PINO, T&n@, 1973, 20, 694. (Department of Analytical Chemistry, Faculty of 
Sciences, University of Seville, Sevifte, Spain.) 

Summary-BipyridylglyoxaI dithiosemicarbazone reacts with iron(H) or (III). The Fe(N) complex 
is yellow (.I- 400 nm). Fe(H) forms a red-violet 1 : 2 complex at pH 2.5 (&,_ 550 nm) 
and a green-blue 1: 1 complex at pH 5-10 (+,,,,., 590410 nm). Both ferrous complexes can be 
oxidized to the ferric complex; this reaction IS reversible. The quantitative application OF the 
ferrous complex has been studied. 

Dichloramine-T PS B NW oxidimetric t&rant in non-aqueo~ and partially aqueous medii-Xl: 
C. G. RAMACHANDRAN NAIR and V. RAJASEKHARAN NAIR, T&ma, 1973, 20,696. (Department 
of Chemistry, University of Kerala, Trivandrum-1, India). 

ornery-~otentiometrjc titration procedures are described for the ~termi~~on of hydro- 
@none, hydrazine, Sn(II), Sb(W), TlfI), oxine, cinnamk acid and ferrocyanide, with 
dichforamine-T dissolved in giacia1 acetic acid. 

T&I-iayer chromarograpbi method for separation and determiirstion of gmpaverine 8nd its oxidetien 
products: G. M. HABAWY and NAGY A. FARID, Talantn, 1973, 20, 699. (The American 
University, Cairo). 

Summary-A method is presented for the separation of papaverine, papaverinol and papaveraldine 
by TLC on silica gel with chloroform saturated with ammonia as the solvent svstem. The 
spots are extracted with absolute methanoI and each compound determined spectrophot6metri&hy 
in 1 M hydrochloric acid. Pa~vera~jne is also determined ~~rograpbi~~ly in B&ton-Robinson 
b&x, PI-% 4.1, after its separation and elution. The method is ranid artd sensitive and mm&s 
the determination of papavkriwz. after its extraction from drugs withbut interference by papaverinol 
and papaveraldine. 

Native Roorewence of analgesics derived from N-pbenyl~&rwdii acid: ANIL C. MEHTA and 
STEPHEN G. SCHIJL~~AN, 7’akmu. 1973, 2% 702. (College of Pharmacy, University of Florida, 
Gainesville, Florida 32601, U.S.A.). 

Summary-The native fluorescence of mefenamic. Rufenamic and mectofenamic acids is more 
useful for determination of these drugs than is the fluorescence of the derivative substituted 
acridones and benzoxazines obtained from these drugs by treatment with suiphuric acid ar 
formaldehyde respectively. 



xii AHHOT~~~~ craTeR 

Onpenemme nene3a(lf) 6 mupwummlccarrnmoce~mcap6a~o~oM: 3. L. BAHAMONDE, 
D. PEREZ BENDITO and F. PINO, Tufanta 1973, 20, 694. 

Pe3lanfe - Ei~n~pHn~nmHoKc~HTuoceMsrap6asoH pearHpyeT c menesoM(II) wni(III). 
KoMnneKc C Fe(III) ilOK83blBWT 2KeMbIa UBeT f&,,. 
6biI(I KOMIWZeKC I : 2 npSi pH 2,5 &,,.. 

400 HM). Fe(H) o6pa3yeT xpacno+oneTo- 

(&W 

5% HM) H 3eJleHoCHHIi& ICOMIIJIeKC t:l IIp% pH 5-10 
590-610 HM). 06a KoMnneKca xfefie3a(II) 0KHcnafoTca 3 KoMnneKc xce.ne3a(IIl); 3Ta 

pea~uw~ o6paTHMa. A3yrefio npxh4eHeHwe KoMnneKca xcenesa(II) B KonwIeCTBeHHoM aIwwi3e. 

~Ta~~~o~~~~~~~n~~5x 
II wwwww aomx cpenax - If: C. G. RAMACHANDRAN NAIR and V. RAJASEKHARAN NAIR, 
Tafantu 1973, 20, 696. 

PeSlOMe- npHBeAeHbI MITOAHKH I-IOTeHIIHOMeTpH'IeCKO~O TIiTpOBUHJI AJIR OIIpeAeAeHWl 
I-tIA~XWOHa, I'IfApa3HHa, SI'I(II), sb(II), T](I), OKCHHB, KOpHYHO# KHCJ-IOTbI H ~ppOUHaHIiAa 
CHCIIOJIb30BaHHeMAHXlIOpaMHHaTBpWTBO~JIeARHO8 YKCyCHOi KIfCJIOTbI. 

Me~oATomw~oihrOfiXpobworpa@~~nn ~~A~?JI~~~~~HO~AW~?UH~~INUI~~~H IlwAyKTOB 
era ~KHCJX~~~I~: G. M. HABA~HY and NAGY A. FARID, Taianta 1973,20, 699. 

PesoMe - ITpennoxeH MeTOA TOHKOCAOfiHOi% xpoMaTorpa&iH Ha canuKarene offs pa3Aene- 
HHIl~~~~~UHa,MR~~~~Ho~~~~~~~~AUH~CHaCbiUreHHbIM~MMK~KOMXJIOpO~pMOM 
B KartecTBe ~oAB~~H0~ &3bI. i%?THa 3KCTpWipYioT a~OA~THbIM MeT~AOBbIM CIIHPTOM Ip 
KSWloe COeAWHeHHe OIIpeAeJIXIOT C~e~~~TOM~pXq~K~M MeTOAOM B I i%i COsUIHOa 
KHCAOTe. i%UIaBepWIbAWI TBKXe OQJeAeJISIloT IIOJISIpO~Il@iWZKFIM MeTOAOM B Gysjn$epe 
&HTTOHa-P06HHCOHa IIpK pH 4,1, nocne pa3AeneHm a enmipoeam~. M~TOA flBnaeTcn 
6blCTpblM H 'IyBCTBHTeJIbHbIM II II03BoJIReT On~AeJlSITbITiNIaBepIlH IIOCJIe eI-0 3rc+parepoBa- 
HR~ w3 HapltoTmoa, 6e3 wmwwt nanaeepnnona si nanaeepanbnma. 

l-hmw- mY0pecu-w anxnbrely~o0 m ecume iV~errrpanunoeoii tcnc~o~bl: 

ANILC. MEHTA and STEPHEN G.%HULMAN, Talanta 1973,20, 702. 

Pe3loMe - npHpOAHan~?nyO~CUeHUHR Me~eaMHHO~oe.~ny~eHaMeHOBOa HMenO~HaMIf- 
HOBO#KHCAOTOK~3~~Cb~ion~~OAe3HO~AA~O~~AeAeH~RJTHXBeLLleCTBYeM~~O~UeHUHR 
3aMeIqeHIfbtx aRpwxotros H ~~H~OKC~~HHOB, IIony~aeMbrx ~3 3mx B~III~CTB otipa6oTxoti e 
CepHOfi K~~OTO~~n~ ~PM~bAer~AOM. 



SUMMARIES FOR CARD INDEXES 

Development and publication of new metkods in kinetic analysis: HARRY B. MARK, JR., lalaffta, 
1973, 20, 257. (Department of Chemistry, University of Cincinnati, Cincinatti, Ohio 45221, 

U.S.A.). 

Snnnnary-A review is made of the various factors, such as the mathematical basis, measure- 
ment instru~n~tion, reaction mechanism, synergistic effects, etc. affecting the accuracy and 
precision of kinetic-based analytical methods. R~o~endations are made concerning the 
research involved in developing new methods and/or applications and concerning the manner 
of presentation of the results for publication. 

~ro~t~~~ bekavioar of 47 metal ions on ti~niu~1~ arsenate papers: MOH~IN QURESHI, 
JAGD~~H P. RAWAT and VEENA SHARMA, Tulnnca, 1973, 20, 267 (Chemical Laboratories, Aligarh 
Muslim University, Ahgarh, U.P., India). 

Summary-Titanium arsenate papers with As/Ti ratios0*2-2.2 have been prepared and 47 metal ions 
chromatographed on these papers in lo-‘-4M nitric acid. The effect of pH and of the Ti/As ratio 
on the Rf values have been studied. A new quantity R, (R, = R, on untreated papers minus 
Rr on treated papers) has been defined. The effect of the concentration of the loading reagents 
on the Ti/As ratio of the ion-exchanger precipitated on the papers has been determined. 
Contrary to Alberti, it is shown that Lederer’s equation is obeyed by titanium arsenate papers in 
the sodium form if the activity of Na+ ions is considered instead of their concentration. It 
has also been demonstrated that the selectivity sequence for cations on titanium arsenate papers 
is not the same as that on titanium arsenate columns. 

A pkospkorimetric investigation of the external heavy-atom effect in aqueous solution and its 
eotrelatioa with phospkorescence intensity and quantum eiiiciency: J. J. AARON, J. J. MOUSA and 
J. D. WINEFORDNER, Tu~~fu, 1973, 20, 279 (~~rtment of Chemistry, University of Florida, 
Gainesville, Florida 32601, U.S.A.). 

Summary-Excitation and emission phosphorescence spectra, lifetimes, and relative quantum 
efficiencies of benzene and ten monosubsntuted benzenes were determined at 77 K in methanol/ 
water lo/90 v/v and in sodium iodide/methanol/water solutions. Substituents-CHO, -COCH,, 
--COCZHs, -OH, -OCH,, -CN, , -C2H, , -CH,OH and -N(CH,), were investigated. 
Aqueous sodium iodide solutions were found to be a suitable heavy-atom solvent for phos- 
phorimetry. Heavy-atom enhancement factors ranged from 1.2 to 8.3 according to the molecular 
structure and a marked decrease of the lifetime was observed for nine compounds in aqueous 
sodium iodide solution. A linear log-log correlation was obtained between the relative corrected 
phosphorescence intensity and the heavy-atom enhancement factor of the monosubstituted 
benzenes. A similar correlation was found between the quantum ef%ciencies and the heavy-atom en- 
hancement factors. The analytical usefulness of these correlations is evident for the prediction of 
the magnitude of the heavy-atom effect. 

2,2’-DimercaprodiethyIsuIpkide: A potential anaIyticaI reagent: A. CORSINI and E. NIEBOER, 
T&ma, 1973, 20, 291. (McMaster University, Hamilton, Ontario, Canada). 

Summary-The compound 2,2’~ime~pt~ie~yis~phide has been investigated with regard 
to the stability of its soiutions to air oxidation, its acid strength, its reactivity towards metal ions, 
the nature of its Ni(H) and W(H) complexes in solution, and its appiicability to the determina- 
tion of small amounts of Ni(I1) and W(H). Studies on the Ni(I1) complex extend the work 
reported previously by others and are not in complete accord with it. The results presented 
show that 2,2’-dimercaptodiethylsuiphide is a promising analytical reagent. 
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AHHOTaUUU CTaTeZi 

PaqM5owa H ony6nwosame HOBI.IX MeToaoM wnnenweworo awuna: HARRY B. MARK, Jr., 
Talanta 1973, 20, 257 

h%OMC- npEtBejX!H 0630~ pa3HblX (PaKTOpOB, KaK Ha IlpliMep MaTeMaTWieCKOfi OCHOBLI, 

W3MepHTenbHbIfi npn6opoB, MexaHH3Ma pearuws, CHH3preTAYeCKHX ~@&KTOB, H T. n., 

BJIHIIKWHX Ha TO'fHOCTb H BOCIIpOB3BOjViMOCTb MeTOJlOB KHHeTW'IeCKOl-0 aHa.JIH3a. npe&RO- 

X(eHbI CMepH A3yYeHUK .LWl pa3pa60TKU HOBbIX MeTOAOB H/UnEi IIX IIpHMeHeUHR H #JOpMa 

OI'Iy6nHKOBaHWI IIOnyYeHHbIX pe3ynbTaTOB. 

XpoMaTorpa@wclore xaparTepwrmH 47 HOHOB MeTannoB m ByMare nponwamoii apcemToM 
THTBHB(IV): MOHSIN QURESHI, JAGDISH P. RAWAT and VEENA SHARMA, Talanta 1973, 20,267 

Pe3IOhle- npHrOTOBneHb1 6yMara apceHaTa THTaHa HMelOIUHe OTHOJ.UeHHe As/Ti 0,2-2,2 A 

HCIIOnb30BaHbI aJUl XpOMaTOrpa&iH 47 HOHOB MeTaJInOB B 1o-5-4 M paCTBOpaX a30THOi% 

KHCnOTbI. M3yqeHo BnllRHAe pH K OTHOIueHHK Ti/As Ha BenHrllHy 3HaSeHHfi Rr. BbIBeneH 

HoBbIii napaMeTp R, (R, = pasanua Mexqy BenHwHaMki 3Ha'leHnR Rf Ha HeO6pa6oTaHHOfi 

6yMare II Ha 6yMare nponbITaHHot peareHToM). OnpeneneHo rmimie KoHueHTpauan pearea- 
TOB Ha OTHOUleHUe Ti/As UOHOO6MeHHSiKa OCZKKAeHHOr0 Ha 6yMare. B npOTkiBOpe~HOCTH C 
h6epTa llOKa3aHO 'IT0 6yMxU apCeHaTa TUTaHa B +OpMe HaTpWl ITOBIiHyKJTCn ypaBHeHEiI0 

~e~epepa,ecnHy~nTaeaeTcrraKT~BHOCTb~0H0~NaZ,aHe~xKOHUeHTpaUen.TaKwtenoKa3aHo 

'iT0 IIOpSlnOK CeneKTHBHOCTH KaTUOHOB Ha 6yMarax apCeHaTa TATaHa He OTBe'IaeT IIOpRnKe 

Ha KOnOHKaXapCeHaTaTHTaHa. 

@oc@op~eTpwwcvoe Hccnejqonannne *@cnl wuwnoro aToMa B Bonuo~ pawnope H ero 
~oppennqw~ c ~eucsntnocnto @c&qecqewnn H KEWTOBLJM BUXOAOM: J. J. AARON, J. J. 
MOUSA and J. D. WINEFORDNER, Talanta 1973, 20, 279 

PC3IOMC- OIIpefleneHbI t$OC+OpeCUeHTHbIe ClTeKTpbI Bo36yXWeHHK II SMHCCHH, IIepAOAbI 

ki OTHOCHTenbHbIe KBaHTOBbIe BbIXO)L,bI 6eH30na II 10 OnH03aMeWeHHbIX 6eH30nOB IIpH 77K 

B BOnHOM paCTBOpe MeTaHOna (1090 II0 06%3My) II B paCTBOpaX HOAUA HaTpkiK-MeTaHOn- 

Bona. IlccnenoBaHbI 3aMecTnTenH -CHO, -COCH,, -COC2H5, -OH, -0CH3, 
-CH,, -GH,, -CH,OH, u -N(CH&. BOAHbIe paCTBOpbI HOAETna HaTPHs OKa3aJIHCb 

IIO.llXO~5llqEfM PaCTBOpHTeneM C TEKeJlHMH aTOMaMli AJIK ~OCt$OpHMeTpHki. nOny’ieHb1 
+aKTOpbI yCAneHHK TRXCWIkiMH BTOMaMH I,2 A0 8,3 B 3aBUCHMOCTU OT MOneKyJOlpHOfi CTpyK- 
TypbI~O6Hapy~eHOBb~pa~eHHoecoKpa~eH~enepuo~a~cnyvaeneBflTbcoenuHeHHiiB~0nH0~ 

pacTBope HonHna Harpus. IlonyveHa nHHePHarr 3aBHcAMocTb Ha norapu@MHrecKofi mKane 
OTHOCUTenbHOfi KOppHrUpOBaHHOk AHTeHCWBHOCTH +OC+OpeCUeHUHH OT @aKTOpa yCUneHHII 

T5OKenllMH aTOMaM&, AnIl OjJH03aMeLgeHHblX 6eH30nOB. 06HapymeHo 'IT0 IIOXOX(all 3aBHCH- 

MOCTbCy~eCTByeTMe~~yKBaHTOBblMBblXO~OMIi~aKTOpOMyCHneHHIITIl~e~~MIlaTOMaMA. 

O’ICBALlHa IICIIOnb3yeMOCTb3TllXKOppenRUAZiBaHanu3eHnrnpenCKa3aHHsBenrrgHHbI3~~KTa 

Taxentix BTOMOB. 

2,2’-AHMCplcanTOAH3Twncynb~~ - ~C~~CKTHBHU% aIlUHTH’U?CKHii ,X?W‘?HT: A. CORSINI and 
E. NIEBOER, Talanta 1973,20,291 

Pe3IOMe- 2,2'-&iMepKanTO~H3TtinCynb&itI U3y4eH c UenbIo OnpeAenenaTb CTa6ltJIbHOCTb er0 

paCTBOpOB IIpOTHB OKUCneHHR B BO3WXe, er0 KHCnOTHOCTb, PeaKTHBHOCTb C kiOHaMH 

MeTaJInOB, IIpHpOJty er0 KOM"JIeKCOB C Ni(II) H Pd(II) B PaCTBOp, H er0 IIpHMeHHMOCTb B 

onpeneneiim He6onburnx KonHqecTB Ni(I1) w Pd(I1). I43yueHAe KoMnneKca Ni(I1) npoTflrHBaeT 
OtIy6nHKOBaHHbIe pmee pa6oTbI npyrlrx HccnenoBaTene8, a nonyveHHbre pe3ynbTaTbr He 
BCernaCOrnalIIalOTCSICHXpe3ynbTaTaMH.Ha OCHOBenpHBeAeHHbIXnaHHbIX2,2'-nHMepKanTO- 
L,H3TllnCynb4HA OKa3bIBaeTCR ITepCOeKTHBHbIM aHaTIHTH'K?CKAM peareHTOM. 



SUMMARIES FOR CARD INDEXES vii 

Stripping voltammetry with collection at a rotating ringilisk electrode: DENNIS C. JOHNZBN and 
ROBERT E. ALLEN, Tafantu, 1973. 20, 305. (Department of Chemistry, Iowa State University, 

Ames, Iowa 50010, U.S.A.). 

Summary--A new electroanalytical technique is described, called “ stripping voltammetry with 
collection.” The technique involves the use of a rotating ring-disk electrode and is an improve- 
ment over traditional voltammetric stripping at a single electrode in that it is characterized by a 
lower timit of detection and that the period of deposition before stripping can be shorter. The 
use of the technique is illustrated by the dete~ination of IO-‘*M Ag+ in O*lM H2S04 by use of 
a ring-disk electrode having a disk electrode constructed of glassy carbon and a ring electrode 
constructed of platinum. 

Mass spectrometric study of the det~iom~n of polystyrene-based ion-exchangers: G. M. 
ARMITAGE and S. J. LYLE, Tulunta, 1973. 20, 315 (Chemical Laboratory, University of Kent, 
Canterbury, Kent, U.K.). 

Summary-A mass spectrometric study of the agmg effects in polystyrene-based ion-exchangers 
has been made. Fragments in the m/e range 10-70 were examined and attributed to OH+, 
H20+, CO+, CO:, supplemented by SO* and SOi from sulphonic-acid cation-exchangers. 
Ion-current intensities were found to be dependent on the state of the resin. 

Ernissloo spectrometric detection of metal chelates separated by gas cbromatograpby: HIR~SHI 
KAWAGLJCHI, TAKIBHI SAKA~~~T~ and ATSUSHI MIZUIKE, Tulantu, 1973, 20, 321 (Faculty of 

Engineering, Nagoya University, Chikusa-ku, Nagoya, Japan). 

Summary-An emission spectrometric detector is used in the determination of metal acetylaceto- 
nates. Spectra are excited in the plasma of a 2450 MHz electrodeless discharge. Measuring the 
intensities of the atomic emission lines of aluminium, beryllium and chromium after gas 
chromatography provides a highly sensitive and selective method for the determination of the 
acetylacetonates of these metals. Detection limits are 100 ng for aluminium, @Oi ng for 
beryllium and 1 ng for chromium. An analytical procedure is proposed for beryllium down to 
10 ppm in aluminium. 

Some aspects of the Wink& determination of oxygen in water: MICHAEL W. MULLEN and 

MARK M. JONES, Tnlanta. 1973, 20, 32% (Department of Chemistry, Vanderbilt University, 
Nashville, Tennessee 37203, U.S.A.). 

Summary-The reactions in the Winkler determination of oxygen have been examined with a 
rotating platinum electrode and a recording polarograph. In this manner the extent of the 
reaction has been determined over the pH range 7-10; at a pH of 7 only about 5% of the 
dissolved oxygen reacts; at a pH of 9 or above the reaction is essentially quantitative. The 
reaction of dissolved oxygen with manganese(II) is quite rapid. The sluggish response of the 
polarograph recorder prevented an accurate determination of the rate, but the reaction half-times 
were about 2 set or less over the pH range used. 

A novel method for the estimation of arsenic(V) in organic compounds: SARIIT S~NGH SANDHU, 
SARVINDER SINGH PAHIL and KRI~HAN DEV SHARMA, Talanta, 1973, 20, 329. (Chemistry 
Department, PunJabi University, Patiala, India). 

Summary-A novel method for the determination of arsenic(V) in organic compounds has been 
developed by reducing combined arsenic(V) to arsenic(III) in aqueous acetic acid medium with 
zinc dust. In some cases, addition of ethyl alcohol is necessary to dissolve the compound and to 
keep the arsenic(II1) compound in solution. The arsenic(II1) is titrated with iodine and the end- 
point is detected visually with starch as indicator or potentiometrically. 



“,,I AHHOTagUK cTaTei 

CTpKlliUW BOJlbTaMllepOMeTplla C KaKOllJleBKeM AB B~U&UO~eMCli KOJIbUeBO-AHCKOBOM WleK- 
TpoAe: DENNIS C. JOHNSON and ROBERT E. ALLEN, Tafunta 1973 20, 305 

Pe3mMC- OITHCaH HOBbIti NIeKTpOaH~KTII%eCKIif MeTOA - NCTp~nnaHr BOnbTaMIIepO- 
MeTpeR C HaKOIIneHHeMk). MeTOA HCnOnb3yeT BpaIIIaM3LI@Ca KOnbUeBO-AIICKOBbIfi 3neKTpOA 
A ~~ACTaBnaeTco608yn~eHHe06blKHOBeHHOrOMeTOAaCTp~o~~HrBOnbTaMnepOMeTpu~ 
COAHKM VIeKTpOAOM,IIOTOMy 'ITOMeTOAo6naAaeT 6onbmol YyBCTBBTenbHOCTbH) II IIOTOM~ 
'iTO~epROAHaKO~eH~R~e~ACTpH~oHHrOMKOpO~e.BKaYeCTBeHnn~TpaTHBHOrOnpaMepa 
npKBeAeHo onpeneneswe 10-lOM Ag+ B o,lkf H,SO,, C WCITOnb30BaHWeM KOnbUeBO- 
AUCKOBOrO 3neKTpOAa,COCTaIII.LIerOCIl Ii3 AIiCKOBOI.0 3neKTpOAa HP CTeKnOBKAHOrO yrnepOAa 
a nnaTKHoBor0 KonbueBoro 3neKTpoAa. 

ki3y‘leKHe yXyAUlelIHSl HOUOO6MeKtIKKOB HB OCHOBe IlOJlHCTK~na MeTOAOM MaCC-ClleKT~MeTpllK: 
G. M. ARMITAGE and S.J. LYLE, Tulunta 1973, 20, 315. 

Pe%OMe- M3yYeHbI 3+$eKTbl CTafY.?HHSl HOH006MCHHHKOB Ha OCHOBeIIOnIICTHpOnaMeTOAOM 
MaCC-CIIeKTpOMeTpIIII. M3y'IeHbl +parMeHTbI q o6nacm m/e 10-70 H IIpIIIIHCaHbl OH+, 
H,O+, CO+ ki CO,+ TaK xe KaK u 0+ R O,+ B Cny'Iae KaTHOH006MeHHHKOB Ha OCHOBe 
Cynb@OHOBbIX KWCnOT. 06HapyxeHO ‘IT0 MHTCHCHBHOCTH HOHHOrO TOKa 3aBHCUMbI OT 
COTORHUR CMOnbl. 

06HapyxeHwe pawenembix ra30-xpoMaTorpa~mecKm4 nyTeM xena-ron MeTannoB bfeToAohf 
3~~ccnowoii CneK’rpoMe-rpbtn: HIROSHI KAWAGUCHI, TAKESHI SAKAMOTO and ATSUSHI 
MIZUIKE, Tufanta 1973, 20, 321. 

Pe3loMe- MCIIOnb3OBaH 3MIICC‘IOHHO-CIIeKTpOMeTpII'IeCKHjl AeTeKTOp Ana OnpeAeneHRs 
auerenaueToHaTos MeTannoB. CneKTpbI BosGymAeHbI B nna3Me 6e33neKTpoAHoro paspsna 
IIpII 2450Mru. J'i3MepeHHe IIHTeHCHBHOCTefi nrtHIII? aTOMHOii 3MRCCIIII anloMIIHIIII,6epIInnIIII 
rcxpo~a nocne pa3AeneacraMeToAoM ra30Bok xpo~aTorpa~nanpeAcTaBnaeTco6ofi BbIcoKo- 
YyBCTBATenbHbIfi II II36IIpaTenbHbIi-4 MeTOA OIIpeAeneHIia aIIeTAJIaUeTOHaTOB 3THX MCTaJUlOB. 
qyBCTBHTenbHOCTb MeTOAa PaBHa 100 HT AJl51 aJllOMHHRII, 0,01 HT AJIR 6epmnm A 1 Hl- AJIR 
XpOMa. npiZAJIO%Ha MeTOAHKa OIlpeAfYleHHH 6epwnnnn BIInOTb A0 IO ‘I. Ha MHJIJIHOH B 

UKJMHHHM. 

HeKOTOpbIe B3rnmAbI Ka MeTOA BmIKnepa AJW OnpeAeneHKn KKcnopOAa B BoAe: MICHAEL W. 
MULLEN and MARK M. JONES, Talanta 1973, 20, 327 

Pe3KIMe- PeaKIIIiIi Ha KOTOpbIM OCHOBaH MeTOA RIIHKnepa AJIR OIIpeAeneHHR KIlCnOpOAa 
a3yVeHbI c wcnonb30BaHaeM BpaluaIoureroca nnaTAHoaor0 3neKTpoAa H caMonKllryruer0 
nonaporpaI$a.3~K~o6pa3oMpeaKuKnwccneAosaHa~o6nacTa pH 7-10; npHpH 7 pearApyeT 
TOnbKO 5% paCTBOpeHHOr0 KIICnOpOAa,IlpII pH 9 - peaKIIKa IIpaKTIIYeCKII KOnU'IeCTBeHHaR. 
PeaKLIIIII paCTBOpeHHOr0 KHCAOpOAa C MapraHUeM(II) AOBOnbHO 6bICTpaII. MeAneHHbId OTBeT 
caMoneIlrywIer0 npa6opa nonnporpa@a npeAynpeAHn aKKypaTHoe 0npeAeneHHe CKOPOCTII 
peaKUIIH, HO IlOnytIepIiOAbI peaKUEii 6bmi paBHb1 He 6onbme 'IeM 2 CeK. B HCCJICAOBaHHOti 
o6nacm pH. 

HOBO MeTOA OnpeneJleHHs MbIulbmca(V)B ~~~~~~I~~KH~~~~AHII~HIUI~:SA~JITSINGHSANDHU, 
SARVINDER SINGH PAHIL~~~ KRISHAN DEV SHARMA, Talanta 1973,20,329 

PesloMe- Pa3pa6OTaH HOBblii MeTOA OIIpeAeneHHR MbIILIbaKa(V) B OpraHKYeCKHX COCAHHC- 
HHIIX,OCHOBaHHbIti Ha BOCCTaHOBneHA‘I CBK3aHHOrO MbIIUbaKa(V)B MbIIlIbIIK(JJJ)C LWHKOBOti 
IIbInbH) B BOAHOM paCTBOpe yKCyCHOt KIiCnOTbI. B HeKOTOpbIX Cny'IaflX paCTBOpy HaAO 
AO6aBEiTb 3TKJIOBOrO cnepra Ana paCTBOpeHKa BeIIIeCTBa W Ana COXpaHeHHa COeAHHeHHR 
MbIIIIbRKa(JJJ) B paCTBOpe. h'fbIIIIbRK(JJJ) OIIpeAeneH TEiTpOBaHIieM C WOAOM, IIpKMeHRR 
BII3yaJIbHOe AJIA ITOTeHIIIiOMeTpR'IeCKOe o6HapyxeHIie KOHIIa TWTpOBaHHa (AHAUKaTOp 
KpLlXMU). 



SUMMARIES FOR CARD INDEXES 

Indirect polarograpbic determination of tripolypbosphate ions in the presence of other polyphosphates, 
with octyltin chloride: S. SHAW and A. TOWNSHEND, Talanta, 1973,20,332. (Chemistry Department, 
Birmingham University, P.O. Box 363, Birmingham 15, U.K.). 

ix 

Summary-Tripolyphosphate ions form a soluble complex with mono-octylin cations, thus re- 
ducing the polarographic wave height of the octyltin. This provides a method for the determination 
of 2 x 10s4-4 x lo-‘M tripolyphosphate in the presence of 2 x 10m3M ortho-, pyro-, trimeta-, 
and lo- 3M tetrametaphosphate, together, or in any combination. The method is also insensitive 
to less than 2 x 10m3M magnesium or calcium and less than lo-‘M sulphate. 

Formation of ferricyanides-I. Silver(l), copper( and cadmium@): ATH~~ BELLOMO, AGATINO 
CASALE and DOMENICO DE MARCO, Talanta, 1973, 20. 335. (Institute of Analytical Chemistry, 
University of Messina, 98100 Messina. Italy). 

Summary-With potassium ferricyanide copper(I1) forms KCu,,[Fe(CN),], quantitatively in 0.5M 
potassium nitrate medium. Cadmium forms Cd,[Fe(CN),], if the ferricyanide is added to the 
cadmium solution in absence of extra potassium, and KCd,,[Fe(CN),], if potassium is added 
first, or if the cadmium solution is added to the ferricyanide Silver forms Ag,Fe(CN), only. 

The use of furfural thiosemicarhazone for the gravimetric determination of palladium: J. M. CANO 
PAVON and F. PINO, Talanca, 1973, 20, 339. (Department of Analytical Chemistry, Umversity of 
Seville, Seville, Spain). 

Summary-The use of furfural thiosemicarbazone as a gravimetric reagent for palladium is 
described. The optimum analytical conditions for precipitation of the palladium complex and the 
effect of possible interferences have been investigated. 

Extractive spectrophotometry of tbe molybdenum(III) l,lO-phenantbrolme tbiocyanate and 2,2’- 
bipyridyl thiocyanate complexes: AMAL KANTI BHADRA and SIDDHESWAR BANERJEE, Talanro, 
1973, 20, 342. (Central Chemical Laboratories, Geological Survey of India, Calcutta-l 3, India). 

Summary-New extraction spectrophotometric methods for the determination of small 
amounts of molybdenum have been developed, using thiccyanate and 1 ,lO-phenanthroline or 
2-2’-bipyridyl as reagents in the presence of chlorostannous acid. Extracts of the ternary 
complexes of tervalent molybdenum in 1,Zdichloroethane obey Beer’s law in the range l-10 
pg/ml at 525 nm. A IO-fold excess of iron and vanadium and lOO-fold excess of tungsten, 
phosphorus and silicate do not interfere. 

Determination of gold in germanium by neutron-activation analysis: R. GIJBELS, Talanfu, 1973, 
20, 346. (Institute for Nuclear Sciences, State University of Ghent, Belgium). 

Summary--Gold was determined in gold-doped germanium by neutron-activation analysis. 
The irradiated samples were dissolved in aqua regia in the presence of gold carrier. The matrix 
activity was eliminated by distillation, and gold precipitated in the residue with hydroquinone. 
The gold fraction was essentially radiochemically pure. For a neutron dose of 5 x 10’S n/cm2, 
a sensitivity of 1 ppM Au can be obtained, with a 24-g sample. The samples investigated 
contained from 24 to 36 ppM Au. 

Estimation of ally1 alcohol by cbloramine-T: D. S. MAHADEVAPPA and H. M. K. NAIIXJ, 
Tuhntu, 1973, 20, 349. (Department of Post-graduate Studies and Research in Chemistry, 
Manasagangothri, Mysore-6, India). 

Summary-A simple but rapid and accurate method for the estimation of ally1 alcohol in 
aqueous solution has been developed, based on its oxidation with chloramine-T at room 
temperature, in 0.5-l.OM hydrochloric acid medium. The reaction involves a two-electron 
change. The effect of such variables such as pH of the medium, presence of foreign ions and 
perchloric or sulphuric acid, on the rate of oxidation, is discussed. 



X AHHOTaUIGi CTaTeti 

KoeBemoe n0~1nporpaQweeroe onpeneaeme Tpnnom@oc~amoKos B npncy~cmm Apynrx 

IIOJIII&BC@TOB c KcnoJmsonaweM xnopnAa omnnomom: S. SHAW and A. TOWNSHEND, 

Talanta 1973, 20, 332 

%XOMe- TpHIIOnU+OC~aTIiOHbI o6pa3yIoT PaCTBOpHMbIe KOMITneKCbI C KaTIiOHOM MOHO- 

OKTHnOnOBa, CHIiEaSI 3TUM o6pasoM IIOJISIpOrp%&i’iCCKjWJ BOJIHy OKTHnOJIOBa. Ha 3TOM 

&aKTe OCHOBaH Me;tiA OIIpeAeneHIla 2,10-4 A0 4,10-3M TpUIIOnU+OC@aTa B IIpUCyTCTBHH 

2,10-3 M OpTO-, IIHpO-, TpU-, MeTa-, EI 10W3M TeTpaMeTa+oc@ara, BMeCTe HJIA B ~~608 
KOM6HnaUMA. MarHAii A Ka.JIbUUZi B KOHUeHTpaUIillX He 6onbIlre YeM 2,10-3 hfM CynbaaT B 

KoHUeHTpaUsnx He 6onbrrre YeM lo-’ M Tame He Meu.IaK)T onpenenefmo. 

06pasosaKne ~ppoq~am~Aoe: I. Cepe6po(I), Mena II IWJMG(II): ATHOS BELLOMO, 

AGATINO CASALE and DOMENICO DE MARCO, Talanta 1973,20, 335 

Pe3iOhIe - @eppNUfaHHA K~JIHR c MeAbK?(II) o6pa3yeT KOnHSeCTBeHHO KCulOIFe(CN),l, B 

0,5M pacrnope HrrTpaTa K~LSIIIR. KWMHE? o6pa3yeT Cd3[Fe(CN)& ecnu +eppauaaHEfA 

Ao6aBnnnror pacTBopy KaAMun B OTC~TCTBI~E~ EI36bITKa K~AHII, mu KCd,,[Fe(CN)& eCJIA 
CIIepBa AO6aBnaIOT Ka.JIIffi UJIH eCnK paCTBOp KaAMWI AO6aBnsEOT paCTBOpy +eppUUUaHkIAa. 

CepeGpo o6pa3yeT TonbKo Ag,Fe(CN)6. 

~CnOAb30BaHKe THOCeMHKap6a3oH8 @yp@ypa.Xa Ann BecoBoro OnpeAeJIeHHR nannaAIm: J. M. 
CANO PAVON and F. PINO, Talanta 1973, 20, 339 

Pe3IOMe- OIIIiCaHO HCIIOnb30BaHae TIiOCeMIiKap6a3OHa cpyp@IypaJIa B KaYeCTBe rpaBH- 

h4erpwiecKoro pearema nnll nannwax. n3yYeHbI OIITEfMaJlbHbIe yCnOBWI AnR OGZKAeHHII 

KoMnneKca nannammu Meuramqee mmmie Apyrux BeIUecTB. 

3KcTpsKTHBWl cnek-rpo@To~eTpan KoMnJleKcoB Monu6Aeu(Iu)-l,1 &@WiTpOJDm-TUOmmIlaT 

II MOJlll6AeSl~)-2,2’-Al~I-~T: AWAL KANTI BHADRA and SIDDHESWAR 
BANERJEE, Talanta 1973,20, 342 

Pe3HJMe-Pa3pa6OTaHbI HOBbIe 3KCTpaKUEiOHHO-CITeKTpO~OTOMeTpH=IeCKHe MeTOAbI OIIpeAe- 
JIeHHIL He6OJIbIIIHX KOJJ.HYeCTB MOJUiGAeHa, C HCIIOJIb30BaHHeM THOUHaHaTa li l,l@&HaH- 

TponHHa HnH 2,2'-AHnHpIuuina B KaW4YrBe peareHTOB B I-IpHCyTCTBEiH oA~Bo(II)-xA~~HCT~- 

BOAOpOAHOti KBCnOTbI. 3KCTpaKTbI TpO&fHX KOMIIJIeKCOB TpeXIWIeHTIiOrO MOJIH6AeHa B 

1,2-AHxJIop3TaHen0~HHyIo~~R3aKoHyIjepa~rIpeAenax 1.10 MKT/hln np~ 525 HM. l@KpaTHbIfi 
I436bITOK mene3a A BaHaAWI H 10%KpaTHblti Ei36bITOK BOJIepaMa, @C+Opa U CHnAKaTa He 

MeUIaI0T 0npeAeneHHIo. 

OnpeAenerme Sonora B repmum M~TOAOM uekrpono-akmmaun oHnor amnma: R. GIJBELS, 
Talanta 1973, 20, 346 

Pe3IOMe-- 3OnOTO B repMaHIiEi OIlpeAeJIRnH MeTOAOM HetiTpOHOaKTHBaUHOHHOrO aHaJIH3a. 

06nyYeHHbIe 06pa3~ui paCTBOpanI4 B uilpCKO& BOAKe B ElpHCyTCTBHEi HOCHTWISI J&JDl 30JIOTa. 

AKTABHOCTb MaTpSiUbI )‘CTpaHeHa AHCTHJIJIKIPfeti, a 3OJIOTO OC%KJWIH B OCTaTKe rHApO- 

XWHOHOM. @pawensonora 6bIna~~y~~oc~~p~noxHhuiWc~n'IacTa.B cnyvae 2,4 rnpO6bI 
nOnyWHa ~BCT6HTenbHOCTb 1 Y. Ha MEInnHOH AU C ~CITOnb30BW~CM ,JJ03bI H&TPOHOB 

5 x 10” H/C&?. kiccneAoBaHHbIeo6pa3UncoAepHtanu2~36~.HaMannnoH Au. 

Onpenenenne aAnKnoI)oro cmqna c IIOMOU&.H) xnopamma-T: D. S. MAHADEVAPPA and 
H. M. K. NAIDU, Talanta 1973, 20, 349 

Pt?3IOMl?- Pa3pa6oTaHHecnO~HbI~,HO6bICTpbI~~TO'IHbI~MeTOAOnpeAeneHaaannenOBoro 

CIIKpTa B BOAHOM paCTB0p~.?, OCHOBaH Ha OKRCJEHHH XJIOpaMHHOM-T UpSi KOMHaTHOfi TeM- 

IIepaType, B paCTBOpe 0,s - 1,OM COJIJIHO~ KHCnOTbI. PeaKUHR OCHOBaHa Ha o6MeHe AByX 

3neKTpOHOB. 06Cy~AeHo BJIHRHLIe PaJHblX @KTOpOB, KBK Ha IIpHMCp pH CpenbI, ITPHCYTCTBEH 

ApyrHX UOHOB U XJIO,,HOfi HJIIi CepHOfi KUCJIOT, Ha CKOPOCTb OKHCJEHUK. 



SUMMARIES FOR CARD INDEX= xi 

Precipitation of calcium oxalate from homogeneous solution by cation release: R. GRZESKOWIAK 
and T. A. TURNER, Talantu, 1972, 20, 351. (Department of Chemistry, Thames Polytechnic, 
London, S.E.18.) 

Summary-Calcium oxalate can be precipitated from homogeneous solution by oxidation of 
the calcium/EDTA complex, in the presence of oxalate ion, with hydrogen peroxide in boiling 
solution, at pH 6-8. The method gives large crystals and enables calcium to be determined in 
the presence of lead, which remains complexed. 

Formation of ferrocyanides-III. Fe(III), La(II1) and Ce(II1): ATH~~ BELLOMO, D~MENICO DE MARCO 
and AGATINO CASALE, Talanta, 1973, 20, 355. (Institute of Analytical Chemistry, University of 
Messina, 98100 Messina, Italy). 

Summary-Potassium ferrocyanlde forms Fe,[Fe(CN),], with Fe(III), KLaFe(CN), with La(II1) 
and KCeFe(CN), with Ce(II1). The thermodynamic data for the two lanthanide compounds have 
been determined. 

Distribution coetBcients of Rb+ on zirconium phosphate in mixed aq ueous-organic media: D. L. 
MASSART, Talanra, 1973, 20, 358. (Laboratorium voor Analytische Scheikunde, Farmaceutisch 
Instituut, Vreij Universiteit Brussels, Paardenstraat 67, B-1640 Sint-Genesius-Rode). 

Summary-The distribution coefficients have been determined for Rb+ distributed between 
zirconium phosphate and 0.85M hydrochloric acid in aqueous solutions of methanol, n-pro- 
panol, isopropyl alchcol, t-butyl alcohol, dimethylsulphoxide, dimethylformamide, tetra- 
hydrofuran, acetone, dioxan, “ Methylcellosolve “, “ Propylcellosolve”, acetic acid and 
sulpholane, in O-88% concentration. 

Potentiometric determination of stepwise stability constants of zirconium, thorium and uranium 
chelates of asparagine and glutamine: R. C. TEWARI and M. N. SRIVASTAVA, Tulonla, 1973,20, 
360. (Chemical Laboratories, University of Allahabad, Allahabad, India.) 

Summary-The metal chelates of Zr(IV), Th(lV) and U(V1) with asparagine and glutamine 
have been studied potentiometrically. Stepwise stability constants in 0.1 M sodium perchlorate 
at 25” are as follows. Asparaginate chelates-log K, 8.80, log KI 6-25 for Zr, log K, 679, log K2 
6.16 for U, log KI 8.28, log K2 7.77 and log K, 7.72 for Th. Glutaminate chelates-log KI 8.75, 
log K2 6.10 for Zr, log K1 6.63, log K2 6-22 for U, and log K, 8.30, log K2 7.61 and log K, 7.55 
for Th. 



Xii AHHoTau~~ cTa?-et 

Oea%nefaIe oicC&Raxa xanbms n3 ro~oreuno1-0 pac~sopa II~IW B~III~CI~I IEBTWOIIII: R. GRZESKO- 
WIAK and T. A. TURNER, Talanta 1973, 20, 351 

Pewwe - Ocawewie oxcanara KanbuHff II3 rokforewforo pacrBopa MOXH~ ~~OB~CTH 
OK~C~eH~e~KOM~eKCaK~b~~aC 3ATA, B ~~C~T~B~~OK~~THOHa,~e~K~CbK,BO~O~O~~ 
B K~~~~~M &XU2TBO~ IXpi4 pH 6-8. 3THM MeTOJIOM oOn~a~T~~ KpyIIHbIe ICoIICTaWIbI, a 
K~b~U~MO~HOO~~~e~~Tb B~pKCyTCTB~KCB~a~a,KOTOpbl~ OCTaeTCRB CftopMe KOMIIJIeKCa. 

06pau)Batrae geppo4llamos - III. Fe(TII), L&III) II Ce(III): ATHOS BELLCJMO, DOMENICO 
DE MARCO and AGATINO CASALE, Talanta 1973,20, 355 

PexoMe - ~p~u~aH~A K~JIWR o6pavyeT Fe4[Fe(CN)& c Fe(III), KLaFefCN), c La(III) 
E KCeFe(CN)6 C ce(iII). GIIpeAeKeHbI TepMOA~H~~~~KKe AaHHbIe AJIX AB~X C0eAIIIIeHHi-i 
JIaIITiwUAOB. 

KoM P~C~P~A~JWIUI Rb+ 88 @a&m unpmu~~ IS c~emamwx ~~.ano-o~eurmx 
cpeasx: D. L. MA~~ART, Taianta 1973, 20,358 

Pe3mn&e--tkpeAeneHbi Ko3#wwembi paixxpeneneI%in Rb+ Mezivsy @oc&aToM IIHpKOHRa II 
0,85&f COJIXHOfi KIICJIOTbI B BOwIbiX paCTBOpaX MeTXJIOBOrO, 'JTIIJIOBO~O, H-IIpOIIKJIOBO~O, 
H30IIPOIIH~OBOTO H Tper-6yTIinoBoro CmrpTOB, AKMeTHnCy~KCUP(a, A.HM~Hn(t)OphaAa, 

TeTpaIWIpo@ypaHa, aUeTOIIa, AHOKCXia, (~MeTIiJIIIeIIJIOCOJIbB)>, <tIIpOIIIIJII&%JIOCOJIbB~>, yKCyC- 
HOti KACJIOTbI II CyJIb+OJIaHa,BKOHUeHTpaLViRX o- 88%. 

IIo~obfeTpmeewe onpe~enense znaronbax aconeTsllT ycm~ xemmcm acnaparrara 

II r_MwRa c IplpxomeM, TopneM H ypano~: R. C. TEWARI and M. N. SRIVASTAVA, Taianta 
1973, 20, 360 

PexoMe- M3yyeHbI noTeIIuBoMeTpa9ecKHM MeToaoM xenaTbI acnaparwHa II rnyTaMaaa c 
Er(IV), Th(IV) it U(V1). GIIpeneJIeHbI cnenyIoILIae IuaroBble KOHCTaHTbI ~cTO~WIIOCTII B 
6,1M f%CTBOpe IIe~XJEOpaTa HaTpHSI I&Xi 25”: Xe.ramw acnapaztma: Ig Kl 8,80, lg Kz 6,25 
IQXR Zr, Ig K, 6,79, Ig ii; 6,16 n.na U, lg XI, 8,28, lg k; 7,77 H Ig & 7,72 AAS Th. Xeflamat 
z.ryma.wna: lg XI1 8,75, Ig Xr2 6,10 anx Zr, lg KI 6,63, Ig K, 6,22 JIJIR U, w Ig K1 8.30, Ig KZ ?,61 
u lg K3 7,55 m-m Th. 



SUMMARIES FOR CARD INDEXES 

An ion-selective electrode system for continuously monitoring cyanide ion, based on a computerized 
Gran plot technique: B. FLEER and A. Y. W. Ho, Talanta, 1973, 2Q, 793. (Chemistry Department, 
Imperial College, London SW7 SAY, U.K.). 

Summary-A procedure for the continuous monitoring of cyanide ion with an ion-selective 
electiode is described, based on the use of the Gran plot standard-addition technique. The 
mean concentration of the sample reservoir is measured continuously during a time span of 6 min. 
The use of a computer programme facilitates calculation of the results. Because the combined 
weights of several data points are used to calculate the unknown concentration, random errors 
tend to be eliminated and in addition there is no need for reference calibration curves. 

Determination of Hg(II) in acidii media by stripping voltammetry with collection: ROBERT E. ALLEN 
and DENNIS C. JOHNSON, T&ma, 1973,20,799. (Department of Chemistry, Iowa State University, 
Ames, Iowa 50010, U.S.A.) 

Summary-Stripping voltammetry with collection at a rotating ring-disk electrode having a 
platinum ring and a glassy-carbon disk was used for the determination of Hg(II) in 
1QM H2S04 medium in the range 0*10400 ppM. Satisfactory results were obtained only after 
a thin film of Au (two monolayer equivalents) was electroplated on the disk electrode. The 
average relative deviation of the results for determination at the O.lO-ppM level was 7.5%. The 
limit of detection for the technique is approximately 0.01 ppM. 

Systems theory in analysis-I. Definitions and interpretations of the basic terms of systems tbeory: 
G. GOITSCHALK and I. L. MARR, Talanra, 1973,20, 811. (Osram-Studiengesellschaft, 8 Miinchen 
90, Hellabrunner StraDe 1, Germany). 

Summary-The twelve basic terms of systems theory-system, element, relation, function, structure, 
organization, feedback, Black Box, model, input-output analysis, trial-and-error method, simula- 
tion-are given general definitions and are also interpreted in terms of chemical analysis. The 
distinction between a generally acceptable brief and precise definition and an interpretation 
peculiar to one particular specialized field avoids, in the case of universally used terms, a biased 
view and conception; Simple systems are deliberately chosen and the terms used are clarified by 
means ofdiagrams. A systems-oriented approach is outlined, with feedback-coupled stages (defining 
the problem, setting the limits, designing the model, simulation) which has proved useful in 
practical systems analysis and in systems design. The working group will report, in subsequent 
publications, on specific analytical systems which are of considerable importance in automation. 
Those with special interests in these fields are warmly invited to communicate their critical 
opinions, suggestions, and examples of interpretations based on these definitions. 

Effects of auxiliary complex-forming agents on the rate of metaliochromic indiitor colour 
change: GENKICHI NAKAGAWA and HIROKO WADA, Talanta, 1973, 20, 829. (Laboratory of 
Analytical Chemistry, Nagoya Institute of Technology, Showa-ku, Nagoya, Japan). 

Summary-The rate of colour change reactions of metallochromic indicators such as X0, PAN, 
PAC and TAC at the equivalence point were measured in the chelatometric titration of 
copper, nickel, zinc or cobalt. Hexamine buffer has strong disturbing effects on the rate of 
colour change of the copper or nickel X0 chelate. The effects of various auxiliary complex-forming 
agents were also examined. Bathophenanthroline, 2,2’-bipyridyl, 8_hydroxyquinoline, TPTZ, 
ethylenediamine, iminodiacetic acid, acetylacetone. l,lO-phenanthroline and glycine improve the 
colour change of the X0 and PAN chelates of copper. Some titration methods for copper 
or nickel with X0 or PAN as indicator are proposed. 



AHHOT~~HH cTaTetl 

cnmwERnBBaoBe~~ ~-mamLulp~~-P-=IppIwLu#wIp~ 
c-7 rwww II mna I'psum: B. FLEET and 
A. Y. W. Ho, Taianta 1973,u). 793. 

oapzwner# Hi@) B I(yuIyx -au mnow ClpWWUWBMb~Ceprcoane- 

ma: Roeenr E. ALLEN and DSNNU C. JOHNSON, Taiunta 1973,20,799. 

hSlOW-- MCTO~ CTPXIllIHfW BOJIbToMnepOMeTpHH C BBllOMeHHCM Ha BpaUJaIOmehlCH 
KOmtlcBo_LuIcltOBOM 3JICKTpOAC,COCTOXmeMCX It3 IlJIaTHHOBOrO KOJIbW H AHCKK H3 CTeKJ'Io- 

aaLuroro ;~na,~C~&?~=n Lum onptPtcAeneX Hg(lI) B pacTw.= 1,OM H,SO. B 
npcswrax, mEnmOE. nanylierrar j’AOMCTBO~HTWIbHblt pe3yJIbTaTU TOJlbKO 
IIOCJI~ 3JIIc1cFpooE831(11cBHII TOlIT ~ICI~KS~AU(~KBHE~JI~ETX~JZB~M~ MOHOMOnerynapHhlM 
CJIoXM)xiamiCKonorl43JIa2poJtc. cwmrpa WBII OmIi6Ka pe3yJlbTaTOB IfOnyreHwrx 
Eaypomle o,1on.siaMHawoxcocTaMaeT 7,S”4.rfyacreEreJlbHocTbMeTo,na apss6Jm3En?nbH0 
o,ol P. H8 MEJIJIEOH. 

l-Qmmem-TumgnBan&ln3e-;.A~wo6bnaDran --npMleol, 
acnmmo&~:G. Gormnuc and I. L. MARR, Talanta 1973,28,811. 

Pa!mMe-rIpH849QfbI 06rPre AecibffaaU- -7% OCHOBHblx TepMHKiOB Cl?CTCMHOil 

TeoP= - CHCTCMB, 3-m, pwrrullra, dW=KW CWW’YP% oPl=H3amfr,O6~THaXCBX3b, 
rCpHiU KOpO6ca, MOJIeJlb, aIfaJIE3 BXOAa-BbIXOA& MeTOA IIOllblTKH E oma6=, CEMyJInuHK; 
nrr~~TBIXen~o~o~B~~XHMRPCCKoro~3B.P83~~eMC]SPY 
o6rqenpuwrOltKOponrO~Hn~~A~EHll~~H O6bXCHeHHCMOk&mbIMIJJUl 

AaImOfiCIICU w H36elYET, B Uly'C%e O6mClIpHMCHEMUX TepMHHOB, OJIHO- 
crO~~s3r~~KOHU~a.~~~~~H~O~blCCHffe~,aHCIIO~O- 

BZ4H~e~pbfEHbl 06sncaerrsr C lIOMOIl@IOLpIBrpBMAd. OmiCaH IIOAXOA Ha OCH0BCCHCTCM.C 
~CBK3aXHbiMHO6pKTH~CBfC3biO(L@11AIIuRII npo6nem, O~~~A~HHC npcaenoe, 

npOeKTHpOB8HHe MOAaH, CR ), KOTOptdfi OmCff lIOJIe3HblM B llpaEnmecrtOM 
m CACTeMEl ~eM.AeTopnCoaeruarBcne~lom~ny6nElrarrHIlX 

cnemf&mecKneluwmarenm CHCTehfbI, 3HB’lHTWbHbI~ AJDI aBTOMBTH38UHR. %HHl’Cpeco- 
BaHllbIe B 3TOli O6JlaCTH 'iISTaTe.JIEi CCpJle'mO IIpHI'JIamaloTCX COO6maTb HX KpHlXWCKHe 

B'JrJllAM,COBeTH HnpHMCpblHnnpnpeTaU~,ocHOB~BalomHecK HaSTKX&.IHHHUHIIX. 

Bmnme no6mowwx icorhtmes~y~omnx aremom na ctcopomb IX@!-U~MClXAJlO- 

xpoamom mammTqm: GENKICHI NAKAOAWA and HIROKO WADA, Tulunta 1973, 20, 829. 

h?MUUe- kt3MC~HK CKOpOCTbH3MCHeHHR ueeTaMeTannOXpOMHbIX HHAHKaTOpOB- B TOM 
acne KcO, IIAH, IIAK H TAK - B TOWe 3KBHBaJleHTHOCTH IlpH XeJTaTOMeTpH'NZCKOM 

THTpOBaJiHH MelVl.HHKeJlK, UWWra HJlH KO6WlbTa. kKCZtMlWOBblii 6y&p CHJlbHO HapymaeT 
cKopOCTbH3MeHeHHnilBCTaXeJIaTa MCJlHWIlHHHKeJMC K~O.Ta~xcea3yyuetto MHnHHepasHbIx 
Ao6aBOWblX KOMMCKCOO6pa3ylOmHX aEHTOB. ~T~HaHTponKH.Z,Z'bHnHpKAHn, 8-OKCH- 
XHHOJlHW, TITI3, 3THJX42lUlHBMWH, HMHHOllHyKCyCHBll KHUIOTa, aUeTHJIauCTOH, l.l&@HaH- 
T~OJ~HH H rnHI#fHynyYmaIoT H3McHeHHeuBeTa XeJIaToB MeiaHc Kc0 H l7A.H. npeilJ'IOZ4CeHbI 
MCTOAbl THTpOBaHHK MeAH HJIH HHKeJIn C HClIOJlb3OBaHHeM Kc0 HnH IlAH B Ka'IecTBe 
HHAtiaTOpa. 
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Analysis of precision of activation-analysis methods: K. HEYDORN and KRLSTA NQ)RGKRD, Talanta, 
1973, 20, 835. (Isotope Division, Danish Atomic Energy Commission Research Establishment 
Rispl, Roskilde, Denmark). 

Summary-The precision of an activation-analysis method prescribes the estimation of the precision 
of a single analytical result. The adequacy of these estimates to account for the observed 
variation between duplicate results from the analysis of different samples and materials, is tested by 
the statistic r which is shown to be approximated by a x2 distribution. Application of this test 
to the results of determinations of manganese in human serum by a method of established 
precision, led to the detection of airborne pollution of the serum during the sampling process. 
The subsequent improvement in sampling conditions was shown to give not only increased precision, 
but also improved accuracy of the results. 

Precise determination of oxygen and silicon in rocks by 14MeV neutron-activation analysis: 
K. HUYSMANS, R. GIJBELS and J. HCI~TE, Talanta, 20, 843 (Institute for Nuclear Sciences, 
Ghent University, Ghent, Belgium.) 

Summary-Oxygen and silicon have been determined in the six new U.S. Geological Survey 
standard rocks and two standard refractory materials by 14-MeV neutron-activation analysis, 
followed by both single and multichannel analyser counting of the induced 16N (4.5-8 MeV 
gamma radiation) and “Al activities (1.78 MeV photopeak). Owing to the long analysing time 
per pulse. dead-time corrections are necessary in multichannel analyser counting. Four methods 
were investigated in this work: counting time in the live-time mode without additional correction, 
short counting corrected by an external live-time scaler, the method of BartoSek, and the 
method of Schonfeld. Each measurement was controlled by a simultaneous measurement with 
a single-channel analyser. Silica ignited at looo” was used as a reference. Correction was made 
for the interfering elements, F. P, Al, Fe and Mg, using literature data. Attention was paid 
to neutron. gamma and beta attenuation. For oxygen the mean coefficient of variation for a 
single determination with a single-channel analyser was 1.7%, for silicon 1.1%. The mean 
results for single-channel counting were compared with literature values. 

Quantitative phosphorescence study of interactions of cytosine and cytidine and its nucleotidcs in 
frozen aqueous solution. Evidence for anomalous heavy-atom effect: J. J. AARON, W. J. SPANN 
and .I. D. WINEFORDNER, Talon&a, 1973, 20, 855. (Department of Chemistry, University of 
Florida. Gainesville, Florida 32601, U.S.A.) 

Summary-Phosphorescence vs. pH titration curves of cytosine, cytidine, cytidine-Y-mono- 
phosphate (CMP), -diphosphate (CDP) and -triphosphate (CTP) were obtained in methanol/water 
10190 v/v and in various sodium halide aqueous frozen solutions at 77°K. As shown by the 
shape of the titration curves, molecular aggregates or “puddles” of cytosine and cytidine were 
shown to occur only in relatively concentrated frozen solution (10m3M), these aggregates being 
dissociated in dilute frozen solutions (5 10b4M) or in -1M sodium chloride. No molecular 
aggregation could be found even in concentrated solutions of CMP, CDP, and CTP. Lower 
concentrations of sodium bromide or iodide (lo-‘M) were demonstrated to give “reversed” 
sigmoidal phosphorescence titration curves in the case of cytidine, due to an anomalously large 
heavy-arom enhance?nenrfactor in acidic solution, ranging between 30 and 50. 
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--- ‘.eTwoB Ndhlmm o a-38: K. HEYDORN and 
Krum NBRO~D, 7’ufum 1973,20,835. 

Ee3mMe - BOCXpOH3B0miMXTb hmona anmfnamo~Hor0 anmki3a npenmfcbmam onpenene- 
?XiC B$UZIQOa3B@ltUbiOCTU TO-0 OJlHOrO pe3yJIbTiITa BfiBTIH38. AneKBaTHOCTb 3TTAX OueliOK 
~HIp~~~~MernyrtapPnnenaHbIMHpe3ynbTaTaMHonpeneneHanyreMcramc- 
TxwcKO~ lKmmARbl T, IIpZ?6JXRxcHoR &HICuH~ pacnpeawexHn X2. npmeHeHsie 3~09 
oucexRasPC3ylIbTafbIo~~~n~~~~cblBoporweueno~Ka~er0n0~,~ocnpo~ao- 
nnMocTb KOTOpOI’O &ma 0npemfeHa paHe& npReura Y OTKpbITHEO 3arpK3HeHiin cblBopoTKH 

BO3XyKOM BTeYeHE~E+3KTlIKIIpO6.l%CJIOnylOIUCe yJI)‘WIIeHH’3)‘CJIOBH~ B3KTHJIIIpO6yJly‘lIU~O 
BOCIIpOSl3BOAXMOCTb,aT~TO¶HOCTbpe3yJIbTaTOB. 

-- v II NlMMUN B Mpsu. IIOPOIWX MWOil0.8 lhf3B 

- 
anmm: K.Hw.wws, R. GUBE~~ and J. Hosre, T'.lanru 1973, 

. * 

m--opo8I Xi KpeMEHii OUpeJIeJIeHbI B IUeCTH HOBbIX 3TaJIOHHbIX IVpHbIX IIOpOA 
U.S. GeOlooicpl SUI'VQ' B B AByX mOEHMX Ol-HeyUOpHbIX MaTepfWJIilX MerOLlOM 14-M3B 
EailTpoHoan3mwwEitoroalisJuqc nouzww~cw~amfe~ mu~usipoma~~bma~~m- 
nomdt “N(43-8 xm rama-xwweme) H arAl(1,78 MOB &ITOIIEK), c DOMO~W omro- H 

r4storoKaIwwwro rurnw3aTop3.B pe3yJwTaTe nponomKsi~wb~oro aHarus3aarur ~amworo 
~~RlnonpEarearmxoppsaranann:e~roepe~eaffnp~ HCIIO~~~OBBHHH more- 
~uansnoro~~p~~pl~opa. B npuurexaardt padole HCCJIenOBaHO 'IeTbIp MeTOXOB:epeMII 
cIpIpHpIBUIOCO6e~~ ~6e3nOlIOJ'lHETenbHOii KOppCKUI’fSt, KOpolrtOC CQiTaHHe 
mpplmIpOBwocnoMOmuoBHeImt~O umneparrYeoroBperbieHsi,~~OnEapTonreuaHMeTOn 
tuom@JYbn%Kuroe ve KOHTpoJInEpoBaHO OJlHOBpCMeHHbIM H3MepCHHeM C IIOMO- 

nplqomoKmKJmmo awuwropa.Harpe~a~~a~ ~Ol~"nByOKHCb KpCMHEK HCUOJ'lb3OBBHa 
~~a~3~ano~.Koppe~u~~anuw%u~xusrx3n+%ieHToBF,P,Al,Fe A Mgcnena~w Ha 
~o~ewreparyp~wxua~~wx.B~~~p~~ e 06patueHo ocna6neHw HetipoHnoro, r-a H 

6aTa lunymou. cm KO3t$&UHeHT BapHaI.lHH Jml onHor0 0npeuenenHK c HcnOnh30- 
MHHeMopHoKaHlwlbHoro awIX3a~opa paBc~ 1,7~~nnnlurcnopona, a- l,l%nnn K-II. 

CpWHbSC pt3yllbraTkd,lIOJIy'feHHbIe OIIHOKWUlbHbIMCYHTaHHeM CpaBlieHbICnATepaTypHbIMH 
.uaHHwMH. 

-- ~IQNB3BNMOlleicruslNNTO3NUllUrnUQPaRHX 

~B=@W=-MWJ”perwpa: J.J. AARON, W.J. S~.&mandJ.D. Wrm- 
FORDNBR, Tdanta 1973,20,855. 

&NOMe - nOJQ’WHId KpHBbie 3KBHCHMOCTH @C@OpeCUCHUHK OT THTPKUHH pH MI UHT03HHa, 
UIIIEOEUEB,UHIIIPWn-s'-hlOHO'$O@aTaT (UM@), -AH@C@aTa(~@)H -TpH@OC@aTa(UT@)B 
paCTBopCMeTKHoJI-BOAa l0:~llOO6beMyHBpa3HblX38MOpOZZHHMXpaCTBOpaXraJIOHnOB 
HO~~II~E~~K.~~M~~O~~~WXK~HBMX~OK~~~~BBCTYTO MoneuynrpHbtearperaTar 

MR WIyZKliUbI* UHTO3Hita A uHTH.@Ha IIORWIKK)?cII TOJlbKO B CpaBlUfTenbHO KOHUeHTplIpo- 
namiux3aMopoxenH?llxpacTBopax(10- 'M);3~arpera~bl:nHccouHAWmrcK~plu6aaneH- 
HblX3aMOpOXeHHMXpaCTBOpax(=l0-*~)WHB -1 M pac~~opexnop~na HaTpHn. Mone- 
nynnp~earperau~urHeo6~apy~xnaneaKoHue~pHpo~uxpacreopax IiMcP,LUiIcO 
Ii UT@. nOKa3aHO PIY) m3Ksfe ~o~wrrpauHa 6po~~na HJIH Homma HaTpHn (10-l M) na!o~ 
w6parabiencxrMoHxaJIbH bIC $OCI$OpeCUeHTI5Ie THTpaUHOHHble .KjXiBbie,e CJIYWC USiTHIUfAB 

B pe3ynbraTe 6iwbuu w.u nop.44anbnoro gkmopa ycunenun mflcncenbtM4 amoMamu B Rxfcnohf 
PWTBO~. BCJMSHHbl 30 ,I!0 50. 
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Aromatic sulphonate ion-selective electrode membrane with Crystal Violet as ion-exchange site: 
NOBUHIKO ISHIBASHI, HITOSHI KOHARA and KAZUO HORINOUCHI, Talanta, 1973, 2@, 867. 
(Department ijf Applied Analytical Chemistry, Faculty of Engineering, Kyushu University, 
Fukuoka, Japan). 

Summary-Four triphenylmethane derivatives (cations) and a high molecular-weight quaternary 
ammonium ion were used as the ion-exchange site in the liquid membranes of electrodes 
responsive to aromatic sulphonate ions, such as benzenesulphonate and a-naphthalenesulphonate. 
The nitrobenzene or 1,24chloroethane membrane containing the Crystal Violet-aromatic 
sulphonate pair had good sensitivity, showing an approximately Nernstian response down to 
10W4M sulphonate. The potential of the Crystal Violet membrane was independent of pH variation 
from 2.5 to 12. Chloride and sulphate ions in the aqueous sample solution did not affect the 
electrode potential. 1,3,6-Naphthalenetrisulphonateexerted essentially no influence on the potential 
of a-naphthalenesulphonate electrode. The interference of the nitrate ion was relatively large. 
The conductivity and association of the solute species in the membrane were estimated. 

Thermometric titration in investigation of the formation of polyanions of molybdenum(VI), 
tungsten(W), vanadium(V), and chromium(VI)-comparison of thermometric and potentiometric 
titration curves: NOBUTOSHI KIBA and TSUGIO TAKEUCHI, Taionta, 1973, 20, 875. (Department 
of Synthetic Chemistry, Faculty of Engineering, Nagoya University, Chikusa-ku, Nagoya, Japan). 

Summary-A new twin-cell thermometric titrator has been devised and used for thermometric 
titration of solutions of sodium molybdate, sodium tungstate, sodium orthovanadate, ammonium 
metavanadate, and potassium chromate with perchloric acid. The thermometric titration curves 
were compared with corresponding pH-titration curves for elucidation of the reactions occurring 
in the titrations. Thermometric titrimetric methods have been developed for the determination of 
tungsten, vanadium and chromium. 

Separation of molybdenum from interfering elements by extraction as phosphomolybdenum blue: 
V. YATIRAJAM and JASWANT RAM, Talanta, 1973, 20, 885. (Chemistry Department, University of 
Kurukshetra, Kurukshetra. India). 

Summary-A simple method is described for the separation of molybdenum from titanium, 
zirconium, chromium, manganese, iron, cobalt, nickel, uranium and aluminium in a wide variety 
of samples in < 30 min. Phosphomolybdenum, blue is produced by boiling for 2 min a molybdate 
solution containing phosphate to give MO/P = 20-37 (w/w) with hydrazine sulphate in 01N 
sulphuric acid. The volume and acidity are adjusted to give a molybdenum concentration of 
0.6-5 mg/ml in 04-0.5N sulphuric acid. The phosphomolybdenum blue is 99.5% extracted with 
methyl isobutyl ketone in a single extraction. The residual molybdenum and hydrazinc in the 
aqueous phase are oxidized with a few drops of liquid bromine and the molybdenum is 
quantitatively extracted with the same solvent from 1N sulphuric acid as its reddish brown 
thiosulphato complex. The molybdenum is stripped by ammonia-hydrogen peroxide solution. The 
back-extract is heated to boiling and filtered to remove the insoluble hydroxides of traces of 
accompanying elements. The thiosulphate in the filtrate is destroyed by boiling for 4-5 min with 
excess of hydrogen peroxide in slightly ammoniacal medium. The molybdenum is determined 
finally by cerimetry or other standard methods. 

Determination of calcium oxide in calcined phosphate ores: R. S. YOUNG, T&ma, 1973, 20, 891. 
(1178 Beach Drive, Victoria, B.C., Canada). 

Summary-It has been shown that an existing procedure to differentiate calcium oxide from the 
carbonate and silicate of calcium can be used in the presence of the phosphate, fluoride and 
sulphate of calcium. and of the carbonate and oxide of magnesium. It is based on the reaction in 
aqueous solution of calcium oxide with sucrose to form calcium saccharate, and subsequent 
titration with oxalic acid solution. The method has application for a direct chemical determination 
of calcium oxide in phosphate rock where calcination of accompanying carbonate is necessary in 
beneficiation processes. 



X AHHcrrarrHH craTeR 

16momc--ape npoE3eoaHblxTprr~HHnMeraHa(Ka~oH~)H BbICOICOMOJICKyAlrpHE&iHOH 
¶elWpTHWO~O BMMOHEK ZiCIIOJlb3OBaHbI B Ka'ieCTBe MeCTOllOAO~eHHli HOHHOl.0 06WCIla B 
XHAK~X bseMQipax8a~ 3Ae~~poAoe pearflpy~upax Ha apomaTagecrurecyAb@0aaTxorw,e TOM 
nacne 6eii30~1cy~~#O~a~ 5i a-tiat$~~cy~A&OHa~. Me~6pa1ibl H3 =Tp06eH30Aa HAH 1,2- 
mrXnOlJ3’TtW4 COAepxarrPre naPY KpH mft &i0AeT0Bb&-apobfa~~K& cymm~ 
06na,qa~m xopornoft9yacraersrraAocrrK,~no~~npH6mr3H~HOHepH~Oecmeto~ 
BUJIOTb A0 lo-*&f C)'JlI&oHaTa. nOTeHLWiJl MeM6paHbI H3 KpHCTaJIbHOrO @$HOJICrOBO~O 
OK~.WICK He3aaHcHMbW OT pH B 06AaCTH 2,s ~0 12. XJIO~HA- H CyAb@THOAM B BOAHOM 

pacTaOpeupO6blHeBJnWJIH HauOTeIiUEaJI3JIeKTpoAa. 1,3,6-Hai$TaASiHTpHCy~Ib&xiaT T~KIKC 
HeMann ecrecTBeAa0 HaUOTelWEaJI3JlCKTpOAa K-IiaI$TaJIirHCyAb&HaTa.HHTpaTHOH tIOKa- 
3aAAOBOJTbHOCHAbHOe MeJAalOAW Aeftcrelie. ~ACAeHbl RpOBOAHMOCTb H aCCOUHaIWl 

paCrBOptHHO~OBtnreCrBa BMCM6PaHe. 

HtcJItAoBBut o6pBsoBBun mnnmomM mM16ncrrp(m ~P=wf), lcla(V) II 
WJwm mm ------a 
v ~wrpaac K~UIX: N~EWOSHI KILIA and TSUGIO TAKEUCHI, 
Tdanta 1973.20.875. 

&3lOMe-~OHCTpy5ipOBaH HOBbJ~TtpMOMtTpH¶tCKHiiTHTpaTOpHCIIOJIb3yIOiAH~ABOlhfYIO 
K'ieiiKy II IXpEMCHeH B TepMOiftTpE'ItCKOM THTpOttHSiH ptCTBOpOB MOAH6AaTa IitTpEK, 
tOJTb&WftTt HtTpSn, OpTOEWWtWTa HPTPHII, MtTtttlitAtTt aMMOWin A XpOMaTa KaAHJl 
XAOpHO@ KHcAOTOti. TepMoMeTpHWcKHe TEiTpaZlHOHHbIe KPHBMC CptBHeHbI c cOOTB~TCTB~- 
IOIUHMII lIOTtHUHOMtT&lH'IecKHMH K&MBblMH EJUI pa3bncHeHMl Peagurrft HMelOiAHXMCCTO B 
THTpaAEffX. %3pa6OTaW MeTOAbI T~MOhleTPHW!CKO~O THTpOBaHHSl AAK OlIPeAeJIeHHI 

EWlb4$pabla,LWiaAHKH XpOMa. 

Pt3mMt -chlHccuI HtCJIO~HbliiMtTOAOTAelWEUlMOJIH6AeHa OTTHTtIft, UHpKOHHt,XpOMt, 
MaplWIl&lKtJIe3a, K~Tt,~~,y~KamomRHHKBp83HbIXBelllCCTB8XBMeHb~e 

¶tM 30 hlHH. @O&WAH6AeHOBb@ CHti 06pa3yWT KHIWSeHHeM pacTBOpa MOJUi6AaTa, 
CbAepxaqmO @C@T BOTHOIl@= Mo/P=20-37(110 BeCy)B TeSeHHe 2 MHH.C CepHO- 
KEcJlbIM nzrrpa3HHOM B o,lN PaCTaOpe CCpIiO#k KECAOTbl. 06beM PaCTBOpa H KHCJlOTHOCTb 

l=Y~PyWr~AOlIyRLcIMaKO~ ~~oW6CKHB6,6~~/AB6,4-O,~Ncepnoft~~cnorr. 

@WiM 3KCTpar!ipOEWUieM ~t~x~wdynuuceTo~0~ 3KCTpalllpytTCx !B,5% $OC~MW~JIH~ 
~HO~n,C~O.~aTO~~Morm6~HH~~HBBOPRO~~O~~TC HeMHOl-HMH 
K~IIA%IH xxAKor0 Bpom, a MOAH6AtH3KCTpWHPylOTKO JIHWtCTBeHHOTtMm pWTBOpHT&eM 
83 1N CepHOii KEcJIOTbi B @pMe er0 KpaCHO~TOKOpH'lHtBo~O THOCyJIbfj.taTOKOMMeKca. 
M~JIH~A~H~~ELJI~K~~YT abWfaWibIMpacTaOpO~ aepe~~~Aeo~opoaa.nOeoporrr~83~crplurr 

Hal-ptBtiOT A0 KHUtHXn H +J'lbTpApYIOT AJUI )'CTpaHCHEn HepaCTBOpIiMbiX WlpOORHCt~ 

UIeAot cOupOeoxpato nprx ~JI~MwToB.THOCYA~@~TB pt~~topept3py~wo~~~un~eHKtM~ 
TeseaAed-5MBH.c H&~TKOM apexsic~t~Aop~~t ~cna6ot~~Hawfo~~peAe. Monsr6ntsi 
KOHeVHOO~eNllOTUtpHMtTpH¶eCKHM HAHAp)THMHCTaHAapTHbIMHMeTOAaMH. 

OapeauKne-mBv t#tabtw py~ax: R. S. YOUNG, Talanta 
1973,20,891. 

Pt3ltMt--0Kt3tHt tO3MOI(HOCTbHClTOJlb30BtHHII HMtIOlUeikK MeTOAHKHAJln pa3JIHWHHn 
OKHCH KaJIbUHn 01 K@OHaTa H CHlIHKaTa KiUIbUHt B UpHcyTCTBHH @X+tTa, aTOpi¶Aa H 
cyAb@Ta K~A~LWI H Ktp6olraTa H OKHCH MBIHHI. M~ToA OCHOB~H Ha ~~~KLUIH B BOAHOM 
ptcreope owwca awbum c ctxtpO3Ol AA~ 06pa3oaa~ra caXapaTa smbwin, c mcneL(yioufiih4 

THT~OBBHHGM c pacreopoM uaeeneeoft KHCAOTM. M~TOAOM MO+O IIOJT~~OB~T~C~ AAn 
HtllOC~AcTteHHOn, XHbUl'leCKOrO OUptAeJltHHn OKHCU KtAbUHR B MaTHbIX rOpHHX 
IlOpOAaX rAt HtAO IlpOBtCTH KMbUHHaUHIO COllpOtOXUlaloLlJerO Kap6OHtTa B UpOLWCaX 
ynyvnremn KaqecTna pyAM. 



SUMMARIES FOR CARD INDEXES xi 

Application of the fission-track technique to the determination of uranium in natural waters: 
TSUY~~HI TAKEBAYASHI, HIDEKI MAT.SUDA and SHUNJI UMEMOTO, Talanta, 1973,M, 892. (Depart- 
ment of Chemistry, Faculty of Science, Kyushu University, Hakozaki, Fukuoka, Japan.) 

Summary-A procedure for the determination of the uranium content of natural waters is 
presented. To 100 ml of natural waters, 200 ml of cont. hydrochloric acid are added and this 
solution is uassed throunh a 6-ml column of Dowex l-X8. The uranium is eluted with 60 ml of 
O.lM hydrochloric acid,-and the eluate is evaporated to dryness. The ‘residue is subjected to the 
fission-track technique described previously. The uranium content of the river waters in 
Fukuoka City was determined. 

Determination of copper in ammonium Huoride solutions by extraction and atomic-absorption 
spectrophotometry: M. BRISKA and W. HOFFMEISTER, Talanca, 1973, 20, 895. (IBM Laboratories, 
Component Development, Dept., 3192, D-7030 Boeblingen, Schoenaicher Strasse 220, West 
Germany). 

Summary-Extraction with sodium diethyldithiocarbamate, followed by mineralization and 
atomic-absorption spectroscopy is used to determine down to lo-’ ‘A Cu in 40 y0 ammonium 
fluoride solution used in the manufacture of semiconductors. 

Emissionsapektrographiscbe Bestimmung von Germanium und Zian,in Gallitmrarseuid: K. DIITRICH 

and H. R&SLER, Talanra, 1973, 20, 897. (Sektion Chemie der Karl-Marx-Universitt Leipzig, 
701 Leipzig, Liebigstr. 18, DDR). 

Summary-An emission spectrographic determination of germanium and tin in gallium arsenide 
is described. For a sample of 5 mg the limit of detection is 3.1 ppm germanium and 
7.7 ppm tin. The relative standard deviations are 11% for germanium and 16% for tin. The 
evaporation of the elements during the excitation is discussed. 

Determination of hydrogen peroxide by thallium(III) in the presence of iron(D): P. D. SHARMA 
and Y. K. GUPTA, Talanta, 1973, 20, 903. (Department of Chemistry, University of Rajasthan, 
Jaipur. India). 

Summary-A method for estimating hydrogen peroxide by oxidation with excess of thallium(II1) 
in the presence of iron(H) and iodometric determination of excess of thallium(II1) is described. 
Nitrate, sulphate, manganese(I1) and copper(I1) have no effect. Chloride interferes. 

Determination of lithium stearate in sebacate-based lubrkutnts by atomic absorption: GEORGE 

NORW~TZ and HERMAN GORDON, Talanta, 1973, 20, 905. (Frankford Arsenal, Philadelphia, 
Pa. 19137, U.S.A.) 

Summary-An accurate method is proposed for the determination of lithium stearate in 
sebacate-based lubricants. The sample is treated with dilute hydrochloric acid and an extraction 
is performed with ethyl ether to remove di-isopropyl phosphite which would otherwise interfere 
by causing the subsequent precipitation of lithium phosphate or lithium metaphosphate. The 
aqueous extract is then evaporated to fuming with perchloric acid and the lithium is determined by 
atomic absorption. 

Hydrazine sulphate as reagent for titrimetric determination of vanadium(V) and chromium(V1): 
P. V. KRISHNA RAO and G. GOPALA ROA. Talanra, 1973, 20, 907. (Department of Chemistry, 
Andhra University, Waltair 530003. India). 

Summary-Conditions have been developed for the direct titration of vanadium(V) and 
chromium(V1) with hydrazine sulphate, barium diphenylaminesulphonate being used as indicator 
and osmium tetroxide as catalyst. 



xii AHnoTauw cTaTei4 

npRccasreMeToAacJIeABIbneaoIBoHpe~ ypana B npnpwtu BCJA~X: T. TAKEBAYASIU, 

H. MA&DA and S. UYEMOTO, Tulanfa 1973,2O, 892. 

Pe3IOMe-~~XJlOJlCeHa MeTOAHYB OlT~AWlCtUiJl yp&UU% B IIpHpOAHhlX BOA=. K 100 ktn 
IIpHpOAHOti BOAbI AO6WDUOT nn, MA KOHUCHTpHpOBiUUiOit COJIffHOfi KHCJIOTM H paCTBOp 

nponycKa10~ uepe!3 KOJIOH~~ 6 MJI CMOJI~I AayeKc I-X8. Ypa~ 3nlo~pylo~ c 60 ~fl OJ M 
ConnHoft x%cJIoTN H 3moaT ebmapHimor .no cyxoro. GcraTolc wcAeAytoT 0uwaiwblM paHbue 

n4eToAoM cAeAa #iccwt. GupeAeAeHo coAep=He ypana B pevnbrx eo~ax ropoAa Oyxyoxa. 

oalnnciroslcnacnrBm~m~- MeTOAOM 3nmpfmm w aToea6cop6- 
m m: M. BRISKA and W. HOFFMEISTER, Tizkantu 1973,20,895. 

m - 3KwK C ISHWKJUKTE OUap6aMHHaTOM HaTpHll C INJCJlC~IUe~ MHHCpiUlX3a- 

uneit H oape2wmiaeM MffonoM aTo~o-a6cop6uHoe~ool cue~poi$oT~~eTp~~ ~cnonb308axa 
Akin OnpeAeJteHEa Mm BIUlOTb A0 lo-’ % B pacTeope @ToptiAa aMMoHH& npHbfeHennoM B 
rrpOH3BOACTT3C lIOAyIIpoBOAHEKOB. 

-Pm=- repnmmn II onom B appease ranmu ~&E‘lecICllM Me-TO&MC 
K. D~-~RICH and H. R()ssLER, Tulunru 1973,20,897. 

Pamom - Omica~ M~TOA ewiccHonftoL cnexTporpa@fsi ~.w onpenenefotn repwwut. H 

OAOBB BQlCeHWle lWlJIliI. B Qly’4ae llpO6bl5 MT YyBCTBHTenbHOCTb MCTOABCOCTBBJIIICT 

3.1 Y. Ha MMJIHOH RpMaHWl A 7,7 Y. Ha MHJIJlHOH OJ'IOB& OTHoCHTeAbHbIe CTNiAapTHble 

01ux6m patw 11% w repr+fatr~n, a- 16% n31n OnoBa. ~%CCMOT~~HO abInapbIecurHe 

3AeMeIiTOBBTCWHHt no36yzirneHH% 

-lRprwcr~~~ nuume~(III) B ~YT- xede3a(li): P. D. SHARMA 

and Y. K. GUPIA, Taianta 1973,20,903. 

Pm- O~~HMeTOAOn~A~eHHI~e~KHCH8oAO~AaOCHOBblBBH)IUHtlCIIHaOKHUleHHH 

C H36bITKoM TSUIAHll(III) B IIpHCyTCTBHH XWIC3Zl(iI) H HOAOMCTpH'ICCKOM OIlpeAeJIeHHH 

H~~~ITIB ~ann~#II1). HHT~~T. cyfl*~, Mapranw(I1) H Menb(Il) He BJIHINT Ha onpeAenewe. 
~OpHAHOHMCUWT OIIpeACJEHHfO. 

OlQUlWltlEeClV!4IpRrpJlltTUB- lmeak4PTecMa3Og0[MacJlaXMeTOAOMaTOMBO- 

r 

T: GEORGE No~wrrz and HERMAN GORDON, 7’ahru 1973, 

&%OMG-&lCAJTOXCf2H TOWlbIii MCTOA Ol'IpCACAeHHS CTeapTEl JIHTHll B OCHOBaHHbIX HB 

C&UaTe CMa3oYHbIx MuC.naK. llpo6y 06pa6a~b~~o~ pa36aaneHHoit comwoti KHCAOTO~~ 

A 3Kcrpantpymr 32HnO~bwi 31#~p0~ Ann ycqmnewn ~iw3onpom@oc@ita K~TOPMB 

McUmcT oupel(eneturw, BbI3YW 0wxAeHiie @C&Ta HJIH M_Ta mmn. bAHbIii 

3KCTpW?T B~pblMiOT C XJlOpHOii KHCJlOTOii A0 IlORBJleHHI IIapOB H O~AeJIiOOT AHTHii 

MCTOAOM aTOMHOdCOp6UHOHHO~ CIEKTpO&JTOMGTpHH. 

Cepmmemil rBApR3mI B IcBe pcerearn Ana owwl~- -W) n xpompw) 
T M~TOAOM: P. V. KRISHNA RAO and G. GOPALA RAO, Tofanta 1973.20.907. 

Pesonw - Pa3pa6oTaw ycnoeHK AJ-U~ nenocpencr6etiHoro~ THT~O~HHR aakwvin(V) H 

XpOMa(V~)CepHOKHCJIbIM NApa3HHOM. C HCIXOAb3OBWHeM AH~HlWMHHCyW$OHaTa 6apHn 
BKa%CTBeIiHAHKaTOpa,a 'ieTbIpI?XOKHCH OCMHII-BKaWCTBe KaTiUIH3ZlTOpil. 



. . . 
SUMMARIRS FOR CARD INDEXES x111 

Desorption of small quantities of chloraurate ions retained on anion-exchangers, in the separation 
of gold from base metals: L. L. K~CHEVA and R. GECHEVA, Talanta, 1973,20,910. (Department of 
Chemistry, University of Sofia, Bulgaria). 

Summary-Favourable conditions have been found for the elution of chloraurate ions, separated 
from base metals by sorption on Dowex 1. The elution is done at 50” with a hydrochloric acid 
solution of thiourea. A reversible column is proposed for the purpose, the use of which decreases 
the eluate volume. The conditions established have been applied in the separation of microgram 
amounts of gold from nickel, copper and iron as well as for determining gold in anodic copper. 

A twinned mercury-filled glass electrode system for acid-base titrations in a number of non-aqueom 
solvents: M. BRYANT and J. GEORGES, Talanta, 1973, 20,914. (Laboratoire de Chimie Analytique 
et Industrielle, 20 Ave. A. Einstein, 69 621 Villeurbanne, France). 

Summary-A pair of mercury-filled glass electrodes is proposed for acid-base titrations in non- 
aqueous solvents or their mixtures with each other or with water. 

Non-aqueous cerimetric determination of thioureas: BALBIR CHAND VWMA and SWATANTAR 
KUMAR, Talanra, 1973, 20, 916. (Department of Chemistry, Punjabi University, Patiala, India). 

Summary-Ammonium hexanitratocerate (in acetonitrile) solution has been used as an oxidimetric 
reagent for the visual and potentiometric determination of thiourea and its alkyl derivatives in 
acetonitrile medium. The thioureas are oxidized to their corresponding disulphides. The method is 
simple, accurate, reliable and widely applicable. 

Analytical properties of 3-hydroxy-picolinaldehyde azine: A. GARCIA DE TORRES, M. VALCARCBL 
and F. PINO, Talantc, 1973, 20, 919. (Department of Analytical Chemistry, Faculty of Sciences, 
University of Sevilla, Spain). 

Summary-The synthesisand analytical properties of 3-hydroxypicolinaldehyde azine (3-OH-PAA), 
salicylaldehyde azine and picolinaldehyde azine are described. 3-OH-PAA is isolated for the first 
time. The solubility, spectral characteristics pK values and reactions with 36 cations were 
examined. 

Chelating properties of ot-oximinocarboxamide-11. ~yn-a-oximinophenylacetamide: copper(n) 
complexes: HAMED M. EL FATATRY, ALRRIZD W. VON SMOLINSKI, CECILIO E. GRACIAS and 
DOMINICK A. COVIELU), Talnnta, 1973, 20,923. (Department of Chemistry; College of Pharmacy, 
University of Illinois at the Medical Center, Chicago, Illinois 60612). 

Summary-S~n+oximinophenylacetamide forms two complexes with Cu(II), a CuL complex at 
pH 4 8.4 and CuL, at pH > 8.4. log K, = 7.82 IO.07; log fi2 = 14.32 5 0.06. 



xiv AnwrauHncTaTeR 

omaema -maa6rrProponnux nwra~~~oa: I,. L. K~~HEVA and R. GECHEVA, Talonta 
1973.20,910. 

Puma - Piupa6oTaiibi noaxonnuuie yc.no~~n Qnn 3niotfpoaa~ifs xnopaypaTHoHoB, 
OTneneHHboio~ ~c6~~op0Am~x M~T~JIJIOB cop6unei-i HacMoneAayeKcI. 3ntonpoeanne npo- 
Bow npH 50” COJI#HOKIiCJlbIM paCTBOpOM THOMOYeBHHM. Anr 3TO8 UeJlbKJ npepno;tretia 
pc~cpc~6lmb~an KOnoHKa, KOTOpaK yMeHbUIaeT llOTpe6yeMblfi 06%~~ 3nK)aTa. Ycranoe- 
neIW6lC yCJIOBifK IIpHMeHeHbI B OTJleJ-IeHHH MHKpOrpaMMOBMX KOJIH'feCTB 3OJIOTa OT HHKeJlK, 
Me~HX@JIe3a.TaKXCeKBKHBOtI~LleJIeHHH30JlOTaBaHOllHO~ MeLIH. 

m, 3umaumB n pymo amera en3mumx 3netaponom nmi menomo-iuen0mba 

iiz? m puOnr Serorrmvr pecr~prrem~: M. BRENT and J. GEORGES, Taianta 1973, 
. . 

tie - &w!.norCeHa napB 3anonHeHHbIx pTyTbm CTemKHHblX 3ne.KTpOJlOB &MI KHCIIOTHO- 

IUMO’U!btX THTpOBtUiHii B HeBorJHblX paCTBOpHTeJfKX HIIH HX CMeCRX H CMeCIlX C Bo)IOti. 

Heronsoe~~ onpfz~BJIe!lmEnIo-: BALBIR CHAND VERMA and SWATAMAR 
KUMAR, Tahta 1973, 20,916. 

&wow-Pacr~op reKwnrTpaTouepaTa B aunrowTpHne Hcnonb30~an B KawCTBe OKCH- 

AH~R’ItCKOrO pearenTa W aH3yanbnoro H IlOTeHUHOMeTpH'IeCKOrO onpenenemx 
TBOMO'leBHHbl H ee aJIKHJllIpOIi3BOJUibiX pacTBOpeHHblX B al&TOHHTpiiJIe. THOMO¶eBHHbl 
OKHCAKIOTCK B COOTBWCTBylOIAHe nHCyJ-@HnbI. Meron IIBIIKCTCB HeCRO)IIHbIM, aKKypaTHbIM, 
HaJgxafMM H IIIApOKO npHMesbihtbub4. 

B xappKnptcenwl 3-01ccbmnx O.WIWWI~~~WWB: A. GARCIA DE TORRES, 
M.Va~ca~c~~and F. PINO, Talanta 1973,20,919. 

Ee3me-Omfawbf CHHTe3H aHanHTHY~KHexapaKTepHcrHRH3-oKCHwKOmrH~nerHH~ 
(3-OH-l-IAA), ‘XJlHUHAKJIbAC~a3Hfia H AHKOAH?WIbACI-EfABHI4a. YZ&UloCb BblAm 

3-OH-lWAB rIepBbIfipa3.%'i3ySeHbI paCTBOpHMOCTb,cnelrrpaJIbHMexapaKTepHCTHKH,BeJUi- 
wrb~pHHpea~~H~c 36 KamoHar.ni. 

x-l-6P--xpm aFp - IL KOnsRneKcbl am-a- 
~crwwo(lI): HAMED M.ELFATAT~,ALFRED W.VONSMOLINSKI. 
CECILIO E.Grucusand DOMINICK A. COVIELLO, Tafanta 1973,2@,923. 

Pe3IOMe- CrcH-a-GKCHMHHO&HHJlBUeTaMHA O6pa3yeT ABB KOMIIJEKCK & cU(II): KOMllJIeKC 

CuL npH pHc8,4H KoMnneKcCuLt npn pH>8,4. 
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PUBLICATIONS RECEIVED 

Progress in Nuclear Ikrgy Series IX, Analytical Chemistry Vol. II: H A ELION and D. C STEWART (eds.) 
Pergamon, Oxford. 1972. Pp VI + 269 E13.N. 

Thus volume is concerned wtth new techmques of emtttance and reflectance spectroscopy The mdtvtdual 
artrcles are on surface chemtstry by reflectron spectroscopy (Hansen), neutron spectroscopy (Trevmo), far 
infrared for mmerals and morgamcs (Karr), Infrared emrssron and reflectance for condensed phases 
(Aronson), laser Raman (Tobm). Fourier transform spectroscopy (Low) and photon countmg (Malms~dt) 
It IS a cerebral brew m whrch the basrcs are clearly put on a quantrtatrve footmg The chorce of toprcs 
and authors IS excellent, and the productton up to the htgh standard of the senes wrth one Important 
exceptron. tt would seem that the typescrtpts were submrtted m 1969, consequently some maJor developments 
have been mrssed. Despite thts the edrtors have mamtamed the high standards whtch make thts one of the 
best and most ongmal series of analytmal tests 

Identification and Analysis of Plastics, 2nd Ed.: J. HASLAM, H A. WILLIS and D C M SQUIRRELL 
Ihffe, London, 1972 Pp. 748 f1800 

Smce the pubhcatron of the first edttron of thts book m 1965 there have bean several tmportant 
advances m polymer analysts These advances, whrch exploit techmques such as nuclear magnetrc resonance, 
thin-layer chro~tography, pyrolysrs-gas chro~tography and X-ray i%torescence, are mcluded m thus recast 
and expanded edrtion Instrumental methods, mcluding basic prmctples, are dealt wtth m the mtroductory 
chapter The second chapter IS concerned wtth elemental analysts, burning and other tests, and the 
mterpretatron of Infrared spectra Each of the next erght chapters describes m detatl the analyses of 
mdrvrdual polymers or polymer types, such as vmyl resms, polyesters, nylons, rubbers, thermosettmg resms 
etc The analysrs of fillers, plastrcrzers and other addrttves ts dealt wtth in the final chapter The useful 
appendrx comprrses a comprehensrve selectron of infrared spectra. Each chapter IS concluded with a hst of 
key references which go up to 1971 
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SUMMARIES FOR CARD INDEXES 

Application of indirect methods in analysis by atomic-absorption spectrometry: G. F. KIRKBRIOHT 
and H. N. JOHNSOV, T&nta. 1973, 20,433. 
(Chemistry Department, Imperial College. London, S.W.7, U.K.) 

Summary-The use of mdirect methods for the determmation by atoms-absorption spectrometry 
of those elements not normally amenable to sensitive determination by this technique is revlewed. 
The avadable indnect methods are classified mto five general types of procedure; specific 
reported procedures for the determination of metals. non-metals and some organic compounds 
are discussed. 

Arsenazo Ill as metallochromic indicator for complexometric determination of calcium in slightly 
alkaline medium: V. MICHAYLOVA and N. KOULEVA. Tulunta. 1973, 20. 453. (Department of 
Chemistry. University of Sofia. Sofia 26, Bulgaria). 

Summary-Arsenazo III is proposed as metallochromlc mdlcator for calcmm m slightly alkaline 
medrum. The visual titration with EDTA was performed at pH 8 and 40 pg-12 mg of calcmm 
were determined. The Interference of some Ions was considered and it was found that phosphate 
does not Interfere appreciably. Spectrophotometric detectlon of the end-point was used for 
titration of calcmm in the presence of magnesium at pH 9. For the estimation of the titration 
error, the conditional stability constants of the calcium-arsenazo III complex were found. 

Ultramicro atomic-absorption spectroscopy with a tungsten-filament atom-reservoir: J. E. CANTLE 
and T. S. WEST. Tulunra, 1973, 20, 459. (Chemistry Department, lmperlal College of Science 
and Technology. London. S.W 7, 2AY. U.K.). 

Summary-The detection and measurement of traces of zinc, lead, copper and silver by 
atomic-absorption spectroscopy with a tungsten-filament atom-reservoir (TFAR), hollow-cathode 
lamps and limlted-field viewing is described. The performance of this atom cell is compared 
with that of the carbon-filament atom-reservoir for determination of lead. Greater sensitivity 
and fewer matrix effects are observed with the TFAR system. The lifetime of the tungsten filament 
1s almost indefimte. 

Rapid destruction of plant material with concentrated nitric acid vapour (vapour phase oxidation): 
A. D. THOMAS and L E. SMYTHE. Tuluntu. 1973, 20. 469. (Department of AnalytIcal Chermstry, 
University of New South Wales. Sydney, Australia). 

Summary-Concentrated nitric acid vapour is used in a simple rapid method for the destruction 
of orgamc matter in plant tissue before analysis for trace elements. About 90% of the organic 
matter is destroyed by the mtric acid vapour within 5-6 min and destruction is then 
completed by the addition of perchloric acid. The method gives zero or low blank values 
and has comparable precision and accuracy to conventional acid digestion methods. 

Automatic control of the ion-illumination angle in a spark-source mass spectrometer: R. J. 
CONZEMIUS and H. J. SVEC. Talunra, 1973.20. 477. (Ames Laboratory, USAEC and Department 
of Chemistry. Iowa State University, Ames, Iowa 50010. U.S.A.) 

Summary-Automatic adjustment of only the spark-gap width in a spark-source mass spectro- 
meter does not ensure that optimum conditions of electrode geometry are maintained with 
respect to the lon-optlcs system. A device has been developed which simultaneously maintains 
a constant gap width and also a more constant z-axis Ion-illumination angle. This is the first 
development to utilize ion-optics parameters lo adjust the sparking electrodes automatically. 
The system maintains the electrodes in an optimum configuration such that higber and more 
constant instrument sensltlvlty is maintained automatically. In addition, a significant improvement 
m the precision of instrumental response is demonstrated. It appears that relative isotopic 
abundances can be determined directly by the spark-source method which are comparable to 
those obtained m some cases by surface ionization or by electron bombardment. Results are 
given that support this contention. 
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Vlll .biHOTaIlUK CTaT& 

FIpmieseme icoesemx wsoixon asanirm c namnb3onnnne~ aTomo-a6cop6unonnok cnempo- 
#moMeqmn: G. F. KIRKBRIGHT and H. N. JOHNSON, Talanta 1973,20,433. 

Peolome -l-IpKBeACH 0630~ KOCBeHHbIXMeTOIIOBO~peAeneHKIl3neMeHTOBMeTOAOMaTOMHO- 
a6cop6uHoHHo# CIIeKTpOMeTpHH KOTOpbIe KOpManbHO He yAaIOTCK OITpeAenBTb 3TKM 
'Q'BCTBKTenbHbIM MeTOAOM. MMelOlUKeCK ICOCBeHHbIe MeTOAbl KAaCCH~KUKpOBaHbI B IIRPb 
06uoix TKI'IOB IIpOUeAyp; 06CyXCAeHbI KHXHBKXyaJXbiibIe MeTOAbI OKpeAe2IeHKR MeTaJlnOB, 
IieMeTBJU'IOB K IieKOTOpbIX OpElKK¶~XKX C0eAKKeHKii. 

ApcemmoIII BIQL-MeTaJlJtoxpoMEoro ~roopaana~o~~e~~~~~lcoroonpe- 

,qenesn1~1rc8nbuen BCJ&O~OWIO~C~~~: V. MICHAYLOVA and N. KOULEVA, Tafanta 1973, 
20, 453. 

Pe3iome -AApceHaJoIIIIlpWUIOXWiBKaWCTBeMeT~nOXpOMHOrO KHAKKaTOpaAJItl KBJIbUHR 
B cna60wenowo@ CpeAe. BK3yBJIbHOe TKTpoeanHe c 3ATA nposcaeiio np~ pH 8, ~JIR 
0R~~WI‘ZKKR~MKF-I 2 Ml- KBnbUKH.~3y~eHOBJIHRHKeHeKOTOpbIX KOHOB;yCTaIiOBneHO ST0 
@C&T He MeIuaeT OopeAeJieKHK, B 3HawTenbHoR Mepe. CrxexTpo&ofowzrpnveeicoe o6ftapy- 
2XeHHe IcOWua THTp0BBKHB KCUOnb~~O AAX TKTPOBSLHKR ICZIJBKIHSI B ~P~C~~B~H Mal-HHII 

~~K~H~.A~~~~~~HK~OIIIH~KHTHT~~BBHHII~K~~A~~~H~~KOHL~H~K~H~~[~RM~KOHCT~HT~S 
yCTOi%HBOCTH KoMrIJfe~caXaJIbUHHICapceHa30 III. 

YmTpamwKpameToaa~~a~o~o6cop&ulormoilca~~c -60kme~aonk&a~o1~ii 

mm B wwme pe3epayapa aToMon: J.E. CANTLE and T. S. WE=, Talanta 1973,20,459. 

PwloMe- Onucato 06HapyxeHKe K onpeAeneHHe CneAoB umixa, cwwua, M~AH H cepe6pa 
MeTOAOM aTOMHO-&COp6i@iOKiio~ ClleKTpOCKOflHH C HCIlOJlb3OBWHeM BOJIb@~MOBOk HHTH 

5 ICiimx pXpByapa aTOM (BHKPA), JWU? C IEOJIUM KBTOAOM K OCMBTpKBBHKI B 
0~8HH~K~oMnone.Xapa~lepKc~n~w3TolfiaTo~oRBSCjf~KcpaaKen~cxaparrrepKclKKaMn 
yrnep0AHol HHTK B KawcrBe pe3epByapa aToMoB Anri 0npe~eneHKB csKnua. YyBCTBKTUrb- 
HOCTb 6OnbLIie a MaTpKwbIe WKTbI BbtpiUReHbI MeHbI.IIe t? CIIyYae CKCTeMbI BHKPA. 
npOAOnXHTenbHOCTbcny~db1 BOnb+paMOBOfi HHTH lIO~THHeOI’~HHWWHaR. 

*=lJoe W3P_ pomeJ==a EWIWTB ~PNKll KoIWl!TPll~ 83Ol’ldi KHCJlOlld 

(ormcnerme B naprrok t@e): A. D. THOMAS and L. E. SMYTHE, Talum 1973, 20,469. 

Pewme -napbl KOHUeHTpHp0BBHHO~ B30THOti KKCJlOTbI KCIIOnb30BaKbl B HeCnO)KHOM K 
6b1c~p0~ MeTOAe AAB pa3py~eKHB opraKiirecKoro B~~u~~TBB B pSiCTUTeJibHO@ TKaIiK KepeA 
OK~A~eHHeM CneAOBbIX 3neMeHTOB. OirOAO 90% OpraHH~eCKOrO BelAeCTBB pa3pyIIleHO 
napam a30moB icmcnoTbf Irepe3 5-6 hiiw.; nonme pa3pyiueHKe UonyqaeTcB AO6a~eHKeM 
XnOpIiO& KKCnOTbf. cSIellO&i OIIbIT MeTOAa pKf%eH HynbI0 KnK BeCbMK HK3KH&a TO'iHOC7b K 
B0CIIpOH3B0AKMOCTb CpaBHHMbl C 06bIKHOBWHbIMK MeTOAaMK AKrepKpOBBHKB KKCnOTaMK. 

s‘iBTOMBTB’leClCldi KOJITPo~b vJT9 KJiJlloM#UlNlUW IloHoB B MllCC-CKtKCTPOM4Zl’Pe C IlCKpolbibi 

HCWMHKOM: R. J. CONZEMIUS and H. J. SVEC, 7”alanfu 1973,20,477. 

Pewme -ABTOMaTH.ltXKOe ~fynHjlOBaHHe TOnbKO KCKpOBOrO Iip0MeSKyTKa B MBCC- 
CneIcTpoMeTpe c KCrp03~~ K~o~HKK~M ne 06ecrierKeaer Ko~~~x~Ke 0~KM~bH~x 
ycnoBKIreo~erpKK3AexTponaBofHorUeKKKKaKoH~~H~~~yX3~Kc~e~y.C~0~~~py~~~~ 
KpU60p IlO3B0nBloKW.@ OAHOBpeMeHHO IIOWepWiBBTb KOCTOSHKyH) IAHpKHy llf3OMeXyTKa a 

TaKXCe 60nee IWCTOBKHbIfi yron HIIIIloMHHiiUKH HOHOB C OCbH) 2. 30 IlptZlCTasnneT co608 
llepB)‘yw, IIOI'IbITKy HCKOflb3O~HKB KOHOOUTKqeCKHX IIapBMeTpOBAJIff aBTOMBTHWCLOr0 pel-y- 
nKpOBaHKSI KCKpOBbIX 3neICTpOAOB. CKcw;MK IIOAAepBCKBaeT 3neKTpOAbI B OIITKMBJIbHoti 
KOHIj.lKQ’pilUKH YTO llO3EOJI5l~ IIOAAepZWtBaTb BBTOMBTKWCKK 60JlW DIOCTOBHHyHJ Y)WZTBK- 

TeJTbHOCTb npnbopa.KpoMe TOrOIIOny'IBGTCSl3HB'fHTenbH~ynyWJeH~~BocIlpOK3BOAHM0CTH 
OTBeTa npe6opa. YM3aHa B03MOXH0CTb Hc?lIOC~ACTBeHHOrO OlIpCAeJ’l~HHJI OTHOCHTenbHbIX 
KOHueHTpBUHii K3OTOIIO0 HCKpOBbIM MeTOAOM, KOTOpbie CpaBHKMbI C KOHu~~KB~, 
Ko~qeHH~MK B HeKOTOpbIX UIyqBBX RO~pXH~THO~ HOHH~Ke~ KJIR 6oM6apAK~~HKeM 
~e~~HaMK. npKBt!AeHM pe3ynbTBTbI UOTK~KR~~~Ke 3TK BbIBOAbI. 
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Acid-base equifibria in ethylene &eel-l. De&&ion of pH and determina&n of plkatues of 
acid-base indkarors: I’. ZI~;ULOV and 0. Buo~vsr\. T&ML 1973. 26. 4X7 fFacul~y of Pharmacy, 
Academy of Medrcme. Ekz. Josif NO. 15. Sofia, Bulgarta j. 

Summary--A pH+ccale tn ethylene glycol IS defined. based on potenttometrtc measurements for 
n cell utthout hqutd JU~CtlOlI: 

Glass 
electrode II 

0 IM (HCI -t KCI). e;c”t”dl AgCl. Ag 
. _ 

und a ~t~ntrometrrc-spectropholometrrc method for the detern~~n~t~on of pK-values of acrd -ba.se 
indtcators m ethylene gtycol on the basts of ih1.s pW scale IS proposed. m which the pH scale IS 
established and the pir-value determined tn a stngie titration at constant tonic strength. The 
foilowng f&-values of mdtcators are reported: Cresol Red-300. Thymol Blue-3-39. 
Bromophenol Blue-6.49. Bramocresol Green--7.38. Bromocresol Purple-9.00 and Cresol Red 
(2nd change)-Il.07 A Imear relattonshtp was found between the pk’-values of four 
sulphonphthalem mdrcators tn ethylene glycol and tn water accordmg to the equation 
(pEiNLL)rO = 2.3 + 1.1 (~Knt~)~ An attempt is made to explain this dependence. based on the idea 
of solute-solvent mteractron of species of the same charge type. 

Trace adjsis by microwave excitation of sealed samples-l. Preliminary inv~t~~~~oNs~ A. VA& 
S~snwrx P. F. E. VAN MOWFORT and 3. AGTERDCNB~S. T~lanru. 1973. 20, 495. (Analyttsch 
Chemrsch Laboratortum. Rtjksunivers!teit Utrecht. Craesestraat 77A. Utrecht, Netherlands) 

Summary-An Important limrtatton to the sensrtivity of analyttcal methods usmg atomic 
spectroscopy is the short residence-time of the atoms in the hght-path. The possrbihty has been 
studted of sealmg the samples tn a quartz tube where they are forced to emit light by mIcrowave 
excttanon. The detectton of amounts below one ng in a volume of 0.5 ml seems possible. 

The signal ~~.~~~n~~tion relationships in kwimetry: R. V.474 SLAGEREN, G. DEN BEEF. and 
W. E. VAX DER LINDEN. Tulanru. 1973. 20, 501 (Laboratory for Analytical Chemtstry, Umversity 
of Amsterdam. Nteuwe Achtergracht 15 Amsterdam. The Netherlands). 

Summary-Formulae for the fluorescence stgnal are derived which take mta account some 
factors hrtherto neglected. From these formulae candrtions are deduced, for whrch a lmear 
relattonshtp exists between the concentration of the fluorescent components and the mtenstty of 
the fluorescence. In some cases of practical interest the fuifilment of these conditions cause too 
low a sensitivrty. For such cases a method of optimization is outhrred, by means of which 
the condrtrons are found which feed to the least deviation from linearity at the requrred 
sensitivity. 

New spot-test for cyanide ion and cyanogen gas: S. K. TOBIA. Y. A. GAWARGKKJS and M. F. 
EL-SHAHAT, Talanta. 1973. 20. 513. (Chemtstry Department, Faculty of Science, A’in Shams 
Umversrty. and Microanalytical Chemistry Unit, National Research Centte. Dokkr. Cairo. 
U.A R.). 

Summary-A new. rapid and simple spot test has been developed for detectron of both cyanide 
ion and cyanogen gas. The c_yanogen gas must first be converted into cyanide ion by reactron 
with sodrum hydroxide On addition of a Cu(I1) s&non the ~y~n~u~r~tE(I) complex formed 
reduces the molybdate solution to molybdenum blue. 

Specttophotometric determination of the stability constants of WgCI; and HgCl:- in aqueous ethanol: 
R AKAKTARAMAK. A. BALASUBRAMAN~A~. and K. SARAMMA. Tualanru. l973,20,515.(Department 
of Chemrstry. Umversity of Kerala. Trivandrum-1. Indta). 

Summsr~-The stabihty constants of HpCi; and H&l:- tn 60°, aqueous ethanol (VW) were 
determined by spectroscopy at 5 and constant tonic strength and acrdtty: & was 3 2 1 and 
Pt9?3 



X AHaorauHH claTeH 

Kmmpowo#claamm~-X* PH I ofipenenercae 
BeJmwma plc lwABHaT0polJ AJrn WlpcAaBelrHR icomemprulB BoA0pojlHux MonoE: P. ZlKOI_OV 
and 0. BURFSSKY, F’&nra 1973,20,487. 

Peucme - &&mspama mana pH B muremmone, ~CH~&WHWI Ha noTenuHoMerpa- 
rlec~tix m~epemim B metie 6e3 xtwwcnmo mma: 

nettnmbr~ mempon II O,lM(HCI f KC]), 3Tmemmwn 1 A&l; Ag 

xi npemoxea ~o~#HuiaoMeTp~~op~~~To~eTpHnec MeTan onpenemmin renown 
pRKsicJIoTtro-KIeJIorrrMx HHAHKBTopOB 3 sT~A~~KoAe,~oBbI~aH Haxo8llIKane 
PH. k'feTOA UO3%OJIST yCTBHOB3Tb IUKBA'j' D&L H OHpeAeABTb BeJHiYHHbI pKTOJIbXo OAHOH 
THT~B.UH~@ npii X~HCTBIITHO~ Homroft cIIII0. EpHBeAeHbI u~eAy~ouuse BeJIHBHHbI p~IzIuH#Ka- 

ropo~: ape3oAo~b@ ~pacw& 3,00; TRMWIOBMB rmy60@ 33; ~~~o~K~AoB~~ cHHHH 6,49; 
~~OMO~~~~~AOBM~ 3eAeIIbI8 7.38; 6pOMOKpc3OROBbI% i’~‘pIIypHb& 9,00 H ICpe3OffOBbIH 
11pi3cIibig (BTOP~K nepeMeHa UeeTa) - 1 I,O7. 06iiapyxeHo nmeihwe or~omeme Memy 
wnmwaw pX wrbxpe CyAb&I@TIIJIWIHoBbIX HHnHKaTopoB n 3THneHmHKone H BoAe, 

11pHkzi.3a~o YpaeHeHIieM (pKBI')Ke = 2,3 + l,l(&,c),. (hJK3H~ NKIblTKa IIpOTOJIKOBIlTb 
3TO OTHOUIeItHe HI4 QEHOBC B3BHMOAekTBH8I MeIKAy pBCT3OpeHHbIM BeIUeCTBOM H pBCTBOpH- 
TUrtMBCnyllBe KR%COBTOrOXWTHIIB3&WIAI%. 

k%OMe - KOpOTKO@ IQlCht5l ilpc6blWHff BTOMOB B IlJ’rlKe CBs?Ta KMlffWCSl BaXcHbIM O~~~lf- 

'IeHHeM H)BCTBHTeAbHOCTH MeTOAOB BHWIH3& HB OCHOBe BTOMHOH tX%CT~KOIKHbi. tf3yUeH8 

BO3MOXIHOCTb38KpbITHH 06pa.w~ BKBapUeBbIX Tpy6KiWHHX BO3CjY?KAf%HR MHKpOBOJIHsMH 
AJIB ~MHCCHH cm& GKa3bIBBeTCX BO3Mo)RHbIM o6HapyxeHHe MeHbuIe 9eM 1 Hr 3neMeHTa B 
o6bebIeO,5 Mn. 

&IWWBHe MewkaY i%TWIoM H IoWWQW& B ~~~~ R.VANSLAGEKEN, G. DEN 
BEEF and W. E. VAN DER LINDEN, Taitmfa 1973,20, 501. 

Pe3mMe- BbI~~eHbl.ypaBHeHHK~BcHrHBnaQmyo~ueHuHH,npRHu~alouIHeeoBHHMaHne 

IieKOTOpbIe II~IIe6~rHyTble A0 CHX IIoP &ITODbI. kf3 JTHX ypEBHeHHH BbIBeAeHbI yCAO6HJI 
rIpIf KOTOpbIX cyIuecreyeT AHHeBHoe OTHouIeHHe Memny KoHueIirpauweR cpnyopecI.IHpyIoIueX 
KOMIIOHeHTOB H HHTeHCHBHOCTH &IyO~CIIeIIIIHH. B HeKOTOpbIX CJQWWIX BbUIOnHeHHe 3THX 
yCJIOBHB Bbl3bIBWT S~3BH'I~HO HH3KyK) ~BCTBHTeJIbHOCTb.~JIIl WHX CAyYaRX IIIx?AJIOWeH 
MeTolf OHTHMH3EuHH AJIII O6HajTy=HII yCAoBHB IIpH KoTopbiX OTKAOWeHHe OT AHHeHHOCTH 
BMHHH~~IIPHTpefjyeMoauy~TB~~AbHocTR. 

HtnosKalWJlarrpaIIp&rUnr uwaawmm H 1%soo6p~3~oro HHBH~~~WX: S. K. TOBIA, Y. A. 
GAWARQIOUSW~ M. F. EL-SHAHAT, Talunra 1973,20,513. 

Pe%OMe- h3p&muia HOBBS 6bnzrpan H HeCnOxHaB KBuenbHBs IIpo6a A.W o6HapymeHHr 
UHBHHAHoHa w ra3oo6pa3Horo UXBHOreH&. &iBHOreH npeBpaIuaIe,t B I.IHBHHAKOH norna- 
uiemresf B psc~~ope r~~poo~mi HaTpHI. ~~eimers K pammpy Cu(Il) 06pipasyerca 
KoM~~~uH~o~~~T~~~~~ KOTophtH soC~~~~~eatTp~T~~MoJr~~AB~AOMO~~6~SO- 
BoFOCHHBrO. 

cm--- mwem~~eam mwt?rWT ycrohwnw H&&- Y HgClc2- B BOmM 

cmqm: R. ANANTARAMAN, A. BALAWBRAMANIAN and K. SATAMMA, Tilanta 1973, 20, 515. 

Pe3!OMe- GIUX?AefIeHbI KOHCTafiTblyCTO#IYHBoCTH L-&c&- H HgC1‘2- B f&x-THOM BOAHOM 
pBCTBop 3TBHOJII%(IIO o6beMy)C HpHMeIiCHHeM CIWiT~OToMeTpHW%Ko~O MeTOAB Hj?H 25' 
W IIOCToHHHO8 WIIHOB CHJIbl W KHCAOTIIOCTH; IIoBy9eHbI ~~q~H~ 3 &tf AJIX & H 9 13 
AJ= & . 
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Automated wet chemical aaalysersaadtbeir applications: J. T. VAN GEMERT, Tu/untu, 1973,20,1045 
(Research Laboratory, Kodak (Australasia) Pty., Ltd., P.O. Box 90, Coburg, Vie. 3058, 
Australia.) 

Summary-A review is presented of automated analysis, including instrumentation and 
applications. 

Precipitation of magnesium ammonium phosphate from homogeneous solution by means of hydro- 
lysis ofp-nitrophenylpbosphate with an alkaline phosphatase: SEIICHIRO HIKIME, Hmxm YOSHIDA, 
MITSUHIKO TAGA and SHIGERU TAGUCHI, Tuluntn, 1973, 20, 1077. (Department of Chemistry, 
Faculty of Science, Hokkaido University, Sapporo 060, Japan.) 

Summary-In the precipitation of magnesium ammonium phosphate from homogeneous 
solution, phosphate ions were generated by means of hydrolysis ofp-nitrophenylphosphate with 
an alkaline phosphatase. Conditions for the gravimetric determination of magnesium ion as 
magnesium ammonium phosphate hexahydrate were investigated. 

Tetracyanoethylene x-complex chemistry: Indirect spectrophotometric determination of Diels- 
Alder-active 1,3dienes: DALE A. WILLIAMS and GEORGE H. SCHENK, Tuhnta, 1973,20, 1085. 
(Department of Chemistry, Wayne State University, Detroit, Michigan 48202, U.S.A.) 

Summary-An indirect spectrophotometric method, based on the rapid Diels-Alder reaction 
between cisoid 1,3-dienet and tetracyanoethylene (TCNE) and the destruction of an aromatic- 
TCNE x-complex, was developed to determine eleven 1,3-dienes in the 0*05-l-00 x lo-‘M 
range. These dienes were cyclopentadiene; 1,3-cyclohexadiene; trans-1,3-pentadiene; 2,4-d& 
methyl-1,3-pentadiene; trans-2-methyl-1.3~pentadiene; 2-methyl-1,3-butadiene; g-methylanthra- 
cene; 9,10-dimethylanthre; 1,6-diphenyl-1,3,5-hexatriene; 2,3-dimethyl-l,3-butadiene; and 
l,Cdiphenyl-1,3-butadiene. Three 1,3-dienes were determined in the 0.05-l x 10m4M range: 
cyclopentadiene, trans-Zmethyl-1,3qentadiene, and anthracene. The limit of detection for 
cyclopentadiene in carbon tetrachloride solutions is @ll pg/ml. Fourteen 1,3-dienes were 
found to form stable m-complexes and could not be determined by the proposed method. For 
these 1,3-dienes, the spectra of some of the n-complexes are reported; in addition, relative 
equilibrium constants for the 7r-complexes of 2,5-dimethyl-2&hexadiene, cis-1,3-pentadiene, 
4-methyl-1,3-pentadiene, and 1,3-cycle-octadiene were estimated. An explanation of the 
transient colour in the 1,3-diene-TCNE Diels-Alder reaction is suggested. 

Coulometric microdetermination of peroxides-I. Hydrogen peroxide: ULLA FIEDLER, Tulunta, 
1973, 20, 1097. (Department of Analytical Chemistry, Chemical Center, University of Lund, 
S-220 07 Lund 7, Sweden.) 

Summary-An electroanalytical method, based on controlled-potential coulometry in the 
iodine-iodide system, has been developed for determination of small amounts of hydrogen 
peroxide. The sample is added to an electrolyte containing an acid solution of iodide and the 
iodine, which is produced rapidly, is reduced at a rotating platinum electrode. The number 
of coulombs consumed in the cell reaction is determined by electronic integration. Samples 
containing 1 pg-1 mg of hydrogen peroxide were analysed with an accuracy of f0*2%. The 
analysis time ranged from 3 to 7 min. 

vii 
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--TopurocBoBexnllcansflar %wlmwoB aJmJm3B 11 xx lQmleHemle: 
J. T. VAN GEMERT, Tukmru 1973,20, 1045. 

h3lOM - ~PHBWlCH 063Op PBTOMPTlfXeCKOrO WWUf38, BKJIXOYBII tf@OpbI II HX IlpHMCHCIiHe. 

OaBUwmeLTlummm~m~lIaMMeaBBll3rOMOrCfWM) pa-pa W-M 
-esrrpo0rannPoooc0sra-B- pacrsope: SEIICHIRO HIKIME, 

Hrrosm YOSEIWA, MRSUO TAOA and SWIGERU TAGUCHI, Takanta, 1973, 20, 1077. 

h3lOM- timebl -aHHO& &C@OpFIOKHCiTOtt COJIH MBIwIll H aMMOHiW B I-OMO- 

reHHOM paCTBopc, rcHepEpoBaJnrcb HOHbi @C@aTa IQ’TCM rQ.wIH3a jmimpo*iieJI~aTa 

C IWJIO¶ibIM @OC&aTa3OM. kiCCJIUAO~Cb yCJ7OBHS XNl ~aBHhtCTpH'IW.lCO~O OlIpWCJIeHKSi 

HoHa mnre3m KBlt micmfxpma cMemam0~ ~~HOKHUIO~~ CO~H M~HII H ~MMOHHII. 

xmuml7r-c~-: Ic- moe OllpeJae- 

-l-b=-AJWWP-- ~&WIIOB: DALE A. WILLIAMS and GEORGE H. SCHENK, 

Talanta, 1973,20,1083. 

Pemme - PZUpa6oIaH KOCBeIiHbIft WpO@OTOMeTpW~ MeTOn OCHOBbIearOtl@C~ Ha 

6m~poll pamm4 &fJIC-mp yuc-1 ,bieHOB c TeTpauuaHomrneHoM (mH3) H pa3pyme-. 
ABH apobmmew Or0 77~KObllIJIeKCa C TWS, JVM OlIpe~eJIWHSl 11 1,3-ASieHOB B O6Jfi3CTH 

KOlwHTpwa 0,054 00 x 10” M. &kubKam UIe&lyIOUlHe AEelfbi: QHKIIO~eHTWlHeH; 1,3- 

uurore~~ansmi; &-1.3~ueximmew; 2,4-r(wneTan-l,3-mweH; mpunc-2-M~THJI-1,3- 
lxeHTaAlseH;2-bfeTm-1,3-6yTaruleH; 9-MeTHJI-~Ii; 9,lo-~~paueH; l&m#emJI- 

1.3.5~re~cCa~pm; 2$mmmm1,3-6ymmieH; A 1,4-m@emm-1,3-6yTame~. TPH 1.3~miexm 

OlIpe~eJIeHbl B O6flaCTll o,os-1 X lo-* M: UHmOneHTa,UIteH, mjWiC-2-MeTHJI-1,3-U~WeH H 

aIiTpaWH. ~yBCTBH?eJIbX omb hmom msi ulIxnom%mmeHa B pacmope reTpaxnopz+femxia 
CocraBRIlcI 411 Mlcr/MJI. c%lIpyZKeHO q’r0 14 1,3-,WeHOB o6pa3yIoT YCTOi&HBbIe X-KOM- 

Me)(Cid H UOTOMy HX He j’J.WIoC% O@X?~CJIRTb 3TSiM MCTOLIOM. &WI 3TEX 1 ,kWeHOB lIpHBel.RHbl 

f2nem-p~ HCXoTopblX ~PX~MIUW~XC~B; K TOMy xe OlI~JNJRHbi OTHOCHTeJIbHbIe KOHCNIRbI 
pae~oBeclrr TPKO~~~~B 2,5-AHMnHn-2,4-rcmHe~ yrcc-1,3-ncm&itexa, 4+wmn-1,3- 
mi~a,umia H 1,3-wmmomuww. lTpe~~~oxuio 06wIaie!we mpcxom~oii orpacm oti~apy- 

xemot B pea-~ Aim-&ibJxep 1,3-meHoB c TLVI3. 

~Y--wrpooapencnerae uepe~~& - I. I’fepemcb mmopexa: ULLA FIEDLER, 

Takanta, 1973.20, 1097. 

maTxH0BoM 3JxeXTpOm. %fCJxo XynoEoB, paCX0~0rJammX pC4iWKeti B nreibrc, OIIpeNJXeHO 

meKTpoRHbm# iImerp3po~. IIpo6b1 compmawie 1 m-1 bm mpe~sm eonopoaa 

aHWIE3Itpo~TOWOCIbK’ &0,2x, ~~ZlOJEKETCJWK?CIb BRBIIA38 3-7 MHH. 



SlJMhiARIEs FOR CARD INDEXES ix 

Selectrode-The universal ion-selective electrode-Complex formation studies with the Cu(II) 
Selectrode: E. H. HANSEN and J. RUZICKA, Talanta, 1973,20,1105. (Chemistry Department A, 
The Technical University of Denmark, Building 207, 2800 Lyngby, Denmark.) 

Summary-The Cu(I1) Selectrode, calibrated in a series of Cu(II) buffers at various pH levels, 
has been used for the determination of the stability constants of the Cu(II) complexes of glycine 
and EGTA at an ionic strength of 0.1. Methods for the calculation of the stability constants of 
chelate complexes from pH and pM values are presented. The values obtained compare very 
favourably with those recorded in the literature. For the Cu(lI)-EGTA system, for which 
only a few stability constants have been determined, the following constants were found: 
logKg:;L = 16.80; logK:;2Y,’ = 5.30; logK&yL,L = 7.64; logK:;C,y’ = 2.34; logK::h:’ = 12.56; 
and logKf.$$ = 5.97. Examples of the application of the Cu(lI) Selectrode in replacement 
reactions are illustrated. 

TRIEN and TETREN as &rants in potentiometry with a silver indicator electrode: ADAM HULA- 
NICKI, MAREK TROJANOWICZ and JOANNA DOMANSKA, Talanta, 1973, 20, 1117. (Institute of 
Fundamental Problems in Chemistry, University of Warsaw, Warsaw, Poland.) 

Summary-The possibility of application of triethylenetetramine (TRIEN) and tetraethylene- 
pentamine (TETREN) in metal titrations with the silver electrode as indicator was investigated. 
Copper, cadmium and zinc were determined in the presence of calcium, magnesium. alumin- 
ium and iron(II1) in the concentration range from 0.02 to 2mM. The errors did not exceed 1%. 
On a similar basis copper and iron may be successfully determined in their mixtures under 
carefully controlled conditions. Copper is titrated with TRIEN, and both metals with EDTA 
at pH 7.5-8.0 in sulphosalicylate medium. The results obtained were in good agreement with 
those predicted theoretically. 

Selective separation of uranium from other elements by cation-exchange chromatography in 
hydrobromic acid- and hydrochloric acid-acetone mixtures. F. W. E. STRELOW and C. H. S. W. 
WEINERT, Talanta, 1973, 20, 1127. (National Chemical Research Laboratory, P.O. Box 395, 
Pretoria, Republic of South Africa.) 

Summary-U(V1) can be separated from Ga, Fe(III), Bi, Pb, Cd, Zn, Cu(I1) and Au(II1) by 
quantitative elution with 0*50M HBr in 86 % acetone or with 0.35M HBr in 90 % acetone from 
a column of AGSOW-X4 cation-exchange resin of 2oo-400 mesh particle size. U(VI) and many 
other ions are retained. U(VI) can then be eluted selectively with @5OM HCl in 83 oA acetone or 
with 0.35M HCl in 85 ‘A acetone. Co(II), Mn(II), Mg, Ca, Ti(IV), Al, Zr, Th and La are quanti- 
tatively retained by the column. At the higher acidconcentration(O*SOM)theseparationbetween 
U(VI) and Li is not satisfactory but is excellent at the lower acid concentration; the U(VI) 
peak is sharper at the higher acid concentration. Separations are sharp and quantitative, as is 
demonstrated by results for some synthetic mixtures. Distribution coefficients and elution curves 
are presented. 



AruroTaurur cTaTeZt 

CuvRlpon - Y'lcparesll m eJlempon: - I43yweBHe Ko~~coe6pa30- 
aasm c m zwrrrpe~ C (II): E. H. HANSEN and J. RUZICKA, Tafanra, 1973, 
20,110s. 

Pearosse- CuIe~Tpon Cu(II), ~a~ur6poaarw~g B pane 6y@ep~wc pacraopoe Cu(II) uprr 
pa3AbIX pH, HCIxOmBaE turn Onf.Wmxemin KOHmam ycxo&ftieocrH KOMtIJIeKCOB Cu(II) c 
~JIHU~~HAOM H EFTA upe HOHHOP crure 0,l. IIpeenomrw ~eroubr pacreTa KOHCT~~~T ycrotiw- 
aocTH XeJxaTHwX LobuuIexco~ ria OCHOW Bwlrrwuibi pH H pM. Dony¶erurbre B~XWHH~I xopouro 
cornaurawrcsi c 3riawuiabuf ouy6u~~co~a~~bwr n narepaType. Cneuyxwuie KOHCTBAI~I 
nOnyyeHbI nJxn cHcTem Cu(II)-3ITA, ann ~oropol 6arn~ oupenwIenbr TonbKo nebrrrorire 
xcomxawbi ycroRwsocTri : 

k K& L = 1680; lg K$&YL = 5.30; Ig K~:G:;~ = 7,64; 

Ig KcH;;;:L = 2,34; Ig K&.,FL = 12,56; H Ig K&$~L = 5,97. 

IIpriaeneribr IIpHMepbI LVIS ri.uJuocTpaurui upribferrerufff CeuercTpona c (II) B peaKUEfRX 
3ab4eueW. 

M-TpaaRmlwpeaRBHn- -P-B-crpgC 
mm==--- wax~pwwnr: ADAM HULANICKI, MAREK TROJANOWICZ and 
JOANNA DOMANSKA, Taluttta 1973,20, 1117. 

Pesmwe - klccuenoaarra upribfe~ocrb TprtwwrerrTeTpawuia (TPH3Ha) H TeTpaxHnew 
uerr~asrrwa (TETP3Ha) wra ~rrrpoaarurn -06 C HUIOlIb3OaaHHeM Cepe6pWHOrO 
3ueXTpOua B Ra’lcCreC HHJtJiRaTOpa. GIIpeawnuIH MeZrb, KWlMH@ H IWiK B lTpHQ'TCTBHH 
KWIbUHII,MBTHStII,8JIKlMAHHR H -(In) B O6- KOHUeHlJXlUHti 0,02 A0 2 MMOJIR. 
Guur6~n He upeBbuuauri 1%. Ha Roxoxe~ nprfIuuiue y~ae~ca 0upe~eJMTb Mejxb H xexso B 
Crete upH TuaTwtbHo ~omp~nrmp~nfmfb!x ycnon~nx. Mwb ~ri~pyi~~ c TPII~HoM, a o6a 
MeTaJuIB - C 3mA upH pH 7,5-8,0 B pWTBOpe q'I'@oWUfuHJIaTa nonysenebre peSyJIb- 
TaTbIXOpOlUO COrJIWOlOTCIIC pe!QVIbTaTaMHIfpeJtC ~MH Teopnel. 

ccneKnsroearaansasJpur~nPYrnx 3.fmammMeToJIoIu-xxpomrr~- 
@MC__ @amewmonoponme&neenedCrcncno~cauroaom:F.W.E. 
STRELOW and C. H. S. W. WEINERT, Talunta 1973,20, 1127. 

Pe3roMe - U(V1) OTA~JISI~E~ OT Ga, Fe(III), Bi, Pb, Cd, Zn, Cu(II) H Au(II1) KO~HY~CTB~H- 
HMM 3nloHpoaHeM c 0,500 HBr B 86x-THOM auerolfe wur c 0.35 M HBr B ~O'%-THOM 
aUeTOHeH3KOJIOIiKHKaTHOHOO6MeHkXO~CMOJlbI AGSOW-X4 Cpa3MepoM 3epeH 200-400 MfXU. 

u(vI) H pIul upyrHX WOHOB 384epl[BHbf Ha KOJIOHKC u(w) 3JUO#Q3yiOT CeJIeKTHBHO C 0,50 M 
HCI B 83 %-THOM awrom rum c 435 M HCI B 85 %-THOM Blltloffe. Co(D), MnO, Mg, Ca, 
Ti(IV), Al, Zr, ‘I% H La 3asepraursr KO~ HH~ xia KO~OHK~. OTnaeHme U(VI) 0~ Li 
HeynoaneTaopnTenbHo Up&i HcuOJIbao8811Aii BUcXuefi KOHUeKTpalIHH KHcJlOTbI (0.50 M) HO 
OTJIHPHO upH HcnOJIb3OESWliSi -it KOHUCHTptUVtH; ISliK u(vI) 6OJ.W Ocrpbli I-lpH BblCIIEti 
XOHUeHTpauHH KHUIOTY. ~lula RsluiOl’cff pe3KilbfH H XOJTH’tecTBeHHblMH, 0 ‘IfM CBH&e- 
TeJibcTByIOT pe3ylIbTWbl,UOJl~HHble HBC HX CMCCXX. ~pHBWWHbI KO3@@LlHeHTb~ 
ptlClI~JWleHH5lH WUOUHOHHbIeKp%iBbIe. 
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Polamgraphic procedures without removal of oxygen, and other approaches to making the 
determinations more rapidly: A. M. BOND, Tulanta, 1973, 20, 1139. (Department of Inorganic 
Chemistry, University of Melbourne, Parkville, 3052, Victoria, Australia.) 

Summary-One disadvantage of conventional d.c. polarography as an analytical method has 
always been its relative slowness. The possibility of simplifying and speeding up analyses by 
avoiding the necessity for removal of oxygen is demonstrated under suitable conditions with 
current-sampled d.c. pulse and a.c. polarography. In particular it is shown that high-frequency 
phase-selective a.c. polarography gives considerable discrimination against the oxygen electrode 
process in some aqueous media. Under these conditions, the high-frequency a.c. technique can 
be combined with the method of short drop-time, fast scan-rate rapid a.c. polarography to 
provide a most attractive method of routine analysis. Polarographic analysis in non-aqueous 
media without removal of oxygen is also discussed. 

Determinationof vanadium and molybdenum by atomic-ahsorption spectrophotometry : J. KORK~~CH 
and H. GROSS, Tulunta, 1973, 20, 1153. (Analytical Institute, Division: Analysis of Nuclear 
Raw Materials, University of Vienna, Wahringerstrasse 38, A-1090 Vienna, Austria.) 

Summary-A method is described for the determination by atomic-absorption spectrophoto- 
metry of vanadium and molybdenum, up to the milligram level, in samples of yellow cake, 
uranium-bearing minerals and geochemical standards. After attack with acids these two elements 
are separated from each other and from matrix elements by means of anion-exchange in 6M 
hydrochloric acid on the strongly basic anion-exchange resin Dowex I, X8 (chloride form). 
Vanadium is unadsorbed and passes into the eflluent while molybdenum is adsorbed on the 
resin. For the elution of molybdenum a mixed aqueous-organic solvent system consisting of 
methanol and 6M hydrochloric acid (9 : 1 v/v) is used. After evaporation of the 6M hydro- 
chloric acid effluent and of the mixed aqueous-organic eluate vanadium and molybdenum are 
determined by atomic-absorption spectrophotometry. The method was tested by analysing 
numerous sampls with contents ranging from a few ppm to milligram amounts of vanadium and 
molybdenum. For comparison, the concentrations of these two elements were determined in a 
large number of samples by spectrophotometric and titrimetric procedures. In all cases very 
good agreement of results was obtained. 

Automated determination of fluoride ion in the parts per milliard range; I. SEKERKA and J. F. 
LECHNER, Talanm, 1973,20, 1167. (Department of the Environment, Canada Centre of Inland 
Waters, Burlington, Ontario, Canada.) 

Summary-Fluoride down to 2 ppM has been determined by automated direct potentiometry 
using a fluoride ion-selective electrode. The method reduces the dilution and contamination 
effects of TISAB and takes the electrode response-time into consideration. The relative standard 
deviation for water samples is 15-l-8% and the recovery varies from 96 to 107%. 
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VMlrronv683YAaJlC5R ~OpwB II Apyme llmxoAbl AJm yaropclDla 
-:A. M.BoND, Talrrnru 1973,20, 1139. 

PISIOW-MMC~EHOCT~ Oupe~wreHHn KBAX~TCI OAHHM ~3 y6HTKOB npHMeHeHEfx MefoAa 
O~oeeEiliO~ ~OAXpOrpalfWl npE I’IOCTOKEHOM TOKC B aiiaJlE3e. l-IOKa3aHa B03MOXKHocTb 
ycKo~~ynln3xueHHr~ Ei36eZKaHHeM yAaJWiSiI KUCJlOpOAa XpSi ~OAXOAjflUHX 
ycJlosruxap ~~~~O~~~~O~~~~H~~OrHHOMTOKCH~O~pO~~~a 
~H~OMT~~~O,B~OCTW,~OB~COK04~OTH~~0CeAC~BHBIIU0A15(- 
pOrpa@K npIi nepeMeaRoM TOKC IlO3BOJIJieT B 3Ha'!HTeJIbEO~ Mepe AHCKpJiMEiHHpOSWb 
~~~~~~npoueccBweroropwBoAHarXCpeA~.npH31HXyCnOBHllXMO~O 
KOIdSfXHmTb BbEcoKO'!UTOTHylO IIOJUlpOlQ&iIO IIpK nepeMeHHoM TOKC C KOpOTKHM 
UeplfOAOM wanaRHnpylnE~cTpo~p~~~xOftaRO~TbOlrenbn~~C~TemHblbM~OA 
~~~OrO~3a.T~~~O~pHMeneH~UO~~~a~~~KOrOM~O~BHC- 
EwaHbIxcpeAax6e3yAaAeHsinKHcJIopoAa. 

onwmcacmabIoJm6mmmawa6ce~~: 
J.KORKJSCH and H.Gaoss, Tulunra 1973.20, 1153. 

Pe3ionfe-Omxcaxi M~TOA aToMno_a6cop6uaoHRog CII~KT~*OTO~~~T~HE~ AAX onpeAm_r 
BMOTb~OBbiXKOAWECTB B~HW~~HMOJ-IH~AW~~BKOHU~HT~T~X,~~~HCOAC~- 
IqHXMHWCpaAaxEreo xHMwwxnx 3TfuxOHax. IIocrre o6pa6oTKsi c KH~JIOT~IMH 3Ta ABa we- 
MCRT8 OTAWXlOT OARSi OT ApyrOrO H OT MaTpSYHbIX WEMCHTOB -M HOHHOrO 06MeHa B 
6 Mconraoft KRCJIO% CE~O~O~~~H~BHO~~OHoo6MeHHOkCMonbl~ayeKC 
1,x8 B&pMe XAOplWL BiUUVW& lie aACQp6XpyeWi A IlpOXOART B 3JIIOaT. B TO BpeMIl KaK 
MO~~ascop6HpyeTcnHaC~AC.3~~~CMO~6AC~UOnyvaeTCr C KCIIOJIb3OBa- 
FfseMcM~ Oa nOAW-pacTwp~TeJs~o~ CiicTerw, cocToauIeftcn ~3 MeTaHoAa w 6M 
COJIKEO& KHcJIa (9:1 II0 O6W@'). &ZJIC BHnapABaHAll 3JIIOaTOB COCTOIIIAAXCII H3 6M 
COJlmiolt xxcJxoTbI Ii CMCCE coJInEo~ Ksicnom c -JIOM. BaHWifft H MOJXf6Wf OlI~AeJblIoT 

~erono~aTo~ao-a6cop6uao~~oftcnen~o~~. MCTOA H~IWT~HH~~XACO~~~~~~B 
coAepswsxEawJlbxo¶acwiHawrnmroRmIiloTb ~O~KOJWICCTBBa?UWilII 
~o~Ae=.AnrcpaBHe=x,ro~ 3TEXWMeHTOBO~ACACHbIB6OJIMlIOM9HCAe 
O+=B~oMtrpHnsQaraorHTW=eTP~ n4eToAaMH.BoBcexcnyraRx 
110-o xoponxoecorAa~~~~ CpUyAbTaTOB. 

--OnpeaMaoem- BO6JIScTilIC~~Cr~IEaMHJIAimpA: 
I. SEKERKA and J. F. LECHNER, Talanru, 1973,20, 1167. 

b!BOM8- ~TObWSf¶ecKO~ IieIIocpeAcTBeH30~ IIO~HAiiOMeTpii~ lIpH lIOMOLqH HOH- 
xr36sfpaTeAb~oro 3~erTpoAa onpqpwuwcbEOtIbi@Q'OpHA&tOrOCQWS?teHEXBAWUEk3OHe 
2eamltlia MsurJmOE 3ToT Meroll Y=--w-H=P- 
TI!%Baa YWTb=WT ~OCTOKHHyIoB~3IEKTpOltk mmWW@pTf!oe 
OTKAO~~HE 06pa3uo~ BOA~I - 1.51,8%,a BOCCTaHOBAeHEWBapbHpytr OT %A0 107%. 
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Distinguishing polyfunctional from monofunctional acids and bases by acid-base titrimetry, 
multiparametric curve-fitting, and deviation-pattern recognition: LOUTS MEITES and DANA M. 
BARRY, Tulanra, 1973, 20, 1173. (Department of Chemistry, Clarkson College of Technology, 
Potsdam, New York 13676.) 

Summary-A new technique for distinguishing diacidic from monoacidic weak bases (or dibasic 
from monobasic weak acids) is based on fitting the data obtained in a potentiometric acid-base 
titration to theoretical equations for the titration of a monoacidic base (or monobasic acid). If 
the substance titrated is not monofunctional the best fit to these equations will involve systematic 
deviations that, when plotted against the volume of reagent, yield a “ deviation pattern ” with a 
shape characteristic of polyfunctional behaviour. Ancillary criteria based on the values of the 
parameters obtained from the fit are also described. There is a range of uncertainty associated 
with each of these criteria in which the ratios of successive dissociation constants are so close to 
the statistical values that it is impossible in the face of the errors of measurement to decide whether 
the substance is monofunctional or polyfunctional. If the data from one titration prove to lie 
within that range, the decision may be based on the results of a second titration performed at a 
different ionic strength. Further fitting to the equations describing more complex behaviour 
provides a basis for distinguishing non-statistical difunctional substances from trifunctional 
ones, trifunctional ones from tetrafunctional ones, and so on. 

Amperometrically indicated “ pseudotitrations “-1 Complexometric determination of chromhun 
(III): D. I. BUSTIN and J. MOCAK, Tulunru, 1973,20,1185. (Department of Analytical Chemistry, 
Slovak Technical University, Bratislava, Czechoslovakia.) 

Summary-In the pseudotitration no reaction takes place between titrand and titrant in the 
bulk of the solution. An amperometric indicating system, which generates a small amount of 
redox catalyst in the vicinity of the electrode, does enable an end-point to be found. Bulk con- 
centrations and diffusion constants are the conrrolling parameters. This method allows to utilize 
slow, thermodynamically favourable reactions for titrating purposes. The principle is demon- 
strated by the direct titration of chromium(II1) with EDTA at room temperature. 

Amperometrically indicated “ pswdotitrations-II. Determhmtion of chromimn(IlI) in the presence 
of other reacting metal ions: D. I. BUSTIN and J. MOCAK, Tuluntu, 1973,20,1191. (Department 
of Analytical Chemistry, Slovak Technical University, Bratislava, Czechoslovakia.) 

Summary-Chromium(III) may be determined complexometrically in a pseudotitration, in 
which reaction does not take place in the bulk of the solution. Redox catalyzed titration reaction 
proceeds only in the vicinity of the indicating electrode. The titration curves for solutions con- 
taining additional metal ions which react with EDTA are discussed and classified according 
to their reduction potentials, equilibrium constants and reaction rates. In certain combinations 
two or more metals may be determined simultaneously from one titration curve. Examples 
given are Cr/Hg, Cr/Cd, and Cr/Zn. 



Xiv AHnoTauuH cTaTeZl 

F%ssmmerHncJloTw- 0ARo+yuKlBlonn.n~ BP ocnow 
-n-v--- llpmcmc- EpnBux R paaio3ml- 

aolstUBfhOU8~: LOUIS MEW&S and DANA M. BARRY, Tulunra 1973,20, 1173. 

Pemr+ae- HoBM~~M~TOA pa3n~ueH~nAByK5icnOnlbIX0~OLWoK~cnOTnblXcna6brxoc~0erut~B 

(wni AII~OCH~BIGIX OT 0Asiooc~o~~~x KHCAOT) 0c1ioBa~ Ha npwUoCo6neHH~ AaHHbIx nony- 

PCliHbtX ~OTeH~M~pH~~lcHMKRCnOTHO-~~OYAbIMTATpO~HHeMR~O~TH~~KHM~pa9He- 
HEXM AJM THTpOBBHHn OAHORHCJIOTHOfY) OCHOBaHHII (HA&i OAHOOCHOBHO~ KHCJ'IOTM). ECAH 
THTpyebfoe BeUleCTBO He IlMIlcTCIl OAHO&'KKUHOlWIbHbUW, Hi&ly'IIilee npHcnoco6neHHe K 
mm ypammnu~ (iyne? rxoKa3aTb cwreMa~~e ~TK~~H~HHK,KoTo~M~,~~HK~~~HH~I~ B 

~~BHCAMOCT~OT c6'bebiapeareHTa,aaro?~~ura6Aoe oTKJxoHewi&@opMa KOTO~O~O xaparrre- 
pWTlf¶eCKanAJInMHOrO&FiKUHOHBJlbHO~O IIOBtACHHII. Tarmeorwaabr rIoAYHHeHHbIeKp!fTe- 
PHH, ocHoBBHHIJ(: Ha ~e~sfwnbix napaMeTpOB lIoJly¶eHHbrx npHcnoco6neHHeM. 06nacra 
HeA3~ocMCBRurnaCKaKQUnrrA33TIIXXp~HCB,BKOTO~~OTEIOlIIenRII~OCAe~IUHX 
KOHCTBHf ASicCOUSWHH TaX 6JlX3KH K CTaTHcTWieCKHM %JIHwHILM =ITO B PaMKaX 3KClIepH- 
MeIiTaAbHOit OIw6KH BbdOp,eCnH AaIiHoe BeuWZWO nBJW2TCK OAHOI$~HKUHOHBJI~HMM HIIH 
MHOr~~meo~H61M,cLIenarbHeao3Mo~O. Ec~~~na~~~eomoro THT~OBWIUIIH~~O~CSI 
BBTOft O6ABCTZf Bbl6Op MOgIlO CAeJlaTb HP OCHOBeBTOpOrO TSiTpOBBliHn l-ipOBeAI?HHOl-0 IIpH 
pa3nwwofiHoHHoft cme. nprrcnocoBneHxe~yPaBneHHlIMoWCH~LUH~ 6oneertohmnemioe 

lIOBeAeHHe tlO3BOJUfeT pa3nHWTb HeCTaTSfCTliWCKHe ABy&HKUHOIUUlbHbIe BelAeCTBa OT 

T~X&HKuSiOHBAbHblX,T~X~yHKLUiOHBJlbHbIe OT W2Tbl~X~J'HKlUiOWIbHbIX,H T.lT. 

d-k=A~ c aMnepoMrrplnceK ou HlIm - I. IcoMuJwKcolloM~ 
onpwmeoe xponm@Il): D. I. BUSTIN and J. MwAK, Talanru 1973,20, 1185. 

Pe3liWe- B UCeBAOTHT~UHH THTpyeMOe BefUeCTBO He PeWHpyeT C THTpOBaHHMM paCTBO- 

pOM B 06WMe pZICTBOpa, HO aMnepOMeTpH¶eCKaSl HHAHKaTOpHaR CHCTeMa, 06pa3yxwu 

He6OJIbrUOe KO JlH'ECTEO OKHCJIHTeAbHO-B owiwwioro KaTanHsaTopa ~JIH~KO 3nex- 

TpOAa,lTO3BOnWT O6lU&pyXOlTbKOIieUfRTpOlUWHI. h3HbleHtUIbl HaXOAKLUXeCK B paCTBOpe 

A~~~MIwAH~~I~T K 3nelrrpoxerxe pe2uwinxaran5i3itpoaaHae~e6omluo~ hiacnxTa6e.O6w~- 
Hble KOHUeHT~HHHKOHCT~TYAH~~HHII~A~MIOTC060~~~aMeTpbIKOHT~IIIIHpY- 
KWKe3TOT lY~UCCC.~PHHURIl ~~TpH~~HHaUpwMe~H~~~AcT~HOrOTHTpOeaturn 
XpOMa(III)C 3J(TA ITpH KOMHaTHOh TeMlIepaType. 

1973,20, 1191. 

Pe3lome- xpOM(III) OllpeAenfllOT KOMfL'leKCOHOMeTpHWCKIiM IIyTeM II~BAOTiiTpZLIVieii B 
KOTOpOe HeT peaKUHH B 06UMe pNTBOpa, HO pCWiUWI IIpOXOAHT TOnbKO B He6OJlbUIOM 

MaCIUTK6e IIOA Ae&TBlleM KBTBAH3aTO~ Ha I-iOBepXHOCTH HHAHKBTOpHOrO 3JteKTpOAa. Pac- 

CMOTpeHbI THTpBLUlOHlfble KpifBbI AJIn pBCTBOpOB COAepKWUHX ApylWe HOHbl MeTanJIOB 
peawpyiouwec ~HTA,H ~~acc~~u~po~~aoc~owpa3narxnOT~warrOs~occrrworr- 
JleHHn, KOHCTBHT paBHOBeCHil A CKOpOCTeii pCaKuHH. Hetcoropwe KOM~RH~WHH l'l03BOJUiiOT 
OllpeAeIIRTb OAHOBpeMeHHO ASa UJlH 6OJlbUN MeTannOB H3 OAHOii THTpaUHOHHOR KpWO&. 
BKaYec~np~~epanp~eexe~~c~creMbr Cr/Hg,Cr/Ca H Cr/Zn. 
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Anion-exchange separation and spectrophotometric determination of thorium in geological sam- 
ples: J. KORKISCH and D. DIMIIRIADIS) Tulanru, 1973, Xl, 1199. (Analytical Institute, Division: 
Analysis of Nuclear Raw Materials, University of Vienna, WahringerstraRe 38, A-1090 
Vienna, Austria.) 

Summary-To determine thorium in geological samples it is first separated from all matrix 
elements by means of anion-exchange. After elution the thorium is determined spectrophoto- 
metrically by using thoronol or arsenazo III. The suitability of the method for the determina- 
tion of both trace and larger amounts of thorium was tested by analysing numerous geochemi- 
cal standard samples with thorium contents in the range of l-1000 ppm. In all cases very good 
agreement was obtained. 

Spectrophotometric determination of molybdenum by extraction of a green molybdenum(V) 
species: V. YATIRAJAM and JASWANT RAM, Talanru, 1973, 20, 1207. (Chemistry Department, 
University of Kurukshetra, Kurukshetra, India.) 

Summary-A simple method is described for the rapid spectrophotometric determination of 
molybdenum in samples containing l-60°J MO, with satisfactory accuracy. Molybdenum is 
reduced with excess of hydrazine sulphate in boiling 55M hydrochloric acid and extracted 
with isoamyl acetate from 7M hydrochloric acid. The green colour is measured at 720 nm 
against a reagent blank. Beer’s law is obeyed over the range 0.08-54 mg of molybdenum 
per ml. Interference from iron and copper is removed by adding stannous chloride and thiourea 
respectively in slight excess. Titanium, vanadium, niobium, chromium, tungsten, nickel, 
uranium, and antimony do not interfere even in large amounts. Only cobalt interferes seriously. 



xvi AHHoTaum cTaTet4 

Ar#aoobararasV~lIWO~TOM Ul’&WWKO@ Oa~AC?Jl- B l=eOJ7Ol-H- 

wscmx o6pamax: J. KORIUSCH and D. DWTRIADIS, Tukrntu 1973,20, 1199. 

hiEo&Ie - )@K OiIpeAt%mSiK TOpHII B reOJIOrHWCKHX O6pa3UaX, 3JIeMeHT BO-IIepBblX OTAe- 

J’INOT OT Mxx -TpEWbIX -03 C HCIlOAb3OBUIH~M HOHHOIW 06etia. rkne 3niOHpO- 

BBHRII TOpBJf OnpeneJrnrolr CIPS~TOMCTpHY~m IQ’TCM C HCIlOJIb30BaWEWM TOpOHOJfa 

mni apcem30 III. rIpmmmomb h%TOAa ,iUKK OfI~ACJlCHHfl CHeAOsMX H 6OJlblul4X KOJIHSCTB 

TO~H-Hap~rtoxHMRsecK MX 3’fBnOHOB, COAC~XCZUl.UiX l-loo0 Y. Ha MHJUIHOH TOPHII. 

PC!WbTam HcIlbFTBHRIl XOpOUIO CORWiWISfCb BO BceX UIy’lZlKX. 

Cs-m-d- 3KqmqomM4leM mmro 
Mom6nar(C): V. YATLRAJAM and JASWANI RAM, Tulanfu, 1973, 20,1207. 

lCOMllJlf!KCH 

&3lOMe - %ECU HfcnO)lMblk MCTOA Bzmporo Cl-IeKTpO#OTOMeTpH’ECKOrO OnpCAUEHHa 
MOtiJZ@U B If@a.X COAWHX l-60% MO, C yAOBJWTBOpATenbHOt TO’fHOCTbEO. MOnH6- 
ACE - C A36WTKOM CCpHOKHCnOrO rHApa3HnmL B KHIIJlWet 5.3 M COAHHOif 

KnwIOTe H 3ccrp3IWpyror Iwoammaum BTOM I3 7 M COJUtHo& KHCJIOTbl. %XeHylo OKpEKy 

sf3htepmoT apa 720 m B cgmtrrmr c umot rrpo6ot4 Am pcaremon. ~~KOH &pa n0wrae-m 

II 06JWTH 0,08-5,4W/MJI WJEf6lICH& Mcruamwsc @tCTBSiC X&IIe38 H MCAH yCTp&UWOT 

A- HetbbZlIO~o Sdltl-KSl XJWpIcrca OJIOBt@) H THOM09eBHIW, COOTIKTCTWHHO. 

Tacpir, Bup9Hlt, HEO&fi, XPM, 8WIb&W, HHt(Cflb, y$UH H CJ’pbMa HC MWIBIOT a8;plC eCJIH 

IIpEw B 6OJIbLUHX KOAHWCTBU. -hIbKO KO6liJIbT IIOK83ldBBCT CCpbU3HOC BJlH5IHHb 
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Thiotropolone as a chromogenic reagent for the simultaneous determination of cobalt(II) and 
nickelm): J. N. SRIVA~TAVA and R. P. SINGH, Tuluntu, 1973, 20, 1210. (Department of Chem- 
istry, University of Delhi, Delhi-7, India.) 

Summary-Thiotropolone forms chloroform-soluble reddish-brown and violet complexes with 
cobalt(l1) and nickel(II), in the pH range 74-8-5 and 6*0-9.0respectively. Based on this, a sensi- 
tive and rapid method for the spectrophotometric determination of traces of cobalt and nickel 
in metals and alloys has been developed. The two metals can be determined accurately in the 
range 0.6-2.6 ppm of cobalt and 0.75457 ppm of nickel, simultaneously. 

Gravimetric determination of cadmium with IV-phenylbenzohydroxnmic acid: Y. K. AGRAWAL, 
Talanta, 1973, 20, 1213. (Department of Chemistry, Indian Institute of Technology, Powai, 
Bombay-76, India.) 

Summary-A quantitative gravimetric determination of cadmium in presence of Ag+, Be2+, 
Pb’+, Mn2*, Ni 2+, Cu2+, Zn2+, Hg 2+ Pd2+ Ga3+, A13+, Bi3+, Sb3+, La3+, Ti4+, Zr4* , 
V” +, MO’ l and U6 l was made by selective pre;ipitation with N-phenylbenzohydroxamic acid 
from a solution containing 6-15 mg of cadmium acetate at pH 5.8-6-5. The precipitate was 
weighed directly after drying at 110-120”. The cadmium complex is curdy white, granular and 
melts at 225”. The analytical results indicate the complex to be (C11H,oN02)1Cd. 

Spectroscopic determination of sulphate in the presence of excess of nitrate and nitrite: B. J. 
MEEHAN and S. A. TARIQ, 7alunfu, 1973, 20, 1215. (Department of Inorganic and Analytical 
Chemistry, La Trobe University, Bundoora, Victoria, Australia.) 

Summary-The KBr pellet technique has been used for the determination of alkali metal 
sulphate in the presence of large excesses of nitrate and nitrite by measuring the absorption of 
the sulphate at 619 cm-‘. The sulphate can be determined in a 400-fold molar excess of nitrate 
and a 60-fold molar excess of nitrite with a relative standard deviation of about 5 %. 

Gravimetric determination of uranium (VI) with pyridine-2,6dicarboxylic acid: G. MARANCWNI, 
S. DEGETTO and U. CROATTO, Tulunru, 1973,20,1217. (Laboratorio di Chimica e Tecnologia dei 
Radioelementi, C.N.R., Via Vigonovese, 52, Padova, Italy.) 

Summary-Uranium(V1) can be quantitatively precipitated from aqueous solution in the pH 
range 2.1-6.9 with pyridine-2,6_dicarboxylic acid in the presence of tetraphenylarsonium 
chloride. This provides a new rapid gravimetric method for of uranyl ion as an organic chelate 
complex of high molecular weight. Sodium, aluminium, copper and nickel, as well as nitrate, 
chloride, sulphate and acetate ions, do not interfere, but iron(II1) and thorium(IV) do. 



. . . 
XVIII AmoTauHn cTaTeti 

Tnmpamo~~~m~x~ro peuWm AJIM OROO4peMeIiUOrO OnpeIWWlUW KO&Jl6- 
01) II mwe&JIII): J. N. SR~VASTAVA and R. P. SINGH, Takanta 1973,20, 1210. 

PC3loMe -T~o~ponono~ obpasyer pacTBopmfbre ~~nopo@opMeKpac~oeaTo-Kopwweme~ 
&HoneTostie KO~UUI~KCU B 06nacm pH 7.0-8,s A 6,0-9,0, C~OT~~TB~HHO. Ha rroi oc~o~e 
WWTafil mm m’mtb~ii H 6m.~pMii M~TOJI Cneltrpo@ToMeTpmeCKoro onpenenemn 
CneLlOB KO6aJTbTa H HHKeJm B bieTannaX H cnnar!aX. Towoe OJIHOB~~MC%~O~ onpegenewfe 

~THXM~T~J~OBMOXHO~~OBCCTHBO~JI%THKOIW~~~UH~ 0,6-2,6~na MmnHoH Ko6mbTa 
H 0,75457 Y. na MHJZlHOH HHXcJ.IR. 

Be=@=mAollpeaurcJl iR?noJm- N-+zlnul6eH3ornnpolccaMoBoa 
KHCJWIU: Y. K. AGRAWAL, Tad=, 2, 1213. 

PcvoMe - KOJIHWZT~HWX eecoBoe OnpeneJIeHHe K-R npoBer(eao B ~~HC~TCTBXH Ag+, 
Be’+, Pb’+, MnZ+, Nit+, Cu*+, 2x1*+, Hg*+, Pd*+, Ga3+, A13+, Bi3+, Sb3+, I_.a3+, Ti4+, 
Zr4+,Vs+,Mo6+ H U6+, nyre~~e~Herroro~~acN-Qre~~nGc~30r~npo~~0caMoBoft 
mCnOT0~ H3 pamu3pa COiWpxarUerO 6-15 hfr aueTaTa ~amHn npsf pH 5,8-6,5. O~OK 
B3BeUIHBMR HGnOc~W’TBeMO UoCne OQ’IUKS? IIpH ~10-120”. KohfMeKc KWHI ~BJUI~TC~ 
MoJIOwo6UlUM H 3bpHiicm~ u m’mm’c~ nps~ 225”. Ha OCHOB~ ammmmcmx aambrx comm 
tiomnema (C,,H,oNO&Zd. 

CmmAmAenemu CYJlb@TBBllpUCYTCTlllHlW36blTKaRWFPBlYlHHBlpHTR: 
B. J. MEEHAN and S. A. TARIQ, Talanta 1973,tO. 1215. 

Peu~m - M~TOA nOJIb3yIOtItiIk~ Ta6JmKofi KBr npHMeHeH B onpeneneHHH cynb@aTa 
~~omblX~nOeBTI~~BBA~~b~OrOH~blTKBHHTpaTaHHHTpHTB,nyTeMH3Me~- 
HHI cmonornoumtHn cynb@aTa np~ 619 CM- ‘. MeTon lTO3BOnReT OQWWJI~Tb Cynb@T 
npH 4ooWfiTHOM MOn~pHOM H36bITKe HRTpW3 H f%KmTHOM MOnRpHOM U36btTKeHHTpUTa 
COTHOCUTeJlbHOfi c’TiWAapTHOiiOlUH6KOft pi3BHOtiIIpil6nH3HTWlbHO 5%. 

Become - YpnW) c - twmulmaaAHKap Kne.mTu: 
G. MARANGONI, S. DEGE.TT~ and U. CROAIT~, Talanta 1973,20, 1217. 

Pe3Iowe-YpaH(vx) OCSiUWTCnKonHlleCTBeHHoH3EOluforo pacreopa eo6mmf pH2,1-6,9 
~HfLWUlH-~,6-~Hlf@O~BO~ KHCJTOTOth B l'JpHCyTCTBHH XJlOpHAa m&9CHHJIa~OHHff. %O 
t’lpW&CTeWU=T CO&it HOBblit 6biCTpbl~ MtYTOlJ BCCOBWO WG3JIH3a )‘pfWiJIHOlEl B @OpMe OpKtHll- 
YecIOrO XCJG%TLI C BblCOIIHM MOJIeiryJISfJKblM =OM. HaTpHL, i%IlOMHHHfi, Meab H HHKeJIb, 
HHTpaT,XJIOPrm, CyJIb&IT HeWTaT He BJIHJUOT~OII~AeneHSIe,Ho JKene30(iIi)H~0p~ti(IV) 
Mewam onpenc~~nm~. 
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Quantitative measurement of mixtures of hallucinogens by fluorometry and phosphorimetry: 
D. M. FABRJCK and J. D. WJNEFORDNER, Tnlanm, 1973,20,1220. (Department of Chemistry, 
University of Florida, Gainesville, Florida, 32601, U.S.A.) 

Summary-Room-temperature fluorometric and low-temperature phosphorimetric analytical 
curves of hallucinogens in methanol/water solution have been prepared to demonstrate the 
absence of interference in common binary mixtures of hallucinogenic drugs. Limits of detection 
and linear dynamic ranges have been determined for drugs in mixtures. Mixtures containing 
LSD and another hallucinogen such as STP (DOM), psilocybin, mescaline and phencyclidine 
have been studied. Detection limits are low, and analytical curves are linear over wide concen- 
tration ranges. 

Formation and thermodynamic properties of complexes of A&I) with thiourea as L&and: A. 
BELLOMO, D. DE MARCO AND A. DE ROBERTIS, Z’ulanra 1973,20, 1225. (Institute of Analytical 
Chemistry, University of Messina, Messina, Italy.) 

Summary-A potentiometric study has been made of the Ag(I)-CSN2H4-Hz0 system. Mathe- 
matical analysis of the formation functions reveals the existence of thecomplexes AgCSN2Hf, 
Ag(CSN,H& . Ag(CSN,H& and Ag(CSN,H& for which the stability consta,nts have been 
calculated at different ionic strengths and temperatures. No evidence was found for the forma- 
tion of polynuclear complexes. 



xx 

K-omwm-=cmeccP - ~JIBMB @JvoPo-Tm Ii a-twf- 
r+teqwu: D. M. FABRICK and J. D. WINEFORDNER, Talanta, 1973,20, 1220. 

Pemonfe - KoMHarHo-TtwrIepaTypHbre @ryopobwrpHrecKKt H tfti3KoTeMnepaTypwe @oc& 
pHMeTpH’IeCKHe aHa.jTHTR’ISKHe KpHJJbIC raJLJuOuHHO38 B paCTBOpe hfe?aHOJI-BOW lIOCTpOHJIH 
,wK neMowqx3uwf o?cyTCTsrm wrep+epeHuwi B npwrbIx 6~Hcrpnb1~ CM~CKX ra_wouHH03- 
HMXH8PKOmKOLOnPC~~MHCbnpefIursrX~~KHHrm~~nHHaMHlrccKHe~~~ 
~KH~KOTHKOBBChlecnX.M3ytlarrxcb~H,CO~ep~He LSD HJlpYrOlt ~uHH03 TartOg 
KBT STP (DOM), IIC~JIO&HH, MOC~SUIHH H @~HUH~~SVIHH. Y~OBHH A~TCKUHH HH3KKe H 
iuranHTH~CKpHssleKanrnorcnnHH~HblMH nO~~KOMyAHIIIEB30~KOHUe~pKUH~. 

O@asonmenreprm~--Ag(I)cTAomowllmroiiB~~ 
w: A. BELLOW, D. DE MARCO and A. DE ROBERTIS, Talanta 1973,20, 1225. 

Pemwe - M3ylrena IIOT~HUHOM~~~WECKHM M~TO~OM cwrwa Ag(I)-CSN,H.-H,O. Max- 
MBTH’ECKH~ KIQJlH3 i&‘HKUHti O6pa3OWlHHK lIOKK3bl~ CyIl&XTKOBinHe KOhlllJ-IeKCOB 

AgCSNzH++, AgKSNzH&+, A&SNzH&+ H Ag(CSN,H.),+, KOHCTilHTbIyCTOfiYHBOClIi 
KOTOpSrX ~HTUfbl ffp# prUHblX HOPlHblX CHJIaX H TeMlI~KTyWX. Obf.WOBftfiHe MHOl-O- 

Ii~~~HblX KOMIlJEKCOII HC 06Hap)mceHO. 
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