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SYNOPSIS 

Three methods are described for the determination of cyanide species in hydrometallurgical process 
solutions and in effluents. 

The determination of excess cyanide in the presence of weak metal cyanide complexes was achieved 
by the use of a flow-injection system with 0,05 mM sodium chloride as the carrier stream. The procedure 
was found to be fast, precise (5, 0,0142), and reasonably accurate. 

Free cyanide and cyanide derived from weak metal cyanide complexes were determined by ion 
chromatography. This method is free from interferences and precise (s, 0,0112), and has a limit of 
determination of 10/ig/I. 

The 'total' cyanide content of solutions was determined by iin chromatography after the strong metal 
cyanide complexes had been dissociated in hypophosphorous acid by ultraviolet irradiation. The procedure 
(of 10 minutes duration) is faster than conventional distillation methods, and is accurate and precise (s, 0,027). 

SAMEVATTING 

Daar word drie metodes vir die bepaling van sianiedspesies in hidrometallurgiese prosesoplossings en 
in uitvloeisels beskryf. 

Die bepaling van oormatige sianied in die aanwesigheid van swak metaalsianiedkomplekse is bewerkstellig 
met gebruik van 'n vloei-inspuitstelsei met 0,05 mM-natriumchloried as die draerstrocm. Daar is gevind 
dat die prosedure vinnig, presies (s, 0,0142) en redelik akkuraat is. 

Vry sianied en sianied afkomstig van swak metaalsianiedkomplekse is deur ioonchromatografie bepaal. 
Hierdie metode is vry van steurings, presies (sr 0,0112) en net 'n opsporingsgrens van 10/ig/l. 

Die 'totale' sianiedinhoud van oplossings is deur ioonchromatografie bepaal nadat die sterk 
metaalsianiedkomplekse in hipofosforigsuur deur ultraviolet bestraling gedissosieer is. Die prosedure (wat 
10 minute duur) is vinniger as die koirensionele distillasiemetodes en is akkuraat en presies (s, 0,027). 
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1. INTRODUCTION 
As a result of hydrometallurgical work undertaken at the Council for Mineral Technology (Mintek), 

it became necessary for the methods used in the determination of cyanides in process solutions and waste 
waters' to be evaluated. 

Depending on the pH value, cyanide is usually present as molecular acid (HCN), cyanide ion (CN " ), 
and metal complexes of widely varying stability as listed in Table 1. Decomposition of cyanide complexes, 
due to changes in the pH value or to irradiation by sunlight, results in the formation of extremely toxic 
hydrogen cyanide or cyanide ion. So that environmental pollution can be avoided, it is therefore common 
practice for ionic cyanide and potentially ionizable metal cyanide complexes to be determined together. 
For example, chlorination of alkaline solutions containing these compounds results in the formation of 
cyanogen chloride and subsequently in the formation, due to hydrolysis, of harmless cyanate ion8. Only 
ionizable cyanide compounds are oxidized by chlorine, and analytical methods based on this observation 
can therefore roughly differentiate beween cyanides amenable to chlorination (i.e. those that are ionized) 
and the total cyanide content of a solution1. Simultaneous determination of ionic cyanide and weakly 
complexed metal cyanides is also obtained by most of the titrimetric, colorimetric, and electrochemical 
methods (including potentiometry and cyanide-ion-selective electrodes) currently used. These methods 
differentiate between ionizable and non-ionizable cyanide species present in a sample solution. Instead of 
the terms, ionizable ará non-ionizable, the terms simple and complex are frequently used. Complex or 
strong metal cyanides are those that require digestion, heating, or other severe methods of decomposition 
to liberate hydrogen cyanide. Current methods for the decomposition of strong cyanide complexes require 
treatment with acid under reflux conditions, followed by distillation to separate hydrogen cyanide from 
potential interferents. Serious interference in the determination is caused by the presence of sulphide and 
thiocyanate. For example, sulphide: readily distils with hydrogen cyanide and can interfere with subsequent 
methods of determination. Its elimination, prior to distillation, by precipitation with cadmium nitrate8 or 
lead carbonate9 or by reduction with sodium hydrogen sulphite10 is therefore required. In conventional 
reflux procedures, sulphide can also result from the decomposition of thiocyanate or of thiocyanate 
complexes. This is particularly the case in the presence of catalysts such as mercuryon or copper(i) 
chloride 8", and the addition of magnesium chloride is recommended instead if thiocyanate concentrations 
exceed 5 mg/1*. The decomposition of thiocyanate during distillation is aggravated by the severe conditions 
necessary for the decomposition of the cyanide complexes of iron, mercury, cobalt, and gold. 

TABLE 1 

Stability constants of cyanides 

Compound logtf„ Reference 
HCN 9,3 2 
Mn(CN)£- 9,7 3 
Zn(CN)J" 16,7 2 
Cd(CN)J" 16,9(18,9) 3, 4 (5) 
Ag(CN)f 21,0 2, 4, 5, 6 
Cu(CN)2" 23,9 6 
Cu(CN)J- 27,3 4 
Ni(CN)?- 31,3(22,2) 2 vJ,6) 
Au(CN)j- 38,8 1 

Hg(CN)J- 41,4 4 
Fe(CN)J- 47,0 3,6 
Fe(CN)J- 52,0 3,6 
Co(CN)|- 64,0 5 
Pd(CN)i" 91,0 5 

More recently, ligand exchange by the addition of EDTA 1 2" 1 5 or of Tiron and tetraethylene 
pentamine1 ' ' * followed by distillation was recommended for the decomposition of stable cyanide complexes. 
It is claimed that, because of the mild conditions employed, interference from sulphide and thiocyanates 
is avoided. However, distillation procedures are inherently time-consuming, and are therefore inadequate 
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DETERMINATION OF CYANIDE 

if a large number of samples have to be analysed. This problem was solved by the introduction of flow-
injection analysis (FIA) with either colorimetric or amperometric measurement of the cyanide910. Often 
a distillation step is incorporated to eliminate interferences. FIA differentiates between simple and complex 
cyanides. The decomposition of the latter was achieved by means of irradiation with ultraviolet l ight 9 1 0 1 7 . 
The effective amperometric determination of cyanide, based on the measurement of a current arising from 
the oxidation of silver to Ag(CN)i", and its application to FIA were first described by Pihlar et a/9. They 
constructed a 'micro' flow-through electrode that allowed the determination of cyanide in the range 0,5 jtg/I 
to 1 g/1. 

More recently the Dionex Corporation, U.S.A., introduced an amperometric detector with a working 
electrode constructed of silver. It permits high'y selective and sensitive determination of cyanide and sulphide 
in the presence of strong acid anions by ion chromatography on pellicular anion-exchange resins. The reaction 
occurring at the silver electrode in the presence of cyanide is as follows: 

Ag + 2CN" - Ag(CN)i" + e". 

The current resulting from this reaction is, within limits, proportional to the concentration of cyanide present. 
Because of the speed, accuracy, and precision obtainable by the ion-chromatographic technique, its 

application to the determination of cyanides in effluents and process solutions from metallurgical plants 
for the recovery of gold was considered. Ion chromatography appeared to be particularly applicable to 
the determination of cyanide because of its ability to separate cyanide from both sulphide and thiocyanate, 
thus avoiding the interference problems usually encountered. 

The specific objectives of this investigation were as follows: 
(1) the determination of excess cyanide ion in the presence of large amounts of weak metal complexes, 

e.g. Zn(CN)« ~, thus avoiding wastage of expensive chemicals in a chemical plant; 
(2) the determination of ionic cyanide derived from free cyanide and weak metal complexes, which, 

because of their toxicity, are serious environmental pollutants; 
(3) the determination of 'total' cyanide, i.e. of cyanide derived from free cyanide, weak metal complexes, 

and strong metal complexes. 
In regard to (2) above, the South African government specifications stipulate a maximum cyanide 

concentration of 0,5mg/l in effluents". 
The inclusion of strong metal cyanide complexes in the analysis mentioned in (3) is of importance because 

of their interaction with the ion-exchange resins used in a plant and the occasional 'poisoning' of such 
materials. Also, disposal of strong metal cyanide complexes into water ways, mine dumps, and slimes dams 
can be hazardous to the environment because of photodecomposition caused by sunlight. For example, 
it has been shown repeatedly that hexacyanoferrates are toxic to various species of fish and that 0,4 mg 
of hexacyanoferrates per litre is the maximum level permissible in fresh water". 

The decomposition of strong metal cyanide complexes by means of ultraviolet irradiation in flow-
injection systems 3' 9 , 1 0 1 7, and in potentiometry19 and gas chromatography20 has been demonstrated many 
times. Because of its speed, a combination of the ultraviolet-irradiation method and ion chromatography 
was investigated for the separation and determination of 'total' cyanide. 

2. APPARATUS AND REAGENTS 
A Dionex ion chromatograph System 20I0Í, was used for flow injection, as well as for chromatographic 

analysis. A 7m Tefzel coil (0,3mm internal diameter) was placed between the injection valve and the 
amperometric detector cell for flow analysis. A 'fast run' pellicular anion-exchange column was used instead 
for chromatographic analysis. Unless otherwise specified, a working potential of +0,15 V was applied to 
the detector cell via the Dionex potentiostat. The output from the detector was recorded on a potentiometric 
OmniScribefR) Recorder, Series B-5000. The chart speed of the recorder was 0,5cm/min and the output 
setting 500 mV full-scale. Because of possible adsorption, during injection, of cyanide onto plastic syringes, 
which have rubber-tipped plungers, the plumbing of the injection valve was modified to allow the sample 
to be drawn from the sample container through the injection loop into the syringe. 

Two Philips 125 W mercury-vapour lamps were tested for the photochemical decomposition of the 
cyanide complexes. The first was an HPR 125 W lamp with an internal reflector and with spectral power 
distribution in the range 300 to 600nm; the second was a high pressure HPK 125 W lamp with a high degree 
of shortwave ultraviolet radiation, having a wavelength range of 248 to 600nm. 

A cylindrical silica cell as described by Pih'ar and Kosta9 (Figure 7) with a bent glass tube capable 
of holding sodium hydroxide solution was used as the irradiation vessel. 
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DETERMINATION OF CYANIDE 

The eluant used for the flow analysis consisted of 0,05 mM sodium chloride in distilled water. For 
the chromatographic separations, an eluant containing 1 mM sodium carbonate, 14,7 mM ethylenediamine, 
and 10 mM sodium hydrogen borate (NaHzBOj) was employed. The I?it solution was prepared by the 
addition of 10mM sodium hydroxide to 10mM boric acid. Standard solutions of cyanide were prepared 
from A.R.-grade sodium cyanide in 0,1 M sodium hydroxide solution and standardized by argentometric 
titration. Standard solutions of Fe(CN)6 ", Fe(CN)6~, Ni(CN)2. ", and Au(CNfc~ were prepared by dissolution 
of the respective potassium salts in water. Solutions containing Zn(CN) 2. - and Hg(CN)2~ were prepared 
by dissolution of Zn(CNh and Hg(CNh respectively with the appropriate amounts of sodium cyanide in 
water. Cadmium and cobalt cyanides were obtained by dissolution of cadmium fluoride and cobalt sulphate 
respectively in water, followed by the addition of the stoichiometric amounts of sodium cyanide for the 
formation of Cd(CN)í ~ and Co(CN)! " . All the standard solutions of complex metal cyanides contained 
1 g of cyanide per litre expressed as CN " . 

3. THE DETERMINATION, BY FIA, OF FREE CYANIDE IN THE PRESENCE OF lONIZABLE METAL 
CYANIDE COMPLEXES 

There are few methods that can distinguish between cyanide ion and weakly complexed metal cyanides1. 
With respect to selectivity, the indirect method of atomic-absorption spectrophotometry (AAS) formulated 
by Jungreis and Ain 2 1 is noteworthy. It is based on the formation of a soluble silver cyanide that results 
when a cyanide-containing solution is contacted with metallic silver, followed by measurement, by flameless 
AAS, of the silver that is released. 

Initially it was felt that ion-chromatographic separation on a pellicular anion-exchange resin, in 
combination with a suitable eluant, would result in the separation of ionic cyanide from all metal complexes. 
However, when various alkaline eluants were screened, ionic cyanide could not be distinguished from, for 
example, Zn(CN)2.". Zn(CN)i" was employed in most experiments to represent a typical weakly complexed 
metal cyanide. It appeared that the injection of such complexes into the ion-chromatographic system resulted 
in instant decomposition and quantitative recovery of their cyanide content. It was therefore decided that 
the anion-exchange column should be omitted and that the Dionex ion chromatograph should be used as 
a flow-injection system. Cyanide was detected amperometrically with a working electrode constructed from 
silver. 

3.1. Experimental Procedure 
A carrier stream consisting of a very dilute solution of sodium chloride (0,05 mM) was used during 

the flow-injection experiments with the Dionex ion chromatograph. The sample preparation involved only 
? dilution step, and the concentration of free cyanide was measured with an amperometric detector. A detailed 
description of the method, which is applicable to the determination of free cyanide in process solutions 
containing large amounts of weakly complexed metal cyanides, is given in Appendix I. 

3.1.1. Effect of Flowrate and Length of Sample Path 
The length of Tefzel tubing with an inner diameter of 0,3 mm that was placed between the injector 

valve and the detector cell was varied from a few centimetres to 7 m. Whereas a short piece of tubing would 
have been advantageous for the dispersion of the sample, it was found that, for a stable flow system, the 
tube had to be between 5 and 7 m long. This ensured that the operating pressure of the system was above 
50 lb/in 2 and that the flow-control system (maintaining constant flow and constant pressure) was operational. 
Although the backpressure of the system can be raised by an increase of the flowrate, this was not practical 
because of the decreasing sensitivity of the cyanide signal. It was found that both the peak height and the 
peak width decreased when the flowrate was increased from 1 to 3ml/min. A flowrate of 2,3 ml/min was 
used in all further experiments, as a compromise between these two parameters. 

3.1.2. Effect of the Applied Potential 
It was found that an increase in the potential from -0 ,15 to + 0,45 V resulted in a steady increase 

in the response of the current. However, when the effect of sodium hydroxide, which was regarded as an 
interferent, was tested over the same range, a similar though much weaker trend was observed. An applied 
potential (£ app.) of + 0,15 V was chosen because of a satisfactory response for cyanide and no interference 
from sodium hydroxide. 

3.1.3. Composition of the Carrier Stream 
Initially, distilled water was used as the transport medium within the flow system. At a later stage, 

a solution of 0,05 mM sodium chloride was used instead because it kept the surface of the electrode clean. 
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DETERMINATION OF CYANIDE 

Irrespective of which solution was used, it appeared that the electrochemical detector responded only to 
the excess free cyanide ions present, while cyanide contained in the weak complex Zn(CN>4~ (10 mg of 
tomplexed cyanide per litre) was not detected. The effect of excess cyanide added to solutions containing 
constant concentrations of the cyanide complexes of zinc (Zn(CN>4 ") or cadmium (Cd(CN)i ") is shown 
in Figures 1 and 2 respectively. That only excess cyanide is measured can be judged by the response obtained 
for a standard solution of cyanide (lOmg of CN" per litre) in the absence of the metal complexes. 

The effect of increasing concentrations of sodium hydroxide in the carrier stream on the decomposition 
of the zinc cyanide complex is shown in Table 2. It can be seen that, in a 10 mM sodium hydroxide solution, 
complete decomposition of the zinc cyanide, presumably due to the displacement reaction, was obtained: 

Zn(CNtf- + O H - fJ Zn(H 20)í + + CN . 

TABLE 2 

Effect ofNaOH on the ionization of Zn(CN?t 

(Zn(CNf- present 16,3 mg/l) 

NaOH, M CN ", % 
0,000 02 
0,000 1 
0,002 
0,01 

3 
22 
75 

100 

3.1.4. interferences 
Ions likely tc •nterfere in the determination of cyanide are those that interact with the silver electrode 

to form insoluble salts, namely chloride, thiocyanate, bromide, and sulphide. Of these, only sulphide 
interferes at all levels, and it must therefore be absent. The other ions can be present in a ratio of 2:1 to 
cyanide without interfering. None of the metal cyanide complexes is sensed by the detector, and only excess 
cyanide is measured. 

3.2. Results 
The detector response for ionic cyanide was linear over the range 0,5 to 30mg of free cyanide per 

litre, as can be seen from the plot of the log of peak height versus the log of concentration (Figure ') 
The precision of measurement obtainable for varying levels of free cyanide was tested by repeated injection 
of 50 >d aliquot portions of standard solutions (Figure 4). The relative standard deviation was calculated 
as 0,028 for 0,1 mg of cyanide per litre, 0,011 for the 1 mg/l level, and 0,0053 for the 10mg/l level. The 
precision obtainable for actual samples was tested by the dilution and measurement of ten discrete aliquot 
portions of a plant solution containing 78,6 g of total ionizable cyanides per litre. The amount of free cyanide 
was determined as 19,6g/l with a relative standard deviation of 0,0142. 

In a test on the accuracy of the procedure, a solution containing 16,3 mg of Zn(CN)i ~ per litre was 
spiked with known amounts of ionic cyanide. As shown in Table 3, the accuracy increased with increasing 
amounts of free cyanide present. Similar results were obtained when known amounts of cyanide were added 
to actual plant solutions. 

For greater accuracy, particularly if relatively small amounts of free cyanide had to be determined, 
the method of standard additions was applied. 

4. THE DETERMINATION, BY ION CHROMATOGRAPHY, OF CYANIDE DERIVED FROM FREE 
CYANIDE AND WEAK METAL COMPLEXES 

Free cyanide and metal cyanides that easily generate free cyanide (CN ~) are equally toxic and are, 
therefore, serious environmental pollutants. In view of this fact, it is not surprising that the majority of 
published procedures determine these species together'. 

It is well known that cyanide can be separated from common anions on ion-exchange resins. However, 
ion chromatography employing an anioi exchange separator column was initially not applicable. The cyanide 
was converted in the suppressor column to weekly dissociated hydrocyanic acid (HCN), which could not 
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DETERMINATION OF CYANIDE 

A CN " Standard solution 
B Zn(CN)2 ' Standard solution 
C Zn(CN)2' Standard solution 

10mg/I 
+ CN~ (lmg/1) 
+ CN' (Ilmg/I) 

J Sr 

FIGURE 1. Flow-iniection analysis of free cyanide in the presence of Zn(CN)J- (10mg of 
complexed CN" per litre) 
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D 

I) 

A Cd(CN)r 
B Cd(CN)J_ + CN" (lmg/I) 
C Cd(CN)i + CN- (4mg/l) 
D Cd(CN>4" + CN" (10mg/l) 
E Standard CN" (10mg/l) 

FIGURE 2. Flow-injection analysis of free cyanide in tie presence of Cd(CN)J- (10mg of 
complexed CN" per litre) 
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10-1 

1-

5 »•'• 
* 

0,01-

Slope 0,8080 

0,01 0,1 

Cyanide, mg/I 

T 
10 

FIGURE 3. Calibration graph (or CN~ (flow-injection analysis) 

TABLE 3 

Accuracy obtainable in the flow-injection analysis for ionic cyanide 
(ZnfCNf; present 16,3 mg/l) 

CN" added CN" founl Difference 
mg/l mg/l % 

1,0 1,29 + 29 
3,0 3,5 + 17 
5,0 5,5 + 10 

11,0 11,2 + 2 
16,0 16,2 + 1,3 
21,0 21,4 + 1,9 
31,0 31,6 + 1,9 



DETERMINATION OF CYANIDE 

10mg/l 

lmg/1 

0,lmg/l 

WJ u 
IO11A/V 100nA/V lOOOnA/V 

FIGURE 4. Precision of flow-Injection analysis tor CN 

be determined conductimetrically. Nevertheless, the irdirect determination of cyanide by ion chromatography 
has been successfully demonstrated. For example, Du Val et al.n made use of the reaction of cyanide with 
iodine and measured the conductivity of the iodide formed. The method of Dolzine and his co-workers23 

is based on the hydrolytic conversion of cyanide to formate, followed by conductimetric measurement of 
the latter. 

The direct determination of cyanide by ion chromatography became possible when amperometric, instead 
of conductimetric, detection methods were employed24. The Dionex Corporation, U.S.A., developed an 
amperometric detector suitable for their ion-chromatographic systems, and the method presented here is 
based on their recommendations7. 

4.1. Procedure 
The Dionex ion chromatographic System 2010i fitted with a 'fast run' pellicular anion-exchange column, 

an amperometric detection cell, and a potentiostat was used in all the experiments. The potential applied 
to the cell was +0,15 V. A 50jtl sample loop and an eluant flowrj.teof 2ml/min were employed. Theeluant 
consisted of !4,7mM ethylenediamine, lOmM NaHiBOj. and i mM Na2COi. A detailed description of 
the procedure is given in Appendix II. 
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4.2. Results 
Plots of peak height (/iA/V) versus the concentration of cyanide present were linear over the range 

0,05 to 1 mg/I (Figure 5). The precision of measurement obtainable by the repeated injection of 50/xl aliquot 
portions of a cyanide-containing sample was calculated as 0,0066. The relative standard deviation (sr) 
obtainable for actual camples after ten discrete aliquot portions had been diluted and separated 
chromatographically was found to be 0,0112. The accuracy was tested by the spiking of a sample with known 
amounts of cyanide, as shown in Table 4. 

TABLE 4 

Accuracy of the cyanide determination 

Added 
mg/I 

Found 
mg/1 

Recovery of cyanide 

0,25 
0,50 
1,00 

0,27 
0,52 
1,00 

108 
104 
100 

10-1 

1-

< 
a. 

0,1-

0,01-

0,01 
T " 
0,1 10 

Cyanide, mg/1 

FIGURE 5. Calibration graph for the determination of cyanide by ion chromatography 
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DETERMINATION OF CYANIDE 

The procedure was applied to the analysis of various cyanide-containing sample solutions. The results 
obtained are shown in Table 5 and can be compared with those resulting from titrimetric or 
spectrophotometric methods. The wet-chemical methods employ id involved argentometric titration for high 
concentrations of cyanide. The 'ow values (less than 16mg/l) were obtained colorimetrically after 
distillation11. The results obtained were considered satisfactory in view of the complexity of the samples 
analysed. The time required for the analysis of one sample 3y the ion-chromatographic procedure including 
a dilution step is approximately 5 minutes, which is a considerable improvement in time over conventional 
methods". 

TABLE 5 

Analysis of samples produced in the metallurgical recovery 
of gold 

Sample 
Cyanide, mg/1 

Sample Ion chromatography Wet-chemical methods 
FE91 

1 320,0 295 
2 305,0 298 
3 230,0 200 
4 16,0 15 
6 0,95 0,6 
7 1,6 (1,3)» 0,9 
8 2.6 2,8 
9 5,6 4,0 

10 7,5 5,0 

FE92 
1 9,3 10 
2 16,0 15 
3 212,5 189 
4 230,0 224 
5 232,5 240 
6 242,5 242 
7 237,5 205 
8 202,5 212 
9 194 221 

iO 186 202 

•Result obtained by the method of sw-dard additions 

i 
4.3. Analysis of Metal Cyanide Complexes 

The injection of solutions containing metal cyanide complexes into the alkaline environment of the 
chromatographic system resulted (Table 6) in the complete dissociation of Cd(CN)í ~ and Zn(CN)i'. 
Similarly, depending on the age of the solution, 86 to 100 per cent of the cyanide that had formed a complex 
with nickel (Ni(CN)í ~) was recovered as ionic cyanide. No cyanide was detected when solutions containing 
the cyanide complexes of gold(l), iron(ii), iron(iii), and cobalt(iii) were injected. From conventional techniques 
it is known that these compounds ?.re strongly retained on anion-exchange resins25. The mercury was partially 
dissociated, and the released cyanide produced a hump rather than a peak. It was observed that repeated 
injection of a mercuric cyanide solution resulted in a slight loss of sensitivity in subsequent cyanide 
determinations. 

10 



DETERMINATION OF CYANIDE 

TABLE 6 

Ionization of metal cyanide complexes during 
chromatographic separation 

Metal complex 
Cyanide detected 

Cd(CN)T ;±Cd 2 + + 4CN~ 
Zn(CN)2.- ^ Z n 2 + + 4CN" 
Ni(CN)2.- ^ N i 2 + +4CN~ 
Au(CN)£ - A u + + 2 C N " 
FeiCNjT - F e 2 + + 6CN" 
Fe(CN)J- - F e ï + + 6CN" 
Hg(CN)J- - H g 2 + + 4CN-
Co(CN)l" - C o 3 + + 6CN~ 

100 
100 
: , (100)* 
0 
0 
0 
8,5 
0 

•The figure in brackets was obtained for an aged solution 

4.4. Interferences 
Because of the separation capability of ion chromatography, common anions were found not to interfere. 

Even the anions that interact with the silver electrode to form insoluble precipitates, namely chloride, 
thiocyanate, thiosulphate, bromide, and sulphide, do not affect the determination of cyanide. They are 
separated completely and are detected with varying degrees of sensitivity. After cyanide, sulphide is the 
anion that is detected most sensitively. The procedure for cyanide can be u?ed for the determination of 
sulphide. The separation of sulphide and its effect on the determination of cyanide are illustrated in rigure 
6, which shows that there was a slight enhancement of the cyanide peak but this was insignificant when 
the concentration of sulphide did not exceed that of cyanide. It is noteworthy that cyanide at varying 
concentrations had no effect on the peak height of sulphide. 

5. THE DETERMINA DN OF TOTAL' CYANIDE 
The term total cyanide describes all the cyanide present in a sample, i.e. cyanide derived from ionic 

as well as from stable co-ordinated compounds. 
Current methods of determination require boiling under reflux with acids to decompose stable metal 

cyanide complexes, followed by a distillation step. Most procedures, however, are incapable of decomposing 
all metal cyanide complexes (for example, those of gold and cobalt) and also suffer from interferences'. 
Ultraviolet irradiation, i.e. photo-ionization of a sample solution, has been shown to result in the efficient 
displacement of coordinated cyanide from even the most stable metal complexes. Because of its speed and 
simplicity, this method combined with ion-chromatographic separation and determination of the generated 
cyanide seemed to be particularly attractive. In previous applications, irradiation with ultraviolet light was 
applied to metal cyanide complexes in a phosphoric acid medium because of the photocherr.ical stability 
of the latter. Also, the preferred irradiation sources were mercury lamps 3 1 0 " with an output of 400 to 
550 W. The successful application of a 100W mercury lamp to the decomposition of stable cyanide complexes 
was demonstrated by Pihlar and Kosta9, who used an irradiation cell that was specially designed to allow 
full exploitation of the irradiation source. From the information available in the literature, it is not clear 
whether the intensity of the light source, i.e. the wattage, is a critical parameter of the photo-ionization 
step. Since 400 to 550 W (amps were not available at the start of this investigation, two 125 W mercury-
vapour lamps with a different spectral-power distribution were tested. A cylindrical silica cell similar to 
that described by Pihlar and Kosta was used in the irradiation experiments. Special emphasis was placed 
on the optimization of the irradiation step and on the separation of the ionized cyanide by ion 
chromatography. The investigation also served to provide a better understanding of the principles involved 
in the photo-decomposition of cyanide compounds. 

5.1. Irradiation Source 
Initially, it was thought that the spectral-energy distribution of the type of lamp used may be a significant 

factor in the decomposition of complex cyanide compounds. Two lamps with different spectral ranges were 
therefore tested. 
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CN" 
CN 

A Cyanide (1 mg/1) only 
B Cyaniue (1 mg/l) and sulphide (0,Smg/I) 

S* 

n: 
4 2 0 4 2 0 

Time, min 

FIGURE 6. The separation of sulphide and cyanide 
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The mercury-vapour lamp HPR 125 W (Philips) with an internal reflector has a high degree of emitted 
irradiation within the wavelength range 300 to 600nm. The lamp has a rather large bulb (110mm in diameter 
and 222 mm long) and uses an E27 fitting. 

The mercury-vapour lamp HPK 125 W (Philips) emits a high degree of radiation at wavelengths shorter 
than 300nm. The lamp is small (15 mm in diameter and 101 mm long) and can be fitted to a BA 15d base. 

The two lamps use the same choke (Ballast BHL 125 L06) for operation at 220 V. By use of the respective 
fittings, the lamps were mounted on a steel rod and clamped in an upright position to a burette stand. 
A second clamp was placed above the lamp to hold the irradiation cell (Figure 7) by its rubber-sleeved 
side arm. When ti.e HPR lamp was used, the cell was placed in the centre of the light beam and as close 
to the surface of the lamp as possible. Because of the small size of the HPK lamp, the cylindrical cell could 
be lowered over the lamp so that the light emitted penetrated the cell from the inside outwards. During 
irradiation, both lamps had to be cooled »ith compressed air so that the sample in the sealed irradiation 
cell did not boil. 

5.2. Irradiation of Metal Cyanide Complexes 
5.2.1. Effect of pH 

Initially, phosphoric acid was used to acidify solutions containing various metal cyanide complexes 
to a pH value of 1,5. Also the HPR lamp was adjusted at an angle and the irradiation cell placed underneath. 
Because of the distance between source and cell, it appeared that an irradiation time of 10 minutes was 
necessary for maximum decomposition of the iron complexes. As can be seen from Table 7, the highest 
percentage of cyanide was recovered from irondn cyanide. The ironmi) complex decomposed only partially 
(68 per cent), and the complexes of m w - y , g0jd, and cobalt were either only slightly ionized or not at all. 

TABLE 7 

Ultraviolet irradiation of metal cyanide complexes at 
varying pH values 

Irradiation time 10 min 
UV lamp HPR 125W 

Complex CN" liberated, Vo 
pHl,5 pH »7 pH 12 pH 14 

Ni(CN)J- 64 84 89 -
Fe(CN)J- 97 36 100 -
Fe(CN)! 68 56 84 -
Hg(CN)«2- 6 14 - -
Au(CN)J- 0 0 10 28 
Co(CN)S- 0 0 32 37 

- Not determined 

The low recovery of cyanide from the nickel complex was unexpected because it was known to be almost 
quantitatively ionized without irradiation (Table 6). It appeared that oxidation due to irradiation was 
responsible for this reduced recovery. The almost quantitative recovery of cyanide from the very stable 
iron(ii) complex, on the other hand, seemed to indicate that incomplete ionization rather than oxidation 
was the cause of the low recoveries from other stable metal cyanides. 

The effect of higher pH values was evaluated by irradiation of the metal complexes in water at a pH 
value of 7 and in two dilute sodium hydroxide solutions (pH 12 and 14). As can be seen from Table 7, 
the recovery* of cyanide from the iron complexes was lowest at a pH value of 7. Relatively slight but marked 
increases were observed for cobalt and gold cyanides at pH values of more than 12. In later experimental 
work, the HPR 125 W lamp was mounted in an upright position and the irradiation cell placed in the centre 
of the Irht beam. This arrangement allowed better exploitation of the source and improved the recovery 
of cyanide. 
•In this report, recovery means the amount determined as a percentage of the amount present. 
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5.2.2. Effect of Time of Irradiation 
Because of the unsatisfactory recoveries of cyanide from some of the metal comp-'xes, it was thought 

that a higher output of short-wavelength radiation (by use of the HPK lamp) might result in an improvement. 
Variation of the time of irradiation (Table 8) showed that the production of ionic cyanide from the various 
cyanide complexes was dependent on time. For example, a nickel cyanide solution containing 95 per cent 
ionic cyanide after 1 minute of irradiation showed a decrease in its cyanide content of more than 70 per 
cent after 10 minutes of irradiation. Surprisingly, the decrease in ionic cyanide was not nearly as pronounced 
when the zinc cyanide complex, which is much less stable, was irradiated. Again, as with the HPR lamp, 
the highest recovery of cyanide was obtained for the irondh complex. The amount of cyanide released from 
the ironuii) complex increased up to 3 minutes and then decreased again. Since iron-cyanide complexes 
are usually the most abundant in water, an irradiation time of 2,5 to 3 minutes was adopted in further 
experiments for maximum dissociation. 

As with the HPR 125 W lamp, it was observed that the formation of ionic cyanide was most inhibited 
when the metal complexes were ii radiated in water at a pH of 7. 

TABLE 8 

Effect of time of irradiation 

Ultraviolet lamp: HPK 125 W 
pH val' - of samples: 1,5 (HjPCM 

Compound 
CIST liberated, % 

Compound I min 2 min 3 min 3,5 min 5 min 10 min 
Zn(CN)J-
Ni(CN)2~ 
Au(CN)f 
Fe(CN)S-
Fe(CN)J-
Co(CN)|-

95 

58 

86 

76 

98 
78 
19 

100 
81 
25 

95 
60 
20 

101 
80 
24 

77 

22 

40 

5.2.3. Effect of Supporting System 
From the ease with which ironiin cyanide ionized when irradiated, it was concluded that reducing 

conditions would aid the ionization of the irontiii) complex. This was found to be true and, when hydrazine 
hydrate was added to a solution of iron(lli) cyanide, an almost quantitative recovery of cyanide was obtained. 
Hydrazine hydrate had, however, little effect on the ionization of the gold and cobalt complexes. 

So that the optimization of the irradiation procedure could be speeded up, solutions of mixed metal 
cyanide complexes, instead of individual comp exes, were tested. A solution containing equal amounts of 
nickel(ii), iron(il), irondii), goldd), and cobalt(iii) cyanides (amounting to a concentration of I g/l) was 
prepared, and aliquot portions in varying supporting systems were irradiated (Table 9). Compared with 
the results obtained when individual cyanides were irradiated, the recovery of cyanide from the mixed 
complexes was lower than expected. For example, when phosphoric acid, water, or sodium hydroxide solution 
was used as the supporting system, the recovery of cyanide did not exceed 33 per cent. The addition of 
EDTA as a complexing agent to the above solutions did not improve the dissociation of the mixed metal 
complexes. Sodium borohydrate was very effective in the reduction of Au(CN)i", resulting in the quantitative 
release of the cyanide content. However, whf>n borohydride was added to solutions of mixed metal cyanides, 
it seemed to have an adverse effect, and ionization decreased. Promising results were obtained when 
hypophosphorous acid was used as the supporting system. It can be seen from Table 9 that considerable 
ionization of the mixed complexes was achieved without irradiation. After irradiation for 3 minutes, 80 
per cent of the total amount of cyanide was recovered. The procedure was further optimized as a result 
of variation of the contact time with the hypophosphorous acid prior to irradiation. It was found that 
maximum recoveries of 87 per cent were obtained after 15 to 30 minutes, which remained constant even 
when a sample was left to stand overnight (i.e. approximately 17 hours). Similar results were obtained when 
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samples were irradiated for 2,5 to 3 minutes with the HPR 125 W lamp. However, owing to an improved 
dissociation of the cobalt complex by means of the radiation lamp of longer wavelength (Table 10), the 
cyanide recoveries increased from 87 to 95 per cent. The degree of breakdown of individual metal cyanide 
complexes in hypophosphorous acid is shown in Table 10. It is noteworthy that the gold complex and, 
to a considerable extent, the mercury complex are ionized by the addition of hypophosphorous acid alone, 
i.e. the cations are reduced to the metal, and cyanide is released from the complex. 

TABLE 9 

Irradiation of a mixture of cyanide complexes in various supporting media 

Mixture: Ni(CN)i ' , Au{CN)i . Fe(CN)i ~, Fe(CN)2 ' , Co(CN)^ ' 
(each at 20mg/l) 

UV lamp: HPK 125 W 

Medium 

CN- liberated, % 

Medium 
Irradiation time, min 

Medium 0 I 2 3 8 
Water 10 23 28 28 10 
Phosphoric acid (0,5% v/v) 10 - 31 33 -
Sodium hydroxide (0,02 M) 11 - 19 21 -
Phosphoric acid-hypophosphorous 
acid (1:1) 13 - - 40 -

Hypophosphorous acid (50% v/v) 
1% 25 - - 46 46 
2% 31 - - 65 -
3% 60 - - 80 -
4% 68 - - 80 -

Borohydride (5 mg) in water 11 - - 11 -
Borohydride (5 mg) in phosphoric 
acid 10 - - 14 -

TABLE 10 

Irradiation of individual cyanide compounds 

Medium Hypophosphorous acid, 3% 
Irradiation time 3 minutes 

UV lamp HPK 125 W or HPR 125 W 

Compound 
CN~ liberated, % 

Compound Not irradiated Irradiated 
Na * CN -
Ni(CN)i" 
Fe(CN)$-
Fe(CN)i-
Au(CN)2" 
Hg(CN)2~ 
CoiCNtf" 
Na'SCN" 

100 
97 
6 
3 

100 
78 
0 
0 

100 
98 
98 

100 
101 
100 
15» (35) 
35(0) 

•The result» in brackets were obtained with the HPR 125 W 
lamp 

15 



DETERMINATION OF CYANIDE 

5.2.4. Interferences 
Common anions are separated chromatographicaJly in the procedure and therefore do not interfere. 

Thiocyanate was found to decompose partially, with tne formation of cyanide, when it was irradiated with 
shortwave ultraviolet light, i.e. when the HPK lamp was used. No decomposition of thiocyanate was observed 
when radiation of the near-ultraviolet range was applied (Table 10). For this reason, and because of the 
better dissociation of the cobalt cyanide complexes, th? HPR lamp is recommended for use in this analytical 
procedure. 

Of the me'r.l ions tested, only mercury, which was completely dissociated under the experimental 
conditions, was found to interfere seriously. It appeared that mercury that had accumulated on the separation 
column recombined with the cyanide that was injected subsequently. A gradual decrease in the sensitivity 
of the latter was observed until it was no longer detectable. At present, no attempt has been made to overcome 
the interference caused by mercury cyanide, and this compound has therefore to be absent. 

5.3. Procedure 
The sample is acidified with enough hypophosphorous acid to give a final concentration of 0,03 per 

cent, and is left to stand for at least IS minutes. After dilution, a known volume of the solution is transferred 
to the irradiation cell (Figure 7). A volume of 1 ml of 2 M sodium hydroxide is placed in the bent gla:s 
tube, and the ground-glass joints of the tube and the cell are connected by means of a steel clamp. The 
irradiation cell is then positioned in the centre of the beam of the reflecting mercury lamp (HPR 125 W) 
as close as possible to the surface of the lamp. The cell is cooled with a gentle stream of compressed air 
while the sample is irradiated for 2,5 to 3 minutes. The sample solution in the cell is then neutralized with 
the sodium hydroxide in the side tube, and the contents are transferred quantitatively to a 100 ml volumetric 
flask containing 2 ml of 2M sodium hydroxide. The total cyanide content is then determined 
chromatographically as described in Section 4. The precision of the procedure (s, 0,027) is determined by 
the analysis of ten solutions containing a mixture of cyanide corrplexes under the optimum conditions shown 
in Table 11. 

TABLE 11 

Precision obtainable in the determination of the cyanide content of a mixture of metal complexes 

Mixture Ni(CN)J ", Au(CN)f, Fe(CN)i ", Fe(CN)2 ", Co(CN)í " 
(equal amounts) 

Medium Hypophosphorous acid, 3% 

Irradiation time 3 minutes 
Ultraviolet lamp HPR 125 W 
Number of samples 10 
Amount added 10mg/l 'total* cyanide 
Mean amount recovered 9,54 mg/I 
Difference - 0,46 mg/1 
Standard deviation 0,2589 
Relative standard deviation 0,027 
Coefficient of variation 2,71 °7o 

A detailed description of the procedure for the determination of the total amount of cyanide present 
in a sample is given in Appendix III. 

5.4. Chemical Reactions during the Irradiation Process 
Irradiation of metal cyanide complexes does not necessarily 'suit in the formation of cyanide ions 

only. It appears that, unless the proposed acidic reducing conditions are maintained, a number of 
photochemically induced reactions may take place. For example, the decrease in the cyanide content of 
the nickel cyanide solution in phosphoric acid with increasing time of irradiation suggested the formation 
of an oxidation product. However, neither the easily decomposed zinc complex nor the very stable ironon 
complex exhibited the same tendency when they were irradiated under similar conditions. It appeared, 
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FIGURE 7. Irradiation cell 

therefore, that the cationic partner of the latter complexes had a stabilizing effect on the oxidation-reduction 
reactions taking place. Furthermore, the valency state of the cation of the irowiii) complex seemed to be 
responsible, not only for the inhibited ionization during the first few minutes of irradiation, but also for 
the subsequently observed unwanted oxidation of the released cyanide. So that a better understanding of 
the photochemical oxidation-reduction reactions could be obtained, a standard sodium cyanide solution, 
after being irradiated, was examined by ion chromatography with simultaneous conductometric and 
amperometric detection. It was found that irraG.ation for longer than I minute resulted in the disappearance 
of the amperometric cyanide signal. Instead, a conductimetric peak was obtained, which was identified, 
by its retention time, as cyanate. The degree of cyanate formation with increasing time of irradiation is 
shown in Table 12 and Figure 8. Figure 8 also shows that, with increasing time, the peak height of cyanate 
decreased and that increasing amounts of nitrite and nitrate were formed. Whereas the oxidation of cyanide 
to cyanate was found to be fast, it was evident that further decomposition proceeded more slowly. Also, 
it appeared that nitrite and nitrate were formed simultaneously and in almost equal proportions, which 
is in disagreement with the findings of Armstrong el a/.2*. They found that organic nitrogen compounds 
are first oxidized to nitrate, which is then slowly reduced to nitrite on further irradiation. Irradiation of 
solutions containing either nitrite (Figure 9) or nitrate (Figure 10) showed that either oxidation or reduction 
may take place. However, while 55 per cent of the nitrite was oxidized to nitrate in 10 minutes, only 17 
per cent of the nitrate was reduced to nitrite in the same time. When a solution contained both nitrite and 
nitrate, a levelling effect was observed (Figure 11), with approximately 18 per cent of the nitrite being oxidized 
to nitrate. 
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TABLE 12 

Photochemical oxidation of cyanide 

Irradiation source 
Amount of cyanide present 
Medium 

HPK 125 W mercury-vapour lamp 
10 mg'i 
1 mM NaOH 

Irradiation time Cyanide Cyanate 
min Vo % 

0 100 0 
1 65 30 
2 33 52 
3 - 83 
5 - 80 
8 - 74 

CNO 

Irradiation time 

A 1 min 
B 3 min 
C 5 min 
D 8 min 

NOj 

U\J 

FIGURE 8. The formation of cyanate 
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NO, 

Not irradiated 
Irradiated (10 min) 

JNOJ 

li 
I • 
M 

FIGURE 9. Irradiation of nitrite (30mg/l) 
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NOj 

r -> |_ 

Not irradiated 
Irradiated 
Not irradiated 
Irradiated 

NOj 30mg/I 
Irrad. time 10 min 

FIGURE 10. Irradiation of nitrate 

As was found with solutions containing sodium cyanide, prolong "d irradiation of metal cyanide 
complexes in water resulted, with the exception of gold cyanide, in the formation of cyanide and cyanate 
(Table 13). Again, the formation of both nitrite and nitrate wit?, increasing irradiation time was observed. 
From Table 13 it can be seen that the time of irradiation (6 minutes) and the composition of the supporting 
solution affected the decomposition of the metal cyanide complexes and resulted in the relatively fast 
conversion of cyanide to cyanate. The formation of cyanate was found to decrease considerably whe-i 
irradiation was carried out in acid solution. It was completely inhibited, and dissociation of the metal complex 
to ionic cyanide was favoured when, in addition, reducing conditions were maintained. 

TABLE 13 

Photodecomposition ofcyanid' compounds in water 

Irradiation time 6 min 
Irradiation source HPK 125 W mercury-vapour lamp 
Cyanide content of compounds 10mg/l each 

Formation of 
Cyanide, CN Cyanate, CNO 

Compound <fo % 
ZN(CN)J- 10,0 58,0 
Ni(CN)J- 5.2 34,4 
CcHCNtf- 5.7 31,0 
Fe(CN)í- 10,2 48,8 
FeiCN)*- 13,5 39,4 
Au(CN)f None None 
NaCN None 80,0 
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NO2 

Not irradiated 
Irradiated 10 min 

NO3 

dyU 
FIGURE 11. Irradiation of a solution containing nitrite (20mg/l) and nitrate (30mg/l) 

6. DISCUSSION 
The flow-injection procedure for the determination of excess cyanide n solutions containing weak metal 

cyanide complexes is obviously not as free from interferences as a method involving a separation step. These 
interferences are of little consequence if the method is used to monitor excess ion'c cyanide in the presence 
of large quantities of weak metal cyanide complexes in samples from the production of gold. Because of 
the necessarily large dilution with water, foreign substances are diluted equally and no longer interfere. 
However, the situation is different if only a small dilution can be made, i ;. if the cyanide content is below 
100 mg/1 and relatively large concentrations of substances like chloride and thiocyanate are present. In that 
case, the method of standard additions has to be used. 
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Since the carrier stream is .sentially neutral, the dissociation of weak metal cyanide complexes is 
inhibited and the silver electrode is unable to detect them. Dissociation of cyanide is, however, also retarded 
and, although it is still detected, there is a decrease in sensitivity. Compared with the ion-chromatographic 
determination of cyanide, the proposed procedure is approximately ten times less sensitive. 

From the results obtained for the determination of ionizable cyanides, it is apparent that ion 
chromatography with amperometric detection offers great sensitivity, speed, precision, and reasonable 
accuracy. For the analysis of plant solutions, a lower limit of detection of SO /xg/1 was found to be adequate. 
However, the detection limit may be further reduced, if necessary, by the use of a larger (100 /il) injection 
loop and by more sensitive output ranges of both potentiostat and recorder. 

The accuracy of the proposed procedure is obviously grratest if only ionic cyanide is present. However, 
most samples contain varying a.nounts of metal cyanide complexes with widely varying stability constants. 
Of these, complexes that dissociate in the alkaline environment of the chromatographic system and those 
that do not dissociate at all do not pose a problem. The former, which are as toxic as ionic cyanide, are 
included in the determination of free cyanide. The latter are retained on the column and so cannot be 
determined chromatographicaliy. However, there is no clear-cut division between ionizable and non-ionizable 
compounds, and some intermediate metal cyanide complexes may be partially retained and may contribute 
partially to the cyanide peak. The same is true for most conventional methods of determination1. For •xample, 
in photometric methods based on the Kónig synthesis 2 7 , 2 8, i.e. methods involving bromination or chlorination, 
decomposition of the metal cyanide complexes depends largely on the time, temperature, and amount of 
reagent used in the oxidation step. The same is true for methods involving the treatment of a sample with 
acids. Depending on the severity of the conditions used during the analysis, varying amounts of cyanide 
are released from moderate to strong metal cyanide complexes. This may account for the discrepancies 
observed in the results for cyanide when two different analytical methods were employed. 

Initially, an amperometric and a conductimetric detection cell were used in tandem to permit the 
simultaneous determination of cyanide and strong-acid anions as recommended by Dionex. At first excellent 
separation of anions such as fluoride, chloride, nitrate, sulphate, and phosphate, in that order, was obtained 
with the eluant specific to the cyanide determination. However, it appeared that, during continuous operation, 
ethylenediamine accumulated in the fibre suppressor. This caused the retention of strong-acid anions until 
they were no longer detectable. Attempts to remove the amine from the fibre proved unsuccessful, and 
the fibre had to be replaced. It is noteworthy that the poisoning of the suppressor did not affect its capacity 
to reduce the conductivity of the eluant substantially. As a result of the above observations, the suppressor 
column and the conductivity cell were disconnected during all further cyanide determinations. The adsorption 
of amine was also apparent on the anion-exchange separator column, which, however, did not affect the 
retention time of cyanide. Nevertheless, subsequent use of the same column for the determination of strong-
acid anions with carbonate-bicarbonate eluant resulted in impaired sensitivity and in a decrease in resolution. 
This problem was solved by the use of different columns, marked appropriately, for each type of analysis. 

In the establishment of optimum conditions for the determination of total cyanide, it was shown that 
cyanide in water can be converted photochemically to cyanate, nitrite, and nitrate, and that either oxidation 
or reduction can take place depending on the species present in a solution. These results explain satisfactorily 
the confusing and contradictory reactions observed when metal cyanide complexes were irradiated 
individually. They also stress the importance of the careful selection of experimental parameters so that 
undesirable side reactions can be avoided. 

Irradiation of the hexacyano-cobaltat? complex with the two mercury lamps tested resulted in ionization 
of only 15 to 35 per cent. Complete photo-ionization of the cobalt complex has been claimed by a number 
of authors 9 , 1 0 , 2 0 , and Sekerka and Lechner19, as well as Kelada and his co-workers3, support their claim 
with quantitative resulti. The present author feels that the unsatisfactory dissociation of the cobalticyanide 
is possibly due to the inadequate power output, i.e. the intensity of the irradiation sources used. Thus, 
Sekerka and Lechner, and Kelada el al., used 400 and 550 W mercury lamps respectively, compared with 
the 125 W lamps employed in the investigation described here. However, even with the available 125 W 
source (HPR lamp), 95 per cent of the total cyanide of mixed metal complexes was recovered reproducibly, 
indicating that the presence of other metals increased the ionization of the cobalt complex. 

Generally, it appeared that the mixed metal cyanide complex'"'- were more efficiently ionized by radiation 
emitted in the near ultraviolet range (HPR lamp) when compared with irradiation at very short wavelengths 
(HPK lamp). Also, the decomposition of thiocyanate and, therefore the ' sual interference from it, were 
absent. This interference, as well as the oxidation and further decomposition of cyanide released from metal 
cyanide complexes, was much more pronounced with the HPK lamp, and this may have resulted in the 
lower recoveries of cyanide obtained. It is noteworthy that the gold cyanide complex on its own was not 
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dissociated by irradiation with ultraviolet light. However, the addition of hypophosphorous acid resulted 
in a reduction of the cation to the metal and in the quantitative release of its cyanide content. No losses 
of cyanide in the acidic medium were observed, even when the solution was left to stand overnight. It therefore 
appears that the efficient decomposition of the metal cyanide complexes is as much a function of the 
supporting medium as of the irradiation source employed. 

Obviously, the release of even small amounts of free cyanide into public waters would have serious 
consequences for the environment. However, as shown in this investigation, free cyanide in water can be 
converted rapidly to harmless cyanate ions by irradiation with short-wave ultraviolet light. Presumably, 
a similar process would take place if trace quantities of cyanide were exposed to sunlight: they would be 
converted to cyanate. Photo-ionization of metal complexes, on the other hand, has been demonstrated to 
proceed slowly, and the simultaneous appearance of cyanide and cyanate was observed. Similarly, it is 
probable that the exposure of such complex's to sunlight would produce small amounts of cyanide 
continuously over a long period of time, which is potentially harmful to marine life. Therefore, for the 
prevention of environmental pollution, it is essential that the concentration of both free cyanide and of 
metal cyanide complexes in effluents from gold-producing plants should be controlled closely. 

7. CONCLUSIONS 
The procedures for the determination of the various cyanide species that were arrived at from the present 

investigation are accurate, precise, and sensitive. Also, they are generally faster and less prone to interference 
than conventional methods. The chromatographic-separation technique employed eliminates interference 
due to the presence of sulphide or thiocyanate. Also, if ultraviolet irradiation is included, it allows the 
determination of cyanide in the presence of considerable quantities of hypophosphorous acid. Treatment 
with hypophosphorous aci>. combined with ultraviolet irradiation was found to be an effective method for 
the dissociation of stable metal complexes. Interference from thiocyanate due to photo-ionization was 
inhibited by the use of a 125 W radiation source with its maximum output in the near ultraviolet range 
of the spectrum. 
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E.1 Nitrogen 
C/R E.1 Carbon 

APPENDIX I 

THE DETERMINATION, BY FIA, OF FREE CYANIDE IN THE PRESENCE OF lONIZABLE METAL CYANIDE 
COMPLEXES 

(LABORATORY METHOD NO. 7/30) 

1. OUTLINE 
Flow-injection analysis (FIA) using a carrier stream consisting of a very dilute solution of sodium chloride 

is applied. The flow system is provided by the use of a Dionex ion chromatograph in which the 
chromatographic column has been replaced by a length of Tefzel tubing. The sample preparation involves 
only a dilution step. An aliquot portion of the sample is injected into the FIA system, and the concentration 
of free cyanide is measured electrochemically with an amperometric detector. 

When the concentrations of cyanide ion are low (less than 2,5 g/l), it is recommended that the method 
of additions should be adopted. 

2. APPLICATION OF THE METHOD 
The method is applicable to the determination of free cyanide in plant solutions with the average 

composition shown in Table 1-1. 

TABLE 1-1 

Average sample composition 

Component g/I 
Free CN ' 
Zn(CN)2" 
Other complexes 

2,5 to 25 
30 to 60 
10 

FIA allows 10 samples to be analysed in 20 minutes. The elapsed time, including the time require'! 
for the calibration and dilution steps, amounts to 1 hour. The relative standard deviation at 19,6g of free 
cyanide per litre was determined as 0,0142. 

If microgram quantities of free cyanide have to be determined in solutions, e.g. leach liquors, the method 
of standard additions (Section 7) has to be applied. However, salts likely to react with the silver electrodes 
must not exceed the ratio of 2 salts to 1 cyanide. 

3. APPARATUS 
(1) Flow-injection Equipment or Dionex Ion Chromatograph 

The latter should be fitted with a Tefzel coil, 7 m long and 0,3 mm wide, between the injection 
valve and the amperometric detection cell. 

(2) Detector 
(a) Amperometric detection cell (Dionex) 

Voluh 26 /tl 
Electrodes 
Working Silver rod 
Counter Stainless-steel rod 
Reference Silver-silver chloride 

(b) Potentiostat (Dionex) 
Applied potential + 0,15 V 
Output 100nA/V to lOfiA/V. 

(3) Chart Recorder (OmnlScribe) 
Output range 400 mV full scale 
Chart speed 0,5cm/min. 

(4) Graph Paper 
Logarithmic, with 3 cycles or more. 
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4. REAGENTS 
(1) Carrier Solution, 0,05mM Sodium Chloride 
(2) Sodium Hydroxide Solution, IM 
(3) Standard Solution of Cyanide (lmg/ml) 

Accurately weigh 188,5 mg of sodium cyanide into a beaker. Dissolve the salt in distilled water 
and transfer the solut:on to a 100ml volumetric flask. Add 10ml of 1 M sodium hydroxide, dilute 
with distilled water to the mark, and mix. This solution is stable for 4 weeks. Prepare working 
solutions covering the calibration range 0,5 to 10 mg of cyanide per litre by appropriate dilution 
on a daily basis. 

5. PROCEDURE 
a. Set the ion chromatograph by using the instrumental parameters given in Section 3. 
b. Connect the carrier solution to the appropriate eluant line and press the eluant touch button. 
c. Using a plastic syringe, draw liquid from the carrier container through the liquid lines and the 

manifold into the syringe to flush out air in the liquid line. 
d. Switch the pump on. When the 'ready' light is activated, constant flow and pressure have been 

reached (Note 1). 
e. Switch on the recorder and the chart-paper drive, and observe the base line. A stable base line will 

be obtained in less than 5 minutes. Set the pen to zero. 
f. Set the LOAD/INJECT switch to LOAD. 
g. Draw at least 2 ml of appropriately diluted sample solution (0,5 to 10 mg of cyanide per litre) through 

the sample loop into a plastic syringe (Note ?.). 
h. Set the LOAD/INJECT switch to INJECT. 
i. Measure the peak height of the signal obtained in millimetres or by counting the divisions on the 

chart paper, 
j . Calculate the concentration of cyanide present :.i the sample from a calibration graph of known 

concentrations of cyanide (Section 6). 

6. CALIBRATION 
a. Dilute aliquot portions of the cyanide stock solution (1 mg/ml) to obtain a range of standards varying 

from 0,5 to lOmg of cyanide per litre. 
b. Follow steps f to j of Section 5 (Note 3). 
c. Construct a calibration graph for cyanide by plotting the log of the peak height (/iA/V) against 

the log of the concentration of cyanide (mg/l). 

7. DETERMINATION OF CYANIDE BY THE METHOD OF STANDARD ADDITIONS 
a. Transfer an aliquot portion of the sample containing between lOand 100 pg of cyanide to a 100ml 

volumetric flask and dilute to volume. 
b. Transfer a similar aliquot portion of the sample to four different 100 ml volumetric flasks. Add 

100, 200, 300, and 400 fig of cyanide to each flask and dilute to volume. 
c. Follow the flow-injection procedure, steps f to i in Section 5, for the five samples. 
d. On graph paper, plot the five measurements obtained against the concentration of cyanide added. 
e. Extrapolate the graph to the base line. The negative intercept on the concentration axis then gives 

the concentration of cyanide present in the sample. 

8. NOTES 
(1) A whining noise due to pressure surges in the pump will be audible if air is present. Repeat step 

c of Section 5, and prime the pump according to the manufacturer's instructions. 
(2) This avoids contact between the sample solution and the rubber-tipped plungers of conventional 

syringes prior to injection. In the normal mode of injection, cyanide <s adsorbed onto the rubber 
surface. 

(3) For cyanide concentrations of less than 1 mg/l, set the potentiostat output to 100nA/V. For the 
range I to lOmg of cyanide per litre, set the output to 1 jtA/V. For cyanide concentrations of 
more than 10mg/l, set the output to 10jtA/V. 
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APPENDIX II 

THE DETERMINATION, BY ION CHROMATOGRAPHY. OF CYANIDE DERIVED FROM FREE CYANIDE AND 
WEAK METAL COMPLEXES 

(LABORATORY METHOD NO. 7/31) 

1. OUTLINE 
Ion chromatography with amperometric detection is used for the determination of easily dissociated 

cyanide complexes. The chromatographic system (Dionex) consists of a pump, an anion-exchange column, 
an amperometric-detector cell, a potentiostat, and a potentiometric recorder. The eluant consists of a mixture 
of ethylenediamine, carbonate, and borate, and has a pH value of 11. The sample preparation requires 
only a dilution step. 

2. APPLICATION 
The method is applicable to the determination of free cyanide in any aqueous solutions. Weak metal 

cyanide complexes are dissociated, and their cyanide content is determined quantitatively as free cyanide 
ion. The relative standard deviation (s,) for the procedure is 0,0112. The analysis of one sample takes 5 
minutes, but, when the dilution and calibration are included, only 6 samples can be analysed per hour. 

3. APPARATUS 
(1) Dionex System 2010% Ion Chromatograph 
(2) Anion-exchange Column 

'Fast Run* (S3). 
(3) Amperometric Detection Cell and Potentiostat (Dionex Corp.) 
(4) Chart Recorder (OmniScribe) 
(5) Graph Paper 

Three-cycle logarithmic. 

4. REAGENTS 
(1) Eluant 

Prepare a solution containing 14,7 mM (I ml/1) ethylenediamine, 1 mM sodium carbonate, and 
lOmM sodium dihydroger. borate (NaH2B03). (Prepare the NaHiBOj by mixing lOmM NaOH 
and lOmM H3BO3). 

(2) Sodium Hydroxide, 1M 
(3) Standard Solution of Cyanide (Ig/l) 

Accurately weigh 188,5 mg of sodium cyanide into a beaker. Dissolve the reagent in distilled water 
and transfer the solution to a 100ml volumetric flask. Add 10ml of 1M sodium hydroxide and 
dilute to volume. 
Prepare working solutions covering the range 0,05 to 1 mg/1 of cyanide on a daily basis. 

5. PROCEDURE 
a. Select the following instrumental settings for the chromatographic system. 

Pump 
Mode Local 
Flow selector 2 ml/min 
Pressure limits 100 to 1000lb/in2 

Potentiostat 
Applied potential + 0,15 V 
Output range 100nA/V to 1 /iA/V as required 
Recorder 
Chart speed 0,5cm/min 
Output range 500 mV full scale. 

b. Connect the eluant container to an eluant line and press the appropriate eluant touch button. This 
puts the eluant on line (Note I). 
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c. Using a plastic syringe, draw liquid from the eluant container through the liquid line and manifold 
into the syringe. This flushes out any air in the Iicuid line. 

d. Switch the pump on. When the 'ready' light comes di, constant flow conditions have been reached 
(Note 2). 

e. Switch on the recorder and the chart-paper drive, and observe the base line After a stable base 
line has been obtained (approximately 5 minutes), set the pen to zero. 

f. Set the LOAD/INJECT switch to LOAD. 
g. Draw at least 2 ml of appropriately diluted sample solution (containing 0,05 to 1,0 mg of cyanide 

per litre) through the sample loop into a plastic syringe (Note 3). 
h. Set the LOAD/INJECT switch to INJECT. Immediately press the MARK button on the front panel 

of the potentiostat to record the start of the separation on the graph paper. 
i. Identify the cyanide peak in the chromatogram from its retention time (Note 4). 
j . Measure the peak height in millimetres or by counting the divisions on the chart paper. 
k. Find the logarithm of the concentration from the calibration graph and convert it to its antilogarithm. 

Multiply by the dilution factor for the fina' concentration of cyanide in mg/I (or p.p.m.). 

6. CALIBRATION 
a. Dilute aliquot portions of the cyanide stock solution (I g/I) so that a range of standards varying 

from 0,05 to l.OOrng of cyanide per litre is obtained. 
b. Follow steps f to j of Section 5. 
c. Construct a calibration graph for cyanide by plotting the logarithm of the peak height (fi\/\) versus 

the logarithm of the concentration of cyanide in mg/I (or p.p.m.). 

7. NOTES 
(1) Ensure that the fibre suppressor has been removed from the system, and connect the outlet from 

the amperometric detector direct to the waste outlet. This serves to prevent damage to the suppressor 
by the amine in the eluant. 

(2) A whining noise due to pressure surges in the pump will be audible if air is present. Repeat step 
c of the procedure, and prime the pump according to the manufacturer's instructions. 

(3) This avoids contact between the sample solution and the rubber-tipped plunger of conventional 
syringes prior to injection. In the normal mode of injection, cyanide is adsorbed onto the rubber 
surface. 

(4) Marking the oeginning of a separation sequence allows accurate measurement of the retention time 
(/R). The retention time under standardized conditions is easily reproducible, and deviations are 
an indication of a faulty chromatographic procedure. 
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APPENDIX III 

THE DETERMINATION OF TOTAL' CYANIDE 
(LABORATORY METHOD NO. 7/32) 

1. OUTLINE 
For the 'total' amount of cyanide present in a solution to be determined by ion chromatography, the 

stable metal cyanide complexes must be dissociated. This is achieved by acidification with hypophosphorous 
acid, followed by irradiation of the solution with ultraviolet light. The sample is subsequently neutralized 
with sodium hydroxide, and the total ionic cyanide is determined by ion chromatography with amperometric 
detection. 

2. APPLICATION 
The method is applicable to the determination of the 'total' cyanide content of aqueous solutions 

containing strong metal cyanide complexes. The relative standard deviation (s,) for the procedure is 0,027. 
The time required for the analysis is approximately 10 minutes for one sample. 

3. APPARATUS 
(1) Dionex System 2010i Ion Chromatograph 
(2) Anion-exchange Column 

'Fast run* (S3). 
(3) Amperometric Detection Cell and Potentiostat (Dionex Corp.) 
(4) Chart Recorder 
(5) Graph Paper 

Three-cycle logarithmic. 
(6) Irradiation Cell 

As shown in Figure III—1. 
(7) Mercury Lamp 

125 W, capable of emitting maximum radiation in the near-ultraviolet range of the spectrum (HPR 
mercury lamp, Philips). The lamp requires an E27 fitting and a choke (Ballast BHL 125 L06) for 
operation at 220V. Mount the lamp on a steel rod and clamp it to a burette stand in an upright 
position. Clamp a glass tube, connected to compressed air by a piece of rubber tubing, above the 
lamp so that air can be blown over the irradiation cell during operation. Switch the lamp and the 
compressed air on 5 minutes before you intend using it. Always wear ultraviolet-safety glasses. 

4. REAGENTS 
(1) Eiuant 

Prepare a solution containing 14,7 mM (1 ml/1) ethylenediamine, 1 mM sodium carbonate, and 
!0mM sodium dihydrogen borate (NaH2B03). Prepare the NaHkBOj by mixing lOmM sodium 
hydroxide and lOmM boric acid. 

(2) Sodium Hydroxide, 2M 
(3) Standard Sodium Cyanide Solution (lg/1) 

Accurately weigh 188,3 mg of sodium cyanide into a beaker. Dissolve the reagent in distilled water 
and transfer the solution to a 100ml volumetric flask. Add 5ml of 2M sodium hydroxide and 
dilute to volume. 
Prepare working solutions of cyanide covering the range 0,05 to 1 mg/1 on a daily basis. 

(4) Hypophosphorous Acid, HsPO} (50%) 

5. CHROMATOGRAPH SETTINGS 
Pump 
Mode Local 
Flow selector 2ml/min 
Pressure limits 100 to 1000 lb/in2 

Potentiostat 
Applied potential + 0,15 V 
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Output range 1 fiA/V 
Recorder 
Chan speed 0,5cm/min 
Output range 500 mV full scale. 

Before switching the instrument on, make sure that the duate, af* its passage through the amperometric 
cell, goes direct to the waste outlet, i.e. that the suppression column is disconnected (Note I). 

FIGURE 111-1. Irradiation cell 

6. PROCEDURE 
a. Transfer an aliquot portion of the sample containing between SO and 1000fig, of 'total' cyanide 

to a 100ml volumetric flask. 
b. Add 3 ml of hypophosphorous acid (50 per cent), and allow the solution to stand for at least 30 

minutes (Note 2). 
c. Dilute to volume and mix. Fill the irradiation cell with the solution and note the volume (e.g. 10ml). 
d. Into the bent glass tube (Figure III-l), place 1 ml of 2 M sodium hydroxide. Using a steel clamp, 

connect the ground-glass joints of the tube and the cell. 
e. Place the cell in the centre of the beam of the mercury lamp, as close to the surface as possible 

(Note 3). While cooling with a gentle stream of compressed air, irradiate for 2,5 to 3 minutes. 
f. Remove the cell and, by inverting it, neutralize the sample solution with the sodium hydroxide solution 

in the side arm. 
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g. Transfer the mixed solution to a 100 ml volumetric flask containing 2 ml of 2 M sodium hydroxide 
and dilute to volume, 

h. Determine the cyanide ion chromatographically by using the instrument settings given in Section 5. 
i. Similarly, determine the cyanide content of a set of standard solutions containing 0,1 to 1,0 mg 

of cyanide per litre (Note 4). 
j . Construct a calibration graph by plotting the logarithm of the peak height versus the logarithm 

of cyanide concentration, 
k. Find the logarithm of the concentration of the sample from the calibration graph. Convert the figure 

to the antilogarithm, and calculate the 'total' cyanide content of the sample by multiplying the 
antilogarithm by the dilution factor. 

7. NOTES 
(1) Irreversible damage of the fibre suppressor may result from the amine in the eluant. 
(2) The samples can be left to stand for up to 24 hours without loss of cyanide. 
(3) Radiation is dangerous: therefore wear safety glasses for protection. 
(4) For greater accuracy, take the individual standard solutions of sodium cyanide through the entire 

irradiation procedure. 
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