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Abstract

Generally, the level of cyanide in waste effluents is too high to be discharged into the environment. Consequently, treatment regimes are necessary
in order to protect the environment. However, the cost of most of the treatment methods is expensive and not sensitive enough and, therefore, cannot
always be justified. In this research, cyanide speciation products, free cyanide (CN−) and cyanate (CNO−) were determined by highly sensitive
derivatisation methods followed by spectrometric analysis. Spectral scans were carried out for pure and environmental samples derivatives in order
to evaluate the possibility of interfering species. For CN− a linear range from 0.01 to 80.0 mg/L was determined. In the case of CNO−, the linear
range was between 0.02 and 80.0 mg/L. The detection limits were 0.05 and 0.20 mg/L for CN− and CNO−, respectively. These values are in good
agreement with those reported in literature. The concentration ranges of the speciation products in environmental samples were 0.70–52.0 mg/L
and 0.50–76.0 mg/L for CN− and CNO−, respectively. These values were well above their acute toxicity levels. Increase in cyanate levels in the

effluent with time was clearly observed while the concentration of cyanide decreased. This was attributed to the oxidation of CN− to CNO−.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Cyanide is a strong ligand capable of complexing with vir-
ually any heavy metal [1]. The complexation of cyanide with
eavy metals in organs can totally inhibit all the biochemical
rocesses which may result in human organ failure and even
eath. The lethal dose of cyanide to human adult is between 50
nd 200 mg [2].

Cyanide waste management at most gold mining dump sites
nvolves the monitoring of levels of cyanide and its remediation
s by addition of oxidants and complexing agents such as ferrous
ulphate which acts as cyanide sinks. The overall toxicity though
ynergistic, can also depend on the predominant species with
oncentration above acute toxicity range [3–9].
Different methods for the determination of cyanide and its
pecies have been reported [8–10]. Ion pair/ion interaction chro-
atography (IIC) has also been used to determine free cyanide
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CN−) from leached liquor [11–14]. However the method is
ime consuming in sample pretreatment. For the analysis of free
yanides, Guibauilt and Kramer described the reaction of p-
itrobenzaldehyde (I) with cyanide in alkaline solution [10].
he method is widely used as a qualitative test since a highly
oloured purple compound is formed in the presence of cyanide.

Cyanate is commonly determined using the Kjeldahl nitro-
en method. This method requires over 1 h per analysis and
nvolves boiling of concentrated acids. Prior to the development
f ion chromatographic method for the analysis of cyanate, a
olorimetric method was used [15,16]. This colorimetric method
as shown to be unreliable for samples containing low CNO−

n the presence of high concentrations of metals or ammonia.
agan and Haddad [17] reported an ion chromatographic method
hich was suitable for samples with Cl− levels up to 100-fold
igher than the CNO−. However, rapid column deterioration was
eported, thus this technique was considered very expensive for

outine CNO− analysis [18,19].

Cyanate is one such anion which is produced during protein
oisoning in the body. This anion has been studied exten-
ively in the field of biochemistry because of its toxicity.

mailto:czvino@gmail.com
dx.doi.org/10.1016/j.jhazmat.2008.01.059
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ig. 1. Map of Zimbabwe (bottom right) and the position of Arcturus Mine (top
eft).

yanate in blood plasma has been determined by the method
hich involves the derivatisation of cyanate with 2-nitro-5-

hiocarbamylbenzoic acid (TNB) [20]. In this paper we report
he use of the derivatisation of CNO− and 2-amino benzoic acid,
ollowed by spectrophotometric method of analysis to determine
ree cyanate (CNO−) in environmental samples [23].

. Experimental
.1. Location of study area

The location of the study area is shown in Fig. 1, marked as
rcturus Mine.

ig. 2. Flow and seepage of effluent in reservoir ponds. SD: Slime Dam; LP:
ined Pond; PP: Panic Pond; RP: Recollection Point; EP: Evaporation Pond; P:
ump.
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Arcturus Mine is located about 40 km northeast of Harare
t latitude 17◦46′60′′S and 31◦19′0′′E. The mine performs both
pencast and underground mining of gold ore and the gold is
xtracted by the cyanidation process. The effluent from the mine
s technically recycled using a system of ponds for storage before
umping back most of the clarified effluent. The following is a
eneral layout of the pond system in which the sampling was
arried out over a period of 6 months (Fig. 2).

.2. Sample collection

Effluent samples were collected randomly in triplicates from
he five effluent ponds. The samples were collected in 2.0 L
olythene bottles which had been initially thoroughly rinsed
ith dilute nitric acid and sealed immediately thereafter. Sam-
les were then taken to the laboratory where they were placed
n a refrigerator until ready for treatment and analysis. Sample
reatment and analysis were carried out at the earliest time pos-
ible after collection in order to minimize sample attenuation.
ampling was carried out over a period of 5 months.

.3. Reagents and chemicals

All reagents and chemicals used in this research were
f analytical grades. p-Nitrobenzaldehyde (BDH) and o-
initrobenzene (BDH) were used for cyanide determination.
or cyanate determination, the reagents used were potassium
yanate (Saarchem, SA), 2-aminobenzoic acid (ABA, SA),
2% HCl (Saarchem, SA) and glacial acetic acid, CH3CO2H
Saarchem, SA).

.4. Sample treatment

.4.1. Free cyanide
Fifty millilitres (50.0 mL) of each sample was taken for pre-

reatment before analysis. The pretreatment involved filtration
f the sample using 0.45 �m Whitman filter paper to remove par-
iculate matter followed by measurement of pH and adjustment
here necessary to pH range 8–9 using 0.10 M NaOH solution
r 0.10 M HNO3 depending on the alkalinity or acidity of the
ample, respectively.

.4.2. Cyanate
Sample filtration was as described earlier in Section 2.2. Sam-

les with pH above or lower than 7 were adjusted by adding few
rops of either 0.10 M HNO3 or NaOH solutions to pH 7 in order
o increase the presence of NH4

+ in the NH3/NH4
+ equilibrium.

.4.2.1. Derivatisation of free cyanide. Free cyanide was
erived as shown in Eq. (1). The derivatisation method was
ased on the formation of o-nitrophenylhydroxylamine anion,
ith characteristic blue colour with λmax at 560 nm [21,22].
he method involves forming a mixture consisting of 1.0 mL

f 0.01 M o-dinitrobenzene and p-nitrobenzalaldehyde, 0.10 mL
f 0.50 M NaOH(aq) and 0.10 mL of 0.10 M of cyanide added to
he mixture to initiate the reaction. The mixture was thoroughly
tirred and allowed to stand for varied 15–20 min. However,
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bout 15 min was found to be the best reaction time for the
ixture. The absorbance of o-dinitrophenylamine was continu-

usly increasing with time and this was recorded as a function
f time. The same procedure was repeated for the standards.
lots of absorbance against time were constructed and the ini-

ial rate for each cyanide sample was determined [24–26]. The
oncentrations of cyanide in each sample were read from the
alibration curve of initial rates of standards versus concentra-
ion of standards. A mixture consisting 1.0 mL each of 0.01 M
-dinitrobenzene and p-nitrobenzalaldehyde and 0.10 mL of
.50 M NaOH(aq) was placed in a cuvette and its absorbance
as adjusted to zero as measurement blank.

(1)

(2)

(3)

.5. Derivatisation of cyanate

Cyanate was derivatised as shown in Eq. (4). The assay of
yanate in this analysis was based on a specific method where
y cyanate reacted with 2-aminobenzoic acid, in the presence of
Cl and glacial acetic acid, CH3CO2H to form quinazolinedione

23].

he product 2,4-(1H, 3H)-quinazolinedione formed, absorbed
trongly in the ultraviolet region at 310 nm. The reaction was
ound to be pH-dependent and as a result the reaction was per-

ormed at pH range 1–6 for optimization. pH of <2 was found
o be appropriate at room temperature(25 ◦C). The absorbance
f standards and samples were also measured at 310 nm after
eaction [23,31,33,34].

[

o
c
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(4)

.6. Instrumentation

A PerkinElmer Lambda-2-UV–vis Spectrometer was used in
he quantitative analysis of all the two cyanide species investi-
ated. The instrument was initially adjusted to zero by the use
f appropriate blanks of each sample. Glass cuvettes were used
or all other samples and their standards since these absorb in
he visible region. For the cyanate derivative, a quartz cuvette
as used since the analytical wavelength was 310 nm in the UV

egion. Cyanide analysis was measured at 560 nm where the
ntermediate derivative had its absorption maxima.

.7. Quality assurance

All reagents were prepared from analytical grade materials
ccording to specific procedures using appropriate solvents, de-
onised and distilled water depending on the protocol [27–29].
he formation of derivatives was qualitatively confirmed by
btaining their spectra through scanning from 200 to 750 nm
n order to identify their absorption maxima. Blanks for each
nalysis were prepared by mixing all the reagents and solvents
n appropriate proportions leaving out the analyte which was
ither the sample or the standard in each case. Most standards
ere freshly prepared except in cases where the protocols indi-

ated otherwise. Recovery tests were carried out by spiking
re-extracted environmental samples with known amounts of
tandards of cyanide and cyanate, respectively to test the relia-
ility of the methods used.

.8. Statistics

One-way analysis of variance (ANOVA) was used to test
hether there was significant variation of cyanide species
etween sampling months. Mean concentrations of the samples
ere calculated from various months using Microsoft EXCEL.

. Results and discussion

The method for cyanide determination had a linear range from
.01 to 80.0 mg/L and 0.02 to 80.0 mg/L for CN− and CNO−,

espectively. Their regression coefficients ranged from 0.987 to
.998. The detection limits were 0.05 and 0.20 mg/L for CN−
nd CNO−, respectively based on a signal to noise ratio of 4

32,35].

Recovery tests using the derivatisation method were carried
ut with different samples, and the test for each sample was
onducted in triplicate. As shown in Table 1, the % recoveries
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Table 1
Results of recovery test of spiked pre-extracted real samples

Sample Amount added (mg/L ± R.S.D.) Amount recovered (mg/L ± R.S.D.) Recovery (% ± R.S.D.)

CN− CNO− CN− CNO− CN− CNO−

SD 4.00 ± 0.12 5.00 ± 2.10 3.60 ± 1.80 4.25 ± 1.77 90.0 ± 1.2 85.2 ± 0.7
LP 1.50 ± 0.10 2.50 ± 0.86 1.44 ± 1.60 2.33 ± 1.42 96.4 ± 0.8 93.1 ± 1.3
PP 0.20 ± 0.20 2.00 ± 0.52 0.18 ± 0.65 1.88 ± 0.84 92.3 ± 0.5 94.0 ± 0.4
R 0.40
E 0.35
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than those of CN−. Also, some of the cyanide could have been
lost through volatilization into the atmosphere. The effluent from
SD is channeled to the LP through underground piping after the
separation of the slurries into soil and wastewater. The reduction
P 0.40 ± 0.15 0.50 ± 0.44 0.35 ±
P 1.00 ± 1.70 3.00 ± 0.23 0.90 ±
D = Slime Dam; LP = Lined Pond; PP = Panic Pond; RP = Recollection Point;

anged from 90 to 96% for cyanide and 85–93% for cyanate. The
igh percentage recoveries validated the derivatisation method
sed in the present study.

A comparison of the results obtained by derivatisation, ion-
hromatography and Kjeldahl method for cyanate in Slime
ams is shown in Table 2. From Table 2, the values obtained
sing DM ranged from 0.15 to 7.6. This is closer to the range for
C. Considering the high demand for sample preparation, for IC,
M which is selective and requires minimal sample treatment
ence, offers a good alternative for cyanate analysis. However,
he values obtained using KJ as reported by Black and Schulz
32] ranges from 5 to 13. These values are significantly higher
han the derivatisation range obtained in this study. The higher
ange exhibited by KJ may be due to the conversion of SCN−,
N−, and NH3 according to the following equations:

N−
(aq) + 2H2O(l) → NH3(aq) + HCOO−

(aq) (5)

SCN−
(aq) + 2H2O(l) + (5/2)O2

→ NH3(aq) + HCO3
−

(aq) + SO4
2−

(aq) (6)

2CNO−
(aq) + 2H+

(aq) + 4H2O(l)

→ 2NH4
+

(aq) + 2HCO3
−

(aq) (7)

hese reactions take place in the presence of strong acid which
s one of the conditions in KJ reaction. This then suggests that
J is non-selective.

Figs. 3–5 show the graphs of three batches of samples which

ere analysed for cyanide and cyanate between April and
ugust 2002, respectively. From Fig. 3 there was a clear pat-

ern in the variation of cyanide and cyanate in the five batches of

able 2
omparison of the DM with IC and KJ for cyanate determination in Slime Dams

n mg/L ± R.S.D.

ample [CNO−] DM [CNO−] IC [CNO−] KJ

0.15 ± 0.60 2.69 ± 0.40 5.00 ± 1.50
0.12 ± 0.20 3.83 ± 0.50 5.59 ± 2.00
3.50 ± 0.80 5.66 ± 0.30 8.09 ± 0.90
3.50 ± 1.10 7.00 ± 0.80 12.6 ± 2.20
7.60 ± 0.90 6.12 ± 0.70 10.0 ± 1.50

M = derivatisation method; IC = ion chromatography; KJ = Kjeldahl;
.S.D. = relative standard deviation.
0.45 ± 0.25 88.1 ± 2.1 90.3 ± 0.6
2.76 ± 0.44 90.3 ± 0.9 92.2 ± 0.5

vaporation Pond.

amples analysed. It can be observed that cyanide and cyanate
oncentrations decreased from the Slime Dam (SD), Lined Pond
LP), Panic Pond (PP) and Recollection Pond (RP) for cyanate,
espectively. Generally the levels of cyanide were generally
ower than those of cyanate in the respective tailing ponds, except
he Recollection Pond. The Slime Dam which is the receiving
am of fresh tailing waste which is made up of slurries, showed
he highest levels of cyanide and cyanate for all the five ponds
ampled. This was followed by the Lined Pond and the Panic
ond. Thereafter, there was a gradual increase up to the Evapora-

ion Pond (EP). The same pattern was also repeated for cyanate.
he decrease in the cyanide levels observed up to the Panic Pond
ould be ascribed to physiochemical processes whereby cyanide
ttenuated possibly into NH3, CNO− and SCN− [30]. This could
lso explain why the values of CNO− were significantly higher
Fig. 3. Variation of CN− and CNO− in the Slime Dams in April 2002.
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Fig. 4. Variation of CN− and CNO− in the Slime Dams in June 2002.

f CNO− to species like CO3
2− and NH4

+ could be less rapid
n this alkaline range.

In Fig. 4 the pattern as observed in Fig. 3 with respect to

N− was repeated. However, the decrease in CN− extended to
P instead of at PP as observed in Fig. 3. It can be observed that

he level of CN− increased at EP. The level of cyanide in the

Fig. 5. Variation of CN− and CNO− in the Slime Dams in August 2002.
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D was higher in Fig. 4 and CNO− compared to the observation
ade in Fig. 3. The high level of CN− could be associated to the

ool temperatures during this period of the year. Consequently,
olatilization was very much reduced and hence the loss of CN−
as minimal.
The results of August analysis are shown in Fig. 5. From

ig. 5 the levels of CN− were significantly lower than those
f CNO− except for RP. This is not surprising since the month
f August is fairly warm and windy. The volatilization of CN−
s therefore expected to be fairly high, hence the observed low
alues. There was again a general decrease of CNO− from SD to
P and an increase at EP as observed in Figs. 3 and 4. However,
ith CN−, the SD exhibited the lowest level and LP the highest

evel. The levels of CN− at RP and EP can be considered to be
ore or less the same. From Figs. 3–5 it can be observed that
P exhibited the lowest levels of CN− and CNO−. This can be
ttributed to the fact that most of the wastewater found at this
oint comes through seepage. The mobility of the species into
he RP may have been restricted through this mechanism. Also
rom Figs. 3–5, the increase in CNO− in EP could be due to
avourable pH and longer residence time in this reservoir.

. Conclusion

The derivatisation methods used in the present study for
yanide and cyanate analyses had detection limits of 0.05 and
.20 mg/L for cyanide and cyanate, respectively. These values
re in good agreement with those reported in the literature. Val-
dation of the method using spiking methods showed that the
erivatisation method could be applied to environmental sam-
les with reasonable reliability.
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