
Introduction

Metallocyanide complexes in aqueous solution can exhibit
varying degrees of environmental persistence and toxicology.
For example, some metallocyanide complexes, such as Zn(II),
Cu(I) and Cd(II), are readily dissociable to varying extents
under acidic conditions and are regarded as toxic species.  Other
metallocyanides, such as Co(III), Fe(II) and Fe(III), are both
kinetically and thermodynamically more stable and are
therefore less toxic.1–5 Scientists working on the separation of
metallocyanide complexes have reported various ion
chromatography methods (anion-exchange chromatography6,7

and ion-interaction chromatography4,8–13 and capillary
electrophoresis14–18), especially for the complexes of Au(I)-,
Ag(I)-, Cu(I)-, Ni(II)-, Co(II)-, Cr(III)-, Fe(II)- and Fe(III)-
cyanide in aqueous solution.  However, the determination of the
metallocyanide complexes of Cu(I), Fe(III) and Fe(II) has
proven more difficult owing to the decomposition of Cu(I)-
cyanide complex2,5,10,19 and the reduction of Fe(III)-cyanide
complex to Fe(II)-cyanide species2,5–8,19 during the separation
process.  In order to prevent these processes, scientists have
used strongly alkaline solutions (0.01 M or 0.1 M NaOH) in the
presence2,7,11 or the absence3–5 of cyanide as media to make up
standard solutions.  Strongly alkaline mobile phases (20 mM
NaOH or pH >10) with cyanide6,7,13 have also been employed
for their elution.  However, stabilization of the Fe(III)-cyanide
complex during separation process has not been reported in the
literature.  Strongly alkaline mobile phase and sample solutions
must be avoided when using a silica-based C18 separating
column, because the silica support dissolves at pH >8, resulting
in decreased column efficiency.20 Therefore, there is increased
interest both in standard solutions of the metallocyanide
complexes which are not strongly alkaline and in the use of

mobile phases having pH <8.
In this work, standard solutions (at the 10–5 M level and pH

<9) of Cu(I)- and Fe(II)-cyanide complexes were stabilized by
using 0.5 mM cyanide solution (around pH 9) as a medium.  In
addition, Cu(I)- and Fe(III)-cyanide complexes were stabilized
during chromatographic separations by using an
acetonitrile–water (18:82, v/v) mobile phase at pH 7.0
containing 10 mM tetra-n-propylammonium salt (TPA) and 1
mM cyanide.

Experimental

Reagents and instrumentation
The water used was distilled twice and then deionized with a

MilliQ-Labo instrument (Nippon Millipore, Tokyo, Japan).  All
of the chemicals used were of analytical reagent-grade and were
used without further purification.  A mobile phase comprising
acetonitrile–water (18:82, v/v) at pH 7.0 containing 10 mM TPA
(Wako Pure Chemicals, Osaka, Japan), 1 mM sodium cyanide
(Wako Pure Chemicals) and 11.7 mM acetic acid was prepared
by adding 90 ml of acetonitrile (Wako Pure Chemicals) to a
mixture of 10.2 ml of 0.49 M TPA, 2.5 ml of 0.2 M sodium
cyanide and small amounts of acetic acid (Wako Pure
Chemicals), and then diluting it to 500 ml with water; acetic
acid was employed to adjust the mobile phase to pH 7.0.  The
mobile phase so obtained was filtered through a membrane filter
(pore size, 0.45 μm) (Advantec Toyo Kaisha, Ltd., Tokyo,
Japan) before use.  Standard stock solutions (0.01 M) of Cu(I)-,
Ag(I)-, Ni(II)-, Fe(III)-, Fe(II)- and Au(I)-cyanide complexes
were prepared by dissolving the required amounts of
K2[Cu(CN)3], K[Ag(CN)2], K2[Ni(CN)4], K3[Fe(CN)6],
K4[Fe(CN)6]·3H2O and K[Au(CN)2] in 0.5 mM sodium cyanide,
respectively.  These solutions were stored in dark glass bottles.
Working solutions of the metallocyanide complexes in 0.5 mM
cyanide were obtained daily by appropriate dilution of the stock
standards with sodium cyanide solution.
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The ion chromatographic system used comprised a pump with
dual pistons (Model DP-8020, Tosoh, Tokyo, Japan), a sample
injection valve (Model 7125, Rheodyne, Berkeley, CA, USA)
equipped with a 100-μl loop, a silica-based C18 reversed-phase
separating column (Mightysil, 4.6 mm i.d. × 150 mm, Kanto
Chemical Co., Inc., Tokyo, Japan) and a photometric detector
(Model S-3702, Soma, Tokyo, Japan).  Detector-response was
recorded by a recorder (Model U-135, Shimadzu) and a
chromatography data system (Model C-R3A, Shimadzu).

Recommended procedure
The mobile phase was pumped through the system at a flow-

rate of 0.4 ml min–1, until a stable baseline was obtained (for
about 30 min).  The detector zero was off set and a 100-μl
aliquot of the metallocyanide complex in 0.5 mM sodium
cyanide was then injected onto the silica ODS separating

column (23 ± 2˚C).  The eluted analytes were monitored using a
photometric detector at wavelength of 250 nm.

Results and Discussion

Absorption spectra
Figure 1 shows absorption spectra for an acetonitrile–water

(18:82, v/v) mobile phase (pH 7.0) containing 10 mM TPA, 1
mM sodium cyanide and 11.7 mM acetic acid and each of the
metallocyanide complexes in 0.5 mM sodium cyanide solution;
these spectra have been recorded using a Model UV-3100PC
scanning spectrophotometer (Shimadzu) with 10-mm quartz
cells.  The mobile phase gave high absorbance in the range 190
– 230 nm, indicating low absorbance in the region above 230
nm.  The cyanide complex of Ni(II) showed low absorbance in
the range 225 – 245 nm.  Therefore, this figure shows that a
wavelength of 250 nm is suitable for measurement of the
metallocyanide complexes.

Stabilization of standard solutions of metal-cyanide complexes
When one uses a silica-based C18 column, strongly alkaline

solutions should be avoided.  Therefore, the stabilities of
standard solutions (at the 10–5 M level) of the metallocyanide
complexes of Cu(I), Ni(II), Fe(III) and Fe(II) were first
measured in water and 0.5 mM cyanide solution, by allowing
solutions to stand for various times at room temperature.  The
results are shown in Fig. 2.  When water alone was used as
solvent, the chromatographic peak-heights of Cu(I)- and Fe(II)-
cyanide complexes decreased gradually (Fig. 2(a)).  On the
other hand, when 0.5 mM cyanide medium was used, each
complex gave a constant peak-height over at least 5 h (Fig.
2(b)).  Next, the effect of concentration of cyanide on stability
of the cyanide complexes of Cu(I), Ni(II), Fe(III) and Fe(II) was
studied.  The results obtained after the solutions had been
standing for 5 h indicated that cyanide solution in the range 0.5
– 1.0 mM was needed to stabilize all of the tested
metallocyanide complexes.  Cyanide solution of 0.5 mM was
therefore employed as a medium for preparing standard
solutions of the metallocyanide complexes in all further
experiments.
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Fig. 2 Stabilities of standard solutions of metallocyanide complexes in water and 0.5 mM sodium
cyanide media.  (a) Water medium.  (b) 0.5 mM cyanide medium: 1, Cu(CN)3

2– (5 μM); 2, Ni(CN)4
2–

(20 μM); 3, Fe(CN)6
3– (25 μM); 4, Fe(CN)6

4– (10 μM).

Fig. 1 Absorption spectra of metallocyanide complexes and the
mobile phase.  Curves: 1, acetonitrile–water (18:82, v/v) mobile
phase (pH 7.0) containing 10 mM TPA, 1 mM sodium cyanide and
11.7 mM acetic acid; 2, Cu(CN)3

2– (50 μM); 3, Ag(CN)2
– (200 μM);

4, Ni(CN)4
2– (50 μM); 5, Fe(CN)6

3– (100 μM); 6, Fe(CN)6
4– (25 μM).



Composition of mobile phase
When an acetonitrile–water (18:82, v/v) solution (pH 7.0)

containing 10 mM TPA and 10.7 mM acetic acid, without added
cyanide, was used as a mobile phase, the Fe(III)-cyanide
complex exhibited two chromatographic peaks (see Fig. 3(a)) if
the standard solution of Fe(III)-cyanide complex was prepared
in 0.5 mM cyanide medium.  The first peak was attributed to the
cyanide complex of Fe(III) and the second peak to the cyanide
complex of Fe(II) (Fig. 3(b)).  Formation of the Fe(II)-cyanide
species from the Fe(III)-cyanide complex during
chromatographic separation has been noted previously by
Karmarkar.7 In order to prevent the degradation of the Fe(III)-
cyanide complex, small amounts of cyanide were added to the
acetonitrile–water (18:82, v/v) mobile phase containing 10 mM
TPA; the mobile phases were adjusted to pH 7.0 by adding
small amounts of acetic acid.  When 1.0 mM cyanide was added
(at pH 7.0), the Fe(III)-cyanide complex was found to produce
almost exclusively a single peak, as shown in Fig. 3(c).  The
Cu(I)-cyanide complex usually exhibits a chromatographic peak
of low peak-height with the mobile phase in the absence of
cyanide, because of dissolution of the complex during the
chromatographic separation.  However, when a mobile phase
containing 1.0 mM cyanide was used, the Cu(I)-cyanide
complex gave a chromatogram of high peak-height as a result of
depression of the dissolution.  On the other hand, an increase in
the cyanide concentration from 0.1 to 1.5 mM caused a slight
decrease in retention times for the cyanide complexes of Fe(III)
and Fe(II), but did not affect the retention times of the Cu(I)-,
Ag(I)- and Ni(II)-cyanide complexes.  Cyanide of 1 mM was
selected as a suitable mobile phase concentration at which the
Cu(I)- and Fe(III)-cyanide complexes could be both stabilized
and separated from each other and from the other
metallocyanides examined.

The effect of mobile phase pH on the resolution of the five
metallocyanide complexes of Cu(I), Ag(I), Ni(II), Fe(III) and
Fe(II) was investigated.  A mobile phase of acetonitrile–water
(18:82, v/v) that contained 10 mM TPA and 1.0 mM sodium

cyanide was adjusted to various pH-values below 8 by adding
small amounts of acetic acid.  The results are shown in Fig. 4.
At pH 4.5, the Cu(I)-cyanide complex did not give any
chromatographic peak owing to decomposition.  In the pH range
4.5 – 5.5, the cyanide complexes of Fe(III) and Fe(II) were
eluted at similar retention times, but in the range pH 6.0 – 7.5
both complexes were separated completely.  Therefore, the
mobile phase was adjusted to pH 7.0 to resolve completely the
five metallocyanide complexes.

The effect of the concentration of TPA in the mobile phase on
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Fig. 3 Effect of addition of cyanide to the mobile phase on the stability of the Fe(III)-cyanide
complex during separation.  (a) Chromatograms obtained for Fe(III)-cyanide complex (24 μM) using
acetonitrile–water (18:82, v/v) mobile phase (pH 7.0) containing 10 mM TPA and 10.7 mM acetic
acid, without added cyanide.  (b) Chromatogram obtained for Fe(II)-cyanide complex (10 μM) using
acetonitrile–water (18:82, v/v) mobile phase (pH 7.0) containing 10 mM TPA, 1 mM cyanide and
11.7 mM acetic acid.  (c) Chromatograms obtained for Fe(III)-cyanide complex (24 μM) using
acetonitrile–water (18:82, v/v) mobile phase (pH 7.0) containing 10 mM TPA, 1 mM cyanide and
11.7 mM acetic acid.  Peaks: 1, Fe(CN)6

3–; 2, Fe(CN)6
4–.

Fig. 4 Effect of pH of the mobile phase on elution time of
metallocyanide complexes.  The acetonitrile–water (18:82, v/v)
mobile phase containing 10 mM TPA and 1 mM cyanide was
adjusted to various pH-values by adding small amounts of acetic
acid.  1, Cu(CN)3

2–; 2, Ag(CN)2
–; 3, Ni(CN)4

2–; 4, Fe(CN)6
3–; 5,

Fe(CN)6
4–.



the elution of the metallocyanide complexes was studied using
acetonitrile–water (18:82, v/v) mobile phases containing 1 mM
sodium cyanide and various amounts of TPA; the pH was
adjusted to 7.0 by adding small amounts of acetic acid.  Use of
5 mM TPA gave poor separation of the Ni(II)- and Fe(III)-
cyanide complexes, but TPA in the range 8 – 10 mM gave
complete resolution of the five metallocyanide complexes
within about 37 min.  TPA concentrations of 13 mM and 15
mM afforded slightly broadened peaks for the cyanide
complexes of Fe(III) and Fe(II).  Therefore, the concentration of
TPA in the mobile phase (pH 7.0) was maintained at 10 mM.

In order to establish an optimal concentration of acetonitrile in
the mobile phase, we used mobile phases (pH 7.0) comprising
10 mM TPA, 1 mM cyanide, 11.7 mM acetic acid and
acetonitrile of various concentrations.  A mobile phase
containing acetonitrile in the range 15 – 20% (v/v) could resolve
completely all five metallocyanide complexes.  Increasing
acetonitrile concentration accelerated greatly the elution-rate of
the metallocyanide complexes and sharpened their
chromatographic peaks.  However, above an acetonitrile
concentration of 22% (v/v), the Cu(I)- and Ag(I)-cyanide
complexes were poorly resolved.  Acetonitrile concentration of
18% (v/v) in the mobile phase was considered to be optimal.

Analytical performance characteristics
A 100-μl aliquot of a mixture of the six metallocyanide

complexes of Cu(I), Ag(I), Ni(II), Fe(III), Fe(II) and Au(I) was
separated using the optimal conditions as described in the
Recommended procedure.  The chromatogram recorded at a
detection wavelength of 250 nm is shown in Fig. 5(a).
Calibration plots for the Cu(I)-, Ni(II)-, Fe(III)- and Fe(II)-
cyanide complexes, plotted peak-height versus concentrations,
showed straight lines through the origin.  Linear ranges,
correlation coefficients, relative standard deviations (RSD) and

detection limits (LOD) as S/N = 3 are summarized in Table 1.
When Cu(CN)3

2–, Ni(CN)4
2– and both Fe(CN)6

3– and Fe(CN)6
4–

were measured at 240, 270, and 230 nm, respectively, lower
detection limits could be obtained with acceptable
reproducibility.

The effects of various foreign ions on the separation and
detection of the complexes of Cu(I)-, Ni(II)-, Fe(III)- and Fe(II)-
cyanide were determined.  Common ions, such as Cl–, Br–, I–,
ClO3

–, BrO3
–, IO3

–, NO2
–, NO3

–, Na+, K+ and NH4
+, when present

at concentrations as high as 1.0 mM, did not give any
interference in the determination of the metallocyanide
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Table 1 Quantitative parameters for determination of the 
metallocyanide complexes

Complex
Wavelengtha/

nm

Linear
range/

origin µM

Correlation
coefficient

RSD,
%

LOD as 
S/N = 3/

nM

Cu(CN)3
2– 250 0 – 4.00 0.9999 0.30b 2.55

Ni(CN)4
2– 250 0 – 16.0 0.9998 0.60b 12.2

Fe(CN)6
3– 250 0 – 16.0 0.9989 0.70b 16.9

Fe(CN)6
4– 250 0 – 9.60 0.9991 2.90b 7.64

Cu(CN)3
2– 240 0 – 1.50 0.9996 0.30c 1.00

Ni(CN)4
2– 270 0 – 1.50 0.9998 0.10c 1.10

Fe(CN)6
3– 230 0 – 8.00 0.9995 0.60c 5.89

Fe(CN)6
4– 230 0 – 3.00 0.9997 0.80c 2.00

a. Wavelength in the UV detector.
b. Calculated from six results obtained for a mixture of 2.00 µM 
Cu(CN)3

2–, 12.0 µM Ni(CN)4
2–, 12.0 µM Fe(CN)6

3– and 6.00 µM 
Fe(CN)6

4–.
c. Calculated from six results obtained for a mixture of 2.00 µM 
Cu(CN)3

2–, 12.0 µM Ni(CN)4
2–, 12.0 µM Fe(CN)6

3– and 6.00 µM 
Fe(CN)6

4–.

Fig. 5 Chromatogram of a mixture of the cyanide complexes of Cu(I), Ag(I), Ni(II), Fe(III), Fe(II)
and Au(I).  (a) Chromatograms obtained for a mixture of Cu(CN)3

2– (2 μM), Ag(CN)2
– (100 μM),

Ni(CN)4
2– (8 μM), Fe(CN)6

3– (10 μM), Fe(CN)6
4– (4 μM) and Au(CN)2

– (100 μM).  (b)
Chromatograms obtained for river water diluted 5 fold containing Cu(CN)3

2– (2 μM), Ag(CN)2
– (100

μM), Ni(CN)4
2– (8 μM), Fe(CN)6

3– (10 μM) and Fe(CN)6
4– (4 μM).  (c) Chromatograms obtained for

seawater diluted 100 fold containing the same cyanide complexes as (b).  Peaks: 1, Cu(CN)3
2–; 2,

Ag(CN)2
–; 3, Ni(CN)4

2–; 4, Fe(CN)6
3–; 5, Fe(CN)6

4–; 6, Au(CN)2
–.



complexes because they were eluted prior to Cu(CN)3
2–.

Complexes of Zn(CN)4
2– and Cd(CN)4

2– up to 0.01 mM did not
themselves show any chromatographic peaks and did not afford
any interference.

Recoveries for the metal-cyanide complexes in river water and
seawater samples

The proposed method was applied to the determination of the
cyanide complexes of Cu(I) (2 μM), Ag(I) (100 μM), Ni(II) (8
μM), Fe(III) (10 μM) and Fe(II) (4 μM) spiked into real
samples such as river water diluted 5 fold and seawater diluted
100 fold.  The chromatograms shown in Figs. 5(b) and (c) were
obtained according to the recommended procedure.  Recoveries
of the cyanide complexes of Cu(I) and Ni(II) were quantitative
(99 – 106%), indicating that there were no discernible matrix
interferences for these water samples.  But Figs. 5(b) and (c)
show a decrease in peak-height for Fe(III)-cyanide complex and
an increase in peak-height for Fe(II)-cyanide complex.  The fact
may be attributed to conversion of Fe(III)-cyanide complex into
Fe(II) species, as noted by Karmarkar,7 when the cyanide
complexes of Fe(III) have been added into the real samples.
However, in the real sample the conversion would have already
occurred prior to the analysis.  The proposed method therefore
was successfully applied to the chromatographic separation of
the cyanide complexes of Fe(III) and Fe(II).
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