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Simple and sensitive methods have been developed for the determination of nickel(II), based on the catalytic
polarographic current in acidic thiocyanate solution in the presence and absence of cobalt(II). The basis of the

methods and the effect of variables have been investigated and elucidated.

In the absence of cobalt(II), thio-

cyanate solution containing large amounts of hydrogen ions serves a supporting electrolyte, while an acidic thio-
cyanate solution containing tetra-n-butylammonium salts is suitable for the determination of nickel(II) in the

presence of cobalt(II).
and absence of 1x 10— M cobalt(II).

Polarographic as well as anodic stripping methods
have been applied for the analysis of nickel(ITI). It has
been found that pyridine is a good supporting electrolyte
for the polarographic simultaneous determination  of
nickel(II) and cobalt(II). Thiocyanate electrolyte
serves a good supporting electrolyte when only nickel(IT)
is to be determined in neutral solution.1»®» The anodic

* stripping method has been applied by employing sodium
thiocyanate as a supporting electrolyte;3 however,
thiocyanate electrolyte is not suitable for the anodic
stripping analysis of nickel, because during the reduction
of nickel(II) at both mercury and platinum electrodes
the reduction of thiocyanate ions takes place with the
formation of sulfides and cyanides.t~?)

The polarographic reduction of nickel(II) in acidified
thiocyanate solution in the presence and absence of
tetraalkylammonium salts has previously been reported
to exhibit a catalytic wave having the shape of a
“maximum”.®) The mechanism of this catalytic wave
was thought to involve the cyclic regeneration of the
electroactive nickel(II) according to the following
reaction sequence:%%)

fast
NiNCS7;, + 2¢ —— Ni(0)NCS-
1
Ni(0)NCS- + 3H* — Ni** + HCN + H,S

The cyclic regeneration of nickel(II) accounts for the
enhancement of the limiting current. Hydrogen ions
act as a neutralizing agent of the reduction products
of thiocyanate ion, cyanide and sulfide ions. This
catalytic wave is usually sensitive and selective. This
immediately suggests the use of the present catalytic
wave to determine the concentration of nickel(II).
Previously polarographic catalytic current based on the
oxidation-reduction,®? dispropotionation,!) hydrogen
reduction wave,'?'® and pre-wavel$1% have been
employed successfully for the determination of metal
ions and nitrogen- or sulfur-containing organic
compounds. The present paper reports on some analyt-
ical applications utilizing the catalytic current of
nickel(II) in the presence and absence of cobalt(II).

Experimental

Chemicals. Nickel(II) perchlorate'® and cobalt(II)
perchlorate!® were prepared and recrystallized using the
procedures given in literatures. Tetra-n-butylammonium
perchlorate(n-Bu,NCIO,) was prepared by neutralizing a

These methods are applicable to the determination 2 x 10~¢ M nickel(II) in the presence

409, tetra-n-butylammonium hydroxide solution with per-
chloric acid and recrystallized several times from ethyl alcohol,
and then dried in a vacuum oven at 80 °C for 20 h. Extra
pure grade sodium thiocyanate and perchloric acid were used.
All the other chemicals were of chemical grade without fur-
ther purification. Redistilled water was used and all solutions
were deaerated with high-purity nitrogen.

Instrumentation and Electrode Assembly. Direct current
(DC) polarographic experiments were carried out with a
potentiostat constructed locally with operational amplifiers.!®)
Polarograms were recorded with a X-Y recorder.

Two capillaries were used throughout this work. The rate
of flow of mercury (m) and the drop time (¢) of capillary I were
1.49¢ mg/s and 5.42 s, respectively, measured in deaerated 0.5
M NaCl solution under an applied pressure of 55 cm at —0.65
V vs. SCE. Capillary II had the characteristics m=1.33,
mg/s and {=4.95 s, in deaerated 0.5 M NaNO, solution under
an applied pressure of 40 cm at —0.56 V vs. SCE. Capillaries
I and II were employed for the experiments of methods I and
II, respectively.

The counter electrode was a platinum spiral electrode which
was connected to the electrolytic solution through a glass
sinter. The potential of the DME was measured against a
saturated calomel electrode (SCE) which was connected to the
test solution through a Luggin capillary with a pair of sintered
glass discs.

Procedure for the Determination of Nickel(II) in the Presence of
Cobalt (II). Because n-Bu,NCI1O, is slightly soluble in
water, the electrolytic solutions are usually prepared as follows
Into a 25 ml volumetric flask, add 68 mg (8 mM) or 85 mg
(10 mM) of n-Bu,NCIO,, and then pour in 10 ml of 2.5 M
NaSCN solution. Dissolve n-Bu,NCIO, in thiocyanate solu-
tion by shaking gently. After dissolution of n-Bu,NCIO, in
thiocyanate solution, add perchloric acid and nickel (II) or
cobalt(II) solution containing nickel(II), and dilute to 25 ml
with distilled water and mix well. Prior separation of the
precipitate of (n-Bu,N), [Co(INCS),] is used when the solution
contains more than 2 x 10-* M cobalt(II). Pour the solution
into a 100 ml centrifuge tube and then centrifuge for 30 min
at 3500 rpm. Transfer the solution into the cell and then
analyze the solution by the conventional DC polarographic
method.

Treatment of Data. The catalytic wave of nickel(II) in
acidic thiocyanate solution appears as a maximum wave. The
value of peak current denoted as i, is measured at the peak
potential of the maximum wave. All values are corrected for
the residual current or for the limiting current caused to the
reduction of metal ions such as iron(III) and copper(II),
which are reduced at potentials less negative than nickel(II).
The latter way can be done by extrapolation of the linear flat
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portion of the limiting current before the maximum wave rises.
The concentration of nickel(II) is evaluated with reference to
a suitably prepared calibration curve.

Results and Discussion

In the Absence of Cobalt(II) [Method I]. Figure 1
shows the DC polarogram obtained in 0.5 M thiocyanate
solution containing 2x10-®* M nickel(II) and 0.14 M
HCIO,. Nickel(II) in acidic thiocyanate solution gives
a peak current rather a limiting plateau. This peak
occurs at about —0.82 V us. SCE. The rise in current
at potentials more negative than —1.0V is attributed
to the direct reduction of hydrogen ions. In the
absence of nickel(II), hydrogen ions in 0.5 M thio-
cyanate solution containing 0.14 M HCIO, are reduced
at potentials more negative than about —0.87 V.
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Fig. 1. Reduction wave of 2 x 10-5 M nickel(II) in 0.14
M HCIO, and 0.5 M NaSCN.
[SCN™1xM
(o] 0.5 1.0
301 1
a
20 ’o/_*___—-o' _
b
<
3
<
10F
o 1 1 1
(0] 0.04 0.08 0.12
[HCIO,] xM

Fig. 2. Effect of concentrations of HCIO, (a) in 0.5 M
NaSCN, and NaSCN (b) in 0.056 M HCIO, on the
peak current of 1x 10-¢ M nickel(II).
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The effect of the concentrations of thiocyanate and
hydrogen ions on the peak current was studied to
determine its applicability as a method for determing
small amounts of nickel(II) polarographically. Figure 2
presents the relationships between the peak current and
the concentrations of thiocyanate and hydrogen ions.
The peak current increases in height with increase in
hydrogen ion concentration. With further addition of
HCIO, above 0.2 M, the maximum wave appears as a
shoulder on the hydrogen reduction wave. The
concentrations 0.14 M in HCIO, and 0.5 M in NaSCN
have been selected for further experiments.
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Fig. 3. Plots of i, v5. nickel(II) concentration in 0.5 M
NaSCN solution containing 0.14 M HCIO, (a), and in
1.0 M NaSCN solution containing 7x 10-* M HCIO,
and 8 10— M n-Bu,NCIO, (b).

The height of the peak current as a function of the
nickel(II) concentration is shown by curve a of Fig. 3.
Two distinct portions are present on the curve. The
first part at which the rise in the peak current with
nickel(II) concentration is greater than linear extends
from 2x10-% to 1.5x10-3M. The second portion at
which the peak current is proportional to the nickel(II)
concentration is observed in the concentration range
from 2x10-% to 1x10-¢+M. This inflection on the
calibration curve could indicate that the mechanism
of the catalytic wave involves the sequence of reactions
and a rate-determing step of the overall process changes
over a wide range of nickel(II) concentration. The
present method is suited for the determination of
2x10-% to 1x10-*M nickel(II) in the absence of
cobalt(II).

In the Presence of Cobalt(II) [Method II]. With
analysis of mixures, interference is always a possibility
with any technique. The effect of cobalt(II) on the
catalytic maximum wave of nickel(II) in acidic
thiocyanate solution is presented in Fig. 4. These
polarograms are drawn as the line through the maximum
current observed just before the fall of a mercury drop.
The peak height decreases with increase in cobalt(II)
concentration. This may be due to the adsorption of
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Fig. 4. Effect of cobalt(II) on the reduction waves of
2% 10~ M nickel(II) in 0.14 M HCIO, and 0.5 M
NaSCN.

[Co(II)]: a) 0, b) 2x 10-%, c) 5x 10-4 M.

cobalt(Il)-thiocyanate complexes. Cobalt(II) in thio-
cyanate solution containing perchloric acid or acetate
buffer also exhibits a catalytic maximum wave.'® This
catalytic wave appears in the potential region where
cobalt(Il) exhibits a pre-wave which arises at less
negative potentials than those for the usual hydrated
cobalt(II) reduction wave. The catalytic current of
cobalt(II) in acidic thiocyanate solution has a mixed
adsorption-surface character.!®  If nickel(II)~ and
cobalt(II)-thiocyanate complexes are coadsorbed at the
same potential region, the catalytic current of nickel(II)
decreases because of decreasing adsorption of nickel(II)-
thiocyanate complexes and hence of decreasing con-
centration of the active metallic nickel at the electrode
surface.

It is therefore necessary to separate cobalt(II) from
the solution containing nickel(II). Cobalt(II) in
thiocyanate solution containing large cations such as
tetraalkylammonium or tetraphenylarsonium ions yields
the precipitate having the composition of (Cat),-
[Co(NCS),], where Cat* is tetra-alkylammonium or
-phenylarsonium ion.20-22)

Of the many tetraalkylammonium salts investigated,
n-Bu,NCIO, was the most suitable for the separation of
cobalt(II) from the thiocyanate solution containing
nickel(1I).

The catalytic reaction of nickel(II) in acidic thio-
cyanate solution is also enhanced by the presence of
various kinds of tetraalkylammonium ions.5# Figure 5
shows the reduction wave of nickel(II) in acidic thio-
cyanate solution containing n-Bu,NCIO,. The values
of peak current of 5x10-% M nickel(II) in 7x10-3 M
HCIO, and 1.0 M NaSCN solutions in the presence and
absence of 8 x10-3 M 7n-Bu,NCIO, are 5.02 and 2.45
wA, respectively.

Acceleration of the catalytic reaction of nickel(II) by
the presence of n-Bu,N* ions could be the result of the
inhibition of the amalgamation of electrodeposited
metallic nickel. The amalgamation of the deposited
iron-group metals is known to be inhibited by the
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Fig. 5. Reductlon wave of 5 X 10-5 M mckel(II) in
7x10-3 M HCIO,, 8 x 10-* M n-Bu/NCIO, and 1.0 M
NaSCN.
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Fig. 6. Effect of concentration of n-Bu,NCIO, on the
peak current of 5x 10-8 M nickel(II) in 7x 103 M
HCIO, and 1.0 M NaSCN solutions in the presence (a)
and absence (b) of 5% 10~* M cobalt(II).

presence of some surface-active substances.23-25)

The effect of concentration of 7-Bu,NCIO, on the
peak height of the catalytic wave of nickel(II) in the
presence and absence of cobalt(II) is shown in Fig. 6.
The peak current reaches a limiting value as the con-
centration of n-Bu,NCIO, increases. The difference
between the peak currents in the presence and absence of
cobalt(II) at lower concentrations of n-Bu,NCIO, is
associated with a decrease in concentration of n-Bu,N*
ions in the bulk of solution.

Tetra-n-butylammonium ions in thiocyanate solution
containing cobalt(II) are partially consumed for the
precipitation of cobalt(II)-thiocyanate complex in the
form of (n-Bu,N),[Co(NCS),]. The peak current of
nickel(II) in thiocyanate solution containing 8 X 10—3 M
n-Bu,NCIO, remains unchanged with further addition
of HCIO, above 5 X 10-3 M, as shown in Fig. 7. Figure 8
presents the dependence of the peak current on the
thiocyanate concentration. With further addition of
NaSCN above 1.0 M, the peak current reaches a
limiting value.
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. . . . TaBLE 1. ANALysIs OF NICKEL(II)®
4t T [~-Bu,NCIO,] [Co(II)] [Ni(II)], Mx 108 Derivation
Mx 103 Mx10® Taken Found®» Mx10¢
£ ] 8 1.0 2.0 1.9 —0.2—40.1
é. 8 0.5 5.0 51 —0.3—40.1
ol | 8 1.0 20.0 19.8 —0.5—40.4
10 1.0 20.0 19.8 —0.3—-+0.2
8 0.5 50.0 493 —1.2—-0.7
I ] 10 0.5 50.0 50.2 —0.4—+0.5
a) Solution contains 7x 102 M HCIO, and 1.0 M
00 . "‘ ‘ é ) NaSCN. b) Average of four replicate determina-

(HCIO,1x103M

Fig. 7. Effect of concentration of HCIO, on the peak
current of 5 10~ M nickel(II) in 8x 10-* M n-Bu,-
NCIO, and 0.5 M NaSCN.
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Fig. 8. Effect of thiocyanate concentration on the peak
current of 5x 10~% M nickel(II) in 7x 10-3 M HCIO,
and 8 X 10~ M n2-Bu,NCIO,.

As a result of the experiments described above, it is
possible to select the conditions and established a
procedure for the determination of nickel(II) in the
presence of cobalt(II). The experiments were performed
with the solutions containing 7x10-*M HCIO,,
8x10-3 M n-Bu,NClO, and 1.0 M NaSCN. Over the
entire range of nickel(II) between 2 X 10-¢ and 2 x 104
M, the maximum waves were similar to that shown in
Fig. 5. The present method has also two distinct
portions on the calibration curve, as shown by curve b
of Fig. 3. The first part at which the curve is a non-
linear extends from 2x10-% to 2x10-* M nickel(1I),
and the second part at which the curve is a linear is
observed in the nickel(II) concentration between
2.5x 1075 and 2x10-¢ M. The quantity of nickel(II)
in the presence of cobalt(II) was estimated from the
calibration curve. Data compiled in Table 1 verify
that in the presence of large excess of cobalt(1I) nickel-
(IT) can be accurately determined within expected
polarographic precision. When the solution contains
1 X103 M cobalt(II) and nickel(II) of 2x10->M or
greater, it is desirable to employ 10X 103 M 7-Bu,-
NCIO, instead of 8 x 10~ M. With 1x 10-3 M cobalt-
(IT) present, approximately 2x10-3M n-Bu,N* ions
are consumed for the precipitation reaction of cobalt(II)-
thiocyanate compound in the bulk of solution.

tions on the different solutions.

Effect of Foreign Ions. Methods I and IT described
in this paper offer higher sensitivity than those being
available in the literature.? Both methods were applied
in a variety of situations to evaluate their effectiveness
by employing the solutions containing 2x10-% M
nickel(II) and foreign ions.

In method I, the presence of 2 x 10-* M aluminum-
(III), iron(III), zinc(II), and lead(II) is tolerated. An
error of 3%, or greater occurs with these foreign ions of
3x10*M present. Chromium(III), copper(II) and
cadmium(II) interfere in method I. Chromium(III)
reduces the height of the peak current of nickel(II).
An acidic - thiocyanate solution containing nickel(II)
and cadmium(II) gives a single round maximum wave
in the potential region between —0.6 and —1.0V.
Copper(II) in acidic thiocyanate solution exhibits an
ill-defined reduction wave. Halide, nitrate, sulfate,
and oxalate ions are tolerated up to approximately
0.01 M.

In method II, chromium(III) and aluminum(III)
are tolerated. Iron(III), copper(II), zinc(1I), cadmium-
(II), and lead(II) are precipitated in thiocyanate
solution containing #n-Bu,N*+ ions. Copper(1I),
cadmium(II), and zinc(II) are tolerated at low concen-
tration than 2x10-4M. Iron(III) and lead(II) are
tolerated up to 5x10-> M. Anions such as bromide,
iodide, sulfate, nitrate, and oxalate ions which are
in part associated with n-Bu,N* ions are tolerated up to
5x 102 M.

In conclusion, method II is more sensitive than
method I. Method II is applicable for the routine
analysis of nickel(II) in various cobalt compounds by
employing the calibration curve prepared carefully,
although the calibration curve is a non-linear.

The authors thank the Ministry of Education for the
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