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Kinetics and Mechanism of the Extraction of Nickel(II) with 3-Mercapto-
1,5-Diphenylformazan in the Presence of 1,10-Phenanthroline
or Pyridine
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The kinetics and mechanism of the extraction of nickel(II) with 3-mercapto-1,5-diphenylformazan
(dithizone, Hdz) into chloroform in the presence of 1,10-phenanthroline (phen) or pyridine (py) were studied
in the presence of 0.1 mol dm=2 or 0.2 mol dm=3 NaNOs; at 25°C. For the nickel(II)-dithizone-1,10-phenan-
throline system, the rate-determining steps were the competitive reactions of nickel(II) with dithizonate and

with 1,10-phenanthroline in an aqueous phase.

The second-order rate constants for the formation of

[Ni(dz)]* and of [Ni(phen)]?+ were determined to be (6.010.4)X10% mol~! dm3s~! and (3.410.2)X10% mol~! dm3

s~! respectively.

It was suggested that [Ni(phen)]2* is more reactive toward dithizonate than toward

1,10-phenanthroline in an aqueous phase. The formation of [Ni(phen)z]?* retards the extraction of nickel(II)
with dithizone. For the nickel(II)-dithizone-pyridine system, the rate-determining step is probably the reaction

of [Ni(py)]** with dithizonate in an aqueous phase.

was determined to be (1.740.3)X105 mol~! dm3 s~1.

From the point of view of a selective separation
and sensitive determination of metal ions, the
synergistic extraction is a remarkably interesting
method.1-¥

Dithizone reacts with many metal ions to give
solvent-extractable and highly colored metal com-
plexes, whereas this extractant is less selective for
metal ions. The selectivity for the extraction of metal
ions with dithizone was improved by the addition of
pyridine or 1,10-phenanthroline.  For example,
cadmium(II) was predominantly separated and de-
termined from a mixture of cadmium(II) and zinc(II)
with dithizone in the presence of 1,10-phenan-
throline.® The extraction of nickel(II) with dithizone
in the presence of 1,10-phenanthroline gave an
intensely pink adduct, [Ni(dz)z(phen)], absorbing
strongly in the visible range around 520 nm with a
molar extinction coefficient of about 5X104 mol-1
dm?®cm~1. The above development was utilized for
the sensitive determination of nickel(II).6:? At a pH
lower than 6.0, the extraction rate of [Ni(dz)z] into
chloroform is very small, but it is remarkably
accelerated by the addition of 1,10-phenanthroline.
In order to clarify the mechanism of the synergistic
extraction of the nickel(II) ion with dithizone in the
presence of 1,10-phenanthroline or of pyridine,
kinetic studies of this method were carried out. The
rate-determining step of the extraction of nickel(II)
with dithizone was the formation of [Ni(dz)]* in an
aqueous phase.8-19 On the other hand, the rate-
determining steps of synergistic extraction were
found to be the competitive extraction of nickel(II)
with dithizonate and that with 1,10-phenanthroline
in an aqueous phase.

Experimental

Apparatus. For the determinations of the rates of the
extraction reactions, the high-stirring apparatus was

The second-order rate constant for this reaction

used.’? An Iwaki KM shaker was used for shaking a
solution in order to study the extraction equilibrium. A
Hitachi 170-30 atomic absorption spectrophotometer was
used for the determination of the nickel(II) ion in an
aqueous phase. A Hitachi 101 spectrophotometer was used
for the measurements of the absorbances of [Ni(dz)z(phen)].
All the pH measurements were carried out with a Hitachi-
Horiba F-7 pH meter.

Reagents. A 3-mercapto-1,5-diphenylformazan (dithi-
zone) (Kanto Chemical Co., Inc.) was purified according to
the method described in a preceding paper.!? The
chloroform solution of dithizone was prepared by dissolv-
ing a weighed amount of dithizone into chloroform just
before use.

The nickel(II) stock solution was prepared by dissolving
a given amount of nickel(II) nitrate hexahydrate in water.
A stock solution of 1,10-phenanthroline was prepared by
dissolving the weighed amount of reagent-grade 1,10-
phenanthroline (Kanto Kagaku) in chloroform. Spectro-
photometric-grade pyridine (Kanto Kagaku) was used
without purification.

The chloroform was distilled and treated with NH2OH -
2HCI at pH 8 just before use.

All the other chemicals used were of a reagent-grade
quality. Sodium nitrate was used to adjust the ionic
strength to 0.10 moldm=3 and 0.20 moldm=3 for the
nickel(II)-dithizone-1,10- phenanthroline and nickel(II)-
dithizone-pyridine systems respectively. A potassium
dihydrogenphosphate-sodium hydroxide buffer solution
was used to adjust the pH of the aqueous solution. The
concentration of potassium dihydrogenphosphate for the
nickel(II)-dithizone-1,10-phenanthroline and nickel(II)-
dithizone-pyridine systems were adjusted to 0.01 mol dm—3
and 0.1 mol dm~3 respectively.

Procedure for the Kinetics of the Extraction. The
kinetics was carried out under the pseudo-first order
conditions, in which dithizone is present in a large excess
with respect to the nickel(II) ion. One hundred-cm3
portions of an aqueous solution containing nickel(II) and
of a phosphate buffer solution were placed in a three-
necked flask. Then, a 100-cm3 portion of a chloroform
solution of dithizone containing 1,10-phenanthroline or of
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pyridine was added carefully using a funnel. Before
mixing, both of the solutions were thermostated at 25 °C.
The solutions were vigorously stirred, and then equal
volumes of two phases were removed in a test tube for a
definite time interval. Each sample was centrifuged to
separate the phases. The nickel(II) ion in an aqueous
phase was determined by means of atomic-absorption
spectrophotometry.  After stirring, the pH value of an
aqueous phase was measured. For the nickel(II)-dithizone-
1,10-phenanthroline system, the change of the pH in an
aqueous phase during the extraction reaction was within
£0.01 pH unit. The extractions were done at a constant
stirring speed of 1500 rpm, because the extraction rate was
independent of the stirring speed in the range greater than
1500 rpm.

Procedure for the Extraction Equilibrium. A 25-cm3
portion of an aqueous phase containing the nickel(II) ion
and a 25-cm3 portion of a chloroform solution containing
dithizone and 1,10-phenanthroline were placed in a
separatory funnel. The solutions were then shaken
vigorously by using an automatic shaker. After phase-
separation, the nickel(II) ion remaining in an aqueous
phase was determined. For nickel(II)-dithizone-pyridine,
we used almost the same procedure as for nickel(II)-
dithizone-1,10-phenanthroline.

Distribution Constant of 1,10-Phenanthroline. The
distribution constant of 1,10-phenanthroline, Kp between
chloroform and water was determined to be (1.1+0.08)X103
at 25°C and I=0.10 mol dm—3 (NaNOs3) by using the same
procedure as was used for dithizone.?
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Fig. 1. 1,10-phe-
nanthroline concentration in the organic phase.
[Ni2t]: 1.90x 10-% mol dm—3; [Hdz]: 4.80 x 10~ mol
dm-3; pH: 6.0; 25°C; I: 0.1 mol dm—3 (NaNO,).
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Fig. 2. Relationship between k,,sq and dithizone con-

centration. [phen]: 2.00x 10~¢ mol dm-3; I: 0.1 mol
dm~3 (NaNOQO,); (A): pH 6.5; (B): pH 6.0.
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The Kinetics of the Extraction of [Ni(dz)z(phen)]. The
relationship between log[Ni?*], and the extracting time
appeared linear. The rate of the extraction of nickel(II)
with dithizone in the presence of 1,10-phenanthroline was
found to be first-order with respect to the nickel(Il) ion.
The pseudo first-order rate constant, kobsa, was obtained by
plotting log [Ni2+], vs. the time, where [Ni2*], represents the
nickel(II) ion in the aqueous phase at a given time.

As is shown in Fig. 1, a plot of kewsa vs. [phen], in the
chloroform phase gives a straight line with an intercept. In
addition, the value of kobss, as is shown in Fig. 2, increases
linearly with an increase in the dithizone concentration at a
given 1,10-phenanthroline concentration. These findings
suggest that the rate-determining reactions proceed through
two parallel paths in an aqueous phase. One is the
reaction between nickel(II) and 1,10-phenanthroline. The
other is the reaction of nickel(II) with dithizone.

The rate-determining step for the extraction reaction of
nickel(IT) with dithizone is the reaction of nickel(II) with
dithizonate, dz-, in an aqueous phase. The second-order
rate constant, k (rate=k [Ni2+] [dz~]), has been reported to
be 6.1X10% mol—! dm3 s~! at 25 °C and =0.10 mol dm=3.9

If they are similar to the extraction of nickel(II) with
dithizone, the rate-determining reactions of the synergistic
extraction occur in an aqueous phase, and the rate law for
the extraction of nickel(II) with dithizone-1,10-phenan-
throline system can be expressed by:

—d[Ni2+]

dt = kphen[Ni2+] [phen]w + kﬂdz[NiH'] [dz—]vv

1
The pseudo first-order rate constant, kobsd, is represented by:

kobsa = kphenKDphen_l[phen]o + kpa. K B2 [Hdz] [H*] !
(2)

where kphen and kud: are the second-order rate constant, and
where Kpphen (=1.1X10% at 25°C) 1is the distribution
constant of 1,10-phenanthroline between chloroform and
water. A 1,10-phenanthroline species distributed into water
at pH 6.0 should be predominantly present as a neutral
form because of the pK. of 4.92.13 The value of kns. was
determined to be (6.0+0.4)X103 mol—! dm3s~! by using the
value of the intercept in Fig. 1 and the following constants:
K.Hiz=4 90X10-5 mol dm—31? and  KpH¥=7.94X10%mol
dm=3.12 The kund. value thus obtained is approximately
equal to that obtained in the previous work within the
limits of experimental error.?  The kphen value was
calculated to be (3.4£0.2)X103mol-'dm3s~! by using
Kprhen=1.1X10% and the slope of a plot of log kobsa Vs.
[phen]), (Fig. 1). The hkpnen value thus obtained agrees
satisfactorily with the second-order rate constant for the
formation of [Ni(phen)]?* in an aqueous phase in the
absence of dithizone.’¥ The kuna. and kphen values calculated
from the intercept and the slope in Fig. 2 were in good
agreement with the kue. and Akpnen values respectively
obtained from the data shown in Fig. 1. Judging from
these results, the first reaction of the synergistic extraction
should take place in an aqueous phase. When 1,10-
phenanthroline is present in a large excess to dithizone at
pH 6.0, the reaction schemes in an aqueous phase are
represented as follows:
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Fig. 3. Relationship between extraction percentage and
1,10-phenanthroline concentration in the presence of
dithizone. [Ni2+]: 1.90 x 10-% mol dm-3; [Hdz]: 4.80
% 10-4 mol dm-%; pH 6.0; Shaking time: 30 min; I:
0.1 mol dm~3 (NaNO;).
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Fig. 4. Relationship between extraction percentage and
pH. [Ni?*]: 1.90 x 10-5 mol dm—3; [Hdz]: 4.80 x 10—+
mol dm-3; [phen]: 1.60x 10-3mol dm-3; 25 °C;
Shaking time: 30 min; I: 0.1 mol dm-3 (NaNQy).

Ni** + phen —— [Ni(phen)]*+ 3)
[Ni(phen)]* + dz- ——» [Ni(phen)(dz)]* @
[Ni(phen)(dz)]* + dz- —— [Ni(phen)(dz),] (5)

The reaction of [Ni(phen)]?* with 1,10-phenanthroline
should not occur in the presence of dithizone, because
[Ni(phen)z]2+ does not react with dithizone. The extraction
of nickel(II) with dithizone takes place at a lower pH range
in the presence of 1,10-phenanthroline. The acceleration
effect of 1,10-phenanthroline was ascribed to the rapid
formation of [Ni(phen)]?*, based on the small Kpher value
compared with the KpH% value, and on the lower reactivity
of [Ni(phen)J2* toward 1,10-phenanthroline than toward
dithizonate. = When dithizone is in excess to 1,10-
phenanthroline at pH 6.0, the following reactions should
be added to Reactions (3)—(5):

slow

Ni*+ + dz= — [Ni(dz)]* (6)
[Ni(d2)]* + dz- —s [Ni(d2)q] ™)
[Ni(dz)]* + phen — [Ni(dz)(phen)]* (8)
[Ni(dz);] + phen — [Ni(dz)y(phen)] 9)

At pH 8.0, the predominant reaction path may be Reaction
(6) because of the high concentration of the dithizonate
distributed into an aqueous phase, even when an excess of
1,10-phenanthroline is present.
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Fig. 5. Relationship between k,nsq and dithizone con-
centration. [Ni%+]: 1.90x 10-% mol dm—3; [py]: 0.20

mol dm~—3; pH: 6.0; 25 °C, I: 0.20 mol dm~-2 (NaNOQ,).
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Fig. 6. Relationship between k,,sq and pyridine con-
centration. [Ni?t]: 1.90x 10-5 mol dm-3; [py]: 0.2
mol dm~2; pH: 6.0; 25 °C; I:0.20 mol dm-3 (NaNOQ,).

Reactions (6)—(8) should take place in an aqueous
phase. The formation reaction of [Ni(dz)z(phen)] may
occur in an aqueous phase and/or in an organic phase.

The effect of the 1,10-phenanthroline concentration and
of the pH on the extraction of nickel(II) are shown in Figs.
3 and 4 respectively. The extraction percentage increases
with an increase in the 1,10-phenanthroline concentration
and the pH. In the presence of more than 1X10-3 mol dm—3
of 1,10-phenanthroline at pH 6.0, the extraction percentage
decreases with an increase in the concentration of 1,10-
phenanthroline.  The small extraction percentage is
probably to be ascribed to the formation of [Ni(phen)z]2+.

The Kinetics of the Extraction of [Ni(dz)2(py)]. The
relationship between the pseudo first-order rate constant,
kovsa, and the concentration of dithizone, as shown in Fig.
5, gives a straight line without an intercept, indicating that
the extraction rate is first-order with respect to the con-
centration of dithizone. Though a plot of kb vs. the con-
centration of pyridine does not give a straight line, the
extraction rate increases with an increase in the concentra-
tion of pyridine (Fig. 6).

The effect of the pH on the rate for the extraction
reaction of nickel(II) with dithizone in the presence of
pyridine is represented by Curve (A) of Fig. 7. The dotted
line (Curve (B) in Fig. 7) shows the theoretical line
calculated by assuming that the rate-determining step of
the extraction of nickel(II) with dithizone in the absence of
pyridine is the reaction of nickel(II) with dithizonate in an
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Fig. 7. Relationship between k,n.q and pH. [Ni%t]:
1.90 % 10-°* mol dm-3; [Hdz]: 8.90x 10~ mol dm-3;
[py]: 0.10moldm-3; 25°C; I: 0.20mol dm-3
(NaNO;y). (A): Experimental curve; (B): Theoretical
curve.

aqueous phase reacts with nickel(II) to form a nickel(II)-
pyridine complex, Ni(py):2*, prior to the extraction of
nickel(II) with dithizone. = The step-by-step stability
constants of Ni(py).2* have been reported to be K =
8.32X10,19 K,=7.08,19 K3=3.98,® and Ks=1.35.19 The K5
and K values, which are unavailable, must be very small.
If the rate-determining reaction is the reaction of
dithizonate with [Ni(py).]?* (n=0—4) in an aqueous phase,
the rate equation can be represented by Eq. 10:

—d[Ni®+]

o = (R[N 1+ kNi(py)**]+ R [Ni(py) ]

+ ka[Ni(py)s**]+&y[Ni(py)**1}[dz"]  (10)

where ko, ki, k2, ks, and ks are the second-order rate
constants. The pseudo first-order rate constant is
represented as follows:

kovsa = {ho+ ki KB+ K Ky B2+ ko K K, Ko B2+ kK K K K B}

K, 8. [Hdz],
{————A, - KDH(,,} )

A=1+K,1B+K1K2B2+K1K2K3B83+K1KoKaKsf4, B=
[pyh{l+Kpm+[H*+)/K.}1.  The values of K.Hiz/A[H*],
Ki1BK.H2 /4 .[Ht], KiK2B2K.Hiz/A.[H*], KiK:K3B3K,Hdz/
A.[H*], and K:K2K3K4B4K.H4z/A .[H*] were calculated by
introducing the following constants: Kpp¥=0.80,16 K,py=
5.89X10-6,1" K,Hiz=490X1075,'2 and KpH¥=7.94X105,12
Equation 11 shows that a plot of koba vs. [Hdz]o should
provide a straight line and that the rate is not first-order
with respect to pyridine and the hydrogen-ion concentra-
tion. As is shown in Figs. 6 and 7, the results satisfy the
above conditions. The value of k1 which best fitted the
log kobsa-pH curve was found to be (1.710.3)X10% mol-! dm3
s71at 25 °C. The value of ko was independently determined
to be (3.0%0.2)X10* mol-tdm3s~1 at 0.1 mol dm3 potassi-
um dihydrogenphosphate. The value of k2 is estimated to
be (11+0.8)X104 mol~-1dm3 s~1. It is safe to conclude that the
values of k3 and k4 are negligibly smaller than the k2 value.
Also, the paths of the reactions of [Ni(py)s]?* and

where
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Fig. 8. Relationship between extraction percentage and
pyridine concentration. [Ni2+]: 1.90 x 10-5 mol dm-3;
[Hdz]: 4.80x 10-4¢ mol dm—3; pH 6.9; Shaking time:
30 min.
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[Ni(py)e]** with dz— should be omitted. On the base of
these results, the reaction scheme for the synergistic
extraction of nickel(II) with dithizone-pyridine can be
represented by:

Ni* 4 py —s [Ni(py)]*+ (12)
slow

[Ni(py)J*+ + do- — [Ni(dz)(py)]+ (19)

[Ni(dz) (py)]* + dz= —s [Ni(dz)y(py)] (14)

As the reactivity of [Ni(py)]?* toward dz- was found to be
about 60 times larger than that of aqua Ni?* toward dz-,
the acceleration effect of pyridine on the extraction of
nickel(IT) with dithizone was ascribed to the formation of
[Ni(py)a]2*.? It was suggested that the rate-determining
step for the extraction of nickel(II) with thenoyltrifluoro-
acetone (tta) in the presence of pyridine was the reaction
of tta with aqua Ni2* and [Ni(py)]** in the pH range
from 1.5 to 3.9.2® These facts further support the
mechanism proposed for the extraction of nickel(II) with
dithizone-pyridine.

Figure 8 represents the effect of the pyridine concentra-
tion on the extraction percentage of nickel(II) with
dithizone into chloroform. In the presence of more than
0.1 moldm=2 of pyridine, the complete extraction of
nickel(II) was achieved with 4.8X10~4*moldm=3 of di-
thizone at pH 6.9. Pyridine does not mask the extraction of
nickel(II) with dithizone, even when pyridine is present in
a large excess to dithizone.

As has been shown above, the rate-determining steps for
the nickel(II)-dithizone-1,10-phenanthroline and nickel-
(IT)-dithizone-pyridine systems are different from each
other. This difference should result in a difference in the
distribution constant between pyridine and 1,10-phenan-
throline. The coordination of pyridine or 1,10-phenan-
throline to the aqua nickel(II) ion probably facilitates the
removal of water molecules from the central nickel(II) ion,
hence accelerating the extraction rate of nickel(II) with
dithizone in the presence of 1,10-phenanthroline or
pyridine.

1,10-Phenanthroline behaves as a masking reagent for
the extraction of zinc¢(IlI) with dithizone.!? On the other
hand, nickel(I),» cobalt(II),’® and manganese(II)2® are
extracted as an adduct, [M(dz)2(phen)], with dithizone in
the presence of 1,10-phenanthroline. The phenomenon
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that zinc(IT) does not form an adduct can not be reasonably
explained by considering the difference in the softness of
these metal ions as a Lewis acid. Manganese(II), cadmi-
um(II), and zinc(II) are classified as hard, soft, and middle-
class acids respectively.21:22 Furthermore, there seems to be
no relationship between the capability of the adduct
formation of metal ions and the stability constants of the
metal complex of dithizone and 1,10-phenanthroline. A
systematical study of the kinetics of a synergistic extraction
of metal ions would perhaps give more valuable guidelines
for the development of a new synergistic extraction system.

The authors would like to thank Prof. Henry
Freiser of the University of Arizona and Prof. Kenji
Nakamura of Ibaraki University for their valuable
comments and their encouragement for this work.
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