Formation of insoluble polynuclear Ni(II)-citrate
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When the excess of Ni(II) ions as compared to citrate concentration is used, both
Ni(II) ions and citrate can be precipitated in alkaline solutions. The molar ratio of
Ni(II) and citrate in the precipitate and the completeness of citrate precipitation
depend on the ratio of the Ni(II) and citrate concentrations in the initial solution
and its pH. The precipitate formed is composed of the insoluble Ni(II)-citrate
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compound and Ni(OH),.
The data of chemical analysis, potentiometric titration, FT-IR as well as visible
spectrophotometric investigations suggest that Ni(II) in the insoluble compound is

bound with three —COO~ groups and —-OH group of the citrate. The insoluble
compound also contains sulphate and hydroxides.
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INTRODUCTION

Metal complexes are widely used in metal finishing,
dying, painting, printed circuit board industries in
order to enhance metal solubility or avoid forma-
tion of insoluble metal compounds. Citrate is among
the complexing agents that possess the ability to
form strong metal complexes with a number of heavy
metals such as Pb(II), Cu(II), Ni(II), Co(II), Pb(II),
Fe(11I), etc.

Nickel-citrate complexes are widely used in me-
tal finishing industry for electroless nickel plating.
These solutions due to the technological peculiari-
ties become unfit for use and should be decontami-
nated. The presence of the complexing agents hin-
ders metal recovery by precipitation of insoluble
(mostly hydroxide) compounds. The chemical preci-
pitation is the most cost-effective treatment techno-
logy. In practice, the metals from the complex solu-
tions are usually removed in the form of insoluble
hydroxides after oxidative destruction of the com-
plexing agents [1].

When an excess of metal ions is used, the ability
of carboxylic ligands to form soluble metal comple-
xes considerably differs from that of amino ligands.
It is possible to remove carboxylic metal complexes
by the excess of metal ions in the form of insoluble
compounds from both acidic (pH 3—4) and alkaline
(pH >12) solutions; meanwhile, the amino comple-
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xes totally remain in the solution. The excess of
Ni(II) causes precipitation of carboxylic ligands in
alkaline solutions. X-ray investigations have shown
that the complex formed is amorphous [2].

The citrate as a polydentate ligand forms a num-
ber of complexes with Ni(II) both in acidic and
alkaline solutions [3, 4]. Polynuclear complexes are
formed in alkaline solutions. In alkaline solutions
containing transition metal ions, the dissociation not
only of three -COOH groups but also of hydroxyl
—OH group of citric acid proceeds. Authors of pa-
per [3] indicate the following dissociation constant
of citric acid: pK, = 3.08, pK, = 4.39, pK, = 5.49
and pK, = 11.6 [4]. The coordination of the citrate
ion with transition metal ions substantially lowers
the pK of the citrate hydroxyl group. When the mo-
lar ratio Ni(II) to citrate makes up 1:1, the ionisa-
tion of —OH group proceeds at pH 8.7 [5]. In the
case of the 1:1 ferrous and manganous citrate com-
plexes, the tetraionized form of citrate predominate
in neutral and alkaline solutions [6].

The current study examines the regularities of
formation of insoluble nickel-citrate compounds and
their chemical composition in alkaline solution. Re-
sults of these investigations may be used for reco-
very of Ni(Il)—citrate from spent solutions and their
reuse in practice.

EXPERIMENTAL

The precipitation was carried out at ambient tem-
perature by adding Ni(II) sulphate solution to Na—
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citrate solutions by vigorous mixing. pH was adjusted
with 0.01-5 mol/l NaOH or 0.1-1 mol/l H,SO, so-
lutions. The precipitates formed were centrifuged
and rinsed with cold ([5 °C) water.

All the experiments were carried out with rea-
gents at least of analytical grade of purity. Additio-
nally, nickel sulphate and trisodium citrate were pu-
rified by re-crystallization using bi-distilled water.
The chemical composition of the precipitates was
determined after their dissolution in diluted H,SO,.
The citrate concentration was determined after oxi-
dation in the alkaline solutions with KMnO,, its ex-
cess was retitrated in acidic solutions with oxalic
acid. Ni(II) in the solutions was determined com-
plexometrically using EDTA as a titrant and mure-
xide as an indicator. Low values of Ni(II) concentra-
tions were determined photometrically at A = 490 nm
using dimethylglyoxime as an indicator.

The light absorption spectra were recorded with
a Perkin—-FElmer Lambda 35 UV/VIS spectrometer
at 20°C in 1 cm thick cells. Distilled water was
used as reference.

The infrared spectra of the precipitates were re-
corded in KBr pellets on a Fourier transformation
infrared spectrometer (Hartman & Braun, Canada).
The spectra were recorded in the region of wave
number between 4000 and 500 cm™.

RESULTS AND DISCUSSION

The interaction of Ni(Il) with citrate is thoroughly
studied in acidic solutions [7]. The insoluble poly-
nuclear metal complexes with the crystalline struc-
ture have been studied as well [8, 9]. However, the
alkaline solutions of Ni(Il)-citrate complexes and
the insoluble amorphous complexes are much less
investigated.

The formation of Ni(II)-citrate complexes de-
pends on the molar ratio between Ni(II)
and citrate. Figure 1 shows the effect of

30

N
o

Residual concentrations, mmol/l
=
o
-

0 T T T O *

10 20 30 40 50 60
Ni(ll), mmol/l

Fig. 1. Effect of Ni(II) concentration on residual Ni(II)
(1) and citrate (2) concentrations at pH 11. Initial Ni(II)
and citrate concentrations — 10 mmol/l

centrations and the pH (Fig. 2). With increase in
the initial Ni(II) concentration the residual concen-
trations of Ni(II) decrease. The residual Ni(II) and
citrate concentrations are higher in the solutions with
their higher initial concentrations, though the ex-
tent to which citrate is removed increases conside-
rably. The pH value at which the most complete
precipitation takes place depends on the initial con-
centrations of the substances (Table 1). As a rule,
the residual concentrations decrease with an increa-
se in pH. It is worth noting that the extent of cit-
rate removal makes up 70 to 80% in the most fa-
vourable cases. Only repeated precipitation with ex-
cess of Ni(II) makes it possible to remove citrate
most efficiently. Ni(I) in these cases is removed
completely.

The insoluble compounds are formed when the
concentration of Ni(II) is higher than that of the so-
luble complexes. It means that in alkaline solutions
precipitation of Ni(OH), is possible, especially when

te concentration, soluble Ni(Il)-citrate
complexes are formed. When Ni(II) con-
centration is 3-fold higher than that of cit-
rate, insoluble compounds begin to form.
With a further increase in Ni(II) concen-
tration the residual Ni(II) and citrate con-
centrations decrease continually. Citrate
precipitation is most complete at Ni(II)
concentrations 5 to 6-fold higher than cit-
rate concentration.

The proportion of Ni(Il) to the citrate
precipitated depends on their initial con-
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added Ni(II) amounts on the concentra- 10
tions of both Ni(II) and citrate in solu- 1
tions at pH 11. When the Ni(II) concen-
tration is low as compared with the citra-
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Fig. 2. Influence of pH on precipitation in solutions containing,
mmol/l: citrate —10, Ni(II)- a - 10, b — 20, ¢ — 40, d - 60
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the initial concentration of Ni(II) is higher than that
of citrate. Actually, in these cases the precipitate
formed is a mixture of an insoluble Ni(II)-citrate
complex and Ni(OH),. Such a composition of the pre-
cipitate was confirmed by chemical analysis. Investi-
gations have shown that the least Ni(II) : citrate mo-
lar ratio is about 4. As in alkaline solutions the disso-
ciation of three -COOH groups and —OH group pro-
ceeds, it may be assumed that 4 mol of Ni(II) and
1 mol of citrate form an insoluble complex. The resi-
dual Ni(II) in the precipitate exists as Ni(OH),.
Theoretically, the precipitation

tes at lower pH values, but the demand of NaOH
for complete Ni(II) precipitation is much higher.
Especially high amounts of NaOH are used in the
case of high Ni(II) concentrations. Apparently, in this
case NaOH is used not only for free Ni(Il) preci-
pitation, but also for Ni(II)—citrate complex precipi-
tation, which contains OH~ groups. The absence of
sharp changes in the titration curves for alkaline
solutions at a high Ni(II) concentration indicates a
gradual change in complex formation. It should be
taken into account that the concentrations of soluble

of Ni(OH), in dilute solutions

(10 mmol/l) starts at pH 7.7. How- Table 1. Formation and composition of insoluble Ni(II)-citrate precipitate
ever, in these solutions, when the Total amount, Residual concentration, | Nj(IT):citrate ratio
dilute NaOH ([D.1 mol/l) is used, |pH mmol/l mmol/l in the' precipitate,
e droside fomaton dow ||y | o | | e | i
indicates the beginning of this pro- [125 38 8 1.3 4.1 8
cess. Therefore, it is possible to 110 15 0.6 4.6 8
prepare solutions without Ni(OH), 160 22 1.2 71 7

.. . 70 64 1.5 19 44
pre(:1p1tate.at pH 8. The experi- ] 50 9 04 44 39
ments carried out at pH 7 and at | 50 7 0.1 3.5 82
pH 8 have indicated essential chan- |11 o7l 3 m 26 93
ges in complex formation (Table 2). |12 22 4 0.1 2.6 10
The mixing of Ni(II) and citrate so- |11 24 6 0.02 4 8.4
lutions of the same pH gives diffe- |12 10 5 0.1 2.1 10
rent pH shifts. When the pH of 20 3 0.1 2 18.8
the initial solutions is 7, its value Sg ;gs (1)25 43 1éi
in the resultlpg solutl(?n decreases 104 50 05 36 63
and at pH 8 its value increases. At 209 50 02 25 72
pH 2 to 7, Ni(II) forms complexes 316 50 0.6 18 8.1
with H Citr-, HCitr> and Citr* [3]. 418 50 0.2 12 12.6
The complex formation with a de- |12.5 24 40 5 31 4.1
crease in pH indicates liberation of 48 40 L7 39 4.5
H* ions. In alkaline Ni(II)-citrate 12‘2‘ jg 82 ig 22
solutions dissociation not only of 262 40 02 10 8.9

three -COOH groups but also of
—OH group is possible [5, 6].
Therefore, the citrate complexing ability increases.
The increased pH value after mixing Ni(II) and cit-
rate solutions at pH 8 indicates formation of diffe-
rent complexes. The reason for such a change of
pH could be participation of SO, ion in insoluble
complex formation. Data of chemical and FT-IR
analysis show the presence of sulphate in the pre-
cipitate.

The pH-metric titration curves (Fig. 3) are strong-
ly influenced by the Ni(Il) concentration. At low
Ni(II) concentrations a plateau appears at pH 11, and
at a high Ni(II) (0.6 mol/l) concentration it appears
at pH 7-9. It probably indicates the dissociation of
—OH group in dependence on Ni(II) concentration.
In all cases at pH[13 a complete Ni(II) precipitation
takes place. With an increase in Ni(II) concentration
the formation of the precipitates begins and comple-

Table 2. Changes in pH after mixing nickel sulphate
and trisodium citrate solutions

Initial
concentration, pH value pH value
mmol/l of initial after
Ni(II) Citrate solutions mixing

10 10 7 5.1
20 10 4.95
30 10 4.90
40 10 4.88
10 20 6.5
10 30 6.6
10 40 6.8
10 10 8 9
20 10 8.7
30 10 8.6
40 10 8.3
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pH 14

12 4

10 A

—o— 0.1 mol/l Ni(ll)
—e— 0.1 mol/l Cit

—2— 0.1 mol/I Ni(ll) :
—e— 0.1 mol/I Ni(ll) :
—4— 0.3 mol/l Ni(ll) :

0.1 mol/l Cit
0.3 mol/l Cit
0.1 mol/l Cit

—&— 0.6 mol/I Ni(ll) : 0.1 mol/l Cit
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Fig.3 pH-metric titration of 50 ml of Ni(II) and citrate
containing solutions

citrate compounds decrease with an increase in Ni(II)
concentration, and such a form of the titration curves
is partly due to the formation of the different stability
complexes and partly due to changes in their con-
centrations.

The visible (Fig. 4) spectra of the residual solu-
tions after precipitation at different Ni(II) and citrate
concentrations and pH are similar and the peak wave
length does not depend on the pH. This peculiarity
distinguishes them from the spectra of Ni(II)-citrate
complexes when the precipitate does not form. When
the excess of Ni(Il) ions is used, all -COO- groups
and probably the -OH group of citrate are bound
with Ni** ions, and therefore the alkali OH- group
cannot interact with the complex in the solution. It
only influences precipitate formation.

The results obtained for the solutions are not
always applicable for the complexes existing in solid
state, but the nature of binding is the same in a
solid and in a solution, therefore it can be expected
that the insoluble Ni(II)—cit-

€ 20
1 - Ni(l) 50 : Cit 10, pH 8
2 - Ni(ll) 50 : Cit 10, pH 9
15 3 - Ni(ll) 50 : Cit 10, pH 10
4 -Ni(ll) 10 : Cit 20, pH 9
5 - Ni(ll) 10 : Cit 20, pH 10
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Fig. 4. Visible spectra of Ni(II)-citrate complexes

possible. The bands characteristic of nickel sulphate
are observed at 1110 cm™ and 664-612 cm™'. The stu-
dy compound do not show any IR absorption above
1700 cm™ indicating the absence of free —-COOH
groups. A very strong band at 1590 cm™ (v, of COO~
) and the feature at 1400 cm™ (v, of COO") are cha-
racteristic of complex compounds.

The —OH group gives the deformation vibration
bands at 1290, 1210, 1136, 1089 and 1080 cm™,
which are also characteristic of the undissociated
alcoholic —OH group. In the precipitates investiga-
ted, the number of bands and their intensity sharply
increases in the region 1300-1700 cm™, suggesting
a possible substitution of hydrogen in the hydroxyl
group by Ni(II). When NiSO, in solution for com-
plex formation was substituted by NiCl,, the strong
feature at (1100 cm™ decreased indicating that this
band was also associated with stretching vibration
of C-O-Me. Similar results have been obtained by
other authors [9, 10].

rate compound has partly the ) - :
same bindings as the solu- Table 3. IR bands (cm™) of Ni(I) and citrate compounds
tion. Assignment Na citrate | Ni(II)—citrate complex NiSO,7H,0

FTIR investigation of the  ["qpy 3450 s. 3636 s. (Ni-OH) 3450 s. (H,0)
precipitates (Table 3) has 3233 s. 3420 v.s (H,0) 3423 5. (H,0)
shown a complex composition |y CH (CH, ) 2970-2919 m. 2970-2910 m.
of the precipitate. In sodium |v, COO- 1609 v.s. 1590 v.s.
citrate asymmetric (v, ) and |v, COO" 1402 s. 1400 s.
symmetric (v ) bands emerged |2 CH (CH,) 1480 w. 1490 w.
at 1609 and 1402 cm™, respec- 5 CH,(-CH,COOH) 1260 L2506 .
tively. The band between o OH(C-OH) 1290; 1210; 1076 m.

y 1136; 1079 m.
-1 >

3550-3300 cm™ corresponds to |\, ¢ c(CH,.COO-)  920; 894 m. 910; 879 m.
a characteristic stretching vib- |, SO, 1122 s-m. 1110 vs.
ration of OH groups (HZO); a 565504 664 — 612 s.
certain contribution of OH
from C—OH vibration is also v. 8. — very strong; s. — strong; m. — medium; w. — weak.
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The intensity of the band characteristic of -OH
in Ni(OH), increases with an increase in the solu-
tion pH, confirming the results of chemical analysis
(Table 1).

Dissolution of the precipitate formed depends on
its age, pH and the volume of the solvent used for
the treatment. There are conditions when Ni(Il)-
citrate dissolves and the excess of Ni(OH), remains
as a precipitate. This peculiarity of Ni(II)-citrate-
OH- precipitate enables to remove Ni(II)—citrate
complex from spent solutions and to reuse them.

CONCLUSIONS

The insoluble Ni(II)—citrate compound forms at the
excess of Ni(II) in alkaline solutions. Investigations
suggest that the precipitate is composed of the in-
soluble nickel citrate complex and Ni(OH),. The
content of Ni(OH), in the precipitate depends on
the initial concentrations of Ni(II) and citrate and
the solution pH. Ni(Il) is bound by the three COO-
groups and —OH group of citrate into an insoluble
compound. The insoluble compound also contains
SO and OH- groups.
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NETIRPIU POLIBRANDUOLINIU NI(II)-CITRATINIU
KOMPLEKSU SUSIDARYMAS SARMINEJE TERPEJE

Santrauka

Kai i Sarminius tirpalus Ni(II) pridedama kelis kartus dau-
giau nei jame yra citrato, i§ ju nuséda ir Ni(Il), ir citra-
tas. Nikelio ir citrato santykis nuosédose bei i§ tirpaly
nusedes juy kiekis priklauso nuo | tirpala pridéty nikelio ir
citrato santykio bei pH. Nuosédose yra Ni(II)-citrato
kompleksas ir Ni(OH),.

Nuosédy cheminés analizés, potenciometrinio titravi-
mo, FT-IR ir matomosios $viesos spektrofotometriniai ty-
rimai igalina manyti, kad Ni(II) i netirpy kompleksa yra
suriStas su citrato trimis -COOH- grupémis ir —OH gru-
pe. Nuosédose taip pat yra sulfaty ir hidroksidy.
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