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Abstract: The effects of temperature, nickel concentration and current density on the current efficiency and the electrolyzer volt-

age were investigated in the process of electrowinning nickel. The results show that the current efficiency is above 90% under the

various experimental conditions, and the electrolyzer voltage is less than that of traditional electrolyzer system. Therefore, the optr

mized parameters, i.e. temperature of 50 ‘C, current density of 400 A/m’, are detemined. It is also elucidated that anodic

product is high valent nickel compound in the process of electrodeposition in terms of X-ray diffraction and chemical analysis. The

amount of solid product formed on the electrode surface decreases with an increase in ammonium chloride concentration by cyclic

voltammetry analysis. It is also indicated that the anodic gas species are mainly composed of nitrogen by vapor phase chromato

graph.
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1 INTRODUCTION

The fundamental aspects of nickel electrodeposition
were studied by various approaches in view of its industri-
al interest | enerally, these studies were performed in
modified industrial baths of nickel chloride or sulfate,
usually in the presence of boric acid acting as buffer to
keep the electrolyte near neutral, and thus to prevent hy-
drogen from evolution. Therefore, the operation procedure
is complicated relatively. Moreover, the yielding ratio of
nickel electrodeposited from the electrolyzer is rather low
in the process of electrowinning. The electrolyte demand-
ed for electrowinning nickel is massive, which increases
the production cost.

The electrodeposition of other metals in a leaching
solution containing ammonia and chloride have also been

[7- 81 " But nickel electrodeposition

studied in recent years
in its bath has not been reported. Compared with the reg-
ular nickel electrodeposition techniques, nickel electrode-
position carried out in leaching solution containing ammo-
nia and chloride has several advantages:

1) It is dispensable to add boric acid as a buffer a
gent. Buffering properties of the ammonia ~ ammonium
couple limit the local change of pH in the vicinity of the
electrode surface caused by simultaneous hydrogen evolu-
tion. Meanwhile, it is unnecessary to use membrane to
segregate anode electrode and cathode electrode.

2) The yielding ratio of nickel electrodeposited from

the electrolyte is so high that the electrolyte demanded for
nickel electrodeposition is decreased, and finally the pro-
duction cost is reduced.

3) Under the various conditions, current efficiency
is high. The solution resistance in this electrolyte system
and the consumption of electric energy are less than those
of traditional system mentioned before. 30% of electric
energy is economized in comparison with the traditional
electrowinning methods.

4) The serious corrosive gas such as Cl, would not
be escaped from the anode surface owing to the utilization
of RuO>TiO; material, which contributes to environmen-
tal protection.

In this paper, the process of nickel electrodeposition
from leaching solution containing ammonia and chloride is
investigated. In addition, the mechanism of anodic reac-
tion is demonstrated initially in terms of cyclic voltamme-
try, vapor phase chromatograph and X-ray diffraction

analysis.
2 EXPERIMENTAL

All the solutions were prepared with commercial
chemicals (Merk, G.R) and distilled water, unless oth-
erwise mentioned. Ammonium chloride was added into the
nickel chloride solutions as a supporting electrolyte. In
addition, for the nickel chloride solutions the pH was ad-

justed to 7 = 8 by addition of ammonium chloride and
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strong ammonia solution. The alkaline solution, with a pH
of 77 8, was stored in a closed vessel to prevent from loss
of ammonia vapor.

Preparation of RuO>TiO, was similar to that de
scribed in previous work. The substrate was polished with
silicon carbide paper, washed with ethanol in an ultrason-
ic cleaner, etched for 20 min in 3 mol/ L. HCI solution at
80790 C, and finally washed and stored in ultrapure
water. Afterward, the substrates were dipped in coating
solution consisting of RuClz* xHO (42. 25% metal ),
with total concentration of 0. 25 mol/L by adding 10%
HCI ( volume fraction) in isopropanol. After dipping and
drying, the substrates were heated under air flow at 450
‘C for 10 min. The entire procedure was repeated five
times, then the substrate was heated at the annealing temr
perature for 1 h.

Commercial instrumentation ( Parc , 273 mode ) was
used for all cyclic voltammetry experiments. A conven-
tional three-electrode configuration with an aqueous satu-
rated calomel electrode ( SCE ) was used. A Luggin probe
was used to minimize the resistance effects. The counter
electrode was a graphite rod. All the experiments were
carried out at room temperature and under nitrogen atmo-
sphere. The potentiodynamic tests were conducted at po-
tential scan rate of 50 mV/s. In this study all potentials
are referred to the saturated calomel electrode ( SCE) and
corrected for ohmic drop.

The species of the solid product formed on the anode
surface was investigated by X-ray diffractometry, and the
content of this production was calculated by volumetric
analysis.

The gas from anode was analysed by a chromatogra-
pher (GC1102), with a column packed with molecular
sieve 13X ranging 120 ~ 180 Hm, a TCD detector, and
H, as carrier, working under the condition of 8 mV/m in

detection scope and 100 mA in bridge current.
3 RESULTS AND DISCUSSION

3.1 Cathode current efficiency

Figs. 1, 2 and 3 show the effects of temperature,
current density and nickel concentration on the current ef-
ficiency, respectively. It can be seen that cathode current
efficiency is above 90% under the various experimental
conditions. The cathode current efficiency increases first,
and then decreases with the increase in temperature.
While the cathode current efficiency decreases gradually
with the increase in current density. The current efficien
cy is still above 90% when the nickel concentration is re-
duced from 100 g/ L. to 40 g/ L. This desired consequence

meets appropriately the demands of industrial production,
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Fig. 1 Plot of current efficiency
against temperature
(P(Ni** )= 60 g/ L; [NH] ]= 3 mol/L;
[NH3*H,0]= 3 mol/L; J = 400 A/m?

95
=2 e
>
§ o .
Q D
E
1]
E 89
E
O 87
85
200 400 600 800
Current density/{(A=-m~2)
Fig. 2 Plot of current efficiency against
current density
(P(Ni* )= 60 g/ L; [NH} ]= 3 mol/L;
[ NH;+H;0] = 3 mol/L; ¢= 50 C)
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Fig. 3 Plot of current efficiency against
nickel concentration
([NHZ ]= 3 mol/L; [ NH3;*H20]= 3 mol/L;
J = 400 A/m%* 1= 50 C)

in which there is a major difference in nickel concentra-

tion between the initial and the waste electrolyte.
Fig. 4 shows the temperature effect of current density
on voltage. It is admitted that the voltage increases sligh-
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Fig. 4 Plot of voltage against current density
under the various temperatures
([Ni** 1= 60 g/L; [NHj ]= 3 mol/L;
[ NH3*H,0] = 3 mol/L)
tly with an increase in current density, and decreases with
an increase in temperature. From this results, it can be
drawn a conclusion that the voltage of nickel electrowin-
ning from leaching solutions containing ammonium chlo-
ride is less than that of traditional nickel deposition sys
tem!”’. Based on the principle of high current efficiency
and the low consumption of electric energy, the optimum
process parameters, 1. e. temperature of 50 ‘C, current
density of 400 A/m”, can be chosen.

3.2 Solid formed on anode surface

Fig. 5 shows the X-ray diffraction pattern of solid
product formed on anode surface. It can be seen that solid
product is Ni(OH),, which results from the reduction of
high valent nickel compound during the process of elec
trodeposition or during the washing using dilute ammonia
and distilled water. It seems that high valent nickel com-
pounds are formed on the anode surface in the leaching

solution containing ammonia and chloride. The solid

* — Ni(OH),
= — Ni{OH),+0.75H;0
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Fig. 5 XRD pattern of solid product on anode

product washed by distilled water is immediately added
into the chlorhydric acid solution, but no reaction is
found. However, as soon as the sodium sulfite was added
into the solution, the solid product was reduced and dis-
solved into the solution. Fig. 6 shows the mass change of
anodic solid product during the nickel electrodeposition in
the leaching solution containing ammonium chloride at
various concentrations. It is admitted that the amount of
anodic product formed on the anode surface decreases with
the increase in ammonium chloride concentration. Owing
to the decrease of relative content of Ni( OH) 2( aq) in the
solution, which is ascribed to a concentration increase of
ammonium chloride, the formation rate of nickel solid
product is reduced greatly. The formation of high valent
nickel compound is probably similar to the electrolyzing

preparation of black nickel in alkaline solution! "'

160

1201

807

407

Amount of solid production/mg

0 1 2 3 4 5
Ammonium chloride concentration/(malsL 1)

Fig. 6 Mass change of anodic solid product
against ammonium chloride concentration
([NH3*H,0]= 3 mol/L; P(Ni*" )= 60 g/L;

J = 400 A/m%; 1= 50 C)

3.3 Cydlic voltammetry curve

Fig. 7 shows the cyclic voltammetry curves in the
electrolyte solutions containing ammonium chloride at var-
ious concentrations. Voltammetric curves recorded with
the alkaline bath containing ammonium chloride exhibited
a single oxidation peak near 0.9 V( vs SCE), which can
be attributed to the formation of high valent nickel solid
product. It is obvious that the oxidation peak indicating
the formation of nickel compound drifts from 0. 9 V (vs
SCE) to more positive potentials. Therefore, it is further
demonstrated that the ammonium chloride concentration
takes significant effect on the amount of nickel compound.
The intensity of oxidation peak decreases with the increase
in ammonium chloride concentration and it vanishes comr

pletely when the concentration reaches 4 mol/ L.
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Fig. 7 Voltammetric curves dependence of
ammonium chloride concentrations

(P(Ni* )= 60 g/L; [NH3*H,0]= 3 mol/L; t= 50 C;
potential range: 0~ 1.4 V; scan rate: 50 mV/s)

3.4 Gas species

The chromatogram of gas species shows that the ni-
trogen evolution reaction is the main reaction accompanied
with the oxygen evolution. In thermodynamic perspective,
the two parallel electrochemical reaction, i. e. chlorine
and oxygen evolution, can occur simultaneously at the
RuO»TiO; anode in alkaline solution. However, taking
dynamics into consideration, 1i. e. electrochemical polar
ization, the oxygen evolution reaction occurs slightly at
the initial period, and the chlorine evolution reaction is
predominant on the anode. The evolution of nitrogen is
due to the oxidation of ammonia in the electrolyte by chlo-
rine formed on the RuO2-TiO; anode. The evolution of ni-

trogen is due to the oxidation of ammonia in the electrolyte
by chlorine formed on the RuOyTiO; anode! .

4 CONCLUSIONS

1) The optimum process parameters, i. e. tempera
ture of 50 ‘C, current density of 400 A/ m’, are chosen
under the various conditions of the nickel electrodeposition
from leaching solution containing ammonia and chloride.
The current efficiency is above 90% , while the elec
trolyzer voltage is 2. 00 V or so.

2) High valent nickel compound is formed on the
anode surface, and its amount decreases with the increase

in ammonium chloride concentration.

3) The gas species escaped from the anode are
mainly composed of nitrogen, including a little portion of

oxygen.

REFERENCES

[1] Saraby Reintjes S, Fleischmann M. Kinetics of electrodeposi
tion of nickel from watts baths [ J]. Electrochim Acta, 1984,
29(4): 557~ 566.

[2] Abyaneh M Y, Berkem M, Fleischmann M. Electrocrystal
lization of nickel: the effects of additives [J].
Metal Finishing, 1982, 60: 114~ 119.

[3] Piatti R CV, Arvia A J, Podesta J. The electrochemical ki

netic behaviour of nickel in acid aqueous solutions containing

Trans Inst

chloride and perchlorate ions [ J]. Electrochim Acta, 1969,
14: 541 ~ 561.

[4] Yeager J, Cels J P, Yeager E, et al. The electrochemistry of
nickel (1 ): codeposition of nickel and hydrogen from simple
aqueous solution [ J]. J Electrochim Soc, 1959, 106: 328 ~
336.

[5] Kollia C, Spyrellys N, Amblard J, et al. Nickel plating by
pulse electrolysis: textural and microstructural modification
due to adsorption/ desorption phenomena [J]. ] Appl Elec
trochem, 1990, 20: 1025~ 1032.

[6] Epelboin I, Wiart R. Mechanism of electrocrystallization of
nickel and cobalt in acidic solution [ J]. J Electrochem Soc,
1971, 118: 1577 ~ 1582.

[7] Darchen A, DrisstDaoudi R. Electrochemical investigation of
copper etching by Cu( NH3) 4Cl, in ammoniacal solutions [ J] .
J Appl Electrochem, 1997, 27: 448 ~ 454.

[8] TANG Mo tang, YANG Sheng hai. Electrowinning zinc in the
system of Zn( II)-NHzNH4CFH>0 and mechanism of anodic
reaction [ J]. Journal of Central South University of Technolo-
gy, 1999, 30(2): 153 7 156. ( in Chinese )

[9] Fujimori M, Ono N, Tamura N, et al. Electrowinning from
aqueous chlorides in SMM S nickel and cobalt refining pro-
cess —chloride electrometallurgy [ A]. Proceedings of a Sym-
posium held at the 111th AIME Meeting [ C] .
PA, USA, 1982. 155~ 166.

[10] Ettel V. A, Mosoiu M A, Devuyst E A. Novel oxidant for
nickel hydrometallurgy [ J] . Hydrometallurgy, 1979, 4: 247
~257.

[11] WANG Peng, LAU Ivan W C, FANG Herbert H P. Elec
trochemical oxidation of ammonium— N in landfill leachate
[J]. China Environment Science, 2000, 20(4): 289 ~291.

( in Chinese )

Warrendale,

(Edited by YANG Bing )



