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Abstract

The electrochemical reduction of nickel ions in dilute industrial wastewater from a galvanic nickel plating plant was carried out on a
three-dimensional electrode in a gas diffusion electrode packed bed electrode cell (GBC) and also on a rotating disc electrode. To exple
the experimental results, concentration profiles for selected species were calculated during nickel deposition.

It was found that, depending on the solution composition and electrolysis conditions, metallic nickel, nickel oxide and nickel hydroxide,
as well as nickel oxyhydroxide, can be deposited. Metallic nickel dendrite formation and its growth towards and on the Nafion membran
were identified as a major problem in a cell with a small interelectrode gap due to the damage caused on the gas diffusion electro
(GDE) membrane assembly. Moreover, it was found that the nickel selectivity ratio depends on the total current density as well as o
the NP+ concentration, and that the surface of the rotating disc electrode can be completely blocked by green nickel hydroxide deposi
© 2000 Published by Elsevier Science S.A.
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1. Introduction extensively covered in [1-5]. The reduction of nickel using
model solutions was investigated earlier, first with a rotating

Electrochemical recovery of nickel from rinse water is of disc electrode (RDE) system [1] and later in a GBC reactor

interest because pure metal may be recovered for recycling[2].

in one stage without the necessity of sludge disposal and re- In this work, the behaviour of a GBC reactor in an in-

generation of saturated ion exchanger resin. Problems withdustrial solution has been investigated using a pilot GBC

the electrochemical treatment of rinse water from the plat- plant, and the concentration profiles of selected species in

ing industry are the low concentration of the electroactive the diffusion layer have been calculated using experimen-

species and the low conductivity due to a lack of supporting tal results obtained with an RDE system. Experiments have

electrolyte and a relatively high pH. also been carried out in a laboratory scale GBC reactor using
The use of designs with high surface area electrodesthe same industrial solution. The effects of the electrolysis

or enhanced mass transfer improves the process. The curcurrent density, nickel ion concentration, UV treatment, the

rent needed for the removal of metal ions is low and, nature of the deposit obtained and the deposit penetration

because the energy consumption is not critical, low current depth into the three-dimensional cathode are reported.

efficiencies may be acceptable. A major drawback of a

three-dimensional electrode in a poor conducting solution

is the excessive ohmic potential drop in the solution, so

that the electrode reaction penetrates the electrode matrix2- Theory

poorly. This condition becomes more critical for solutions i . ) . . )

with a very little supporting electrolyte. Operation with a  1he interpretation of what is happening during nickel

three-dimensional electrode requires the careful selectiondeposition from a dilute buffered solution can be best un-

of the electrolytic conditions. derstood from a simulation of the concentration profiles at
The use of a gas diffusion electrode packed bed electrodetn® cathode. The concentration profiles during nickel depo-

cell (GBC) reactor for the reduction of metal ions has been sition from dilute buffered solutions are modelled using the

approach presented in [5-8]. Let us consider a nickel sul-

* Corresponding author. Tekt31-40-2473591; fax:-31-40-2453762.  Phate bath with boric acid as a buffering agent being used
E-mail addressd.c.m.tjallema-dekker@tue.nl (L.J.J. Janssen). to deposit nickel on an RDE. The material balance equation
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mass transport is determined by diffusion only. This is a

Nomenclature oo . L0
simplification as there is also a small contribution to the

Ay geometric surface area fin mass transfer by migration.
Cj s concentration of specigson the Neglecting migration, the transport equation for each
electrode surface (mol ) species can be formulated by
D; diffusion coefficient for specigis(m?s1) 5
F Faraday’s constant (96 487 C) dj — _R: (2)
[ current density (Am?2); i=I/Ag ! dx? /
iH hydrogen current density (AT?) In addition to transport equations, the species must satisfy
iNi nickel current density (A m?) the electroneutrality condition everywhere in the system, i.e.
iT total current density (A m?) NS
I current (A)
K;  equilibrium constant for reaction szcj =0 )
M j=1
Ksp  solubility product
N;  molar flux of specieg (molm—2s71) At steady state, mass balance equations for the different
Qni charge used for nickel deposition (C) species are written as follows
Qr goetgi)cs:ir;%rr?(zcu)sed during nickel Rui + Rniopt = 0 @)
R gas constant (8.3143 JmdIK 1) Ruso, + Rso, = 0 (5)

R; production rate of species due to
homogeneous reactions (motis1)

. L . L R R — Rni — R R — R
Sui  nickel selectivity ratioSyi=ini/in H =+ RHs, — Rion — Ror + KhgB0; — RH,80,

t time (s) — 2RNi(H,B05), =0 (6)
T temperature (K)
. . . . R R 2Rn;i =0 7
X distance in the normal direction to the H3BOs + RHaBOs + SNi(H2805)2 0
electrode surface (m) These equations together with the electroneutrality equation
z; charge on specigs and the equilibrium equations which can be derived from
reactions (a)—(e) constitute the set of expressions to be solved
Greek symbols throughout the diffusion layer. The flux of each species is
SN thickness of the Nernst diffusion layer (m) obtained by integrating Egs. (4)—(7).
v fluid kinematic viscosity (rAs™1) The following electrode reactions occur on the cathode
) disc rotational speed (rad¥) surface
Ni%" + 2e~ = Ni (f
for specieg can be written as
2H,0 + 26 = Hy + 20H~ @)
aC;
a—t] =—-V-N;+R; (1) The boundary conditions at the electrode surface0j

_ _ _ _ account for the fact that the total current for a particular
In this solution, the following homogeneous reactions are component must match the net flux of all species containing

considered to be fast and therefore in equilibrium the component and are given by
NiZt + OH™ = NiOH™ €) INi dCni dCNioH

55 = —Dni—— — DnioH
H20 = H* + OH- o 2 e B

) — DNi(H;BOg), —12B0s)2 (8)

HSO;~ = Ht 4+ SO%~ ©) dx
H3BO3 = H™ + H,BO3™ (d) iH dCn dCnioH

o —DHd— + DnioH d
Ni%>T + 2H,BO3~ = Ni(H2BO3)2 (e) r v

+ Dy dCNi(H,B03), +D dCoH

The mono-complex formation betweenNiand HBO3™ Ni(H2B0s)2 dx OH ™ dx
ions can be neglected at high ionic strength of the medium D dChso, D dCHzB0, ©)
[9]. It is assumed that this is also the case for the solution HSO HaBOs ™,

used in this study.

Equations relating the concentrations of the species can
be drawn from these equilibria and dissociation constants.
The problem is considered as one-dimensional, where theC1 = Chsg, + Cso, (20)

Itis also assumed that the total concentration for the sulphate
and borate species remains constant
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Table 1 Table 2

Calculation parameters Concentration of selected species in the plating bath and the spare tank
- - solution with the highest nickel concentration

Parameter Value Dimensions Ref.

Dot 9.30x10-° (s D) 7] Species Concentration of speci€s (mol m3)

Dyion+ 1.00x107° (m?s71) [7] Plating bath Spare tank

Doy 5.26x10°° (m?s1 [5] -

Dhso,- 1.33x10°9 (m2s1) [10] N'sz 971 40

Dso- 1.07x10°9 (m2s 1) [10] 28‘ Zgg 28

DNiH,BOs+ 1.00x10°° (m?s71) Assumed HABO 623 6

DH3B0; 1.53x107° (m?s™h [11] S

Dh,80;- 1.53x10°° (m?sh [11]

Dyi+ 5.64x 1010 (m?s™h [6]

Ka 1.26x10" ; (m0|;l mi) (12] also known as the spare tank, rises gradually and reaches a

Kp 1.00<10 (mom”®) (13] maximum value of about 40 molnd in 15 days of operation

Ke 1.30x10t1 (molm=3) [13] . "

Kq 6.3x10-7 (molm-3) 9] from the day of refreshing the spare 'Fank..The compositions

Ke 8.10x 10-2 (mol-2mP) 9] of the bath and the spare tank are given in Table 2.

KspNi(OH), 6.3x10°7 (molP m=9) [12] During nickel plating, four different solutions with or-

SN, Ni 1.023<10°° (m) Calculated ganic additives are added to the bath. These additives are

only known by their tradenames, namely, H(R) Glanztrager,
Netzmittel DL, O2 Annzusatz Elpelyt SF/PP(R) and Glanz-
C2 = CH,B0; + CH3B0; + 2CNi(H,B03), (11) trager X5 (LPW Chemie). A mixture of these additives is
added to the bath in the volume ratio H(R):DL:SF/PP(R):X5
of 5:5:9:5. For a bath volume of 6fnabout 0.1 r of ad-
ditive mixture is added. The four solutions with organic ad-
3D A\Y3 o —1/2 ditives were analysed by mass spectroscopy. Only X5 could
on,j = 1.62 (—j) (—) (12) be clearly identified as being saccharin.
Y Y The nickel plated parts are rinsed in a series of washing
Introducing the relations for the equilibrium constants for units with a counter-current flow of rinse water, before being
reactions (a)—(e) into Egs. (8) and (9) for a bulk solution with transferred further to the chrome plating section. Operation
a fixed composition, the partial current densities can then of the plantis continuous for 5 days in a week. At weekends,
be expressed in terms of two variables, nant@&ly andCy,. the process is partially shut down leaving the bath heaters
This provides two linear differential equations. The same and rinse water operating.
treatment as proposed in [7] is used, whereby the equations
obtained are rewritten in a matrix form. A computer program 3.2. The RDE
was developed which utilizesorTRAN routines to solve a

system of linear differential equations. Deposition of nickel from the spare tank solutions was in-
Table 1 shows the values of the constants at 293K sup-vestigated using a three-electrode cell system with a graphite
plied to the program to solve the equations. Moreover, the RDE of 0.50 crd geometric surface area, a platinum foil
diffusion layer thickness of the Rif species at a rotation  counter-electrode of 4 chnsurface area and a saturated
rate of 25revs! was used as a boundary condition and the calomel reference electrode with a Luggin capillary. The
precipitation of Ni(OH} was taken into account. surface of the working electrode was mechanically polished
The experimental partial current densities at selected cur-and degreased before each experiment. Nickel solutions
rent densities for a graphite RDE with a rotating speed of with various nickel sulphate concentrations between 5 and
25revs™ in the spare tank solution containing 40moi™ 40 mM were used. Lower concentrations than 40 mM were
Ni%* ions were used to calculate the concentration profiles. gptained by diluting the spare tank solution. The pH was
adjusted by addition of a sodium hydroxide or a sulphuric
acid solution and the temperature was kept at 293 K. Po-

The Nernst diffusion layer thicknest; on a RDE for a
specieg is given by

3. Experimental details tentiostatic and galvanostatic experiments were conducted
using an automatic data acquisition system (Autolab PG-
3.1. The nickel-chromium plating plant STAT20 version 3.0, Eco Chemie B.V.). All potentials were

measured with reference to the saturated calomel electrode
The plant selected for this study has a typical nickel- without corrections for the solution ohmic drop.
chromium plating line with 28 open baths. Each bathisfilled = Experiments to determine the selectivity ratio for nickel
with 6 m® of solution. The process involves surface prepa- deposition were performed by galvanostatically deposit-
ration, washing, plating and rinsing. The nickel plating bath ing nickel, and thereafter coulometrically dissolving the
is an NiSQ-NiCl; solution buffered by boric acid. During  Ni metal deposit anodically in a bath consisting of 0.1 M
operation, the concentration of i in the first rinse tank, H,SO, and 1.0M NaCl to prevent passivation of nickel.
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Fig. 1. Schematic representation of the GBC cell for nickel deposition.

The effects of the current density, UV treatment, nickel ion 4. Results

concentration and concentration of organic additives on the

selectivity ratio for nickel deposition were experimentally 4.1. Nickel deposition on the RDE
determined. UV treatment was applied, as it is well known

that some organic additives forming complexes witf™Ni  4.1.1. Effect of current density on the selectivity ratio for

ions can be destroyed by UV irradiation. nickel deposition
The current density was varied between 8 and 500A.m
3.3. The pilot plant The solutions were the spare tank solution with af™Ni

concentration of 40 molm? and a dilute solution with an

The pilot plant set-up was essentially a single-pass NiZ+ concentration of 5molm?. The temperature of the

flow-by system consisting of two cells, a pump and a filter. eXperime”‘W"?‘S maintained at 29.3 K. The charge used during
The set-up was equipped with an UV lamp with a wave- nickel depositiorQr and that for nickel dissolutioQy; were
length range from 190 to 400nm (Berson HFS E 0.4). employed to c_alculf_;\te the partial current densities and the
The solution flow rate was monitored through a flow me- nickel selectivity ratioSyi, where

ter. Moreover, a pH meter and a conductivity meter were ONi .

installed on-line. A schematic representation of the GBC ‘Ni = E’T (13)
reactor is shown in Fig. 1. The anode was a gas diffusion

electrode (GDE): a #20 cn? fuel cell grade E-TEK solid ~ ;, — (1 _ @) it (14)
polymer electrolyte electrode (ELAT) modified by pressing or

Nafion 117 membrane on the solution side. This modi- ini Oni

fication was carried out by the ECN Company (Putten, Sni = — = <—> (15)
The Netherlands). The cathode chamber had a thickness of 'H Ot — Oni

1cm, a height of 20cm and a width of 4cm. The standard The effect of the current density on the nickel selectivity ra-
cathode consisted of a stack of 5-7 expanded nickel gauzedio Sy is shown in Fig. 2. From Fig. 2 it is seen that, for
supported on a titanium back plate placed on the backsidethe solution with 40 molm?® Ni%* ions, logSy; increases

of the cathode chamber. The cathode filled only partially steadily and linearly with increasing logo about 20 at
the cathode compartment. The pilot plant was installed to i=250 Am2, and thereafter drops sharply with increasing
treat the nickel spare tank solution. A solution flow rate of logi. At current densities higher than 250 A the current
30cn? s 1 through the pilot plant cell was used. Due to the efficiency for nickel deposition was very irregular, some-
large volume of the spare tank compared to the size of thetimes in line with the declining curve in Fig. 2 and in other
pilot plant cell, the concentration in the spare tank solution cases practically zero, where greenish nickel hydroxide de-
was considered to remain constant. posit was formed. For the 5mM Rii spare tank solution,
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Fig. 2. Nickel selectivity ratio as a function of the total current density at 5 mdl (al) and 40 molnT3 (M) nickel ions. The pH values of the solutions
were 6.9 and 6.3, respectively.

a similar result was obtained, but the slopes of the curves Comparing the experiment&{;, max With the calculated
were much steeper. ini, g it can be concluded that, for both nickel concentra-
The current densitie$yi max for Ni deposition at the tions, ini, max is clearly smaller thar; ¢. This means that
maxima of the logyi/logit curves in Fig. 2 were 23 and  the limiting current density, determined by diffusion and mi-
238 Am2 for nickel concentrations of 5 and 40 mott gration, is not attained for Ni deposition from Ni spare tank

respectively. solutions.

Taking into account the ratio between the sulphate and
chloride concentration and usig, ni from Table 1, it was 4.1.2. Effect of Nit concentration on the nickel selectivity
calculated that the migration—diffusion limiting current den- ratio
sitiesi;, g for Ni deposition are equal to 120 and 959 Afn The effect of Nft concentration on the nickel selectiv-
for Ni concentrations of 5 and 40 molT, respectively. The ity ratio was investigated at a constant current density of
effect of the presence of boric acid was not considered, as100 Am 2. Sy; is plotted agains€y; on a double logarith-

boric acid at pH 6.32 is practically undissociated. mic scale in Fig. 3. From Fig. 3, it can be seen that &g
20
[m]
10 F o.
- B
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- B
A o-
E
'E
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0.1 8 ! ! ]
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3 10 40
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Fig. 3. Nickel selectivity ratio as a function of the nickel ion concentration at a current density of 108.Am
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increases linearly with increasing 1@g; up to a maximum at pH 6.32, where the partial current densities for Ni de-
of 10 at Cyj=20molnT3 and thereafter remains constant position and hydrogen evolution are calculated from the

with increasing Ni concentration. results given in Fig. 2. It was found that, at 20 Af)
the concentrations of NiOH Ni(H2BOs3)> and HBO3~
4.1.3. UV treatment increase and the concentrations of ldnd N decrease

The effect of UV irradiation on the separate solutions with gradually towards the electrode surface. Thedgg x pro-
organic additives was investigated. It was found that UV files within the diffusion layer for 360 and 480 ATA are
light irradiation alone, the addition of #D> or a combina- shown in Figs. 5 and 6. Fig. 5 at 360 Ath shows clear
tion of UV irradiation and addition of KO, did not break changes in concentration for the different species. Pro-
down the organic components of the solutions H(R) and DI. nounced changes in the concentration profiles are found
The organic components of the solutions SF/PP(R) and sac-at 480 AnT2 (Fig. 6). The profiles at 480 An? shows a
charin can be decomposed by UV alone and also in combi- discontinuity atx=7.8x10-®m. For x<7.8x10"%m, the
nation with HO». H>0> alone without UV irradiation has ~ Ni2t, NiOH+ and H' ion concentrations drop dramatically
only a negligible effect on the components of the solutions towards the electrode surface, while theB®3;~ concen-
SF/PP(R) and saccharin. tration increases sharply. The concentration of NEB3),

The effect of treating dilute industrial nickel solution con- firstincreases sharply from=10"°to 7.8x10~® m and then
taining organic additives by UV was investigated. A fraction remains at a constant level towards the electrode surface.
of the industrial solution diluted to 5mM was first irradi- The sharp drop in the concentrations of NiOtnd NF+
ated by UV for 1h, and then the pH was adjusted to 3 by nearx=7.8x10"%m is due to precipitation of Ni(OH) It
the addition of sulphuric acid solution; thereafter nickel de- can be concluded that the concentration changes within the
position on RDE was carried out. Fig. 4 shows the nickel diffusion layer are caused by nickel deposition at the elec-
current density for the treated and untreated solution as atrode surface and by precipitation of Ni(OHat a certain
function of the applied current density. From Fig. 4 it fol- distance from the electrode surface within the diffusion
lows that there is no effect of the UV treatment of the layer.
solution. The effect of the current density on the surface concen-

trations for NiOHH, Ht, Ni2t, H,BO3~ and Ni(HhBOs)
4.1.4. Concentration profiles during nickel deposition from is shown in Fig. 7. Two distinct regions of current density
a nickel sulphate—boric acid solution are observable in Fig. 7, namely: (i) the low current density

The concentration profiles of selected species in the range,i<300Am 2, where the surface concentrations of
diffusion layer were calculated for 16 different current NiOH*, H* and NEt decrease slowly while the surface con-
densities over a large current density range using a solu-centrations of Ni(HHBO3™)2 and HbBO3~ increase slowly

tion containing 40 molm3 Ni®* and 26 molm3 H3BOs3 with increasing current density; from the linear Bg/logi
80
a
60 |-
a
QIE u]
< 40 [
.z
[ )
20 |
v
0 ¢ | | ! !
0 30 60 90 120 150
i /Am?

Fig. 4. Effect of UV treatment on the nickel deposition rate for an industrial nickel solution containing 5Tt at pH=3 and T=293K; (@) not
UV treated; (1) UV treated.
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Fig. 5. logC; as a function of distance from the surface of the RDE at a current density of 366 AHT (1), NiOHt (2), Ni(HoBO3), (3), H2BO3™

(4) and Nt (5).

relation, it follows that in this area, the kinetics of electrode 4.2. The pilot plant

reactions determine the nickel selectivity rafiq [14]; (ii)
the high current density rangie;400 A m—2 where the sur-
face concentrations of Rif and NiOH" decrease sharply
with increasing current densitit and become practically
zero at 480 AmZ2. In this current density range, precipita-
tion of Ni(OH), occurs.

40

-~

4.2.1. The nature of deposit

4.2.1.1. Cathode filled with a stack of expanded nickel
gauzes. In one experiment, the whole liquid chamber
(1cm thick) was filled with a stack of expanded nickel
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Fig. 6. logC; as a function of distance from the surface of the RDE at a current density of 488 AHIT (1), NIOHT (2), Ni(H2BO3)2 (3), HoBO3™

(4) and Nt (5).
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Fig. 7. LogC; at the surface of the RDE as a function of total current density;(1), NiOH* (2), Ni(H2BOs); (3), H,BO3~ (4) and NF* (5).

metal gauzes. The cathode was separated from the GDE by aising EPMA. It was found that the green deposit had high
Nafion membrane glued to the GDE. Electrolysis was carried weight contents of oxygen (44%) and nickel (49%). More-
out at 500 AnT2. After 7 days, it was found that nickel was over, other impurities, such as Mg, Si and Ca, were detected
deposited in different forms, such as dendrites, on the ex-in small quantities (in totak5%). Analysis of the black de-
panded gauze closest to the membrane and the growth of thgosit showed that it also contained mainly oxygen (46%)
nickel dendrites was directed towards the membrane. Theseand nickel (53%) and with very small quantities of Mg, Si
dendrites damaged the membrane and the GDE. To protecand Ca.

the GDE, it was decided to introduce an empty chamber of In[15], itis mentioned that nickel oxyhydroxide is a black

1 cm thickness between the GDE and the stack of expandedorecipitate and nickel oxide and nickel hydroxide are green-
metal gauzes. Fresh electrolysis was repeated at 250’Am ish precipitates. Moreover, the nickel oxide and nickel hy-
After 2 days, it was found that the whole empty chamber droxides are non-electron conducting materials. The weight
between the GDE membrane and the stack of gauzes wasatio between nickel and oxygen for the black powder is
filled with green and black powder. Some metallic nickel higher than that for the green powder. This supports the con-
was deposited on and close to the membrane. It was foundclusion that the black powder is nickel oxyhydroxide and the
that the membrane was again damaged. green powder is a mixture of nickel oxide and hydroxide.

4.2.1.2. Flat plate cathode loaded with low current density. 4.2.2. The deposit penetration depth

In another experiment, a flat titanium backplate was used The deposit penetration depth was investigated fora 5 mm

as a cathode and the interelectrode gap was 1.5cm. Afterthick stack of three expanded titanium gauzes at 100 and

an electrolysis at 63 Ar? during 5 days, it was found that 200 A mi2 and using nickel spare tank solutions with nickel

a metallic deposit of about 2mm thick was formed on the concentrations of 5 and 40 molth The distribution of the

flat titanium cathode and dendrite fingers of about 1cm in deposit on each expanded metal gauze was determined. It

length had grown towards the GDE. Analysis of the deposit was found that, for both current densities, 90% of the deposit

was carried out using electron probe microanalysis (EPMA) was present on the gauze at the GDE side of the stack of

(Superprobe JXA-8600SX Jeol). The results of this analysis expanded titanium gauzes. The middle gauze contained only

showed that the deposit was pure nickel. slightly <10%, while that at the rear side of the stack cathode
contained very little deposit.

4.2.1.3. Flat plate loaded with high current densityith

the same construction as in Section 4.2.1.2, the current den4.2.3. Electrode configuration

sity was increased to 188 AT4. After 12 days it was found Two different cathode configurations were used, namely

that the whole liquid compartment was filled with a mix- a titanium plate and an expanded titanium gauze, to test

ture of green and black powder, and it was also noted thatthe effect on nickel deposition. The results are shown in

20% of the Nafion membrane on the GDE was covered with Fig. 8. It can be seen in this figure that, at high geometric

metallic nickel. Analysis of these deposits was performed current densities calculated on the basis a8 cn?, the
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Fig. 8. Nickel deposition current density as a function of total current
density for different cathode configurations and for a spare tank solution
with 5molm~3 Ni2t at pH 4 and 293K; X) flat titanium plate; W)
expanded titanium gauze.
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surface. Due to the depletion of nickel ions on the electrode
surface, hydrogen evolution becomes more important, while
metal deposition is almost stopped. A$Nimust cross the
precipitation area within the diffusion layer while diffus-
ing towards the electrode surface, most of thé*Nions

are precipitated out. This phenomenon takes place even at
current densities much smaller than the migration—diffusion
limiting current density of 959 Am? for the experiments

of Fig. 7, where it is assumed that no nickel hydroxide de-
position takes place.

5.2. Form of nickel removal

Nickel deposition from industrial solution has revealed
that three types of deposit can be obtained. Which kind of

nickel current efficiency for metalic nickel is highest for the deposit is obtained depends on the electrolysis conditions.
expanded titanium gauze electrode. This activity is causedAS reported, dendrite formation on the Nafion membrane is
by mass transfer phenomena, as the mass transfer coefficierflSo a great problem. This implies that the cell design needs

is larger over an expanded electrode than over a flat surfaceto be changed to allow frequent or continuous removal of
the deposit in whichever form it may occur. Moreover, the

5. Discussion
5.1. Concentrations of species on the electrode surface

The concentration calculations were carried out for
a solution containing only NiS9and HBO3, whereas

deposits growing on the cathode have to be removed by a
scrapes. The use of a three dimensional cathode for nickel
deposition gives practically no industrial advantages. After
nickel metal deposition occurs on a three-dimensional cath-
ode, this cathode behaves as a planar cathode. A more at-

tractive method would be electrodialysis. In this method, a

concentrated nickel solution can be obtained and this solu-

the current efficiency measurements were performed with ion can be added to the nickel plating bath.

industrial solutions containing Nigland some organic
additives in addition to NiS@and HBOs.

The concentration of the organic compounds is very small
and will not affect significantly the pH of the solution. More-
over, itis likely that the deposition of nickel hydroxide is not
affected by the presence of small concentrations of organic
compounds.

The industrial solution also contains chloride ions, but
their concentration is clearly lower than the sulphate ion con-
centration. Chloride ions also affect the transport of other
ions and, therefore, the concentration profile of each ion
within the diffusion layer at the cathode. However, to pre-
vent extensive calculations, a relatively simple composition

of the solution has been considered. This means that the
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