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Abstract

A parallel plate ¯ow cell was designed for the study of particle codeposition in metal electrodeposition. Particle
deposition was visualized and recorded with a microscope/video assembly. The effects of two surfactants (anionic
sodium dodecyl sulphate and cationic cetyl trimethyl ammonium bromide) on the adhesion of anionic polystyrene
particles to a nickel substrate were examined. The deposition rate in laminar ¯ow was measured as a function of the
main parameters, that is, electrode potential, Ni(II) concentration, surfactant concentration and pH. The
hydrodynamic drag force applies uniformly and tangentially to the collector under laminar ¯ow in contrast with
rotating disc or impinging jet cells. No deposition is observed unless speci®c attractive forces carry the particles
through the boundary layer. Particle attachment takes place over a limited range of surfactant/Ni(II) composition
and correlates with the formation of a surface ®lm visible under the microscope. Results discussed are based on the
adsorption of SDS and CTAB on to both the electrode and the particles, an adsorption which signi®cantly alters the
interaction potential at a short distance. The cell gives interesting evidence for the occurrence of speci®c interactions
in electrolytic codeposition. It also proves useful for observing other phenomena, such as hydrogen bubbling.

1. Introduction

Composite coatings can be obtained electrolytically by
simply adding a micronized powder in the dispersed
phase to a regular electrolytic bath. In fact, all kinds of
metallic phases (nickel, zinc, cobalt, chromium etc.) and
dispersed materials (metal oxides, SiC, organic particles
etc.) may be combined to produce composites for
innovative or improved surface properties. Thus, a wide
scope of applications are possible, such as wear or
corrosion resistance, lubrication, adhesion and electro-
catalysis. Several review papers [1±3] exist and Fransaer
[4] presents a general analysis of interaction forces
between approaching particles and metallic surfaces,
including electrical and hydrodynamic effects, aiming
speci®cally at the elaboration of electrolytic composites.
The codeposition mechanism can be described in three

consecutive steps: (a) transport of particles from the
solution to the electrode, (b) adhesion of particles to the
substrate, and (c) entrapment of particles in the growing
metallic matrix.
The high ionic strength of an electrolytic bath makes

electrophoretic migration negligible; the major contri-
bution to particle transport is due to hydrodynamics.
The bulk transfer rate of Brownian and micrometric
particles has been studied extensively in past years, using

different ¯ow rates and interface geometries [5]. The
transport of particles in the boundary layer has also
been examined, considering both linear adsorption
regimes and more complicated situations where pertur-
bations due to previously deposited particles are incor-
porated into the force ®elds and the local ¯uid velocity
[6±8]. Many theoretical developments have been con-
®rmed experimentally, using monodisperse latex sus-
pensions and dielectric collectors [6].
The adhesion step is controlled by the particle/surface

interaction potential [9], which includes van der Waals
and electrical double layer contributions, as described
by the well known D.L.V.O. theory [10]. At higher
electrolyte concentration, adsorbed solvated species
(generally cations) produce strongly repulsive forces
[11]. In contrast, attractive interactions may take place
between hydrophobic surfaces, or in the presence of
adsorbed surfactants [12, 13] or `bridging' polymers [14].
Additives can affect codeposition in various ways:
directly, by adsorption and change of the adhesion
properties of either electrode or particles or both,
indirectly by modifying the dispersion/aggregation state
of the particles. The deaggregation of latex particles in
nickel electrolytic baths due to the adsorption of sodium
dodecyl sulfate (SDS) and cetyl trimethyl ammonium
bromide (CTAB) [15], the dispersion of silicon carbide
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(SiC) and silica by poly(vinyl Imidazole) [16] and the
decrease in the sedimentation rate by Xanthan gums in
nickel/SiC systems [17] illustrate this in¯uence. On the
other hand, little is known about the in¯uence of
interfacial parameters in the attachment of particles
onto the substrate in real electrolytic systems. Attempts
were made to relate the electrokinetic (zeta) potential of
particles to their codeposition properties, but these were
necessarily limited to dilute solutions [18].
The third step involves a complex superposition of

chemical and electrical interactions: desorption of the
solvent and other bound molecules and ions, neutral-
ization of the particle surface charge, transfer of
electronic charge, and growing of the metallic matrix
around embedded particles. Until now, these phenom-
ena were essentially examined through the particle
induced alterations in polarization curves and current
ef®ciencies [19]. More recent studies, involving electron
microscopy, electrochemical impedance and noise
measurements, coupled with well controlled hydrody-
namics, have opened up new vistas for kinetic
investigations of particle collisions and codeposition
reactions [20].
The present work describes a cell speci®cally designed

for investigating electroadhesion. The relevance of the
cell in codeposition studies is exempli®ed by analysing
the effect of surfactants in a polystyrene particle/nickel
electrolytic bath. For this purpose, cationic (CTAB) and
anionic (SDS) surfactants were used, since both were
shown earlier to assist, or strongly alter, codeposition
[15, 18].

2. Parallel ¯ow cell

2.1. Parallel cell versus other geometries

The parallel plate ¯ow cell does not a priori favour the
deposition yield compared to the rotating disc electrode
(RDE), or the impinging jet cell (IJC) where the
stagnation point ¯ow brings the particle to the electrode
[5]. In a parallel ¯ow cell, the particle ¯ux perpendicular
to the electrode relies on the existence of an external
force, for instance, electrophoresis, sedimentation or
speci®c attractive forces close to the substrate. In a
plating solution no contribution to particle transport is
expected from electrophoretic migration. Thus only
speci®c forces may operate.
In addition the ¯uid ¯ow exerts lifting [21] and

tangential shearing forces that tend to reduce the
deposition rate. It has been shown that the lifting force,
which is due to velocity gradients across the particle
diameter can be neglected at low Reynolds numbers
[4, 22]. In contrast, one expects a large effect of the
tangential force in the removal of particles that happen
to adsorb onto the surface [23]. For a spherical particle,
this force is expressed by,

Ft � 15:3 Pmr�1ÿ ��bÿ r�=b�2�Q=S �1�

where m, r, Q are, respectively, the viscosity, the particle
radius and the ¯ow rate, b is the half distance between
the plates and S is the area of the cross section of the
cell [24].

2.2. Description of the cell

The cell allowed in situ observations of hydrodynamic
and adhesion/detachment phenomena. A schematic
representation of the cell from a top view is given in
Figure 1. The liquid ¯ows in a rectangular channel,
between two parallel PMMA plates assembled tightly
through an o-ring. The top of the ®gure shows the
removable cathodic plug comprising a circular metallic
electrode (1 cm2 nickel foil in the present work). The
PMMA plate at the bottom contained the conductive
glass (coated with a tin oxide ®lm) acting both as a
window and a counter electrode. Both electrodes were
connected to the power supply (EG&G). A silver wire,
inserted through the plug, served as a pseudoreference.
The channel were 2 mm thick (between facing elec-
trodes), 20 mm wide (perpendicular to the plane of the
®gure) and 200 mm long, thus ensuring fully developed
laminar ¯ow at the location of the electrodes in the
cell [24].
For all experiments the longer cell dimension was

above the horizontal axis. The electrodes and the wide
side of the rectangular channel were positioned verti-
cally. The optical and measurement setup contained a
�20 long working distance objective, allowing observa-
tion of 1 to 100 lm particles between the two facing
electrodes, a microscope (Olympus), a video recorder
(Sony) and an image analysing system (Aries, Esilab).
The observed area was 0.11 mm2. The entire setup is
summarised in Figure 2.
Steady ¯ow was maintained by gravity between two

reservoirs placed on each side of the cell. A peristaltic
pump allowed recycling to maintain constant liquid
levels. The ¯ow rate was measured by weighing and
timing a sample of ¯owing solution. Under typical
working conditions the ¯ow was laminar. Certi®cation
wasmade bymeasuring the velocity pro®le of polystyrene

Fig. 1. Top view of the cell.
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particles (4 lm in diameter), in the absence of an applied
®eld, using several stream rates up to 0:07 cm3 sÿ1. The
last value corresponds to a Reynolds number of about
one. As an example, Figure 3 shows the expected
parabolic velocity pro®les at ¯ow rates of 0.02 and
0:06 cm3 sÿ1.

3. Materials

3.1. Preparation and size distribution
of polystyrene particles

Polystyrene (PS) particles were prepared at the Labo-
ratoire de Chimie et des ProceÂ deÂ s de PolymeÂ risation
(LCPP, CNRS, Villeurbanne, France) using emulsion
polymerization with persulfate salts as an initiator. PS
particles were further puri®ed by a mixture of cationic
and anionic exchange beds, followed by an exhaustive
dialysis using a large volume of high resistivity water, in
order to remove salt and surfactant residues up to a
conductivity of 2 mS cmÿ1. The PS particle average
diameter determined by electron microscopy was 4 lm.

3.2. Adsorption measurements

Adsorption of surfactants on the PS particles was
calculated by the difference between the total amount
introduced and that remaining in the solution after
separation of the PS particles by centrifugation. Organic
carbon analysis (TOC-5050, Shimadzu) was used for
titrating surfactants in the solution.

3.3. Surface properties of polystyrene particles

Electrophoretic mobility illustrates the surface proper-
ties of the PS particles and their dependence on the
cationic (CTAB) and anionic (SDS) surfactants, com-
bined with nickel ions. Detailed analysis of the ioniza-
tion and adsorption properties of the polystyrene
particles may be found elsewhere [15].
After dialysis, the PS particle dispersion was diluted

to 1 wt% and sonicated. Electrophoretic mobilities were
measured with a Mark II apparatus (Rank Brothers,
Bottisham) using particles diluted in their own super-
natant. The electrical charge on the PS particles
originates mainly from the ionization of sulphate
formed by the polymerization initiators and possibly
by anchored surfactant molecules (sodium dodecyl
sulphate) introduced during the emulsi®cation step.
The nature and density of surface chemical groups were
determined using pH and conductometric titrations [15].
PS particles have a sulphate group density on the
surface close to 0:22 nmÿ2, corresponding to a surface
charge of 3:6� 10ÿ2 C mÿ2. In the present aqueous
medium, PS particles, being highly hydrophobic, tend to
aggregate.
Owing to their strong acidic sulphate groups, PS

particles exhibit a negative charge with a mobility of
about ÿ2� 10ÿ8 m2 Vÿ1 sÿ1 (Figure 4). In the presence
of nickel ions, the electrophoretic mobility of PS
particles decreases considerably (Figure 4) and SDS
does adsorb, as shown Figure 5 with the isotherms
drawn at pH 4, room temperature. The nickel induced
adsorption is due to electrostatic bridging between
particles (sulfate groups) and SDS molecules or micelles
[15]. At an SDS concentration of 5� 10ÿ4 M, adsorption

Fig. 2. Schematic view of the experimental set-up.

Fig. 3. Fluid velocity pro®les in the cell liquid ¯ows: 0:02 cm3 sÿ1 (j);

0:06 cm3 sÿ1 (h).
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is only one third of full coverage, which is con®rmed by
the absence of signi®cant modi®cation of electrophoretic
mobility (Figure 4). At an SDS concentration of
5� 10ÿ3 M, adsorption reaches 2.5 molecules nmÿ2,
which corresponds to the saturation of the surface. At
saturation level, SDS molecules do not form a homo-
geneous bilayer on the PS particle, which would give a
density of about 4 nmÿ2. Molecules more likely bind
tails onto the hydrophobic part of the surface (heads
toward the solution) and form micelles or hemi-micelles
on the sulfate groups.
In comparison with the preceding values obtained in

solutions containing Ni(II) at the concentration of
10ÿ2 M, adsorbed quantities are lower in 10ÿ3 M nickel
solution and higher in a regular Watts bath (Ni(II) 1:2 M)

[15]. In the presence of both nickel ions (10ÿ3 M) and
SDS (10ÿ4 M), PS particles remain slightly negative, with
a mobility of about ÿ1� 10ÿ8 m2 Vÿ1 sÿ1 (Figure 4).
Addition of the cationic CTAB produces a reversal of

charge of the PS particles in a dilute Watts solution
(Nickel 10ÿ3 M, pH 4) (see Figure 6). In comparison
with SDS, CTAB strongly adsorbs onto the PS particles
(Figure 5). At the onset of the adsorption plateau, the
equilibrium concentration of CTAB in the solution is
below 5� 10ÿ4 M, instead of 5� 10ÿ3 M with SDS.

4. Deposition measurements

4.1. Experimental procedure

A Watts-type nickel electrolytic bath was used (called
below the `basic solution') containing NiSO4:6H2O
(1:05 M), NiCl2:6H2O (0:15 M) and H3BO3 (0:65 M).
The electrode potential was incremented between 0

and ÿ2 V (vs Ag wire) in steps of 0.1 V. For each step
the current was monitored and the potential difference
was maintained for 3 min after the current had been
stabilized. If no latex deposition was observed, the
potential was increased. The experiment was stopped
when hydrogen bubbles formed at the electrode. The
maximum current density was about 10 A mÿ2. When
no speci®c mention is made, the ¯ow rate was
0:05 cm3 sÿ1. All potential measurements of the collect-
ing electrode refer to the silver wire immersed in the
solution. Separate measurements of the potential differ-
ence between the silver calomel electrode gave +19 mV
and +150 mV in the basic and in the dilute nickel
solutions, respectively.
Deposition experiments were carried out using the

basic or the 103 times dilute nickel bath, to which SDS
or CTAB surfactants were added. The various experi-
ments are summarized in Table 1.

Fig. 4. Electrophoretic mobilities of PS lattices against pH: aqueous

solution ( ); 10ÿ3M Ni(II) ( ); 5� 10ÿ4 M SDS ( ); 10ÿ3 M Ni(II) +

10ÿ4 M SDS ( ).

Fig. 5. Surfactant adsorption isotherm on PS lattices, pH 4, 10ÿ2 M

Ni(II) SDS ( ), CTAB ( ).

Fig. 6. Electrophoretic mobilities of lattices versus CTAB concentra-

tion (M), 10ÿ2 M NiSO4, pH 4.
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4.2. Deposition in the basic nickel bath

To determine the relative magnitude of hydrodynamic
and electrophoretic forces, observations were made
concerning PS particles in the cell, as a function of
potential applied, in systems containing various
amounts of nickel ions. The pH value of the solution
was 4 in each case (pH was adjusted using a solution of
hydrochloric acid). In the absence of nickel ions, the
¯ow of PS particles was not altered by the electric ®eld
from 0 to ÿ1 V (vs silver wire). At more negative
potentials of the collecting electrode (cathode), PS
particles move away from the cathode but do not cross
the cell because at some point the liquid ¯ow carries
them along.
At a nickel concentration of 10ÿ3 M, PS particles

migrate to the anode between ÿ1:0 V and ÿ1:7 V, but
migration starts to reverse to the cathode at a potential
of ÿ1:7 V. At this potential PS particles slow down, roll
over the electrode, without any deposition taking place.
At higher (cathodic) potentials, bubbles are formed on
the substrate, hampering PS particle deposition.
In a regular Watts bath (Ni(II) 1:2 M), PS particles do

not deviate from the ¯uid ¯ow up to the electrode
potential ÿ1:7 V. At this point they also move to the
cathode and behave as above.
These experiments indicate that the balance between

longitudinal forces (hydrodynamic) and transversal
forces (electrophoretic, diffusional etc.) is very sensitive
to bath composition and operational parameters.

4.3. In¯uence of surfactant addition

The in¯uence of surfactant addition was investigated at
three concentrations: 5� 10ÿ5, 5� 10ÿ4 and 5� 10ÿ3 M

in the same nickel solutions as above.

4.3.1. Anionic surfactant (SDS)
The deposition behaviour of PS particles is not altered
by adding SDS (5� 10ÿ4 M) in the absence of nickel
ions. This is consistent with the fact that SDS does not
adsorb and therefore does not modify the surface
properties.

In a dilute Watts bath (Ni(II) 10ÿ3 M), PS particle
deposition depends on SDS concentration and substrate
polarization. At lower SDS concentration (5� 10ÿ5 M),
PS particles start to deposit at ÿ1:7 V. At this potential,
deposition increases with SDS concentration, peaks at
about 5� 10ÿ4 M and disappears at 5� 10ÿ3 M.
In general, smaller PS particles deposit preferentially

to larger ones. Practically, small PS particles reach the
electrode at ÿ1:5 V. They also wander less over the
substrate than larger ones. This is in qualitative agree-
ment with Equation 1, where the hydrodynamic force is
shown to increase linearly with particle size.
One of the curves in Figure 7 shows the deposition

rate as a function of time at an SDS concentration of
5� 10ÿ4 M. After the experiment, the electrode is
removed and dried in air. A white ®lm appears on the
substrate, with deposited PS particles entrapped inside
(Figure 8).
SDS does not induce any PS particle deposition in a

regular electrolytic bath (Ni(II) 1:2 M). At a potential of
ÿ1:5 V, PS particles start to migrate towards the cath-
ode, but they slide upwards. This may be attributed to the
effect of a large difference in speci®c weight between the
particles and the solution near the interface, or to some
hydrodynamic instability due to ionic migrations and
pressure gradients at the onset of nickel deposition [7, 8].

4.3.2. Cationic surfactant (CTAB)
In the presence of CTAB (concentrations 5� 10ÿ5,
5� 10ÿ4 and 5� 10ÿ3 M) and nickel concentration
10ÿ3 M, PS particles no longer move away from the
cathode. Deposition starts at the electrode potential of
ÿ1:5 V for the three surfactant concentrations, but
hydrogen bubbles strongly disturb the ¯ow of particles.
Differences between the three CTAB concentrations
appear in the aspect of deposited units: aggregates at a
concentration of 5� 10ÿ5 M and uniformly distributed
primary particles at 5� 10ÿ4 M.
As shown in Figure 7, deposition rates are very

similar in CTAB and SDS solutions over a short period.
After an experimental time, above some 70 to 100 min,
deposition rates reach a plateau. At the plateau, the
surface coverage is about 9000 particles per mm2 with
SDS and 13 500 with CTAB. These values correspond
roughly to a coverage ratio of 15% and 20%, respec-
tively, which is in good agreement with other ex-
periments and theoretical predictions presented by
Adamczyck et al. [5]. The decrease in the deposition
rate (rounding of the deposition-time curve) and the
saturation plateau values, much below 100% coverage,
are explained by a strong `shadow effect' induced
by already deposited particles. Practically, when particles
do not attract each other, formerly deposited particles
force incoming ones away from the substrate [4, 5].

4.4. In¯uence of pH and ¯ow rate

Figure 9 shows the deposition yield at various pH and
¯ow rates. Time was taken as zero at the electrode

Table 1. Summary of experiments at various concentrations of nickel

and surfactants

Nickel

concentration

/M

SDS

concentration

/M

CTAB

concentration

/M

Particle

deposition

0 0 0 no

10)3 0 0 no

1,2 0 0 no

0 5 ´ 10)4 0 no

10)3 5 ´ 10)5 0 yes

10)3 5 ´ 10)4 0 yes

10)3 5 ´ 10)3 0 no

0 0 5 ´ 10)4 no

10)3 0 5 ´ 10)5 yes (aggregates)

10)3 0 5 ´ 10)4 yes

10)3 0 5 ´ 10)3 yes
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potential ÿ1:7 V. Deposition rate values at time zero
correspond, therefore, to particles attached during the
stepwise increase in potential. As expected qualitatively
from the increase in the tangential hydrodynamic force
(Relation 1), the deposition rate decreases as the ¯ow
rate increases. At high ¯ow rates (0.05 and
0:14 cm3 sÿ1), the deposition rate increases linearly with
deposition time for the ®rst 600 s and does so for a
shorter time at the lower ¯ow rate (0.01 cm3 sÿ1). The
rounding in the deposition curve, as a result of the
shadow effect of formerly-deposited particles, takes
place sooner at higher deposition rates.
At a ¯ow rate of 0.05 cm3 sÿ1, the deposition rate

decreases between pH 5.7 and pH 3.6. Because there is

no change in the electrophoretic mobility and SDS
adsorption properties of PS particles between these two
pHs, the decrease in the deposition rate with decrease in
pH is possibly caused by the observed higher rate of
release of hydrogen bubbles.

5. Discussion

Conditions favourable to spontaneous adhesion have
been found for a limited range of surfactant and Ni(II)
concentrations, but no deposition was observed in
dispersions containing only one of these two compo-
nents. In addition, no deposition was obtained in a
regular electrolytic bath. To explain the results, two
kinds of phenomena will be considered, those relating
to particle/solution interface and particle/electrode
interactions.
In a dilute Watts bath, the particles are negatively

charged (Figure 4) and migrate to the anode. At the
potential where the reduction of nickel ions starts (about
ÿ1:5 V), particles migrate towards the cathode, but no
attractive force brings the particles a state of permanent
attachment with the electrode. The main difference
between dilute and basic Watts solutions is, in the latter
case, that no anodic migration takes place between ÿ1
and ÿ1:7 V. This is explained by a decrease in the
electric ®eld, as a consequence of the corresponding
increase in bath conductivity.
PS particles do not deposit when SDS is added in the

absence of nickel ions. We may refer to detailed studies
of the mercury/SDS solution interface [12, 25]. Using
electrocapillary curves and impedance spectroscopy, the
authors report the formation of stable SDS adsorption

Fig. 7. Deposition yield of PS lattices up to the saturation level, pH 4, electrode surface 0:1 mm2, surfactant concentration 5� 10ÿ4 M, SDS

solutions ( ), CTAB solutions ( ).

Fig. 8. Dried ®lm containing particles. Experimental conditions:

10ÿ3 M Ni(II), 5� 10ÿ4 M SDS, pH 4.
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layers containing up to 1.7 mol nmÿ2 at a concentra-
tion of 5� 10ÿ4 M. It is interesting to note that the
adsorption of negative SDS molecules takes place up to
polarization potentials of 500 mV more cathodic than
the potential of zero surface charge. These data dem-
onstrate the strong af®nity of SDS molecules for the
metallic surface. SDS adsorb through hydrophobic
bonds between the electrode and the aliphatic tail,
pointing negative functional groups towards the solu-
tion [12]. Assuming that SDS behaves similarly on nickel
and mercury electrodes, due to SDS adsorption on the
substrate, a strong electrostatic barrier prevents negative
PS particles from depositing in solutions containing no
nickel ions.
In the presence of nickel ions, both the electrode and

the particles have different af®nities for SDS. At the
lower surfactant concentration (5� 10ÿ5 M), SDS covers
the electrode surface but does not adsorb onto the PS
particles. At an SDS concentration of 5� 10ÿ4 M,
adsorption is about 30% of a monolayer on the PS
particles and at a concentration of 5� 10ÿ3 M, it forms a
saturated monolayer (Figure 5). Nickel ions in¯uence
particle/electrode interaction forces and, as a result, the
deposition rates of PS particles. At a lower SDS
concentration, particle deposition in 10ÿ3 M nickel
solutions is explained by the reduction in the electro-
static barrier caused by the screening effect of nickel
ions. Once the particles have penetrated through the
SDS layer, attachment to the electrode is made possible
by means of hydrophobic bonds between the PS particle
surface and the SDS tails. At an SDS concentration of
5� 10ÿ4 M the particles remain suf®ciently hydrophobic
but at a concentration of 5� 10ÿ3 M, since SDS covers
completely the surface, there is no longer a hydrophobic

bond to stabilize the PS particles in the surfactant layer
and deposition returns to zero. Direct measurements of
interaction forces support the above explanation. Data
were produced for the disjoining pressure [26] between a
mercury electrode and gas bubbles (air or nitrogen) in
SDS solutions containing 10ÿ4 M NaClO4 [13]. The
authors report spontaneous attachment between mer-
cury and gas bubbles for SDS concentrations up to
5� 10ÿ6 M. Calculation of the mercury/bubble interac-
tion potential leads the authors to conclude that an
attractive hydrophobic force balances the repulsive van
der Waals and electrostatic forces. In the present study,
the mercury/bubble interface is replaced by one between
nickel and PS particles. Although differences exist (PS
particles carry a low negative charge, presence and
electrolysis of nickel ions, range of polarization poten-
tial) the phenomena appear qualitatively similar in terms
of SDS concentration dependence.
In contrast to SDS, CTAB adsorbs on to a negative

electrode with the positive group on the metal and the
cetyl tail towards the solution, giving the cathode
hydrophobic properties [12]. At higher surfactant con-
centrations, a second layer is formed on the electrode,
with positive head groups toward the solution. The
absence of deposition in pure CTAB solutions
(5� 10ÿ4 M) is thus explained by the electrostatic
repulsion between adsorbed surfactant layers on the
electrode and on the positive PS particles. For CTAB in
dilute nickel solutions, deposition occurs at all surfact-
ant concentrations between 5� 10ÿ5 and 5� 10ÿ3 M. At
CTAB concentration of 5� 10ÿ5 M aggregate deposition
is observed. At this concentration, adsorption of CTAB
is just suf®cient to neutralize the PS surface charge
(Figure 5) allowing aggregation to take place through

Fig. 9. Particle deposition yield in 10ÿ3 M Ni(II), 5� 10ÿ4 M SDS solutions at di�erent ¯ow rates and pH: 0:01 cm3 sÿ1, pH 5.7 ( ); 0:05 cm3 sÿ1,
pH 5.7 (m); 0:14 cm3 sÿ1, pH 5.7 ( ); 0:05 cm3 sÿ1, pH 3.6 (n).

1399



hydrophobic attraction forces. At higher CTAB con-
centrations (5� 10ÿ4 and 5� 10ÿ3 M), adsorption of
CTAB reaches full coverage (Figures 5 and 6), produc-
ing positive particles that no longer aggregate due to
suf®cient electrostatic repulsion. In these conditions,
experiment shows that stabilization against aggregation
does not prevent PS particle deposition. The latter
is associated, as it is in all cases, with the formation of
an apparent ®lm at the electrode, again showing
the occurrence of a speci®c electrochemical entrap-
ment. The chemical nature of the ®lm has not been
elucidated. It probably consist of some hydrolysed
nickel species.

6. Conclusions

The electrolysis cell described in this paper has proved to
be useful for the study of codeposition of particles in
composite plating. We observed that negatively charged
polystyrene particles adsorb on to the negative
electrode, under the condition that nickel ions and
surfactants such as SDS, CTAB, Poly(acrylic acid)
(unpublished result) are present in the bath.
Surfactants directly in¯uence electroadhesion by

modifying the interfacial properties of both the particles
and the electrode. By preventing the aggregation of
particles in the bath, they may also enhance particle
deposition.
Nickel ions act as charge reducers in two ways: they

promote SDS adsorption on to the particles and they
screen the electrostatic repulsion forces between surfact-
ant layers at the electrode surface. There is some
evidence that nickel ions and surfactant participate in
the formation of an optically detectable ®lm in a limited
range of potential values and salt and surfactant
concentrations. The ®lm occurrence, apparently corre-
lates with PS particle deposition.
In the present experiment, the measurements were

made at 25 �C instead of the temperature currently used
in nickel electrodeposition (i.e., about 50 �C). Further
investigations are necessary in order to establish corre-
lations between interfacial phenomena and deposits in
industrial codeposition systems.
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