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ABSTRACT

Cathodic electrodeposition of metal ions can be achieved in parallel plate reactors. The reactor duty
is enhanced when it is operated under limiting current conditions at the cathode. Such conditions
are closely related to the fluid pattern over the entire cathode area. In this work, the theoretical feasi-
bility for the removal of Cu?* ions in an electrochemical reactor at laboratory level was analyzed as a
function of the flow pattern. A commercial computational fluid dynamics code (ANSYS Fluent) was
used to describe the hydrodynamic as the electrolyte passes through a laboratory electrochemical
reactor (channel reactor: 0.10 m length, 0.05 m width, 0.01 m depth and electrode area 0.005 m?). The
simulation was performed at mean linear inlet flow velocities between 0.011 and 0.056 m s™. The flow
predictions show how the development of the flow pattern is affected by both the manifold and the
flow velocity. It was possible to estimate that the fluid flow was developed over the 90, 80 and 70%
of the cathode area when the mean linear inlet flow were 0.011, 0.033 and 0.056 m s, respectively.
Under these hydrodynamic conditions, the electrochemical reactor performance will be maximized
because it was expected to have a uniform limiting current density over the cathode area according
to the estimated percentages mentioned before. In the same range of linear flow velocities, a uniform
limiting current for cathodic Cu** reduction was experimentally obtained, as expected.
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1. Introduction

Most of the heavy-metal ions (i.e. Cu, Ag, Pb) in indus-
trial effluent are harmful when they are discharged to the
environment [1]. Among the available technological meth-
ods for metal removal from diluted solutions the electro-
chemical technology is well positioned [2-4]. The main
advantages of this approach include metal recovery in pure
form, low operating costs and no sludge disposal problems.
One of the earliest studies on this subject was documented
more than 50 years ago [5]. Since then, a huge amount of
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work focused on stripping of metals from water streams has
been performed. Early studies were focused on Cu [6], Ag
and Pb [6,7] deposition. Recently, several electrodeposition
techniques have been applied to remove heavy metals from
aqueous solutions, among them it can be mentioned Zn
[8,9], Co [8,10] and Cu [11].

The cathodic reduction of heavy metal cations is one of
the most important electrochemical procedures. The goal of
this process is to control the mass transport to the cathode
surface [12,13] by means of the limiting current (I,) concept.
For a given concentration of the electroactive species the I,
is linked to both, the electrode area (A,) and the mass trans-
fer coefficient (k). These two parameters are linked to the
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reactor design and the flow pattern. A correct reactor design
requires ensuring a fully developed flow condition over the
most part of the cathode surface. Therefore, the optimum
performance of a cathodic reduction is achieved when main
parameters, that are a function of fluid dynamics (I, and k),
will be uniform along the electrode surface. As a result, the
mass transfer, from the bulk solution to the electrode sur-
face is going to be uniform.

The objective of this paper is to evaluate the maximum
cathode area at which the flow pattern describes a fully
developed laminar flow (describing a parabolic profile).
The flow pattern will be evaluated by means of a com-
putational fluid dynamics (CFD) tool as a function of the
electrolyte Reynolds number (representing the ratio of iner-
tial force to friction force) expressed by Re. In this way, a
selected Re range will define the theoretical conditions at
which the electrochemical reactor should work with a uni-
form I, assuring a good k, and therefore a suitable cathodic
Cu?* reduction. Theoretical values will be compared against
experimental ones.

2. Theoretical approach
2.1. Mass transfer coefficient and hydrodynamics

For a fully developed laminar flow, the limiting current
(1) and the mass transfer coefficient (k) are related by the
following equation [13,14]:

I, =nFAek,C_.. M

where 7 is the number of electrons, F is the Faraday con-
stant, Ae is the electrode surface and C_.. is the cation cop-
per concentration in the bulk solution. The characteristic
mean linear flow velocity (7 ) of the electrolyte (obtained
as a relation of the volumetric flow rate divided by the
cross-sectional area of the reactor channel) is linked to the
k by means of the following equation [15]:

k, =a(@) b))

where a and b are experimental constants that take into
account the electrolyte transport properties (Sc number)
and the geometry of the electrochemical reactor (the equiv-
alent hydraulic diameter, d ).Under these conditions k and
the experimental constants can be evaluated in an electro-
chemical reactor from correlations involving dimensionless
parameters [15].

Sh=aRe"Sc Le® (3)

where a, b, ¢, e are as well experimental constants, Sh is
the Sherwood number (the ratio of the mass transfer rate
to the diffusion rate), Le is the ratio of hydraulic diameter
to the length of the electrode in the direction of the flow
and the rest of the parameters were already defined. If the
parameter Re is measured from v, the resulting numer-
ical value will be named nominal Re. In the same way,
if the parameter Sh is evaluated from a nominal Re, the
resulting numerical value will be named averaged Sh.
Equations (2) and (3) describe the mass transport in fully

developed laminar flow. However, the sudden expansion
of fluid flow is the more convenient method to introduce
the electrolyte to an electrochemical reactor. As a result,
the flow pattern at the cell entrance is characterized by
the presence of a recirculation of the fluid. Thus, the Re
becomes a function of the expansion geometry and sev-
eral attempts have been made to evaluate this phenome-
non. The main problem is the assessment of the minimum
distance from the reactor entrance, from which, a fully
developed flow starts.

2.2. Fully developed laminar flow

The flow pattern inside of an electrochemical reactor
becomes unstable above a critical Re (Re_,,). This parame-
ter is not a constant; it is a function of the geometry of the
manifold used to introduce/remove the electrolyte from
an electrochemical reactor. At low Reynolds numbers (Re
< Re_,,) flows are laminar and at higher Reynolds num-
bers (Re> Re,,,) flows are turbulent. In the laminar regime
the flow is smooth and adjacent layers of fluid slide past
each other in an orderly fashion. Moreover, if the applied
boundary conditions do not change with time/distance,
the flow develops completely with a parabolic profile.
Therefore, the precise Re_, assessment is very important to
define the flow regime inside the electrochemical reactor.
Several procedures have been employed to evaluate the
minimum downstream length required for a fully devel-
oped laminar flow. Among them it can be mentioned the
following criterion [16]:

L*=0.06(Re)d (4)

where L* is the minimum entrance length, d is the
diameter of a circular pipe. The assessment of the mini-
mum entrance length depends only on Re and d. There-
fore, the flow behavior differences between electrode
surface and bulk solution, as well as near the manifolds
are ignored. These limitations were recognized by Pickett
and Wilson [16]. In theory flow dispersion models are able
to describe a fully developed laminar flow [17]. However
the inherent difficulties of this flow model for the correct
interpretations of the experimental data [18] make them
unpractical.

As it was stressed before, the Re is a function of the fluid
recirculation at the reactor entrance. In order to evaluate the
expansion factor of the flow, certain correlation between
the manifold geometries and some measurable quantities,
such as heat [19] or mass transports coefficients [20,21] were
developed for different entry arrangements, see the follow-
ing equation:

-1
ShSc? = 011 R | e (5)
D

e

where (d /D)) is the ratio of entrance equivalent diameter to
the electrochemical cell equivalent diameter. When the cell
entry is limited to one circular hole, Eq. (5) is able to describe
the flow pattern, but it fails for a slit-type cell entrance.
When a new expansion factor was included in Eq. (5) the
theoretical evolution of flow pattern was well described for
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Fig. 1. Main features of the electrochemical reactor and its circuit hydraulic.

tube-type entrance and slit-type entrance [22]. However, the
improved equation fails to describe the flow pattern in more
complicated reactor entrances. Therefore, an improved geo-
metrical manifold parameter was proposed and included
in a new equation. When this approach was applied to an
electrochemical reactor the diagnosis obtained described
a jet stream and vortex at the cell entrance [23]. Although
this information may be useful for an experienced designer,
for others it is very subjective. Indeed, a theoretical reac-
tor design must include the minimum required length of
the calming zone to subdue disturbances. This task can be
solved by means of CFD.

2.3. Computational fluid dynamics

CFD offers the possibility for reactor designing objec-
tives [24] and to evaluate under realistic conditions, the
flow pattern and its effect on mass transport in developing
fluids along a reactor [25-27]. In this study ANSYS Fluent
(v6.3.26) was used to provide a numerical description of the
flow patterns in a laboratory reactor. The most important
characteristics of the reactor are summarised in Fig. 1a: the
electrolyte inlet/outlet has an angle of 64° and in between
the channel reactor (0.1 m length x 0.05 m width x 0.01 m
depth). The electrolyte is distributed to the reactor chan-
nel by the inlet as shown in Fig. 1a. When the electrolyte is

Table 1
Main experimental conditions

pumped through the channel from the bottom to the top a
flow pattern develops along the channel length and width
as a function of the flow rate.

3. Modelling conditions

The fluid flow can be modelled from the basic prin-
ciples of conservation of mass, momentum and energy
[28] and applying the same methodology described else-
where [25-27]. However, the most important modelling
activities are the reactor geometry definition and grid
generation. This includes the subdivision geometry into
non-overlapping 548,202 hexagonal cells; definition of the
electrolyte properties (described in Table 1); selection of
appropriated boundary conditions (derived from data in
Table 1) such as the electrolyte mass flux (kg s™) at the
reactor inlet.

In order to describe a realistic flow pattern in the reac-
tor, the following set of five partial differential equations
is needed: mass conservation, x, y and z momentum equa-
tions and the energy balance equation. However, some
simplifications can be made if the following assumptions
are taken: i) steady state is assumed in the fluid flow equa-
tions while the time variable is not considered, ii) the tem-
perature, density and viscosity of the fluid are constant, iii)
natural convection is neglected due to the predominance of

Physical properties of the electrolyte

Parameter p n Sc D_. Re
kg kgm's (W0 D) (m"s") (o0 1)
Value 1099 1.1x10° 1494 6.4 x 1071 170-1000

Characteristic mean linear flow velocities (v ) of the electrolyte, volumetric flow rate (QQ) and nominal Re number in the laboratory

reactor

Q m3s?) 5.56 x 10-° 1.11 x 108 1.67 x 10~° 2.22 x10°° 2.78 x 10
v (ms?) 0.011 0.022 0.033 0.044 0.056
Nominal Re 194 387 581 775 969
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forced convection and iv) there is no linkage between the
energy equation, the mass conservation and the momen-
tum equations. The energy equation needs to be solved
alongside the others if the problem involves heat transfer.
Therefore, the system is reduced to four partial differential
equations. In a laminar regime, Newtonian incompressible
fluid flow behaviour is completely described by the Navi-
er-Stokes equations:

Jv.

ox, (6)
J 0 J

aTCl_(UiU;) = —aTCjP@j +87]_T5i,- )

where v, x, are the velocity vector and its position (i =
X, Y, z) respectively, p is the pressure and t is a viscous
stress term.

As mentioned previously, all flows encountered in engi-
neering practice become unstable above the Re. . There-
fore, the flow pattern described by the electrolyte when it is
pumped through the variable reactor geometry is turbulent,
even if the Reynolds number is well below 2000. Therefore,
extra tools are needed to describe the effects of turbulence.
However, commercial CFD packages offer the possibility
of using several turbulence models that can be solved in
three dimensions alongside the N avier-Stokes equations.
Among the models it can be mentioned the RNG model. It
was used to solve terms that appear when the set of Navi-
er-Stokes equations are applied to flow regions which are
dominated by strong velocity gradients, like vortex flows
that characterize recirculation flow regions or boundary
layer separation flows [25,27]. In this work, the renormali-
zation-group (RNG) model was coupled to Navier-Stokes
equations for modelling the fluid flow through the reactor
shown in Fig. 1.

4. Experimental details
4.1. Solutions

They were prepared using distilled water and the fol-
lowing reagents: Na,SO,, CuSO,, H,SO, all of them sup-
plied by Aldrich.

4.2. Electrodes and reactor

The anode was made of a sheet (0.10 m x 0.05 m) of stain-
less steel. Ten circular cathodes (0.01 m diameter) made of
copper were imbibed into the center of the channel width
but at different position along the channel length, as shown
in Fig. 1a. The dimensions of the plate, in which the reac-
tor channel was built, are: 0.26 m length, 0.122 m width and
0.10 m depth. The rest of the geometrical details were already
mentioned. The calomel was used as a reference electrode.
The working electrolyte (0.05M Na,SO,, 10mM CuSO,, pH
2) was recirculated through the reactor by means of an Iwaki
magnet pump MD-10L. A sketch of the hydraulic circuit is
shown in Fig. 1b. All electrochemical experiments were con-
trolled by a potentiostat (AMEI model 553).
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4.3. Procedures

Experimental mass transport studies were performed
by the limiting current technique [13]. The working electro-
lyte was deoxygenized before the mass transport measure-
ments. The cathode energies were swept from 0 to -1.0 V
(vs calomel) and the limiting current was determined for
the cathodic reduction of Cu** on circular copper electrodes.
This procedure was repeated for all the volumetric flow
rates described in Table 1.

5. Results and discussion
5.1. Simulation of the flow pattern

The objective of CFD is to evaluate: a) the entry region
where the flow develops; b) the region where the fluid flow
is developed; c) the region where the outlet port remove elec-
trolyte from the reactor and affect the fluid flow pattern. At
all volumetric flow rates, local flow velocities can be obtained
as a function of the channel length (0.10 m), width (0.050 m)
and depth (0.010m). Then, they can be represented in 2D /3D
graphics showing contours of x-velocity, velocity vectors and
velocity profile for a given channel depth along the channel
width. The fluid flow was assessed in different points located
in some selected planes along the channel length.

The length of the electrolyte compartment, from the inlet
port to the outlet port, is divided in 10 perpendicular planes
to the direction of the fluid flow, see two of them (P3 and P4)
in a partial channel representation in Fig. 2. The first two of
them (P1 and P2) are located at 2 and 0.5 cm respectively,
before the channel entry; they are not represented in Fig. 2.

In fact, P1 is located at the centre of the electrolyte com-
partment, where the inlet port is placed. In this position,
at all volumetric flow rates, a turbulent regime is always
expected because the flow direction changes abruptly. From
this point, the electrolyte is distributed, toward the reactor
channel, through a 64° divergent duct. Following this direc-
tion, the fluid flow reaches the plane P2. At this point, the
flow pattern should be still turbulent. The following planes,
P3 to P8, are located in the reactor channel at the following
distances 1, 3, 5, 7, 9 and 10 cm, respectively. In this chan-
nel zone (10 cm long), the flow pattern should form a fully
developed flow, for some of the volumetric flow rates of
Table 1. Beyond 10 cm (P8), the electrolyte is distributed,
toward the outlet port through a 64° convergent duct. From
P9 to P10, the flow pattern should be turbulent again. For a
given perpendicular plane (i.e. P3 in Fig. 2), local velocities
are numerically evaluated in 18 positions (P1 to P18) along
the channel depth obtaining a velocity profile (VP) in the z
direction. This procedure is systematic repeated at different
positions along the channel width and 11 VP are obtained
for P3. Applying the same procedure, 11 VP are obtained for
P4 and so on for all 10 perpendicular planes to the direction
of the fluid flow. Therefore, a flow pattern is obtained for a
given flow rate. In the following section, a set of (v ) will be
discussed. Some important VPs corresponding to the most
representative set of perpendicular planes located at the
key electrolyte compartment distances are discussed. From
Fig. 2 it can be seen the angle for graphical representation in
2D (channel depth vs local velocity) for a given set of 11 VPs
along the channel width.
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Fig. 2. A partial reactor channel representation and the locations of key points.

0.011 m s™. The set of VPs formed at 2 and 0.5 cm before
the channel entry and at the first 1 cm in the channel length
are represented in Figs. 3a—c, respectively.

As expected, the first two set of VPs describe a turbulent
flow, however, the third set of VPs describe a parabolic pro-
file, characteristic of a developed fluid flow. It can be seen
that the lowest velocities are found near the four channel
walls, at 0.25 m, 4.75 cm, for the channel width and 1.0 cm,
0.0 cm for the channel depth. The same flow pattern is
found for the rest of the channel. Fig. 3d shows that at the
end of the channel length (10 cm), the parabolic profile is
not affected by the outlet effect. For this v examined it can
be concluded that 9 cm, of the 10 cm channel length, pres-
ent a developed fluid flow. Giving 45 cm? of cathode area at
which the flow pattern describes a fully developed laminar
flow, that is 90% of the channel surface.

0.022-0.056 m s™. Applying the same method for the
whole range of v it can be seen that before the channel
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entry all VPs describe a turbulent flow. Additionally, the
minimum downstream length required for a fully devel-
oped laminar flow is smoothly increasing as a function of
the flow rate. As a consequence, the area at which the flow
pattern describes a fully developed laminar flow decreases.
The most important findings are summarized for a repre-
sentative set of flows. For a v = 0.033 ms™, Fig. 4a shows
aset of VPs describing a quasi-parabolic profile at 2 cm
in the channel length. However, from a few fractions of a
centimetre ahead to the end of the channel, the set of VPs
describe a parabolic profile and they are not affected by the
outlet effect. Fig. 4b shows a set of VPs describing a para-
bolic profile at the end of the channel. Under these condi-
tions, the flow pattern describes a fully developed laminar
flow above 40 cm? of the channel area, representing the 80%
of the total channel area available.

Fora v =0.056 ms™, Fig. 5a shows a set of VPs describ-
ing a quasi-parabolic profile at 3 cm in the channel length.
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From this channel position to the end of the channel, the set
of VPsdescribe a parabolic profile and they are not affected
by the outlet effect. Fig. 5b shows a set of VPs describing a
parabolic profile at the end of the channel. Under these con-
ditions the available area, under a fully developed laminar
flow, is 35 cm? (70%).

The main conclusions so far are the following: The
electrolyte inlet effect on the minimum distance of the
reactor channel, from which a fully developed flow starts,
is a function of the nominal Re. For the following set of
nominal Re the following minimum distances of channel
length were found: 1 cm for 194 < Re < 387, 2 cm for 387
< Re < 775 and 3 cm for 775 < Re < 969. Therefore, in the
three nominal Re regions mentioned the electrochemical
reactor should work with a uniform I, assuring a good

0.010 {8
2D e
2O xm e
0.008 L JEAVEE S IR Ral
: »D>/0 Xm # vO
SN0 Xm e YO
€ 2O K@ YO
= 0.006 — WO ¥ YO
g wo  xe g
3 > xem @O
o) 2 xem o
£ 0.004+ [ xom ¥
8 [Ax@ M T
o [A*@ M
i CA\x® M
0.002 ke W
L\ ¥
Zve M
0000_‘* T T T T T T T 1
0.00 0.01 0.02 0.03 0.04

Local velocity (ms™)

Fig. 4a. Eleven VPs along channel depth at 2.0 cm of the channel
entry and the following channel width: ® 0.0025 m, [J 0.005 m,
© 0.01 m, O 0.015 m, » 0.02 m, > 0.025 m, A 0.03 m, A 0.035 m,
* 0.04 m, ¥¢ 0.045m, * 0.0475m. v =0.033 ms™.

0.010 {8
i AN
[ 3 " AN
| AN
0.008 5 [ VN
[ 4 s 5 A
€ BX [k =N
= 0.006 X [
£ X (D 4
2 [ B3 wsx 3
° m X rix” 3
€ 0004+ mX  Zseh
8 X hes
o X esd
mX Z2en
0.002 |
X Zoe
X Gk
BTN
0.000 - ¢
T T T T T T T T T T T T 1
0000 0005 0010 0015 0020 0025 0030 0.035

Local velocity (ms™)

Fig. 4b. Eleven VPs along channel depth at 10.0 cm of the channel
entry and the following channel width: ® 0.0025 m, [J 0.005 m,
@ 0.01 m, O 0.015m, P 0.02 m, [> 0.025 m, A 0.03 m, A 0.035 m,
* 0.04 m, ¥ 0.045m, * 0.0475m. v =0.033 ms™.

k, and therefore a suitable cathodic Cu** reduction. How-
ever, at low nominal Re regime, the available cathode area
will be higher.

5.2. Experimental mass transport studies

The cathodic Cu* reduction on a set of circular copper
electrodes were performed. The electrodes were located at
the center of the channel width but at different position along
the channel length. Their limiting current were recorded as
a function of the nominal Re. The first circular electrode (P1)
was fixed in the electrolyte compartment, where the inlet
port is placed (2 cm before the channel entry). According to
CFD analysis (Fig. 3a) on P1, a turbulent regime was always
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found, at all volumetric flow rates. Fig. 6a shows that for
nominal Re > 581 (curves marked with A m %) the limiting
currents for Cu**cathodic reduction are rather undefined in
P1. However, for nominal Re < 581 the limiting currents are
better defined.

Fig. 6b shows that for all nominal Re examined (except
for nominal Re = 969) the limiting currents for Cu**cathodic
reduction on electrode P2 (0.5 cm before the channel entry)
are well defined. Experimental results suggest that the mass
transport is carried out in a fully developed laminar flow
(Eqns. 2 and 3). According to CFD analysis (Fig. 3b) on P2
the fluid flow is not developed.

41 1 09 08 07 -06 -05 -04 -03 02 01 0
15

10 +
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Fig. 6a. Observed limiting currents for Cu** cathodic reduction
on P1 electrode (2 cm before the channel reactor) at different
nominal Re: (¢) 194, (®) 387, (A) 581, (W) 775, (%) 969. Electrolyte,
10 mM CuSO,, 0.05 M Na,SO,, pH2.

-1.1

I /mA

-12

Fig. 6b. Observed limiting currents for Cu** cathodic reduction
on P2 electrode (0.5 cm before the channel reactor) at different
nominal Re: (#) 194, (®) 387, (A) 581, (W) 775, (%) 969. Electrolyte,
10 mM CuSO,, 0.05 M Na,SO,, pH2.

1/ mA

45+
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Fig. 6¢. Observed limiting currents for Cu?* cathodic reduction
on P3 electrode (1 cm in the channel reactor) at different nom-
inal Re: (®) 194, (®) 387, (A) 581, (W) 775, (%)) 969. Electrolyte,
10 mM CuSO,, 0.05 M Na,SO,, pH2.
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Fig. 6d. Observed limiting currents for Cu®* cathodic reduction
on P8 electrode (at the end of the channel length) at different
nominal Re: (¢) 194, (®) 387, (A) 581, (W) 775, (%) 969. Electrolyte,
10 mM CuSO,, 0.05 M Na,SO,, pH2.

Fig. 6¢c shows that for all nominal Re examined the
limiting currents for Cu** cathodic reduction on electrode
P3 (1.0 cm in the channel entry) are well defined. This
suggests that the experimental mass transport is carried
out in a fully developed laminar flow. According to CFD
analysis (Fig. 3c) on P3 the fluid flow is developed for
194 < Re < 387.

Experimental limiting currents for Cu* cathodic reduc-
tionin the whole channel length (10 cm), including the
electrodes P3-P8, always present well defined plateaus.
Fig. 6d shows the limiting currents on electrode P8. For this
electrode, experimental limiting currents are not affected
by the reactor outlet port. In general, experimental limit-
ing currents for Cu®* cathodic reduction do not need fully
developed laminar flows. Very well defined plateaus can
be found, applying Eqns. 1-3, in electrochemical reactors
when simulated flow pattern presents a minimum flow
maldistribution.

6. Conclusions

CED offers the possibility for reducing the design costs
for similar electrochemical reactors. Under this approach,
it is possible to evaluate: a) the maximum cathode area at
which the flow pattern describes a fully developed laminar
flow; b) the flow pattern and its effect on mass transport in
developing fluids along a reactor.

Good experimental limiting currents, for Cu** cathodic
reduction, can be obtained when the simulated flow pattern
presents a minimum flow maldistribution.

This approach could be attractive to reactor designers
since it requires few physical parameters and facilitates pre-
liminary characterization of geometrical configurations.

For the reactor studied here, the flow pattern assess-
ment indicates that the Cu?* cathodic reduction is possible
at 10 mM under a broad nominal Re regime. Numerical
results are in agreement with experimental ones.
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