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Modelling the startup of a continuous parallel plate
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A mathematical model to represent the startup operation of a continuous parallel plate electro-
chemical reactor is proposed. The model takes into account the diffusion layer adjacent to the
working electrode and the convective region in the solution bulk. Experimental results of copper
electrowinning from dilute solutions are compared with theoretical predictions. At short times the
results are in close agreement with the transient equation derived from the diffusion layer and at
larger times with that from the convective region. The mass transfer performance of the reactor is

also analysed.

List of symbols

specific surface area (m™!
electrode surface area (m?)
concentration (mol m—3)

inlet concentration (mol m~—3)
diffusion coefficient (m? s~!)
Faraday constant (A s mol™!)
Heaviside shifting function
current density (A m~?)

total current (A)

mass transfer coefficient (m s~!)
electrode length (m)

volumetric flow rate (m? s!)
interelectrode gap (m)
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1. Introduction

A detailed understanding of the time-varying beha-
viour of electrochemical reactors produced by per-
turbations in the inlet conditions or during the
startup and shutdown operations is necessary in or-
der to determine the transition time and to know the
variations in the outlet conditions. Likewise, if the
working conditions during the transition time are
very different from the steady state values the char-
acteristics and life time of the electrodes and separa-
tors can be affected and consequently the reactor
performance can be altered.

Fahidy has studied the dynamic behaviour under
perturbations in inlet conditions. In [1] the behaviour
of isothermal electrochemical reactors according to
the stirred tank and plug flow models is analysed
when perturbations in the inlet concentrations and
current are produced. In [2] the transient response of
a nonisothermal continuous stirred tank electro-
chemical reactor is presented and in [3] the case of
nonisothermal plug flow reactor is treated. In [4] the
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time (s)

time constant defined by Equation 8 (s)
superficial liquid flow velocity (m s™!)
electrode width (m)

coordinate (m)

coordinate (m)

ER%Q&N

Greek characters

0 diffusion layer thickness (m)

& porosity

v kinematic viscosity (m? s~!)

Ve charge number of the electrode reaction

p density (kg m™3)
a function defined by Equation 7
T reactor residence time (s)

transient behaviour of an isothermal electrolyser
consisting of a perfectly mixed-flow compartment
and a batch compartment separated by an ion-selec-
tive membrane is analysed. In [5] the effect of flow-
rate perturbations on the dynamics of tank flow
electrolysers for the cases of: single flow electrolyser,
the batch electrolyser with recycle, and the electro-
lyser cascade is analysed. In [6] an analysis of random
perturbations in current and inlet electrolyte con-
centration is presented. Likewise, Scott [7] ad-
ditionally examined the linearization of the
perturbation equations for an isothermal continuous
stirred tank reactor with input variations in flow-rate,
concentrations and current density. Kreysa [§] also
analysed concentration transients of idealized elec-
trochemical reactors.

In contrast to this extensive literature concerning
the dynamic behaviour under perturbations in inlet
conditions, there is a scarcity of published work re-
levant to the start up of electrochemical reactors.
Kreysa [8] analysed the start up and shut down in a
stirred tank reactor. Rousar [9] calculated the time
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necessary to attain a stationary diffusion and the
theoretical results are compared to experimental
data.

This work deals with the modelling of the start up
operation of a parallel plate electrochemical reactor.
The mathematical model considers the diffusion layer
near the working electrode and a convective region in
the solution bulk. The theoretical predictions are
compared with experimental results.

2. Mathematical model

A rigorous treatment of the startup of a continuous
parallel plate electrochemical reactor requires the
solution of the time-dependent convective diffusion
equation with appropriate hydrodynamic relations.
However, in order to avoid the mathematical com-
plexity and to obtain an analytical expression for the
transient behaviour a simplified model is proposed.
The main assumption of the model is to consider the
solution phase formed by two zones: a thin boundary
layer of thickness 0 at the working electrode and a
convective region. The boundary layer is assumed
stagnant and the mass transfer in it is by diffusion.
Likewise, in the boundary layer longitudinal gra-
dients of concentration are considered negligible
compared to transverse gradients (y coordinate). Al-
though in the convective region a flat profile of ve-
locity is assumed, the mass transfer is by convection
and the variation of concentration is considered only
in the longitudinal direction. Figure 1 shows a sche-
matic view of the model. Further simplifying as-
sumptions of the model are: (a) the metal phase of the
electrodes is isopotential, (b) the reactor is iso-
thermal; (c) the hydrodynamics is in steady state be-
fore the current is connected; (d) the entrance effects
are ignored; and (e) at the working electrode a mass-
transfer controlled reaction takes place and the re-
action at the counter electrode is governed by charge
transfer. This situation represents the electrowinning
of metals.

The concentration variation in the diffusion layer
is given by Fick’s second law

OC(y, ¢ PC(y,t
N
with the initial and boundary conditions:
t=0 C=¢ for all y (1a)
y=0 C=0 fort >0 (Ib)
y=9 C=C(x,1) (Ic)
—y=5§
Solution flow Q
- - —y=8
i -y
x=0 Ai=L

Fig. 1. Schematic view of the parallel plate electrochemical reactor
and coordinates.

Condition 1(a) expresses the homogeneity of the
solution before the current is connected. According
to the Condition 1(b), the applied potential to the
working electrode is sufficiently negative to achieve a
zero concentration at the electrode surface. There-
fore, the reaction rate is controlled by diffusion of the
electroactive substance. Condition 1(c) expresses
that, for a given x value, the concentration is uniform
for y values higher than o.

The current density is given by

9C(y, 1)
dy

i(x,1)],_g= veFD )

y=0

In the convective region, plug flow is assumed. The
mass balance gives

LOCk ) 0Cx1) i(x, 1) ,_se

o Ox veF G)
with the following initial and boundary conditions:

t=0 C=C(; for all x (3a)

x=0 cC=¢ for all ¢ (3b)

Due to the small value of ¢ the normal component
of the current density is assumed constant in the
boundary layer at a given position along the cell, that
is,

i(x; )], o= i(x, 1) = (4)

The total current, for the reactor, is given by
L
(1) = W/i(x, t)dx (5)
0

Therefore, when in an electrochemical reactor with
steady state solution flow the current is connected,
two processes take place. A concentration profile is
built up in the y direction inside the boundary layer
and a concentration profile is simultaneously gener-
ated in the convective region along the reactor. The
consecutive solution of Equations 1 to 5 yields the
current as a function of time.

Cottrell [10] obtained the solution of the boundary
layer problem, Equations 1 and 2:

i(x,1)] =g = veFKC(x,1)[1 4 o (1)) (6)
where
> t
)=2) exp|-—m’— 7
() =23 (- ) )
with
5
Combining Equations 3, 4 and 6 results
0C(x,t)  9C(x,t)
St = oS Cle 1+ o] 9)

Vetter [11] demonstrated that for ¢ > 3¢, the current
density i(¢) is higher than the steady-state value by
only 10%. Taking into account that in the usual
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systems the #y values are very small and in order to
simplify the mathematical treatment ¢(¢) can be ne-
glected. Therefore, Equation 9 is simplified to
8C(x t)  0C(x,1)
= —p—"7_ 1

5 = ' a ka.C(x,1) (10)
valid when the concentration profile in the diffusion
layer is established. By Laplace transforms the solu-
tion of Equation 10 is

kaot
g

C(x,t) = Ci{exp (—

exp<—kczex>H(t—%8)} (11)

with
H(t—xf)—o t<— (11a)
H(tfg) =1 zz)% (11b)

For ¢t > xe/v the steady-state concentration is ob-
tained:
kaex
v

According to Equation 11 the connection of the
current is felt immediately at each point of the reactor
up to time instant x¢/v. Therefore, taking into account
only the convective region the time necessary to reach
the steady state is Le/v, the reactor residence time.

Combining Equations 11, 11(a) and (b), and 5
gives

L
1(t) = WveFC; / exp < k‘:et) dx
0

[L/&

-
exp< } (13)
Solving Equation 13 and rearranging

1(t) = OveFC; {1—6){ ka°>

+% p( ka. t)( —t)]

Equation 14 presents the following limiting values
1(0) = veFKAC; (15)

ka;L)} (16)

which is the mass balance in steady state.
Therefore, the dynamic behaviour of the electro-
chemical reactor can be represented by two equa-

Clx)=G exp(— (12)

(14)

and

I(t) = Qv FC; [1 — exp (—

tions. At short times after the connection the current
is given by Equation 6 evaluated at the inlet con-
centration and multiplied by the electrode surface
area and at higher times, when the boundary layer
has achieved the steady state, Equations 14 is valid.

3. Experimental details

Figure 2 shows a general diagram of the experimental
setup. All experiments were performed in an elec-
trochemical reactor with vertical parallel plate elec-
trodes. The reactor was made of acrylic material and
both electrodes had the same dimensions, 200 mm
wide and 600 mm long. To increase the mass transfer
coefficient and to make it independent of the position
in the reactor, the interelectrode gap, 13 mm, was
completely filled with 16 sheets of plastic net, 0.4 mm
thread diameter and 1.29 mm x 1.55 mm mesh size.
The porosity of the stacked nets was 0.82. The small
value of the aspect ratio (i.e., the ratio of electrode
separation to electrode length) justifies the use of the
plug-flow model for the convective region. The anode
was a sheet of expanded titanium, 0.75 mm thick,
coated with RuO,. Nickel coated with copper was
used as cathode.

All experiments were performed under potentio-
static control. The potential of the working electrode
was —0.4 V against the saturated calomel electrode.
This potential value was determined in a further ex-
periment with a rotating disc electrode, where it was
observed that at —0.4 V the reaction is under limiting
current condition and the hydrogen evolution is
hindered.

The solution flowed from a thermostated tank
(30 °C) to the lower part of the reactor, and was
collected in another tank. It was not recycled in order
that the inlet copper concentration remained con-
stant. The flow circuit system also included a rota-

—_—

O

Fig. 2. Scheme of the electrolyte circulation system: (1) pump; (2)
thermostat; (3) thermostated tank; (4) needle valve; (5) flowmeter;
(6) reactor; (7) reservoir.
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Table 1. Physical properties of the solution at 30°C

Property Value

1.11 x 107 m? s7!

1.11 x 10* kg m™>

516 x 10719 m? 57!
2151

Kinematic viscosity, v
Density, p

Diffusion coefficient, D
Schmidt number, Sc

meter and a needle valve. The solution flow in the
reactor was upwards and in order to achieve more
uniform flow conditions along it, flow distributor
plates with numerous small holes were arranged in
the inlet and outlet regions. The same flow dis-
tributors were previously used [12] in a reactor with
segmented counter electrode without plastic nets in
the interelectrode gap and entrance effects were ob-
served only in the first segment, approximately 2.5
cm. Likewise, Brown et al [13] used plastic mesh
promoters to help to reduce entrance effects near the
inlet manifold. Therefore, in the present reactor the
entrance length is negligible compared to the total
electrode length.

The electrolyte solution was 1M Na,SO4 and
H,S0y, to obtain pH 2, with a copper concentration
of approximately 1 gl~'. The physical properties of
the solution are given in Table 1. Therefore, the
anodic reaction was oxygen evolution and copper
deposition was the cathodic reaction. For each ex-
periment the copper concentration was determined
by iodimetry [14] with an accuracy of 0.7 %.

4. Results and discussion

Prior to the dynamic behaviour studies the mass
transfer performance of the electrochemical reactor
was analysed. The volumetric mass transfer coeffi-
cients were calculated using Equation 16. Figure 3
shows the ka. values as a function of velocity referred
to the empty cross section of the reactor. The corre-
lation of the experimental results yields

ka, = 4.75 x 10733 (17)

with a linear correlation coefficient of 0.99. The units
of ka, are s~ and those of v are ms~'. In Equation 17
the exponent of the velocity is close to values pre-
viously reported [15, 16].

Table 2. Summary of the experimental results

10%ka /s

0.1
10°v/ms"

Fig. 3. Variation of ka. with the superficial liquid flow velocity.

Table 2 summarises the experimental results. It can
be observed that the 7y values are lower than 4% of
the reactor residence time. Therefore, the neglecting
of o(¢) in Equation 9 is justified.

Figure 4 shows the current as a function of time
for different solution flow rates. The full lines re-
present the experimental results. The dashed lines
correspond to Equation 6 evaluated at the inlet
concentration and multiplied by the electrode surface
area and the dotted lines to Equation 14. The re-
sidence time is indicated in each figure. It can be
observed that at short times there is a close agreement
between the experimental results and Equation 6.
Analogously, Equation 14 agrees satisfactorily with
the experimental data at larger times. Unfortunately,
in the middle range of times both theoretical equa-
tions predict currents lower than the experimental
ones. Likewise, the results of Equation 9 without the
rejection of o(¢) will lie between those of Equations 6
and 14 and a more exact prediction of the experi-
mental data is not achieved.

Analysing both theoretical curves it is concluded
that the times to achieve a steady state corresponding
to the boundary layer are shorter than those required

103 v T 10° k 10* 6 fo tolt
/ms! /s /ms! / m /s ! %
0.0805 6114.84 0.764 6.75 89.47 1.46
0.389 1264.46 1.02 5.06 50.27 3.98
0.707 695.70 1.38 3.74 27.47 3.95
1.04 475.36 1.71 3.02 17.91 3.77
1.37 358.86 2.00 2.58 13.07 3.64
1.72 286.55 2.23 231 10.48 3.66
2.07 237.34 2.50 2.06 8.33 3.51
2.44 201.81 2.65 1.95 7.47 3.70
281 174.96 3.01 1.71 5.74 3.28
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Fig. 4. Current as a function of time at different superficial liquid flow velocities. Full lines: experimental results. Dashed lines: Equation 6
evaluated at the inlet concentration and multiplied by the electrode surface area. Dotted lines: Equation 14.

by the convective region. This justifies the mathema-
tical solution of Equation 9 without considering o (¢).

Comparing the different curves of Figure 4 it can
be observed that flow rate increases decrease the
prediction capability of Equation 6. For the highest
value of the solution flow rate the experimental cur-
rent is between 10-20% higher than the theoretical
one. This conclusion agrees with previous studies [9]
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