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Abstract

Rates of mass transfer at rotating cylinder electrodes of wedge wire screens were studied by measuring the limiting
current for the cathodic reduction of ferricyanide as test reaction. The experimental data are well correlated by an
empirical expression between the Sherwood number and the Reynolds number, both in terms of the internal slot
opening as characteristic length, and including two additional dimensionless parameters in order to characterize the
geometry of the screens. The performance of an undivided electrochemical batch reactor with a rotating cylinder
cathode of wedge wire screens was tested analyzing the cadmium removal from dilute solutions. The effect of
cathodic applied potential and size of the screen is studied. Taking into account the residual cadmium concentration
the best results were obtained for a cathode potential of —1.1 V vs. SCE at 700 rpm, where the cadmium con-
centration decreased from 54 to 0.9 mg 17! after 30 min of electrolysis with a specific energy consumption of
10.7 kWh kg™! and a normalized space velocity of 3.54 h™".

List of symbols

a constant in Equation 1 S internal slot opening (m)
a reactor specific surface area (m_l) Rey Reynolds number in terms of d as charac-
A short mesh aperture in expanded metals teristic length = @ rad/v

(m) Reg Reynolds number in terms of S as charac-
A electrode specific surface area (m™") teristic length = o r,S/v
C concentration (mol m™ or mg 17") Se Schmidt number = v/D
d external cylinder diameter (m) Shq Sherwood number in terms of d as charac-
dy hydraulic diameter = 4¢/A4, (m) teristic length = kmd/ D
D diffusion coefficient (m? s™") Shs Sherwood number in terms of S as charac-
E, specific energy consumption (W s mol™" or teristic length = £k S/D

kWh kg™") t time (min or s)

. . 71

Esck cathode potential referred to saturated U tangential velocity (m s™")

calomel electrode (V) Ue cell Vpltage V) o
F Faraday constant (C mol™") vV effective electrolyte volume within the reac-

3

H distance between wires in woven-wire meshes tor (m) \

(m) Ve electrode volume (m”)
I current (A) WWS05 acronym of Wedge Wire Screen with a
Lim limiting current (A) 0.5 mm internal sliot opening
ki mass-transfer coefficient (m s™") X fractional conversion
r internal radius (m)
r external radius (m)

Greek symbols

r mean radius = /(r{ +r3)/2 (m) o exponent of the Reynolds number in Equa-
R external slot opening (m) tion 1

Sn normalized space velocity (s™' or h™") B current efficiency (%)
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Y exponent of a dimensionless parameter in
Equation 1

& porosity

K exponent of a dimensionless parameter in
Equation 1

1. Introduction

Cadmium has a wide variety of applications such as
rechargeable batteries, solar energy capture devices,
coating of surfaces, alloys, pigments and stabilizers for
plastics. However, these uses are affected by the toxicity
of cadmium which produces environmental problems.
The constant tightening of the standards for cadmium in
waste water purification requires new measures to
reduce the cadmium concentration. Recently, some
authors have focused attention on the -electrolytic
treatment of cadmium. Dutra et al. [1] reported cad-
mium removal from acidic sulphate solutions by elec-
trowinning in a divided flow-by cell with a reticulated
vitreous carbon cathode. Efficient cadmium removal
was only feasible in deacrated electrolyte. Thus, the
cadmium concentration was decressed from 210 to
0.1 ppm in 85 min, with a current efficiency up to
40%, at a cathode potential of —0.89 V against the
saturated calomel electrode. Tramontina et al. [2] dem-
onstrated the feasibility of cadmium deposition at a
reticulated vitreous carbon cathode from very dilute
solutions with an initial cadmium concentration as low
as 5 ppm. Elsherief [3] reported that, by using a flow-by
cell with a spiral wound steel cathode, the cadmium
concentration was decreased from 500 to 5 ppm in
90 min. Reade et al. [4] studied the removal of cadmium
and copper with a reticulated vitreous carbon rotating
cylinder electrode. A decrease in cadmium concentration
from 56 ppm to less than 1 ppm was reported. Grau and
Bisang [5, 6] studied cadmium removal with rotating
cylinder electrodes. Using a continuous undivided elec-
trochemical reactor with a rotating cylinder cathode of
expanded metal a conversion per pass of 40% was
achieved [7].

Wedge wire cylinders are produced by helically
wrapping a triangular-shaped wire around parallel
support rods to create a cylinder with continuous slot
openings that widen inwardly so that particles tend to
pass though the screen. The wires are automatically
resistance welded to each support rod producing a very
strong wedge wire cylinder with excellent beam, burst
and collapse strength. The screens are non-plugging and
self-cleaning. Likewise, the high open area contributes
to low head losses through the screen surface. The
screens are widely used in food and beverage processing,
water intakes, fish diversion, architectural, and
petrochemical applications as well as in many other
applications involving liquid—solid and gas—solid sepa-
ration [8].

% kinematic viscosity (m” s™")

Ve charge number of the electrode reaction
Pmean space time yield (kg m™ s7")

® rotation speed (rpm or s™')

Wedge wire cylinders present a higher specific surface
area and their special structure promotes turbulence in
the electrolyte flowing through them. However, the
mass-transfer characteristics of the wedge wire screens
have not been studied and the possibility to use these
structures as three-dimensional electrodes has not been
reported.

The aim of the present work is to analyse the
behaviour of an undivided electrochemical reactor with
a rotating wedge wire cylinder for the removal of
cadmium and to perform a systematic study of the effect
of the applied potential to the cathode. Special attention
is paid to quantify the mass-transfer to the rotating
cylinder electrode of wedge wire screens and to compare
the mass-transfer characteristics with similar rotating
structures.

2. Mass-transfer studies
2.1. Theoretical aspects

The mass-transfer at wedge wire cylinders can be studied
taking into account the parameters k., U, v, and D as
single variables and introducing R, S, dy, and d as
geometric parameters in order to consider the character-
istics of the structure. Performing a dimensional analysis
results in the following dimensionless relationship

kn]S_ US * 1/3 R+S 4 dh x
D—“(T) Seil—5—) (7 ()

where the hydraulic diameter is given by

4¢
dy = — 2
b= (2)
Considering that the tangential velocity is
d
U=w= 3
o3 (3)
and defining a rotational Reynolds number as
wdS
Res = —— 4
es=— (4)
gives
" R+ S Y dy, *
Shs = aRe?, Sc'/? (T) (7) (5)

in which Shg and Reg are the Sherwood and Reynolds
numbers, respectively in terms of the internal slot
opening as characteristic length.



2.2. Experimental

The experiments were performed in an undivided batch
reactor (95 mm int. dia. and 140 mm high) maintained
at a constant temperature by a heating jacket. Figure 1
shows the configuration of the electrochemical reactor
used. The working electrode was a rotating cylinder
made of wedge wire screens (WWS) of 304 stainless steel
plated with nickel [9, 10]. The profile of the wires was
flat top, 2 mm external width, 1 mm internal width and
3 mm wire height. The screen was supported by 14 rods
of 3.25 mm diameter. Four types of screen were used;
their geometrical characteristics, measured in the labo-
ratory, are summarized in Table 1. The upper part of
the electrode was joined to a Teflon sleeve in order to
orientate the electrolyte flow through the screen. A
perforated Teflon disc, positioned at the lower part of
the electrode, was used as an additional support of the
three-dimensional electrode. A nickel plated stainless
steel bolt passed through the screen, pressing the
electrode shaft and thus ensuring electric contact. A
helical nickel wire (1.5 mm dia. x 190 cm long) with an
interelectrode gap of 20 mm was used as counterelec-
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trode. The working electrode and the counterelectrode
were concentric, thereby ensuring a uniform primary
current distribution. The reference electrode was a
saturated calomel electrode and the potential was
controlled against the reference electrode connected to
a Luggin capillary positioned at the middle of the outer
face of the three-dimensional cathode.

The test reaction was the electrochemical reduction of
ferricyanide from solutions with [K3Fe(CN)g]=
5% 107 M, [K4Fe(CN)g]=5 x 1072w, in 1 M NaOH
or 3 M NaOH as supporting electrolyte, while the
reverse reaction occurs at the anode. Table 2 summa-
rizes the composition and physicochemical properties of
the solutions. The cathode potential was swept from the
open circuit potential (typically 100 mV vs. SCE for 1 m
NaOH and 125 mV for 3 M NaOH) to a value of
—400 mV vs. SCE and the current against potential
curve was then recorded at a sweep rate of 1 mV s™'. In
all cases a well defined limiting current was observed.
Samples of the solution were taken from the reactor
after each experiment and the ferricyanide concentration
was spectrophotometrically determined using a Perkin—
Elmer model Lambda 20 double-beam UV-Vis
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Fig. 1. (a) Cross-section of the electrochemical reactor. (1) working electrode, (2) support rods of the wedge wire screen, (3) Teflon sleeve, (4)
electric contact, (5) electrode shaft, (6) anode, (7) anode support rods, (8) Luggin capillary and (9) electrolyte flow rate produced by the elec-
trode rotation. (b) Plant view of the working electrode. (1) working electrode, (2) support rods of the wedge wire screen, (3) perforations in
the Teflon disc to allow the electrolyte flow through the electrode, (4) electric contact. (c) Expanded view of wedge wire screen, characteristic
parameters according to Table 1 and dimensions in mm. (d) Photograph of a wedge wire screen electrode.
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Table 1. Geometrical parameters of the electrodes

Characteristic parameters WWS05 WWS10 WWS15 WWS20

of the wedge wire screens

External slot opening, R (mm) 0.5 1.0 1.5 2.0
Internal slot opening, § (mm) 1.5 2.0 2.5 3.0
External diameter, d (mm) 48.5 48.5 48 48.5
Thickness (mm) 3 3 3 3
Specific surface area, A, (m™") 885.56  772.55 737.87 631.37
Porosity, ¢ 0.476 0.537 0.551 0.612

Electrode length (mm) 39.80 40.70 40.45 41.40

Spectrophotometer with 10 mm glass absorption cells
and as blank the supporting electrolyte was used. The
measurements were performed at a wavelength of
430 nm, where it is possible to determine the ferricya-
nide concentration without interference of ferrocyanide.
In a set of experiments the above procedure was
repeated for five values of rotation speed in a given
electrolyte. After two sets of experiments the nickel
coating was stripped by acid immersion [11] and the
electrode was plated with a fresh nickel surface. The
experiments were performed at 30 °C and nitrogen was
bubbled in the reactor for 1 h prior to the experiment in
order to remove the dissolved oxygen.

In all the experiments the bed thickness of the three-
dimensional electrode was 3 mm, which is lower than
the value given by Kreysa [12]. Thus, the whole bed is
working under limiting current conditions and the mass-
transfer coefficient was calculated from the limiting
current and reactant concentration using the following
equation [13]

Lim
fop = ——lm
Ve FV:AsC (6)

Further details of the electrode coating and electrolyte
properties can be obtained from previous work [14].

2.3. Mass-transfer results and comparisons
The constant ¢ and the exponents o, f, and k in

Equation 5 were determined using a linear multipara-
metric correlation adjusting the experimental points to

Table 2. Properties of electrolytes

Composition [K3Fe(CN)g] [K5Fe(CN)g] [Cd™?
=5x10*M  =5x10*M =50mgl’!
[K4Fe(CN)s]  [K4Fe(CN)g]  [NaSOy]
=5x102M =5x102m =1wm
[NaOH] = 1 m [NaOH] = 3 m pH=z7

Density 1.05 x 10° 1.12 x 10° 1.11 x 10°

(kg m™)

Dynamic viscosity ~ 1.12 x 1073 1.55 x 1073 1.24 x 1073

(kgm™'s™

Kinematic viscosity 1.07 x 107° 1.38 x 107° 1.11 x 107°

(m*s™)

Diffusion coefficient 6.09 x 107" 440 x 107'° 489 x 107"°

(m*s™)

Se 1757 3136 2270

the logarithmic form of Equation 5. Thus, the 40
experimental data of the present study fit the equation:

R 23 —0.26
Shs = 0.0231Re% %3 Sc'/3 (%) (%‘) (7)

with a correlation coefficient of 0.99 and 0.067 as
standard deviation. Figure 2 compares the experimental
results with the correlation values according to Equation
7. Attemps to obtain an empirical expression in terms of
other relationships between the geometrical parameters
did not produce a better correlation.

To provide comparison with existing mass-transfer
data at rotating cylinder electrodes it is convenient to re-
write Equation 7 with the Sherwood and Reynolds
numbers in terms of the external cylinder diameter as
characteristic length. Thus Equation 7 is transformed
into

AN\ R+ S\ [dh 0
— 0.0231 R 63513 (& “h
Shq = 0.0231Re;"" Sc 5 ] 7
(8)

Equation 8 has the same form as the Eisenberg et al. [15]
equation, valid for smooth rotating cylinder electrodes,
multiplied by geometric parameters which take into
account the characteristics of the wedge wire screen
electrode.

In order to determine the efficiency of the wedge wire
screens, a mass-transfer enhancement factor can be
defined as the ratio between the mass-transfer coefficient
for the three-dimensional electrode and the mass-trans-
fer coefficient at a smooth rotating cylinder electrode
[15]. The enhancement factor measures the improvement
of the mass-transfer due to the turbulence promoting
action of the three-dimensional structure. For the mass-
transfer expressions proposed by Kreysa [16], Grau and
Bisang [14, 17] and for Equation 8 in this study it is

—
(=)

—

shy/ (e (R+8)18)"(d Ja) ™)

e
=

1000
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Fig. 2. Mass-transfer data against Reynolds number for the four
types of electrodes. (@) WWS05, 1 m NaOH, ([J) WWS05, 3 m
NaOH, (®) WWS10, 1 m NaOH, (O) WWS10, 3 M NaOH, (A)
WWSI15, 1 m NaOH, (A) WWSI15, 3 m NaOH, (4) WWS20, 1 m
NaOH, (<) WWS20, 3 m NaOH. Full line: Equation 7.



necessary to use a geometric factor which allows the
correlations to be re-written in terms of the Sherwood
and Reynolds numbers according to Eisenberg et al.
[15]. Table 3 summarizes the mass-transfer correlations
of three-dimensional rotating electrodes, which comple-
ments the information reported in previous works [14,
18]. A value of 1.05 was adopted for the geometric
factor in the Kreysa equation, 0.42 for the relationship
reported in Ref. [14], 1 for the correlation of the
previous work [17] and 17.14 for the correlation of this
study, which represent mean values for the geometrical
arrays. Figure 3 shows the enhancement factor as a
function of the Reynolds number, in terms of the
cylinder diameter as characteristic length, at a Schmidt
number of 2000 for different three-dimensional rotating
structures. The enhancement factor for wedge wire
screens ranges from 1.9 to 2.2, close to the values
reported for reticulated vitreous carbon electrodes [19].
Likewise, the enhancement factor decreases when the
Reynolds number increases, because the exponent of the
Reynolds number for three-dimensional electrodes is
lower than for smooth electrodes.

3. Removal of cadmium
3.1. Experimental details

The experiments were performed in the above reactor
using as counterelectrode a concentric helical platinum
wire (1 mm dia. x 50 cm long) with an interelectrode
gap of 11 mm. The electrode reactions were oxygen
evolution at the anode and cadmium deposition at the
cathode. Likewise, hydrogen evolution and oxygen
reduction occurred as cathodic side reactions. At high
cadmium levels the oxygen reduction can be considered
negligible due to the low value of the oxygen concen-
tration, but it becomes more important at low metal
concentration. The supporting electrolyte was 1 M
Na,SOy, at pH=7, with an initial cadmium concentra-
tion of about 50 mg 17!, the exact value was determined
at each experiment. The solution volume in each
experiment was 0.7 1. Samples of solution were taken
from the reactor and the cadmium concentration was
spectrophotometrically determined using the dithizone
method [20]. From the temporal variation of concen-
tration, current and cell voltage the current efficiency,
the space time yield, the normalized space velocity and
the specific energy consumption were calculated. All
experiments were performed at 30 °C under potentio-
static control for 30 min at 700 rpm.

3.2. Evaluation of the reactor performance

For a rotating cylinder electrode the electrolyte is
assumed to be well-mixed at all times. Thus, for a batch
reactor in the potential range where the cadmium
deposition is mass-transfer controlled, the change of
concentration with time is given by:

Table 3. Summary of mass-transfer correlations for three-dimensional rotating electrodes under the following form: Shy = a Rel Sc¢¢ x geometric factor

Validity range

Equation

Electrode type

112 < Req < 1.62 x 10°, 2230 < Sc¢ < 3650

0.0791 Rel7 Sc0-33¢

Shq

Smooth electrodes [15]

10 < Rey < 10, Sc = 2388

Shy = 0.44 Rej® Sc'?

Reticulated vitreous carbon [19]

Req <5 x 10°, Sc = 1670

)0_58 4 )"y
=1 dy
0.63 /17 0.94 4

e
dy

dy
2

Shyq = 0.454Re§™8Sc!/? x (

Packed bed® [16]

4.8 x 10> < Req < 9.2 x 10* 1757 < Sc < 3136

dy
058 17047
¥

7

)

0.63¢.1/3
4638173 x (4

1.356Re

Shq =

Expanded metal [14]

4.1 x 10° < Reg < 1.2 x 10°, 1757 < Sc¢ < 3136

dy

)

Sha = 0.967Re}*5c!/? x (

Woven-wire meshes [17]

7.6 x 10> < Reyq < 8.6 x 10*, 1757 < Sc < 3136

4y —0-26

S (4)

)0.37 (B

d
S

Shq = 0.0231Re} 3513 x (

Wedge wire screens

& d,/(1-¢), being d,, particle diameter.

#For channel Reynolds number zero, with d;,
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(d

Enhancement factor

Fig. 3. Mass-transfer enhancement factor for three-dimensional
rotating electrodes as a function of the Reynolds number in terms of
the diameter of the electrode as characteristic length. Mass-transfer
correlations according to Table 3. S¢ = 2000. (a) Reticulated vitre-
ous carbon [19]. (b) Packed bed [16]. (¢) Expanded metal [14], (d)
Woven-wire meshes [17] and (e) Wedge wire screens.

C(t) = C(0) exp(—kmdae?). 9)

The fractional conversion and the cumulative current
efficiency as a function of time are given by:

x(t) = 1 — exp(—kmaet) (10)
and
B(t) = veFE/C(O)x(t) (n
[ I(t)de
0

Other “figures of merit” used to compare the perfor-
mance of the electrochemical reactor are the mean value
of the space time yield, the normalized space velocity
and the specific energy consumption, which were calcu-
lated with the following equations:

pmean(t) = M (12)
salr) = — 20— X0 (13)
and
flUc(z)I(z)dz
0
B0 =eomm (14)

3.3. Results and discussion

Figure 4 shows the cadmium concentration as a func-
tion of time at different cathodic potentials. For a given
potential, there is a pronounced decrease in concentra-
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Fig. 4. Normalized cadmium concentration as a function of time.
Part (a) WWSO05. Part (b) WWSI10. (W) Escg = =09 V, (®) Escg =
-1.0V, (A) Esce = -L1V, () Escg=-12V, (¥%)
Escg = —1.3 V. o = 700 rpm. T = 30 °C. Supporting electrolyte
1 M Na,SO,. C(0)=50 mg 1!, The number at each experimental set
corresponds to the final cadmium concentration.

tion during the first stages of the experiments, but at
high times the concentration approaches a constant
value. The numbers at each experimental set are the final
cadmium concentration. It can be observed that when
the electrode potential decreases from —0.9 to —1.0 V
the cadmium concentration also decreases. In the
potential range from —1.0 to —1.2 V a small influence
of the potential is observed. This behaviour can be
explained by taking into account that for potentials
more negative than —0.95 V the limiting current density
is achieved [7]. At —1.3 V an increase in concentration is
observed because at this potential hydrogen evolution is
important and the deposited cadmium can be detached
from the electrode and re-dissolved. Comparing Parts
(a) and (b) of Figure 4 for a given potential it is
observed that the decrease in concentration is higher for
the WWSO0S5 screen due to its higher specific surface area.
The minimal residual cadmium concentration was lower
than 1 mg "' obtained with the WWSO05 screen for a
cathode potential of —1.1 V after 30 min of electrolysis.

In Figure 5 the experimental results of Figure 4,
obtained in the potential range of limiting current
conditions for the WWSO05 electrode, are re-plotted
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Fig. 5. Semi-logarithmic plot of normalized cadmium concentration as a function of time. WWSO05 electrode. (®) Escg = —1.0V, (A)
Escg = —-1.1V, (¢) Escg = —1.2 V. Full line: theoretical prediction according to Equations 7 and 9 in logarithmic form. ® = 700 rpm.

T = 30 °C. Supporting electrolyte 1 M Na>SOy4. C(0)=50 mg 17"

according to the dimensionless logarithmic form of
Equation 9. The full line represents the theoretical
behaviour with a mass-transfer coefficient calculated
from Equation 7. Within the accuracy normally ex-
pected for this type of measurement the experimental
results are in close agreement with the theoretical
prediction mainly during the first stages of the experi-
ments. For longer times, a higher discrepancy between
experimental and predicted values is detected. This
behaviour was also observed for copper [21] and tin [22]
and can be attributed to the re-dissolution of the metal
detached from the electrode.

Figure 6 shows typical curves of the cumulative
current efficiency as a function of time for different
cathode potentials for the WWSI0 electrode. For a
potential of —0.9 V the current efficiency is high at the

80 T T T
.\
60 | o i
A
o 40 :
N
< O
20 B
>
0 1 1 1
0 10 20 30

t/ min

Fig. 6. Current efficiency as a function of time for different cathodic
applied potentials. WWSI0 electrode. (W) FEgcg = —0.9V, (@)
Escg = -1.0V, (A) Escg = -1.1V, (O) Escg = =12V, (%)
Escg = —-1.3V. ® = 700 rpm. 7 = 30 °C. Supporting electrolyte
1 M Na,SO,. C(0)=50 mg 17",

beginning of the experiment and decreases with time
because the cadmium concentration diminishes and
oxygen reduction predominates as cathodic reaction.
For more negative potentials the hydrogen evolution is
more important as a cathodic side reaction and lower
values of current efficiencies are measured.

Figure 7 shows the mean value of the space time yield
and the normalized space velocity as a function of the
applied potential when the charge passed in the reactor
is about twice the stoichiometric value. A maximum in
both figures of merit occurs when the cathodic potential
is in the range —1.0 to —1.2 V. Therefore, this maximum
may be a criterion for the choice of applied cathode
potential.

Figure 8 shows the specific energy consumption as a
function of time for different applied potentials. For a
given potential, as the solution becomes more dilute
the current efficiency decreases and the energy con-

T T 4
6k ———
L u 3
—‘m ~— —A 1
(,“E A \A Tg
e AT =
= O
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= 2f o A 14
g
QU
0 . L 0
0.8 1.0 1.2 14

-E . /V

Fig. 7. Mean value of the space time yield and normalized space
velocity as a function of the cathodic applied potential. WWS05
electrode. (M) pean, (A) s5,. Ratio between the passed charge and the
stoichiometric value = 2. ® = 700 rpm. 7" = 30 °C. Supporting elec-
trolyte 1 M Na,SOy4. C(0)=50 mg 17"
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Fig. 8. Specific energy consumption as a function of time for differ-
ent values of the cathodic applied potential. WWS05 electrode. (m)
Esce = =09V, (®) Escg = -10V, (A) Escg = -1.1V, ()
Escg = =12V, (%) Escg = -1.3V. ® =700 rpm. T = 30 °C.
Supporting electrolyte 1 M Na,SOy4. C(0)=50 mg 1.

sumption increases. The increase in FE; when the
potential becomes more negative can be attributed to
a decrease in current efficiency because of the onset of
hydrogen evolution. The specific energy consumption
is in accordance with values previously reported [3, 7,
23].

4. Conclusions

The following conclusions may be drawn:

(i) Mass-transfer at rotating cylinder electrodes of
wedge wire screens is well correlated by a dimen-
sionless equation involving the Sherwood and
Reynolds numbers, in terms of the internal slot
opening as characteristic length, the Schmidt
number and two additional parameters charac-
terizing the geometry of the three-dimensional
structure.

The removal of cadmium from dilute aqueous
solutions can be performed efficiently in an elec-
trochemical reactor with a three-dimensional
rotating cylinder electrode of wedge wire screens.
Thus, the residual cadmium concentration was
09 mg ™" for a cathode potential of —1.1 V
against SCE, where the space time yield and the
normalized space velocity achieve their maximum
values.

The cadmium concentration follows the expected
theoretical behaviour during the first stages of
the experiment.

(ii)

(iif)
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