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ABSTRACT

Spiral-wound woven wire meshes packed bed rotating cylinder electrode was used for the simultaneous removal of cad-
mium (Cd) and copper (Cu) from a binary solution. The effects of weight percent of each metal on the removal and current
efficiencies were studied at an operating current of 345A, while the effect of current on the removal efficiency of both met-
als was investigated at three levels of current (240, 345.and 400 mA). The experiments were carried out at constant rotation
speed 800 rpm, pH =3, and a total concentration of metals (500 ppm). The results showed that the removal efficiency of
copper increased from 89% to 99.4% as its weight percent increased from 20% to100%. In a similar fashion, the removal
efficiency of cadmium increased from 81% to 97% as its weight percent increased from 20% to100%. The results con-
firmed that the removal efficiency of any metals declined in the presence of the other. Increasing of current resulted in
increasing the removal efficiency of both metals at different weight percents. The results confirmed that current efficiencies
for removing of copper and cadmium simultaneously decline with increasing of electrolysis time and weight percent of cad-
mium or with decreasing the weight percent of copper. Current efficiency was higher at the initial stage of electrolysis for
all weight percents of metals. The results showed that the decay of copper concentration was exponential at all weight per-
cents of copper, confirming that the electrodeposition of copper is under mass transfer control in the presence of cadmium.
While the decay of cadmium concentration was linear at lower weight percent of cadmium then changed to an exponential
behavior at high weight percent of cadmium in the presence of copper.
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1. Introduction

Metal pollution considers as one of the major envi-
ronmental problems that face human being where
pollution of several water streams by metal ions
results from the releasing of heavy metals by indus-
trial plants, chemical synthesis and mining activities.
Rapid industrialization has extremely increased the
release of such toxic metals to water streams. In com-
parison with organic pollutants, heavy metals are
non-biodegradable and could be accumulated in liv-
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ing tissues resulting in numerous disorders and dis-
eases; thus treatment of water streams containing
heavy metals is mandatory to remove these hazard-
ous and toxic metals before discharge [1]. Heavy
metals such as cadmium and copper are the most
common pollutants found in the industrial effluents,
which are extremely toxic even at low dosages [2].
Copper is mainly released to water bodies from elec-
troplating, ores processing, mechanical manufactur-
ing industry, light industry and architecture. In spite
of existing of copper in the body is essential in a trace
amount, using it in high doses results in serious
lesions in the central nervous system and even per-
manent damage especially for children [3]. Cadmium
enters into water bodies from cadmium-nickel batter-
ies, smelting, mining, metal plating, pigments, phos-
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phate fertilizers, alloy industries, and sewage sludge.
The dangerous effects of cadmium involve many of
chronic and acute disorders such as “itai—itai” dis-
ease, emphysema, renal destruction, testicular atro-
phy and hypertension [4]. Hence, removal of
cadmium and copper from wastewater is mandatory
and their simultaneous removal also offers a cost-
effective solution because of avoiding the repeated
one-by-one removal of pollutants leading to an
attractive low-cost strategy [5].

Many traditional treatment methods have been
developed to remove cadmium and copper such as
reduction and precipitation [6], adsorption on acti-
vated carbon [7,8], flotation, coagulation [9], reverse
osmosis, ion exchange, and electro-dialysis [10].
Many of them have disadvantages and economic
constraints that result in restriction of their applica-
tion. For example, production of solid sludge in the
precipitation method is a serious problem causing
challenges in the treatment and landfilling of this
solid sludge [11]. Also the high capital and regenera-
tion costs of the materials restricts the large-scale use
of activated carbon for metals removal. Therefore,
development of a low cost process is required to
remove heavy metals economically.

Electrochemical technology as an efficient alterna-
tive to the traditional technologies offers electro-
chemical systems in which the removal of heavy
metals from wastewater is performed by electro-
chemical reduction reactions as a principal approach
for removing of these metals from wastewater. These
heavy metals are electrodeposited on the electrode
surface as solid metallic deposits when the effluents
flow through the electrochemical reactor hence the
possibility of reusing them from the main process.
Herein, adding of chemicals is not required leading to
facilitate of water reuse [12-14]. Since the major
reaction reagent in the cathodic deposition method is
the electron, this method is considered as a clean,
environmentally engaging technology [12]. Besides,
electrochemical method is valuable due to the lower
energy consumption in comparing with the well-
known techniques [13]. Moreover, utilizing the
automatization approach in controlling of current
during the electrodeposition process make the work-
load requirements very low [15].

Various electrochemical reactor designs were
applied by the researchers in order to removing of
copper and cadmium from simulated or real solutions

and various degrees of enhancements were achieved
[16-23]. For ensuring good performance of the elec-
trochemical method for treating diluted effluents, the
electrochemical reactors used in this method should
gain higher value of the product of mass-transfer
coefficient and specific surface area of the cathode
hence improving the space-time yield of these reac-
tors could be obtained. This aim could be achieved
via using packed bed rotating cylinder electrodes,
which have been recognized as an efficient type of
electrochemical reactors that used for removal of
heavy metals [24]. This kind of electrochemical reac-
tor has characteristics not engaged by other electro-
chemical reactors for instance uniform current and
potential distributions, the possibility of operating at
continuous mode and a simple operable compact
design [24,25].

Abbar et al. 2018 [26] investigated the mass trans-
fer properties of a new design of packed bed rotating
cylinder electrode called a spiral-wound woven wire
mesh rotating cylinder electrode. This configuration
consists of a central core or axis (used as a current
feeder) around which continuous mesh layers are
wrapped. They found that this configuration has a
mass-transfer enhancement factor 2.3 times higher
than those obtained with smooth rotating cylinder
electrodes under the same conditions. In comparison
with the other types of packed bed rotating cylinder
electrodes [27-31], this design has the benefit of easy
assembly and refitting, and it could be scaled up to an
industrial level with the same performance. Hence,
application of this configuration for removing of
heavy metals from wastewaters would be successful
and economical. Besides this configuration can be
operated at a rotation speed higher than 1000 rpm
without vortex formation or incorporating of air bub-
bles in the solution that occurred in the other designs
of packed bed rotating cylinder electrodes [26].

In a further research, Abbar et al. 2019 [32] applied
the response surface methodology (RMS) for opti-
mizing the electrochemical removal of cadmium
using this configuration of rotating cylinder elec-
trode. Their results showed that the optimum operat-
ing conditions for removing of cadmium were a
current of 345 mA, rotation speed of 800 rpm, Cd ini-
tial concentration of 500 ppm, pH of 6.8, and mesh
number of 30. Under these conditions, cadmium
removal efficiency of 98.5% and current efficiency of
41% were achieved at 60 min with specific energy
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consumption of 3.12 kWh kg™

To the best of author knowledge, the addition of
copper to cadmium and studying its effect on the per-
formance of the spiral-wound woven wire mesh
rotating cylinder electrode have not been investigated
previously. Therefore, the aim of the present work is
to investigate the effect of presence of copper in situ
with cadmium on the removal and current efficien-
cies of the process where the effects of weight per-
cent of each metal on the removal and current
efficiencies were investigated.

2. Experimental

All runs were achieved in a 0.75 L undivided jack-
eted electrochemical cell shown in Fig. 1. A spiral-
wound woven wire mesh rotating cylinder electrode
with an apparent active surface area, 17 mm diameter
and 38 mm long made from 316L stainless steel was
used as cathode (working electrode). Its construction
and dimensions were described elsewhere [26]. As a
counter electrode (anode), Graphite cylinder with
dimensions (50 mm inner diameter and 90 mm long)
was used. The anode and cathode were concentric to
ensure uniform primary current distribution. The dis-
tance between electrodes was 25 mm. The electro-
chemical cell temperature was thermostated to 25°C
+ 1°C using water bath circulator.

Before starting any run, cathode was washed with
(1M) nitric acid solution in an ultrasound cleaner for
removing copper and/or cadmium deposits of the
previous run then rinsed again thoroughly by double-
distilled water. The galvanostatic mixed metals depo-
sition was conducted by using power Supply-model
UNI-T: UTP3315TF-L.

Stainless steel screen having mesh number 30 was
used. The properties of this screen are presented in
Table 1. Screen porosity (¢) was evaluated by deter-
mining the screen weight /area density and applying
Eq. (1), then screen specific surface area(s) was com-
puted based on Eq.(2) [33]:

— _ S
e=1 pla. (N

Table 1. Properties of screen with mesh number (30 wire/inch)

S={0-¢r 2)

Where (1) is the surface to volume ratio of the
screen wire equal to (4/d), (my/a;) is the weight /area
density, (o) is the density of stainless steel 316-AISI
equal to 8.027 gm/cm? [34], (/) is the screen thickness
equal to 2d.

The type of screen woven was identified by using
Olympus BX51M with DP70 digital camera system
whereas a digital caliper was used to measure wire
diameter (d).

Cadmium sulfate (3CdS0,.8H,0) and Copper sul-
fate (CuSO,) were used as a source of copper ion and
cadmium ion respectively while sodium sulfate (Na,.
SO, was used as a supporting electrolyte. All chemi-
cals were of reagent grade. Doubly distilled water
was used for preparing electrolytic solutions contain-
ing copper and cadmium ions dissolved in 0.5M Na,.
SO, at a total concentration of 500 ppm for different
weight percents for these metals (0, 20,40,60,80, and
100%). The final pH of the electrolytic solution was

Power supply

Electric motor D O
(] e
(I — ek
S
(X ]

Graphite cylinder
anode

Rotating cylinder
cathode
Water bath

\—‘ Electrochemical
cell

Fig. 1. Schematic diagram of the electrochemical system.

Property Type of woven d, cm

(my/ay), g/cm? £ em’ls

Value Plain square 0.030

0.1237 0.7146 38.06
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adjusted to (3) using (1 M) H,SO, or (IM) NaOH.
All runs were proceeded at constant temperature of
25+1°C and rotation speed of 800rpm.

The removal efficiency (RE, %) was computed
according to the following equation [23] :

Cc,-C
RE = ’—Cfx 100 3)

Where, C; is the initial copper or cadmium concen-
tration, Cy is the final copper or cadmium concentra-
tion after an interval of time (At).

For mixed metals removal, the current efficiency
can be calculated as follows [35]:

CE(%) of metals

[ C L [C= G
g O e 9

= — x 100 (4)

where F is Faraday’s constant; 96,485 coulomb/mole,
z is the number of electrons participating in the reac-
tion, V is the volume of solution ; L, M is the molar
mass of heavy metals; g/mole, I is the applied cur-
rent; A, and t is time of electrolysis; s.

3. Results and discussion

3.1 Removal efficiency for binary system

3.1.1 Effect of weight percent on the
removal efficiency

Fig. 2 shows the concentration profiles verses time
for cadmium and copper in a binary mixture with
composition (20%Cd, 80%Cu) under the following
operating conditions: current (345 mA), rotation
speed (800 rpm), total initial concentration
(500 ppm), mesh number (30), and pH (3). It was
observed that the concentration of each heavy metal
decreases with increasing of time. At the end of elec-
trochemical removal time (60 min), the final concen-
tration of cadmium and copper were 19 and 10 ppm
respectively with final removal efficiencies 81% and
97.5% for cadmium and copper respectively. The
decay of copper concentration was exponential while
that for cadmium was approximately linear.

For a batch, recycle system operated at a galvanos-
tatic mode, two different concentration decays can be
observed, a linear decay that correspond to electron
transfer control(activated control) and an exponen-
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Fig. 2. Concentration profiles verses time for (20%Cd,
80%Cu) mixture.

tial decay correspond to a mass transfer control [36].
Under the conditions in which the operating current
is less than the limiting current, a zero order kinetics
occurs in which the decay of concentration becomes
linear. While, at operating current higher than the
limiting current, a first order kinetics occurs in which
the decay of concentration becomes exponential [37].
Therefore, results of Fig. 2 showed that the electrode-
position of copper at a current of 345 mA is under
mass transfer control while that for cadmium is under
activated control. This behavior also confirms that
the cathodic potential should be at value more nega-
tive than the standard potential of copper (+0.34V vs.
SHE) during the electrolysis. Reade et al. [38]
observed the same behavior in their work for simulta-
neous removal of cadmium and copper from a binary
solution with pH 2 containing 0.50 moldm ™ Na,SO,
at 298K using reticulated vitreous carbon (RVC) as a
rotating cylinder electrode. The rates of concentration
decay of each metal in Reade et al. [38] work were
the same due to the low concentrations of each metals
(56ppm Cd and 32 ppm Cu) while in the present
work, there is a clear difference between the decay
rates of each metal (an exponential decay with
respect of copper and a linear decay with respect of
cadmium). Similar trends were also observed by Ale-
brahim et al. [35] in their work for removing of cop-
per and zinc from a binary solution with a total
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Fig. 3. Concentration profiles verses time for (40%Cd,
60%Cu) mixture.

concentration of 500ppm.

Fig. 3 displays the concentration profiles verses
time for cadmium and copper in a binary mixture
with composition (40%Cd, 60%Cu) under the oper-
ating current of 345 mA. It can be noted that the con-
centration of each heavy metal declined with
increasing of time. The final concentration of cad-
mium and copper at 60 minutes were 30 and 15 ppm
respectively with final removal efficiencies 85% and
95% for cadmium and copper respectively. In com-
parison with Fig. 2, the decay of copper concentra-
tion is still exponential while the decay of cadmium
concentration changes during the electrolysis as two
regions: in the first region, it is approximately linear
up to 20 min then became exponential at the second
region for further time of electrolysis. This behavior
also confirms that the value of cathodic potential in
this case may be close to the standard potential of
cadmium during the electrolyis. Similar observation
was found by Khattab, et al. [39] in their work for the
simultaneous removal of copper and zinc using a
packed-bed cathode composed from carbon particles.

Fig. 4 displays the concentration profiles of each
heavy metal (Cu, Cd) in a binary mixture with com-
position (60%Cd, 40%Cu) verses time under operat-
ing current of 345 mA. As can be seen, the
concentration of each heavy metal declined with
increasing of time. The final value of the cadmium
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Fig. 4. Concentration profiles verses time for (60%Cd,
40%Cu) mixture.

and copper concentrations were 33 and 15 ppm
respectively at 60 min with final removal efficien-
cies 89% and 92.5% for cadmium and copper respec-
tively. In comparison with Fig. 3, the concentration
decay of each metal was kept the same approxi-
mately with no intersect between them (exponential
decay) confirming that electrodeopstion of both met-
als are under mass transfer control. This behavior
also approves that the value of cathodic potential in
this case should be more negative than the standard
potential of cadmium (-0.4V vs. SHE). The decay of
Cu concentration is extremely exponential than decay
of Cd concentration.

Fig. 5 demonstrates the concentration profiles
verses time of each heavy metals (Cu, Cd) in a binary
solution with composition (80%Cd, 20%Cu) under
operating current of 345 mA. The data showed that
the concentration of each heavy metals declined with
increasing of time. The final value of concentrations
for cadmium and copper were 28 and 11 ppm respec-
tively at 60 min with final removal efficiencies 93%
and 89% for cadmium and copper respectively.
Results indicated that the final concentrations of cop-
per and cadmium became slightly lower in comparison
with Fig.4. The concentration decays of both metals
were kept the same approximately with no intersect
between them (exponential decay), confirming that
both metals are deposited under mass transfer control.
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Fig. 5. Concentration profiles verses time for (80%Cd,
20%Cu) mixture.
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Fig. 6. Concentration profile verses time for single metal.

In order to confirm the impact of copper existing
during cadmium removal, two further experiments
were achieved on monometallic Cu and Cd solutions
under the conditions (current 345 mA, rotation speed
of 800 rpm, Cd or Cu initial concentration 500 ppm,
mesh number of 30, and pH=3). The results are
shown in Fig. 6. The final concentration of copper
alone at 60min was 3 ppm with a removal efficiency
of 99.4% while the final concentration of cadmium

100
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Fig. 7. Removal efficiency verses heavy metal weight
percent in the binary system.

alone was 15 ppm at the same time with a removal
efficiency of 97%. The removal efficiency in the
present work is lower than that reported previously in
our previous work [32] due to the decreasing of pH
from 6.8 to 3. Using pH higher than 3 in the simulta-
neous removal of cadmium and copper is not recom-
mended because of the possibility of precipitating of
copper as hydroxide if the solution pH becomes
greater than 3 as approved by theoretical solubility of
copper hydroxide diagram[40]. The main outcome of
the present work is the capability of the spiral-wound
woven wire mesh rotating cylinder electrode to
remove copper at higher removal efficiency close to
100%.

Fig. 7 shows how the weight percent of heavy
metal effects on the removal efficiency of each metal.
The results showed that the removal efficiency of
copper increased from 89 % to 99.4% as its weight
percent increased from 20% to100%. In a similar
fashion, the removal efficiency of cadmium
increased from 81% to 97% as its weight percent
increased from 20% to 100 %. The results confirmed
that the removal efficiency of any metal decreased in
the presence of the other metal. Alebrahim et al. [35]
found similar observations in their work for remov-
ing of copper and zinc from a simulated binary solu-
tion using a packed-bed cathode. However, selective
separation of copper was happened in their work due
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Fig. 8. Concentration profiles verses time for (80%Cu,
20%Cd) mixture at different applied currents.

to the large deference in the standard potentials of
copper and zinc (E°=+0.34V vs. SHE for copper and

°=-0.762V vs. SHE for zinc), even though the real
values are reliant on the real concentrations of metals.
The results indicated that copper was removed faster
than cadmium. This behavior was expected since the
standard potential of cadmium is more negative than
copper (E°=+0.34V vs. SHE for copper and E°= -
0.4V vs. SHE for cadmium).

It is well known, from electrochemistry principles,
that the metal ion which has a standard reduction
potential with more positive value can be easily
reduced. Similar observation was found by Walsh
[41] for potentiostatic removal of copper, cadmium
and zinc at initial concentration of 10 ppm for each
metal using three dimensional reticulated vitreous
carbon (RVC) electrode. In addition, similar trend
was observed by Alebrahim et al. [35].

3.1.2 Effect of applied current on the
removal efficiency

Fig. 8 depicts the effect of applied current on the
concentration profiles verses time for each metal for
the case of using a binary solution containing (Cd
20%, Cu 80%). It was observed that increasing cur-
rent causes reducing the final concentration of each
metal. Using a current of 240mA gave lower removal
efficiency for each metal as shown in Fig. 9.

90—t
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60—
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**xxCd

50
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current (mA)

Fig. 9. Effect of current on the removal efficiency for
(80%Cu, 20%Cd) mixture.

3.2 Effect of weight percent on the current effi-
ciency

Fig.10 shows that the current efficiency of metal
removal decreases with increasing of electrolysis
time as well as with increasing of Cd weight percent
or decreasing Cu weight percent. Current efficiency
is always higher at the initial stage of electrolysis and
then declines with increasing time for all weight per-
cents of metals. These observations reveal that the
main reason for declining of current efficiency is the
evolution of hydrogen during the initial periods of
electrolysis. However, there are other reasons that
may be caused the decline in the current efficiency at
the later stages of electrodeposition [35]. The IR drop
resulted from passaging the applied electric current
through the cell solution is one of reasons that caus-
ing the loss in current efficiency. This loss could be
seemed when the temperature of electrolysis
increased with the progress of electrolysis. In all runs
performed at 345 mA. However, the rise in tempera-
ture did not exceed 3°C at the end of the electrolysis;
therefore, the IR drop could not consider as a major
factor.

The relation between current efficiency and weight
percent of cadmium is shown in Fig. 11, where
increasing the weight percent of cadmium results in
decreasing the current efficiency since the participa-
tion of copper is lowered in addition to the main
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Fig. 10. Current efficiency verse time at different weight
percent of Copper and Cadmium.
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Fig. 11. Effect of weight percent of Copper or cadmium on
the Current efficiency.

effect of hydrogen.

The Current efficiency was 52% at 20% Cd then
decreased to 34% at 100% Cd. The current efficiency
of copper was increased from 39% at 20%Cu to 56%
at 100% Cu. Generally, hydrogen evolution considers
as the main affected parameter on the current effi-

ciency. Alebrahim et al. [35] found similar observa-
tions.

4. Conclusions

The simultaneous removal of copper and cadmium
from a binary solution was achieved successfully
using a spiral-wound woven wire mesh rotating cyl-
inder electrode. The results showed that, in the pres-
ence of copper, removal efficiency of cadmium
decreases with increasing copper weight percent.
Similar trend was noted in the case of copper in the
presence of cadmium. Increasing the current would
improve the removal efficiency of any metal at any
weight percent. Based on the results of the present
work, it could be removed both metals at a removal
efficiency greater than 85% if they are exist at the
same solution with the same weight percent at an
applied current of 345 mA and of course higher
removal efficiency can be obtained when the current
increases up to 400 mA.The results revealed that cur-
rent efficiency is higher at the initial stage of electrol-
ysis then declined with the progress of time.
Increasing the weight percent of cadmium led to
decrease the current efficiency. Opposite behavior
was noted in the case of copper. In spite of the low
current efficiency due to the effect of side reaction
(hydrogen evolution), the process is environmentally
benefit since hydrogen can be utilized as a renewable
energy.
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