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Removal of Heavy Metals (Cd, Cu, Ni) by
Electrocoagulation
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Abstract—In this study, removal of cadmium (Cd), copper
(Cu) and nickel (Ni) from a simulated wastewater by
electrocoagulation (EC) method using batch cylindrical iron
reactor was investigated. The influences of various operational
parameters such as initial pH (3, 5, 7), current density (30, 40,
50 mA/cm?) and initial heavy metal concentration (10, 20, 30
ppm) on removal efficiency were investigated. It was seen from
the results that removal efficiencies were significantly affected
by the applied current density and pH. The experimental results
indicated that after90 minutes electrocoagulation the highest
Cd, Ni, Cu removal of 99.78%, 99.98%, 98.90% were achieved
at the current density of 30 mA/cm? and pH of 7 using
supporting electrolyte (0,056 M Na,SO,4) respectively. The
experimental results revealed that the removal of heavy metal
ions by our design electrochemical cell can be successfully
achieved.

Index Terms—Heavy metal removal, electrocoagulation,
treatment.

I. INTRODUCTION

The presence of heavy metals in water and wastewater
causes serious environmental and health problems because of
their solubility in water. Although organic contaminants can
be biodegradable, inorganic pollutants cannot be
biodegradable and they can enter to the food chain and
accumulate in living organisms.

Heavy metals like copper, nickel, lead and zinc are resulted
from several sources such as metal and processing industries,
batteries, fertilizer and pesticides.

Pure nickel shows a significant chemical activity. More
than adequate nickel accumulation may be resulted with
serious lung, kidney and skin problems [1]. Although copper
does not affect body in small concentration, high amount
copper accumulationmay be resulted with toxic reactions like
puking, cramps and spasms which may lead to death [2].
Cadmium has been classified by U.S. Environmental
Protection Agency as a probable human carcinogen. The
drinking water guideline value recommended by World
Health Organization (WHO) is 0.005 mg/L Cd [3]. Due to the
adverse effects on the environment and human health, usage
of cadmium is restricted in Europe.

In spite of the fact that electrocoagulation is not a new
technology which has been known from 19th centuries,
electrocoagulation hasn’t been widely applied because of
relatively large capital investment, expensive electricity
requirement. However, electrochemical technologies have
turned back since it is eco-friendly technology [4], [5].

In this study, the removal of nickel, cadmium and copper
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from the simulated solution was investigated using iron
electrodes by electrocoagulation(EC). Experiments were
performed to determine the effects of varying operational
parameters such as; initial pH, current density and initial
concentration on metal removal efficiency. Also, electrical
energy consumption (EEC) was calculated to give an opinion
about estimated cost of EC process.

Il. ELECTROCOAGULATION (EC) PROCESS

EC is an electrochemical process with reactive anode and
cathode (iron or aluminum electrode). When current is
applied to the systemby a power supply, metallic ions are
dissolved from anode and transferred to the bulk. Afterwards
metallic ions combine into larger flocs and can be removed
easily[6].Water molecules are hydrolyzed at the cathode,
simultaneously. Two different mechanism proposed for iron
electrodes can be seen in the reactions (1)-(6).

Mechanism |
In the anode:
4 Fe — 4 Fe?q) + 8¢ @
In the cathode:
8 H'aq+ 8€ — 4 Hyy (2)

In the solution:
4 Fez+ (aq) T 10 H20(|) + Oz(g) — 4 FC(OH)g(S) +8 H+(aq) (3)

Mechanism 11
In the anode :
Feg— Fe* g + 26 4)
In cathode:
2 HyOy) + 26— Hygg + 2 OH (g (5)
In solution:
Fe* ag) + 2 OH (zq) —Fe(OH)y (6)

Metal ions produced at the anode and hydroxide ions
produced at the cathode react in the aqueous media to
produce various hydroxides species depending on the pH
such as Fe(OH), Fe(OH);, Fe(OH)**, Fe(OH)** and
Fe(OH), . The iron-hydroxides coagulate and precipitate to
the bottom of system [7].

To determine theoretical dissolved mass of iron from
anode, Faraday’s law shown in equation (7) can be used.
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where m is the amount of anode material dissolved (g), | is
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the current (A), t is the electrolysis time (sec), M is the
molecular weight (g/mol), z is the number of electrons
involved in the reaction, and F is the Faraday’s constant.

The electrocoagulation of cadmium ion was studiedusing
four plate aluminum electrode by the Mahvi and Bazzrafshan
[8], using five pair of aluminum electrodesby Bayar et al. [9],
using aluminum anode and cathode by Vasudevan et al. [6],
and by Mansour et al. [10]. Removal of Ni and Cr from tap
water was studied with aluminum electrodes by Hernandez,
et al. [11]. The removal of nickel and cobalt was also studied
using two aluminum plates by Mansour and Hasieb [12]. The
removal of Ni (1), Pb (1), Cd (1I) ions was studied using an
assorted electrode sets of aluminum and ironby Khosa et al.
[13]. Rajemahadik, et al. [14] were also studied the removal
of heavy metals from water including Ni, Cr, Zn using Fe and
Al electrodes.

I1l. MATERIALS AND METHODS

A. Reagents and Solutions

A stock solution of metal ions with the concentration of
1000 mg/L was prepared from Cd(NO3z), 4H,0,
CU(NOg)Z 3H,0, Nl(NO3)2 6H,0. RequirEd initial
concentrations were preparedby diluting the stock solution.
To increase the conductivity of the solution, 0.05M Na,SO,4
(Merck) was added before the experiments. The pH of the
solution was arranged using 1N H,SO, (Merck)

B. Procedure in Batch Operation

In the experimental study the uniquely designed batch EC
reactor shown in the Fig. 1 was used. The iron cylindrical
reactor operated as a cathode has height of 10cm and an
internal diameter of 10.3 cm. The stirrer has three iron blades
with width of 0.9cm and length of 7cm, and operated as an
anode. Anode was stirred the solution to maintain uniform
composition at 100 rpm with a mechanical stirrer (Jeo Tech).
In each experiment, 0.5 L of solution was poured into the
cylindrical cathode and operation was started with by
switching the DC power supply (Statron 2257) on.

Mechanical Stirrer

100 RFM |

[
Power Source
¥

Stirrer, Anode

Reactor, Cathode
Fig. 1. Experimental set-up.

C. Analyses

In the experiments, 5 ml of sample were taken from the
reactor at the 15 min intervals and filtered. The
concentrations of metal ions were determined using atomic
adsorption (Varian Spectra A 250 Plus). All samples were
analyzed in duplicate to ensure data reproducibility, and an
additional measurement was carried out, if necessary.

The removal efficiency (RE %) after EC was calculated
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using the following equation;

x100 (8)

rREge = Co=C)
C

o

where C, and C are the concentrations of metal ions before
and after EC, respectively, in ppm.

Electrical energy consumption (E;; kWh/m®) was also
calculated using Eq. 9.
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where V is Voltage (V), | is Current (A), t is operation
time(h), and v,, is the volume of the wastewater (m?).

IV. RESULTS AND DISCUSSION

A. Effect of Initial pH

pH is one of the effective operational parameters in the
electrocoagulation process.Effect of initial pH was
investigated using the initial pH values of 3, 5, 7atthe current
density of 40mA/cm?and initial ion concentration of 20 ppm.
As can be seen from Fig. 2 the highest removal of Cd was
obtained at pH 7. The initial Cd concentration of 20 ppm was
reduced to the 0.16 ppm with the removal efficiency of 99.2
%after 90 minutes EC. As seen from the Fig. 3 and Fig. 4, pH
has no significant effect on the removal efficiencies for the
electrocoagulation of Cu and Ni. The removal efficiencies at
pH 7 for the Cu and Ni were 98.3% and 99.8%, respectively.
The removal of Ni and Cu were increased with the time
within the first 15 minutes. After that time, removal
efficiencies scarcely increased as seen from Fig. 3 and Fig. 4.
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Fig. 2. Effect of pH on Cd removal efficiency (current density: 40mA/cm?,
initial concentration: 20 ppm).
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Fig. 3. Effect of pH on Cu removal efficiency (current density: 40mA/cm?,
initial concentration: 20 ppm).
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Fig. 4. Effect of pH on Ni removal efficiency (current density: 40mA/cm?,
initial concentration: 20 ppm).

Similarly the best results was obtained at pH 7 by Khosa et
al. [13], Vasudevan et al. [6], Kumarasinghe et al. [15]and
Kamaraj et al. [16] for the removal of heavy metal.

B. Effect of Current Density

The current density is an effective parameter that controls
the reaction rate in the electrochemical systems, and it
determines the amount of Fe?* ions released by the anode.

To determine the effect of current density, experiments
were performed at initial pH of 7 and initial metal
concentrations of 20 ppm. After 90 min EC the initial Cd
concentration of 20 ppm was reduced to 0.04, 0.16 and
0.28ppm with the removal efficiencies of 99.8%, 99.2% and
98.6% at the current densities of 30, 40 and 50 mA/cm?,
respectively as seen from Fig. 5. After 60 min EC, the
removal efficiencies are almost constant. Therefore, the
electrocoagulation process should be ended to reduce energy
consumption.
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Fig. 5. Effect of current density on Cd removal efficiency (pH: 7, initial
concentration: 20 ppm).
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Fig. 6. Effect of current density on Cu removal efficiency (pH: 7, initial
concentration: 20 ppm).
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Similarly, the removal of copper ion increase with the
increasing of current density as seen from the Fig. 6. Kamaraj
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et al. [16] also obtained similar results. They obtainedthe
removal efficiency of 97% forthe initial copper concentration
of 10 mg/L and 96% forthe initial copper concentration of 50
mg/L at current density of 30 mA/cm?. The same magnitude
of removal efficiencies were obtained for the removal of
copper, lead, and cadmium by Kumarasinghe et al. [15].

As seen from Fig. 7, 30 min electrocoagulation was
satisfied for the removal of Ni with the removal efficiency of
99% at 30 mA/cm?. After this time, removal efficiency was
not changed significantly. Mansour and Hasieb [12],
obtained 93% efficiency at 30 mA/cm? after 35 min EC while
removal efficiency of 99% obtained at 40 mA/cm?,
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Fig. 7. Effect of current density on Ni removal efficiency (pH: 7, initial
concentration: 20 ppm).

The variation of electrical energy consumption with
current density can be seen from Fig. 8 for Cd. As seen from
Fig. 8, the electrical energy consumption was increased with
the increasing current density because of the increase in
applied voltage. Similar behaviors were also observed for the
removal of Cu and Ni (data not shown).
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Fig. 8. Effect of current density on energy consumption (pH: 7, initial
concentration: 20 ppm).

C. Effect of Initial Concentration

The effect of initial concentration was investigated using
metal ion concentrations of 10 to 50 mg/L at the current
density of 30mA/cm? and pH of 7.

Fig. 9 shows the variation of Cd concentration with the
various initial concentrations as a function of time. The
removal efficiencies were 99%, 99% and 97% at the initial
concentrations of 10, 20 and 50 ppm Cd, respectively after 75
min EC. Khosa et al. [13] studied removal of heavy metal
from water using electrocoagulation at pH 7 using aluminum
and iron electrodes. They got better results using iron
electrode with the removal efficiency of 80% in 10 minutes
EC while removal efficiency of 87% was obtained in 15 min
in our system.
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Fig. 9. Effect of initial concentration on Cd removal efficiency (pH: 7,
current density: 30mA/cm?).
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Fig. 10. Effect of initial concentration on Cu removal efficiency (pH: 7,
current density: 30mA/cm?).

The effect of initial concentration of Cu and Ni can be seen
from Fig. 10 and Fig. 11 at 30mA/cm? and pH 7. As can be
seen from the Fig. 10 and Fig. 11, higher initial
concentrations caused higher removal rates of metal ions.
The removal efficiencies were 92, 92 and 96% for the initial
concentrations of 10, 20 and 50 ppm Cu, respectively at the
end of 60 min EC operation. The removal efficiencies higher
than 99.97% were obtained for the removal of Ni at all initial
concentrations.
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Fig. 11. Effect of initial Concentration on Ni Removal Efficiency (pH: 7,
current density: 30mA/cm?).

V. CONCLUSION

In this study, the removal of Cd, Cu, Ni from simulated
wastewater by electrocoagulation using iron sacrificial
electrodes was investigated. The effects of current density,
initial pH, and initial metal concentrationon the removal
efficiency were examined in cylindrical electrochemical
reactor.

The following conclusions could be drawn from the
present study:
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The experimental results revealed that the removal of
heavy metal ions by our design electrochemical cell can
be successfully achieved.

The results obtained at varying operation conditions in
order to elucidate their effects on process performance
implied that removal efficiencies were significantly
affected by the applied current density and pH.

The experimental results indicated that the highest Cd,
Ni, Cu removal of 99.78%, 99.98%, 98.90% were
achieved with a current density of 30 mA/cm? at the 0,05
M Na,SO;, electrolyte concentration and pH of 7 end of
90 minutes electrocoagulation operation.

REFERENCES

C. E. Borba, R. Guirardello, E. A. Silva, M. T. Veit, and C. R. G.
Tavares, “Removal of nickel (lI) ions from aqueous solution by
biosorption in a fixed bed column: Experimental and theoretical
breakthrough curves,” Biochemical Engineering Journal, vol. 30, pp.
184-191, 2006.

A. T. Paulino, F. A. S. Minasse, M. R. Guilherme, A. V. Reis, E. C.
Muniz, and J. Nozaki, “Novel adsorbent based on silkworm
chrysalides for removal of heavy metals from wastewaters,” Journal of
Colloid and Interface Science, vol. 301, pp. 479-487, 2006.

Central Pollution Control Board, Ministry of Environment and Forests,
Gouvt. of India, Delhi. [Online]. Available: http://www.cpcb.nic.in

K. Rajeshwar, J. G. Ibanez, and G. M. Swain, “Electrochemistry and
the environment,” J. Appl. Electrochem., vol. 24, pp. 1077-1091, 1994.
Rajkumar and K. Palanivelu, “Electrochemical treatment of industrial
wastewater,” Journal of Hazardous Materials, vol. 113, no. 1-3, pp.
123- 129, 2004.

S. Vasudevan, J. Lakshmi, and G. Sozhan, “Effects of alternating and
direct current in electrocoagulation process on the removal of cadmium
from water,” Journal of Hazardous Materials, vol. 192, no. 26-34,
2011.

Y. A. Mollah, P. Morkovsky, J. A. G. Gomes, M. Kesmez, J. Parga,
and D. L. Cocke, “Fundamentals, present and future perspectives of
electrocoagulation,” Journal of Hazardous Materials, vol. 114, no. 1-3,
pp. 199-210, 2004.

A. H. Mahvi and E. Bazrafshan, “Removal of Cadmium from
Industrial Effluents by Electrocoagulation Process Using Aluminum
Electrodes,” World Applied Sciences Journal, vol. 2, no. 1, pp. 34-39,
2007.

S. Bayar, A. E. Yilmaz, R. Boncukcuoglu, B. A. Fil, and M. M.
Kocakerim, “Effects of operational parameters on cadmium removal
from aqueous solutions by electrochemical coagulation,” Desalination
and Water Treatment, vol. 51, pp. 2635-2643, 2013.

S. E. Mansour, E. S. Negim, I. H. Hasieb, O. A. Desouky, R.
Abdykalykova, and M. Beisebekov, “Removal of cadmium pollutants
in drinking water using alternating current electrocoagulation
technique,” Global Journal of Environmental Research, vol. 7, no. 3,
pp. 45-51, 2013.

M. C. Hern&ndez, L. Barletta, B. Dogliotti, N. Russo, D. Fino, and P.
Spinelli, “Heavy metal removal by means of electrocoagulation using
aluminum electrodes for drinking water purification,” J Appl.
Electrochem, vol. 42, pp. 809-817, 2012.

S. E. Mansour and I. H. Hasieb, “Removal of Ni (Il) and Co (II)
Mixtures from Synthetic Drinking Water by Electrocoagulation
Technique Using Alternating Current,” International Journal of
Chemical Technology, vol. 4, no. 2, pp. 31-44, 2012.

M. K. Khosa, M. A. Jamal, A. Hussain, M. Muneer, K. M. Zia, and S.
Hafeez, “Efficiency of Aluminum and Iron Electrodes for the Removal
of heavy metals [(Ni (II), Pb (II), Cd (II)] by Electrocoagulation
Method,” Journal of the Korean Chemical Society, vol. 57, no. 3, pp.
316-321, 2013.

C. F. Rajemahadik, S. V. Kulkarni, and G. S. Kulkarni, “Efficient
removal of heavy metals from electroplating wastewater using
electrocoagulation,” International Journal of Scientific and Research
Publications, vol. 3, no. 10, 2013.

D. Kumarasinghe, L. Pettigrew, and L. D. Nghiem, “Removal of heavy
metals from mining impacted water by an electrocoagulation
-ultrafiltration hybrid process,” Desalination and Water Treatment, vol.
11, pp. 66-72, 2014.

R. Kamaraj, P. Ganesan, J. Lakshmi, and S. Vasudevan, “Removal of
copper from water by electrocoagulation process—effect of alternating
current (AC) and direct current (DC),” Environ. Sci. Pollut. Res, vol.
20, pp. 399412, 2013.



International Journal of Environmental Science and Development, Vol. 6, No. 6, June 2015

Umran Tezcan Un was born on July 13, 1971 in Eskisehir,

Turkey. She graduated from the Department of Chemical

Engineering, Anadolu University in 1992 and achieved to

study environmental engineering at Anadolu University.
She is currently an associate professor at Anadolu

University, Department of Environmental Engineering. She University, Department of Chemical Engineering. He has

has 22 years of teaching and research experience in the field 21 years of teaching and research experience in the field of

of environmental science and technology. Her research environmental science and technology.

spans are industrial pollution control, water treatment and electrochemical His research spans are air pollution treatment, water treatment and electro

treatment methods. She has directed and supervised numerous research chemical treatment methods.

studies and projects in the field of wastewater management and industrial

pollution control. She is married and mother of a girl and a son.

Sadettin Eren Ocal was born in 1971 in Eskisehir,
Turkey. He graduated from the Department of Chemical
Engineering, Anadolu University in 1992 and achieved to
study Chemical Engineering at Anadolu University.

He is currently an assistant professor at Anadolu

429



