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Abstract. Electrocoagulation process is widely used for
the removal of pollutants from the industrial wastewater.
In the present study, an attempt was made to investigate
the performance of electrocoagulation process using alu-
minum and iron electrodes to treat the metal ions present
in the synthetic galvanic wastewater. The electrodes used
are with and without perforations and it was observed that
the efficiency of electrodes with perforation (80 %) was
higher than without perforations (50 %). The removal
efficiency of heavy metal ions increased with retention
time and direct current. The optimized values of residence
time, voltage, pH, current, electrode spacing were
160 min, 6 V, 5, 0.2 A, and 3 cm, respectively. The
maximum removal percentage of nickel and copper ions
using perforated iron electrodes was 90.7 % and 86.0 %,
respectively, and for chromium using a combination of
perforated iron and aluminum electrodes it was 93.1 %.
The removal of metal ions followed pseudo second order
kinetic model with current dependent parameters.
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1. Introduction

In the developing nations, particularly in India, the
monitoring of the water pollution is based on the concen-
tration limits of various pollutants present in discharge
effluents. Industries prefer dilution of discharge effluents
using fresh water to meet the concentration limits. Treat-
ment and reuse of wastewater with low cost, environ-
mental friendly technology is the most acceptable method
rather than dilution and disposal. The latter method in-
creases the contamination of natural water resources. Out
of all the pollutants discharged in natural water bodies,
heavy metals are considered to be lethal to the living or
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ganisms. Several treatment methods are used for the re-
moval of heavy metals from wastewater like adsorption,
precipitation, coagulation, ion exchange, electro dialysis,
electro winning, electrocoagulation, cementation, and
reverse osmosis.

The electrocoagulation/flotation process involves
applying an electric current to sacrificial electrodes inside
a reactor tank. The current generates coagulating agents
(metal ions) and gas bubbles. Metal ions generated from
sacrificial electrode coagulate with pollutants in the water.
The process is similar to the addition of coagulating
chemicals such as alum and ferric chloride. It allows for
easier removal of the pollutants by sedimentation and
flotation. Electrocoagulation or electroflotation are the
technologies that are developed based on the concepts of
electrochemical cells, specifically known as “electrolytic
cells”." Though electrocoagulation is an energy intensive
process, it is easy to operate and produce clean, odorless
water. The electrocoagulation treatment process has the
advantage of removing the smallest colloidal particle,
because the applied electric field sets them in fast motion,
thereby facilitating the coagulation. This process avoids
the uses of chemicals, and so there is no problem of neu-
tralizing excess chemicals. There is no possibility of sec-
ondary pollution caused by chemical substances added at
high concentrations. The gas bubbles produced during
electrolysis can carry the pollutant to the top surface of the
solution, where it can be easily concentrated, collected,
and removed. The electrolytic processes in the electroco-
agulation cell are controlled electrically with no moving
parts, thus requiring less maintenance. Several studies are
reported in literature for the removal of heavy metals
using various electrocoagulation processes.” Forat Y. Al
Jaberi et al.* investigated the performance of innovative
electrocoagulation reactor for the removal of oil content
and turbidity from real oily wastewater. The parameters
were optimized using response surface methodology and
minitab-17 statistical program. Concentric aluminum
tubes were used as electrodes and obtained positive re-
sults. Marco-Morales et al.’ evaluated the removal effi-
ciency of suspended solids from the chocolate manufac-
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turing industry wastewater by integrating the coagulation
process with sand filtration. Substantial reduction in tur-
bidity, color, and chemical oxygen demand (COD) was
observed using this combination treatment technique.
Electrocoagulation process was employed to the effluents
of Gaza wastewater treatment plant (GWWTP). The per-
formance was studied in the optimized conditions for the
removal of nitrate, total hardness, calcium and magne-
sium. Good quality of treated water was obtained for reuse
purpose.’ Jagadal er al." applied electrocoagulation proc-
ess to treat wastewater from dairy industry. They con-
cluded that electrocoagulation process with series elec-
trode configuration could be an alternative for cost effec-
tive treatment of dairy effluents. Sadiq Muhsun et al.’
studied the removal of heavy metal ions, cadmium, nickel
and lead from a synthetic wastewater using a lab scale
electrocoagulation system. Results showed that the opti-
mal operating conditions for the maximum removal effi-
ciencies occur at pH 7, current density, 12.5 mA/cmz,
inner electrode distance, 1cm for both aluminium and iron
electrodes. The detention time was 150 min for alumin-
tum, and 120 min for iron electrodes and the performance
of aluminium electrodes was found to be better than iron
electrodes. The present work was carried out to study the
performance of iron, aluminium, and combination of both
electrodes with and without perforations for the treatment
of metal ions present in synthetic galvanic wastewater.

2. Materials and Methods

2.1. Chemicals and Reagents

Nickel sulfate hexahydrate (NiSO4(H,0)s), copper
sulfate pentahydrate (CuSO45H,0), chromium (II) sul-
fate (Cry(SO4)36(H,0)), potassium dichromate (K,Cr,O5),
potassium permanganate(KMnQO,), aqueous ammonia
solution were purchased from Loba Chemie Pvt. Ltd.
Hydrochloric acid (HCI) was procured from Fischer Sci-
entific. Double distilled water was used to prepare all the
solutions. The chemicals and reagents were analytical
grade and used as pure as supplied.

2.2. Preparation of Synthetic Galvanic
Solution

Metal stock solutions of 2 g/L. of Ni, 2.5 g/L of Cu,
and 0.7 g/L of Cr were prepared by weighing respective
salts. Stock solution of 0.1 N HCI was also prepared. A
synthetic galvanic wastewater solution was prepared using
the individual metal ion solutions. The composition of the
synthetic wastewater was prepared to represent similar
conditions of real time industrial galvanic wastewater.

165

2.3. Concentration and pH Measurement

The concentration of metal ions in the synthetic wastewa-
ter was measured using 220 FS atomic absorption spec-
trophotometer. The initial pH of the synthetic wastewater
was measured using Jenway 3520 pH meter.

2.4. Experimentation

All the experiments were carried out in a batch re-
actor. A schematic diagram representing the mechanism
of electrocoagulation process is shown in Fig. 1. The elec-
trodes were made up of iron (mild steel, ST 37) and alu-
minum plates (AIMg3), 78 mm height, 99 mm width, 2 mm
thick in dimensions. Each electrode was perforated with
28 holes of 5 mm in diameter. Fig. 2 shows the experi-
mental setup. Two electrodes were installed vertically
with a spacer to ensure fixed distance of 3 cm. A sample
figure of the iron electrode before and after electrocoagu-
lation is shown in Fig. 3.

b +
®  mooH),
Coagulation

Fig. 2. Experimental set up
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Fig. 3. Iron electrode before and after electrocoagulation process

2 L of synthetic galvanic wastewater was used for
each experimental run. Desired current was applied and
10 mL samples were collected at each time interval of
20 min. The samples were taken from the bulk solution
near the anode and cathode. The samples at anode were
analyzed for the degree of metal extraction. Experiments
were repeated with iron, aluminum, and a combination of
both electrodes. The concentration of metal ions in the
synthetic wastewater was measured by taking the samples
at 20 min intervals from 0 to 180 minutes. The experiments
were repeated by varying the initial pH of the wastewater at
an optimum retention time, then varied current at the opti-
mum retention time and initial pH. The set of experiments
were conducted with same electrodes and a combination of
electrodes with and without perforations.

3. Results and Discussion

3.1 Electrodes without Perforations

2 L of synthetic galvanic wastewater was taken into
the reactor system. Two iron electrodes without perfora-
tions were immersed and kept 3 cm apart. The initial pH
of the solution was recorded as 2.5. 0.1 V voltage, 0.06 A
current, and a current density of 0.371 mA/cm’ was
passed through the electrodes. Samples were withdrawn
for every 20 minutes near anode and cathode. The sam-
ples were then analyzed for the concentration of metal
ions (Ni, Cu and Cr). Fig. 4 shows the removal percentage
of metal ions. The optimized value for retention time was
reached after 160 min. The maximum removal percentage
of Ni, Cu and Cr was estimated as 40.0 %, 30.0 % and
27.5 %, respectively. The adsorption of Ni onto Fe(OH);
flocs seems to be higher than Cu and Cr. The experiments
were repeated using aluminum electrodes without perfora-
tions. The voltage, current and current density increased to
6.5V, 1.02 A, 6315 mA/cm?. The initial pH and distance
between electrodes maintained same. The heavy metals
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concentration decreased gradually and gets optimized at
160 min of retention time. The maximum removal per-
centage of Ni, Cu, Cr was14.4 %, 31.0 %, 12.8 %, respec-
tively, as shown in Fig. 5. Unlike in iron electrodes, here
the removal efficiency was higher for Cu. This indicates
that the mass transfer resistance for the adsorption of Cu
seems to be lesser than Ni and Cr. There is a possibility of
parallel water electrolysis at 6.5 V, which enhances hy-
droxyl radicals resulting in higher flocs formation. Com-
bination of iron and aluminum electrodes without perfora-
tions was then immersed in the synthetic wastewater and
the experimental run was carried out. Iron electrode as
cathode and aluminum electrode as anode was taken. The
electrodes are kept 3 cm apart. The initial pH of wastewa-
ter was measured as 2.5. 3.6 V voltage, 1.02 A current and
current density of 6.315 mA/cm’® was passed through the
electrodes. The removal percentage of metal ions was
more or less similar to the performance of iron electrodes
without perforations. The maximum removal percentage
of Ni, Cu, Cr after 160 min retention time was 24.0 %,
37.5 %, 40.0 %, respectively, as shown in Fig. 6. In the
combination of electrodes, the adsorption of Cr on
AI(OH); flocs was higher than Ni and Cu. At 3.6 V, there
may be a possibility of parallel water electrolysis, which
might enhance the formation of Cr(OH);. This will in-
crease the chromium flocculation effect. The initial pH of
the solution plays a vital role. The reaction rates during
electrocoagulation process were found to be higher at
neutral or alkaline pH.* At the low initial pH of 2.5, the
removal efficiency of metals might be affected, and hence
lower removal percentage efficiencies was observed. This
effect was clearly observed when the experiments were
conducted with increase in initial pH. The other factor that
affects the removal efficiency directly is the current den-
sity. Low current density produces lesser hydroxide flocs
and high current leads to agglomeration of flocs. Hence an
optimum current density need to determine, which will
give maximum removal efficiency of the metals.”
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Fig. 4. Iron electrodes without perforations
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Fig. 5. Aluminum electrodes without perforations
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Fig. 6. Fe & Al combination of electrodes
without perforations

3.2. Electrodes with Perforations

All the parameters kept same as that of iron elec-
trodes without perforations and experiment was carried
out with perforated iron electrodes. The current density
was 0.385 mA/cm”. The heavy metals (Ni, Cu, Cr) con-
centration was decreased gradually and become stable at
160 minutes. The maximum removal percentage of Ni,
Cu, Cr was 77.0%, 73.0 %, 44.9 %, respectively, as
shown in Fig. 7. The reduction in the concentration of
metal ions was almost doubled with perforations elec-
trodes than without perforations. Perforations provide
more surface for metal ions to get in contact with elec-
trodes. The experiment was further carried out using per-
forated aluminum electrode by keeping same conditions
as without perforations.

The current density was 6.537 mA/cm”. Fig. 8
shows the removal percentage of metal ions. The reduc-
tion in Ni, Cu, Cr was 17.3 %, 43.0 %, 13.6 %, respec-
tively. The removal percentage of Ni, Cu, Cr for a combi-
nation of electrodes with perforations was 40.3 %, 68.0 %,
89.7 %, respectively, as shown in Fig. 9. The performance
of electrodes with perforations was better than without
perforations at same experimental conditions.
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Fig. 9. Fe & Al combination
of electrodes without perforations

Keeping all the parameters same, the effect of cur-
rent variations on individual electrodes was also investi-
gated. Table 1 shows the maximum removal percentage of
metals with variations in current.

Table 1. Removal percentage of metals ions at different
currents

Metal | Aluminum Electrode Iron Electrode

Ton 0.5A 1.0A 0.05A 0.1A 0.2A
Ni 17.98 % 12.14% [76.42 % | 78.57 %|90.71 %
Cu 46.46 % 55.00% [83.00 % |84.00 % | 86.00 %
Cr 82.75% 87.93% [46.42 % |48.21 % [55.93 %
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3.3. Effect of pH

The effect of pH was studied in combination of
electrodes. Experimental runs were conducted at three
initial pH conditions 3.5, 4.0 and 4.5. 0.1 N HCI solution
was used to maintain the required pH. All the other pa-
rameters were kept same as earlier experimental runs with
the combination of perforated electrodes. At pH 3.5, the
removal percentage of Ni, Cu, Cr was 67.7 %, 73.0 %,
90.0 % respectively as shown in Fig. 10. Figs. 11 and 12
show the removal percentage of metal ions at pH 4 and
4.5, respectively. At pH 4, the removal percentage of Ni,
Cu, Cr was 36.7 %, 79.0 %, 93.1 %, respectively, and at
pH 4.5 it was 19.4 %, 84.7 %, 91.9 %, respectively. It is
obvious that the reaction rates increase as pH increases
and hence the removal percentage efficiency enhanced.
The adsorption of Cr on to AI(OH); flocs is higher than Ni
and Cu and also the formation of insoluble Cr(OH); dur-
ing the process is another factor that enhances the removal
efficiency of Cr.
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Fig. 10. pH 3.5, Fe-Al electrodes with perforations
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Fig. 11. pH 4, Fe-Al electrodes with perforations

3.4. Kinetic Model

The prediction of removal rate of heavy metal ions
gives an important information for designing the batch
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electrocoagulation system. Information on the kinetics is
required for selecting optimum operating conditions for
the full-scale batch process. The process of removal of
heavy metal ions using electrocoagulation consumes low
energy. The kinetic model demonstrated that the removal
of heavy metal ions follows the second order Eq. (1) with
current dependent parameters.
1 1

C(t)_CO +k,t @)
where k; is the second order rate constant in ppm™'min™.

Table 2 shows the rate constants and corresponding
R? values. The experimental data was fitted to the best
performed electrodes for the removal of corresponding
metal ions.
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Fig. 12. pH 4.5, Fe-Al Electrodes with perforations

Table 2. Rate constants and corresponding R” values

Rate Constant (K,),
ppm” min”
Metal Ion —dc o R’ value
dt
k>= (ppm-'min™")
Ni~ 0.021 0.924
Cu™ 0.003 0917
Cr’ 0.027 0.948

4, Conclusions

The present study investigated the removal of
heavy metal ions from synthetic galvanic wastewater by
electrocoagulation process. The performance of Iron,
Aluminum electrodes with and without perforations was
evaluated. The performance efficiency of perforated elec-
trodes was higher than without perforations. The maxi-
mum removal percentage of nickel and copper ions using
perforated iron electrodes was 90.7 % and 86.0 %, respec-
tively, and for chromium using a combination of perfo-
rated iron and aluminum electrodes it was 93.1 %. Pseudo
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second order kinetic model was found to be best fit for the
experimental data.
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MPOBEJIEHHS ITPOIECY EJEKTPOKOAT'YJIALIT
3 BUKOPUCTAHHSAM 3AJII3HUX
I ATIOMIHIEBUX EJIEKTPO/IIB
3 HEP®OPALISIMU 1 BE3 HUX

Anomauia. Ilpoyec enexmpoxoazyniayii wupoko 8uKopuc-
Mogyomy Oisl GULYYEHHS 3A0PYOHIOIOUUX PEUOBUH 3 NPOMUCTIOBUX
cmiunux 800. YV yvomy Oocniodcenni 3pobnero cnpody docuioumu
nposeodents npoyecy eneKmpoKoazyiayii 3 UKOPUCAHHAM aliO-
MIHIEBUX | 3aI3HUX €NleKmpo0ig Oiisk 0OPOOKU IOHI6 Memalis, Has6-
HUX Y CUHMEMUYHUX 2QIb8AHIYHUX CMiNHUX 600ax. Jocniodcyeani
enekmpoou 6ynu 3 nepgopayisimu ma O6e3 Hux, i 6CMAHOGLEHO, WO
egpexmusnicmo enekmpodis 3 nepgopayicio (80 %) 6yna euworo,
Higie 6e3 nepgopayivi (50 %). Eexmusnicmo eunyuenus iowig
BADICKUX MEMANi8 3pOCMANA 3 HACOM YMPUMYBAHHS MA NOCMIUHUM
cmpymom. Onmumizoeani 3Ha4eHHs Yacy nepeby8amHs, Hanpyau,
PH, cmpymy, éiocmani midic enexmpooamu cmanosunu 160 xe, 6 B,
5, 02 Ai 3 cm eionogiono. Maxcumanvhuti 6i0COMOK GUITYYEHHS
ioHi@ Hikemo ma Midi 3a 00NOMO20I0 NePHOPOBAHUX 3ANIZHUX
enexmpooie cmarnosug 90,7 % i 86,0 % 6ionosiono, a Onsi xpomy 3
BUKOPUCIAHHAM NOEOHAHHSL NEPGHOPOBAHUX 3ANIZHUX | AIOMIHIEBUX
enexmpooie — 93,1 %. Bunyuenns ionie memany 6io6ysanocs 3a Ki-
HEeMuUyHoI0 MOOEILIIO NCeBO00PY2020 NOPSIOKY 3 NAPAMEmpPAMU, 3a-
JIeHCHUMU 810 CIMpPYMY.

Kniouoei cnoea: cummemuuni 2anveamiuni cmiumi 600u,
npoyec eneKkmpoxoazynsiyii, aicKi Memai, eiekmpoou, 6000nio-
20mogKa.



