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INTRODUCTION 

Rising levels of heavy metals in the envi-
ronment, their entry into food chain and their 
overall consequences are of great concern to sci-

entific community in the field of environmental 
science. The remediation of toxic heavy metals 
from wastewaters is recognized as one of the 
most important fields of water treatments, since 
the extreme industrial activities creates many 
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ABSTRACT
The performance of electrically stimulated phytoremediation in the removal of lead, 
cadmium and copper was assessed in this study. A combination of phyto and electro 
remediation was attempted in this study for the remediation of the metals from wa-
ter. Three tanks were set up with different operating conditions for this experiment: 
control A (only phytoremediation system), control B (only electro remediation) and 
treatment (combination of phyto and electro remediation). The electrically enhanced 
phytoremediation system and electro remediation system were operated 2h/day at 
voltages of 4V for 25 days continuously. In this experiment, the Eichhornia crassipes, 
an able phyto-remediator exhibited efficient and fast removal of heavy metals from 
synthetic solution in electro assisted phytoremediation system. The electrically en-
hanced phytoremediation using aluminum sheet electrodes showed better and effec-
tive removal of Cd, Pb and Cu than aluminum rod electrodes. A more favorable and 
moderate increase of pH was noticed in electrically stimulated phytoremediation sys-
tem. Eichhornia crassipes has a tremendous potential to reduce the maximum amount 
of cadmium (within 15 days), lead (within 15 days) and copper (within 10 days) under 
electrically stimulated condition. Under electrified condition, maximum amount of 
Cd and Cu was accumulated in the aerial parts of Eichhornia crassipes but maximum 
concentration of Pb was attained by roots. This indicates the high heavy metal ac-
cumulation capacity of Eichhornia crassipes under electrified conditions. The results 
showed that 4V voltage is probably suitable to stimulate the Eichhornia crassipes to 
synthesize more chlorophyll and voltage can improve the growth and ability to re-
sist adverse circumstances by promoting chlorophyll synthesis. Eichhornia crassipes 
stimulated by an electric field has grown better and assimilated more metal. Biocon-
centration factor (BCF) an index of hyperaccumulation, indicates that electrically 
stimulated Eichhornia crassipes is a good hyper accumulator of Cd (BCF = 1118.18) 
and Cu (BCF = 1152.47) and a moderate accumulator of Pb (BCF = 932.26). Translo-
cation ability (TA) ratio indicates that Eichhornia crassipes have the ability to trans-
locate more amounts of Pb, Cd and Cu to its upper portion under electrified condition. 
The results imply that the electro-phytoremediation technique seems to be promising 
in the treatment of wastewater contaminated with heavy metals.
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dangerous pollution issues to the environment 
[Li et al. 2009]. Cadmium and lead are com-
monly encountered hazardous heavy metals and 
are in the EPA’s list of priority pollutants [Baziar 
et al. 2013]. The UNEP considers lead and cad-
mium as the non-essential element for human 
life but they can compete with the essential trace 
elements either for the transport systems or in 
binding to various biomolecules. Both can ac-
cumulate in bone and may serve as a source of 
exposure later in life. Cadmium is a carcinogen 
by inhalation and is mainly affects kidneys and 
the skeleton. Lead is a multi-organ system toxi-
cant and is noxious at very low exposure levels. 
The duration, level and timing of exposure are 
the factors which depends the type and sever-
ity of effects. Tri-alkyl-lead and tetra-alkyl-lead 
compounds are the organo-lead compounds 
which are more toxic than inorganic forms of 
lead [UNEP, 2010]. 

Extensive researches have been progress-
ing for the removal of heavy metals by various 
methods such as ion exchange, filtration, reverse 
osmosis, biosorption, chemical precipitation, 
electrochemical treatment, solvent extraction, 
sedimentation, membrane separation, sensors 
etc. Many existing treatment techniques are not 
designed to address today’s concerns because 
of its incomplete metal uptake at low level and 
expensive operational costs [Shah et al. 2012]. 
For the better availability of good water qual-
ity at a lesser cost, it is obligatory to develop 
some sustainable alternative treatment methods, 
which are more natural, novel and cost effective. 
Phytoremediation utilizes the advantages of the 
unique, selective and naturally occurring uptake 
capabilities of plant root systems, together with 
the translocation, bioaccumulation and pollut-
ant storage/degradation abilities of the entire 
plant body. Also, being aesthetically pleasing, 
phytoremediation is on average tenfold cheaper 
than other remediation methods like physical, 
chemical or thermal. It can also be performed 
in situ, is solar driven and can required minimal 
maintenance once established [Hooda, 2007]. 
Phytoremediation has also been known as green 
remediation, botano-remediation, agro remedia-
tion and vegetative remediation [Andrew, 2007]. 
Phytoremediation is a plant assisted bioremedi-
ation technique, utilized to treat contaminated 
water and soil, including the processes like phy-
toextraction, phytodegradation, phytovolatiliza-
tion, phytostabilization, rhizodegradation, phy-

toreducation, phytostimulation, phytooxidation 
and phytotransformation [Ullah et al. 2014].

Utilization of AMATS (aquatic macrophytes 
treatment systems) for the phytoremediation of 
heavy metals and other pollutants is a well-estab-
lished and cost effective environmental protec-
tive technique [Mahmood et al. 2005]. Copper 
can become extremely toxic due to leaf chlorosis, 
suppressed root growth and inhibit photosynthe-
sis and reproduction of plants, when present in 
excessive amount, even though it is an essential 
micronutrient for plant metabolism. Lead dimin-
ishes chlorophyll production and cadmium tox-
icity also lead to some extremely sever effects 
on plants [Swain et al. 2014; Hammad, 2011 
and Ashraf et al. 2011]. Heavy metals can create 
stressful conditions to the plants and their growth 
becomes limited or impossible and this can influ-
ence the phytoremediation. So, in our study we 
tried to enhance the phytoremediation capacity of 
Eichhornia crassipes to treat heavy metals by us-
ing electric current. The purpose of this study was 
to investigate the removal of lead, cadmium and 
copper in simulated wastewater by a phytoreme-
diation system coupled with electric field. 

MATERIALS AND METHODS

Preparation of synthetic heavy metals 
solution

The simulated wastewater was made 
by dissolving Pb(NO3)2, CuSO4·5H2O, and 
(3CdSO4)·8H2O in tap water. All chemicals 
used were of the highest purity available and of 
analytical grade procured from Merck. The ini-
tial heavy metal concentrations of the simulated 
wastewater were determined by Atomic Absorp-
tion Spectrophotometer.

Collection of plant for this study

A fast-growing perennial aquatic plant and 
prolific free-floating aquatic weed, Eichhor-
nia crassipes (Water hyacinth) was used for the 
treatment of heavy metals in this experiment. 
Young plants of Eichhornia crassipes were col-
lected from Kottooli wetland in Kozhikode City. 
Eichhornia crassipes can easily adapt to several 
aquatic conditions and perform an important 
role in extracting and accumulating many met-
als from water. Hence, it is utilized as an ideal 
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candidate for the phytoremediation of toxic trace 
elements from variety of water bodies [Weiliao 
and Chang, 2004]. Collected plants were put in 
a hydroponic system containing tap water, for 
acclimatization period, before being exposed to 
heavy metal contaminants. 

Experimental design and sampling strategy

Three tanks (45×30×15 cm) were setup with 
different operating conditions.

Tank 1: Control A (with plant and without 
electric current)

Tank 2: Control B (without plant and with 
electric current)

Tank 3: Treatment (with plant and with elec-
tric current)

Twelve liters of synthetic heavy metal solu-
tion was taken in each tank. An electric power 
supply (DC) was used for providing constant volt-
age between working electrodes (i.e. in control B 
and treatment). Initially, aluminum rods (0.10 m 
height,0.019 m breadth and 2.04 mm thickness) 
and sheets (0.15 m height, 0.10 m breadth and 
0.2 mm thickness) were used as electrodes and 
both indoor and outdoor experiments were also 
conducted. Based on the results and condition 
of the plant, outdoor experiment using alumi-
num sheets as electrodes were preferred for fur-
ther study. To remove the oxide and passivation 
layer from aluminum surface, the electrodes were 
rubbed with sandpaper and energized by dipping 
them in 5N HCl for 1 minute. The electrodes in 
the tanks were positioned vertically. Plants were 
placed very close to the electrodes. 0.01M KCl 
was used as supporting electrolyte. Circulation of 
water was maintained using a submersible pump. 
The experimental setup is depicted in Figure 1. 
Different voltages: 2V, 3V, 4V and 5V were oper-
ated 2 h/day for 10 days. Due to the formation 

of bubbles and heat generation, phytoremediation 
system operated at a voltage of 5V was stopped 
after 2 days. From the results obtained, 4V was 
selected as an optimum voltage for further ex-
periment. The experiment was operated 2h/day at 
voltages of 4V for 25 days continuously. All the 
units were operated outdoors. Water samples were 
taken in every 5 days at about 10:30 A.M. On ev-
ery sampling day, pH, EC, TDS and temperature 
were measured by using PCS Testr35 instrument. 
When the experiment was finished, plants from 
two units (control A and treatment) were sampled 
and dried in a hot air oven. The residual Pb, Cd 
and Cu concentrations in water were determined 
by Atomic Absorption Spectroscopy AAS (Ther-
mo Series) with GF 95. 

ANALYTICAL PROCEDURES

20mL of water samples were taken from each 
tank in every 5 days at around 10:30 A.M. Plant 
samples were collected at the end of the experi-
ment and rinsed using tap water twice and de-
ionized water thrice. The Eichhornia crassipes 
samples were divided into leaves, stems and 
roots. Plant samples were oven-dried for 48 h at 
70oC. The oven-dried sample was ground to pass 
through a 100-mesh sieve and homogenized plant 
tissues were digested with HNO3–HClO4 (4:1) 
mixture and filtered. For quantification of heavy 
metals, the water samples and digested plant 
samples were analyzed with Atomic Absorption 
Spectrophotometer (Thermo Series) with GF 95. 
Chlorophyll (chl.a + chl.b, CHLab) was deter-
mined by optical density values (663 nm and 645 
nm using UV-Visible spectrophotometer, Thermo 
Evolution 201) of extracting solution, which was 
made by adding 80% acetone into grinding solu-
tion of 0.5 g of fresh leaves [Song et al. 2011].

Figure 1. Experimental setup: (a) outdoor experiment and (b) indoor experiment
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DATA ANALYSIS

The bioconcentration factor (BCF) and trans-
location ability (TA) are the factors used to evalu-
ate the mobility of the heavy metals from the 
polluted substrate into the roots of the plants and 
their ability to translocate the metals from roots to 
the harvestable aerial part. The translocation abil-
ity indicates the efficiency of the plant in translo-
cating the accumulated metal from its roots to the 
upper part of the plant. Translocation ability (TA) 
was calculated by dividing the concentration of a 
trace element accumulated in the root tissues by 
that accumulated in shoot/leaf tissues [Liao and 
Chang, 2004]. TA is given by, 

TA= (Ar/ As) (1)
where TA is the translocation ability and is di-
mensionless. Ar represents the amount of trace el-
ement accumulated in the roots (mg kg-1 dry wt), 
and As represents the amount of trace element 
accumulated in the shoot/leaf (mg kg-1 dry wt). 
A larger TA ratio implies poor translocation ca-
pability. The bioconcentration factor (BCF) was 
calculated as the ratio of the trace element con-
centration in the plant tissues to the concentration 
of the element in the external environment [Liao 
and Chang, 2004]. BCF is given by,

BCF= (P/E) (2)
where BCF denotes the bioconcentration factor 
and is dimensionless. P represents the trace ele-
ment concentration in plant tissues (mg kg-1 dry 
wt); E represents the trace element concentration 
in the water (mg/L) or in the sediment (mg kg-1 dry 
wt). A larger ratio implies better phytoaccumula-
tion capability. All the tests were conducted in 
triplicates and the data were statistically analyzed.

RESULTS AND DISCUSSION

Removal of lead, cadmium and copper 
from synthetic solution using electro-
phytoremediation system

The initial values of the pH, EC and TDS 
of the synthetic solution were found to be 6.29 
± 0.01, 274 ± 1.2µS/cm and 193 ± 0.78 mg/L 
respectively. The initial heavy metal concentra-

tions of simulated water are summarized in Table 
1. The metals like Fe2+, Mn2+, Ni2+and Zn2+ were 
found to be within the permissible limit. 

Four different voltages 2V, 3V, 4V and 5V 
were applied for 2h/day for 10 days. We did not 
continue the experiment in which 5V was applied 
due to the formation of bubbles and heat genera-
tion. Maximum removal of Cd, Pb and Cu was 
observed in phytoremediation system operated 
at 4V for 10 days. So 4V was applied for further 
experiments. The plants used in outdoor experi-
ment had grown better than the plants in indoor 
experiment due to the presence of sunlight. So 
after one week, the indoor experiment was dis-
continued. Treatment of lead, cadmium and cop-
per from synthetic solution using electrically en-
hanced phytoremediation system was conducted 
using Al rod and Al sheet as electrodes and the 
results were compared.

Variation of pH

pH changes were recorded during every 5 
days and the variations were depicted in Figure 2. 
No significant change in pH was observed in con-
trol A (phytoremediation system) during study. In 
both experimental sets (i.e., in experiments using 
Al rod and Al sheet as electrodes), control A pre-
sented a lower pH than control B (electro-remedi-
ation system) and treatment (electrically stimulat-
ed phytoremediation). With electrical exposure, 
an increase in pH was observed in control B and 
treatment. The OH− concentration in solution in-
creases while electrolysis is taking place, which 
resulted in an increase in pH [Song et al. 2011]. 

Removal performance of heavy metal by 
electrically stimulated phytoremediation 
system

The residual concentrations of Cd, Pb and Cu 
in water collected from control A, control B and 
treatment are summarized in Table 2. In the ex-
periment, where aluminum sheets were used as 
electrodes, the electro assisted phytoremediation 
system (i.e. treatment) reduced 100% of cadmium 
within 15 days, while in control A and control B, 
48.21 ± 1.8 and 84.24 ± 1.7% of cadmium reduc-

Table 1. Initial concentration of heavy metals in synthetic solution 
Heavy 
metal Cd Pb Cu Fe Mn Ni Zn

(mg/L) 18.86 ± 0.4 20.34 ± 0.23 19.77 ± 0.54 0.26 ± 0.05 0.02 ± 0.003 0.04 ± 0.001 0.16 ± 0.021
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tion was observed after 25 days of experiment. 
Maximum Cd was removed within a short period 
in electro assisted phytoremediation system. The 
order of removal efficiency of Cd is Treatment 
> Control B > Control A. Maximum removal of 
lead was attained by electrically stimulated phy-
toremediation system within 15 days. After 25 
days, it was observed that 66.67 ± 1.2 and 81.51 
± 0.7% of lead was removed in control A and 
control B respectively. The result indicated that, 
electrically coupled phytoremediation system ex-
hibited better efficiency than phytoremediation 
system and electrolysis system in lead removal. 
The electrically stimulated phytoremediation sys-
tem attained 100% of copper removal within 10 
days and took only 5 days to attain a reduction 
of 99.94 ± 0.004 %. The results indicated that, in 

control A and control B, removal of copper was 
found to be 89.93 ± 1.6 % and 99.98 ± 0.003% re-
spectively after 25 days. This result also showed 
that electrically stimulated Eichhornia crassipes 
can exhibit maximum removal efficiency for 
copper from water. 

In the experiment where aluminum rod was 
used as electrode, maximum concentration of 
lead was removed in electro assisted phytoreme-
diation system compared to control A and con-
trol B within 20 days. 96.96 ± 0.22 % of cad-
mium and 99.97 ± 0.01% copper was eliminated 
by electro assisted phytoremediation system 
from water within 15 days. The electro assisted 
phytoremediation experiment where aluminum 
sheet was used as electrodes exhibited fast and 
better removal efficiency compared to the elec-

Figure 2. Variation of pH during the study (a) Aluminum rods as electrodes (b) Aluminum sheets as electrodes

Table 2. The residual Cd, Pb and Cu concentrations in water

Metal Days
Concentration of metals, mg/L

Aluminum sheet used as electrodes Aluminum rod used as electrodes
Control A Control B Treatment Control A Control B Treatment

Cd

0 18.86 ± 0.4 18.86 ± 0.4 18.86 ± 0.4 20.41 ± 0.45 20.41 ± 0.45 20.41 ± 0.45
5 14.57 ± 0.1 11.23 ± 0.21 2.31 ± 0.12 15.34 ± 0.67 14.56 ± 0.21 6.22 ± 0.42

10 12.56 ± 0.3 8.74 ± 0.15 0.56 ± 0.14 13.42 ± 0.39 11.87 ± 0.71 2.54 ± 0.34
15 11.98 ± 0.45 6.41 ± 0.34 ND* 12.17 ± 0.47 9.13 ± 0.18 0.62 ± 0.05
20 10.21 ± 0.23 5.32 ± 0.24 ND* 11 ± 0.19 7.20 ± 0.24 ND*
25 9.77 ± 0.34 2.97 ± 0.33 ND* 9.36 ± 1.01 4.72 ± 0.37 ND*

Pb

0 20.34 ±0.23 20.34 ± 0.23 20.34 ± 0.23 19.18 ± 0.56 19.18 ± 0.56 19.18 ± 0.56
5 15.54 ± 0.43 14.98 ± 0.28 7.45 ± 0.23 14.99 ± 0.29 14.35 ± 0.64 13.11 ± 0.74

10 13.99 ± 0.25 11.97 ± 0.13 0.99 ± 0.12 13.69 ± 0.54 12.97 ± 0.64 9.35 ± 0.36
15 12.98 ± 0.41 9.87 ± 0.17 ND* 11.52 ± 0.24 8.68 ± 0.35 3.14 ± 0.37
20 8.01 ± 0.23 6.23 ± 0.53 ND* 9.55 ± 0.06 7.35 ± 0.25 ND*
25 6.78 ± 0.25 3.76 ± 0.14 ND* 8.18 ± 0.30 4.39 ± 0.28 ND*

Cu

0 19.77 ± 0.54 19.77 ± 0.54 19.77 ± 0.54 19.34 ± 0.42 19.34 ± 0.42 19.34 ± 0.42
5 11.06 ± 0.24 7.03 ± 0.31 0.01 ± 0.001 12.35 ± 0.81 11.25 ± 0.21 4.93 ± 0.24

10 8.05 ± 0.32 2.01 ± 0.12 ND* 10.27 ± 0.38 9.08 ± 0.29 0.64 ± 0.34
15 5.03 ± 0.45 1.62 ± 0.23 ND* 7.27 ± 0.62 5.60 ± 0.28 0.01 ± 0.002
20 2.90 ± 0.27 0.09 ± 0.09 ND* 4.92 ± 0.38 3.52 ± 0.41 ND*
25 1.99 ± 0.31 0.004±0.001 ND* 2.94 ± 0.20 1.78 ± 0.24 ND*

* Not detected
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tro assisted phytoremediation system where alu-
minum rods were used as electrodes. In the case 
of cadmium, within 10 days, 97.05 ± 0.7% was 
reduced in electro assisted phytoremediation 
experiment where aluminum sheets were used 
as electrodes while only 87.56 ± 1.66% reduc-
tion was noticed in aluminum rod used in the 
experiment. Within 10 days, 95.13 ± 0.6% of 
lead was eliminated from water in the experi-
ment where aluminum sheets were used, while 
Al rod removed only 51.25 ± 1.86% of lead. 
99.94 ± 0.004% of copper was reduced by elec-
tro assisted phytoremediation experiment where 
aluminum sheet used as electrodes within 5 days 
but only a 74.49 ± 1.25% of reduction in cop-
per was observed in aluminum rod used in the 
experiment. In control B also i.e., the system 
where only electrolysis is taking place, maxi-
mum removal of heavy metals was noticed when 
aluminum sheets were used as electrodes. The 
results indicate that the treatment of Cd, Pb and 
Cu using electrically enhanced phytoremedia-
tion using aluminum sheet electrodes is more ef-
fective than aluminum rod electrode. The treat-
ment system (electrically enhanced phytoreme-
diation using aluminum sheet electrodes) had 
more favorable conditions to accumulate heavy 
metals than did the control A (phytoremediation 
system), such as the higher pH, and the presence 
of aluminum ions, which caused chemical pre-
cipitation, physical adsorption and flocculation 
of metal. So, we had carried our further study 
using electrically enhanced phytoremediation 
using aluminum sheet electrodes.

Accumulation of cadmium, lead and copper 
in Eichhornia crassipes

For the detailed study, heavy metal accumula-
tion in plants collected from control A and elec-
trically enhanced phytoremediation system using 
aluminum sheet electrodes was analyzed. The 
segmentation of Eichhornia crassipes into root, 
stem and leaves was carried out. The accumula-
tion of Cd, Pb and Cu in plant parts is shown in 
Figure. 3. The results indicated that maximum 
concentration of Cd, Pb and Cu were accumulat-
ed in Eichhornia crassipes collected from treat-
ment (electrically enhanced phytoremediation) 
than in control A (phytoremediation). Cadmium 
is a toxic non-essential heavy metal and it can 
cause inhibitory effects on plant growth. Lu et al. 
2004 reported that Cd can suppress the develop-
ment of new roots and reduce the relative growth 
rates and substantially reduce the growth of Eich-
hornia crassipes. The control plant accumulated 
maximum level of Cd in its root but in treatment 
plant maximum accumulation was observed 
in leaf. This result indicates that Eichhornia 
crassipes can translocate maximum Cd to plants’ 
aerial parts under electrified condition. Maximum 
concentration of Pb was attained by roots in both 
control A (5653.51 mg/Kg) and treatment (7532.4 
mg/Kg) plant. Under electrified condition, more 
Pb content was translocated to its aerial part by 
the treatment plant compared to control A. 

Copper (Cu) is one of the micronutrient, es-
sential for plants at very low concentrations. 
However, excessive concentrations of this metal 

Figure 3. Accumulation of Cd, Pb and Cu in plant
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are highly toxic. In both treatment (9842.76 mg/
Kg) and control A (5845.68 mg/Kg), the highest 
value of Cu concentration was recorded in stem. 
Compared to control A, treatment plant accumu-
lated more amount of Cu in its aerial part under 
electrified condition. Many studies revealed that 
Eichhornia crassipes accumulated more amount 
of heavy metals like Cd, Co, Cr, Cu, Mn, Ni, Pb 
and Zn in its roots than in the aerial parts [Soltan 
and Rashed, 2003]. But our results indicated that, 
metals like Pb, Cd and Cu are translocated to its 
areal parts under electrified condition. Many re-
searchers reported the mechanisms of heavy metal 
removal in aquatic plants and mentioned that the 
main way of heavy metal uptake in emergent and 
surface-floating plants like Eichhornia crassipes 
was through the roots system. The heavy metal 
uptake in plants takes place by exchange of cat-
ions which occurred in the cell wall. The plants 
take up metals by absorption and translocation. 
The accumulation of heavy metals by plant tissue 
is by absorption to anionic sites in the cell walls. 
This is the reason why wetland plants can accu-
mulate high magnitude of heavy metals in their 
pant parts compared to their surrounding environ-
ment [Lu et al. 2004].

Bioconcentration factor and translocation 
ability of electrically stimulated Eichhornia 
crassipes

The potential of plants for accumulating 
heavy metals was assessed by bioconcentration 
factor (BCF). The ratio between metal concen-
tration in plant and that of the growth media 
expresses the bioconcentration factor (BCF), 
which indicates the affinity of aquatic macro-
phytes to a specific heavy metal or pollutant 
[Kabeer et al. 2014]. Bioconcentration factors of 
plant for Cd, Pb and Cu in the present study are 
graphically depicted in Figure 4. Higher BCF 
values reflect the higher phytoaccumulation ca-

pacity. Accumulation of metals by macrophytes 
can be affected by metal concentrations in wa-
ter and the ambient metal concentration in water 
was the major factor influencing metal uptake 
efficiency. When metal concentration in water 
increases, the amount of metal accumulation in 
plants increases, but the BCF values decrease. 
The maximum BCF value for Cd under electri-
fied condition was 1118.18, indicating that elec-
trically stimulated Eichhornia crassipes is good 
hyper accumulator of Cd. 

If the BCF value is more than or equal to 
1000 then that plant species is considered as a 
hyper accumulator. The plant having the abili-
ties to grow in very high concentration of metal 
and concentrating high heavy metals in their tis-
sues are known as hyperaccumulators [Wahab et 
al. 2014]. The BCFs of control A for Pb, Cd and 
Cu were 502.65, 448.12 and 664.90 respective-
ly. The BCFs for all the three metals were lower 
than 1,000 for control plant, i.e. plant grown un-
der normal condition. The highest level of BCFs 
observed for Pb and Cu was 932.26 and 1152.47 
respectively for treatment. In this study, with the 
BCF values of treatment plant was a little under 
1000 for lead (BCF = 932.26), this suggests that 
electrically stimulated plant can be considered 
as a moderate accumulator for Pb. For copper 
this value exceeds 1000, so electrically stimulat-
ed Eichhornia crassipes is considered as a good 
hyper accumulator. From Figure 3, Pb accumu-
lated by treatment plants were largely retained in 
roots. This indicates that Eichhornia crassipes 
used in the electrically stimulated phytoremedi-
ation system bioconcentrated more amounts of 
Pb in its roots than the aerial parts. Accumula-
tion pattern of Cd can be elaborated as follows: 

Control A: Root system >Stem system > 
Leaf system

Treatment: Leaf system >Root system >
Stem system

Figure 4. Bioaccumulation factors (BCF) of Pb, Cd and Cu in Eichhornia crassipes
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This result indicates that under electrified 
condition, leaf can effectively bioconcentrate 
more amount of Cd than roots. Copper, a com-
ponent of an electron carrier called plastocya-
nin is active during photosynthesis. It is also 
a constituent of ascorbic acid oxidase, tyrosi-
nase, and phenoloxidase [Yapoga et al. 2013]. 
For both phytoremediation system and elec-
trically stimulated phytoremediation system, 
maximum copper was bioconcentrated in stems 
of Eichhornia crassipes. Under electrified con-
dition, more amount of copper accumulation 
was observed. Accumulation pattern of Cu can 
be observed as follows: 

Control A: Stem system >Root system > 
Leaf system

Treatment: Stem system >Root system > 
Leaf system

The root pressure and leaf transpiration are 
the two processes mainly controlling the trans-
location of metals from root to shoot/leaf. Some 
metals are accumulated in roots, probably due 
to some physiological barriers against metal 
transport to the aerial parts, while others are eas-
ily transported in plants. Translocation of trace 
elements from roots to shoots could be a limit-
ing factor for the bioconcentration of elements 
in shoots [Lasat, 2000 and Lu et al. 2004]. The 
translocation ability (TA) is the ratio between 
the concentrations of a trace element accumu-
lated in the root tissues by that accumulated in 
stem/leaf tissues; a larger ratio implies poorer 
translocation capability [Hammad, 2011]. For 
all the three metals, low value of TA was found 
in treatment system, i.e., in electrically stimu-
lated phytoremediation system (Table 3). This 
result indicates Eichhornia crassipes have the 
ability to translocate more amounts of Pb, Cd 
and Cu under electrified condition. Copper re-
ported minimum value for translocation ability 
(TA (r/s) =0.85) compared to other metals. This 
shows that Eichhornia crassipes had translocat-
ed more amount of Cu from root to stem under 
electrified condition.

Variation in the production of chlorophyll

The first and most obvious reactions of plants 
under heavy metal stress are often growth changes 
[Lu et al. 2004]. Chlorophyll content is often mea-
sured in plants in order to assess the impact of en-
vironmental stress, as changes in pigment content 
are linked to visual symptoms of plant illness and 
photosynthetic productivity. Decrease in chloro-
phyll in several plant species under the impact of 
heavy metals have reported by many researchers 
[Zengin and Munzuroglu, 2005]. In this study, we 
emphasized exploring, whether or not an electri-
cal exposure can stimulate Eichhornia crassipes 
growth. In green plants’ life activity, chlorophyll 
plays the role of absorbing, transferring and trans-
forming energy. Leaves were collected from the 
control plant, treatment plant and plant from fresh 
water and the chlorophyll content in leaves of Eich-
hornia crassipes was determined using UV-Visible 
spectrophotometer [Song et al. 2011]. 

Chlorophyll content in Eichhornia crassipes 
leaves decreased at the beginning in all the three 
the plant. From the 10th day of the study, the chlo-
rophyll content of plant in electrically stimulated 
phytoremediation system was found to be gradu-
ally increasing with electrical exposure (Figure 
5). The result shows an increase in the production 
chlorophyll with electrical stimulation. When the 
heavy metal exposure time increases, the produc-
tion of chlorophyll content in control A decreased. 
Heavy metals hinder metabolic processes by inhib-
iting the action of enzymes, and this may be the 
main cause of inhibition. Heavy metal stress can 
cause inhibition of the enzymes responsible for 
chlorophyll biosynthesis which associated with 
decreased chlorophyll content. Cadmium was re-
ported to affect chlorophyll biosynthesis and inhib-
it protochlorophyll reductase and aminolevulinic 
acid (ALA) synthesis [Zengin and Munzuroglu, 
2005]. Cadmium strongly binds proteins, thereby 
decreasing the accumulation of pigment–lipopro-
tein complexes, including photosystem I (PSI) and 
PSII [Kupper et al. 2007]. The Cd induced inhi-
bition of chlorophyll synthesis and interference 
with photosystems causes chlorosis of leaves of 

Table 3. Translocation Ability of Eichhornia crassipes

Metals
Control A Treatment

TA(r/s) TA(r/l) TA(r/s) TA(r/l)
Pb 1.72 4.40 1.66 1.09
Cd 1.79 3.52 1.61 0.98
Cu 0.88 2.38 0.85 1.81
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E. crassipes. Cd also reduces the contents of large 
and small subunits of ribulose-1, 5-bisphosphate 
carboxylase/oxygenase (RuBisCO) along with 
other enzymes of photosynthesis and chlorophyll 
biosynthesis. Wilting, which followed chlorosis 
was reported in the presence of high dose of Cd 
by researchers [Das et al. 2016]. This reduction 
in chlorophyll of E. crassipes in control A under 
heavy metal stress can be regarded as a specific 
response of the plants to metal stress, which re-
sulted in chlorophyll degradation and inhibition of 
photosynthesis. The chlorophyll content might be 
reduced due to increased cell or tissue damage or 
lipid peroxidation [Das et al. 2016]. 

From the experimental results, it can be postu-
lated that 4V voltage is probably suitable to stimulate 
the Eichhornia crassipes to synthesize more chloro-
phyll. The longer the unit was electrified, the more 
obvious the stimulating effect was observed. It was 
in accordance with Knorr’s report [Knorr, 2003]. 
The voltage can stimulate the plants to increase the 
palisade cells, chloroplast grana and thylakoid la-
mellas, which enhance the synthesis of chlorophyll. 
Eichhornia crassipes was stimulated by electric field 
to grow better so it can assimilate more metal.

CONCLUSION

The main goal of the present study was the as-
sessment of the performance of electrically stimu-
lated phytoremediation in the removal of heavy 
metal. Treatment of lead, cadmium and copper 
from synthetic solution using phytoremediation 
system coupled with electric field was conducted. 
In that experiment, the Eichhornia crassipes, an 

efficient phyto-remediator exhibited efficient and 
fast removal of heavy metals in electro assisted 
phytoremediation system. Both aluminum rods 
and sheets were used as electrodes and both indoor 
and outdoor experiments were also conducted. 
Based on the results and plants condition, outdoor 
experiment using aluminum sheets as electrodes 
was preferred for further study. The results indicate 
that the treatment of Cd, Pb and Cu using electri-
cally enhanced phytoremediation using aluminum 
sheet electrodes is more effective than aluminum 
rod electrode. When the electrical exposure time 
increases, the pH of the synthetic solution in-
creased in electrolysis system, but a more favor-
able, moderate increase was shown by the electri-
cally stimulated phytoremediation system. From 
the results, it can be postulated that 4V voltage 
is probably suitable to stimulate the Eichhornia 
crassipes to synthesize more chlorophyll. Eich-
hornia crassipes stimulated by an electric field 
grown better and assimilated more metal. Heavy 
metal accumulation in plants collected from con-
trol A and electrically enhanced phytoremediation 
system using aluminum sheet electrodes indicates 
that maximum amount of Cd, Pb and Cu were 
accumulated in Eichhornia crassipes collected 
from treatment. Eichhornia crassipes translocated 
maximum Cd and Cu to plants’ aerial parts under 
electrified condition but more amount of Pb was 
bioconcentrated in roots. Electrically stimulated 
plant translocated more amount of Pb content to 
its aerial part compared to plant in control A. The 
BCFs of control A for Pb, Cd and Cu were 502.65, 
448.12 and 664.90 respectively. BCF an index 
of hyperaccumulation, indicates that electrically 
stimulated Eichhornia crassipes is a good hyper 

Figure 5. Variation in the production of chlorophyll
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accumulator of Cd (BCF = 1118.18) and Cu (BCF 
= 1152.47) and a moderate accumulator of Pb 
(BCF = 932.26). Translocation ability (TA) ratio 
indicates that Eichhornia crassipes have the ability 
to translocate more amounts of Pb, Cd and Cu to 
its upper portion under electrified condition. Tak-
ing into account the overall results, we can state 
that the electro-phytoremediation technique seems 
to be promising in the treatment of heavy metals 
contaminated wastewater. 
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