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A B S T R A C T

Eucalyptus globulus were used to remediate a real scale site endangered by e-waste with electric fields supplied by
solar cell and conventional storage battery. The capacity of the species to produce biomass, absorb pollutants
and decontaminate metals, as well as the soil moisture of various layers under different treatments was com-
pared. During the 3-month experiment, the output potential of solar cell influenced by weather conditions was
less stable (ranging from 0 to 8.3 V) comparing with traditional power supply. Solar cell and storage battery
stimulated the growth of the species from 5.92 in control to 7.21 and 7.38 kg per plant, respectively, demon-
strating their similar improvement effect. Electric fields of either power source increased the metal concentra-
tions of plant roots and shoots in equal proportions and subsequently greatly promoted the efficiency to de-
contaminate pollutants. Relative to the control without electric field, solar cell and storage battery treatments
reduced the soil moisture of each corresponding layer and consequently, alleviated the leaching risk. At the
termination of the experiment, metals tended to distribute in the surface layer under electric field assisted
phytoremediation either by solar cell or storage battery. Comparing with conventional battery, solar cell has
similar effect on improving remediation and mitigating leaching risk, but is less energy consuming and easier to
manage, especially under real scale field. Solar cell treatment was suggested to be a suitable supplementary
means to improve phytoremediation efficiency.

1. Introduction

With the rapid development of economy and urbanization, in-
creasing pollutants overwhelmed the self-purification capacity of dif-
ferent environmental media (Pidatala et al., 2018). Environmental
pollution has attracted serious public and scientific attention in recent
years because their threats to ecological balance, biomagnified through
trophic chain, are detrimental to human health (Nasri et al., 2017).
Among all kinds of contaminants, heavy metals are regarded as the
most dangerous environmental threat because they are not biodegrad-
able and thus can cause long-term impact on different environmental
media (Ali et al., 2017).

Urban soil, significantly different with natural soil, was intensively
impacted by various human activities and accommodated a huge
amount of heavy metal emissions from municipal, economic, traffic,
industrial and domestic activities (Islam et al., 2015). Among all the
above emission sources, electronic waste (e-waste) recycling creates the
most environmental harm because multifarious toxins including heavy

metals, polychlorinated biphenyls (PCBs), brominated flame retardants
(BFRs) and polycyclic aromatic hydrocarbons (PAHs) are released
during the dismantling process, especially in family-run workshops
with primitive and crude disposing means (Kumar et al., 2017).

Several physical-chemical methods to effectively remediate het-
erogeneous site, including isolation, elution, inerting and pyrolyzation,
were implemented to dispose metal polluted soil (Gomes et al., 2016).
High cost restricted the conventional methods to small and flat sites; in
addition, they caused irreversible hazard to soil texture, property and
ecological system (Jousse et al., 2017). Thus, an economical, ecological
and sustainable alternative to traditional methods was required to re-
mediate large areas with low to moderate pollution. Phytoremediation
widely applied around the world completely met the above require-
ments (Tauqeer et al., 2016).

The long time and disposal of polluted biomass are the major ob-
stacles to be resolved before the wide and continual utilization of
phytoremediation taken into consideration (Leal-Alvarado et al., 2018).
Chemical application (Maleva et al., 2018), fungus and microorganism
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inoculation (Saleem et al., 2018) and transgenosis (Nahar et al., 2017)
were designed to overcome the drawbacks of phytoremediation. Most
of these assistant methods were performed in hydroponic or pot ex-
periments to eliminate the effect of extrinsic variables including tem-
perature, precipitation, insect attack and geological background on
phytoremediation. Thus, results obtained from greenhouse experiments
cannot be extrapolated summarily to large-scale sites due to the in-
herent variability of the above factors.

Comparing with other supplementary means, electric field assisted
phytoremediation is easier to implement in full scale field if the pro-
blem of energy consumption and sustainability can be solved. Acar and
Alshawabkeh (1996) reported that it took 700 kWh to decontaminate
55% of Pb from 1m2 of soil in a 122-day experiment while Zhou et al.
(2006) suggested that 224 kWh was needed to remove 76% of Cu from
1m2 of substrate during a 100-day experiment. Although the ex-
penditure of electrokinetic remediation is lower than traditional
methods, it is still not cost effective to remediate large areas. Solar cell
can offer potential advantages over traditional power supply for full
scale soil remediation because they can operate more persistently with
less manual administration (Acosta-Santoyo et al., 2017).

Solar cell and storage battery were used to supply electric field to
improve phytoremediation efficiency. The main goals of this study were
(1) to compare the effect of solar cell and storage battery on the growth
of Eucalyptus globulus, (2) to reveal the metal distribution in soil profiles
treated by traditional power supply and solar cell, and (3) to evaluate
the potential of solar cell to remediate real scale field.

2. Materials and methods

2.1. Description of the experimental site

The full scale experiment was conducted in a notorious electronic
waste (e-waste) recycling center located in Guangdong province. The
area belongs to subtropical continental monsoon climate zone with the
lowest average monthly temperature of 7℃ in January and the highest
of 35℃ in August, respectively. The average annual precipitation was
1386mm, 80% of which occurred in summer (Zhang et al., 2011). The
prevailing wind blows from northeast in spring and winter, while in
summer and autumn, it blows from southwest bringing comparatively
clean air mass from the South China Sea. Its terrain slants from north to
south and its geological terms belongs to the Quaternary Holocene se-
dimentary deposit of continental and transitional facies (Luo et al.,
2017). Its soil contains sandy clays, sands and clays. The town was
divided into five major functional sections containing e-waste dis-
mantling field, castoff incineration site, dwelling district, barren land
and farming area. Based on previous regional geochemical survey,
several relatively homogeneous areas were selected for further phy-
toremediation. Soil in these areas is Ferric Acrisols with a density of
1.35 g cm−3.

2.2. Experimental design

A 600m2
field situated between the farming area and e-waste re-

cycling field was selected, which was plowed into 20 cm thrice by a
tractor after anthropogenic additions like gravels, electronic compo-
nents and biological debris were manually picked out. The pre-treated
site was partitioned into 15 equal sub-regions (2 m in width and 20m in
length) with buffer trees surrounding the boundary of each plot to
prevent edge effects among treatments by water flow. Three different
treatments denoted as BT (storage battery treatment), ST (solar cell
treatment) and C (planting control) with five replicates were performed
in the sub-regions. Some drawbacks including the low biomass yield
and disposal of metal-rich harvested products limited the wide use of
hyperaccumulator, especially in real scale field. In addition, hyper-
accumulators can mobilize all metals in soil through its secretion but
only hyperaccumulated part of them, resulting in the leaching risk of

non-hyperaccumulated metals (Li et al., 2018). In fact, real scale sites
were generally influenced by multiple metals, making it hard to be
purified simply by hyperaccumulators. Eucalyptus globulus which can
produce large biomass but absorb metals with low concentration was
selected to remediate multi-metal polluted soil in the present study
(Mughini et al., 2013).

At the start of the field experiment, the physico-chemical para-
meters including pH, cation exchange capacity (CEC) and total organic
carbon (TOC) were analyzed as following: an acidity meter (HI98160,
HANNA, USA) was used to determine soil pH by submerging its probe
into the mixture of soil and water at a volume ratio of 1:2.5; air dried
soil (2 g) was dissolved in 100mL extracting solution of CH3COONH4

(0.5mol), CH3COOH (0.5mol) and EDTA (0.02 mol) and shaken at
3000 r/min for 30min. After filtering with nitrocellulose filter mem-
brane, cations in the solution were determined sequentially; and TOC in
soil was analyzed using ferrisulfas titration after soil organic matters
were oxidized by K2Cr2O7 (Devi et al., 2016). The pH, CEC and TOC in
were 6.5 ± 0.6, 16.2 ± 4.3 cmolc kg−1 and 48.1 ± 6.9 g kg−1, re-
spectively.

Healthy 6-month E. globulus seedlings cultivated on clean soil with
similar morphology were purchased from a horticulture company and
transplanted to the chosen site at the optimal initial density of 2500
plants per ha recommended by Mughini et al. (2013) for further
treatments. The species was allowed to grow in the chosen field for one
and a third years to adapt to the local climate and the stress conditions
before the start of the experiment. Titanium electrodes with 1.2m in
height and 0.05m in diameter were used in all sub-regions including
the planting control. Along the length of each sub-region, the titanium
electrodes were inserted into the soil to 1m depth vertically at 2m
intervals as anodes. Eucalyptus globulus, transplanted along the median
line of each sub-region between each pair of electrodes, were negatively
charged using stainless steel sheets as cathodes (Fig. 1).

Direct current fields were supplied by conventional DC stabilivolt
power supply (WYG-30V100A, Yangzhou Yuhong power source man-
ufacturer) and solar cell (DS265P, Changzhou TTsolar Ltd.) in BT and
ST treatments, respectively. The insulation resistance, temperature
coefficient and input voltage of the DC stabilivolt power supply are
5MΩ, 0.00004℃ (after 30min preheating) and 220 V. The rated

Fig. 1. Schematic diagram of the experiment.
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