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This study was designed to investigate removal efficiencies of Cu, Pb, Zn, and As in gallery water in a
mining area in Keban, Turkey by Lemna gibba L. and Lemna minor L. These plants were placed in the
gallery water of Keban Pb—Zn ore deposits and adapted individually fed to the reactors. During the study
period (8 days), the plant and water samples were collected daily and the temperature, pH, and electric
conductivity of the gallery water were measured daily. The plants were washed, dried, and burned at
300 °C for 24 h in a drying oven. These ash and water samples were analyzed by ICP-MS to determine the
amounts of Cu, Pb, Zn, and As. The Cu, Pb, Zn and As concentrations in the gallery water of the study area
detected 67, 7.5, 7230, and 96 pg L respectively. According to the results, the obtained efficiencies in
L. minor L. and L. gibba L. are: 87% at day 2 and 36% at day 3 for Cu; 1259% at day 2 and 1015% at day 2 for
Pb; 628% at day 3 and 382% at day 3 for Zn; and 7070% at day 3 and 19,709% at day 2 for As, respectively.
The present study revealed that both L. minor L. and L. gibba L. had very high potential to remove Cu, Pb,
Zn, and As in gallery water contaminated by different ores.
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1. Introduction

The heavy metal (HM) pollution in aquatic environments has
surfaced as a global problem. These toxic metals are the main issue
because they are persistent in nature, are non-biodegradable, and
bioaccumulation in living animal and plants. These metals enter the
environment mainly through various anthropogenic sources such
as smelting processes, mining areas, fuel production, industrial
effluents, etc. (OECD, 2003) and occur in aquatic systems as a result
of the weathering of rocks and soils, from volcanic eruptions, and
from different human activities. The most common HM contami-
nants are As, Cd, Cr, Cu, Ni, Pb, Zn, and Hg, and enter the freshwater
from mining areas (US EPA, 2000). Water resources globally have
been profoundly influenced over recent years by human activities,
which have significantly contributed to the critical water supply
and drinking water quality problems that the world is currently
facing. In many parts of the world, heavy metal concentrations in
drinking water are higher than some international guideline values
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(Fernandez-Luqueno et al., 2013).

Among the different techniques (precipitation-filtration, ion
exchange, reverse osmosis, oxidation reduction, solvent extraction,
membrane separation and phytoremediation) used for removal of
heavy metals, phytoremediation is a cost-effective and eco-friendly
technology that uses living green plants for in-situ removal of
contaminants from water and soil (Dabrowski et al., 2004; Obek,
2009; Sasmaz and Obek, 2009, 2012; Sood et al., 2012; Tatar and
Obek, 2014; Goswami et al., 2014). The phytoremediation ability
depends on the ion uptake mechanism of each species depending
on their genetic, physiological, anatomical, and morphological
characteristics (Rahman and Hasegawa, 2011). Floating macro-
phytes usually uptake metal or contaminants through the process
of rhizofiltration (Chaudhuri et al,, 2014). Zayed et al. (1998) re-
ported that Lemna sp. has been studied as another option for
phytoremediation by many scientists because of its faster growth
and easier harvest.

Among the aquatic macrophytes, Lemna sp. can float and has a
high growth rate on the water. It has been observed that it is effi-
cient to remove pesticides and metals from water as no long
toxicity was seen (Dirilgen, 2011). Nevertheless, Li et al. (2011)
stated that Lemna minor for pesticide or metal removal is one of
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the most advantageous in living plants. Khataee et al. (2012) re-
ports that additional advantages in using Lemna sp., such as the low
cost, the long storage capacity, the minimization of chemicals or
biological sludge volume, the possibility of transport, etc. Although
duckweeds grow under different climatic conditions and have the
fastest reproduction rates (Materazzi et al., 2012). Khataee et al.
(2012) indicated that the tolerable pH range and temperature var-
iations for Lemna sp. are 4—9 °C and 5—25 °C, but the best growth
of Lemna sp. is obtained between pH 6 and 7.5 (Mkandawire and
Dudel, 2005; Reema et al., 2011). Khellaf and Zerdaoui (2009)
found that the best growth of the plant was at pH 6 and 21 °C to
remove Cu and Cd in the aquatic environments by using Lemna
minor. The present study has been carried out for the following
objectives: (1) to determine Cu, Pb, Zn, and As concentrations in
gallery water and aquatic plants (Lemna gibba L. and L. minor L.)
growing in mining area, Keban, Turkey; (2) to measure daily the
changes of Cu, Pb, Zn, and As concentrations in both L. minor L. and
L. gibba L.: (3) to calculate the phytoremediation potential of L. gibba
L. and L. minor L. in gallery water for Cu, Pb, Zn, and As: (4) to detect
the optimal harvesting time for Cu, Pb, Zn, and As of L. gibba L. and
L. minor L.: (5) to compare the phytoremediation potential for Cu,
Pb, Zn, and As of L. gibba L. and L. minor L.

2. Materials and methods
2.1. Apparatus

A Perkin—Elmer Elan 9000 ICP-MS was used to determine Cu,
Pb, Zn, and As in this study. The operation conditions of ICP-MS are
given in Sasmaz and Yaman (2008).

2.2. The study area

This study was carried out in the Keban mining area (Elazig,
Turkey) (E38° 40’502” and N38° 47'52"). The Keban region has a
very big Pb—Zn—Ag deposit, which is related to the subvolcanics of
syenite and syenomonzonite (Akgul, 2015), which outcrop around
the town of Keban (Fig. 1). These rocks also contain high amounts of
Cu, Pb, Zn, and As. The economic concentrations in Keban mining
are Pb—Zn—Ag, Fe—Cu, W, Mn—Ag, and F—Mo ores. Argentiferous
Pb—Zn ores used to be the main economic sources of the Keban area
and have been mined for 6000 years (Seeliger et al., 1985). A lot of
galleries used to exploit the Pb—Zn—Ag ore of the Keban mining
district (the last mine closed in 1985). The door of the galleries was
closed for security reasons, but there is common water effluent
coming from the mining area, which, in the gallery, runs during all
year and is finally discharged into the Karakaya Dam Lake (Fig. 1).

2.3. Water and plant samples

The composition of the gallery water may vary depending on
the geologic units and mineralization type. This can also affect the
pH, temperature (T °C) and electric conductivity (EC) of the gallery
water. The water samples were collected daily with clean and
sterilized plastic bottles from running gallery water in Keban
mineralized area and together with plant samples. Both the water
and plant samplings were accomplished during eight days. After
that, the pH, temperature and electric conductivity of the gallery
water in the study area measured in the field when L. minor L. and
L. gibba L. collected daily from reactors (Table 1). Determination of
PpH was carried out by using either r an Orion 4 Star pH meter along
with Gel-Filled pH electrode or using an Oaktan pH tester 30.
Temperature was recorded using a Traceable digital thermometer.
Electric Conductivity was measured by using an Orion 4 Star con-
ductivity meter along with an Orion conductivity electrode. In the

study, the plants are systematically identified as L. gibba L. and
L. minor L., according to the procedure in Flora of Turkey and the East
Aegean Islands, by Davis (1984).

2.4. Preparation of samples

L. gibba L. and L. minor L. were delivered from the Botanic Gar-
den, Istanbul University, in September 2013. The plants were grown
in a natural pool during 2 weeks in the laboratory and were then
adapted in reactors, separately. Four hundred grams of the plants
were placed in each reactor (Fig. 2) described by Tatar and Obek
(2014). One reactor contained L. gibba L. and the other L. minor L.
These reactors were operated under a sustained regime of flow
volume (2.85 L s~1) of gallery water (Fig. 3). Both L. gibba L. and
L. minor L. were collected daily; about 50 g of plant samples were
taken separately from the reactors during the 8-day duration of the
experiments. The plant samples were thoroughly washed with tap
water, rinsed with distilled water, and dried at 60 °C for 24 h in the
laboratory. A chelating EDTA wash was applied, and no differences
were observed between EDTA washing and without EDTA washing.
The dried plant samples (approximately 50 g) were ashed by
heating at 300 °C for 24 h. The ashed samples were digested in
HNOj3 (Merck, Darmstadt, Germany) for 1 h, followed by digestion
in a mixture of HCl: HNO3: H,0 (1:1:1, v/v; 6 ml per 1.0 g of the
ashed sample) for 1 h at 95 °C. The digests were analyzed using ICP-
MS techniques (it was used Group SO200 for water samples and
Group VG104 for ashed plant samples) for Cu, Pb, Zn, and As
(Sasmaz, 2015).

Statistical analysis of data was carried out using Analysis of
Variance (ANOVA) and Student Newman Keul's Procedure (SNK)
(Sokal and Rohlf, 1995) on SPSS 15.0 software (IBM Corp., Armonk,
NY, USA). The metal results (Mn, Fe, Mg, Na, Al, K, P, and S) belong to
the L. gibba L. and the L. minor L. of the study area, and were
correlated with Cu, Pb, Zn, and As by using the Spearman Rank
correlation (Table 2).

3. Results and discussion
3.1. Cu, Pb, Zn, and As concentrations in gallery water

Water samples were collected daily during the 8 day experiment
in the field. The results of chemical analysis of 8 water samples
were too close to each other and not observed significant changes
for each metal. The mean of chemical analysis and physicochemical
characteristics of gallery waters in the Keban Pb—Zn—Ag mining
area are given in Table 1. The mean Cu, Pb, Zn, and As concentra-
tions were detected to be 670 + 2 pug L, 75 + 1 pg L},
7230 +30 pg L', and 96.0 + 5 ug L~ in the gallery water (p < 0.5),
respectively, as shown in Table 1. Physicochemical characteristics
such as pH, T (°C) and EC, together with analytical data of the major
ions in the gallery water samples, are also represented in Table 1.
The pH values of the gallery water range from 7.17 to 7.52 (mean:
7.36 + 0.2); the temperature varies within a range of 19.0-21.1 °C
(mean: 19.7 + 1 °C); and the EC values of the gallery water in the
study area range from 213 to 245 mS cm~' (mean:
229 + 0.1 mS cm™ ). These results indicate the close effects of
numerous factors; that is, the distance to the feeding area of the
gallery water; the residence time to the flow system in the
mineralized area of the gallery water; the flow time of the gallery
water coming from the feeding area; and the relatively long-term
water—rock interaction in the mineralized area. For these reasons,
these parameters (pH, T, and EC) of the gallery water were very
similar to each other for the 8-day duration of the experiments.

As shown in Table 1, mean Cu and Pb concentrations in the study
area are lower than the limit values (2000 pg L', 10 pg L7},
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Fig. 1. Geological and location map of the study area (simplified from Akgul, 1987).

Table 1

Physicochemical characteristics of gallery water in the study area and detection limits of ICP-MS for the anion and cations.
Parameter T (°C) pH EC(mScm™') HCO3 (mgL') NO3(mgL') SOs(mgL') F (mgl') Ca(mgL') Mg(mgL!) K(mgL")
DL - — — — — - - 0.05 0.05 0.05
Gallery water 19.7+1 736+02 229+0.1 370 + 10 9+1 1280 + 20 0.26 + 0.1 780 + 10 260 + 10 161
Parameter Na(mgL™") Fe(ugL™) Mn(ugL™") S(ugL™") P(ugl") B(ugl") Cu(ugl™) Pb(ugl™) Zn(ugL™") As(pgL™)
DL 0.05 10 0.05 1 1.5 5 0.1 0.1 0.5 0.5
Gallery water 140 £ 5 590 + 30 820 + 30 580 + 15 65+3 195+7 67 +2 75+1 7230 + 30 96 +5

respectively) and, Zn and As concentrations are higher the limit
values (3000 pg L' and 10 pg L), respectively), established for
drinking water by the WHO (2006). This also causes HM pollution
in the surrounding soil and water along the Firat River. Toxic con-
taminants are not easy to uptake or remove after they have
contaminated the surface and ground water. These contaminants
directly enter the human body through contaminated surface and
ground water. Mining waters cause both soil and water contami-
nation in the environment. Consequently, it is very important to
rehabilitate the surface and ground water around the mining areas
that has been polluted by HMs (Caussy et al., 2003; Dong et al.,
2010). Ning et al. (2011) indicated that the HM concentrations of
surface water in the gold mining area were higher than class III or
class IV of the national surface water quality standards. Along the
flow direction, the concentrations of HMs decreased the further
away the water was from the sources of pollution. Ning et al. (2011)
observed that there were linear correlations between the correla-
tion coefficients of some metals: Pb—Cr, Hg—Cu, Hg—Cd, and Cu—Cd
were 0.960, 0.986, 0.966, and 0.980, respectively. It was ascertained
that the metal content of the surface or ground water varies

depending on the possible sources of HMs and their geochemistry.
Three hydrochemical facies have been identified based on the
contents of major cations and anions (Ca—Mg—HCOs;
Ca—Mg—Fe—S04; Na—CI-NOs3). Water types in the aquifer were
specified by using Piper's (1944) trilinear plotting technique. Ca,
Mg, and Na are the dominant cations, and represented more than
90% of the cation in the study area. Sulfate and bicarbonate are the
prevailing components for the gallery water in the study area and
represent 88—95% of the major anion. The major anion of the gal-
lery water can be described as Ca—Mg—S0O4 bicarbonate water.

3.2. Cu, Pb, Zn, and As in Lemna minor L. and Lemna gibba L.

Phytoremediation is an efficient and cost-effective method to
decontaminate environments. However, in order to optimize the
systems, knowledge of how HMs affect plant physiology must be
obtained prior to designing a system of decontamination (Pilon-
Smits, 2005). Certain aquatic plants are considered to be HM
pollution indicators and are successfully used as a method for
monitoring environmental pollution (Cenci, 2000). Albers and
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Fig. 3. These reactors were operated under a sustained regime of flow volume of gallery water.

Camardese (1993) stated that metal concentrations in aquatic
plants can be 100,000 times more than the values in associated
waters. The HMs (Cu, Zn, Ag, Hg, Cd, As, Cr, Tl, and Pb) are toxic,
have a high density, and are dangerous because of their abilities to
bioaccumulate in a biological organism over time (Baby et al., 2010).

Cu values before the experimental study of L. gibba L. (LG-0) and
L. minor L. (LM-0) are 19.97 mg kg~ and 11.38 mg kg, respectively
(Fig. 4). These Cu values before the experimental study can be
accepted as control groups for both LG-0 and LM-0. From the first
day during the experimental study, on a daily basis, L. gibba L. and
L. minor L. accumulated 19.97 mg Cu kg~ ! and 11.38 mg Cu kg,
respectively. In the study, the amounts of Cu absorbed from low Cu

concentrations in the gallery water by L. gibba L. increased from
12.4% on the first day, to 27.5% on the second day, and to 36.2% on
the third day. However, the performance of Cu accumulations
decreased over the following days because of the saturation to Cu of
L. gibba L. The amounts of Cu absorbed by L. minor L. decreased from
3.25% on the first day and increased to 86.7% on the second day.
Small increases and decreases in Cu accumulations were observed
over the following days. As presented in Fig. 4 maximum accu-
mulations of Cu were observed on the third day for L. gibba L. and
the second day for L. minor L. during the 8 days. Although very low
concentrations (mean: 67 pg L~!) of Cu were contained in the
gallery water, L. gibba L. and L. minor L. accumulated 108 and 147
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Table 2
Spearman's correlation coefficients between some metals with Cu, Pb, Zn and As in Lemna gibba L. and Lemna minor L..
Fe Ca Mg Na Al K P S Mn Cu Pb Zn As
Fe 1.00
Ca 0.37 1.00
Mg 0.37 0.99 1.00
Na -0.22 -0.73 —0.68 1.00
Al 0.19 0.21 0.20 0.09 1.00
K 0.26 —0.59 —0.61 0.49 0.06 1.00
P —0.53 —0.95 —0.93 0.69 -0.29 0.51 1.00
S —0.06 —0.86 —0.86 0.69 —0.03 0.88 0.77 1.00
Mn -0.15 —0.86 —0.84 0.52 -0.19 0.66 0.77 0.79 1.00
Cu 0.65 0.87 0.87 —0.69 0.19 -0.39 —0.86 -0.67 -0.71 1.00
Pb 0.98 0.39 0.38 -0.20 0.34 0.27 -0.57 —0.05 —0.16 0.63 1.00
Zn 0.76 0.07 0.06 —0.01 0.25 0.53 -0.29 0.24 0.29 0.21 0.81 1.00
As 1.00 0.32 0.32 -0.20 0.19 0.31 —-0.49 0.02 —0.08 0.60 0.98 0.80 1.00
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Fig. 4. Cu accumulations by Lemna gibba L. and Lemna minor L..

times more copper than in the gallery water, respectively. L. minor
L. was observed to have the ability or performance to accumulate
Cu higher than in L. gibba L., compared to copper values before the
experimental study of both L. gibba L. and L. minor L. (Fig. 4). Copper
in L. gibba L. and L. minor L. (p < 0.5) showed a high linear Spear-
man's correlation with the Fe, Ca, and Mg, and strong negative
correlations with P, Mn, Na, and S in L. gibba L. and L. minor L.
(Table 2). Cu has been accepted as an essential micronutrient for
plant metabolism (Upadhyay et al., 2007). Cu had an important role
in the structure of the cell and a vital for energy transfer and
structural stability of chromosomes (Pahlsson, 1989). Obek (2009)
found that L. gibba L. accumulated high levels of Cu, Zn, and Pb in
the first few days, but then some decreases in the accumulation
levels were recorded, most probably due to its saturation level.

Pb values in L. gibba L. (LG-0) and L. minor L. (LM-0) before the
experimental study were 2.51 mg kg~! and 1.72 mg kg™, respec-
tively (Fig. 5). The values of LG-0 and LM-0 for Pb were accepted as
control groups for both plants (Fig. 5). From the first day of the
experimental study, on a daily basis, L. gibba L. and L. minor L.
accumulated 5.27 mg Pb kg~! (110% performance) and 6.89 mg Pb
kg~ ! (301% performance), respectively. During the 8-day study, the
amount of Pb in the gallery water, which had a low Pb concentra-
tion, increased to 1015% on the second day, and to 948%, 557%,
1145%, 1363%, 1530%, 2107% on the following days as L. gibba L.
accumulated it. This increased to 1259% on the second day, and to
279%, 846%, 465%, 863%, 1077%, and 1617% on the following days as

L. minor L. accumulated it. Although very low concentrations
(mean: 7.5 pg L) of Pb were observed in the gallery water, on the
second day and the eighth day L. gibba L. accumulated 3397-times
and 7051-times more Pb, respectively, than in the gallery water. On
the second day and the eighth day, L. minor L. accumulated 2888-
times and 3708-times more Pb, respectively, than in the gallery
water. As presented in Fig. 5, the accumulation of Pb by L. gibba L.
increased especially during days 2 and 8 of the treatment, and after
that, this was observed by variations in increases and decreases.
L. minor L. also showed important increases during days 2, 4, and 8;
and decreases were observed on days 3 and 5. L. gibba L. was
observed to have the ability to accumulate higher levels of Pb than
L. minor L., compared to Pb values before the experimental study of
both plants (Fig. 5). Pb concentrations in both L. gibba L. and L. minor
L. (p < 0.5) showed a high linear with the HMs Fe, Zn, As, and Cu,
and a negative Spearman's correlation (Table 2). Pb is toxic to the
growth of plants, but extremely low levels of Pb (Pons et al., 2000).
Obek (2009) worked on the Pb accumulation of L. gibba L. in the
secondary treated municipal wastewater and observed faster Pb
accumulation until day 5, but then began to decrease.

Zn values before the experimental study of L. gibba L. (LG-0) and
L. minor L. (LM-0) were 815.4 mg kg~! and 421.4 mg kg, respec-
tively (Fig. 6). These values of LG-0 and LM-0 for Zn were accepted
as control groups for both plants. From the first day during the
experimental study, on a daily basis, L. gibba L. and L. minor L.
accumulated 815.4 mg kg~ ! and 421.4 mg Zn kg, respectively. The
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Fig. 6. Zn accumulations by Lemna gibba L. and Lemna minor L..

amounts of Zn absorbed from Zn concentrations in the gallery
water (mean: 7230 pg L~1) by L. gibba L. increased to 158% on the
first day, 277% on the second day, 382% on the third day, and 443%,
532%, 634%, 746%, and 1017% on the following days. The Zn
amounts absorbed by L. minor L. showed a regular increase from the
first day until the eighth day (Fig. 6); for example, 270% on the first
day, 551% on the second day, 628% on the third day, 795% on the
fourth day, and 840%, 1278%, 1485%, and 1985% on the following
days. Although low concentrations (mean: 7230 pg L~!) of Zn were
observed in the gallery water (Table 1), L. gibba L. and L. minor L.
accumulated 1146-times and 1156-times more zinc, respectively,
than in the gallery water on the eighth day. L. minor L. was observed
to have the ability or performance to accumulate higher levels of Zn
than L. gibba L., compared to Zn values before the experimental
study of both plants (Fig. 6). Zn in L. gibba L. and L. minor L. (p < 0.5)
showed a high linear Spearman'’s correlation with Pb, As, Fe, and K
(Table 2). Zn did not show negative correlations with other metals
(Table 2). Zn is also vital for higher plants and is involved in some
metabolic processes (Paschke et al., 2000). Obek (2009) studied the

Zn accumulation of L. gibba L. in the secondary treated municipal
wastewater and stated that it increased linearly during the first 6
days, then began to decrease. Megateli et al. (2009) indicated that
the removal of Cu and Zn by L. gibba L. was very rapid in the first 2
days, reaching 73% and 69% for Cu and 65% and 70% for Zn,
respectively. After 2 days, the uptake of Zn continued at a lower rate
from 89 to 100%. Khellaf and Zerdaoui (2009) demonstrated that
L. gibba L. was very effective in removing Zn. They indicated that
L. gibba L. was a great choice for phytoaccumulation because of its
excellent uptake performance and high Zn accumulation ability.
As values in L. gibba L. (LG-0) and L. minor L. (LM-0) before the
experimental study were 2.1 mg kg1, and 5.3 mg kg, respectively
(Fig. 7). The values of LG-0 and LM-O0 for As were accepted as control
groups for both plants. From the first day during the experimental
study, on a daily basis, L. gibba L. and L. minor L. accumulated
43.4 mg As kg~ (1967% performance) and 90.8 mg As kg~ (1613%
performance), respectively. As accumulations during the 8-day
experiment, the amounts of As in the gallery water, which had a
low As concentration (96 pg L~1) (Table 1), increased to 19,728% on
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the second day, and to 19,271%, 9509%, 21,833%, 26,019%, 21,943%,
and 39,490% on the following days, as L. gibba L. accumulated it, and
increased to 7077% the second day, and, 1749%, 4672%, 2534%,
4911%, 5387% and 8454% the following days, as L. minor L. accu-
mulated it. Although very low concentrations (mean: 96 pg L~!) of
As were observed in the gallery water, L. gibba L. and L. minor L. on
the second day accumulated 4316-times and 3941-times more As
than in the gallery water, respectively. As presented in Fig. 7, the
accumulation of As by L. gibba L. and L. minor L. increased especially
during days 2 and 8 of the treatment; on other days, variations in
increases and decreases were observed. L. minor L. also showed
important increases during days 2, 4, and 8 and decreases were
observed on days 3 and 5. L. gibba L. was observed to have the
ability to accumulate higher levels of As than L. minor L., compared
to the As values before the experimental study of both (Fig. 7). As in
L. gibba L. and L. minor L. (p < 0.5) showed a high linear correlation
with Pb, Zn, and Cu, and a low linear correlation with Ca, Mg, and K
in L. gibba L. and L. minor L. (Table 2). Sasmaz and Obek (2009)
demonstrate that As in secondary effluents was quickly absorbed
by L. gibba L. in the first 2 days of the experimental study. However,
after day 2, variations in the accumulation levels of these elements
were reported, which was probably due to the saturation level of
the plant material. Mkandawire and Dudel (2005) demonstrated
that L. gibba L. has a very good ability to accumulate As in the waters
around the mining area. Favas et al. (2014) indicated that although
they detected low As concentrations in the surface waters around
the uranium mining area in the center of Portugal, they found that
L. minor L. had the ability to accumulate As in higher concentrations
in the surrounding environment. The relative growth factor of
L. minor L. was studied by Goswami et al. (2014) and it was found
that the maximum removal of more than 70% As occurred on the
fifteenth day of their experimental period. They suggested that
L. minor L. was suitable for the remediation of As from aqueous
areas at low concentrations.

4. Conclusion

In this study, it was proved to be a cheap, green and effective
method for the treatment of contaminated water with the mines by
using of Lemna gibba L. and Lemna minor L. among phytor-
emediation plants for Cu, Pb, Zn, and As. The results of our study

demonstrate that Lemna gibba L. accumulated more Cu, Pb, Zn and
As than Lemna minor L. but it showed less accumulation perfor-
mance than Lemna minor L. in compared with the control group
samples (LG-0 and LM-0) of Lemna gibba L. and Lemna minor L.,
except for As. The sequence of the HMs accumulated by L. gibba L.
and L. minor L. was determined to be As > Pb > Zn > Cu and optimal
harvesting times of L. gibba L. and L. minor L. for Cu, Pb, Zn and As.
L. gibba L. and L. minor L. accumulated 4316-times and 3941-times
more As, 2888-times and 3708-times more Pb, 1146-times and
1156-times more Zn and 108-times and 147-times more Cu than in
the gallery water, respectively. The removal of the HMs in
contaminated waters by L. gibba L. and L. minor L. is environmen-
tally and nondestructively cost-effective. Therefore, the harvesting
of L. gibba L. and L. minor L. in mineralized waters should be avoided
so that they can help control HM pollution in the aquatic envi-
ronment and reduce health risks to humans and animals, which are
caused by HM pollution.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jenvman.2015.08.029
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