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Abstract Under the present investigation phytoreme-
diation of mercury and arsenic from a tropical open
cast coalmine effluent was performed. Three aquatic
macrophytes Eichhornia crassipes, Lemna minor and
Spirodela polyrrhiza removed appreciable amount of
mercury and arsenic during 21 days experiment.
Removal capacities of these macrophytes were found
in the order of E. crassipes > L. minor > S. polyrrhiza.
Translocation factor (shot to root ratio of heavy metals)
revealed low transportation of metals from root to
leaves leading higher accumulation of metals in root as
compared to leaves of the plant. It was evident from
plant tissue analysis that mercury and arsenic up take
by macrophytes had deteriorated the N, P, K, chloro-
phyll and protein content in these macrophytes.
Correlations between removal of arsenic and mercury
from mining effluent and its increase in plant parts
were highly significant. Results favoured selected
species to use as promising accumulator of metals.
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1 Introduction

Mercury (Hg) and arsenic (As) has been considered as
highly toxic substances due to their persistent nature
and magnification through the food chain in the
ecosystem. Mercury is a liquid metal at ambient
temperature and pressure. It forms salts in two ionic
states Hg (I) and Hg (I1I) (Brooks and Robinson 1998).
Mercury contamination to the aquatic ecosystem is
associated with coalmines. Coal rich in pyrite expe-
riences greater mercury reduction during washing
(Indiana Geological Survey 2004). Hg can cause
brain damage, heart, and lung diseases in human
beings (US Environmental Protection Agency 20006).

Arsenic (As) is widely distributed into the nature in
form of either metalloids or chemical compounds,
which causes a variety of pathogenic conditions
including cutaneous and visceral malignancies (Matsui
et al. 1999). Arsenic shows toxicity even at low
exposures (Dikshit et al. 2000) and causes black foot
disease (Lin et al. 1998). Arsenic contamination is also
associated with coalmines (Manahan 1997). It exists in
two forms i.e. As (V) and As (Ill), former is the
predominant form in the environment since As (III) is
oxidized by atmospheric oxygen (Bissen and Frimmel
2000).

Heavy metals including arsenic and mercury cannot
be degraded easily and their cleanup usually requires
their removal (Lasat 2002). Traditional treatment
methodologies do not remove the metals up to

@ Springer



304

Water Air Soil Pollut (2008) 192:303-314

satisfactory level (Spearot and Peck 1984). Therefore,
treated effluent may contain high concentration of
metals which require further treatment for their
complete removal. Hyper accumulative capacities of
aquatic plants offer a method of heavy metal treatment
from waste water. Aquatic plants are known to
accumulate heavy metals from the environment (Kamal
et al. 2004). Higher tolerance of many aquatic plants
for heavy metals has attracted considerable interest in
recent years (Antunes et al. 2001; Cohen-Shoel et al.
2002). Accumulation of metals in the roots and leaves
of macrophytes has identified Eichhornia crassipes as
a bioindicator of metal pollution (Zaranyika and
Ndapwadza 1995). Lemna minor and Spirodela poly-
rrhiza also possess excellent heavy metal removal
capabilities (Noraho and Gaur 1996; Rahmani and
Sternberg 1999). Most members of the Lemna genus
are used as model plants for phytoremediation, nutrient
and metal uptake studies, and bioassays (Ensley et al.
1996.

The possibility of using hyper accumulator plants
to extract arsenic from aquatic environments was
discussed by Brooks and Robinson (1998). Arsenic
up take by plants is associated with the phosphate
uptake mechanism, where presumably arsenate is
taken up as a phosphate analogue (Pickering et al.
2000). Removal of Hg by these plants was also
studied from some workers. Brown and Rattigen
(1979) reported damage to Elodea canadensis and
Lemna minor after 14 and 28 day exposure to varying
mercuric chloride. Kamal et al. (2004), Skinner et al.
(2007) also had shown the removal of Hg by aquatic
macrophytes. Most of these studies were performed
the removal of these metals from metal solution
prepared in laboratory conditions.

Under present investigation we have assessed the
Hg and As removal capacities of aquatic macrophytes
from coal mining effluent. Three aquatic macro-
phytes, i.e. Eichhornia crassipes, Lemna minor, and
Spirodela polyrrhiza were used as experimental
plants. Mercury and arsenic contamination may lead
to disastrous level in near future if no preventing steps
are taken. Therefore, present work was conducted
with the aim to develop an eco friendly treatment
option for mercury and arsenic from the coal mining
effluent with the help of aquatic macrophytes and also
to demonstrate the translocation and accumulation of
metals in the plant tissues.
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2 Methodology
2.1 Study Area

Present work has been done in relation to the coal
mines of Northern Coalfields Limited (NCL), Sing-
rauli, (India). This coalfield is located between 24°37’
to 24°12' N and 81°48’ to 82°52" E. Singrauli coalfield
is one of the largest coal-power complexes in the
world. Huge quantities of effluents are released from
these opencast coalmine projects in Govind Ballabh
Pant (GBP) Sagar, which is in close vicinity of the coal
mines and is one of the Asia’s largest man-made water
reservoirs. This reservoir is facing severe contamina-
tion due to discharges from these coal mines. Therefore
this area was chosen for the study (Fig. 1).

2.2 Experimental Design

Aquaculture experiments were conducted using pol-
lution tolerant plant species, i.e. Eichhornia crassipes,
Lemna minor and Spirodela polyrrhiza (Kelly et al.
1999; Axtell et al. 2003; Mishra et al. 2008a, b).
These aquatic macrophytes were collected from the
agrofarm pond of the Banaras Hindu University,
Varanasi, India. Plants were cultured in glass aquar-
iums of 150 I capacities (100x50x%30 cm) containing
95 1 of mining effluent collected from Bina open cast
coal mine of the NCL, Singrauli. Roots of the plant
were washed thoroughly with distilled water before
they were placed in separate glass aquaria. Mono-
cultures were prepared with 100% coverage of the
total surface area of the aquarium used for aquacul-
ture. Control experimental sets contained only mining
effluent without any macrophytes. Three replicates of
each experimental set were prepared. Effluent used
for aquaculture experiments were analyzed at initial
level, 10th, 15th, 20th and 25th day. Plant tissues
(root and leaves) were also analyzed on similar
intervals. A constant water level was maintained in
the aquariums with the addition of distilled water.

2.3 Chemical and Biochemical Analysis

Sampling and analysis of coal mine effluent and
biological samples were done using Standard Meth-
ods for Examination of Water and Wastewater 1995.
Plant tissues were oven dried on 80°C. The dried
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Fig. 1 Location map of the study area and the sampling sites

tissues were weighed and ground to powder for
analysis of N, P and K. Plants were analysed for total
nitrogen-N by microKjeldahl method (Peach and
Tracey 1956) and total phosphorus-P by wet oxida-
tion method (Jackson 1962). Potassium was analysed
by flame photometer from Elico. For chlorophyll
analysis, chlorophyll was extracted in 80% chilled
acetone by using Arnon’s method (Arnon 1949). The
protein content of leaf material was estimated follow-
ing Lowry et al. (1951). Bovine serum albumin was
used as a standard. Cold vapor technique was used for
mercury analysis employing Perkin-Elmer MSH-10
connected to a Perkin-Elmer 2380 spectrophotometer.
The procedure described in European Standard EN
1483 (European standard EN 1483 1997) was
followed using a solution of 3% NaBH, in 1% NaOH
as a reducing agent. For arsenic, hydride generation
technique was used employing Perkin-Elmer MSH-10
connected to a Perkin-Elmer 2380 spectrophotometer.
The procedure described in ISO standard 11969
(International Standards Organization ISO 11969

1996) was used for preparing and analyzing the
samples. The certified reference materials were
analyzed according to ISO 11969 for arsenic and
EN 1483 for mercury.

2.4 Statistical Analysis

Statistical comparisons of means were examined with
one-way ANOVA. Correlations were also used for
statistical significance. SPSS 10 statistical package
was used for statistical analysis.

3 Results and Discussion

3.1 Hg and As Concentrations in Mining Effluent
and its Removal

Results shown in Figs. 2 and 3 revealed concentration

of mercury as 0.007£0.0001 and arsenic 0.05+
0.001 mg 1", respectively in effluent at initial stage
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Fig. 2 Concentration of
mercury in mining effluent
in different experimental
sets
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decreasing order up to 20th day of analysis. This
indicates continuous absorption of metals by the plants.
Highest removal of Hg and As from the effluent by E.
crassipes (71% and 80% Hg and As, respectively) may
be due to its fast growth (Muramoto and Oki 1983;
Kelly et al. 1999), greater biomass accumulation, and
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take mechanisms break down, due to overload of the
regulatory mechanism. When this phenomenon occurs
the plants show toxicity symptoms and biomass
production is reduced (Wenzl et al. 2001). Higher
reduction in Hg and As content in the effluent
containing E. crassipes as compared to the experimen-
tal sets containing L. minor and S.polyrrhiza indicates
higher affinity of . crassipes towards the mercury and
arsenic up take. Analysis of variance (Dunnett ¢ test)
revealed significant variations (p<0.001) in the remov-
al of metals in different experimental set.

3.2 Accumulation of Hg and As by Macrophytes
and its Translocation

The ratio of leaves to root metals indicates internal
metal transportation. Higher concentration of metal
was recorded in roots as compared to leaves (Table 1)
for both the metals. Highest accumulation was noted
on 20th day analysis. Analysis on 25th day revealed
decrease in concentration of metal in plant tissues. This
may be associated with decaying of plants and release
of metals into the effluent. E. crassipes accumulated
0.45+0.02 and 0.34+0.012 ug g 'mercury and arsenic
in root which was highest amongst the selected plant
species. Leaves of E. crassipes accumulated 0.29+0.02
and 0.25+0.01 ug g ' mercury and arsenic respective-
ly. Plant species growing on metal contaminated water
have restricted translocation of metals to the aerial

parts (Zaranyika and Ndapwadza 1995). All the species
under present investigation were found to be root
accumulator. Lower accumulation of metals in leaves
than root can be associated with protection of
photosynthesis from toxic levels of trace elements
(Landberg and Greger 1996). L. minor and S.
polyrrhiza accumulated 0.38+0.03 and 0.35+0.01 pg
g ' mercury, 0.29+0.01 and 0.26+0.01 pg g~ arsenic,
respectively in their roots (Table 1).

The translocation factor, i.e. the ratio of leaves to root
metals, indicated the internal metal transportation.
Translocation of metals from roots to leaves of plant
demonstrated their transportation from roots to shoot.
This transportation was higher for arsenic, as compared
to mercury. Higher translocation factor for arsenic in
comparison to mercury can be related with lower
concentration of arsenic than mercury in mining effluent
used for study (Wang and Lewis 1977). Translocation
was highest on 20th day analysis in all the selected
species. Translocation factor of E. crassipes, L. minor
and S. polyrrhiza was recorded as 0.73, 0.77, and 0.61
for arsenic as well as 0.64, 0.65, and 0.65 for mercury,
respectively on 20th day (Tables 2 and 3).

3.3 Biochemical Composition of Experimental Plants
Grown in Aquaculture

Accumulation of mercury and arsenic in plant tissues
deteriorated the concentration of N, P and K in plants.

Table 1 Accumulation of Hg and As by macrophytes grown in mining effluent (ng g ')

Macrophytes r¥ Initial 10th day 15th day 20th day 25th day
Accumulation of Hg

E. crassipes Root —0.889 - 0.39+0.02 0.43+0.015 0.45+0.02 0.4+0.03
L. minor Root -0.371 - 0.32+0.01 0.36+0.012 0.38+0.03 0.31+0.02
S. polyrrhiza Root —0.941 - 0.3+0.002 0.33+0.011 0.35+0.01 0.29+0.01
E. crassipes Leaves —0.920 - 0.23+0.01 0.27+0.01 0.29+0.02 0.22+0.02
L. minor Leaves —0.925 - 0.21+0.01 0.23+0.001 0.25+0.01 0.19+0.01
S. polyrrhiza Leaves —0.783 - 0.19+0.01 0.21+0.01 0.23+0.02 0.15+0.01
Accumulation of As

E. crassipes Root -0.920 - 0.29+0.01 0.3+0.01 0.34+0.01 0.3+0.011
L. minor Root -0.925 - 0.24+0.02 0.27+0.01 0.29+0.01 0.25+0.012
S. polyrrhiza Root —0.783 - 0.22+0.02 0.25+0.002 0.26+0.01 0.22+0.01
E. crassipes Leaves —0.973 - 0.19+0.01 0.21+0.01 0.25+0.01 0.21+0.01
L. minor Leaves —0.923 - 0.15+0.01 0.19+0.01 0.21+0.001 0.17+0.015
S. polyrrhiza Leaves —0.741 - 0.13+£0.02 0.15+0.01 0.16+0.01 0.12+0.01

r correlation coefficient
*p<0.05
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Table 2 Translocation factor for Hg and As accumulation in macrophytes

Time (days) E. crassipes L. minor S. polyrrhiza

Mercury Arsenic Mercury Arsenic Mercury Arsenic
Initial - — -
10th day 0.58 0.65 0.65 0.62 0.60 0.59
15th day 0.62 0.70 0.63 0.7 0.63 0.60
20th day 0.64 0.73 0.65 0.77 0.65 0.61
25th day 0.55 0.7 0.61 0.68 0.51 0.54

Table 4 shows total-nitrogen (Total-N) content in roots
of E. crassipes decreased from 41.5+2.3 to 26.2+
12 mg g . Leaves of E. crassipes also showed similar
trend (decrease in total-N from 41.2+2.1 to 24.3+
1.0 mg g ). Total-N, P and K contents were highest in
E. crassipes followed by L. minor and S. polyrrhiza.
Reduction in the N, P and K contents in plant tissues
may be associated with the higher accumulation of
metals. Correlation coefficient between total-N, P and
K in root and leaves of plant and metal in the mining
effluent used for study were found highly significant
(»p<0.05; Table 4).

Analysis for chlorophyll and protein content in
foliage of experimental plants exhibited highest in E.
crassipes as 0.86+0.05 and 6.5£0.2 mg g ' fresh
weight respectively (Table 5). Analysis at regular
intervals demonstrated a decrease in chlorophyll and
protein content in plants.

4 Discussion
4.1 Mercury and Arsenic Uptake by Macrophytes
Variations in the metal up take may be associated with

the difference in the rate of plant growth and efficiency
towards metal absorption. Whereas, a little increase in

Table 3 Removal efficiency for Hg and As

the mercury and arsenic concentration at the 25th day
analysis reveals decaying of plant tissues from which
metals are again released to the effluent. This happens
when up take mechanisms break down, due to overload
of the regulatory mechanism. When this phenomenon
occurs the plants show toxicity symptoms and biomass
production is reduced (Wenzl et al. 2001). Higher
reduction in Hg and As content in the effluent
containing E. crassipes as compared to the experimen-
tal sets containing L. minor and S. polyrrhiza indicates
higher affinity of E. crassipes towards the mercury and
arsenic up take. Analysis of variance (Dunnett ¢ test)
revealed significant variations (p<0.001) in the remov-
al of metals in different experimental set. The larger
root system of E. crassipes removed higher metal
content. Large root system and increased numbers of
fine roots oxidize the rhizosphere to a great extent and
increase the availability of metal uptake (Ravit et al.
2003). Higher accumulation of mercury and arsenic in
the roots may be due to the presence of greater anionic
sites in the cell wall. This fact makes the roots as the
primary sites of exposure to toxic metals present in the
surrounding medium. The depth to which plant roots
can penetrate is limited and this restricts the uptake of
contaminants and rhizosphere actions to shallower
level (William 2002; Skinner et al. 2007). Analysis of
variance (Dunnett ¢ test) revealed significant difference

Mercury Arsenic

Initial (mg 1™") Final (mg 1) Efficiency % Initial (mg 1 ~") Final (mg 17" Efficiency %
E. crassipes 0.007 0.002 71.4 0.05 0.01 80.0
L. minor 0.007 0.003 57.1 0.05 0.02 60.0
S. polyrrhiza 0.007 0.0035 50.0 0.05 0.03 40.0
Control 0.007 0.0065 7.1 0.05 0.049 2.0
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Table 4 Mineral composition of macrophytes grown in mining effluent (ug g ')
N P K
Root Leaves Root Leaves Root Leaves

E. crassipes Initial 41.5£2.3 41.2+2.1 5.9+0.5 4.7+0.2 47.5+2.7 45.4+2.5
10th day 37.3+1.9 32.4+2.0 4.7+0.4 4.3+0.7 42.5+2.0 39.4+2.1
15th day 32.8+£2.0 29.4+1.7 4.2+0.2 3.7+£0.5 39.5+1.9 37.8+£2.0
20th day 30.7+1.7 28.7+1.8 3.9+0.2 3.1+0.3 37.2+1.7 36.4+1.9
25th day 26.2+1.2 243+1.0 3.2+0.3 2.7+£0.2 31.5+£2.0 28.8+1.7
r* (Hg) 0.788 0.902 0.886 0.819 0.800 0.746
r* (As) 0.836 0.882 0.876 0.839 0.798 0.731

L. minor initial 37.2+2.0 35.4+1.5 5.2+0.4 4.8+0.5 46.2+2.6 44.4+2.0
10th day 32.2+1.9 31.8+£2.0 4.2+0.7 3.9+0.2 39.7+£1.9 37.2+2.1
15th day 30.5+1.7 29.7+1.7 3.8+0.2 3.5+0.3 36.3+1.7 34.5+1.5
20th day 29.4+1.2 27.4+1.6 3.5+0.2 3.3+04 35.4=£1.5 32.8+14
5th day 24.0+1.2 22.2+1.5 3.0+£0.3 2.6+0.2 30.2+1.7 27.4+1.5
r*: Hg 0.888 0.862 0.964 0.936 0.939 0.934
¥ As 0.722 0.709 0.850 0.793 0.792 0.794

S. polyrrhiza initial 37.8+1.9 33.8+1.5 5.2+0.5 4.3+0.5 46.0+1.7 42.4+2.0
10th day 335+1.8 304+1.7 4.6+0.3 3.7+0.3 40.5+1.9 36.5+£1.7
15th day 30.5+1.2 27.6+1.3 3.9+0.5 3.7+0.2 38.5+1.5 32.8+1.2
20th day 28.7+1.5 25.4+1.0 3.2+0.3 2.7+0.6 32.7+1.8 28.4+1.5
25th day 22.1+1.0 20.9+1.2 2.8+0.2 2.3£0.2 28.4+1.5 25.7+1.7
r* (Hg) 0.695 0.712 0.744 0.671 0.729 0.804
r* (As) 0.702 0.729 0.781 0.723 0.763 0.832

r correlation coefficient
*p<0.001

(<0.001) between the accumulation of mercury and
arsenic in different plant parts for all the three hydro-
phytes selected. Correlation coefficient between mer-
cury and arsenic concentration in root, leaf and
coalmine effluent were negatively significant (p<
0.05; Table 1). Polynomial regression (Figs. 4 and 5)
has shown the significant mercury and arsenic removal
by the macrophytes from the coalmine effluent and

accumulation in root and leaves. The three plants
showed different removal pattern for mercury and
arsenic from effluent. Data presented here indicate that
metals accumulated by the macrophytes were largely
retained in roots, as shown by general translocation
factor value less than one. Accumulation and exclusion
are two basic strategies by which plants respond to
elevated concentration of heavy metals (Vogel-Mikus

Table 5 Chlorophyll and Protein content in foliage of macrophytes grown in mining effluent (ug g ' fresh wt.)

Initial 10th day 15th day 20th day 25th day r¥
Hg As
E. crassipes Chlorophyll 0.86+0.05 0.67+0.04 0.58+0.03 0.45+0.02 0.34+0.03 0.868 0.870
Protein 6.5+0.2 5.9+0.2 4.540.3 3.9+0.2 2.7+0.2 0.781 0.797
L. minor Chlorophyll 0.75+0.04 0.65+0.02 0.53+0.02 0.37+0.01 0.23+0.02 0.869 0.758
Protein 6.1+£0.3 5.0+0.4 3.7+0.2 3.1+0.3 1.9+0.1 0.920 0.789
S. polyrrhiza Chlorophyll 0.67+0.03 0.58+0.05 0.46+0.02 0.29+0.01 0.2+0.01 0.687 0.730
Protein 5.6+£0.3 4.4+0.2 3.0+0.2 2.4£0.1 1.3£0.1 0.769 0.785

r correlation coefficient
*p<0.001
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Fig. 4 Polynomial regression between mercury in effluent and root and leaves of hydrophytes grown in coalmine effluent

et al. 2005). De et al. (1985) concluded that mercury
accumulation into the roots was about four times
higher than the shoots at lower concentrations and
about twice as high at 20 mg 1. Kamal et al. (2004)
established removal rate of mercury depends on its
concentration in the medium.

Translocation factor values varied with metal content
in the effluent. The more abundant the metal in effluent,
the lower was the translocation factor of the metal.
Decrease in translocation factor on 25th day analysis

@ Springer

revealed shortfall in the translocation due to decaying of
tissues. Extent of translocation within plants also de-
pended on the metal and plant species concerned.
Translocation factor varied among the plant species
grown

4.2 Biochemical Effects of Hg and As Removal

Mercury has been reported to inhibit biosynthesis of
chlorophyll through targeting —SH groups of b-
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Fig. 5 Polynomial regression between arsenic in effluent and root and leaves of hydrophytes grown in coalmine effluent

aminolaevulinic acid dehydratase (ALAD) in seed-
lings of bajra (Prasad and Prasad 1987). De et al.
(1985) observed mercury decreased chlorophyll,
protein, RNA, dry weight, catalase and protease
activity. A similar trend of decline with increasing
Hg dose was observed in the case of protein. Higher
activity of protease and other catabolic enzymes
activated by mercury may degrade the protein content
of the cell. Mercury inhibits Nitrate Reductase (NR)

activity. NR is a cysteine rich enzyme and mercury
has strong affinity for thiol (~SH) groups. Binding of
metals with —SH groups reduces NR activity (Pandey
and Srivastava 1993).

Three major biochemical effects of arsenic are
inhibition of ATP production, coagulation of protein
and complexation with coenzymes. Arsenic has many
properties of heavy metals and its toxic effects
resemble lead and mercury. The availability of arsenic
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for uptake varies with species of arsenic. Dimethyl
arsonic acid has lowest availability, followed by
monomethyl arsonic acid as As (V), and with As
(IIT) having the highest bioavailability (Carbonell et
al. 1998). Reduction in chlorophyll content may be
attributed to impaired uptake of essential elements,
damage of photosynthetic apparatus or due to
chlorophyll degradation by increased chlorophyllase
activity (Sharma and Dubey 2005). Similarly reduc-
tion in protein may be due to degradation of
proteases. Arvind and Prasad (2005) reported reduc-
tion of protein content in Ceratophyllum demersum
due to higher concentrations of lead and cadmium.
Carbonell-Barrachina et al. (1998) stated that re-
gardless of the chemical form of arsenic both root
and shoot concentrations significantly increases with
increasing levels of arsenic in the medium. Arsenic,
because of its chemical similarity to phosphorus
interferes with some biochemical reactions involving
phosphorus-biochemical generation of energy yield-
ing substance adenosine triphosphate (ATP). In these
reactions, arsenolysis occurs instead of phosphory-
lation and no ATP is formed. As (III), in the form of
arsenite ion reacts with sulphydryl groups on the
enzyme, thus inhibiting its activity. Correlation
coefficient between chlorophyll and protein content
in foliage and metal concentration in mining effluent
was highly significant (Table 5). Chlorophyll and
protein content decreased in plant tissues due to
accumulation of mercury and arsenic by the selected
macrophytes. Different plant species have different
capacity for metal accumulation. Roots are the prime
sites for accumulation of metals. These are effective
traps for immobilizing metals from the contaminated
waters. As metal accumulation in the tissues had
reached maximum after 20 days, plant decay
occurred as indicated by a loss of N, P, K, and a
release of metals to the medium. Analysis revealed
that when macrophytes are grown in captivity gives
best possible results of metal removal.

5 Conclusion

Present study provides an approach for the removal
mercury (Hg) and Arsenic (As), two important toxic
heavy metals from the coal mining effluent. Three
species of aquatic macrophytes E. crassipes, L.
minor, and S. polyrrhiza proved highly effective in

@ Springer

removing these two metals from the coal mining
effluent during 25 days experiment. Maximum
removal of metals was recorded on 20th day of
exposure. The macrophytic species removed appre-
ciable amounts of the Hg and As. Nevertheless, these
metals have led their toxic effects by reducing N, P,
K, chlorophyll and protein content of the experi-
mental plants. Roots of the macrophytes proved
better accumulator of the metals as they always
contained higher amount of Hg and As in compar-
ison to the leaves. Translocation factor also revealed
low transportation of metals from root to leaves; its
values were always less than one. Based on these
results selected plants can be used on large scale for
removal of mercury and arsenic.
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