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Abstract: Mining wastewater (MWW) can contain mercury in high concentrations. In this study,
four autochthonous aquatic plant species (Eichhornia Crassipes—EC, Marsilea Quadrifolia—MQ, Lud-
wigia Helminthorrhiza—LH, and Lemna Minor—LM) were identified and tested for phytoaccumulation
of total mercury (THg). To better study the accumulation phenomenon and macrophyte responses,
this work has been divided into three phases, and pilot-scale reactors have been used to simulate real
conditions. The results highlighted that, in case of 15 µgTHg,fed, the bioconcentration factor (BCF) was
significantly higher in EC (19.04) and LH (18.41) with respect to MQ and LM (almost six times and
two times higher, respectively). EC granted the best results in terms of THg accumulation (50.90%)
and lower evapotranspiration of THg phenomenon with respect to LH. A significant decrease of the
BCF (from 23.45 to 21.98) and an increase of the TF (from 0.23 up to 0.73) after 42 d highlighted that a
breaking-time in terms of THg accumulation was reached due to the deterioration of the roots. In
terms of the kinetics of THg removal by bioaccumulation, an HLT of 69.31 d was found, which is
more than the breaking-time of the EC system, proving that a periodic replacement of exhausted
macrophytes is required to obtain a higher percentage of THg removal.

Keywords: mercury; mining wastewater; phytoremediation; Eichhornia Crassipes; Marsilea Quadrifolia;
Ludwigia Helminthorrhiza; Lemna Minor

1. Introduction

Heavy metals pose a severe risk for both human and environmental health. Among
the heavy metals, mercury represents a serious issue considering its persistence in the
environment and its high mobility due to the strong volatility of the compounds [1].
Moreover, in humans, high doses of exposure can induce severe complications mainly to
the brain and kidneys; in wildlife, mercury can (i) change biochemical process, (ii) cause
damage to cells and tissues, and (iii) alter reproduction [2,3].

The presence of mercury in artisanal and small-scale gold mines (ASGM) is widespread,
especially in low- middle-income countries [4,5], where extraction activities are mainly
carried out with a low degree of mechanization and mercury is used for the whole-ore
amalgamation process [6–8].

Although the use of mercury is the most economical way to produce gold, it produces
a high environmental impact [9–11]. For instance, Oliveira et al. [12] highlighted that
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amalgam residues can contain up to 450 mgTHg kg−1, while the concentration in mining
wastewater (MWW) varies from 0.5 to 3 mgTHg kg−1. Several countries have adopted laws
to limit the effect of unregulated mercury discharged into the environment. For instance,
in Colombia, the current legislation banned the use of mercury in any mineral extraction
activity to limit the environmental impact, envisaging a technological transition from the
use of mercury in mines to the treatment of sites contaminated by mining activities [13].
However, some local authorities appealed this decision, and, at the same time, checking all
ASMG can be difficult [14].

Several biological treatments have been identified to remove mercury from MWW [15–17].
However, one of the most promising and low-impact methods is phytoaccumulation, which
consists of removing mercury from MWW by accumulating it in macrophytes for subse-
quent disposal/recovery. In this treatment, several aspects should be considered for proper
management of phytoaccumulation in plants, including the concentration and characteri-
zation of contaminants to be eliminated, the age of the macrophyte, the depth of the root
system, the rhizofiltration phenomenon, the impact generated by contaminated vegetation,
the use of considerable surfaces, and the time required for the treatment processes [18–22].

However, not all mercury removed by the phytosystem is accumulated in macrophytes,
because phytovolatilization is a well-known phenomenon that should be considered. It
should also be taken into account that some studies have highlighted that mercury could
re-join the aquatic environment through precipitation [22–24].

To reduce the impact of the phytoremediation process, this work focused on the
use of autochthonous macrophytes as previously reported by Quintero et al. [25]. For
instance, Eichhornia Crassipes (EC) has already been used in several studies for pollutant
removal from wastewater, demonstrating its ability to accumulate in its roots mercury in
concentrations 100–270 times higher than the initial one [26–28]. Ludwigia Helminthorrhiza
(LH) has demonstrated very high performance in terms of removal capacity of mercury,
with a bioconcentration factor after 27 d of treatment that reached 0.8856 µgTHg g−1 [21,29].
Furthermore, Marsilea Quadrifolia (MQ) has shown good potential in phytoremediation
processes [30]. Lemna Minor (LM) is a well-known macrophyte with very good potential for
heavy metal removal from wastewater, as it has been demonstrated to be able to remove
30% of mercury in 22 days [29,31–33].

In this study EC, LH, MQ, and LM have been tested for total mercury (THg) removal
from MWW and accumulation, highlighting the diverse pathways of THg in the phytosys-
tem. A three-step experimental procedure was carried out to select the best macrophyte
and, for that macrophyte, the kinetic of THg removal by phytoaccumulation has been
also evaluated. The results of this study will be helpful to water managers, especially
in low- and middle-income countries, to optimize the treatment of Hg-polluted WW by
accumulation in aquatic macrophytes.

2. Materials and Methods
2.1. Characteristics of Mining Wastewater

MWW was collected from a sampling site in the northern part of Colombia. The total
mercury (THg) concentration in samples was 488 µgTHg L−1, and lower concentrations were
obtained with proper dilutions of the MWW. COD and BOD5 were 617 mg L−1 and 365 mg L−1,
respectively. Phosphorus was also detected, and its concentration was 1.27 mg L−1.

2.2. Pilot-Scale Systems

Three diverse types of pilot-scale systems (PSSs) were used depending on the phase of
the tests (Figure 1).
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Figure 1. Characteristics of the reactors used in (a) PSS-A, (b) PSS-B, and (c) PSS-C.

PSS-A was made of four reactors in parallel (volume: 5 L for each). In each reactor,
a diverse type of macrophyte was located (EC, MQ, LH, and LM) (Figure 1a). PSS-B was
composed of two reactors in parallel (volume: 5 L for each), and in each reactor was located
one of the two best macrophytes selected from the previous phase (Figure 1b). Finally,
PSS-C was composed of two reactors (volume: 50 L for each) operating in series thanks
to a pump system, which recirculated the treated MWW extracted from the PSS-C2 into
PSS-C1 (Figure 1c).

Each reactor was made of polyvinyl chloride (PVC) (thickness: 0.2 cm) and was
waterproofed with a layer (0.1 cm) of high-density polyethylene (HDPE). The inlet and
outlet pipes (1.1 cm internal diameter) were made of PVC. The reactors were equipped to
be illuminated by means of lamps (15 W nominal power) for 12 h a day in order to promote
chlorophyll photosynthesis.

Before starting the tests, it was checked that in all reactors, the leaf system covered
almost all of the available area, and that the roots of the macrophytes were long enough to
also reach the sediments at the bottom of the reactor.

2.3. Experimental Design and Management Mode

Three diverse phases were carried out with different aims.
Phase A (Ph-A) was carried out using PSS-A operating in batch mode. This phase

aimed to compare the efficiency of EC, MQ, LH, and LM in bioaccumulating THg, which
would allow for the selection of the two best macrophytes. Moreover, the influence of the
initial THg concentration in MWW on the bioaccumulation phenomenon was evaluated.
Properly diluted (3 µgTHg L−1, 42 µgTHg L−1, and 488 µgTHg L−1) MWW was fed to the
reactor (t = 0), and after 27 d, samples of macrophytes, sediments, and water were taken.
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The two best macrophytes selected from Ph-A were tested in phase B (Ph-B) by means
of PSS-B to verify the bioaccumulation capacity operating in continuous mode for 14 days.
MWW (THg: 210 µgTHg L−1) with a flowrate of 2 L d−1 was fed continuously with a
hydraulic retention time (HRT) of almost 20 min.

In phase C (Ph-C), the optimal macrophyte selected based on the results of Ph-B was
used in PSS-C for testing the bioaccumulation phenomenon in the case of a longer HRT
(56 d). This phase also had the aim of evaluating the breaking-time in terms of plant
deterioration. Reactors in PSS-C operated in semi-batch mode, and a high recirculation of
MWW in the system was maintained (0.5 L s−1) to limit THg sedimentation.

2.4. Balance of Total Mercury in the Systems

During tests, the mass balance of mercury in the phytosystem was calculated con-
sidering four diverse THg pathways: (i) bioaccumulation in macrophytes, (ii) evapotran-
spiration in the atmosphere, and residual concentration (iii) in treated effluent and (iv) in
sediments (Figure 2).
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Figure 2. Scheme of the pathways assumed in the phytosystem, where 1 = accumulation in the
macrophyte; 2 = sedimentation; 3 = evapotranspiration; 4 = outlet the system in treated wastewater.

The THg concentration was measured in the MWW fed, the macrophytes’ tissues, the
sediments, and the treated wastewater outlet system. The amount of THg subjected to
evapotranspiration was calculated as reported in Equation (1):

ET (µg) = IN − ACC − SED − OUT, (1)

where IN and OUT are the amount of THg fed and extracted from the system (µg), respec-
tively. ACC refers to THg accumulated by the macrophyte (µg), while SED is the amount
of mercury deposited in the reactor (µg).

2.5. Bioconcentration and Translocation Factors

The bioconcentration factor (BCF) in the macrophytes was calculated based on THg
concentration in plant tissues, considering both the aerial part and the roots, according to
Equation (2) [34–36]:

BCF (−) = (Cf,m − C0,m) Ca
−1, (2)

where C0,m and Cf,m represent the concentration of THg in the macrophytes at the initial
time and after contamination exposure (µg kg−1), respectively, and Ca is the concentration
of THg in WW fed to the system (µg L−1).
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In Ph-C, the translocation factor (TF) was also evaluated according to Equation (3) [36]:

TF (−) = Cl Cr
−1, (3)

where Cl and Cr represent the concentration of THg in unsubmerged parts (e.g., leaves)
and in roots (µg kg−1), respectively.

2.6. Kinetic of THg Removal by Phytoaccumulation

In Ph-C, the kinetic of THg removal by phytoaccumulation was calculated. As-
suming PSS-C operated according to a plug flow behavior, THg removal was assumed
to follow a pseudo-first order removal model [37–39] using the following equations
(Equations (4) and (5)) [40,41]:

ln(THgi THgfed
−1) = −k × t, (4)

HLT = ln(2) k−1, (5)

where THgfed represents the amount of THg fed to the system (µg) while THgi indicates the
not-already-phyto-accumulated THg (µg) at time t (d). k represents the first-order kinetic
constant of the reaction (d−1) while HLT is the half-lifetime of the pollutant (d).

2.7. Analytical Methods

THg was measured both in aqueous and solid samples by the mercury analyzer RA-
915M equipped with RP-92 Cold Vapor for aqueous samples and the PYRO-915+ pyrolysis
attachment for testing solid samples.

3. Results and Discussion
3.1. Phase A

EC, MQ, LH, and LM were monitored in terms of their root and aerial structures
(stems and leaves).

EC showed good adaptability to an environment contaminated by varying concen-
trations of mercury. The plant showed very good adaptation to the conditions of the
experiment, and it did not show any problems with decay or deterioration of the roots,
stem, or leaves (Figure 3a).
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MQ showed the phenomenon of tissue deterioration in both the root and aerial parts,
but overall, it was able to adapt and survived until the end of the test (Figure 3b). It showed
dual behavior: high reproductive capacity characterized by new shoot growth contrasted
with the necrosis of many plant tissues.

LH developed rapidly, producing inflorescences and growing new spongy rhizomes
necessary for floating the stems on the water surface. Good adaptability, with no deteriora-
tion of root or aerial plant tissues, was observed (Figure 3c).

LM did not perform well in terms of vegetative development, highlighting some
problems in adaptation to high THg concentrations (Figure 3d). Changes in the color of
the leaves, fragility of the tissues, and lacerations were observed, confirming previous
results [31,33]. For these reasons, LM did not withstand the maximum concentration of
488 µgTHg L−1.

Considering THg accumulation in the plant systems, the higher the amount of THg
fed, the higher the amount of THg accumulated (Figure 4a). The stronger influence of
the amount of THg fed on the accumulation phenomenon was highlighted with LH
(47.84 mgTHg kgDW

−1 mgfed
−1) and EC (43.48 mgTHg kgDW

−1 mgfed
−1). LM allowed

for the accumulation of only 23.65 mgTHg kgDW
−1 mgfed

−1 of THg fed, while a lower result
was reached using MQ (6.69 mgTHg kgDW

−1 mgfed
−1).
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The BCF was calculated after 27 d as a function of the type of macrophyte and the
amount of initial THgfed. The results highlighted that the BCF was significantly higher in EC
and LH with respect to MQ and LM. Up to 19.04 and 18.41 were calculated for EC and LH,
respectively, in the case of 15 µgTHg,fed. These values were almost two times and six times
higher than the BCF of LM and MQ, respectively, in the same conditions. Considering the
higher initial THg fed (2440 µgTHg,fed), the BCF remained stronger in the case of EC and LH
(13.04 and 14.37, respectively) compared to other macrophytes. Considering also that EC
and LH demonstrated optimal growth without adaptive problems at high concentrations
of THg, it can be stated that these two macrophytes present the best response.

A balance of THg in the system after 27 d as a function of the type of macrophyte
and the amount of initial THgfed was evaluated (Figure 5). In agreement with BCF values
and considering all tested initial pollutant concentrations, higher THg accumulation was
founded in macrophytes EC (30.29 ± 6.23%) and LH (29.76 ± 6.11%). Considering the total
amount of THg removed (through accumulation and evapotranspiration), MQ reached the
highest values (80.3 ± 7.42%) but with evapotranspiration losses more than ten times the
THg accumulated (73.41 ± 6.82% vs. 6.89 ± 3.51%).
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Figure 5. Balance of the THg in the different phases of the system (THgx) as a function of the
type of macrophyte and THgfed. The solid columns refer to the THg accumulated in the roots and
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treatment). (Duration: 27 d).

This result is due to the different types of mechanisms of phytoremediation. In the
case of LH and EC, THg is absorbed by the roots and is either precipitated within the
root zone or migrates to all parts of the plant (e.g., shoots and leaves). Mercury removed
from polluted water is accumulated in the phytosystem to prevent its movement [24,42].
Some studies also suggest that accumulated THg could also be transformed into less toxic
compounds thanks to redox reactions [43]. Based on our results, THg in MQ followed
another mechanism of removal. Mercury is absorbed by the plants and transformed into
less toxic contaminants (e.g., dimethyl selenide and mercuric oxide) and then released into
the atmosphere through the evapotranspiration process [24,42]. Some studies have pointed
out that in this case, mercury can re-join the aquatic environment through precipitation [24].

Higher percentages of THg in sediments and treated water were highlighted in the
case of LH (57.33 ± 12.06%) and LM (50.55 ± 29.14%). However, in the case of LH, almost
double the percentage of THg accumulated was found with respect to LM (16.30 ± 2.95%).

Considering the results of the tests in Ph-A, EC and LH were selected for Ph-B.

3.2. Phase B

In continuous-flow conditions, good results obtained in batch tests (Ph-A) in terms
of THg accumulation by EC and LH were confirmed. EC reached the highest BCF (16.80)
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and THg accumulated (58.80 mgTHg kgDW
−1 mgfed

−1) with respect to LH (14.84 and
51.89 mgTHg kgDW

−1 mgfed
−1, respectively) (Figure 6a). This result can be explained by the

stronger vegetative development found during the monitoring of EC with respect to LH,
where progressive leaf thinning was recorded (Figure A1). EC maintained a high growth
capacity, which led it to colonize the entire available surface area.
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LH granted the best results in terms of THg removal (74.44%) but the lowest in terms
of THg accumulation (42.36%) with respect to EC (50.90% and 48%, respectively) due to a
higher evapotranspiration phenomenon estimated in LH with respect to EC (32.08% vs. 2.90%,
respectively) (Figure 6b). This phenomenon should be further investigated because it represents
a key aspect of trying to reduce the toxicological impact of evapotranspiration [22,28,44]. In
previous studies, in the case of other heavy metals (e.g., chromium), EC has shown better
performance than Ludwigia sp. in bioaccumulating the pollutant [45].

Considering the results of the tests in Ph-B, EC was selected for Ph-C.

3.3. Phase C

This phase was tested to evaluate the BCF and the TF as functions of the contact time
and to highlight the breaking-time in terms of THg accumulation by EC.

The results showed a progressive increase in the BCF considering both the roots and
the aerial parts of the macrophytes (Figure 7). The highest value of the BCF was reached on
day 42 (23.45), while on day 56, a reduction of the BCF was highlighted (21.98). Therefore,
the results proved that the breaking-time in terms of THg accumulation by EC was after
6 weeks. After this period, the macrophytes (in particular, the roots) deteriorated, and the
concentration of mercury in the tissues decreased according to Mishra et al. [31].

This aspect is made clearer by studying the evolution of the TF during the test
(Figure 7). The behavior was similar to the BCF with an increase up to 0.23 on day 42. This
means that THg was mainly accumulated in the roots instead of other non-submerged
tissues, in accordance with Skinner et al. [22]. Furthermore, Pelcová et al. [46] highlighted
that EC roots have a high potential for Hg accumulation with concentrations 10–21 times
higher than in leaves depending on environmental conditions. The accumulation of Hg is
higher in roots due their direct contact with polluted WW (as EC is a floating macrophyte),
while in case of submerged plants, a marked difference between the roots and the leaves is
generally not visible [46]. However, after breaking-time, the TF significantly increased up
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to 0.73, despite the reduction of the BCF. This result is directly linked to the deterioration
of the roots of EC after long exposure to heavy THg-polluted waters. The amount of THg
accumulated in the roots decreased, increasing the TF but decreasing the BCF.
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time. (Initial concentration = 286 µgTHg L−1, flowrate = 0.5 L s−1).

Moreover, the experimental pseudo-first order kinetic constant (k) of THg removal
by accumulation in EC was calculated (Figure 8). Considering only the first 42 days of the
test, in which the breaking-time was not reached, the pseudo-first order kinetic constant (k)
was evaluated as 0.01 d−1. This results in an HLT equal to 69.31 d, which is more than the
breaking-time of the EC system.
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flowrate = 0.5 L s−1).
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Therefore, this bio-treatment can be very useful for removing THg from water by
bioaccumulating it in macrophytes. However, without a periodic replacement of exhausted
macrophytes, a very high percentage of pollutant removal cannot be reached due to the
significant time required, which is longer than the breaking-time of the system in terms of
THg accumulation.

4. Conclusions

EC, MQ, LH, and LM have been tested for phytoaccumulation of mercury present in
MWW. This work has been divided into three phases to better select the optimal macrophyte
to maximize THg accumulation. The stronger influence of the amount of THg fed on the
accumulation phenomenon was highlighted with LH (47.84 mgTHg kgDW

−1 mgfed
−1) and

EC (43.48 mgTHg kgDW
−1 mgfed

−1). LM accumulated only 23.65 mgTHg kgDW
−1 mgfed

−1

of the THg fed, while a lower result was reached using MQ (6.69 mgTHg kgDW
−1 mgfed

−1).
The results highlighted that the BCF was significantly higher in EC and LH with respect to
MQ and LM (almost six times and two times, respectively). Among LH and EC, LH granted
the best results in terms of THg removal, but the lowest in terms of THg accumulation
with respect to EC (42.36% vs. 50.90%, respectively) due to a higher evapotranspiration
phenomenon. EC was demonstrated to be the optimal macrophyte with the highest value of
the BCF reached on day 42 (23.45). This study also highlighted that breaking-time in terms
of THg accumulation by EC was after 6 weeks due to the deterioration of the roots, proved
by a significant increase of the TF (from 0.23 up to 0.73). In terms of the kinetics of THg
removal by bioaccumulation, k and HLT equal to 0.01 d−1 and 69.31 d were found, which
were more than the breaking-time of the EC system. These results highlighted that the
treatment of highly THg-polluted WW by phytoaccumulation in EC is possible only with a
periodic replacement of the exhausted macrophyte. This work can be useful, especially in
low- and middle-income countries, for optimizing the treatment of Hg-polluted WW by
low-cost treatments, such as accumulation in aquatic macrophytes.
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