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Abstract
We evaluated Hibiscus cannabinus (kenaf) to remedy oxisol contaminated with Hg2 + potential. The study was conducted in a
controlled environment in pots with soil contaminated with HgCl2 solution, in a completely randomized design with 4
treatments: control (without Hg2+) and treatments with 5, 24 and 36 mg Hg2+ kg-1 of soil and 5 replicates / treatment. The
quantification of total Hg in plant and soil samples was performed by atomic absorption spectrometry. Kenaf grown in
contaminated pots did not show visual symptoms of toxicity. Plant height did not differ among treatments, but the dry shoot
phytomass was 21.65% higher in control than the average of treatments with Hg. Treatment with 24 mg kg-1 showed dry root
phytomass greater than control and the others. In general, oxisol was responsible for retaining greater amount of Hg than
plants. Hg accumulated in greater proportion in roots than in shoots. In pots that received 36 mg kg -1, plants accumulated
average of 2.57 mg kg-1 of Hg / pot, differing from the other treatments and the Hg transfer factor (TF) in plants was also
calculated as the ratio of the concentration in shoots and in roots. The values were as follows: 3.11 for T1, 1.26 for T2, 0.05
for T3 and 0.02 for T4. Treatments showed no difference between T3 and T4 and TF decreased with increasing Hg dose. It
could be concluded that Hg was more adsorbed by oxisol than by plants. Plants showed resistance to different soil Hg
concentrations and can be considered as potential Hg2+ stabilizer.
Keywords: contamination; soil remediation; toxic metal.
Abbreviations: BF_bioaccumulation factor; TF_transfer factor; T1_treatment 1.
Introduction
The intensification of urbanization, modernization and
industrial processes have significantly contributed to the
increase in environmental pollution that negatively affects
the quality of ecosystems and quality of life of human beings
(Singh et al. 2019). For this reason, the demand for green
technologies to recover areas contaminated by diverse
contaminants has increased, as they are functional,
sustainable and less costly methods.
Phytoremediation is a technique that uses the natural
potential of certain plants to remedy the presence of
potentially toxic metals in soils. It is an environmentally
friendly and low-cost application method (Yan et al., 2019).
Plants can act as extractors as they are able to absorb
contaminants in roots and translocate them to shoots
without affecting biomass production. Hyperaccumulators
are plants that accumulate more contaminants in shoots than
in roots, in less biomass. In this case, they are able to
accumulate 100 to 1000 times more contaminant in leaves
and stems than in roots. Although the remediation of
contaminated areas with hyperaccumulative plants is

attractive, this management can result in the entry of toxic
elements in the food chain. This process can be reduced with
the use of stabilizing plants that have less potential for
translocating metals from roots to shoots (Alkorta et al. 2010;
Burges et al. 2018; Gómez-Sagasti et al. 2012; Tangahu et al.,
2011; Vijayaraghavan et al., 2018).
However, phytostabilization does not remove contaminants,
but rather reduces their bioavailability, favoring their
adsorption in the soil and complexation with humic
substances, consequently, reducing the leaching of toxic
elements in the environment. Stabilizing plants show rapid
growth and a well-developed root system (Martínez-Martínez
et al. 2018; Radziemska 2018; Vijayaraghavan et al., 2018).
Hibiscus cannabinus (kenaf) is an annual plant of economic
interest, with height ranging from 2.5 to 6 m and extensive
and deep roots, which provides it tolerance to drought and
high cultivation density with up to 220,000.00 plants per ha
(Alexopoulou et al. 2007; Asim et al. 2018). In addition, it has
microbial diversity in roots and the symbiosis between plant
and microorganisms benefits the remediation process
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(Arbaoui et al., 2013; Chen et al., 2018; Santos et al. 2010).
For these various reasons, the phytorremediation potential of
kenaf has already been studied for several metals with high
toxic potential. Kenaf acted as lead and mercury (Hg)
extractor and as cadmium stabilizer in low fertility, acid and
sandy soils. For lead, the extractor effect has also been
reported in clayey soils. The extraction effect of kenaf was
also observed for chromium in wastewater treatment (Abioye
et al. 2012; Bada and Kalejaiye 2010; Catroga et al 2005; Chen
et al. 2017; Fitria and Dhokhikah 2019). However, its potential
for remediation of Hg-contaminated environments has not
yet been studied.
The origin of Hg in the environment can be natural (geogenic)
or associated with anthropogenic processes (e.g. gold mining,
burning fossil fuels) (Kim et al. 2016). While Hg concentration
in uncontaminated soils is usually <1 mg kg-1, concentrations
of thousands of mg can be found in areas contaminated by
human activities (Higueras et al., 2003; Teixeira et al., 2018).
Global Hg contamination, especially in Brazil due to anthropic
contribution, is not a recent issue and ecosystems suffer
consequences until today. Mining gold for decades has
impacted the soils of Alta Floresta, Mato Grosso, Brazil (4.10
mg kg-1 Hg) (Rodrigues Filho and Maddock 1997), and in
Tartarugalzinho, Amapá, Brazil, mining has caused significant
contamination of soil by Hg (> 300 mg kg-1 total Hg) (Oliveira
et al. 2001). The authors identified that the superficial
contamination of soils (95% of total Hg) in this region is
significantly anthropogenic. Concentrations between 0.022
to 0.16 mg kg-1 of total Hg in the soil are still found in the same
region (Miserendino et al. 2018) and total Hg concentrations
ranging from 0.0371 to 161 mg kg-1 in soil with gold mining
activities in Descoberto, Minas Gerais, Brazil (Durão Jr. et al.
2009). The contamination of Hg by atmospheric deposition
resulting from gold exploitation from other regions and from
pedogenesis, may also have contributed to Hg enrichment in
soils of the Tapajos National Forest, Pará, Brazil, (Figueiredo
et al. 2018.)
The toxicity degree of this metal varies according to its
speciation (i.e., oxidation state, organic / inorganic form)
(Schaefer 2016). Hg has three oxidation states: elemental
mercury (Hg0), mercurous (Hg +) and mercuric ions (Hg 2 +)
(Adriano 2001). In the environment, it can be found in
elementary, inorganic and organic forms (methyl mercury
and dimethyl mercury). One of its organic forms, methyl
mercury (CH3Hg+), the most toxic, can be bioaccumulated by
organisms and biomagnified in the food chain.
No organism uses Hg in its biosynthesis and its presence in
the environment has become a global concern due to its
volatility and toxicity (Pacyna et al. 2016; Sundseth et al.
2017; Wang et al. 2003). For this reason, it was classified by
the Agency for Toxic Substances and Disease Registry as the
third most dangerous substance, only behind arsenic and lead
(ATSDR 2016). In general, exposure to this metal, in its
different forms, can cause damage, with varying degrees of
severity to the physical and mental health of humans and
animals (UNEP 2020).
In view of the need to recover contaminated areas to
minimize environmental impacts, the remedial effect of kenaf
grown in oxisol (according to the Embrapa classification
(Embrapa, 2018), contaminated with HgCl2 at different Hg2+
concentrations was evaluated, quantifying the total Hg

content accumulated in roots and shoots (leaves and stem).
Results
Influence of cultivation conditions on the growth variables
of Hibiscus cannabinus
Table 1 depicts the chemical analysis of soil. Regarding soil
pH, no difference among treatments was observed in the
same evaluation period (beginning or end of cultivation), but
for all treatments, the final pH was significantly lower (0.6 to
0.9 pH units) than pH at the beginning of the experiment,
which ranged from 5.3 to 5.4.
For the same growing period, plants did not show any height
difference among the different treatments. However, at the
end of the experiment, plant height was significantly higher
(1.57 to 2.05 m) than at the beginning of the experiment (0.51
to 0.60 m). Although plant height at the end of the
experiment did not differ among treatments, the dry stem
phytomass was significantly higher in control pots (T1) than in
all treatments with Hg (Table 2). On the other hand, soil
contamination with Hg did not affect leaf phytomass.
There was no difference in root size among treatments.
However, thicker nodular roots were observed in treatments
with the highest Hg concentrations (T3 and T4) compared to
T1 and T2 treatments (Fig.1).
Total mercury concentrations in soil and total mercury
accumulated in the dry root and shoot phytomass of Hibiscus
cannabinus
The expected soil concentration of control pots (T1) at the
beginning of planting (0.1 mg kg-1) was calculated considering
the Hg concentration initially present in the soil (0.099 mg kg1) plus the amount of Hg from fertilizers. Except for T1 pots,
Hg concentrations in soil at the time of transplant were in
accordance with dose applied at the beginning of the
experiment (60 days before transplant), with recovery rate
from 107 to 117% (Table 3). The relatively low CV values
(<22%), calculated from concentrations found in the five pots
of the same treatment demonstrate that there was adequate
homogenization of soil contaminated with HgCl2 solution
(Table 3).
On the other hand, the average Hg concentration in control
pots at the time of transplant was 1270% higher than at the
beginning of the experiment. Considering the high Hg
volatility (vapor pressure: 0.25 Pa at 25oC), this increase in
concentration can be attributed to cross contamination due
to the volatilization of part of Hg in contaminated pots
followed by its deposition in control pots.
After 75 days of plant cultivation, total Hg concentrations in
soil decreased significantly in all treatments, varying from
0.13 to 21.23 mg kg-1, for T1 and T4 treatments, respectively
(Table 4). Total Hg accumulation in the dry root phytomass
varied from 0.003 to 2.52 mg kg-1 and was significantly higher
in T4 treatment. Regarding the dry shoot phytomass, total Hg
accumulation varied from 0.008 to 0.05 and was greater in
pots that received the highest Hg dose (T4) (Table 4).
Bioaccumulation factors (BF) calculated as the ratio between
total Hg concentration in plant and Hg concentration in soil at
the end of planting (Tu and Ma, 2002) were: 0.09 for T1, 0.02
for T2, 0.03 for T3 and 0.12 for T4, with statistical difference
between T4 and the other treatments. The Hg transfer factor
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Table 1. Chemical analysis of soil.
Elements
pH (CaCl2 0.01 mol L-1)
Organic matter
P
S
Ca
Mg
K
Al
H+Al
Cation exchange capacity (CEC)
Base saturation
B
Cu
Fe
Mn
Zn
Hg

Values
5.8
24 g dm-3
27 mg dm-3
6 mg dm-3
36 mmolc dm-3
14 mmolc dm-3
8.1 mmolc dm-3
1 mmolc dm-3
23 mmolc dm-3
81 mmolc dm-3
72%
0.28 mg dm-3
8.5 mg dm-3
26 mg dm-3
31.1 mg dm-3
5.9 mg dm-3
0.099 mg kg-1

Table 2. Average (5 replicates) of dry phytomass of Hibiscus cannabinus plants at the end of the experiment.
Treatment
Root phytomass
Stem
Leaf phytomass
Shoot phytomass
phytomass
-------------------------g--------------------------T1
0 mg kg-1 Hg2+
16b ± 4.18
122a ± 17.54
103a ± 7.58
225a ± 10.61
T2
5 mg kg-1 Hg2+
16b ± 4.18
83b ± 10.37
97a ± 5.7
179b ± 11.40
T3
24 mg kg-1 Hg2+
21a ± 2.24
78b± 5.70
102a ± 4.47
180b ± 6.12
T4
36 mg kg-1 Hg2+
18ab ± 2.45
92b ± 10.37
101a ± 7.42
195b ± 15.49
Averages followed by the same letters in column do not differ statistically from each other by the Duncan's test at 5% probability
level.
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T2

T3

T4

Figure 1. Hibiscus cannabinus roots development maintained in oxisol contaminated with different doses of Hg 2 + mercury.
Treatments: T1 = 0 mg Kg-1 Hg2+ (control); T2 = 5 mg Kg-1 Hg2+; T3 = 24 mg Kg-1 Hg2+; T4 = 36 mg Kg-1 Hg2+.
Table 3. Expected mercury concentration found in soil at the beginning of planting. Mean, standard deviation and coefficient of
variation (CV) calculated for five replicates of the same treatment.
Treatments
[Hg] expected in soil
[Hg] found in soil
Standard
CV
Recovery
deviation
----------------------mg kg-1------------------------- -----------%--------T1
0.1
1.37
0.29
21.40
T2
5.1
5.33
0.99
18.47
T3
24.1
26.39
5.75
21.77
T4
36.1
41.99
4.84
11.53
T1: control, T2: 5 mg kg-1 Hg2+, T3: 24 mg kg-1 Hg2+ and T4: 36 mg kg-1 Hg2+.

782

1370
107
110
117

Table 4. Hg concentration in soil at the end of the experiment and Hg accumulation in dry root and shoot phytomass.
Treatments
final [Hg] in soil
Accumulated Hg dry root Accumulated Hg dry Total Hg in plant
phytomass
shoot phytomass
(root + shoot)
mg kg-1
-----mg kg-1/pot----mg kg-1/ pot
T1
0 mg kg-1 Hg2+
0.13c ± 0.01
0.003b ± 0.01
0.008b ± 0.001
0.01b ± 0.001
T2
5 mg kg-1 de Hg2+
0.84c ± 0.16
0.007b ± 0.003
0.008b ± 0.001
0.01b ± 0.003
T3
24 mg kg-1 Hg2+
8.61b ± 0.96
0.27b ± 0.09
0.01b ± 0.004
0.28b ± 0.09
T4
36 mg kg-1 Hg2+
21.23a ± 1.72
2.52a ± 0.69
0.05a ± 0.02
2.57a ± 0.71
Means followed by the same letters do not differ statistically from each other by the Duncan test at 5% probability level.
(TF) in plants was also calculated as the ratio of the
concentration in shoots and in roots. The values were as
follows: 3.11 for T1, 1.26 for T2, 0.05 for T3 and 0.02 for T4.
Treatments showed no difference between T3 and T4 and TF
decreased with increasing Hg dose.

varying from 4.5 to 4.7. These pH values may thus have
favored mercury adsorption in the soil, making it less
available to plants.
The reduction in dry shoot phytomass verified in all
treatments when compared to control can be related to
damages in the cell format caused by the metal toxicity.
Exposure to high Hg concentrations also reduces the
intracellular spaces of the vascular bundle, the amount of
chloroplasts and chlorophyll. All these effects interfere with
plant physiology and compromise photosynthesis, which can
lead to the death of leaf tissues (Ahammad et al. 2018; Chen
et al. 2009; Rellán-Álvarez et al. 2006).
Given the above, Hg adsorption in soil, losses due to
volatilization and proportion of metal accumulation in roots
and shoots can vary from one location to another due to the
intrinsic characteristics of the soil of each region and each
plant species.

Discussion
Comparing the Hg concentrations in soil between the
beginning and end of planting, decreases of 90.5, 84.2, 67.4
and 49.4% were observed for T1, T2, T3 and T4 treatments,
respectively. Although the results showed that part of Hg was
accumulated in plants, the mass balance also showed that
most of added Hg was lost during the experiment. These
losses may be due to leaching and Hg volatilization processes.
Volatilization losses should be considered because
environmental factors such as solar radiation, in the different
seasons of the year, can increase Hg emission into the
atmosphere (Carpi et al., 2014; Choi and Holsen, 2009).
The BF values indicate the relationship of the metal
concentration in soil with the plant and BF <1 indicates that
plants have mechanisms to tolerate the presence of high Hg
doses without bioaccumulation (Marrugo-Negrete et al.
2016; Xun et al. 2017).
In the present study, these values show that only a small part
of the metal was accumulated in plant phytomass (root and
shoot) and only T4 treatment differed from the others, with
greater total Hg accumulation in the plant dry phytomass
(Table 4) and consequently with higher BF (0.12), differing
from results found by Xun et al. (2017), who identified
decrease in BF values in Cyrtomium macrophyllus plant with
increase in Hg concentration in soil. However, plants are more
attractive for phytoremediation when capable of
translocating Hg to shoots and presenting TF> 1 (MarrugoNegrete et al., 2016; Xun et al., 2017), as they are thus
considered phytoextractors.
In our study, it was observed that the highest Hg doses (T3
and T4) negatively influenced TF, since only control treatment
(T1) and treatment with the lowest Hg dose (T2) had TF> 1,
corroborating results found by Xun et al. (2017), who found
lower TF in the Cyrtomium macrophyllus plants, with TF of
2.64 in soil contaminated with Hg at concentration of 5 mg kg
-1 and 0.36 in soil that received 1000 mg kg -1. In general, the
authors identified decrease in TF with increase in Hg
concentration in soil and suggest that higher TF values do not
necessarily indicate that the plant is a potential Hg
translocator, as the deposition of atmospheric Hg in leaves
must be considered. Similar results were also identified by
Wang et al. (2017), who observed low TF (~ 0.3) and FB (<0.1)
values in mustard plant grown in soil with high total Hg
concentration (90 mg kg-1).
In our study, the initial soil pH varied from 5.3 to 5.4 and had
significantly lower values at the end of the experiment,

Materials and Methods
Treatments
The experiment was conducted in greenhouse with clay oxisol
(clay = 55.6%, silt = 38.1% and sand = 6.3%, unpublished data
from Silva, 2019). This class of soil is widely found in tropical
regions, including Brazil (Lima et al. 2019a). Soil without
history of Hg contamination was collected at 0-0.20 m layer
in the Teaching, Research and Extension Farm of Unesp,
campus of Jaboticabal, São Paulo. Chemical characterization
was carried out according to standard methods proposed by
Raij et al. (2001).
Conduction of study
Soil collected was dried in air and shade and passed through
2 mm sieve. Then, 5 kg of soil were placed in pots and
contaminated with HgCl2 solution (Synth) (except for control
pots in which no Hg was added), manually homogenized and
incubated for 60 days. Throughout the experiment, soil
moisture was preserved with the addition of deionized water
in the proportion of 70% of the water holding capacity. At the
end of the incubation period, soil was fertilized as proposed
by Melo et al. (1998). The total Hg content of fertilizers used
in the experiment was 0.38 mg kg-1 for ammonium sulfate,
0.056 mg kg-1 for simple superphosphate and 0.008 mg kg-1
for potassium chloride.
Experimental design
The experimental design was completely randomized, with 4
treatments and 5 replicates: T1: control, without addition of
Hg, T2: addition of 5 mg Hg 2 + kg-1 of soil, T3: addition of 24
mg kg-1 and T4: addition of 36 mg kg-1. For all concentrations,
soil mass was considered on the dry basis and adequate
volume of HgCl2 solution was added. The highest dose was
established considering the residential standard value for Hg
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in soil based on CONAMA Resolution No. 420 of 2009.
Seedlings, acquired in a commercial nursery, were
transplanted to pots on the 60th day after their contamination
and plants were kept in pots for 75 days. Soil samples were
collected before transplant and at the end of the experiment
to measure pH and determine the Hg concentration.

Acknowledgements

Traits measured
Plant size was measured at the time of transplant and at the
end of the experiment. Root and shoot collections (Shoots =
stem + leaves) were performed 75 days after seedling
transplant. In the preparation of roots, all soil adhered to
them was carefully removed and roots were washed with
aqueous solution of neutral detergent (1 mL L-1), running
water, distilled water and deionized water. The same
procedure was applied to shoots. Samples were dried in an
oven at 67 ° C with forced air circulation until constant weight.
All samples were ground in mortar with the aid of liquid
nitrogen to obtain a more homogeneous material and better
analytical precision.
Quantification of total mercury in solid samples was
performed using the Direct Mercury Analyzer® equipment
(DMA-80 TRICELL; Milestone Inc., Italy). This method
combines the combustion of samples with atomic absorption
spectrometry (Melendez-Perez and Fostier, 2013). Two
analytical curves were constructed in the linear ranges from
0.2 to 10 ng Hg and from 150 to 1,000 ng Hg. For that,
standard Hg solutions (10, 100 and 10,000 μg L-1) were
prepared by diluting standard Hg solution (1,000 ± 0.003 mg
mL-1, Tec-Lab® Hexis, Jundiaí, Brazil) in deionized water with
10% sub-distilled HNO3.
For each analytical replica, sample mass between 10 and 200
mg were analyzed, depending on the expected concentration.
Each experimental sample was analyzed in duplicate. The
regression coefficients for calibration curves from 0.2 to 10 ng
and 150 to 1000 ng were 0.9941 and 0.9966, respectively.
Recovery percentages for standard reference samples of soil
(Montana soil SRM NIST 2711) and leaves (Tomato leaves
SRM NIST 1573) were 105 and 106%, respectively. Accuracy
evaluated by the coefficient of variation calculated
considering all SRM analytical replicates (19 and 9 analytical
replicates for soil and leaves, respectively) was less than 4%.
The coefficient of variation for samples analyzed in duplicate
was <10%.

Abioye OP, Agamuthu P, Aziz ARA (2012) Phytotreatment of
soil contaminated with used lubricating oil using Hibiscus
cannabinus. Biodegradation. 23:277-286.
Adriano DC (2001) Trace elements in terrestrial environments
– Biogeochemistry, bioavailability and risk of metals,
second ed. Springer, New York.
Ahammad SJ, Sumithra S, Senthilkumar P (2018) Mercury
uptake and translocation by indigenous plants. Rasayan J
Chem 11:1-12.
Alexopoulou E, Consentino SL et al. (2007) Kenaf Booklet.
Prepared in the framework of the Biokenaf project.
Available
via:
https://www.researchgate.net/publication/293334134_Ke
naf_Booklet_Prepared_in_the_framework_of_the_BIOKE
NAF_project_QLK5_CT2001_01729. Acessed 27 ago 2016.
Alkorta I, Becerril JM, Garbisu C (2010) Phytostabilization of
metal contaminated soils. Rev Environ Health. 25:135-146.
Arbaoui S, Evlard A, Mhamdi MEW, Campanella B, Paul R,
Bettaieb (2013) Potential of kenaf (Hibiscus cannabinus L.)
and corn (Zea mays L.) for phytoremediation of dredging
sludge contaminated by trace metals. Biodegradation.
24:563-567
Asim M, Paridah MT, Jawaid M, Nasir M, Saba N (2018)
Physical and flammability properties of kenaf and pineapple
leaf fibre hybrid composites. Mater Sci Eng. 368:1-10.
ATSDR (Agency for Toxic Substances and Disease Registry):
Priority list of hazardous substances (2016) Atlanta: Federal
public health agency of the U.S. Department of Health and
Human
Services.
Available
via
https://www.atsdr.cdc.gov/spl/. Acessed 08 de mar 2017.
Bada BS, Kalejaiye ST (2010) Response of kenaf (Hibiscus
Cannabinus L.) grown in different soil textures and lead
concentrations. J Agric Biol. Sci6:659-664.
Burges A, Alkorta I, Epelde L, Garbisu C (2018) From
phytoremediation
of
soil
contaminants
to
phytomanagement of ecosystem services in metal
contaminated sites. Int J Phytoremediation. 20:384-397.
Carpi A, Fostier AH, Orta OR, Santos JC, Gittings M 2014)
Gaseous mercury emissions from soil following forest loss
and land use changes: Field experiments in the United
States and Brazil. Atmos Environ. 96:423-429.
Catroga A, Fernando A, Oliveira JS (2005) Effects on growth,
productivity and biomass quality of kenaf of soils
contaminated with heavy metals. In: European biomass
conference & exhibition. Paris: p. 149–152. Available
viahttp://www.cres.gr/biokenaf/files/fs_inferior01_h_files
/pdf/articles/OC%2010_4.pdfAcessed 26 ago 2019.
Chen J, Shiyab S, Han FX, Monts DL, Waggoner CA, Yang Z, Su
Y (2009) Bioaccumulation and physiological effects of
mercury in Pteris vittata and Nephrolepisexaltata.
Ecotoxicol. 18:110-121.
Chen Y, Ding Q, Chao Y, Wei X, Wang S, Qiu R (2018) Structural
development and assembly patterns of the root-associated
microbiomes during phytoremediation. Sci Total Environ.
644:1591-1601.

This work was supported by the CAPES and FAPESP.
The authors declare no conflicts of interest.
References

Statistical analysis
Results obtained were submitted to statistical analysis using
the AgroEstat software (2015), with the application of the
Duncan test to compare means at 5% probability level.
Conclusion
Due to its chemical characteristics, the oxisol used retained
greater amounts of mercury in relation to plants. Losses due
to volatilization of soil and plant Hg were also considered.
Kenaf plants showed tolerance to different Hg2+
concentrations up to 42 mg kg-1 without showing visual
symptoms of toxicity. Kenaf was able to accumulate greater
proportion of Hg2+ in roots than in shoots. For this reason,
kenaf can be considered as a potentially Hg2+ stabilizing plant.
However, as it is a plant that has not yet been studied for this
purpose, further studies should be carried out to assess field
behavior and its effect on large, contaminated areas.

784

Chen Y, Yang W, Chao Y, Wang S, Tang YT, Qiu RL (2017)
Metal-tolerant Enterobacter sp. strain EG16 enhanced
phytoremediation using Hibiscus cannabinus via
siderophore-mediated plant growth promotion under
metal contamination. Plant Soil. 413:203-216.
Choi HD, Holsen TM (2009) Gaseous mercury fluxes from the
forest floor of the Adirondacks. EnvironPollut. 157:592-600.
CONAMA (Conselho Nacional do Meio Ambiente): Critérios e
valores orientadores de qualidade do solo quanto a
presença de substâncias químicas (2009) Resolução n° 420,
de 28 de dezembro de 2009. Available via
https://cetesb.sp.gov.br/areas-contaminadas/wpcontent/uploads/sites/17/2017/09/resolucao-conama420-2009-gerenciamento-de-acs.pdfAcessed 23 mar 2020.
Durão Jr. WA, Palmiere HEL, Trindade MC, Branco OEA,
Carvalho Filho CA, Fleming PM, Silva JBB, Windmöller CC
(2009) Speciation, distribution, and transport of mercury in
contaminated soils from Descoberto, Minas Gerais, Brazil. J
Environ Monit. 11:1056-1063.
EMBRAPA (Empresa Brasileira de Pesquisa Agropecuária):
Sistema brasileiro de classificação de solos (2018), 5 ed.
Embrapa, Brasília.
Figueiredo BR, Campos AB, Silva R, Hoffman NC (2018)
Mercury sink in Amazon rainforest: soil geochemical data
from the Tapajos National Forest, Brazil. Environ Earth Sci.
77: 296- 302.
Fitria FL, Dhokhikah Y (2019) Removal of chromium from batik
wastewater by using kenaf (Hibiscus cannabinus L.) with
bed evapotranspiration. Earth Environ Sci. 243:1-5.
Gómez-Sagasti MT, Alkorta I, Becerril JM, Epelde L, Anza M,
Garbisu C (2012) Microbial monitoring of the recovery of
soil quality during heavy metal phytoremediation. Water
Air Soil Pollut. 223:3249-3262.
Higueras P, Oyarzun R, Biester H, Lillo J, Lorenzo S (2003) A
first insight into mercury distribution and speciation in soils
from the Almadén mining district, Spain. J Geochem Explor.
80:95-104.
Kim KH, Kabir E, Jahan SA (2016) A review on the distribution
of Hg in the environment and its human health impacts. J
Hazard Mater. 306:376-385.
Lima FRD, Engelhardt MM, Vasques ICF, Martins GC, Cândido
GS, Pereira P, Reis RHCL, Silva AO, Guilherme LRG, Marque
JJ (2019ª) Evaluation of mercury phytoavailability in Oxisols.
Environ Sci Pollut Res. 26:483-491.
Lima FRD, Martins GC, Silva AO, Vasques ICF, Engelhardt MM,
Cândido GS, Pereira P, Reis RHCL, Carvalho GS, Windmöller
CC et al. (2019b) Critical mercury concentration in tropical
soils: Impact on plants and soil biological attributes. Sci
Total Environ. 666:472-479.
Marrugo-Negrete J, Marrugo-Madrid S, Pinedo-Hernández J,
Durango-Hernández J, Díez S (2016) Screening of native
plant species for phytoremediation potential at a Hgcontaminated mining site. Sci Total Environ 542:809-816.
Martínez-Martínez S, Zornoza R, Gabarrón M, Gómez-Garrido
M, Rosales RM, Muñoz MA, Gómez-López MD, SorianoDisla JM, Faz A, Acosta JA (2018) Is aided phytostabilization
a suitable technique for the remediation of tailings? Eur J
Soil Sci. 1-36.
Melendez-Perez JJ, Fostier AH (2013) Assessment of Direct
Mercury Analyzer® to quantify mercury in soils and leaf
samples. J Braz Chem Soc. 24:1880-1886.

Melo WJ, Melo GMP, Melo VP, Bertipaglia LMA (1998)
Experimentação sob condições controladas. Funep,
Jaboticabal.
Miserendino RA, Guimarães JRD, Schudel G, Ghosh S, Godoy
JM, Silbergeld EK, Lees PSJ, Bergquist BA (2018) Mercury
pollution in Amapá, Brazil: Mercury amalgamation in
artisanal and small-scale gold mining or land-cover and
land-use changes? ACS Earth Space Chem. 2:441-450.
Molina JA, Oyarzun R, Esbrí JM, Higueras P (2006) Mercury
accumulation in soils and plants in the Almadén mining
district, Spain: one of the most contaminated sites on Earth.
Environ Geochem Health. 28:487-498.
Oliveira SMB, Melfi AJ, Fostier AH, Forti MC, Fávaro DIT,
Boulet R (2001) Soils as an important sink for mercury in the
Amazon. Water Air Soil Pollut. 126: 321–337.
Pacyna JM, Travnikov O, De SF, Hedgecock IM, Sundseth K,
Pacyna EG, Steenhuisen F, Pirrone N, Munthe J, Kindbom K
(2016) Current and future levels of mercury atmospheric
pollution on global scale. Atmos Chem Phys. 16: 12495–
12511.
Patra M, Sharma A (2000) Mercury toxicity in plants. Bot Rev.
66:379–422.
Radziemska M (2018) Study of applying naturally occurring
mineral sorbents of Poland (dolomite halloysite,
chalcedonite) for aided phytostabilization of soil polluted
with heavy metals. Catena. 163:123-129.
RaijBVan, Andrade JC, Cantarella H, Quaggio JA (2001) Análise
química para avaliação de fertilidade de solos tropicais.
Instituto Agronômico, Campinas.
Rellán-Álvarez R, Ortega-Villasante C, Álavrez-Fernández A,
Campo FFdel, Hernández LE (2006) Stress responses of Zea
mays to cádmium and mercury. Plant Soil. 279:41-50.
Rodrigues Filho S, Maddock JEL. 1997. Mercury pollution in
two gold mining areas of the Brazilian Amazon. J Geochem
Explor. 58: 231-240.
Santos CCG, Rodella AA, Abreu CA, Coscione AR (2010)
Vegetable species for phytoextraction of boron, copper,
lead, manganese and zinc from contaminated soil. Sci Agric.
67:713-719.
Schaefer JK (2016) Biogeochemistry: Better living through
Mercury. Nat Geosci. 9:94-95.
Singh R, Behera M, Kumar S. 2019. Nano-bioremediation: An
innovative remediation technology for treatment and
management of contaminated sites. Bioremediation Ind
Waste Environ Saf. 7:165–182.
Sundseth K, Pacyna JM, Pacyna EG, Pirrone N, Thorne RJ
(2017) Global sources and pathways of mercury in the
context of human health. Int J Environ Res Public Health.
14:105.
Tangahu BV, Abdullah SRS, Basri H, Idris M, Anuar N,
Mukhlisin M (2011) A review on heavy metals (As, Pb, and
Hg) uptake by plants through phytoremediation. Int J Chem
Eng. 2011:1-32.
Teixeira RA, Fernandes AR, Ferreira JR, Vasconcelos SS, Braz
MAS (2018) Contamination and soil biological properties in
the Serra Pelada mine - Amazonia, Brazil. Braz J Soil Sci.
42:e0160354.
UNEP (United Nation Environmental Program) Mercury
(2020)
Available
via
https://www.unenvironment.org/exploretopics/chemicals-waste/what-we-do/mercuryAcessed 26
mar 2020.

785

Vijayaraghavan K, Reddy DHK, Yun Y-S (20180 Improving the
quality of runoff from green roofs through synergistic
biosorption and phytoremediation techniques: A review.
Sustain Cities Soc. 46:1-62.
Wang D, Shi X, Wei S (2003) Accumulation and transformation
of atmospheric mercury in soil. Sci Total Environ. 304:209214.
Wang J, Xia J, Feng X (2017) Screening of chelating ligands to
enhance mercury accumulation from historically mercurycontaminated soils for phytoextraction. J Environ Manag.
186:233-239.

Xun Y, Feng L, Li Y, Dong H (2017) Mercury accumulation plant
Cyrtomiumm acrophyllum and its potential for
phytoremediation of mercury polluted sites. Chemosphere.
189:161-170.
Yan H, Gao Y, Wu L, Wang L, Zhang T, Dai Ch, Xu W, Feng L,
Ma M, Zhu Y-G, He Z (2019) Potential use of the Pteris
vittata arsenic hyperaccumulation-regulation network for
phytoremediation. J Hazard Mater. 368:386-396.

786

